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1.0 Introduction/Background
The material properties of reactor pressure vessel (RPV) steels are known to be

degraded by exposure to high energy neutron bombardment during the operation of
pressurized water reactors. This degradation of the vessel material restricts the allowable
operating temperature and pressure conditions for the reactor and also leads to concern
regarding the response of the pressure vessel to possible pressurized thermal shock
transients. The Code of Federal Regulations (CFR) establishes formal fracture toughness ~
criteria for the acceptability of RPV materials. 10CFR Part 50 Appendix G, "Fracture
Toughness Requirements," [1] establishes a limit of 50 ft-lbs as the minimum Charpy
upper shelf energy (USE) that must be maintained throughout the life of the vessel while
10CFR Part 50.61 [2] addresses fracture toughness requirements for pressurized thermal
shock (PTS) conditions.

One of the ways to manage or alleviate irradiation embrittlement is to thermally
anneal the reactor pressure vessel. The restoration of material properties of embrittled
vessels has been demonstrated to be feasible, both in the laboratory and in the field.
Although the RPV of a commercial U.S. nuclear power plant has yet to be thermally
annealed, this process is being performed on reactor vessels in the former Soviet Union. A
program sponsored by the Electric Power Research Institute (EPRI) in the U.S. was
carried out by Westinghouse to determine the feasibility of and methodology for thermally
annealing an embrittled U.S. vessel.[3] It should be noted that this EPRI study did not
address the numerous licensing, code and standard issues involved with such an anneal.
Now, however, renewed interest in thermal annealing has prompted further consideration
of a proposed annealing demonstration on a full-scale unirradiated vessel.

It has been shown that a thermal treatment of 450°C (842°F) for 168 hours recovers
most of the mechanical properties that are lost due to irradiation embrittlement and results
in RPV material with reduced radiation sensitivity. These studies have not however,
addressed questions concerning variations in chemistry and/or fluxes and the effect of
these variations on the material's recovery and re-embrittlement rates. Because of the
differences in chemistry from heat to heat and weldment to weldment, and variations in
fluxes from reactor to reactor, all vessel materials do not recover to the same degree or at
the same temperature. By identifying the mechanism(s) by which the embrittlement
phenomenon occurs, it will be possible to develop the most appropriate monitoring
techniques and recovery procedures. A better understanding of the mechanism(s) of
irradiation embrittlement should also lead to improved embrittlement behavior prediction
capabilities.

In this paper, an overview of the irradiation embrittlement phenomenon is
presented from a structure-properties viewpoint In addition, the application of thermal
annealing to effectively restore the original properties of an embrittled reactor pressure
vessel is discussed.

2.0 Effect of Irradiation Conditions on Embrittlement
Embrittlement of the reactor pressure vessel is a major concern for the nuclear

industry because it severely restricts safe plant operating margins, i.e., pressure-
temperature limits for heat-up and cool-down. This embrittlement is most severe in the
belt-line region of the vessel which is exposed to a large dose of high-energy neutrons.
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The effect of this neutron bombardment is generally measured by a conventional Charpy
V-notch impact test and is manifested by an upward shift in the ductile-to-brittle transition
temperature (DBTT) and by a decrease in the upper shelf energy. A large amount of data
has been generated which examines the effects of various irradiation conditions such as
irradiation temperature, neutron fluence, flux and material composition on embrittlement
behavior. However, these data are often difficult to interpret because of the complex
interactions between the material and the high energy neutrons. This section discusses the"~
effects of these parameters on embrittlement.

2.1 Irradiation Temperature
The temperature at which a material is irradiated significantly impacts the degree to

which a material is embrittled. Specifically, irradiation embrittlement is enhanced by
irradiation at lower temperatures with the maximum embrittlement occurring at
temperatures ~<230°C (450°F).[4,5] Embrittlement at higher temperatures is less
pronounced because of simultaneous partial annealing of the irradiation defects. Most of
the irradiation embrittlement data generated to date has been obtained for irradiation
temperatures of ~290°C which is the typical operating temperature for pressurized water
reactors.

The effects of irradiation temperature (150°C, 300°C, 400°C) as a function of
fluence, flux and material composition where systematically studied by Pachur [6,7]. For
a given fluence range (1018 to 1020 n/cm2 (E>lMeV)), he showed that a lower irradiation
temperature of 150°C produced the greatest increase in yield strength, transition
temperature, and Vickers hardness. Lower increases in these parameters were observed
for irradiations at 300°C with even smaller increases for irradiations at 400°C, consistent
with simultaneous partial annealing of defects at higher irradiation temperatures.

