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Neutron irradiation embrittlement could
limit the service life of some of the reactor-
pressure vessels in existing commercial
nuclear-power plants. Improved understand-
ing the of the underlying causes of
embrittlement has provided regulators and
power-plant operators better estimates of
vessel-operating margins. This article pre-
sents an overview of embrittlement, empha-
sizing the status of mechanistic understand-
ing and models, and their role in increasing
thereliability of vessel-integrity assessments.
Finally, a number of outstanding issues and
significant opportunities, including a new
fracture-toughness master-curve method, are
briefly described.

INTRODUCTION

Light water reactors generate a large
majority of the world’s nuclear energy.
Achieving reasonable thermodynamic
efficiency requires a heavy-section steel
reactor pressure vessel (RPV) to safely
contain coolant water at temperatures
around 290°C at pressures ranging from
=7 MPa in boiling water reactors (BWR)
to =14 MPa in pressurized water reac-
tors (PWR). Regulations require very
low RPV failure probabilities both for
normal operation and postulated acci-
dent events.!* Vessel designs and integ-
rity assessment assume the presence of
large cracks and rare, but severe, load-
ing conditions, such as pressurized ther-
mal shock. This combination could con-
ceivably result in catastrophic fast frac-
tureif the vessel steelis sufficiently brittle.

Vessel-integrity assessments require
activities ranging from in-service flaw
inspections to system-scale thermal-hy-
draulic stress analysis. However, a basic
safety criterion is that the RPV steels
remain sufficiently tough. The tough-
ness of a material can be measured in a
variety of ways. RPV integrity assess-
mentsrequire evaluations of sharp crack,
mode I fracture toughness-temperature
curves for static K [T], dynamic K ,[T]
and arrest K [T] loading conditions in
the cleavage transition regime, as well J-
R based measures of ductile initiation
and tearing resistance toughness. This
article focuses on issues related to the
cleavage transition regime but, due to
length limits, will not try to distinguish

between the various types of K(T).
Toughness is not an issue for as-fabri-
cated vessels. However, exposure toneu-
trons in the so-called beltline region of
the vessel surrounding the reactor core
degrades the fracture toughness of RPV
steels. Irradiation embrittlement is usu-
ally characterized by the increase in a
ductile-to-brittle transition temperature
(DBTT) that marks the transition be-
tween low toughness brittle (cleavage)
and high toughness ductile (microvoid
coalescence) fracture regimes. Transi-
tion temperature shifts have exceeded
200°C in some cases.* Hence, embrit-
tlement must be considered in RPV in-
tegrity® assessments and, if severe, may
require either premature plant closure
or vessel annealing.

Improvements over recent decades that
have reduced the problem of RPV
embrittlement include tougher steels with
lower trace impurity contents, reductions
intheneutron fluximpinging on the vessel,
and elimination of beltline welds. How-
ever, embrittlement remains a potential
issue for some older vessels, and is an
unknown for the extended life of others.

VESSELS, STEELS AND
SERVICE ENVIRONMENTS

U.S.RPV technology is reasonably rep-
resentative of the approaches used world-
wide. RPVs are massive welded struc-
tures, weighing up to 500 tonnes, standing
14m highby 4.5 m in diameter with awall
thickness up to 20 cm or more. Typical
RPV base metals are A302B, A533B plates,
or A508 forgings, which are quenched
and tempered, low-alloy steels with pri-
marily tempered bainiticmicrostructures.
Typical compositions are C(0.05-0.2%),
Mn(0.7-1.6%), Mo(0.4-0.6%), Ni(0.2—
1.4%), Si(0.2-0.6%), and Cr (0.05-0.5%).
Multiple-layer submerged arc welds,
made of consumable metal wires, join
vessel sections. Weld compositions differ
from thebase metal, and may vary signifi-
cantly even within thesame weld. Follow-
ing welding, vessels are tempered and
stressrelieved, typically atabout620+15°C
for about 30 h, resulting in as-fabricated
yield stress values of about 475+50 MPa.
Compositions and microstructures vary
onboththemacro-and micro-scales. Along
with nickel alloying additions, trace im-
purity copper and phosphorous increase
embrittlement. Copper contents are quite

high (up to 0.4%) in some early U.S. welds.

