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ABSTRACT

Pressure vessel surveillance specimens from four capsules
in accelerated irradiation positions of the Yankee Atomic Power
Reactor have been tested by the U.S. Naval Research Laboratory.
In spite of the fact that the four capsules were located in physi-
cally identical positions about the fuel core, they were subject to
widely different neutron exposures (>1 Mev).

The Charpy-V transition temperature increase ofthe Yankee
pressure vessel steel, whichwas irradiated together with a refer-
ence steel of the same nominal composition in the same capsules,
was somewhat larger than the increase of the reference steel. The
data from the reference steel followed closely the trend line of
transition temperature increase versus total neutron exposure
previously established by NRL for 540°F irradiations, but that for
the Yankee vessel steel was displaced almost 100°Fhigher than the
reference steel. Postirradiation annealing was beneficial for the
three heat treatment conditions studied, and, in one case, essentially
complete recovery of initial properties was observed.

The study demonstrated the usefulness of accurate dosimetry
data for each surveillance specimen and the importance of measure-
ments of the neutron dosage to which the monitored reactor com-
ponent is exposed.

PROBLEM STATUS

This completes one phase of the radiation effects program

under study. Other phases of the research problem are continuing.
AUTHORIZATION
NRL Problem MO01-14

Projects PR 007-01-46-5409; SR 007-01-01, Task 0858;
AT(49-5)-2110; and USA-MIPR-ERG-5-64

Manuscript submitted September 18, 1964.
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YANKEE REACTOR PRESSURE VESSEL SURVEILLANCE:
EVALUATION OF SPECIMENS
EXPOSED DURING THE SECOND CORE

INTRODUCTION

The significance and implications of the fast (>1 Mev) neutron-induced increase in the
temperature of the nil-ductility transition point (NDT) of carbon and low-alloy pressure
vessel steels have been the subject of a significant amount of research (1,2). Recognition
of this behavior resulted in a joint decision by the operators and builders of the Yankee
Atomic Power Reactor, the Yankee Atomic Electric Company, and the Westinghouse Elec-
tric Corporation respectively, to undertake a program for the in-core surveillance of the
pressure vessel of the Yankee reactor. Details of this surveillance program have been
reported by E. Landerman of the Westinghouse Atomic Power Division (3).

Surveillance capsules to monitor the neutron exposure and increase in transition
temperature of the pressure vessel steel were inserted during the shutdown for the second
core refueling. Prior to the end of the second core life, Yankee representatives indicated
to the U.S. Atomic Energy Commission that surveillance capsules would be made available
for evaluation by an AEC-sponsored organization. NRL was then asked by the AEC to
accept responsibility for testing and evaluating the surveillance specimens from the
second core. Subsequently, a meeting was held between Yankee, Westinghouse, and NRL
personnel to determine the best possible approach to testing the capsules in order to gain
the maximum amount of information from the surveillance specimens.

The locations of the capsules included in the surveillance program are shown in
Fig. 1. As originally planned, four capsules were to be placed between the thermal shield
and the pressure vessel in order to. assess, as closely as possible, the true condition of
the pressure vessel. Of these four, only two were actually inserted because of a misalign-
ment of the access holes. Eight other identical capsules were placed inside the thermal
shield adjacent to the fuel in accelerated exposure positions in order to determine in
advance what might be the long-term condition of the pressure vessel. It was originally
planned to remove the capsules over a period of several years in order to periodically
assess the change in embrittlement to the pressure vessel. Some of the accelerated cap-
sules were to be removed first, and during subsequent shutdowns the pressure vessel
capsules were to be removed, since the exposure to these capsules would accumulate at
a much slower rate and early removal of them would not yield as much information. At
the time of removal of the capsules, only those from the four positions indicated in Fig. 1
remained. The other four accelerated capsules as well as the two pressure vessel cap-
sules were missing from their positions. These six capsules had been broken off, pre-
sumably by action of the turbulent water flow inside the reactor. Further indications of
the water flow turbulence are described in a later section of this report.

