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POINT BEACH NUCLEAR PLANT UNIT NO, 1 PRESSURE VESSEL
SURVEILLANCE PROGRAM: EVALUATION OF CAPSULE V

by
J. §. Perrin, J, W, Sheckherd, D, R, Farmelo, and L, M, Lowry

SMMARY

The irradiation conditions and the irradiation-induced changes
in mechanical properties of the Point Beach Nuclear Plant Unit No, 1 reactor
pressure vessel (SA302 Grade B) have been determined from evaluation of
specimens contained in surveillance Capsule V, This capsule contained base
metal, heat-affected zone metal, and weld metal specimens, The capsule was
Temoved after 1,49 equivalent full-power years of operation., The irradiation
temperature did not exceed 590 F, and the ~apsule obtained a fluence of
3.58 x 10ls avt (>1 Mev).

The measured changes in nil ductility transition temperature (NDTT)
for the three materials were consistent with those observed for other
surveillance programs involving similar materials and {rradiation conditions,
A telatively well defined trend band for change in NDTT with increasing
exposure to fast neutrons was determined from the results of this program and
those cf the other programs, The upper-bound curve of Lhis trend band
indicates the projected 32 equivalent full power ysar (end of life) change in
NPIT is in good agreement with the original predicted shift, The yield and
ultimate tensile strengths of the materials examined increased as expected,

The present investigation shows that the pressure vessel base metal, the weld
metal, and the heat-affected zore metal mechanical properties are changing with
ivradiation in a manner in agreement with the changes expected when the pressure

wvessel was constructed,



JNTRODUCTION

This report presents the results of the examination of Capsule V,
the first capsule of the continuing surveillance program for monitoring
the effects of neutron irradiation on the SAY02 Grade B Point Beach Unit
No. 1 reactor pressure-vessel material under actual operating conditions,
This report contains experimental procedures, results, and discussion
relating to the investigation,

Rad{ation damage studies initiated during the early days of
nuclear power-reactor development revealed the deleterious effects of high
anergy neutrons upon the notch ductility of reactor vessel steels, The
effect was characterized by a rapid rise in the nil ductility transition
temperature (NDTT) with ipcreasing neutron exposure. In addition, the
tensile properties show a significant loss of uniform elongation and
reduction of area with increasing neutron exposure,

Sufficient data on the effects of radiation on the mechanical
properties of reactor pressure-vessel steel are now available to indicate
the type and relative magnitude of property changes to be encountered during
the expected lifetime of the reactor structure, This information is an
integral part of the design basis for a nuclear reactor, At the time of
startup of the Point Beach Unit No, 1 reactor, the pressure-vessel materials
vere of sufficient quality to ensure that the expected .adiation-induced
changes in mechanical properties would permit continued safe operation of
the reactor even at the projected end-of-1ife period of 40 years
of operation at an 80 percent load factor (32 equivalent full power years),
During this period the reactor operating limitation curves (i.e,, pressure
and temperature) will be periodically adjusted to incorporate the projected
changes in mechanical properties,

To further ensure the continued sufe operations of the plant, a
reactor-vessel radiation-surveillance program {s being conducted, The
primary purpose of this program is to evaluate the specific changes in the
mechanical properties of the pressure-vessel materials under the actual
service conditions (neutron fluence, time, and temperature) of the reactor
plant, It is known that the magnitude and relationships of the property
changes are functions of the specific material compositinn and metallurgical
condition; the amount, rate, and energy spectrum of the radiation;



and the exposure ttlpcrltutt(l.7)'. The surveillance program {s designed to

provide information for determining whether the reactor pressure-vessel
operating limitations are indeed conservative, as is expected,

The surveillance program for the Point Beach Nuclear Plant Unit
No, 1 was designed and recommended by the Westinghouse Electric Corporation
and {e based on ASTM E 185, "Surveillance Tests on Structural Materials in
Nuclear Reactors”(s). The details of this program and the preirradiation
mechanical properties of the materials are presented in Reference (9). Prior
to startup, six capsules containing tensile, Charpy V-notch, and WOL fracture-
mechanics specimens of the pressure-vessel materials were Installed in the
reactor, The capsules were located between the thermal shield and the vessel
wall, 1In addition to these mechanical-property test specimens, the capsules
contain thermal-monitor and neutron-fluence specimens for evaluation of the
specific temperature and radiation exposure conditions of the specimens,

The particular exposure condition variables evaluated are the total
integrated fast fluence of the capsule and the maximum temperature encountered
by the specimens during the exposure period, The temperature history of the
surveillance capsule is fairly representative of that encountered by the
pressure-vessel wall, However, the capsule is a finite distance from the
reactor pressure-vessel wall and, therefore, the capsule received an
accelerated fluence as compared to the vessel wvall,

The most essential mechanical properties evaluated by the test
specimens in the surveillence capsule are the ductile-to-brittle fracture
transition temperature and the conventional tensile-strength and ductility
values, In this context, essential refers to those requirements of the current
methods for establishing pressure-temperature operating limitations of the
Feactor pressure vessel and not necessarily the more advanced and/or

sophisticated methods for setting safe operating limitations of a structure.