Vessels operate at temperatures (T,) of
about 290£30°C and are exposed to a
spectrum of neutron energies ranging
from less than one to several million
electron volts (MeV). High-energy neu-
trons are the dominant source of
embrittlement. The neutron flux (¢) is
defined as the number of neutrons cross-
ing a unit area per unit time (neutrons/
m?-s) and the neutron fluence (¢t) is the
fluxintegrated over time (neutrons/m?).
A standard unit of neutron exposure is
the ¢t greater than1 MeV (¢t ). The end-
of-life ¢t , for U.S. PWRs is about
1-3 x 10® n/m?, and about an order of
magnitude lower in BWRs.

MEASURES OF IRRADIATION
EMBRITTLEMENT

Early recognition of the importance of
embrittlement by regulators and the
nuclear industry led to RPV surveillance
programs. Many reactors include cap-
sules containing representative steels that
arelocated on theinside of the RPV where
the ¢ is several times higher than in the
vessel itself. Thus, the surveillance data
are used to provide early estimates of the
embrittlement of a given vessel, and col-
lectively represent a database for assess-
ing and predicting embrittlement. Nu-
merous accelerated test-reactor studies of
embrittlement have also been conducted.

Measurements of fracture toughness
(e.g., K, ) require special specimens and
relatively sophisticated test procedures
that were not available at the time sur-
veillance programs were first imple-
mented. Thus, small 10 x 10 x 55 mm
Charpy-V-notch (CVN) impact speci-
mens are typically used in surveillance
programs. The Charpy impact energy-
temperature curveis used to determinea
DBTT (T), indexed at an absorbed en-
ergy of 41 Joules. Neutron irradiation
elevates T, (AT, and decreases the CVN
upper-shelf energy. The AT, is used to
shiftan unirradiated ASME lower-bound
reference toughness-temperature curve,
K(T-T_) TheT_, is the so-called the
nil-ductility transition temperature for
the unirradiated steel, which is deter-
mined using a rather complex proce-
dure, generally based on either Charpy
or drop weight tests. In irradiated steel,
theK, (T-T _,—AT)curveisshifted upin
temperature by the AT, which includes a
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margin term. Whileshowing a great deal
of early foresight, this procedureis some-
what arcane and often lacks a rigorous
physical justification, particularly for
steels with low upper-shelf energy. Re-
cently, a potentially far superior master
curve (MC) method for directly estab-
lishing irradiated toughness-tempera-
ture curves has been proposed.> The MC
method is briefly described below.

Plant-specific surveillance data are
usually notsufficient to predict AT, More
commonly, the AT, are evaluated using
regulatory equations based on a large
collection of surveillance data from many
plants.>* The AT, is controlled by many
variables. Recent, physically based, sta-
tistical fits to the U.S. surveillance data-
base show that the AT, depends on T, ¢,
ot_,, Cu, Ni, P, and product form (weld,
plate, and forging).* Single-variable, test
reactor studies show that AT, also de-
pends on a number of other variables
including manganese content and final
heat-treatment conditions.® Predictive
models mustalsoaccount for strong syn-
ergistic interactions between variables,
such as copper nickel.

Post-irradiation annealing (PIA) at
temperatures (T,) well above T, results
in partial to nearly full embrittlement
recovery, depending on the Cu, T, T, ¢,
and annealing time (t)).” The rate of re-
irradiation embrittlement following an-
nealingis animportantissue, butitisnot
yet fully characterized.

Because of the number of variables
and variable combinations (e.g., Cu-Ni-
0-0t-T, T, t ), coupled with various limi-
tations in the surveillance and PIA data-
bases, purely empirical AT, predictions
are unreliable, particularly when ex-
trapolated to conditions beyond the ex-
isting variable range (e.g., higher ¢t).
Fortunately, basic mechanistic research
has provided much improved under-
standing and physically based models
of embrittlement that have improved
statistical data correlations.*¢

EMBRITTLEMENT
MECHANISMS AND MODELS

The primary mechanism of embrit-
tlement is the hardening produced by
nanometer features that develop as a
consequence of irradiation. The key
embrittlement processes, illustrated in
Figure 1, include:*
¢ Generation of lattice defects in
displacement cascades by high-
energy recoil atoms from neutron
scattering and reactions. The
primary defects are in the form of
single and small clusters of
vacancies and self-interstitials
(Figure 1a).

