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Abstract

Metallographic examinations and mechanical tests have been completed on
specimens from 15 prism-shaped samples cut from the lower head of the TMI-2
pressure vessel as a part of the TMI-2 Vessel Investigation Project (VIP). The results of
these examinations and tests are summarized here.

The metallographic results were in general agreement with earlier INEL
observations. Four samples were found to have attained temperatures as high as 1100°C
during the accident, with an estimated cooling rate of 10-100°C/min from the
maximum temperature. Portions of two adjacent samples also exceeded 727°C, and
one laboratory found that a region near the surface of another sample apparently also
exceeded 727°C, even though this sample was not near the hot spot. The remaining
samples apparently did not exceed 727°C, but four samples probably approached this
temperature.

Tensile tests were conducted on the lower head material at room temperature and
at temperatures of 600-1200°C. A strong dependence of yield and tensile strengths on
temperature was observed, and the data generally matched well with literature data on
A533, Grade B steel. However, the observed strengths of material from the hot spot in
the as-recetved condition lay well above the remaining data, reflecting the heat
treatment received during the accident.

Creep tests were conducted on the lower head material over the temperature
range of 600-1200°C at stress levels resulting in failure times of 1-100 h, The data
from the lower head material compared well with similar data obtained earlier on
archive material from the Midland reactor 600°C. However, at higher temperatures,
the TMI-2 lower head data fell increasingly above data from the Midland material. The
T™I-2 data were fit using both Larson-Miller and Manson-Haferd time-temperature
paramelers.

Charpy V-notch impact tests were conducted on four groups of test specimens.
Specimens from the hot spot showed significantly lower upper-shelf energies and
higher transition temperatures than specimens from regions that did not exceed 727°C
during the accident.

Cracks were found in the stainless steel cladding of boat samples from the hot spot.
The cracks appeared to be the resull of hot-tearing, probably assisted by intergranular
penetration of liquid Ag-Cd. Crack propagation into the A533 vessel steel was a
maximum of =6 mun. Materials in the cracks suggest the presence of control-assembly
debris on the lower head before the massive fuel flow arrived.
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Executive Summary

Metallographic examinations and mechanical tests have been completed on
specimens from 15 prism-shaped samples cut from the lower head of the TMI-2
pressure vessel. These tests were conducted as a part of the TMI-2 Vessel
Investigation Project (VIP), an international program conducted fointly by the U.S.
Nuclear Regulatory Commission (NRC) and the Organisation for Economic Co-operation
and Development/Nuclear Energy Agency (OECD/NEA). The results of these
examinations and tests, which were conducted jointly by Argonne National Laboratory
(ANL) and the European partner laboratories, are summarized and compared with the
metallographic vesults reported earlier by the Idaho National Engineering Laboratory
(INEL).

The metallographic results were in general agreement with INEL observations.
Specimens {rom Samples E-6, E-8, F-10, and G-8, which comprised a so-called "hot
spot” near the bottom of the lower head, were found to have attained temperatures as
high as 1100°C during the accident. The cooling rate from the maximum {emperature
was generally estimated to have been 10-100°C/min. The end of Sample H-8 adjacent
to the hot spot was also found to have attained temperatures in excess of 727°C, as did
portions of nearby Sample F-5. One laboratory additionally found that a region near the
surface of Sample M-11 apparently also exceeded 727°C, even though this sample was
not near the hot spot. The remaining samples apparently did not exceed 727°C, but
tempering of the bainite, which was observed by one laboratory in Samples H-4, H-5,
M-8, and L-9, suggested that these remainng samples probably approached this
temperature,

Tensile tests were conducted on the lower head material at room temperature and |
at temperatures of 600-1200°C. A strong dependence of yield and tensile strengths on |
temperature was observed; the room-temperature values were reduced by more than a |
factor of 2 at 600°C and by a factor of more than 10 at 900°C. The data generally |
matched well with data earlier oblained by the Japanese National Research Institute for |
Metals (NRIM) for five other heats of A533, Grade B steel. However, the observed |
strengths ol material from Samples E-6 and E-8 in the as-received condition lay well |
above the remaining data, reflecting the austenitizing heat treatment and relatively |
rapid cooling to which this material was exposed during the accident.

Creep tests were conducted on the lower head material over the temperature |
range of 600-1200°C at stress levels resulling in failure times of 1-100 h. No |
significant effect of prior thermal history on stress-rupture life was observed, although
no samples for which the maximum temperature had significantly exceeded 727°C
were lested. The data from the lower head material compared well with similar data
obtained earlier on archive material from the Midland reactor at 600°C. However, at
higher temperatures, the TMI-2 lower head data fell increasingly above data from the
Midland material. The TMI1-2 data were fit using both Larson-Miller and Manson-

Haferd time-temperature parameters. Of the two correlations, the Manson-Haferd
analysis produced the better fit.

Charpy V-notch impact tests were conducted on four groups of test specimens,
Specimens from Samples D-10, H-4, and E-11, for which the maximum temperature

xi



did not exceed 727°C, showed similar behavior, with an upper-shelf energy of =170 J
and a transition temperature on the order of 20°C. However, specimens from Sample
F-10. for which the maximum temperature was as high as =1050°C, had an upper-shelf
energy of =120 J and a transition temperature of =70°C.

Cracks were found in the stainless steel cladding of boat samples from the so-
called "hot spot" (E-6, G-8, and F-10). The cracks appeared to be the result of hot-
tearing, probably assisted by intergranular penetration of liquid Ag-Cd. Crack
propagation into the A533 vessel steel was a maximum of ~6 mm. Materials in the
cracks suggest the presence of control-assembly debris on the lower head before the
massive fuel flow arrived.
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1 introduction

The TMI-2 Vessel Investigation Project (VIP) is an international program being
conducted Jointly by the U.S. Nuclear Regulatory Commission (NRC) and the
Organisation for Economic Co-operation and Development/Nuclear Energy Agency
(OECD/NEA). Participants in the international project include the U.S., Japan,

Belgium, the Federal Republic of Germany (FRG), Finland, France, ltaly, Spain, Sweden,

Switzerland, and the United Kingdom (U K.).

During the first phase ol the project, 15 samples were recovered from the lower
head by MPR Associates, Inc. The sampies are prism-shaped, each ~152-178 mm (6-7
in.} long, 64-89 mm (2.5 -3.5 in.) wide, and 64-76 mm (2-1/2-3 in.) deep, as shown in
Fig. 1. The samples were cut from the inner surface of the lower head and typically
extend through approximately half the lower head thickness. The specimens were
taken from (1) near the area of impact by the primary stream of molten material on the
lower head; (2) toward the radial center of the lower head underneath the maximum

thickness of debris; (3) in the quadrant of the lower head where a "wall" of consolidated

debris similar to a lava front had developed; (4) in a location of the lower head not
contacted by the molien material (to act as a control sample); and (5) locations with
one or more instrument penetrations, particularly where surface cracks had been
observed visually. The locations from which the lower head samples were taken are
shown in Fig. 2.