The four remaining capsules, in physically similar positions around the circumfer-
ence of the fuel core, were removed from the reactor during the second-core shutdown.
Because each capsule contained a limited number of specimens, it was deemed necessary
to test the specimens of all four capsules in order to provide a meaningful analysis.

Each of the capsules contained Charpy V-notch impact and tension specimens made
from a section of the Yankee pressure vessel steel (ASTM Type A302-B modified) as
well as reference or correlation monitor specimens of a widely distributed and well-
documented heat of A302-B steel (4). The latter material, which was furnished by the
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U.S. Steel Corporation, has been irradiated and evaluated by various laboratories includ-
ing NRL. A sectional view of the surveillance capsule is shown in Fig. 2. Two of the
capsules also contained special neutron dosimeter assemblies (Fig. 3) directly above the
specimens. Neutron detectors included iron, nickel, and cobalt-aluminum, as well as
cadmium-shielded nickel and cobalt-aluminum. The monitor wires were of the same
material used by NRL and the Reactor Physics Group of the Materials Testing Reactor
(MTR) for routine neutron flux measurements.

This report describes the recovery and testing of the Charpy V-notch specimens
from the accelerated surveillance capsules, describes the recovery and analysis of the
neutron flux monitors, and presents the results of testing of the specimens in both the
as-irradiated and postirradiation annealed conditions with respect to neutron dose
received. These results are also discussed with reference to previously obtained infor-
mation on this steel (5) and to power reactor surveillance programs in general.

OPERATIONS AND TESTING PROCEDURES

Capsule disassembly, dosimetry sampling, and testing were all performed in the hot
cell facilities at NRL. Specimens were removed from the 1/32-inch-thick stainless-steel-
sheathed capsules after opening of the capsules by a remote milling machine equipped
with a special slitting head (6). Charpy V-notch specimens were tested on a remotely
operated impact machine which had been previously calibrated with Watertown Arsenal
reference test specimens. Dosimetry counting and analysis was performed by the Phillips
Petroleum Company, MTR Radiation Counting Laboratory, in Idaho.

Capsule Disassembly

All four capsules {designated Nos. 1, 2, 6, and 8) were opened in the machine shop
hot cell and the specimens removed and sorted. Visual observations of the stainless steel
sheath showed them to be almost black; the specimens were also quite dark but otherwise
in good condition. The sheaths were apparently free of cracks or other such imperfections;
however, the bottom portion of one sheath appeared to have a hole worn completely through
it (Fig. 4). It was postulated that the water flow repeatedly forced this capsule against
the thermal shield or some other fixed structural member with fluttering so that eventually
a hole was worn through the sheath. This action even caused wear of one specimen. This
water-turbulence-induced fluttering was also probably responsible for the shiny area on
the capsule support disk as well as the long, indented section on the support tube, shown
in Fig. 5. The support disk had a hook welded on to facilitate placement and removal of
the capsule assembly. The fluttering apparently knocked off the hook, and the constant
impact against a hold-down member was probably responsible for the shiny area.

Dosimetry Sampling

The neutron flux monitor assemblies were remotely freed from the stainless steel
support tubes using a pipe cutter; the monitors themselves were removed from the assem-
blies in an out-of-cell, shielded glove box.

Sections of the neutron flux wires from the monitor assemblies were sent to the Radi-
ation Counting Laboratory at the MTR for counting and analysis. Additionally, halves of
four broken Charpy specimens of the reference material, one from each of the four cap-
sules, were sent to the Chemical Processing Plant at the National Reactor Testing Station
in Idaho Falls for extraction of the Mn** isotope. Disintegration rate determinations and
flux analyses of the extracted isotope were performed by the MTR group. As an aid in
determining the vertical flux gradient in the reactor core region, a 1/2-inch section of
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Fig. 3 - Neutron detector capsule as
contained in two of the four surveil-
lance assemblies (from Ref. 3)
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Fig. 5 - Capsule support disk and support tube. Water
turbulence induced fluttering is thought to have been
responsible for shiny area on the capsule support disk
as well as the long indented section on the support tube.
(In-cell photo.)

the stainless steel support tube located 3 inches above the specimen area of one of the
dosimeter-containing capsules was also sent for analysis with the Charpy-specimen
halves.