*References at end of text,



An essential requirement of the mechanical property measurements {s that
they be made on representative material., For this surveillance program,

the capsules contain test specimens of the SA302 Grade B reictor-vessel
steel from two 6-3/4 in, thick shell plates from the vessel intermediate

and lower shell courses adjacent to the core region, and also weld metal and
heat-affected zone (HAZ) metal, The thermal history of the material used to
fabricate test specimens is as identical as possible to that received by the
reactor pressure vessel during fabrication, with the exception that the
specinen post:vold heat treatment has been simulated, In addition to the
reactor materials, test specimens of a ~recially prepared correlation material
(SA302 Grade B) made available by Subcommittee II of ASTM Committee E10 were
also contained in the capsule, The data obtained from evaluations of the
correlation material provide a valuable link with the surveillance prograus
of other nuclear-reactor pressure vessels,

An advanced materials-evaluation technique was used during the
course of this examination, This advanced technique was instrumentation of the
Charpy test to obtain additional data during Charpy testing, The additional
information obtained during this testing is presented in Appendix C,
"Instrunmented Charpy Examination",



BACKCROUND

The purpose of this section {s to supply background information on
the general features of radiation damage and the current requirements for
assessment of the fracture-safe operating criteria for reactor pressure-
vessel steel,

The overall effects of fast neutron irradiation on the mechanical
properties of low-alloy ferritic pressure-vessel steel are well documented in
the literature (1'6). The minimum integrated fast neutron exposure necessary
to produce changes in the mechanical properties of this class of steel {is
somevhat dependent on the reactor operating temperature, In general, a

fluence greater than 1017

nvt (>1 Mev) is required for temperatures between
400 and 500 F, and for temperatures greater than 500 F a fluence greater
than 101’

properties. The operating temperature of the Point Beach Unit No. 1 reactor

avt (31 Mev) is required to produce a measurzble change in mechanical

pressure vesscl is approximately 550 F, and Lhis temperature is in the range
where large exposure times are required to produce measurable mechanical-
property changes, The amount of radiation damage is also stromgly dependent
on minor changes in the chemical composition of these ferritic stccln(lo‘ll).
This {s very important when comparisons are made between the properties of
base metal and veld metal, The chemical composition of the base metal is well
controlled and characterized, However, the current ind.stry practice is such
that the composition of the heat-affected-zone and weld metal is not as well
characterized as the base metal, ’

Since irradiation increases the yield and tensile strength values
(at the expense of a reduction in ductility), the major emphasis in a
surveillance program is devoted to considerations of the ductile-to-hrittle
transition temperature, This property is usually determined by tests with
notched specimens impact loaded to fracture using the Charpy Venotch i{mpact
test, The general effect of fast neutron irradiation is to produce an increase
in this transition temperature, There {s considerable documentation of the
effects of neutron {rradiation on the notch ductility properties of common

structural materialsi®?" 12'M).



Investigations at the Naval Research Labovatory are responsible
for the development of the widely used nil ductility transition temperaturn
concept for establishing fracture-safe operating limits of ferritic steel
structures, The NDTT is a function of the fundamental deformation and
fracture properties of the material and is defined by the Drop-Weight Test,
as discussed in ASTM E208, "Conducting Drop-Weight Test to Determine Nil-
Ductility Transition Temperature of Ferritic Stoclo"(ls). In this test, the
NDIT is defined as the temperature at which the drop-veight specimen is

broken in a series of tests {n which duplicate no-break refers to the type

of specimen fracture where the crack is arrested before traversing the width
of the specimen, Therefore, at temperatures above the NDTT the specimens are
ductile and at temperatures below the NDIT the specimens are brittle,

This NDIT concept was developed by Pollini(ls) and has proven a good quali-
tative tool for avoiding brittle fracture of ferritic steel structures,

The NDTT is used as a primary index temperature for the Fracture Analysis
Diagram (FAD) interpretive approach to brittle fracture prevention on

vhich the "NDTT +60F" criterion is baoed(lﬁ).