¢ Diffusion of primary defects also
leading to enhanced solute diffusion
and formation of nanoscale defect-
solute cluster complexes, solute
clusters, and distinct phases,

primarily copper-rich precipitates
(CRPs) (Figure 1b).
¢ Dislocation pinning and hardening
by these nanofeatures (Figure 1c).
¢ Hardening-induced AT, shifts
(Figure 1d and e).
Submodels of these processes can be
combined to model AT, as a function of
the key metallurgical (Cu, Ni, P. . .),and
irradiation (¢, ¢t_,, Ti . . .) variables.*689

Hardening and Hardening-Induced
DBTT Shifts

Cleavage occurs at a sufficiently high
yield stress (6, ) whenanotchor crack tip
stress concentration exceeds a critical
stress (6*) over a microstructurally sig-
nificant length scale, A*. Stresses ahead
of a loaded notch or crack have peak
values that are a small multiple (M~2-5)
of o, Since o, increases with decreasing
temperature, a ductile-to-brittle transi-
tion occurs below a T* at which Mcsy(T* )
=c*overA*. Irradiationinduced P segre-
gationto grainboundaries may decrease
o*, and hence, elevate DBTT. However,
the primary cause of embrittlement in
western RPV steels is irradiation hard-
ening. Specifically, increases in yield
stress (Ac)) raise the temperature at
whichM[c_(T)+Ac, ] =c* where Gyu(T)
is the unirradiated yield stress. Detailed
micromechanical models are consistent
with observed empirical relations be-
tween Ao, and the CVN AT, as AT, =
[0.6£0.2°C/MPa]AG, .10

Increasesinc, induced by irradiation
arise from the evolution of very fine nm-
scale features. The individual contribu-
tion of a particular nanofeature is given
by 6, ~Moy(d,)Gb, yNidi, where M is the
Taylor factor, G is the shear modulus, b
is the Burgers vector, and Ni and di are

>1/

bination of obstacle strength. The strong
obstacles arelargely fine-scale Mo,C car-
bides thatprovide considerablestrength-
ening in the unirradiated steel that are
unaltered by irradiation. A combination
of experiments and computer simula-
tions have been used to evaluate both
(xj(d].) and to establish superposition re-
lations for typical irradiation-induced
features.®

Primary Defect Production

Current understanding of primary
damage production is largely based on
molecular dynamics!! and Monte Carlo
computer simulations,'? as well as indi-
rect experimental measurements. Neu-
trons create vacancies and self-
interstitials (SI), separated by some dis-
tance, by displacing atoms from their
normal crystallattice sites. The displace-
ments are produced in cascades result-
ing from highly energetic primary re-
coiling atoms (PRA) generated by neu-
tron scattering and reactions. The inter-
action of a high-energy neutron with an
atomic nucleus results in significant en-
ergy transfer (R). For example, a 1 MeV
neutron transfers up to about 70 keV to
an iron PRA (Figure 2a). Some recoil
energy is lost to electrons, resulting in a
somewhat lower kinetic energy that is
dissipated in atomic collisions, R, < R.
The PRA kinetic energy is quickly trans-
ferred by secondary, tertiary, and n-sub-
sequent generations of collision displace-
ments, producing 2" recoiling atoms at
lower energies (=R, /2"). The process ter-
minates when the kinetic energy of the
nth-generation of recoils falls below that
needed to cause additional displace-
ments (Figure 2b). On average, a PRA
creates v =R, /2D displacements, where

the number density and

diameter of the feature,
respectively. The a,(d) is
a strength factor that de-
pends on the details of
the dislocation-obstacle
interaction process,
hence, the size and char-
acteristics of the feature.
For irradiation-induced
nanofeatures, dislocation
pinning is generally
weak and (x].(dj) is < 0.4.
An additional complica-
tion is that the net AGY is
notasimplelinear orroot
square sum of the contri-
butions of the individual
features. Thisarises from
the fact that the indi-
vidual o, are superim-
posed on each other and

interstitial

tress concentration

radiation damage
crystal lattice defects

cleavage cracking at high stress

020000

with pre-existing strong
obstacle strengtheningin
a way that is controlled
by the shape of the
stressed dislocationlines,
hence, the overall com-