2.2 Fluence
The effect of fast neutron fluence (or accumulated dose) on irradiation

hardening and embrittlement has been reported to be significant, particularly in the range
1018 to lO^n/cm2 (E> lMeV). However, because many studies of fluence effects only
varied the dose within an order of magnitude, subtle and quantitative influences of the
effect of neutron dose are difficult to evaluate.

In general, data from surveillance and test reactor irradiation studies show that
increases in DBTT, yield strength, and hardness are related to the neutron fluence [8-49].
These increases in embrittlement are reported to be proportional to the square root [9] or
cube root [14,50] of the fluence. Furthermore, there exists a threshold fluence below
which the steel is insensitive to irradiation hardening. Additionally, a saturation of
embrittlement (transition temperature shift) within certain fluence ranges for both low and
high flux irradiations at a variety of irradiation temperatures was observed by Pachur [6]
for several RPV steels. Lucas et al. [33] observed a similar saturation at a fluence of
~1019n/cm2.
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2.3 Flux
The effect of flux on the embrittlement behavior of pressure vessel steels is not

well-defined. Data from numerous investigators on a variety of alloy compositions
indicate that the flux effects are related to the material, the fluence, and the temperature of
irradiation. In particular, the copper and nickel contents of the steel appear to have a
pronounced influence on dose rate effects.

A great portion of the irradiated data generated to date has been obtained from"
samples irradiated in high flux test reactors to fluences simulating end-of-life doses. The
application of this accelerated test data to power reactor materials assumes that the
embrittlement of the materials is not a function of flux. Mager and Lott, [51] using weld
and plate materials irradiated in both power and test reactors to fluences of 2.5 x 1018 to
8.8 x 1019 n/cm2 (E>lMeV), have shown no apparent dependence on flux. Trend curves
were developed for the irradiated material; despite the mixture of irradiation environments,
the data appeared to indicate a smooth trend curve. Recent investigations however, show
that the embrittlement may indeed be dependent on flux. Oak Ridge National Laboratory
(ORNL) has observed significant acceleration of embrittlement in routine PV surveillance
specimens from the High Flux Isotope Reactor (HFIR) as compared to prior test reactor
data.

Mansur and Farrell [52], and S toller and Mansur [53] have described the effect of
flux (displacement rate) and neutron spectrum by the number of point defects which avoid
recombination. Recombination of these point defects should be strongly influenced by
flux and spectrum. A lower level of recombination may be experienced by RPV materials
than by test reactor materials because of the lower displacement rates and softer spectra
experienced by RPV materials. Less recombination would provide more point defects per
displaced atom to cause greater embrittlement

2.4 Chemistry
The alloy composition of RPV steels has a significant effect on the embrittlement

response for materials irradiated at ~290°C. This sensitivity to alloy chemistry appears to
be less significant at lower irradiation temperatures (~230°C). [4]

Both commercial steels and model alloys have been studied to verify the role of
specific elements in the embrittlement phenomenon. There is considerable data in the
literature pertaining to the effect of alloy composition on irradiation embrittlement, in
particular the detrimental effects of Cu and P. Significant levels of Cu promote the
formation of irradiation-induced solute-rich features in the material, which are associated
with the degradation in impact properties. Increased levels of P have been associated with
increased shifts in DBTT for irradiated materials. Recently, there has been renewed
interest in the non-hardening aspect of irradiation embrittlement, i.e. the role of
segregation and intergranular fracture. Microanalytical data indicate that P is an important
contributor to non-hardening embrittlement Other elements such as Mn and Ni have been
the focus of various embrittlement studies. Manganese has been identified as a notable
variable which differentiated the embrittlement behavior of A302B and A212B steels. [18]
The effect of Ni in irradiation embrittlement is unclear, with contradictory reports in the
literature: for welds and plates, the effect of Ni is dependent upon the presence of Cu.
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3.0 Identification/Characterization of Irradiation-Induced Microstructural
Features

The phenomenon of irradiation embrittlement is well-documented through the
extensive mechanical properties studies which have been performed over the past 40 years.
However, the changes in the microstructure caused by neutron irradiation of these
materials are not as readily evaluated. The identification of these chemical and physical
changes is important in that it is the microstructure of the material which controls the"
observed mechanical properties of the steel. The major analytical techniques which have
been applied to the evaluation of irradiated steels include transmission and scanning
transmission electron microscopy (TEM, STEM), small angle neutron scattering (SANS),
atom probe field-ion microscopy (APFIM), and positron annihilation lifetime spectroscopy
(PALS). It is important to note that each technique has its advantages as well as
disadvantages in the characterization of irradiation-induced microstructural changes.

3.1 TEM/STEM
Transmission electron microscopy (TEM) has been employed in numerous studies of

irradiation embrittlement, with marginal success. Although TEM provides important
microstructural data concerning the material (i.e., identification and distribution of major
phases and precipitates, dislocations, loops and voids, if present), it is limited by its
inability to resolve ultrafine features (<~2 nm).