The standard drop-weight test specimen is prohibitively large for
inclusion in most radiation-surveillance programs, The Charpy V-notch specimen
is relatively small and widely used; therefore, it has been adopted as a
primary specimen for radiation-surveillance studies, T- be consistent with
the concepts required for the FAD, a Charpy correlation energy or "fix" is
normally determined for a particular steel to index the NDTT, For the
SAJ02 Grade B steel the "fix" temperature which corresponds to the NDTT is
that at vhich a correlation energy of 30 ft-1b occurs for the standard Charpy
V-notch {mpuct test(g). When referring to an NDIT measured by Charpy Venotch
test techniques, it is understood that this implies a prior knowledge of the
correlation energy.

Fracture orientation is another concept that should be considered
vhen assessing the fracture-safe operating criteria for a reactor pressure
vessel from the results of surveillance-specimen evaluations, There are weak
and strong fracture directions in most ferritic materials. 1In this context,
direction refers to the plane and path of the crack, The transition energy
curves for these two directions will have different upper-shelf energy values,



vith that for the weak direction being the lower, At the 30 ft-1b fix
temperature it is difficult to discriminate between different fracture
directions, Therefore, the interest in difference in fracture directions
is directed toward considerations of the upper-shelf energy values,

The reactor environment may alter the pressure-vessel material
properties to a condition where NDTT concepts of fracture-safe operation no
longer apply, by causing the upper shelf energy to drop to a sufficiently
low value, This type of Lehavior is known as low-energy tear fracture,
vhere only a relatively small amount of energy (i.e., usually comparable to
that associated with brittle low-temperature fractures) is required for
extensive propagation of a ductile fracture, This behavior is typical of
some high-strength steels, and the radiation damage caused by the reactor
environment can bdbe regarded as promoting a strength transition of fracture
properties,

The point at which NDTT concepts no longer apply is not well
defined, However, some 1nvc|tt;ltorl(l7) identify this point as that where
the upper-shelf energy is equal to or less than 50 ft 1b for a transition
temperature curve determined by Charpy {mpact tests, In addition to a
shifting of the transition energy curve upward in temperature, radiation damage
decreases the difference between the upper and lower shelves by essentially
lowering the upper-shelf energy,

The reactor pressure vessel under consideraticn was designed and
fabricated so that the operating stresses imposed upon the weak direction of
the material are lower than those for the strong direction, 1In addition, the
design is such that vessel penetrations having complex stress states are 20t
subjected to radiation levels which would appreciably alter the material
properties,

In addition to the transition temperature approach, there is the
fracture-mechanics approach to studying the problem of brittle macerial
fntluro(l.). The fracture-mechani.s approach relates the stress field at
the tip of a crack to the requirements for brittle fracture. Here, the
conditions for brittle fracture are defined from knoilodgo of the stress at
the crack tip caused by stress on the bulk structure, the resistance of the
material to crack propagation, and the size and severity of a defect capabdle
of initiating fracture,



The stress field in the material near the crack tip {s defined
by & single parameter known as the stress intensity factor K. This
parameter is & function of the geometry of the bulk structure, the geometry
and location >f the crack, and the distribution and magnitude of external
loads on the bulk structure, Therefore, if a component is desigred so that
the geometries of the structure and defect are known, the stress intensity
at the crack tip can be obtained from the applied stress and the size of the
defect. The value of K has been determined for many practical laboratory
configurations, The wedge open loding or WOL specimen design used in this
vork has been evaluated to the point "me.> the relation between applied
load and stress intensity is well defined,

The brittle fracture of a material occurs vhen the magnitude of
the stresses at the crack tip exceeds some critical value, When the material
is loaded in tension with the flaw perpendicular to the direction of the load
and there {s limited local plasticity, then this critical value of K is the
plane-strain fracture toughness, Ktc' The value of ‘Ie at a particular load
rate and temperature can be considered an intrinsic material property which {s
& measure of the resistance of a material to brittle failure in the presence
of a stressed crack,

The value of KIc for a material {s affected by metallurgical and
mechanical variables, In addition to the effects of load rats and temperature,
previously mentioned, the measurement of ‘Ic is hindereu by the effects of
specimen size, The condition of plane strain is essential, for the assumptions
of elastic behavior are inherent i{n the fracture-mechanics approach, If there
is a great deal of local plastic deformation around the crack, the measured
eritical value of K {s not one of plane strain and therefore it is not a valid
l!c measurement, There is a maximum plastic-zone size that can be tolerated
vithout affecting the validity of the measured value of ‘Ic' For the specimen
geometry used in this work, the plastic-zone size can be calculated from the
measured value of Ktc and yield strength, The thickness (B) of the WOL

specimen used must be >2.5 (K!c/e,.)z, vhere o _ {s the yield stress, This is

- (19)

termed the ASTM validity criterion for WOL fracture-toughness specimens



From a consideration of this crite.‘on {t can be seen that once a specimen
size is determined (fixing B) the test temperature alone will determine
vhether a valid Ko can be measured, Thus, the results must be anticipated
before the test temperature is selected, and the yield strenmgth must be
known as a function of temperature,