Figure 1. An illustration of the sequence of basic embrittlement
processes: (a) creation of primary radiation damage defects:
(b) formation of nanoscale solute and defect clusters (iron
atoms not shown); (c) pinning of dislocations and hardening by
nanofeatures; (d) hardening enhanced cleavage fracture; at a
(e) stress concentration.
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D=0.05keV. Thusv=~200ina typical R,
=20keV cascade. Closely spaced SI and
vacancies quickly recombine and only
about one-third of the initial displace-
ments survive. Typically, this leaves a
vacancy-rich cascade core, surrounded
by a shell of SI (Figure 2c-e).

The majority of the SI quickly cluster
to form small, disc-shaped features that
are identical to small dislocation loops."
Along with SI, these loops are very mo-
bile. Diffusion of Sl and loops within the
cascade region causes additional recom-
bination prior to their rapid long-range
migration (unless they are strongly
trapped by other defects or solutes). Al-
though they are less mobile than the SI,
vacancies also eventually diffuse.
Through a series of local jumps, the va-
cancies and solutesin the cascade quickly
begin to evolve to lower energy configu-
rations, forming small, three-dimen-
sional clusters (Figure 2f), while others
leave the cascade region.!? The small
clusters are unstable and can dissolve by
vacancy emission. However, the small
clusters also rapidly diffuse and coa-
lesce with each other, forming larger
nanovoids, which persist for muchlonger
times. Solute atoms bind to the vacan-
cies and segregate to clusters. The va-
cancy emission rate is lower from va-
cancy-solute cluster complexes. Small
solute clusters remain after all the va-
cancy clusters have finally dissolved.

In summary, displacement cascades
produce a range of sub-nm clusters (de-
fects, solutes, and defect-solute com-
plexes) that directly contribute to irra-
diation hardening. Expressing damage
exposure, or neutron dose, in terms of
displacements-per-atom (dpa) partially
accounts for the effect of the neutron
energy spectrum on the generation of
cascade defects and the net residual de-
fect production scales with dpa. For a
typical RPV neutron spectrum, an end-
of-life ¢t ;= 3 x10% n/m?produces about
0.045+0.05 dpa. However, most of the
vacancies and interstitials eventually
migrate and annihilate at sinks long dis-
tances from the cascade region. Thus
long-range diffusionresultsinadditional
nanostructural evolution.

Irradiation Induced Nanostructures

Current understanding of the evolu-
tion of embrittlement nanofeatures is
based on combinations of sophisticated
microstructuraland microchemical char-
acterization studies and physical mod-
els. Key characterization methods in-
clude: Small angle x-ray and neutron
scattering,®*¢ various types of electron
microscopy,'®" three-dimensional atom
probe-field ion microscopy,”® and
positron annihilation spectroscopy.?
Hardness recovery during annealing at
T, < 350°C has also been used to study
features that have proven to be very
difficult to characterize by other meth-

ods.c Thermodynamic-kineticmodelsare
used to track the transport and fate of
irradiation defects and solutes and to
predict the number, size distribution
and composition of the evolving nan-
ofeatures.®®?°22 While all of these
tools have individual limitations, in
combination they have provided con-
siderable insight about the nan-
ofeatures that can be divided into
three broad categories:

e Copper rich or catalysed
manganese-nickel rich precipitates
(CRPs/MNPs).