Irradiation to fluences which produce significant hardening in ferritic alloys can not
be correlated with TEM-observed microstructural changes within the material. However,
defect structures formed by higher fluence irradiation have been observed and studied
extensively by TEM. Of particular importance in the investigation of irradiation effects is
the identification of dislocation loops and microvoids at high fluence (~1020n/cm2). To
date, microvoids have not been reported in irradiated RPV materials to end-of-life fluences
although nanovoids have been observed in irradiated austenitic steels.

Recently, the dedicated field emission gun scanning transmission electron
microscope (FEG-STEM) has been employed in the evaluation of irradiated pressure
vessel steel from the Gundremmigen reactor.[54] With very specialized sample
preparation techniques, it was possible to prepare thin-foil specimens which were
amenable to STEM-EDS microanalysis. The fine probe size (-1 nm) attainable with a
FEG-STEM permitted the detection of localized enrichments of Cu, Ni and Mn which
were interpreted by Buswell and co-workers as Cu-rich precipitates. The dedicated FEG-
STEM provides a complementary analytical tool to APFIM and SANS for the
characterization of irradiated materials.

Lattice images obtained from very thin irradiated specimens have been presented by
researchers at EDF [55] and Harwell [56]. These bcc regions appear to be associated with
the "precipitates" containing Cu, Mn, and Ni as reported from FEG-STEM studies.
Fundamental microstructural analyses utilizing high resolution electron microscopy have
been performed on aged model alloys at Oxford [57,58]. Othen and co-workers [58] have
proposed a complex transition from coherent bcc Cu precipitates to an orthorhombic 9R
structure, which subsequently transforms to an fee structure.

\ \
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High resolution TEM may be able to provide further information concerning the
nature of irradiation-induced features in suitably thin specimens prepared from real RPV
steels.

3.2 Small Angle Neutron Scattering
The technique of small angle neutron scattering (SANS) can provide information on

the size and number density of structural features within a material. SANS is a diffraction"
process which is sensitive to very fine-scale structural detail, and arises from fluctuations
in scattering density within the sample. With this technique, it is possible to resolve
features approximately 1 nm in size. However, data interpretation is extremely complex,
due, in part, to the need to model the "unknown" scattering centers and to predict their
effects on the SANS data, and also to the wide variety of inhomogeneously distributed
microstructural features present in commercial steels (carbides, nitrides, etc.). In
consequence, the use of SANS to detect irradiation-induced microstructural changes
requires alternative supplementary microstructural analysis from TEM and APFIM.

Several ambitious investigations, including those performed by Buswell and
colleagues, Odette and co-workers, and Kampmann et al., have successfully used SANS to
assess the hardening features present in irradiated RPV steels. Specifically, SANS
techniques were employed in order to determine the nature of the scattering centers in the
irradiated steels, i.e., voids vs. precipitates. The volume fraction and size of voids and
precipitates was reported to increase with increasing fluence. The authors note, however,
that their data interpretation requires additional microstructural data from independent
analytical techniques other than TEM.[9]

3.3 Atom Probe Field-Ion Microscopy
The application of atom probe field-ion microscopy (APFIM) to the characterization

of neutron irradiated reactor pressure vessel steels has permitted the identification and
characterization of ultrafine irradiation-induced microstructural features. APFIM permits
the detailed microstructural and microchemical evaluation of materials on the atomic scale.
The instrument consists of a field-ion microscope coupled with a time-of-flight mass
spectrometer. There is no mass limitation for microchemical analysis; all elements from H
upward can be detected. For microstructural studies, both field-ion imaging and atom
probe analysis techniques are employed. These techniques rely on the processes of field
ionization (for image formation) and field evaporation (for controlled removal of surface
atom layers). APFIM is a suitable analytical technique for the identification and
quantification of ultrafine microstructural features which are present in a number density
>~1017 per cm3. This value is the effective "detectability limit" for the analysis of discrete
features by APFIM. The disadvantages of this technique include the limited sampling
capability (only a small amount of material is analyzed) and the time-consuming nature of
the technique.

