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ABSTRACT 

Maintaining the integrity of the reactor pressure vessel (RPV) in a 
light-water-cooled nuclear power plant is crucial in preventing and controlling 
severe accidents that have the potential for major contamination release. The 
RPV is the only key safety-related component of the plant for which a 
duplicate or redundant backup system does not exist. It is therefore 
imperative to understand and be able to predict the integrity inherent in the 
RPV. For this reason, the U.S. Nuclear Regulatory Commission has 
established the related research programs at the OakRidge National 
Laboratory described herein to provide for the development and 
confirmation of the methods used for: (1) establishing the irradiation 
exposure conditions within the RPV in the Embrittlement Data Base and 
Dosimetry Evaluation Program, (2) assessing the effects of irradiation on the 
RPV materials in the Heavy-Mon Steel Irradiation Program, and (3) 
developing overall structural and fracture analyses of RPVs in the Heavy- 
Sedion Steel Technology Program. 

ORNL EMBRITTLEMENT DATA BASE AND DOSIMETRY 
EVALUATION PROGRAM 

The objective of this program is to develop, maintain, and upgrade computerized 
data bases, calculational procedures. and standards relating to reactor pressure vessel 
(RPV) fluence spectra determinations and embrittlement assessments. Uncertainties 
associated with the predictive methods and data bases are determined. The program is 
divided into two major tasks: Embrittlement Data Base (EDB) and Dosimetry 
Evaluation (DE). Under these are several subtasks that assist the U.S. Nuclear 
Regulatory Commission (NRC) in the area of RPV dosimetry. 

The EDB is a compilation of a comprehensive collection of data from surveillance 
capsules of U.S. commercial nuclear power reactors and from experiments in material 
test reactors . The EDB work includes verification of the quality of the EDB, provision 
for user-friendly software to access and process the data, exploration and/or 
confirmation of embrittlement prediction models, provision for rapid investigation of 
regulatory issues, and provision for the technical bases for voluntary consensus 
standards or regulatory guides. 

*Research sponsored by the Office of Nuclear Regulatoty Research, US. Nuclear Regulatory 
Commission, under Interagency Agreement DOE 1886-8109-8L with the US. Department of Energy under 
contract DE-AC05960R22464 with Lockheed Martin Energy Research Corp. 
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The EDB is designed for use with a personal computer. It contains a comprehensive 
coilection of data from surveillance capsules of U S  commercial nuclear power reactors in the 
Power Reactor Embrittlement Data Base (PR-EDB) and from experiments in material test 
reactors in the Test Reactor Embrittlement Data Base (TR-EDB). The data are collected (as 
reported) into "raw data files." Traceability of all data is maintained by including complete 
references along with the page numbers. External data verification of the PR-EDB is the 
responsibility of the vendors, who were responsible for the insertion and testing of the materials 
in the surveillance capsules. Internal verification is accomplished by checking against references 
and checking for any inconsistenaes. 

Examples of the information contained in the EDBs are reactor Charpy impact data, 
tensile test data, reactor type, irradiation environments, chemistry data, and heat-affected zone 
(HAZ) data, as shown in Figures 1 and 2. The TR-EDB (see Figure 2) additionally has 
annealing Qvlrpy data. 

The EDB-Utility, which is in a menu-driven format with help screens, provides 
user-friendly software to access, process, and analyze the data. The EDB is in a relational data 
fdes format instead of one single-table format, thus saving time and space. The PR-EDB has 
been recognized as the basis for the industry-wide data base. 

The analysis of the data can include tables, model fittings, and graphs. Applications in 
evaluating radiation embrittlement of reactor vessels include: (1) validation of 
embrittlement-prediction models; (2) chemistry composition parameter studies; (3) irradiation 
temperature effects; and (4) investigations of spectrum effects, rate effects, and residual defects 

Several tasks have been completed during this past year or are currently active. Update 6 
of the EDB was released in March 1995. It included updated Westinghouse fluence data, new 
surveillance data, and corrections to previous data. Correlation monitor data were updated for 
several materials. The International Atomic Energy Agency/Russian data base, which contains 
seven data files, is beiig converted to the EDB format. 