¢ Unstablematrix defects (UMD) that
form in cascades even in steels with
low or no copper, but that anneal
rapidly compared to typical low ¢
irradiation times.

e Stable matrix features (SMF) that
persist or grow under irradiation
even in steels with low or no copper

Most UMD are believed to be sub-nm
vacancy clusters, complexed with solutes,
that form in displacement cascades and
dissolveinrelativelyshorttimes (e.g.,about
3 x 10° sec at 290°C).c Hence, a large
population of these features play a sig-
nificantrole in the magnitude and T,and
¢ dependence of hardening only in the
high ¢ regime, pertinent to accelerated
test-reactor irradiation. While not, in
themselves, important for surveillance
or vessel ¢ << 10 n/m?-s, some UMD
serve as nucleation sites for larger SMF
thatare stabilized or grow due toaslight

final stress relief treatment. The solubil-
ity is < 0.01% at around 290°C and, in the
absence of irradiation, supersaturated
copper slowly precipitates. However, ra-
diation-enhanced diffusion enormously
accelerates this process, resulting in the
rapid formation of a high concentration
(2102 md) of very small (~1.5-3 nm diam-
eter) coherent (bcc) CRPs.

The CRPs are the dominant harden-
ing feature in sensitive steels that have
copper contents greater than about 0.05-
0.1%, which is the minimum needed for
rapid nucleation. The CRP AT, contribu-
tion has a relatively weak T, dependence
and saturates at high ¢t, due to copper
depletion from the matrix. At very high ¢
(>>10'*n/m?2-s), the population of UMDs
becomes significant, and acts as a va-
cancy-interstitial sink. This, in turn, re-
duces RED and delays the CRP evolu-
tion. At very low ¢ (<10 n/m?2-s), CRP
evolution may be accelerated due to the
contribution of thermal processes to cop-
per diffusion. Recently, careful, single-
variable testreactor studieshaverevealed
a significant effect of dose rate in the
intermediate ¢ regime.? This was not
fully anticipated since an intermediate ¢
dose-rate effect had not been observed in
previous analysis of the surveillance da-
tabase.* Both temperature and alloy com-
position appear to play animportant role
in this ¢-dependent regime, indicating a
solute-vacancy trapping enhanced-re-
combination mechanism.

positive bias in the flow

of SI to dislocations.
(Most vacancies and SI
annihilate in equal num-
bers at sinks.) Various
solutes also segregate to
nanovoids (and possibly
loops) by long-range dif-
fusion, contributing to
the formation of SMF.
Other possible SMF
range fromloose aggre-
gates of solutes to
nanoscale alloy (prima-
rily molybdenum)
carbo-phospho-nitro
precipitates.’®

An even more impor-
tant consequence of dis- c
placementdamage, how-
ever, is radiation-en-
hanced diffusion (RED)
of solutes resulting from
the excess concentration
of vacancies. The primary
consequenceof REDis the
formation of fine-scale
CRPS.6’8'9’14_16’20_22 The e
maximum effective con-

neutron E'< E

I
B

~

centration of supersatu-
rated copper in the iron
matrixisabout0.3%. This
upperlimitisimposed by
coarse-scale copper pre-
precipitation during the

Figure 2. Anillustration of cascade primary-damage production
(iron atoms not shown in a—c and f): (a—c) MD simulation
snapshots of initial intermediate and final dynamic stage of a
displacement cascade; (d—e) vacancy and self interstitial de-
fects; (f) vacancy-solute cluster complex formed after long-term
cascade aging.
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The CRPs are enriched in manganese
and nickel, as well as smaller amounts of
phosphorus and silicon.*#2*-22 The nickel
and manganese strongly bind and am-
plify the effect of copper by increasing
the volume of the precipitates. This ex-
plains the observation of a strong inter-
action between copper and nickel (and
manganese) inincreasing hardening and
embrittlement. In some cases this can
result in replacement of CRPs by man-
ganese-nickel-rich precipitates (MNPs)
with asmall, copper-rich core. The MNPs
are promoted by high manganese and
nickel, low copper (beyond the amount
needed for nucleation) and low T.. Dis-
tinct MNPs have not been observed in
RPV steels at very low copper levels, at
least up to intermediate ¢t. However, the
Cu-Mn-Ni-T, regime for formation of
MNPsatveryhigh ¢t,ifany, isnotknown.
Recent proton irradiations of simple
model steels with high nickel and man-
ganese contents and no and low (0.05%)
copper have shown significant harden-
ing, suggesting the presence of MNPs.
The potential for the formation of such
late-blooming phases in RPV steels un-
der neutron irradiation is a major con-
cern. Specifically, if nearly pure MNPs do
eventually form, rapid embrittlement
could occur even in low-copper steels.