Specimen Testing

The placement of the irradiation capsules in the reactor suggested that all four would
have duplicate exposures, and the testing program was planned upon that assumption.
Shortly after the start of the testing, however, it was noted that the specimens from the
four capsules did not exhibit similar properties. Consequently, a new testing program was
devised. In this new program, all specimens of the Yankee vessel steel from capsule 8,
as well as the reference A302-B specimens from all four capsules, were tested in the as-
irradiated condition. Additionally, one Yankee specimen from capsule 6 was tested in the
as-irradiated condition and gives some indication of the transition temperature increase
for that steel in that capsule. Finally, the remaining Yankee vessel specimens fromthree
capsules were annealed for 168 hours at three different temperatures (850, 750, and 640° F)
in order to ascertain the possibilities of restoring the initial notch ductility properties of
this material.

RESULTS

In viewing the results of the steel testing and neutron monitoring phases of the Yankee
surveillance program, it should be recognized that the test capsules were all taken from
locations of accelerated neutron exposure. Thus, the transition temperature increases
and neutron exposure values measured and reported are several times greater than the
actual conditions of the Yankee vessel.

In analyzing the surveillance results, it should be noted that, while the capsule irradi-
ation temperature (reactor coolant temperature) was approximately 540°F for most of the
second core life, there were variations in temperature. For example, there was a gradual
significant drop in temperature (67°F) in the last three months of the second core life of
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Fig. 6 - Irradiated notch ductility characteristics of the Yankee pressure vessel steel

the Yankee reactor. This variation does no harm to the analysis of results, however,
since the temperature drop was small and was at a time of decreasing neutron exposure.
Furthermore, all capsules underwent the same thermal history during exposure.

Charpy impact energy versus temperature curves for the Yankee material from the
accelerated capsules are presented in Fig. 6. The unirradiated initial nil-ductility transi-
tion temperature (+10°F) has been estimated from Charpy V-notch tests conducted by
Westinghouse. The transition temperature increase for capsule 8, was determined from
a number of specimens. Visual ratings of fracture appearance indicated a range of ductile
fracture from 25 to 100%. The curve shown for capsule 6 is an approximation basedupon
the data obtained for the reference steel in this capsule. The one point for the Yankee
material adds validity to this approximation. Similarly, the dashed curve for capsules 1
and 2 indicates the approximate increase of the transition temperature.

Charpy curves for the reference steel from the accelerated capsules are shown in
Fig. 7. The initial NDT of this plate in the unirradiated condition (indicated by the arrow)
was determined by NRL from drop weight tests. Although a very limited number of speci-
mens were available for the development of these curves, the data give a fair approxima-
tion of the Charpy-V 30-ft-1b level for comparison of transition temperature behavior.
The specimens from capsules 1 and 2 had properties similar enough to be treated as
representative of one exposure condition. These data gave the first indication of the var-
iation in neutron exposure among the specimen capsules.

Results of annéaling the remaining Yankee specimens at three different temperatures
(640, 750, and 850°F) for 168 hours are shown in Fig. 8. The data curves, although devel-
oped with adequate numbers of specimens, only indicate the estimated magnitude of the
recovery of properties of the specimens from capsules 1, 2, and 6, since the as-irradiated
curves for these capsules are “best estimates.” The notch ductility and annealing results
shown in Figs. 6, 7, and 8 are summarized in Tables 1 and 2.

Instantaneous flux and integrated neutron exposure values (>1 Mev) are given in Table
3a as calculated from analysis of Charpy specimens and in Table 3b from the analysis
of neutron flux monitors from the dosimeter capsules. The wide range of flux levels to
which the capsules in otherwise duplicate positions were subjected is apparent. Westing-
house performed a neutron flux analysis on two Charpy specimens from capsule 8, the
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characteristics of Yankee pressure vessel steel

results of which agreed very closely with data developed by the MTR physics group on two
other Charpy specimens from the same capsule.