Field-ion microscopy (FIM) had been used to study defects produced during
irradiation in a variety of metals [59,60] but it should be noted that this technique is not
suitable for the analysis of dislocation loops which form in the material during irradiation.
APFIM studies of surveillance welds have shown the existence of xradiation-induced Cu-
rich clusters with Ni and Mn enrichments.[61,62] Figure 1 shows a field-ion micrograph
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of irradiated A533B weld metal containing a Cu-rich cluster.[61] Some APFIM results
indicated that the clusters consisted of a Cu-rich core surrounded with a cloud of Ni and
Mn atoms. In addition, APFIM analyses have provided information on the Cu content of
the matrix; specifically, approximately 60% of the available Cu was associated with
clusters in the irradiated surveillance material, as compared with 55% in the test reactor
samples. An example of an atom probe composition profile through a Cu-rich cluster is
shown in Figure 2.[63]

Importantly, the APFIM identification of Mn in the irradiation-induced clusters, and
the semi-quantification of cluster chemistries has had a significant impact on SANS
research in irradiation embrittlement. Previously, SANS data from irradiated steels and
model alloys had been interpreted in terms of microvoids or solute-vacancy clusters, and
Cu precipitates. (In SANS data analysis, a vacancy has the same signal as a Mn atom.)
Therefore, SANS information on irradiated RPV steels has required re-interpretation in
light of more recent APFIM results.

3.4 Positron Annihilation Lifetime Spectroscopy
Positron Annihilation Lifetime Spectroscopy (PALS) is a technique which has

proven to be an effective method for investigating vacancy-type atomic defects and is
particularly useful for analyzing RPV steel surveillance program specimens where only the
most limited amount of material is available. Much of the recent interest in PALS is based
on the technique's sensitivity to the measurement of vacancy-type defects which act as
trapping centers for the positrons. PALS data can be used to accurately estimate not only
the concentration of vacancy-type defects present in the material, but also the size of the
defects. The key to the technique is the precise measurement of the positron lifetime
within the material of interest since this lifetime is directly related to the local electron
density within the material, and hence, to the presence of vacancies. Therefore, the
relationship between electron density, free volume (i.e. vacancies), and positron lifetime is
unique and quantifiable. An example of recent PALS data for unirradiated and irradiated
modified A302B base metal is shown in Figure 3. [64] A third lifetime resulting from
irradiation-induced defects can be resolved.

Ghazi-WaJkdli et al. [65] used positron annihilation to measure neutron irradiation
effects on a high Cu weld (0.3%) irradiated in a power reactor to ~5 x 1017 (E>lMeV) and
a medium Cu RPV forging irradiated in test reactor to 1.9 x 1019n/cm2. The positron data
was interpreted as measuring irradiation-induced Cu precipitates which coarsened at 650°C
and later dissolved at ~750°C. Lopez et al. [66] later used positrons to measure distinct
recovery processes in A533B steel during isochronal annealing. In this work, positron
data was interpreted as measuring irradiation-induced carbon coated microcavities
(containing ~10 vacancies) and smaller vacancy-type defects for steels irradiated at 150°C
to a dose of 3.5 x 1018n/cm2. The temperatures at which these defects annealed out
corresponded well with stages of recovery in the mechanical properties. It was concluded
that the recovery stages correspond directly with the disappearance of the two types of
defects. For irradiations at 290°C to a dose of 2 x 1019n/cm2, only microvacancies with no
small vacancy clusters were observed. The nonexistence of the small vacancy clusters was
attributed to the increased point defect mobility at the higher irradiation temperature.
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In another study by Brauer et al. [67], a number of different Soviet steels, both
inthe unirradiated and neutron irradiated condition, were evaluated using PALS. Brauer
describes the positron annihilation results in terms of positron trapping at irradiation-
induced precipitates (carbides). In addition, for irradiations at intermediate temperatures,
i.e., 60 to 160°C, positron data indicated the presence of irradiation-induced vacancy
clusters (voids) containing 15 or more vacancies. The size of these voids was correlated
with the Cu content of the two materials studied. For higher temperature irradiations, i.e.,'
265 to 270°C, Brauer found that vacancy clusters were no longer present in the materials
and all the positron annihilation data could be completely interpreted by the production of
irradiation-induced precipitates (carbides).

4.0 Mechanism(s) of Embrittlement
The identification of mechanism(s) controlling irradiation embrittlement enables

the formulation of quantitative predictive models which are based upon actual physical
phenomena as opposed to models which are solely based upon statistical correlations of
mechanical properties data. A variety of mechanisms have been proposed to explain
embrittlement phenomena.

Most of the embrittlement mechanisms are based upon the formation of irradiation-
induced defects in the material (i.e., vacancy-rich regions, micro or nanovoids, interstitial
dislocation loops, point defect complexes) and on the formation of features such as
precipitates or solute-rich zones which affect dislocation motion.[8,9,16,19,68-74] The
complex nature of these defects is reflected in recent speculation of the existence of
unstable and stable matrix defects which are formed during irradiation; the former defects,
however, can "anneal out" at the irradiation temperature making detailed analyses
extremely difficult.[7,75,76] It is widely accepted that Cu plays an important role in the
embrittlement and hardening of RPV steels due to the formation of irradiation-induced Cu-
rich features throughout the material.