Postirradiation annealing dissolves the
SMF at about 375-400°C and the CRPs
partially dissolve (losing most manga-
nese and nickel and some copper) and

coarsen at 425-450°C.%” The smaller vol-
ume fraction and much lower number of
nearly pure copper precipitates results in
far less hardening. Hardening and
embirttlement during subsequent re-ir-
radiation is primarily due to the develop-
ment of a new population of SMF. Re-
sidual copper in solution above about
0.07% may also precipitate as new
CRPs. However, most of the copper
may be effectively sequestered in the
coarsened precipitates. Thus PIA at
high T, is an effective means of persis-
tently reducing embrittlement.

TWO-FEATURE ENGINEERING
MODELS OF IRRADIATION
EMBRITTLEMENT
AND ANNEALING

The physical understanding and de-
tailed models described in the previous
sections have provided the basis for de-
veloping quantitative engineering pre-
dictions of AT,.*%%°% Recently, the de-
tailed models were used to derive sim-
pler, but physically-based, equations for
AT, =f(Cu,Ni, T, ¢t, T t,...) that were
statistically fit to the surveillance and
PIA databasesbynon-linear, least-square
regression analysis.*” Consistency with
independent data from well-controlled,
single-variable test reactor experiments
and mechanistic understanding guided
selection of the best physical model from
among a large number of statistically
equivalent possibilities.

A two-feature model (SMF and CRP)
of the form

AT, = Af_(T, ot, P) + chrP(Cu, Ni, 0, ¢t)
provides an excellent fit to the large (609
AT, points) U.S. power reactor surveil-
lance database, with a standard error of
+13°C. Both the coefficients for the SMF
(A) and CRP (B) differ between welds,
plates, and forgings. Welds are the most
sensitive product form and the forgings
are theleast sensitive. For example, tak-
ing copper = 0.15 and ¢t = 3 x 10®and
the other variables as given below, the
total SMF/CRP contributions to AT, are
85/60°C (weld); 77/49°C (plate); and
52/31°C (forging). The lower sensitiv-
ity of the forgings is partly due to their
lower manganese content, which is
~0.8% compared to=1.5% for platesand
welds. The CRP contribution to AT, is
accelerated at ¢ < 10 n/m?2

Figure 3 illustrates the dependence of
AT, on some irradiation and metallurgi-
cal variables. Unless otherwiseindicated,
the default variables are: welds, T, =
290°C, ¢t = 102 n/m?, P = 0.01%, Cu =
0.3%, Ni = 0.8% and ¢=5 x 10" n/m?2.
Several trends are notable. The CRP term
saturates at high ¢t due to the depletion
of matrix copper (Figure 3a). There is a
very strong interaction between copper-
nickel (Figure 3b). The threshold and the
effective maximum copper are about
0.07% and 0.3% (Figure 3c) due to the
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Figure 3. Physically-based statistical correlation model predictions of AT: (a) fluence dependence; (b) copper-nickel interaction dependence; (c)
copper dependence; (d) T, and P dependence of the SMF; (e) fractional PIA recovery; and (f) PIA and re-embrittlement.
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CRP nucleation and pre-precipitation
limits, respectively. While detailed re-
finements are possible, all of these trends
in the CRP term are in excellent agree-
ment with both independent experi-
ments and the current understanding of
embrittlement mechanisms.®#*-2The AT,
due to the SMF increases roughly with
the square root of ¢t (Figure 3a) as well as
with increasing P and decreasing T, (Fig-
ure 3d). These trends are also consistent
with independent sources of informa-
tion. However, the causes, character, and
consequences of the SMF are not as well
understood as in the case of CRPs, and
improved treatments of their contribu-
tions to AT, (and the corresponding scat-
ter) will require additional research.
The two-feature models have also been
applied to correlating data to predict the
residual shift (AT, ) following PIA.” The
fractional recovery (f, = AT, /AT, prima-
rily dependsonT,, t, T,and Cu (Figure 3f).
Below 400°C, f also depends on ¢, duetoa
third hardening contribution of the UMD
in the high ¢ test reactor data used in the
analysis. Microhardness recovery data
frombothsingle-variable testreactorstud-
ies and surveillance specimens provided
independent confirmation of the anneal-
ing-recovery model. The formulations for
embrittlement and PIA can be combined
topredictre-embrittlement, (AT, ) assum-
ing that high T, returns the steel to its
original state, except for the reduction of
dissolved copper. For example, Figure 3g
shows the predicted embrittlement for a
0.26% copper weld annealed at 454°C for
164 h, assuming that the residual copper is
0.09%. The re-embrittlement is moderate
and PIA provides a persistent AT, advan-
tage relative to the unannealed condition.
Theresidual copper canbeestimated from
measurements or models and used as a
basis to optimize the selection of T, and t,.