It can be seen from the validity requirements that evaluation of
materials having high KIc values and low yield sirengths requires very thick
specimens, When the use of large specimens {s not practical, the test
temperature must be decreased so that an adequate reduction in ch and
attendant increase in yield strength will permit satisfaction of the validity
requirements,
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APS RECQOVER ASSEMB

Battelle's Columbus Laboratories (BCL) personnel went to the
Point Beach Nuclear Plant Unit No, 1 to pick up the surveilliance capsule
assembly, They brought a pool-side jid crane, a specialized underwater
cutting tool, and a shipping cask, The cutting head of the undervater
cutting tool is a mild steel casting, The head had been sand blasted,
copper plated, and then nickel plated to prevent it from rusting and
thereby contaminating the pool water., To further avoid contamination, pool
wvater was used in the line leading from the pump intersifier unit to the
cutting head, The specialized undervater cutting tool is shova in Figure 1,

The tool is shown positioned on top of the shipping cask in Figure 2,
The capsule assembly had an overall length of 131 inches, Point

Beach personnel removed the capsule assembly from the pressure vessel and
transferred {t undervater in a canal to the spent fuel pool. The upper 1id
and lower drain 1id were removed from the shipping cask, Using an overhead
crane, the cask was then raised from the receiving area, moved to a positinn
over the spent fuel pool, and lowered into the pool so that the bottom end

of the cask was resting on the floor of the pool, The bridge crane was then
used to position the capsule and attached lead tube such that the capsule was
in the cask except for the lead tube and about six inches of the capsule,

The cutting tool vas lowered into the pool using a stainless steel
ciblc attached to the pool-side jib crane, The cutter was guided into position
using the stainless stecl pipe line leading to the cutting head, Binoculars
vere used to determine the position of the cutting head. The lead tube was
separated from the capsule assembly by making a cut about 2 inches above the
top end of the capsule, The lead tube was placed ints the cask along side
the capsule,

The cask was raised from the pool and its exterior was thoroughly
rinsed with water, The vater i{nside the cask vas allowed to drain into
the pool, The overhead crane was then used to lower the cask to the
decontanination area, The cask vas decontaminated to the level of removable



DERWAT

{»

eparates




12

contamination required for shipping, 2200 disintegrations/100 e-zlntn By
and 220 disintegrations/100 c-:/ntn @. The cask was then shipped to the
BCL Hot Laboratory Facflity by commercial carrier,

Upon arrival at BCL, the cask was placed in & hot cell, The
capsule and lead tube sections were then removed from the cask, The
capsule vas examined to confirm the cut separating the lead tube from the
capsule was in the lead tube, thereby maintaining the water-tight integrity
of the capsule. Visual examination showed the capsule to be a dark gray
color, The capsule had a slight bow, but subsequent examination showed that
the bowing had not damaged the specimens {n the capsule,

The specimens were removed from the capsule and inventoried. The

appearance of the specimens was a dark gray color, Before testing, the
mechanical property specimens were ckeaned in the following manner: washed in
Chlorothene, washed in Radiacvash and distilled vater, rinsed twice in
distilled water, and rinsed in reagent grade alcohol,
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SAMPLE PREPARATION
Pressure Vessel Material

Babcock and Wilcox supplied the SA302 Grade 3 reactor pressure
vessel material from plates C1423 and A9811, These two plates were used in
the lower and intermediate shell courses of the vessel, Babcock and Wilcox
4lso supplied & weldment which joined the two shell plates, Appendix A
sontains the chemical snalyses and thermal treatment history of the plate
materials,

caterial from each shell plate was beat-treated with the shells.

All test sens were machined from the 1/4 thickness location of the plate
after per. ming & simulated stress-relieving trestmes., The test specimens
represent material taken at least one plate thickness (6-3,% inches) from the
quenched edges of the plate, Specio ng were machined froa weld and heat-
affected zone metal from a stress-1¢)‘ev d weldment joining the tw- shell
plate materials, All heat-affected a.... specimens vere obtained from the
veld-heat-affected zone of plate A9811,

The axis of the notch of the Charpy V-notch impact specimens wvas
machincd perpendicular to the major surfaces of the plate, The longitudinal
axis o the impact specimens was parallel to the rolling direction of the plate,
All teasile specimens were machined with the longitudinal axis of the specimen
parallel to the rolling direction of the plate, All WOL test specimens were
machined with the simulated crack in the specimen perpendicular to the
rolling direction and the major surfaces of the plate,

n _Mon a

The SAJ02 Grade B material for the correlation monitors vas supplied
by the U.§, Steel Corporation from 6-inch-thick plate. Appendix B contains
the chemical analyses and thermal treatment history of the correlation monitor
materials,
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EXPERIMENTAL PROCEDURES