The interaction of complex carbonitrides and P in the formation of intergranular
films has been suggested to be a significant factor in the non-hardening embrittlement of
irradiated RPV steels. The extent of this non-hardening embrittlement due to neutron
irradiation is reflected in the proportion of intergranular fracture in the charpy V-notch
specimens, thereby highlighting the importance of basic scanning electron microscopy
(SEM) evaluations of fracture surfaces. The application of microanalytical techniques
such as TEM, SANS, APFIM and PALS has provided critical data necessary for the
elucidation and identification of the subtle structural changes associated with neutron
irradiation of these materials.

The complex nature of the irradiation-induced defects which control embrittlement
has been examined through a series of post-irradiation annealing experiments. Pachur [7]
has proposed the existence of four specific "mechanisms" or defect types, each occurring
over specific temperature ranges, which caused reductions in Vickers hardness. Each
"mechanism" or defect type was identified by its particular activation energy (as
determined via annealing experiments).

The temperature regimes over which the various "mechanisms" or "defect types"
were operative were analyzed to identify the nature of the defect. This analysis suggested
that "No. 3 defects" are associated with Cu, and "No. 4 defects" involve Ni and Or. "No. 3
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defects" are assumed to be responsible for the upper shelf energy decrease, and part of the
increase in both yield and tensile strengths during irradiation. It has been suggested that
the "No. 4 defects" become important as the fluence increases. However, there has been
no direct observation of these "defect types" to date. Recent positron annihilation studies
by Brauer and co-workers support the idea of an unstable defect which anneals out at the
irradiation temperature. [77] Additional positron and APFIM studies would assist in the
characterization of the various defect-types proposed by Pachur.

The influence of Ni and Mn concentrations was addressed by Grant et al. [62]
during their structure-modelling study of surveillance weld specimens. The APFIM
observations of Ni and Mn in association with the Cu-enriched clusters supports the
premise that Ni and Mn increase the irradiation sensitivity of RPV steels. [61,62] The
extension of APFIM studies to low fluence BWR surveillance materials has provided
information on the precursory stage of clustering or "atmosphere" formation stage which
has been associated with irradiation hardening.

A possible physical model of irradiation hardening/embrittlement based upon the
microstructural observations involves the irradiation-enhanced nucleation of solute-rich
clusters/precipitates and the subsequent growth of these features during continued
irradiation. The "atmospheres" detected after low fluence irradiation and the solute-rich
clusters observed in both surveillance and MTR specimens can be interpreted in terms of
"precipitate" nucleation: the presence of "atmospheres" and clusters is merely a "freeze-
frame" picture of the nucleation process, as illustrated in Figure 4.

Such observations cannot be duplicated by conventional thermal aging studies
because the nucleation event occurs too rapidly. Recently, additional support for this
mechanism has been obtained using SANS, PEG-STEM, and high resolution TEM [56].
Lattice images of bcc "features" enriched in Cu, Ni and Mn have been acquired in
irradiated RPV steel. Whether these features are the APFIM "clusters or zones" [61-63,70]
or true "precipitates" [10,54,56,78] is still the subject of considerable discussion.
Interestingly, recent APFIM research at the University of Rouen on RPV steel irradiated to
a fluence of ~1 x 1020 n/cm2 (E>1 MeV) has provided additional confirmation of the
existence of solute-rich clusters (with increased concentrations of Si as well as Cu, Ni and
Mn) within the matrix. [79]

Several mathematical models have been developed to predict the effect of
irradiation on the mechanical response (DBTT) of RPV steels. These models may be
based either upon the physical changes occurring in the material due to irradiation or upon
a statistical analysis of the mechanical properties and chemistry data for the irradiated RPV
steel. Two such models are the Fisher et al. [73,74] and NRC Guide 1.99 [80],
respectively.

The predictive mechanistic model by Fisher and colleagues [73,74] is based upon
the assumption that irradiation hardening is due to the summation of displacement damage
hardening and the strengthening produced by Cu precipitates. In addition, the model has
been modified to include the effect of non-hardening embrittlement This model
incorporates the effect of irradiation temperature, fluence, flux, time, and Cu and P
contents.

On the other hand, the NRC Guide 1.99 (rev. 2) provides a procedure for
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predicting the change in the nil-ductility reference temperature, RTNDT, based upon the Cu
and Ni contents of the steel and the fluence. This model was developed from the statistical
analysis of surveillance capsule data, and is applicable for irradiations at 288°C.

The general consensus is that the dominant mechanisms for hardening and
embrittlement consist of a "precipitation-type" and a "damage-type" component, with a
growing awareness that "non-hardening" embrittlement can play a notable role in the
degradation of RPV materials.