Cladding cracks were observed in three of the lower head samples, namely E-6,
G-8, and F-10, during initial examinations conducted at Argonne National Laboratory
(ANL). Cladding cracks were also detected at location G-6 in the TMI lower head, but
no sample was removed at this location. Melallographic and scanning electron
micrescopy (SEM) examinations were conducted on Samples E-6 and G-8 in some
detail, to characterize the nature and extent of the cracking. The results of these
examinations are reported below,

Following the initial examinations, metallographic specimens were cut from the
lower head samples, decontaminated, and sent {o the ldaho National Engineering
Laboratory (INEL), These specimens were subjected to detailed characterization by
optical metallography and hardness measurements to determine the maximum
temperature attained at various lower head locations during the aceident.!
Supplemental examinations, the results of which are summarized in this report, have
been conducted by ANL and participating OECD partner laboratories. Based in part
upon the results of the ANL examinations, a mechanicai-testing matrix was developed
to determine the tensile and creep properties of the lower head material under
conditions relevant to the accldent scenario. The tests were conducted by ANL and
participating OECD partner laboraton.s, and the results are summarized here, These
resulls have been used by analysts at INEL to assess the integrity of the lower head and
its margin-to-fatlure during the accident.
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Fig. 1. Configuration and approximate dimensions of a typical sample from TMI-2
pressure vessel lower head.

2 Preparation of Mechar.cal-Test Specimens

The tensile and stress-rupture tests that are described below were conducted on
specimens of rectangular-cross-section, as shown in Fig. 3. This design was chosen to
satisfy ASTM Standards E8 and E139 and applicable standards of the Deutsches Institut
fiir Normung (DIN). Specimens of both flat and circular cross section were used in
earlier round-robin creep tests on archive material obtained from the lower head of the
Midiand reactor,? and no significant differences were observed in the results obtained
from the two specimen designs. The flat design was used exclusively in the case of the
TMI-2 lower head samples to conserve material. The specimen design used for the
impact tests was the conventional Charpy V-notch test specimen (ASTM E23) shown in
Fig. 4.

The mechanical-testing matrix developed by ANL and the participating OECD
laboratories for specimens from the lower head material is summarized in Table 1.
Input was obtained from the analysts at INEL responsible for assessing the lower head
integrity to ensure that this test matrix included all of the properties and test
conditions needed for these analyses. Tensile tests were conducted at room
temperature for purpose of comparison with data in the literature. All other tensile and
creep tests were conducted at a minimum test temperature of 600°C. It was judged
that little or no damage would have occurred to those portions of the lower head for
which the maximum temperature did not exceed this value and that failure was unlikely
al these locations. The maximum temperature of 1200°C for these tests lies slightly
above the maximum lower head temperature believed to have been attained during the
accident.
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Fig. 2. Map of the the lower head of the T™I-2

pressure vessel showing locatio
which samples were taken. : ey 2
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Fig. 3. Test specimen used for tensile and creep tests of TMI-2 lower head material.
All dimensions are in mm.
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V-notch angle = 45° with 0.25 mm radius at tip.

Fig. 4. Charpy V-nolch test specimen used for impact testing of TMI-2 lower head
material. All dimensions are in mm.
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Table 1. Summary of mechanical testing matrix for TMI-2 lower head material.

Temperature Damage
(°C) Level Tensile Tests Creep Testsa Impact Tests
R TP Low Belgium - Italy
France
U. 8¢
Moderate Spain - Italy
U. S.
Belglum®
Severe Belgium - Italy
Spain
600 Low Belgium Belgium
France
Moderate Spain Spain
U.s.
700 Low Belgium France
France
Moderate Spain u.s.
u.s.
800 Severe France Belgium
U.S.
900 Severe Belgium u.s. -
Spain
1000 Severe France Spain -
U.S.
1100 Severe Belgium France -
Spain
Belgium®
1200 Severe France U.s. -
U.s.

aEach series of creep tests consists of four tests with stress-rupture lives of =1, 5, 20,
and 100 h.

bR.T. = room temperature.

cTest on specimen from cladding.

The damage levels listed in Table 1 refer to the level of damage believed to have
been sustained by the lower head samples during the accident, based upon preliminary
metallographic and hardness information avallable at the timne the test matrix was
prepared. Low damage refers to that sustained at a maximum temperature of <727°C
during the accident, moderate damage to that sustained at a maximum temperature of
=~727-900°C, and severe damage to that sustained at a maximum temperature >900°C.
Subsequent examinations revealed that estimates of initial damage were not accurate for
some lower head samples, but specimens with various damage levels were nonetheless
tested.
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Table 2. Number of metallographic and mechanical test specimens obtained from
TMI-2 lower head samples.

Sample Tensile and Creep Speclmens Impact Metallography
Number Base Metal Cladding# Specimens Specimens
D-10 0 0 6 5
E-6 1 0 0 4
E-8 8 2 0 9
E-11 0 0 5 5

F-5 15 3 0 8
F-10 0 0 10 4
G-8 11 0 0 3
H-4 0 0 12 6
H-5 14 2 0 5
H-8 17 3 0 4
K-7 14 3 0 8
K-13 18 3 0 7

L-9 17 3 0 8
M-8 14 3 0 5
M-11 H 3 0 8
Totals 146 25 33 89

aSome cladding specimens were not completely decontaminated and were therefore
not lested.

Because the number specimens with severe-damage-levels was limited, it was
necessary, in some cases, to heat treat low-damage specimens before testing to produce
the microstructure associated with a severe level of damage. This heat treatment
consisted of heating the specimen to 1000°C, holding it at this temperature for 2 h, and
then cooling it to room temperature at =10-50°C per min. For specimens to be tested
at 1000°C or above, this prior heat treatment was omitted, because its effects would be
negated by the thermal treatment imposed during testing.

Detalled diagrams that show how the lower head samples were sectioned to provide
the test specimens for the matrix of Table 1 are presented in Appendix A. The number
of specimens of each type obtained from each of the lower head samples is summarized
in Table 2. These specimens were distributed to the laboratories participating in the
mechanical-testing program as indicated in Tables 3 and 4.






Table 4. Distribution of TMI-2 lower head base metal metallographic specimens to

OECD partner laboratories.

TMI-2 Specimen
Lower Head OECD Partner Number of Ideniification
Sample Number Laboratory Specimens Numbers
D-10 Italy 1 ml
E-8 Belgium i mb5
Finland 2 m4 and ml0
France i m?7
FRG 1 m9
Spain 1 mé
F-5 Belgium 1 mb5
FRG 1 mé6
UK. 1 m4
F-10 Italy 1 mb
U.K. 1 m4
H-4 FRG 1 mb5
Italy 1 m4
UK i mé
H-5 FRG 1 m5
UK. 1 ml
K-7 FRG 1 mé6
Spain 1 mb5
UK 1 m4
K-13 Belgium 1 mé
FRG 1 mb
UK. 1 m9
L-9 France 1 ml0
FRG 1 m9
UK 1 m7
M-8 FRG 1 m4
UK 1 ml
M-11 France 1 m7
FRG 1 mb5
Spain 1 mé
UK 1 mé
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Fig. 5. Surface of Sample E-6 showing end of one leg of crack around Nozzle E-7.
MCT 276674

3 Examination of Lower Head Cladding

3.1 Physical Condition

Alter removal of the hard layer of core debris, the lower head was visually
examined by video camera. It was found that a significant U-shaped crack in the
surface encircled the E~-7 nozzle. The E-6 buat sample that was taken encompassed
one leg of this crack, as shown in Fig. 5. A cursory visual inspection of Sample E-6 by
personnel at TMI-2 immediately after removal suggested that the crack penetrated
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essentially through the entire depth of the sample, i.e., significantly more than 6 cm
into the lower head. However, a closer examination at ANL revealed that what was
thought to be the penetrating crack on the end of the sample was actually the intersec-
tion of the two cutting planes made by the metal disintegration machining process
(MDM), Metallographic cross sections through the crack, Fig. 6, confirmed that the
crack penetrated the A533 vessel steel only superficially, =3 mm.