DISCUSSION

Neutron dosimetry proved to be the key to the meaningful analysis of the data from
the Yankee second core surveillance testing program. Since all four capsules were in
identical physical locations, even to the point of being adjacent to equivalent weights of
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fuel, the wide discrepancies in transition temperature increases between the capsules
could only be traced to neutron exposure differences. These differences were apparently
caused by the angle of suspension of the capsules, either toward or away from the fuel
elements. Since the capsules were supported from the top only, it may have been possible
for them to move as a pendulum under the action of the coolant water flow.

Two sets of dosimetry data for the capsules are shown in Tables 3a and 3b. How-
ever, the set of data resulting from analysis of the Mn54 isotope induced in the Charpy
specimens (Table 3a) is the most significant set. This is simply because the test speci-
mens themselves were analyzed for induced activity, and thus, were most accurately
representative of the neutron exposure at that point. Conversely, the dosimeters located
in the special dosimeter assemblies atop two of the capsules were somewhat displaced
from the specimens and, in the case of capsule 8, showed a large difference in exposure
level. No full explanation has been found for this observation. In this connection, how-
ever, the importance of incorporating neutron flux monitors in intimate contact with test
specimens in any irradiation assembly cannot be overemphasized. For example, it would
have been preferred to locate dosimetry wires in the notches of the Charpy-V specimens,
thus eliminating the costly and time consuming operation of extraction of the induced Mn%*
isotope from Charpy specimens themselves.

All neutron flux and total exposure values reported herein are taken to be neutrons
per square centimeter greater than 1 Mev in energy. A fission spectrum was assumed
for all calculations; cross sections used were computed as averaged over a fission spec-
trum. Cross sections used for the Fe54(n,p)Mn>* and Ni%8(n,p)Co58 reactions were 68
and 95 millibarns respectively. Co5% burnout corrections were made using thermal flux
values obtained from bare and cadmium-shielded cobalt dosimeters by the reaction Co5°
(n, ¥ )Co%9, and the cross-section value of 36.3 barns.

From the Charpy curves for capsule 8 (Figs. 6 and 7), it is apparent that even within
the same capsule the two groups of specimens of the same nominal composition and fabri-
cation history behaved very differently in spite of a very similar exposure history. This
is illustrated in Fig. 9, on which are plotted the two sets of data points developed from
the Yankee and the reference material test specimens. The datapointsfrom the reference
material follow the line established in previous irradiation experiments conducted by
NRL at 540°F, parallel to the general ANDT trend band. The Yankee vessel steel data
points also are parallel to the trend band, but are displaced upward by 90 to 95°F.

The reasons for the considerable discrepancy between transition temperature
increases for the Yankee and reference A302-B steels are not fully understood but may be
due to a combination of factors already recognized and under study by NRL and other
laboratories. For example, Carpenter, Knopf, and Byron (7) of the Bettis Atomic Power
Laboratory reported the existence of “sensitive” and “insensitive” heats of the same nom-
inal composition of A302-B steel. These inconsistencies were manifested by large dif-
ferences in transition temperature increase for the same neutron exposure under the
same irradiation conditions. The Bettis investigators concluded that these differences in
behavior were probably caused by differences in metallurgical structure developed by
variations in heat treatment of the many plates used in their study.

NRL has recently reported the results of irradiations upon 1/2-inch plates of labora-
tory-produced heats of nominal A212-B steel (5).. These results were then compared with
irradiation results from a commercially prepared, 4-inch-thick plate of A212-B steel,
an irradiation reference steel. The initial unirradiated NDT of the laboratory steel was
35°F less than that of the commercially prepared steel. After irradiation to 1.3 x 10'°
n/cm? (>1 Mev), the NDT (based upon Charpy V-notch tests) of the laboratory steel was
105°F lower than the NDT of the commercial steel. Compositional differences in this
instance may be cited as the possible cause for the wide variation in properties observed,
but a combined effect of both metallurgical microstructure and composition has not been
eliminated as the key to the observed discrepancy between steels after irradiation.
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The significance of the Yankee material data points in Fig. 9 isthat the Yankee pres-
sure vessel steel is more sensitive to radiation, showing a larger transition temperature
increase for a given neutron exposure than that observed for a carefully produced heat
of A302-B steel. On the other hand, the energy absorption at full shear fracture is almost
the same for both steels after irradiation; in spite of the fact that the unirradiated value
was somewhat higher for the reference steel. Possible reasons for the observed differ-
ences are being explored.