This section describes the procedures employed in the testing of
the impact, tensile, and WOL specimens, Also included are the procedures
used to examine the dosimeters and thermal menitors, All testing and

evaluations were performed at Battelle's Columbus Laboratories,

Dosimeter and Thermal Monitor Examination

The capsule contained two kinds of low-melting-point eutectic
alloy thermal monitor wires for determination of the maximum temperature
attained by the test specimens during irradiation., These thermal-monitor
wvires were sealed in Pyrex tubes and inserted in spacers in the capsule,
During capsule disassembly the thermal monitor wires were removed from the
spacers and Pyrex tubes for visual examination,

The capsule contained dosimeters of copper, nickel, cadmium-
shielded aluminum-cobal:i alloy, unshielded aluminum-cobalt alloy, neptunium 237
and uranium 238, 1In addition, the mecianical test specimens provided material

for iron dosimeters, The reactions used for the dosimetry calculations were

as follows:
Iron: 56?0 (n,p) SAHn
Nickel: saNi (n,p) 58Co
Copper: 63Cu (n,a) 60Co
Cobalt: o (n,y) %o
Uranium @ 23BU (n,f) 137Cs
Neptunium : 237Np (n,f) 137Cs

All dosimeter samples were analyzed except two, One bare cobalt wire was not
recovered during capsule disassembly, and one cadmium-shielded cobalt wire was

not analyzed due to difficulty in removing the wire from the cadmium shield,
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After removal from the capsule, the individual sanples were
placed in vials for transfer to the radiochemistry laboratory,
Radiation readings at | meter and on contact were recorded. The nickel,
copper, and cobalt wires were decontaminated by wiping with dilute acid,

distilled water, and reagent grade acetone., The iron samples, and 238U

ow 237

major contamination and then cleaned ultrasonically in a solution of Radiac

Np capsules were wiped with dilute ‘cid and distilled water to remove

and water,

The pure copper wires were weighed to £0,0001 g, and the activation
product ( Co) intensity was determined directly by gamma ray spectrometry
without dissolving the samples. The iron, nickel, and cobalt (Al-0.15
percent Co) samples were weighed, dissolved in a solution of HCl and HNO4 ,
diluted to appropriate volumes, and 1 ml samples were taken for gamma counting,

2380 anc 237Np capsules were opened in an alpha radiation containment
box by specially prepared tools used to grip the small 1/4 in, diameter x 3/8 in,
. long cylinders and cut off the tops., The tool used for cutting off the tops

238 237

was a modified tubing cutter, The U and

Np were present in the form of
oxide powders., The two samples were poured into small tared primary contain-
ment vials and then into clean tared secondary vials for weighing to
4#0.000] g on an analytical balatce, They were dissolved in & HNO3 (U308) and
8 H,80,-0.14 NaBrO, (Np0,), and diluted to appropriate volumes, 137Cs analyses
were performed in duplicate after purification by the chloroplatinate method,
For assurance of complete fission product decontamination, Zr and Ru holdback
carriers were employed, and an extra scavenge precipitation step was performed,
All the activation products were analyzed by gamma-ray spectrometry
utilizing a 3 in, diameter x 3 in, long Nal (Tl) scintillation crystal
detector and model ST 400 K Tullamore transistorized 400 channel analyzer
(Victoreen Instrument Co,) capable of 8,5 percent resolutiun FWHM (full width

half maximum) at the 0,663 Mey 1>’
600y 4ng 137

58

Ce- 1370y, gamma ray energy level, The
Co an Cs samples were counted directly against NBS standards, The saHn and
Co activities were obtained from comparison with theoretical efficiency curves
prepared from NBS standards,

The procedurec used in the evaluation of the dosimetry samples

folloved the appropriate ASTM recommendations 20 2°),
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Impact Tests

The impact tests were performed on a standard Wiedemann-Baldwin
testing machine in accordance with the recommendations of the pertinent
AST™ stlndard(27). The accuracy of the machine was verified on
November 23, 1972 with standards purchased fiom the U,§, Army Materials
Research Agency, The results are given in Table 1,