The appearance of the crack in Fig. 6 strongly suggests that the Type 308L
cladding falled along interdendritic boundaries by a hot-learing process that apparently
was the result of thermal stress when this location was cooled rapidly at the rate of 10-
100°C per min,

Inspection of two other boal samples at ANL, G-8 and F-10, indicated that they,
too, had cracks in the cladding. The cracks in the surface of G-8 are shown in Fig. 7.
Whereas the activity of the E-6 metallographic sample was sufliciently low not to
require preparation in a hot-cell, the G-8 sample was atypically very radioactive,
indicating the presence of fuel/fission products in the cracks. Cross sections through
poth the large and small cracks, Figs. 8, 9, and 10, indeed, showed fuel particles
trapped in an iron (oxide) binder. Both cracks show the same evidence of hot tearing
as Sample E-6, with graphic evidence of the rlevated-temperature ductility of the Type
308L weldment. Penetration of the A533 vessel steel was somewhat greater than at
E-6 ie, ~6 mm,

Alter surface debris had been removed by chemical means, the surface of Sample
F-10 was determined to be cracked. A portion of the etched cladding surface is shown
in Fig. 11. Light cracking can be seen in the longitudinal interdendritic boundaries in
the weld passes. This cracking could have occurred either during fabrication or at the
same time as the formation of the cracks at E-6 and G-8: the F-10 sample was on the
periphery of the oval-shaped hot spot in the vessel wall. The cracking at the G-8, E-6,
and F-10 locations provides additional eviderice for this hot spot.

3.2 Scanning Electron Microscopy Examinations

The debris contained in the cracks of the E-6 and G-8 samples and surface
scrapings from other boat samples were analyzed by scanning electron microscopy and
energy-dispersive X-ray analysis (SEM-EDX] in an attempt to better understand the
conditions on the lower head when the cracks were formed. The crack surfaces in the
E~6 sample were coated with adherent and conforming layers of non-metallic debris,
apparently oxides of debris constituents, that appear to have been molten and present
al the time of, or shortly after, crack formation. The principal constituents of these
layers, some of which are shown in Fig. 12, were Fe, Cr, and Ni with Sn, In, Ag, and Cd
in combinations as second phases or discrete particles. The structure within these
layers indicates that the constituents were once in a molten state and not formed
simply as oxidation products ol the base material. In particular, there were trapped,
rounded nodules of Ag-Cd and needles of In-Sn in a matrix of principally Fe-oxide.
The material surrounding the stainless steel cladding fragment at the base of the crack
in Fig. 6 indicates that the fragment, like the surfaces of the crack, was being dissolved
by a liquid phase that contained Fe, Ni, and Cr as the major constituents, with Mn, In,
and Sn as minor constituents.
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Fig. 7. Surface of Sample G-8 showing two cracks in cladding.
MCT 277888
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Fig. 12. SEM-BSE images ol multi-layered material on crack surfaces of Sample E-6.
{a) Fuel particles (white) on oxide surface (arrow); (b} area outlined in (a); and
(¢} In-Sn needles in Fe matrix, Ag-Cd spheroids (A), and fuel particle (B).
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Fig. 13. Internal tears in the cladding of Sample G-8. Solidified Ag-Cd Masses are shown
(arrow) =4 mm beneath the surface. (SEM-BSE image)

of the boat sample cladding near the crack contained several small surface penetrations
that contained Ag that appeared to have penetrated intergranularly as a liquid.

Solidified masses of Ag-In-Cd were also found within some tears =4 mm below the
surtface of the cladding, as shown in Fig. 13.

The materials in the crack in Sample G-8 were essentially the same as those found
in the E-6 crack, except more fuel shards were present. These fragments were (n a
matirix of Fe oxide. Solidified masses of Ag-In-Cd and some fuel particles were found in
the Fe-rich matrix within the crack extension into the vessel steel. The surface of the
stainless steel cladding within the crack exhibited surface reaction layers simiiar to
those in the E-6 crack. The upper cladding surface, however, was more ragged than
that at E-6 and the intrusion of Ag-Cd stringers beneath the surface was more prevalent
and obvious. The crack contained numerous pure-Fe spheroids within a thin oxide
coating thal apparently were from the MDM cutting operations. These spheroids were
clearly independent of the core debris in the crack., Copper stringers were found in
the cladding next to the crack, suggesting a reason for the hot tearing of the cladding.
The Cu was occasionally combined in the stringers with Ag and In.

Small quantities of the surface debris on each boat sampie were scraped from the
surfice for SEM-EDX analysis. However, only the scrapings from Samples E-6, E-8,
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E-11, and F-10 were analyzed. On Sample F-10, the fragmented particles ranged in
size from =10 pym to a few millimeters and consisted principally of Fe and Cr-oxides
with a few flecks of U-Zr. The structure was generally inhomogeneous, and Zr, In, and
Ag were also found. The particles collected from E-8 were generally angular and,
basically. fragments of fuel containing U, Zr, Fe, Ni, and Cr in widely varying
concentrations. On E-11, the particles were agglomerates made up of small particles
from <10 to =300 pm. The small particles were U and Zr fuel of varying compositions,
and the agglomerate matrix was essentially Fe-oxide. The scrapings from the E-6
sample consisted of spherical and angular particles on the order of 100 um and less.
The spheroids were Fe and the angular particles resembled the inhomogeneous scrap-
ings from the Sample F-10.

In summary, the scrapings appeared to be both material laid down during the
accident and adventitious material (Fe spheres) that arrived later during sample re-
moval. The collective inhomogeneity in composition of the fuel particles on the
particulate scale contrasts with the apparent gross homogeneity of the mass of
"companion” material that had lain on the lower head.3 It is not possible to determine
when during the accident these fuel fragments arrived on the lower head, i.e., before or
during the massive fuel relocation to the lower head.

4 Results and Discussion

4.1 Metallographic Examinations

Results from the metallographic examinations of specimens from the lower head
are summarized in Table 5. With a lew exceptions, the the estimates of maximum
temperature by the participating laboratories are in good agreement. Samples E-6, E-8,
F-10, and G-8 atiained the highest temperatures (up to =1100°C) during the accident,
and these samples, along with one end of nearby Sample H-8, comprise the so-called
“hot spot" that had been identified in preliminary work at ANLA and confirmed by more
detailed examinations conducted at INEL.! It also appears that portions of Sample F-5,
which was near the hot spot, the maximum temperature exceeded 727°C, and a small
portion of sample M-11 also may have reached or slightly exceeded 727°C. The
supporting metallographic observations for these samples are summarized below.