The annealing results from the Yankee material are much more encouraging. The
specimens from capsule 2 which were annealed for 168 hours at 850°F (Fig. 8) showed
essentially complete recovery of initial properties including energy to full shear fracture.
Based upon the estimated increase due to irradiation, the magnitude of recovery was about
400°F. Annealing of capsule 1 specimens at 750°F for 168 hours resulted in a. recovery
of about 290°F, or about 72%, and high recovery of energy for full shear fracture. This
compares favorably with a similar irradiation-annealing experiment in which the A302-B
reference steel was irradiated at 540°F, then annealed at 750°F for 72 hours (8). Recov-
ery of about 61% of initial properties in the latter experiment was effected, although the
recovery in full shear energy was not as great as that developed in the Yankee vessel steel.
The 168-hour, 640°F annealing of capsule 6 resulted in a recovery of 160°F, or about 45%,
with significant benefit to shear energy absorption.

CONCLUSIONS

In analyzing the results of the Yankee reactor surveillance program, it should be noted
that all the data were from capsules located in positions of accelerated neutron exposure.
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The dose to the pressure vessel would be considerably reduced by the attenuating effect
of the thermal shield and the intermediate water filled space. Nevertheless, certain
meaningful conclusions are drawn from this study.

The steel used for the pressure vessel of the Yankee reactor may be classified as
sensitive to irradiation embrittlement by fast neutrons (E > 1 Mev) when compared to
results of the same irradiation on a reference plate of the same nominal composition.
The cause of this sensitivity is not fully understood, but several hypotheses have been
advanced, and research is being conducted to help solve the problem. The irradiation
behavior of the reference steel included in the surveillance capsules was in excellent
agreement with data from experimental studies, indicating no peculiarities in neutron
flux or spectrum for the accelerated irradiation positions of the Yankee reactor.

The results of the annealing studies, although based upon estimated transition tem-
perature increases due to irradiation, indicated very significant recovery of initial proper-
ties, especially with heat treatment at temperatures of 750 to 850°F.

The salient need for and usefulness of accurate neutron dosimetry data taken from
the actual specimen area cannot be overstated. Without such information, the analysis
of the Yankee surveillance specimens would have been impossible. The accuracy and
potential of the Mn5* isotope for analysis of the neutron exposure for long-term irradia-
tions has been well demonstrated in this surveillance program.

In addition to the need for care in determining the neutron exposure of surveillance
specimens, it is extremely important that measurements be made of the neutron dosage
to which the monitored reactor component is exposed. Without data of this sort no sur-
veillance program, no matter how carefully planned and conducted, can produce data which
can be applied with confidence.

The planning and design which go into a surveillance program must consider all pos-
sible hazards attendant upon the placement of materials in a nuclear reactor. For example,
designs must be carefully drawn to preclude the breaking loose of components or their
displacement from intended locations by turbulent coolant flow. In addition, complete
records must be kept for future data analyses. The more important records include the
steel processing history, from ladle through final fabrication and heat treatment, the exact
location of every specimen in each surveillance capsule, and the history of the operation
of the reactor; power output and coolant temperature are especially essential. Also, the
surveillance program should include a fully documented reference steel along with the
steel of direct concern. The inclusion of a reference steel, although requiring some addi-
tional effort, may be very rewarding as this case well demonstrates. Westinghouse and
Yankee Atomic representatives deserve credit for providing a reference steel in this
program.

It is apparent from the results of this study that carefully planned and conducted
surveillance programs may be quite valuable in assessing radiation damage to reactor
pressure vessels and more generally to the advancement of knowledge of radiation effects
to reactor structural steels.
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