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1. Scope

1.1 This practice covers procedures for mon-
itoring the radiation-induced changes in the
mechanical properties of ferritic materials in
the beltline of light-water cooled nuclear power
reactor vessels. This practice includes guide-
lines for designing a minimum surveillance pro-
gram, selecting materials, and evaluating test
results.

1.2 This practice was developed for all light-
water cooled nuclear power reactor vessels for
which the predicted maximum neutron fluence
(E > 1 MeV) at the end of the design lifetime
exceeds 1 X 10* n/m? (1 X 10" n/cm?) at the
inside surface of the reactor vessel.

2. Applicable Documents

2.1 ASTM Standards:
A 370 Methods and Definitions for Mechani-
cal Testing of Steel Products?
E 8 Methods of Tension Testing of Metallic
Materials®
E21 Recommended Practice for Elevated
Temperature Tension Tests of Metallic
Materials® .
_ E 23 Methods for Notched Bar Impact Testing
of Metallic Materials®
E 208 Method for Conducting Drop-Weight
Test to Determine Nil-Ductility Transition
Temperature of Ferritic Steels®
E 482 Guide for Application of Neutron
Transport Methods for Reactor Vessel
Surveillance?
E 560 Recommended Practice for Extrapolat-
ing Reactor Vessel Surveillance Dosimetry
Results*

2.2 American Society of Mechanical Engi-
neers Standard: Boiler and Pressure Vessel Code,
Sections III and XI°

3. Significance and Use

3.1 Predictions of neutron radiation effects
on pressure vessel steels are considered in the
design of light-water cooled nuclear power re-
actors. Changes in system operating parameters
are made throughout the service life of the
reactor vessel to account for radiation effects.
Because of the variability in the behavior of
reactor vessel steels, a surveillance program is
warranted to monitor changes in the properties
of actual vessel materials caused by long-term
exposure to the neutron radiation and temper-
ature environment of the given reactor vessel.
This practice describes the criteria that should
be considered in planning and implementing
surveillance test programs and points out pre-
cautions that should be taken to ensure that:
(1) capsule exposures can be related to beltline
exposures, (2) materials selected for the sur-
veillance program are samples of those mate-
rials most likely to limit the operation of the
reactor vessel, and (3) the tests yield results
useful for the evaluation of radiation effects on
the reactor vessel.
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3.2 The design of a surveillance program for
a given reactor vessel must consider the existing
body of data on similar materials in addition
to the specific materials used for that reactor
vessel. The amount of such data and the simi-
larity of exposure conditions and material char-
acteristics will determine their applicability for
predicting the radiation effects. As a large
amount of pertinent data becomes available it
may be possible to reduce the surveillance ef-
fort for selected reactors by integrating their
surveillance programs,

4, Definitions

4.1 adjusted reference temperature—the ref-
erence temperature adjusted for irradiation ef-
fects by adding to RTnpr the transition tem-
perature shift (see 4.15).

4.2 base metal (parent material)—as-fabri-
cated plate material or forging material other
than a weldment or its corresponding heat-
affected-zone (HAZ).

4.3 beltline—the irradiated region of the re-
actor vessel (shell material including weld regions
and plates or forgings) that directly surrounds the
effective height of the active core, and adjacent
regions that are predicted to experience sufficient
neutron damage to warrant consideration in the
selection of surveillance material.

4.4 EOL—end-of-life; the design lifetime in
terms of years; effective full power years; or neu-
tron fluence.

4.5 index temperature—that temperature
corresponding to a predetermined level of ab-
sorbed energy, lateral expansion, or fracture
appearance obtained from the average (best fit)
Charpy transition curve.

4.6 fraction strength—in a tensile test, the
load at fracture divided by the initial cross-
sectional area of the test specimen.

4.7 fracture stress—in a tensile test, the load
at fracture divided by the cross-sectional area
of the test specimen at time of fracture.

4.8 heat-affected-zone (HAZ)—plate mate-
rial or forging material extending outward
from, but not including, the weld fusion zone
in which the microstructure of the base metal
has been altered by the heat of the welding
process, -

4.9 lead factor—the ratio of the neutron flux
density at the location of the specimens in a
surveillance capsule to the neutron flux density
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at the reactor pressure vessel inside surface at
the peak fluence location.

4.10 neutron fluence—the time integrated
neutron flux density, expressed in neutrons per
square metre or neutrons per square centimetre.

4.11 neutron flux density—a measure of the
intensity of neutron radiation within a given
range of neutron energies; the product of the
neutron density and velocity, measured in neu-
trons per square metre-second or neutrons per
square centimetre-second.

4.12 neutron spectrum—the distribution of
neutrons by energy levels impinging on a sur-
face, which can be calculated based on analysis
of multiple neutron dosimeter measurements,
on the assumption of a fission spectrum, or
from a calculation of the neutron energy distri-
bution.

4.13 nil-ductility  transition  temperaiure
(Tnpr)—the maximum temperature at which a
standard drop weight specimen breaks when
tested in accordance with Method E 208.

4,14 reference temperature (RTnpr)—See
subarticle NB-2300 of the ASME Boiler and
Pressure Vessel Code, Section III, “Nuclear
Power Plant Components.”