Sample E-6. Metallographic specimens from Sample E-6 were examined at ANL
and INEL. The estimates of maximum temperature obtained by INEL! were based upon
three general microstructural features, namely (1) the dissolution (which begins after
<10 minutes at 900°C) of a thin feathery carbide layer at the cladding/base metal
interface; (2) prior austenite grain size in the ferritic steel base metal, where grain
growth is observed at =900°C, with significant growth at temperatures in excess of
~1000°C: and (3) spheroidization of the delta ferrite islands in the austenitic weld
cladding layer, which begins tu occur at 1000-1100°C. The extent of carbon diffuston
into the stainless steel from the base metal that is observed at the interface was also
used as an indicator, as were the measured hardnesses of the base metal and interface
regions. Standards were prepared by subjecting TMI-2 lower head material to carefully
controlled heat treatments and comparing the resulling microstructural features in
these standards with those observed in the melallographic samples.
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Table 5. Summary of results from examinations of metallographic samples from TMI-2

lower head.
| Sample No., Specimen Maximum Temperature Attained
| Laboratory Number During Accident (°C)
Sample D-10
Italy ml <727
ANL m3 <727
INEL m2 <727
Sample E-6
ANL 402A-1 and 4 1000-1100
INEL ml 1075-1100
Sample E-8
Belgium mb5 >727
Finland m4 and ml10 1100 in cladding;
950 at 34 mm below clad interface
France m7 1000-1100
FRG m9 >850; probably >1000
Spain mé6 >1000
ANL m2 1000-1100
INEL m3 1075-1100
Sample E-11
ANL m2 <727
INEL m3 <727
Sample F-5
Belgium mb5 »>727 to 20-30 mm below clad (?)
FRG m6 730-850 to =15 mm below clad
UK m4 >727 to 15 mm below clad;
=727 to 40 mm below clad
ANL m2 <727
INEL m3 <727
Sampie F-10
UK m4 >727
ANL m2 900-1000

INEL m3 1040-1060
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Table 5. Summary of results from examinations of metallographic samples from TMI-2
lower head (cont'd.).

Sample No., Specimen Maximum Temperature Attained
Laboratory Number During Accident (°C)
Sample L-9
France ml0 <727
FRG m9 <727
UK m7 less than but possibly near 727
ANL m2 <727
INEL m3 <727
Sample M-8
FRG m4 <727
UK ml less than but possibly near 727
ANL m2 <727
INEL m3 <727
Sample M-11
France m7 <727
FRG m5 <727
Spain mé6 <727
UK m4 2727 to a few mm below clad;
<727 in remainder
ANL m2 <727
INEL m3 <727

The cladding/base-metal interface region of Sample E-6 was not examined at INEL
because thelr metallographic laboratory can only work with nonradioactive material and
they were unable to completely decontaminate the interface sample provided by ANL.
Instead, a second metallogeaphic sample from E-6, which included only the completely
decontaminated base metal, was examined. This means that the interface carbide layer
and the delta ferrite phase in the cladding were not examined directly at INEL.
However, from their examinations of the base-metal sample and from hot-cell
photomicrographs of the interface provided by ANL, INEL personnel concluded from
their established criteria that Sample E-6 had reached a maximum temperature of
1075-1100°C near the surface. INEL personnel also inferred a cooling rate of 10-
50°C/min from the hardness values.

The maximum temperature of between 1000 and 1100°C estimated by ANL for
Sample E-6 was based upon several observations. First, a heat-affected zone produced
by the weld cladding process is normally present in the base metal to a depth of =8 mm
below the cladding/base-metal interface. The absence of this heat-affected zone



Fig. 14. Metallographic specimen from lower head sample E-6 showing absence of
feathery carbide precipitate layer at cladding/base-metal interface. Note
interdendritic cracking of cladding layer in upper half of micrograph.

indicates that the base metal reaustenitized during the accident. Since reaustenitization
upon heating begins at 727°C and s complete at ~830°C for A533, Grade B steel, this
ohservation indicates a maximum temperature in excess of 727°C and probably in excess
of 830°C. The absence of a feathery carbide layer at the cladding/base-metal interface
suggested a maximum temperature in excess of 900°C (Fig. 14). For comparison, the
intact carbide laver at the cladding/base metal interface is shown in Fig. 15 for Sample
K-13. which did not exceed the ferrite-to-austenite transformation temperature of
727°C during the accident.® In addition, the prior austenite grain size in the bainitic
microstructure of Sample E-6 near the interface corresponded to that produced in the
Midland archive material by a 2-h isothermal heat treatment at 1000-1100°C. The
spheroidization and partial redissolution of the delta ferrite phase in the weld cladding
indicated similar maxiimum temperatures (Fig. 16). At 50 mm below the interface, the
grain size corresponded to that produced by a similar heat treatment at 900-10600°C.
rhe observed hardness of 250-260 VHN in the base metal suggested a cooling rate of
between 10 and 100°C/min from the austenitizing temperature
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Fig. 15 Metallographic specimen from lower head Sample K-13 showing presence of
feathery carbide precipitate layer at cladding/base-metal interface. The
maximum temperature did not exceed 727°C at this location during the
accident. (From Ref. 5).

Sample E-8. Lower Head Sample E-8 was also examined at INEL and ANL. In
addition, this sample was examined at the Study Centre for Nuclear Energy (SCK/CEN)
in Belgium,® the Technical Research Centre (VIT) of Finland,® the Centre d'Etudes
Nucleaires de Saclay (CEN) in France,? the Staatliche Materialpriiffungsanstalt (MPA) in
the Federal Republic of Germany (FRG),® and Equiptos Nucleares S. A. (ENSA) in Spain.9

Based upon comparisons with standard microstructures produced in both heat-
treated Midland archive material and samples of lower head material, INEL researchers
concluded that the maximum temperature attained in Sample E-8 was between 1075
and 1100°C at the interface, assuming a time-at-temperature of 30 min. They further
estimated that the maximum temperature at 45 mm below the interface was ~50-150°C
lower than the peak interface temperature. A cooling rate of 10-50°C/min was again
inferred. The examination at ANL indicated a maximum temperature of 1000-1100°C
for this sample, based upon prior austenite grain size in the bainite and the
spheroidization of the delta ferrite phase in the weld cladding. The cooling rate was
again estimated to be between 10 and 100°C/s.

The examination conducted at the SCK/CEN in Belgium revealed the absence of a
heat-affected zone in the base metal, spheroidization and partial dissolution of the delta
ferrite phase in the cladding, and austenite grain growth near the interface (Figs. 17
and 18). These observations, coupled an the observed increase in hardness throughout
the base metal, led to the conclusion that the maximum temperature of this specimen
during the accident was substantially above 727°C.
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Fig. 16. Metallographic specimen from lower head Sample E-6 showing spheroidization
of delta ferrite phase in Type 304L weld cladding layer.

The VTIT of Finland conducted detailed optical metallographic and SEM
examinations of two specimens from Sample E-8. They noted the same microstructural
features as had been seen in the SCK/CEN investigation and estimated a maximum
temperature of 1100°C in the cladding (Fig. 19), 1050°C at 2 mm below the interface,
1000°C at 21 mm below the interface, and 950°C at 34 mm below the interface. No
cooling rate was estimated, but the study revealed that the cooling was sulfliciently fast
to produce full hardening through the specimen thickness but slow enough to permit
some carbide precipitation and austempering of the bainite.

The examination conducted by the CEN in France similarly deduced maximum
base-metal temperatures of 1000-1100°C, based upon the absence of a heat-affected
zone, the observed austenite grain size, and measured hardnesses. They estimated the
cooling rate to be much faster than the 1°C/min that they used in their simulation
experiments, and probably of the order of 50-100°C/min.