The DE work supports the NRC through the radiation transport and fluence 
determination in the area of the RPV. This consists of maintaining and upgrading validated 
neutron and photon radiation transport procedures, providing calculational support for 
NRC-sponsored light-water reactor (LWR) dosimetry benchmarks, maintaining cross-section 
libraries with the latest evaluated nuclear data, and maintaining and updating validated 
dosimetry procedures and data bases. 

With release six of the recommended Evaluated Nuclear Data File (ENDF/B-VI), the 
cross-section library used in the discrete-ordinates and Monte Carlo multigroup radiation 
transport codes had to be updated. The new fine-energy-group (199 neutron, 44 photon) 
library was designated as VITAMEW36 (ref. l), and the broad-energy-group (47 neutron, 20 
photon) was designated as BUGLE-93 (ref. 2). This year's effort has concentrated on 
producing a revised version of VITAh4IIGB6, based on ENDF/B-VI, Release 3. To accomplish 
this effort, the SCAMPI w a l e  and m p x  Erocessing interface) code system was created from 
modules of the SCALE3 and AMPX4 code systems. In particular, the MALOCS program from 
AMPX was updated to provide Bondarenko factors in a master library correctly collapsed from 
a fine-energy-group to a broad-group structure. 

Activities in the upcoming year in supporting NRC-sponsored LWR dosimetry 
benchmarks will include two calculational efforts. The H. B. Robinson reactor and the pool- 
critical assembly will be calculated using the latest update of the ENDF/B-VI cross sections. 
Additionally, calculations com leted this past year on the H. B. Robinson reactor included 
determining corrections to the &LJ and 237Np fission rates for photofission effects. 

One of the key tasks under the DE work is the update and maintenance of the dosimetry 
cross-section data base for spectrum adjustment codes, such as the LSL-M (ref. 5). The 
L!3L-M2 code performs a logarithmic least-squares adjustment procedure to determine the 

modeling. 



Fig. 1. Architecture of Power Reactor Embrittlement Data Base 

Fig. 2 Architecture of Test Reactor Embrittlement Data Base 



neutron spectra from a combination of neutron-physics calmtations and foil-activation 
measurements. It also determines the uncertainties for the output data based on corresponding 
uncertainties in the input data. Thus, the dosimetry cross-section data base is critical to the 
correct operation of the UL-W code. 

During this past year, the dosimetry cross-section data base6 was updated based 09 data 
from the IRDF 90/G-V2 library,' the SNLRML-VI library,* and private information. The 
update contains 65 cross sections and covariances, 6 cross sections without covariances, and 
6 fission-foil contaminants with no covariances. It contains responses for determining the 
fluence above 0.1 and 1 MeV; displacements per atom for Fe, Cr, and Ni; Si displacement 
knna factors; and the GaAs 1-MeV equivalent damage function. Additionally, it contains the 
atomic weight, decay constants, and abundance for each reaction. 

The information available from this program will provide data for assisting the Office of 
Nuclear Reactor Regulation, with support from the Office of Nuclear Regulatory Research, to 
effectively monitor current procedures and data bases used by vendors, utilities, and service 
laboratories in the pressure vessel irradiation surveillance program. 

I HEAVY-SECTION STEEL IRRADIATION PROGRAM 

The goal of this program is to provide a thorough, quantitative assessment of the effects 
of neutron irradiation on the material behavior and, in particular, the fracture toughness 
properties of typical pressure vessel steels as they relate to light-water RFV integrity. Effeds of 
specimen size; material chemistry; product form and microstruchue; irradiation fluence, flux, 
temperature, and spectrum; and postirradiation annealing are being examined on a wide range 
of fracture properties, and results are being transferred into national and international codes 
and standards activities. Numerous experimental and analytical investigations of irradiation 
embrittlement are ongoing within the Heavy-Section Steel Irradiation Program, but in this 
paper only two will be described. The examples chosen both have important implications and 
also are illustrative of the type of experimental and analytical investigations conducted within 
tfrePn>%ram. 

Embrittlement Studies 
As a result of observations of possible thermal embrittlement from recent studies with 

welds removed from retired steam generators of the Palisades Nuclear Plant, an assessment 
was made of thermal aging of RPV steels under nominal reactor operating conditions. 
Discussions are presented on (1) data from the literature regarding relatively low-temperature 
thermal embrittlement of RPV steels, (2) relevant data from the U.S. PR-EDB, and (3) potential 
mechanisms of thermal embrittlement in low-alloy steels. 