CONCLUSION

Despite progressin predicting irradiation
embrittlement and recovery, a number of
issues are not fully resolved or quantified.
These include the role of product form; the
effect of dose rate in the intermediate ¢
regime; the maximum effective copper con-
tent as a function of details of thermal pro-
cessing history; the effects of secondary vari-
ables and variable combinations currently
not, or only crudely, accounted for (e.g.,
manganese or phosphorus); the magnitude
and scatter in the SMF contribution, particu-
larly at high ¢t; through-wall attenuation;
the potential for forming late-blooming
phases in low-copper steels; thermal
embrittlementorothernew phenomenathat
might occur at long-times or very high ¢t,
beyond the current database. Perhaps the
most difficult issue is associated with mate-
rial variability and the inherent uncertain-
ties about the composition and properties of
the steels in the RPV itself.

In addition to the resolution of these
issues, therecently proposed master-curve

method (ASTM E1921-97) provides a ma-
jor opportunity toreplace the currentindi-
rectand approximate CVN-based method
forestablishingirradiated toughness-tem-
perature curves.® The master-curve
method is based on the empirical observa-
tion of a universal mean toughness-refer-
ence temperaturerelation, K (T-T,), that
is physically superior to the current K (T -
T ) approach. The reference temperature
(T,),indexed at a reference toughness (100
MPa +/m ), can be measured with a rela-
tively small number of relatively small
fracture specimens. Further, the master-
curve method uses Weibull-based statisti-
cal procedures to evaluate bounding
toughness-temperature curves at speci-
fied confidence levels. Statistical consider-
ations are also used to adjust measured
toughness values to a common thickness
(25.4 mm) to account for specimen size
effects. Relatively permissive constraint
limitations on specimen size and statisti-
cal procedures for censoring invalid data
appear to allow the direct use of pre-
cracked Charpy bars. Techniques have
been developed to permit the use of recon-
stituted broken Charpy specimens that
could increase greatly the availability of
steels from surveillance programs, thus
enabling direct evaluation of irradiated
toughness-temperature curves.

While the master-curve method rep-
resents a revolutionary advance in es-
tablishing fracture toughness in the
cleavage transition, it rests on a series of
empirically based assumptions and faces
a number of challenges related to its
application to assessing the integrity of
irradiated pressure vessels. Issues re-
garding the key assumptions include
the validity of a universal master-curve
shape as well as both statistical and con-
straint-mediated size effects. Issues as-
sociated with the use of the master-curve
method inintegrity assessments include
the applicability to dynamic and arrest
toughness, effects of irradiation on the
master-curve assumptions, ties to the
Charpy-based surveillance database, ef-
fects of realistic surface/shallow flaw
configurations, and thereliability of data
from archival-surveillance materials to
represent actual vessel steels. Resolving
these issues and providing a robust
physicalbasis for the MCisanimportant
objective of future research.
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