TABLE 1. CALIBRATION DATA FOR THE BCL HOT LABORATORY
CHARPY IMPACT MACHINE TESTED ON NOVEMBER 23, 1972

Average BCL Energy, Standard Energy(‘) Variation
Group ft-1b ft-1b Actual Al lowed
Low Energy 13.0 12.8 +0,2 ft-1b 1,0 ft-1b
Medium Energy 41.7 42,6 -2.1 percentt5,0 percent
Righ Energy 68,1 69.4 -1.9 percent+5,0 percent

e — — —
(a) Established by U,S, Army Materials and Mechanics Research Center

The design for the specimens used for all impsct tests is shown in
Figure 3. ASTM test procedures for specimen temperature control were utilized,
The low temperature bath consisted of agitated methyl alcohol cooled with
additions of liquid nitrogen. The container was a Dewar flask which contained
@ grid to keep the specimens at least 1 in, from the bottom, The height of the
bath was enough to keep a minimum of 1 in, of liquid over the specimens, The
Charpy specimens were held at temperature for a minimum of at least the ASTM
recommended time,

The tests above room temperature were conducted in a similar manner
except that a metal container with a 1iquid bath was used, The bath used for
temperatures from 70 to 212 F was water, and the bath used for temperatures
above 212 F was oil. The baths were heated to temperature using a hot plate,
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The specimens were manually transferred from the temperature bath

to the anvil of the {mpact machine by means of tongs that had also been
brought to temperature i{n the bath, The specimens were removed from the bath
and impacted in less than 5 scc. The energy required to break the specimens
was recorded and plotted as a function of test temperature as the testing
proceeded, Selection of the test temperatures was based primarily on finding
the temperature corresponding to a specimen absorbed energy of 30 ft-1b, The
correlation between Charpy V-notch test results and the nil ductility transition
temperature (NDTT)* for SA302 Grade B steel has been shown to be 30 ft-lb(g).
Lateral expansion was determined from measurements made with a
vernier caliper. Fracture appearance was estimated from observation of the
fracture surface, and comparing the appearance of the specimen to an ASTM

fracture aprearance chart(zs).

The capsule contained a total of 48 Charpy V-notch specimens, Base
meial specimens were from plates C1423 and A9811, which were used in the lower
and intermediate shell courses of the vessel. Heat-affected zone and weld
metal specimens were from a weldment which joined the two shell plates,
Correlation monitor Charpy specimens were from material furnished by the

U.S. Steel Corporation through Subcommittee Il of ASTM Committee E10 on
Radioisotopes and Radiation Effects,

*The NDTT is defined by the drop weight test and is described in ASTM 5208-69(16).

’
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Tensile Tests

The design of the tensile specimens is shown in Figure 4; the gage
sec.ion has a nominal 0,250-in, diameter and a nominal 1.000-1in, length,

The tensile tests were conducted on a screw-driven Instron testing machine
having a 20,000-1b capacity. A crosshead speed of 0,02 in, per min was used,
The deformation of the specimen was measured using a strain gage extensometer,
The strain gage unit senses the differential movement of two extensometer
extension arms attached to the specimen gage length 1 in, apart., The extension
arms are required for thermal protection of the strain gage unit during the
elevated temperature tests, Figure 5 shows the extensometer extension arms
and strain page assembly used for tensile testing, A tensile specimen {s
shown at the top of the figure next to the region of the extension arms

where the specimen is loaded for testing, The strain gage unit is shown at
the bottom of the figure next to the region of the extensometer arms where

the unit {s attached during testing, The extensometer was calibrated before
testing using an Instronm high-magnification drum-type extenscmeter calibrator,

Elevated temperature tensile tests were conducted using a three-zone
split furnace. An unirradiated tensile specimen with several thermocouples
directly attached to the gage section was used to determine the optimum paver
input to each furnace zore before testing irradiated specimens, The irradiated
tensile specimens were tested at 550 F, The specimens were held at temperature
before testing to stabilize the temperature, Temperature was monitored using a
Chromel-Alumel thermocouple in direct contact with the gage section of tte
specimen, Temperature was controlled within #3 F,

Low temperature tests were made using a liquid nitrogen spray
cryostat, The cryostat was of a split clamshell type. Liquid-nitrogen vapor
was used to cool the specimen and the containment chambers., The liquid nitrogen
flow rate was adjusted by means of a valve in the gas line, which allowed the
specimen temperature to be closely controlled during testing, Tests were run
at -180 F and -110 F, with temperature controlled within %2 F during testing,
Temperature was measured using a copper-constantan thermocouple in contact
wvith the specimen gage section,

The load-extension data were recorded on the testing machin’ strip
chart, The yield strength. ultimate tensile strength, and total eloi gation

wvere determined from these charts, The reduction in area vas determined from

specimen measurements made using a vernier caliper,
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Fracture Toughness Tests

The WOL specimens were tested according to the recommendations of
AST™ E399, "Plane-Strain Fracture Toughness of Metallic Haterials".(lg)