4.15 transition temperature shift (AR Txpr) or
adjustment of reference temperature—the differ-
ence in the 41-J (30-ft.1bf) index temperatures
from the average Charpy curves measured be-
fore and after irradiation.

4.16 transition region—the region on the
transition temperature curve in which tough-
ness increases rapidly with rising temperature.
In terms of fracture appearance, it is character-
ized by a rapid change from a primarily cleav-
age (crystalline) fracture mode to primarily
shear (fibrous) fracture mode.

4.17 Charpy transition curve—a graphic pres-
entation of Charpy data, including absorbed
energy, lateral expansion, and fracture appear-
ance, extending over a range including the
lower shelf emergy (< 5% shear), transition
region, and the upper shelf enmergy (> 95 %
shear).

4.18 upper shelf energy level—the average
energy value for all Charpy specimens (nor-
mally three) whose test temperature is above
the upper end of the transition region. For
specimens tested in sets of three at each test
temperature, the set having the highest average
may be regarded as defining the upper shelf
energy.
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5. Test Materials

5.1 Materials Selection:

5.1.1 Surveillance test materials shall be pre-
pared from samples taken from the actual ma-
terials used in fabricating the beltline of the
reactor vessel. These surveillance test materials
shall include one heat of the base metal, one
butt weld, and one weld heat-affected-zone
(HAZ). The base metal, weld metal, and HAZ
(Note 1) materials included in the program
shall be those predicted to be most limiting,
with regard to setting pressure-temperature
limits, for operation of the reactor to compen-
sate for radiation effects during its lifetime
(Note 2). The beltline materials shall be eval-
uated on the basis of initial reference temper-
ature (RTwpt), the predicted changes in the
initial properties as a function of chemical com-
position (for example, copper (Cu) and phos-
phorus (P)) (Note 3), and the neutron fluence
during reactor operation.

NoOTE 1-—The base metal for the weld heat-af-
fected-zone (HAZ) to be monitored shall correspond
to one of the base metals selected for the surveillance
program.

NoT1e 2—The data used for the selection of sur-
veillance test materials shall be that obtained in
accordance with ASME Code Section III require-
ments.

NoTe 3—Other residual/alloy elements such as
Ni, 8i, Mn, Mo, Cr, C, S, and V may contribute to
overall radiation behavior of ferritic materials.

5.1.2 The base metal and the weld with the
highest adjusted reference temperature at end-
of-life shall be selected for the surveillance
program, If the Charpy upper shelf energy of
any of the beltline materials is predicted to
drop to a marginal level (currently considered
to be 68 J (50 ft.1bf) at the quarter thickness
(% T) location) during the operating lifetime of
the vessel, provisions shall be made to also
include that material in the surveillance pro-
gram, preferably in the form of fracture tough-
ness specimens. These additional specimens
may be substituted in part for specimens of the
material least likely to be limiting.

5.1.3 The adjusted reference temperature of
the materials in the reactor vessel beltline shall
be determined by adding the appropriate val-
ues of transition temperature shift to the refer-
ence temperature of the unirradiated material.
The transition temperature shift and Charpy
upper shelf energy drop can be determined

from relationships of fluence and chemical
composition.

5.4 Material Sampling—A minimum test
program shall consist of the material selected
in 5.1, taken from the following locations: ()
base metal from one plate or forging used in
the beltline, (2) weld metal made with the same
heat of weld wire and lot of flux and by the
same welding practice as that used for the
selected beltline weld, and (3) the heat-affected-
zone associated with the base metal noted
above.

5.5 Archive Materials—Representative test
stock to fill at least two additional capsules with
test specimens of the base metal, weld, and
heat-affected-zone materials used in the pro-
gram shall be retained with full documentation
and identification. It is recommended that this
test stock be in the form of full-thickness sec-
tions of the original materials (plates, forgings,
and welds).

5.6 Fabrication History—The fabrication
history (austenitizing, quench and tempering,
and post-weld heat treatment) of the test ma-
terials shall be fully representative of the fab-
rication history of the materials in the beltline
of the reactor vessel and shall be recorded.

5.7 Chemical Analysis Requirements—The
chemical analysis required by the appropriate
product specifications for the surveillance test
materials (base metal and as-deposited weld
metal) shall be recorded and shall include phos-
phorus (P), sulfur (S), copper (Cu), vanadium
(V), and nickel (Ni), as well as all other alloying
and residual elements commonly analyzed for
in low-alloy steel products. The product anal-
ysis shall be verified by analyzing a minimum
of three test specimens randomly selected from
both the base metal and the as-deposited weld
metal.

6. Test Specimens

6.1 Type of Specimens—Charpy V-notch im-
pact specimens corresponding to the Type A
specimen described in Methods A 370 and E 23
shall be used. The gage section of irradiated
and unirradiated tension specimens shall be of
the same size and shape. Tension specimens of
the type, size, and shape described in Methods
A 370 and E 8 are recommended. Additional
fracture toughness test specimens shall be em-
ployed to supplement the information from the
Charpy V-notch specimens if the surveillance
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