The literature survey concentrated on effects of long-term aging at temperatures up to 
3WC on the ductile-to-brittle transition temperature (DBTT) of RPV steels, for base metal, 
weld metal, and HAZ. The results of the literature survey are summarized in Figure 3, which 
includes marks on the aging time scale indicating the approximate time of exposure for the 
Palisades steam generators [ 10.8 effective full-power years (EFPY)] and the approximate 
design life of a commercial RPV (32 EFPY). Unless otherwise stated, the shift in DBTT was 
determined at an energy level of 30 ft-lb (41 J). 

The most commonly used steels for U.S. nuclear RF'Vs are Mn-Mo-Ni steels. Data are 
available on A 212 grade B, A 302 grade B, A 533 grade 8, and A508 class 2 and 3 steels. 

*Private communication from T. Seren (VTT Chemical Technology, Finland) to 
F. W. Stallmann (forwarded to I. Remec, Om), May 1994. 
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Work9 on A 212 grade B showed that aging at 260'C for 16,000 h decreased the DBTT 
[calculated at 15 ft-lb (20 J)] by 2'C. Ten heatslo of A 302 grade B alloys aged at 288'C for 
1800 h showed that the DBTT decreased by 5 to 14'C. Tests of unirradiated surveillance 
A 302 grade B specimens from the Big Rock Point11j12 and Dresden 1 reactors13 showed 
increases in the DBTT of up to 14'C after up to 26,105 h at 301'C, whereas similar aged 
material from the Oconee 1 reactor14 showed no effect. 

Several studies of A 533 grade B alloy have been performed. Early studies of thermal 
aging15 included four heats aged at 300°C for times up to lo00 h. These data are very alarming 
at first sight, showing increases in the DB'IT of as much as 62'C. However, these alloys were 
not given a postweld heat treatment (PWHT) after the quench-and-temper heat treatment. 
Therefore, this particular set of data must be viewed with caution, but the results do provide 
strong evidence of the possible sensitivity of these steels to a g effects. Aging at 300 to 3OS'C 

of materials from the Arkansas 1 reactor9 shifted -4 to 10'C after aging at 2WC for 93,000 h. 
A 508 class 2 material from the Oconee 3 reactor17 increased 1T after exposure at 282'C 

for 103,000 h. Three A 508 class 3 materials were aged18 at W C  for up to 20,000 h. Half- 
thickness impact specimens taken near the surface showed an increase in the DBTT of 35T 
after aging for 2000 h, with no further increase with continued aging to 20,000 h. The unique 
behavior of the near-surface material from the first all0 was tentatively attributed to a strain- 

l0,OOO h had "little effect" on the DBTT. Material from the Doel reactor L e d  Soudotenax 56, 
apparently similar to A 508 class 3 (ref. 20)], was aged at 287'C for 63,OOO h, indicating little 
effect of aging. Material from the Gundremmingen reactor21 (doy  2ONiMoCr 2 6) showed an 
increase in the DBTT of 40'C after exposure for 37360 h at about 2WC. 

There are very few data available for weld metals. Data from the Big Rock Point, 
Dresden 1, and Oconee 1 reactors12-14 show small changes, both plus and minus, up to a 
maximum increase in the DBTT of 8°C after exposure for times ranging up to 26,114 h. 
Specimens from the Arkansas 1 and Oconee 3 reactors17 showed changes in the DBlT of -8 to 
O'C after exposure up to 103,000 h at about 280'C. Data from the Gundremmingen reactor21 
show no change in the DBTT for weld metal exposed for 37,500 h. Material from the Doel 
reactor showed an increase in DBIT of W C  after exposure for 63,OOO h at 287'C (ref. 20). 
However, much of the data was generated with reconstituted specimens, and effects of the 
reconstitution process must be considered. Data from only unreconstituted specimens yield a 
much smaller shift of only 9'C. Drucel8 observed no effect of aging at 300°C for up to l0,OOO h. 
Similar work (as reported by VatterZ2) for aging at 300 or 325'C showed only a "gradual 
increase" in the DB'IT. Data for the Palisades, Indian Point, and H. B. Robinson reactors' 
surveillance weld metals show increases in the DBTT of 16 to 1TC for aging of up to 70,128 h 
at 260 to 279'C. However, this comparison is for two different weld wires and locations. 