The procedures for testing the WOL type of fracture specimen are similar to
those employed for conventional tensile specimens. The specimen, pulled in
tension, is equipped with an extensometer device (COD gage). The COD gage

is attached to two positions on the end of the specimen, such that the two
arms span the crack notch, The resultant load-displacement record obtained
during the test is then used to confirm that the specimen behaves elastical.y
until unstable fracture occurs., The WOL specimen design is shown in Figure 5.
As can be seen in the figure, a notch is machined into the specimen, After
final machining and before irradiation, a crack was introduced into the
specimen extending from the base of this notch, This precracking was done by
fatigue loading the specimen in tension, which normally produces a ""sharp
crack'" condition at the tip of the fatigue crack, The test parameters used to
calculate the plain-strain fracture toughness xIc are load at unstable
fracture, initial crack size, and the specimen dimensions, The equations
employed in this type of KIc calculation and the procedural requirements are
discussed in Reference (19).

An essential part of the testing procedure is the selection of a
test temperature that will be likely to permit the occuirence of unstable
fracture before gross yielding of the specimen., The latter is essentially
centrolled by the relationship of ch to yield strength, The temperatures
required for evaluation of KIc values for these irradiated specimens are
substantially below room temperature and therefore a cryostat was employed.
This device is used in much the same manner as the furnace is used in elevated-
temperature tensile tests, The cryostat was of the split clamshell type;
liquid-nitrogen vapor was used to cool the specimen and containment chamber,
The liquid-nitrogen flow rate was adjusted by means of a valve in the gas line,
In this manner the nitrogen flow rate and therefore temperature was controlled
very accurately during testing., The temperature drift during testing was #2 F
of the test temperature, The COD gage and recorder were calibrated before
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testisg with a knife-edge micrometer, All tests were conducted in an Instron
run at a crosshead speed of 0.06 in, per min. The WOL specimen, pull rods,
¢lip gage, and open cryostat are shown in Figure 7, Figure 8 shows a closeup

view of the wIL specimen with attached clip gage.
In adiition to the temperature measurements taken during each test,

continuous load-time and load-displacement curves were recorded,
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RESULTS AND DISCUSSION

Dosimeter and Thermal Monitor Examination

The capsule contained thrse 379 F (2,5 percent Ag, 97.5 percent Pb)
and two 590 F (1.75 percent Ag, 0,75 percent Sn, 97,5 percent Pb) thermal
monitors, The monitors were ir the form of wire with a square or rectangular
cross section. The 579 F monitors were located in the top, middle, and bottom
regions of the capsule. The 590 F monitors were located in the top-middle and
bottom-middle regions of the capsule. (The top-middle region is the region
located between the top and middle capsule regions, and the bottom-<niddle
region is the region located between the bottom and middle capsule regions.)
The 579 F bottom, the 579 F middle, the 590 F top-middle, and the 590 F bottom -
middle thermal monitors were recovered for examination.

Monitors were examined at a magnification of 4X in a stereomicroscope,
Figures 9 through 12 show the four specimens after removal from their Pyrex
tubes., The slight bends seen in two of them were introduced when the Pyrex
tubes were broken to remove the wires,

None of the 579 F or 590 F thermal monitors show any evidence of
melting except the 530 F top-middle monitor, The latter monitor is shown in
Figure 12; the right end shows slight evidence of incipient melting. However,
there is no evidence of any general melting along the length of the monitor,
This melting is believed to have occurred during sealing of the temperature
monitor in the Pyrex tube,

Based on the examination of the thermal monitor wires, it appears
that the capsule was not above 579 F during irradiation for any period of time

long enough to cause appreciable melting of the thermal monitors,

Results of the fast and thermal neutron dosimetry analyses are
shown in Tables 2 and 3, respectively, Of the five iron samples located at
different positions, no significant variation in results was noted so that

18 n/cn2 was selected

an average total neutron fluence (>1 Mev) of 3,58 x 10
as most representative of the results, Excellent agreement was obtained with
the nickel dosimeter at 3,57 x 1018
ZJBU and 237

plot of the results of the five dosimeters versus location is shown in Figure 13,

n/cnz. The remaining results obtained

from the copper, Np, ranged from 50 to 100 percent higher, A
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TABLE 2. FAST NEUTRON DOSIMETRY RESULTS (>l Mev)
} - =
Loc:;ion ¢ >1 Mev nvt >1 Mev