Personnel at the MPA in FRG also observed the absence of a heat-affected zone in
the base metal of Sample E-8, the dissolution of carbides at the interface, and
hardnesses characteristic of complete austenitization during the accident. They
estimated the maximum temperature to have exceeded 850°C and probably 1000°C.
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Fig. 17. Metallographic specimen from lower head Sample E-8 showing spheroidization
of delta ferrite phase in cladding. (From Ref. 5)

The examination conducted at ENSA in Spain likewise observed the absence of a
heat-affected zone in the base metal, the elimination of the thin carbide layer at the
interface, the larger prior austenite grain size in the base metal, and a reduction in the
amount of delta ferrite in the weld overlay (Fig. 20). From this evidence, they deduced a
maximum temperature >1000°C,

Sample F-10. Sample F-10 was examined at INEL, ANL, and Harwell Laboratory in
the U.K.10 Using examination techniques similar to those described above for Sample
E-8, INEL personnel estimated the maximum temperature of this sample to have been
between =1040 and 1060°C at the inferface, and the cooling rate was again placed at
between 10 and 50°C/min. The examination at ANL suggested a slightly lower
maximum temperature of between 900 and 1000°C, based primarily on the somewhat
smaller prior austenite grain size as compared with Samples E-6 and E-8. The Harwell
examination indicated that the maximum temperature had been "considerably above the
Al" (727°C), based upon both microstructural evidence and observed hardness values
(Fig. 21).
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Fig. 18. Metallographic specimen from lower head Sample E-8 showing austenite grain
growth in base metal (a) 1 mm below cladding/base-metal interface and (b) 3
mm below interface. (From Ref, 5}
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Fig. 19. Metallographic specimen from lower head Sample E-8 showing absence of
carbide layer at cladding/base-metal interface. (From Ref. 6)

Sample G-8. Sample G-8 was the last of the four lower head samples that were
entirely within the lower head hot spot. Metallographic specimens from this sample
were exarnined at INEL and ANL. Because of extensive cladding cracking and the
penetration of these cracks by core material, it was again not possible to obtain for INEL
a completely decontaminated metallographic specimen that included the cladding and
interface regions. Instead, worker at INEL inferred the maximum temperature of this
sample from prior austenite grain size in the base metal. Because the microstructure
was similar to that present in Sample F-10, they estimated the maximum temperature
to be between 1040 and 1060°C. The examination at ANL placed the maximum
trnperature in the range of 1000-1100°C. The cooling rate was again estimated to be
butween 10 and 50°C/min by INEL and between 10 and 100°C/min by ANL.

Sample F-5. Sample F-5 was adjacent to one end of the "hot spot” identified near
the bottom of the TMI-2 lower head. While ANL and INEL found that their
metallographic spectmens had not exceeded 727°C, observations at Belgium, FRG, and
the UK = .djacent metallographic specimens (see Appendix A) suggested a maximum
temper slightly in excess of 727°C, although the results from Belgium were
somew il ambiguous.
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(b)

Fig. 20. Metailographic specimen from lower head Sample E-8 showing (a) absence of
carbide layer at cladding/base-metal interface and (b) austenite grain growth in
base metal 4 mm below interface, (From Rel. 9)
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(c)

0.05mm

i Fig. 21. Metallographic specimen from lower head Sample F-10 showing absence of
| carbide layer at cladding/base-metal interface (a) and austenite grain growth in
| base metal 1 mm (b) and 5 mm (c) below interface. (From Ref. 10)
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The conclusion at INEL and ANL that the maximum temperature of Sample F-5 was
<727°C was based primarily upon hardness measurements and the observation that the
heat-affected zone in the base metal produced by the weld cladding was still present.
After the European laboratories reported maximum temperatures somewhat in excess of
727°C, hardness measurements were repeated at INEL on the reverse side of their
specimen, thinking that perhaps a temperature gradient might be present through the
thickness, However, these measurements again indicated a maximum temperature of
«727°C.

At SCK/CEN in Belgium, a significant increase in hardness of the base metal to a
depth of =30 mm below the cladding/base-metal interface was noted. This hardness
increase corresponded roughly to a region of coarser, larger grained bainite that was
present to a depth of =20 mm below the interface, suggesting that the temperature of
the base metal had exceeded 727°C to a depth of 20-30 mm during the accident.
However, the heat-affected zone in the base metal produced by the weld-cladding
process was still clearly visible, as noted in the previous paragraph. As an alternate
explanation, the Belgian researchers speculated that the transformation evidence
observed in the first 20-30 mm of the base metal may have been produced by some
unspecified local overheating after the vessel was hLeat treated but before the weld
cladding was applied.

Investigators at the MPA in FRG noted an increase in hardness of the base metal to
a depth of ~15 mun below the interface. They found that the microstructure in this
region corresponded to that produced by a partial reaustenitization (Fig. 22), and
therefore concluded that the maximum temperature was between =730 and 850°C (the
two-phase ferrite plus austenite region) during the accident.

The inetallographic study conducted at Harwell Laboratory in the U.K. also revealed
microstructural evidence of partial transformation to a depth of =15 mm below the
interface. In addition, increased hardness was observed to a depth of =30 mm. Based
upon these observations, the Investigators concluded that the base metal temperature
had exceed 727°C (but probably not 850°C) to a depth of =15 mm below the clad and
had approached 727°C to a depth of =40 mm.

It should be noted that the hardness profiles determined for Sample F-5 by the
SCK/CEN, the MPA, and Harweil all showed peak hardness of the order of 230-250
VHN extending for distances of 15-30 mm below the cladding/base-metal interface.
This contrasts with the hardness profile obtained at INEL, where peak hardness of =210
VHN extended for only =5 mm below the interface. Thus, it appears that the observed
transformations were quite localized in this sample, in keeping with its location near
the perimeter of the lower head hot spot.

Sample H-8. Limited material for metallographic specimens was also available
from Sample H-8, and examinations were conducted at INEL and ANL. As can be seen
in the initial sectioning diagram for Sample H-8 in Appendix A. the metallographic
specimens m2, examined by INEL, and m3, examined by ANL, were adjacent to each
other at one end of the boat sample. This was the end most distant from the hot spot,
and both samples were found not to have exceeded 727°C dusing the accident.
Metallographic specimen m5 from the opposite end of Sample H-8 was subsequently
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sent to INEL for examination (o see if a temperature gradient existed along the sample
length. Unfortunately, this specimen contained embedded radioactive contamination
that INEL was unable to remove, so it could not be examined.

Longitudinal strips remaining after the tensile specimens were cut from Sample
H-8 were then sent to INEL for metallographic and hardness studies. These strips are
indicated in the second sectioning diagram for Sample H-8 (Appendix A) as pieces x3,
x4, x5, x9, x10, and x15. Hardness measurements indicated that three of the strips
had exceeded a temperature of 727°C near the end adjacent to Sample G-8 and the hot
spot. The observed distances from the end nearest G-8 over which transformation had
occurred were ~15 mm for specimens x15 and x10 and =25 mm for specimen x4.
Specimen x15 was from the bottom of the sample and x10 and x4 were from the same
side. As expected, the transformation distance was greatest for specirnen x4, which
was nearest the surface. The orientation of Sample H-8 relative to the hot spot suggests
that the side containing specimens x3, x5, and x9 should have been slightly closer to
the high-temperature region. However, none of these three samples was found to have
exceeded 727°C over any portion of its length. In any case, it seems clear that the end
of Sample H-8 nearest the hot spot did exceed 727°C during the accident.