5.0 Annealing

5.1 Overview of Annealing
Many options are available to utilities for management of vessel embrittlement

including shielding of the vessel beltline region, fuel management, changes in operating
procedures, improved evaluation techniques, and thermal annealing. Of these options,
only thermal annealing can restore most of the original pressure vessel material toughness.
Of specific concern are older light water reactors which have pressure vessels fabricated
from steels with relatively low Charpy V-notch upper shelf energies. In addition, these
older steels contain relatively high copper and phosphorous levels which are now known to
enhance irradiation embrittlement. Not only are continually restricting operating margins
a problem for these plants, it is also possible that some of these plants may subsequently
fail to meet Nuclear Regulatory Commission 10CFR Part 50 Appendix G requirements for
continued operations. It is these concerns, along with the possibility of plant life
extension, that are driving the current interest in thermal annealing.

5.1.1 Temperature/Time Results
Studies on the effects of annealing temperature have shown that the anneal must

occur at a temperature well above the irradiation temperature for any significant recovery
to occur. Furthermore, annealing generally produces more marked levels of recovery in
the upper-shelf energy than in the transition-temperature.

A great deal of data exists which suggests that an anneal time of 168 hours (1
week) would be sufficient for significant material toughness recovery following irradiation
at 288°C. A joint EPRI/Westinghouse study [3] showed that the transition temperature
recovery ("shift") for three submerged arc weldments with high Cu concentrations was
between 80 and 100% and the upper shelf recovery was 100% after annealing at 454°C
(850°F) for 168 hours.

Mader et al. [81] studied the effects of anneal time and temperature on intermediate
Ni level weldments and a number of A533B plate type alloys. They discovered that there
is an overall trend towards increased recovery with higher annealing temperatures and
longer annealing times. From this work, the authors suggest that annealing involves the
recovery of multiple irradiation-induced features. Each of these features requires various
annealing times for recovery to occur. Specifically, during postirradiation treatment,
relatively short annealing times would be required to dissolve small cascade clusters with
longer times needed for the recovery of larger microvoids. Even longer times still would
be required for the recovery of precipitates by both dissolution and coarsening. Ih
addition, they suggest that annealing recovery involves at least two mechanisms.

Page 9



Work by Mancuso et al. [82] on three A533B welds with different weld fluxes and
levels of Cu showed that most recovery of material properties occurs within the first few
hours of the anneal. Furthermore, annealing experiments at the Royal Naval College in
Greenwich [83] on irradiated S A533B plate and weld showed that the majority of material
property recovery occurred during the first 6 to 8 hours of the anneal at temperatures
between 320°C and 370°C, with no further recovery observed for anneal times up to 336
hours.

5.1.2 Material Chemistry Effects
Pachur's investigation [6,7] of the effect of material chemistry on annealing

behavior showed that four different defect types are generated during irradiation with each
type annealing out at a different temperature and with a characteristic rate. The recovery
of USE during annealing may "be associated with a single defect type that is sensitive to Cu
levels under conditions of low to intermediate fluence. At higher fluences, an additional
mechanism that is sensitive to Ni may become important.

Hawthorne [84] showed that a 343°C (650°F) 168 hour anneal provided only small
transition temperature recoveries in a variety of materials regardless of the level of Cu, P,
or S. However, the same anneal produced full USE recovery for most of the impurity
compositions looked at In addition, a Cu content of 0.30% but not 0.16% was found to be
detrimental to USE recovery for S contents ~ 0.017%. In another study, Hawthorne [85]
showed that the influence of P on post irradiation heat treatment recovery is not
pronounced when the Cu content is low, at least for fluences ~ 2.5 x 1019 n/cm2. In
addition, high Ni content (0.68%) can be detrimental to the recovery of high Cu steels in
terms of residual embrittlement and percentage recovery.

5.2 Proposed Mechanism(s)
The dramatic improvement in DBTT and recovery in USE which occurs as a result

of post-irradiation annealing must be related to the fine-scale changes in microstructure.
Based upon the results of an extensive annealing program for EPRI, it was proposed that
the annealing process promotes the coarsening of the irradiation-induced Cu-rich features
present in the microstructure. This coarsening process is diffusion-controlled and is
accompanied by the dissolution of other Cu-rich features in the matrix. Lott and co-
workers [86] have proposed a model based on copper precipitate coarsening that predicts
the observed recovery in yield stress and DBTT for annealing temperatures between 350°C
and 450°C. Their model also accounts for the low re-embrittlement rates in annealed
materials. The formation of discrete Cu-rich precipitates has been previously observed in
model alloys aged at 550°C [78,87,88] but these features have not yet been documented in
post-irradiated annealed RPV materials. Thus, it is likely that the Cu-rich clusters and
zones which have been identified via APFIM analysis will develop into discrete stable Cu-
type precipitates which should be amenable to detailed microstructural and microchemical
characterization. Annealing at elevated temperatures (~454°C) should also result in the
elimination of most matrix damage due to irradiation. The effect of postirradiation
annealing on the extent of intergranular segregation may be unclear in that temper
embrittlement-type segregation may be promoted.
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5.3 Applicability/Feasibility of Annealing
The restoration of material toughness through postirradiation thermal annealing