Dosimeter Capsule n/cnz-scc n/cn2

Shpe Top 8.02 x 100 3,77 x 10'8

Spe Mid Top 7.09 x 10%° 3.33 x 10'8

Spe Middle 6.98 x 10'° 3.28 x 10'8

SaFe Mid Bottom 8.55 x 1010 4,01 x 1018

Sare Bottom 7.52 x lQlo 3,53 x 1018

Hpe Avg 7.63 x 1000 Avg 3.58 x 10'®

58y Middle 7.60 x 100 3.57 x 10'8

63, Top 1.28 x 101! 6.03 x 1018

63¢, Mid Top 1.19 x 10} 5.59 x 108

63 11 18

Cu M{d Bottom 1.28 x 10 6.02 x 10

63, Botton 1,30 x110'} 6,12 x 10'%

63y Avg 1.26 x 101 Avg 5.94 x 10'8

238, Middle 1.12 x 10t} 5.27 x 10'8

™ Middle 1.51 x 10'! 7.12 x 10'8
f——— ——— — —_—
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TABLE 3, THERMAL NEUTRON DOSIMETRY REISULTS

Location

Dosimeter {n Capsule ?, n/cuzouc nvt ,t'l/c:tl2
i Top 2.68 x 10'! 1.26 x 10'?
Mid Top 2.70 x 10} 1.26 x 10'°
Mid Bottom 2.58 x 101} 1.21 x 1029
Bottom 2,62 x 10'! 1,23 % 10%°
Avg 2.65 x 10'! 1.24 x 10%°
*0smn Top 9.47 x 100 4.46 x 10'8
i 10 18
Mid Top 9.65 x 10 4,52 x 10
Middle 10.6 x 10'° 5.00 x 108
10 18
Mid Bottom 9,20 x 10 4,33 x 10
10 18
Avg 9.73 x 10 4.58 x 10
59 11 18
T 1.67 x 10 7.84 x 10
* =
Corrected for cadmium rat. o R COMRE/COCADKILM
R=1.24 x 101%/4.58 x 10'8 = 2,72
uvtth = Comz x(R«1YR = Comz x 0,632
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Several factors enter into the analyses and calculations such as knowledge
of the neutron energy spectrum at the surveillance capsule location,
effective cross section for each reaction as a funccion of the neutron
energy distribution, purity of certain materials, uncertainty of fission
yields, and experimental error,

59Co (n,Y) 6OCo reaction

Ther=sl neutron dosimetry results from the
are given in Table 3  Correcting for the cadmium ratio, R = 2,72, true
thermal neutron flux and total fluence values obtained were 1.67 x 1011

18 n/cnz, respectively, A profile of the bare and

n/cmz-sec and 7,84 x 10
cadnium shielded wires in Figure 14 shows very little fluctuation,

Constants used in the six different reactions are summarized in
Table 4, Irradiation time of the capsule was 543.6 equivalent full power
days and the time of removal from the reactor was September 30, 1972,

The fast neutron cross section values listed are the effective
neutron cross sections for neutrons >1 Mev, There is no constant factor
applied to the ASTM E261-70 fission spectrum values due to variation in
threshold energy of the reaction, which is seen to vary from 0,4 Mev to
1.5 Mev and 3-4 Mev for 63

at the capsule location,

Cu (n,qa) 6OCo, and the neutron energy distribution

To calculate the effective cross section, a one-dimensional
transport code, ANISN, was util{zed, Twenty-seven eneryy groups were analyzed,
Plots of the fission spectrum assumed at the core edge and the calculated
spectrum at the reactor vessel inner surface are i{llustrated in Figure 15, Also
shown i{s the 54F¢ (n,p) Sann cross section as a function of neutron energy.
The spectrum at the capsule location i{s at a lower energy range due to neutron travel
through about 16 cm of steel and 10 cm of water. The most representative
location of the samples was selected as 2.0 cm outside the thermal shield,
This value would represent a conservative figure in that the effective cross

section would be slightly smaller (higher resultant flux), However, a shift
of 1 cm would only affect the resultant fluence by atout 10 percent,
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TABLE 4, VALUES USED IN DOSIMETRY CALCULATIONS

Target 3(1) Threshold Fission Product

Isotope ’ Energy  Yield Half-
Reaction Target % Abundance barns Mev % Life
83cu(n,0)®%o0  100% Cu 89,17 0.00065 ==  «e 5.26y
Byitn,p)Bco 1002 Nt 67.77 0.104 Ll es 71.3d
Mpe(n,p)>Mn  1ront 5,82 0.0838 1.5 .- 3144
238y (n, £)137cs 0,05 99.9 0.356 0.8  6.30 £.27%) 30,0y
B0, 5cs wp0, >99.9 2,63 0.6  6.64 £.31%) 30,0y
Pco(n,1®%e0  A1-0.15% Co 100 37.1 AR 5,26y
i T i

(1) For fast reactions, 7 is for neutrons