Sample M-11. Metallographic specimens from Sample M-11 were examined at
INEL, ANL, CEN in France, MPA in FRG, ENSA in Spain, and Harwell in the U.K.
Results obtained at the first five laboratories indicated that the maximum temperature
at this location had not exceeded 727°C. However, the examination conducted by
Harwell in the U.K. revealed subtle microstructural evidence near the interface that
suggested that the base metal had attained or slightly exceeded the Al transformation
temperature of 727°C for a distance of 5 mm or less below the interface with the
cladding (Fig. 23). Because Sample M-11 was located =1.5 m from the center of the
hot spot, this finding suggests that portions of the lower head away from the hot spot
still reached rather high temperatures during the accident and that, locally, these
temperatures may have approached or even slightly exceeded 727°C near the interface.

Other Samples. Metallographic and hardness results from the remaining lower
head samples, including results from examinations performed in Italy that were not
described above,!! indicated that none of the samples exceeded 727°C during the
accident. However, researchers at the Harwell Laboratories noted significant tempering
of the bainite microstructure in the base metal of Samples H-4, H-5, M-8, and L-9,
suggesting thal the temperature in these samples probably approached 727°C, at least
near the surface,

4.2 Tensile Tests

The results of the tensile tests conducted on the lower head specimens are
presented in Table 6 for the base-metal specimens and Table 7 for the cladding
specimens. These tests, carried out at ANL as well as in Belgium,® France,” and
Spain,!? were conducted in general accordance with ASTM Standards E8 and E8M,
and all elevated-temperature tests were conducted in an Ar or He environment. The
strain rate for the elastic portion of the loading was <5 x 104 s°1, and the strain rate
during plastic loading was 4 x 104 s} £1 x 104 s’ 1. The reported vield strength values
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Table 6. Summary of tensile data obtained from base-metal specimens of the TMI-2

lower head.

Test Max. Speci- Tensile Yield Uniform Total Reduct,
Temp.; Sample Temp. men Strength Strength Elong.  Elong.  of Area
Country No. (°C) No. (MPa) (MPa) (%) (%) (%)

Room Temperajure
Belgium K-13 <727 17 594 414 11 24 72
France M-11 ~727 L7 581 408 11 22 65
Spain K-7 <727 17 600 426 13 29 63
us. L-9 <727 t18 592 423 15 24 67
E-6 ~1050 - 773 650 9.0 16 62
Belgium E-8 ~1i00 8 778 653 4.5 14 50
Spain E-8 1100 L7 769 633 9.2 18 51
600°C
Belglum K-13 <727 t11 257 253 0.8 25 72
France M-11 ~727 18 239 224 1.2 33 75
Spain K-7 <727 t8 247 238 3.2 48 81
us. L-9 <727 t5 256 231 1.6 44 91
E-6 «1050 . 382 344 4.0 40 74
700°C
Belgium K-13 <727 112 120 106 1.7 ¥7 90
France M-11 ~727 t9 146 136 1.6 42 66
Spain K-7 <727 19 110 89 4.8 83 87
{1.5. H-8 w727 14 137 126 2.8 50 86
800°C
France L-9 10002 t7 79 44 18 64 43
Uu.Ss. G-8 ~1050 15 77 52 15 80 65
900°C
Belgium F5 10002 t10 49 38 13 43 31
Spain -9 10002 115 40 29 13 36 27
1000°C
U.S. H-8 =727 t5 30 20 14 42 35
France L-9 <727 112 32 21 9 23 23
1100°C
Belgium F-5 «727 L7 20 14 13 124 97
Spainb L-9 <727 116 19 11 13 (110) -
1200°C
u.s. H-8 ~727 9 12.0 7.6 12 93 99
France® -9 <727 t11 18 13 7 >40 99

aSpecimen heat t1=1ted by holding at 1100°C for 2 h and cooling to rdom temperature
at 10-50°C/min to simulate severed damage.
brest conducted at 1070°C because of experimemal difficulties.

“Test conducted at 1150°C,
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Table 7. Summary of tensile data obtained from cladding specimens of the TMI-2

lower head.
Test Max. Speci- Tensile Yield Uniform Total Reduct.
Temp.; Sample Temp. men Strength Strength Elong. Elong.  of Area
Country No. (°C) No. {MPa) (MPa) (%) {%) (%)

Room Temperature

Pelgium F-5 ~727 12 553 330 37 40 30
3 15, F-5 ~727 t3 551 322 28 30 34
1100°C
Belgium F-5 ~727 t1 30 29 0.8 16 14
800 g‘ T T ' 1 T L l T L 1 I T T T ] T T T l - | T
3 ; 1 urs vs .
~ 100 F ® B TMISamples (<727%C) -
é.“ B - ' O [0 TMISamplesE-6andE8 |
2 600 NRIM Data (not TMI material)
£
2 500
ot
h
g 400
D
S
v 300
=
©
®
= 200
e
@
=100
0

0 200 400 600 800 1000 1200
Test Temperature (°C)

Fig. 24. Tensile and yield strengths of TMI-2 lower head material compared with

Japanese National Research Institute for Metals (NRIM) data for other heats of
A533, Grade B steel.
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Fig. 25. Stress vs. time to rupture daia from creep tests conducted on TMI-2 lower
head material with estimated best-fit curves.

727°C. show no difference in behavior when compared with specimens {roin Sample
H-8, for which the maximum temperature remained below 727°C.

The best-fit curves to the creep data from the lower-head specimens of Fig. 25 are
replotted in Fig. 26 together with data previously obtained from the Midland archive
material in OECD round-robin tests. The agreement between the 600°C data and that
obtained in the round-robin tests is reasonably good. However, at higher temperatures,
the best-fit curves to the lower-head data fall noticeably above time-to-failure data from
tests on the archive maierial. These differences may be caused in part by differences in
the microstructure and prior thermal-processing history of ihe two materials, but 1
seems unlikely that prior thermal history would have any effect in tests conducted at
temperatures of 1000°C and greater.

Two time-temperature correlations were explored in an attempt to fit the creep
data of Table 8. The first of these was the Larson-Miller parameter L15
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Table 8. Summary of creep data obtained on specimens from Tmli-2 lower head.

Test Max. Speci- Time to Elong. at Reduct.
Temp.; Sample Temp. men Stress Fadlure Failure of Area
Country No. (°C) No. (MPa) (h) (%) (%)

600°C

Belgium K-13 <727 t8a 240 0.2 36 81

t132 225 1.0 43 84
ti0a 155 23.1 37 33
tos 115 39 32 71
L14a 115 128 23 22
Spain F-5 ~727 114 232 2.47 42 73
t18 221 4.14 57 76
t15 194 9.47 47 65
ti6 157 17.75 51 73
t17 114 92.8 51 41
700°C
France M-11 ~727 t10 60 135 54 .4 -
t9 55 20 72.9
t11 40 43 41.6

u.s. H-8 ~727 t17 95.1 1.34 34 85
t16 80.0 3.27 33 82
t13 52.1 27.6 73 89
ti4 41.6 46.0 77 93
t15 34.5 81.6 96 90

800°C

Belglum  F-5 1000® t13a 70 0.95 g 44

t1ia 50 54 46 31

tga 40 15.5 45 29

t8a 30 27 39 23

t12a 23.7 111 43 23
900°C

u.s. H-5 1000 t16 35.0 1.09 41 30

t15 26.0 4.55 36 30
t14 19.0 18.1 39 45
t11 14.8 42.3 40 30
112 9.51 159.5 33 30
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Table 8. Summary of creep data obtained on specimens from TMI-2 lower head

(cont'd.).