The PR-EDB was examined for indications of thermal aging in the surveillance data. 
Currently, the PR-EDB contains over 700 data points for transition temperature shift. 
However, the predictive methodology contained in NRC Regulatory Guide 2.99, Rev. 2 
(RG 1.99), was based on two sets of data (177 data points in one set and 228 in the other). 
The current review also compared the data in the current PR-EDB and the previous data set 
containing 177 data. The number of shift data points versus the time in EFPY for which the 
tested specimens were exposed under operating conditions in the reactor was examined. For 
the PR-EDB, the peak in the distribution is at 2years, but there are over 100 data points 
available with over 6 years exposure. For the RG 1.99 data, the bulk of the exposures are also 
for two EFPY with only about 10% of the data beyond 6 years and no data beyond 11 years. 
Figure 4 provides plots of the residual versus EFPY for base materials and weld materials in the 
PR-EDB, where residual is defined as measured shift minus RG 1.99 prediction. The data 

for up to 20,000 h showed either "no change"16 or a decrease Y * in the DBTI' of SC. The DBTT 

aging effect. Another study with A 508 class 3 material 19 showed that a g at 35o'C for up to 
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appear to be centered about the residual value of zero. For the PR-EDB, the RG 1.99 predictive 
equations are clearly valid out to about 9 to 10 years and appear valid out to about 15 EFPY. 

The dependence of the 41-J (30-ft-Ib) transition temperature shift (AT 1j) on EFPY and 
fluence was examined for data sets with fluence less than 1 x 1017 neutrons ? a n 2  (E > 1 MeV) 
where the irradiation-induced shift would likely be very small. Only 4 of the 40 points showed 
a shift greater than 11.C; one is for an HAZ, while three are for welds, one with 0.35% Cu and 
0.73% Ni, and the other two with 0.18% Cu and 0.20% Ni. It is felt that the A T q  results from 
these three capsules do not provide real evidence of large shifts at low fluence due to extremely 
large data scatter. For 8 thermal capsules, with exposure times ranging from about lO,O00 to 
43,000 h, the AT41j values range from -16 to 11'C with a mean value of about O'C. The mean 
and standard deviation for all the low-fluence A T q  data shown are 1'C. Thus, the PR-EDB 
data indicate no trend for a measurable shift for times up to 43,000 h. 

It has long been recognized that a number of mechanisms could lead to the embrittlement 
of RPV steels subject to long-term service at elevated temperatures. These mechanisms 
include: formation of hardening phases, such as copper-rich precipitates (CRP); segregation of 
phosphorus to grain boundaries leading to a lower intergranular fracture stress; and segregation 
of impurities to dislocations leading to strain aging. These phenomena could be accelerated or 
enhanced under irradiation. Pure thermal aging represents a zero-flux limit of damage-rate 
dependent effects. 

In the late 197Os, Odette et d.25 proposed that an undefined therind aging mechanism 
might be responsible for accelerated low-at (0 = flux, t = time) embrittlement in surveillance 
(low-0) versus test reactor (high-8) irradiations. In the mid-l980s, Fisher et al. developed a 
model of embrittlement due to co r precipitation accelerated by irradiation. It was initially 
applied to C-Mn Magnox s t e e d r b u t  later extended to Mn-Mo-Ni RPV steels.27 Fisher 
proposed that at very low 0, an independent aging effect due to thermal copper precipitation 
would become significant, leading to ak hardening in periods of "25 years" at 290'C for 
copper contents of 0.1%. a e t t e  et al.& carried out an analysis of the peak aging time (tP) 
to better quantify the effect of the (nominal) copper content. For nominal copper contents of 
0.4% at 288'C, t =35o,OOO h or about 40 years, similar to Fisher's results. However, due to a 
lower assumed gffective activation energy, Odette et al. also found that precipitation kinetics at 
lower copper levels resulted in predicted tp values that are very large, viz., more than 
70,000 years at 0.2% Cu at 290'C. Unfortunately, these predictions represent extreme 
extrapolations. 