treatments of reactor vessels is not without precedent. Because of a radiation sensitive
material (A350-LF1, Modified) and a low operating temperature (220°C), the U.S. Army
SM-1A reactor became embrittled and was annealed in 1967 using nuclear heat.[89] It
was ascertained from SM-1A surveillance capsules that recovery was 61%.
Approximately twenty years later, the BR-3 reactor in Mol, Belgium, with an operating"
temperature of ~260°C, was annealed at 330°C using nuclear heat.

Currently, there are no commercial reactors operating at temperatures below
~280°C. Therefore, with the delta between the reactor system design temperature and the
reactor operating temperature becoming much smaller, the use of nuclear heat to anneal
the vessel may not be economically attractive.

In addition to the two above named reactors, it has been reported that
approximately fifteen full size commercial power reactor vessels of the VVER-440 type
have been successfully "dry annealed" in Russia and other former COMECON countries.
The use of electrical resistance heaters in Russia to supply the required heat for a thermal
anneal was the first application of this dry anneal methodology. The use of electrical
resistance heaters was also recommended by Westinghouse in the EPRI supported program
"Feasibility of and Methodology for Thermal Annealing an Embrittled Reactor Vessel."[3]
The Westinghouse study concluded that "dry" in-situ thermal annealing of an embrittled
vessel using an annealing temperature of 454°C for a period of 168 hours is feasible and
can be performed on most of the existing U.S. vessels without jeopardizing plant integrity.

A major design difference between the W E R and U.S. vessels is that the W E R
type reactors only require annealing of the mid-core plane circumferential weldment
whereas the U.S. vessels require annealing of both the circumferential and longitudinal
weldments. Perhaps a more significant difference is that the design of the VVER reactor
pressure vessels is such that the vessel nozzles are relatively distanced from the vessel
beltline region; thus, thermal stresses at nozzle and piping locations are of little or no
concern. In contrast, RPV designs outside of Russia and the COMECON countries is such
that the vessel nozzles are relatively close to the mid-core plane. This design creates a
concern as to nozzle and piping dimensional stability during thermal annealing at 454°C.
An in-place thermal annealing study performed by EG&G for the U.S. Nuclear Regulatory
Commission evaluated this potential stability problem including both vessel distortion
during 454°C annealing and the extent of residual stresses imposed on the vessel after the
anneal. From this work, EG&G recommended that further analytical and/or experimental
studies should be performed to resolve these questions.

Unanswered questions concerning the dimensional stability/structural integrity of
the vessel during the anneal has been a significant hindrance to the culmination of RPV
thermal annealing in the U.S. Until it is clearly demonstrated experimentally that
distortion will not occur during the anneal, no U.S. utility will choose annealing as an
option for vessel embrittlement management. To answer these important questions,
Westinghouse has proposed to use the nuclear steam supply system of a cancelled nuclear
power plant to perform a "dry" anneal at 454°C to demonstrate the structural integrity of
the vessel during the anneal. Westinghouse has also recommended a 3-D stress analysis of
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stresses developed during the thermal anneal cycle complimented with actual strain gage
measurements of the vessel during the anneal. The results from the actual in-vessel strain
gage measurements can then be compared with the results from the 3-D stress analysis.
Westinghouse is currently soliciting $4 million in funding for this effort.

5.4 Economic Impact
The use of a thermal heat treatment to recover mechanical properties degraded b y

neutron radiation exposure has been shown by many investigators to be a technically
feasible method for assuring RPV compliance with regulatory and license renewal
requirements. The utilities decision to thermal anneal any vessel will be based on
economic advantages for long-term plant operatability; economic performance
improvement is currently a major industry initiative in the U.S. Thus, the value of
annealing will be examined on a plant specific basis rather than on a general industry-wide
basis.

While those who advocate the use of thermal annealing push for a full-scale
demonstration of the methodology, others propose mitigative options for controlling vessel
embrittlement These options include flux reduction either by fuel management or by
shielding of the reactor vessel wall. However, it should be made clear that flux reduction
options also have an economic impact on the continued operation of a commercial nuclear
power plant. For example, fuel management schemes require removing fuel rods from the
perimeter of the core and replacing the fuel rods with "dummy" rods. These fuel
management schemes are expensive because of reduced plant megawatt thermal capacity
and/or costs associated with increased fuel shuffling. Perhaps more importantly, flux
reduction options are only of value early on in plant life prior to embrittlement of the
vessel. Once the vessel has become embrittled, thermal annealing is the only method
capable of recovering material properties.