Test Max. Speci- Time to  Elong at  Reduct.
Temp.; Sample Temp. men Stress Fallure Failure of Area
Country No. (*C) No. (MPa) {h) (%) (%)

1000°C
Spain K-7 <727 ol 16.9 1.90 38 48
t10 11.5 7.54 32 66
t12 8.7 29.64 22 73
113 6.3 152.8 30 40
110u°C
France L.-9 <727 112 15.0 0.17 9.6
t1l 13.0 3.3 24.1
t10 8.0 4.33 3.3
1200°C
u.s. M-8 <727 16 9.0 0.98 96 99
L5 6.0 7.26 115 99
14 4.0 48.2 99 99
t7 3.4 55.1 81 99

aTests conducted in vacuum; remaining tests were conducted in an Ar or He
environment,

bSpecimen heat treated by holding at 1100°C for 2 h and cooling to R.T. at
10-50°C/min to simulate severe dimage.

L = TIC + logo (tp}.

where T 1s temperature in Kelvin, iy is time to failure in hours, and C is a fitting
constant. A least squares an: s determined that the optimum value of C for the
present data base was 12.5, a ‘tress o was related to the Larson-Miller parameter by
the relation

logiolo) = 4.3406 - 0.G0018767 L, (1)

where the applied stress o is in MPa, Figure 27 shows the present data plotted in the
form of loglo) vs. the calculated Larson-Miller parameter, assuming C = 12.5. The
calculated coefficient of correlation r for this fit i1s 0.98277.

The creep data of Table 8 are replotted in Fig. 28 in the usual formal, along with
the Larson-Miller best-fit curves obtained as described above, The fit is only fair, with
the straight-iine fits inherent in the Larson-Miller correlation deviating noticeably from
the actual data, particularly at the lower temperatures.
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Fig. 28, Siress vs. time to rupture data from creep tests conducted on TM1-2 lower
head material compared with best-fit curves from the Larson-Miller time-
temperature correlation,

45 Cladding Cracks

Examination of Samples E-6 and G-8 suggests that (he cladding failed by a process
similar to hot tearing, causing extensive cracking along interdendritic boundaries. The
precise nature of the loading that produced the cracks Is not clear, but it apparently
was caused by thermal stresses imposed as a result of the accident, probably during
cooling. Microstructural examination of the underlying base metal and the results of
fensile and hardness tests indicate that both samples reached temperatures of =1000-
1100°C during the accident and then cooled rapidly. Temperatures of this magnitude
would be expected to impose significant thermal stresses on the cladding and base
metal during a transient event, reduce the resistance of Type 308L weld cladding alloy
to hot tearing, and cause recrystallization of the base metal, thereby erasing any
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Fig. 29. Plot of loglo) vs. Manson-Haferd parameter (tg = 7.57, Ta = 520) for TM1-2
lower head material creep data.

evidence of deformation. Although the observed cladding cracking may have been
produced by thermal shock during mitial contact with the hot core materials, it is more
likely that it occurred during the early stages of cooldown when the still-hot cladding
layer was placed into tension because of thermal contraction of the underlying base
metal. This latter process is analogous to hot tearing during welding, and produces
cracks similar to those found in the F-10 sample. Because the cooling rate from the
maximum temperature was relatively high (on the order of 10 to 100°C per min),
significant thermal stresses would be expected. The cracking at the F-10 location was
apparently less severe because the location was only at the periphery of what is believed
to have been the hot spot in the vessel wall,

The composition and superposition of the reaction layers on the crack surfaces
provide some clues to the sequence of events that took place during the accident. The
crack surfaces in the stainless steel are covered by previously molten Fe-Cr-rich oxide
layers that also contain In and Sn, and Ag-Cd precipitates. The molten In-Sn phase in
the grain boundaries of the oxide in the ferritic steel also indicates that there was a
source of the molten material when the high-temperature oxide was formed, probably
very shortly after crack formation. Fuel particles were present only on top of these
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Fig. 30. Stress vs. time to rupture data from creep tests conducted on TMI-2 lower
head material compared with best-fit curves from the Manson-Haferd time-
temperature correlation.

solidified oxides or as very minor constituents in them. The absence of significant

sAntities 2f fuel that solidified in situ and reacted with the molten oxides on the
stainless sieel Indicates that the massive flow of fuel to the lower head was not the
source of these liquid materials. However, this massive flow could have been the source
of the solidified-fuel shards found in the cracks atop the solidified oxides. This fuel
would have solidified when it came into contact with the lower head, if not earlier in its
movement from the core region.

The finding of numerous surface cracks and internal tears in the cladding that
contained solidified Ag-Cd masses indicates that a molten source of these materials was
on the lower head when the cracks formed. It is also quite likely that penetration of
these liquid materials interdendritically into the cladding contributed to the hot-
tearing of the cladding.
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Fig. 31. Absorbed impact energy vs. test-temperature data from Charpy V-notch
impact tests on specimens from TMI-2 lower head.

These observations on core materials suggest that the first material from the core
to reach the lower head was from control assemblies that failed early in the accident.
When the massive fuel flow reached the lower head, this layer of control-assembly
materials would have re-melted and then penetrated the cladding in the vessel hot-
spot region. After the cracks formed, instantaneous oxidation of the crack surfaces and
the ferritic vessel probably occurred in the presence of trapped superheated water
vapor, which also would have oxidized constituents in the lHquid meial, leaving the
more noble Ag-Cd unoxidized in the liquid oxide. The reacted crack surfaces and the
jagged surface of the G-8 sample suggest that this liguid oxide was corrosive to the
stainless steel. The fact that there is essentially no registry of the mating surfaces
across the cracks suggests loss of material, perhaps by a dissolution process. It may be
noted in Fig. 8 that the bent-over ligament of cladding in the crack would extend above
the cladding surface il it were set upright. This indicates that the cladding surface in
the vicinity of the crack was dissolved away to some extent in a manner similar to that
of the seemingly lost material in the crack. The cladding surfaces of the F-10 and E-6
samples did not exhibil a similar jagged appearance, suggesting that such erosion was
very dependent on local conditions. The fact that the cracks in these samples were not

filled with a solidified liquid suggests that the liquid was held oul by either gas pressure
or surface tension.
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The composition of the scrapings taken from the surface of the boat samples
offers no real clue to the nature of the surface material that was originally in contact
with the vessel, These materials were a heterogeneous mix of fuel and control-
assembly constituents, generally In an Fe-oxide matrix. This morphology s similar to
that found for the scale on a number of the instrument nozzles. 18 It could be concluded
that the original control assembly debris was consumed into the larger mass of fuel
debris that arrived later.