EPRI has developed software to perform economic scoping studies for evaluating
embrittlement mitigation options. This software package, called VTester, permits a utility
to perform initial cost and benefit analyses for a given strategy. EPRI, as well as small
individual utilities, have utilized VTester for plant specific evaluation. The results show
that the value of thermal annealing can vary depending on the level of vessel
embrittlement and the remaining years of plant operation. As one would expect, thermal
annealing is of high value for plants approaching or expecting to approach the PTS criteria
limit. However, as mentioned previously, thermal annealing is not always the most
economic option compared with other alternatives for plants operating earlier in plant life.
In cases where plants are considering life extension, the economic benefits of thermal
annealing becomes even more attractive.

In 1982, EPRI estimated that a thermal anneal of a reactor pressure vessel would
cost between $30 to $60 million. In 1992, Westinghouse estimated the cost of thermal
annealing a vessel to be within a range of $12 to $15 million. Today, based on modern
technology, Westinghouse estimates the basic cost of the anneal as approximately $5 to $7
million. However, associated operational and qualification aspects may result in a total
process cost of $8 to $10 million per vessel. Even though the annealing cost estimates
have dropped drastically since the early 1980's, it is most likely that utilities will not
commit to an anneal of their vessels in the absence of a prior full-scale annealing
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demonstration to show that the structural integrity of the vessel will not be impaired. The
cost of performing such a full-scale annealing demonstration on an actual unirradiated
vessel will be $4 million.

6.0 Summary/Recommendations
Irradiation embrittlement of the reactor pressure vessel is a major concern for the

nuclear industry because it can severely restrict plant operating margins in addition ttr
causing the plant to fail to meet regulatory compliance. Each reactor pressure vessel is,
however, somewhat unique because of effects of various irradiation conditions such as
irradiation temperature, neutron fluence, flux, and material composition on embrittlement
behavior.

The irradiation sensitivity and thermal annealing behavior of reactor pressure
vessel materials have been assessed by many investigators. Research programs conducted
in the USA, Russia, and Germany have demonstrated the ability of thermal annealing to
recovery the material properties of a variety of irradiated steels and weldments. Perhaps
just as importantly, thermal annealing is a technically feasible method which will assure
vessel compliance with regulatory licensing rules and therefore permit license renewal.

The Soviets and other countries in eastern Europe have performed "dry anneals" at
higher temperatures (454°C) than design temperatures (343°C) for a number of commercial
vessels. Under the sponsorship of EPRI, Westinghouse clearly demonstrated the benefits
of annealing in terms of mechanical property recovery and developed a methodology for
thermal annealing an embrittled vessel.

Westinghouse has concluded that it is technically feasible to thermally anneal a
vessel designed to USA standards however, each reactor pressure vessel is somewhat
unique. Therefore, thermal annealing should be "tailored" (plant-specific) rather than
generic. This tailoring requires a better understanding of the mechanism(s) of irradiation
embrittlement as well as the mechanism(s) of mechanical property recovery.

The identification of chemical and physical changes occurring in the material is
vital in that it is the microstructure of the material which controls the observed mechanical
properties. The major analytical techniques such as transmission and scanning electron
microscopy (TEM, STEM), small angle neutron scattering (SANS), atom probe field-ion
microscopy (APFIM), and positron annihilation lifetime spectroscopy (PALS) are
available to develop a better understanding of the mechanism(s) of irradiation
embrittlement and recovery phenomena.

EPRI has developed software to perform economic scoping analyses. The software
package called VTester was used by Griesbach and Server to show that thermal annealing
of an embrittled vessel is of economic benefit.[90] The results show that the value of
thermal annealing can vary depending on the level of vessel embrittlement.

Plans are underway for Westinghouse to perform a thermal annealing
demonstration on a unirradiated reactor pressure vessel to establish the dimensional
stability of the vessel during the anneal. The cost of such a demonstration is estimated as
$4 million while the cost of thermally annealing an irradiated vessel is estimated at $10
million.

It is recommended that 1. Systematic studies be continued and/or initiated to develop a
better understanding of irradiation embrittlement and recovery phenomenon, and
2. Support be given to the full-scale demonstration planned by Westinghouse in the USA.
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Figure 1. Field-ion micrograph of irradiated A533B weld metal from HB Robinson II
containing a Cu-rich cluster (arrowed).[61]
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Figure 4. Schematic diagram of the transition from"atmosphere" to precipitate during neutron
radiation based upon APFXM data. [71]
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