5 Summary and Conclusions

Microstructural characterizations and mechanical tests have been conducted by
ANL and the OECD partner laboratories on material from 15 locations in the lower head
of the pressure vessel of the TMI-2 nuclear reactor. The microstruciural
characterizations were conducted by conventional optical metallography, hardness
measurements, scanning electron microscopy (SEM) on elched specimens and surface
replicas, and analytical transmission electron microscopy on thin foils and carbon
extraction replicas. The mechanical tests consisted of tensile tests at room
temperature, tensile and creep tests at 600-1200°C, and Charpy impact tests at
-20-300°C. The specimens tested were taken from locations where the maximum
temperature had not exceeded 727°C during the accident and from locatioas where the
maximum temperature had been as high as 1100°C. The results of these investigations
lead to the following conclusions:

. Metailographic specimens from Samples E-6, E-8, F-10, and G-8 were all
found to have reached maximum temperatures in the range of 1000-1100°C
during the accident. These specimens were all from the so-called "hot spot” in
the lower head that had been identified earlier. The cooling rate from the
peak temperature was estimated (o be =10-100°C/min for these specimens.

2. Metallographic specimens from Sample F-5, which was near the hot spot, were
found by Investigators in Belgium, FRG, and the UK. to have slightly exceeded
727°C near the surface. However, examinations at ANL and INEL on adjacent
specimens did not detect any evidence of transformation, which would have
occurred at temperatures »727°C,

3. Metallographic specimens from Sample H-8 were found to have exceeded
727°C near the end of this sample closest to the hot spot, but the remainder of
the sample remained below this ten perature.

4. Subtle evidence of maximum temperat... . s slightly in excess of 727°C near the
surface in a specimen from Sample M-11 was observed by investigators in the
U.K. Five other laboratories examining adjacent specimens did not report
indications of a phase transformation.

5. Researchers at the Harwell Laboratories in the UK. noted significant
tempering of the bainite microstructure in the base metai of Samples H-4, H-5,
M-8, and L-9, indicating that the temperature in these samples probably
approached 727°C, al least near the surface.
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The results of tensile tests conducted on base-metal specimens for which the
maximum temperature during the accident (Tpmax) did not exceed 727°C agree
well with with literature data for A533B steel and show a dramatic drop in
strength at temperatures above 600°C.

Tensile specimens from samples for which Tmax exceeded 727°C showed
significantly higher strengths at room temperature and 600°C when compared
to specimens for which the temperature did not exceed 727°C.

Creep tests at 600 and 700°C indicated no significant difference in behavior
between base-metal specimens for which Tmax was of the order of 727°C and
those for which it was well below this value. Fifty-hour stress-rupture stresses
were found to be =8 MPa at 1100°C and <4 MPa at 1200°C.

The stress-rupture data for the lower head material was found to be in good
agreement with data previously obtained on archive material from the Midland
reactor at 600°C. However, the lower head material was found to be
substantially stronger in creep than the Midland material at higher
temperatures.

The stress-rupture data obtained from base-metal specimens could be more
accurately fit with a Manson-Haferd time-temperature parameter than a
Larson-Miller parameter.

Charpy V-notch impact tests conducted on lower head base-metal material
noted a substantial . ““ference between specimens from Sample F-10, for which
Tmax was as high as =1050°C, as compared with specimens from samples for
which Tqax was <727°C. The F-10 material showed a significantly higher
ductile-to-brittle transition temperature as well as a lower upper-shelf energy
value.

Cracks through the stainless steel cladding of Samples E-6 and G-8 appear to
have been hot tearing phenomena, probably assisted by interdendritic
penetration of liquid Ag-Cd.

Materials in the cladding cracks suggest the presence of control-assembly
debris on the lower head before the massive flow of fuel arrived.
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Appendix A:

Sectioning Diagrams for
TMI-2 Lower Head Samples
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Fig. A2. Locations of mechanical test specimens cut from Sample D-10.
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Fig. A4, Dimensions and initial sections from TMI-2 lower head Sample E-8.
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Fig. A5. Locations of mechanical test specimens cut from Sample E-8.
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Fig. A9. Locations of mechanical test specimens cut from Sample F-5,
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Fig. A12  lLocations of mechanical test specimens k7 through k12 cut from Sample
-10.
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Fig. Al4. Locations ol mechanical test specimens cut from Sample G-8.
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Fig. A16. Locations of mechanical test specimens k1 through k6 cut from Sample H-4.
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Fig. A17. Locations of mechanical tesi specimens k7 through k12 cut from Sample
H-4.
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Fig. A19. Locations of mechanical lest specimens cut from Sample H-5.



74

Tensile Specimens

l
L e M
-3 IH...IIII.
ek 5 ~
mi -8 N e
=1 ~ A Hon:., ™ odues iy ]
= ‘T Todles TN~
2 W
. Y {
ol H A
LY
- E = IS
© g E
- o
S ~| | o v
< 6| ¥ v ©
X o
Q. 1l i
il
m - S T o
Vp)

Specimen identification numbers

stamped on this end

Fig. A20. Dimensions and Initial sections from TMI-2 lower head Sample H-8.
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Locations of mechanical test specimens cut from Sample K-7.
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Fig. A24. Dimensions and initial sections from TMI-2 lower head Sample K-13.
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Fig. A29. Locations of mechanical test specimens cut from Sample M-8.
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Fig. A31. Locations of mechanical test specimens cut from Sample M-11.
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Appendix B:

Strain-vs.-Time Curves for Creep Tests
Conducted on TMI-2 Lower Head Material
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Test Temperature: 600°C
Applied Stress: 225 MPa
Time to Failure: 1.0 h

Specimen No.: K-13, t13
Laboratory: V.ILT.O.
Belgium

K13-113_

1 avs_&§70

C 225 MPA

Gl
T

ELONGATION (%)
o

(&)
|

800

—

fse}

T

1

j:

40 .50 .60

TIME (H)

.BO

.80

1.00 1.10




Test Temperature: 600°C
Appilied Stress: 155 MPa
Time to Failure: 23.1 h
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Test Temperature: 800°C
Applied Stress: 232 MPz
Time to Failure: 247 h

Specimen No.: F-5, t14

Laboratory: tecnatom. s.a.
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Test Temperature: 600°C Specimen No.: F-5, t18
Applied Stress: 221 MPa Laboratory: tecnatom, s.a.
Time to Failure: 4.14 h Spain
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Test Temperature: 600°C
Applied Stress: 194 MPa
Time to Failure: 947 h
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Test Temperature: 600°C
Applied Stress: 157 MPa
Time to Failure: 17.75 h
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Test Temperature: 600°C
Applied Stress: 114 MPa
Time to Failure: 928 h
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Test Temperature: 700°C Specimen No.: M-11, tli

Applied Stress: 40 MPa Laboratory: CEA
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Test Temperature: 700°C Specimen No.: H-8, t17
Applied Siress: 95.1 MPa Laboratory. ANL
Time to Failure: 1.34 h United States
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Test Temperature:

700°C

Applied Stress: 80.0 MPa
Time to Failure: 3.27 h
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Test Temperature:

700°C

Applied Stress: 52.1 MPa
Time tc Failure: 27.6 h
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Test Temperature: 800°C
Applied Stress: 50 MPa
Time to Failure: 54 h

Specimen No.: F-5, t11
Laboratory: V.LT.O.
Belgium
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Laboratory: V.LTO.
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Test Temperature: 900°C
Appiied Stress: J35.0 MPa
Time to Failure: 1.09h
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Applied Stress: 6.3 MPa
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Test Temperature: 1200°C
Applied Stress: 4.0 MPa
Time to Faiflure: 482 h

Specimen No.: M-8, t4
Laboratory: ANL
United States
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