The focus of work on aging mechanisms shifted to the potential for embrittlement 
associated with phosphorus segregation-induced weakening of grain boundaries. The key 
conclusion of this work18,2* was that while some phosphorus segregation would occur, 
end-of-life (EOL) thermal embrittlement would be minimal at temperatures of around 29O'C, 
primarily due to sluggsh diffusion kinetics. Work on temper embrittlement has recently shifted 
to radiation-enhanced or induced segregation. A major motivation was the observation of an 
increasing inadence of intergranular fracture in finegrained mild steel welds in United Kingdom 
Magnox reactors. Jones et developed a simple but powerful model, providing a unified 
treatment of the combined effects of radiation hardening and radiation-enhanced temper 
(segregation) embrittlement (RETE) mechanisms, accounting for the effects of temperature, flux 
(or time), and copper content. While there is also a possibility that RETE occurs in Mn-Mo-Ni 
RPV steels, most data for these alloys do not support this concern. 

Thermal aging effects are very sensitive to both composition (e.g., copper on the hardening 
embrittlement mechanism) and microstructure (e.g., heat treatment on the temper embrittlement 
mechanism). Therefore, caution must be exercised in making conclusions regarding aging effects 
outside the existing data base. To evaluate a broader range of compositions and aging 
mechanisms, a small study was initiated at the University of California, SantaBarbara 
involving 5 simple model Fe-Cu-Mn-N alloys and 12 commercial split-melt A 533 grade B-type 



steels aged at 290 and 35o'C for periods up to 7200 h. Preliminary data24 for the simple model 
M u - X  steels show that the alloys without copper experience a small degree of softenin while 

The overall effect of manganese and nitrogen appears to be minimal. Based on t1/3 kinetics, 
extrapolation using the tp hardening in the 0.9Y0Cu alloys at 290'C is also reasonably 
consistent with earlier work. Almost all the commercial steel alloys show at least a slight 
increase in yield strength (9)24 but generally within the overall data scatter of about S O  ma. 
Applying a criteria that there is a minimum of 20-MPa yield stress increase in the 9 at 8OOO h 
and that As,, increases systematically with increasing t and temperature, four alloys show a 
significant effect of aging at 350'C and three out of these four at 290'C. Notably, most 
hardening is restricted to highcopper (0.4 and 0.8%) and nickel (0.8 and 1.6% at 290'C) alloys 
and increases with higher concentrations of these elements. While these preliminary short-term 
resuits cannot be directly used to address the question of long-term thermal embrittlement, they 
demonstrate that purely kinetic limits do not preclude thermally induced hardening at 
temperatures as low as 2WC. There is a significant sensitivity to copper and nickel content 
and, by implication, to heat treatment, since this affects the effective copper in solution. 

Recently, Odette and coworkers have developed a self-consistent assessment of the effect 
of 0 at intermediate to high levels that is able to rationalize complex, and in some cases, 
seemingly contradictory observations.30 The primary effect of radiation,is to greatly accelerate 
the formation of CRP as a consequence of radiation-enhanced diffusion (RED) produced by 
excess vacancies and interstitials, DI= K(0)0. The RED factor, K, is a-independent at low rates 
and varies as 1/0 at high rates due to vacancy-interstitial recombination at thermall unstable 
defect clusters. The predictions of an embrittlement model developed by Stolle 3 1 led to a 
similar conclusion. While requiring additional verification, these results suggest that 0 effects 
vanish below a minimum value in the range of about 5 x 10l1 neutrons/cmb at 290'C. 

Overall, most of the data from the literature suggest that there is no embrittlement in 
typical RPV steels at these temperatures for times as great as lO0,OOO h. Only three base and 
two weld metals show any significant effects of aging. The data from Hasegawals are suspect 
because these materials did not receive a PWHT. The results from the near-surface material of 
one forging reported by Drucel8 were not observed with material taken from the middle of the 
same forging or other similar for gs, suggesting that these results are atypical. The results 
from the Gundremmingen reactogare difficult to interpret due to the uncertainties associated 
with the archive material. The data from the Doe1 reactor20 are suspect since the results of the 
reconstituted specimens are significantly different than those from the monolithic specimens. 
The Palisades data involve comparisons between welds made with different weld wires. The 
few data available24 also indicate no evidence for embrittlement of HAZ materials up to 
20,000 h. However, none of the data from the literature represents steels with the combination 
of high copper and high nickel that may increase sensitivity to thermal aging at these 
temperatures. 

Review of the PR-EDB has not revealed convincing evidence of thermal embrittlement. 
The low-fluence surveillance data show ATqlj results less than 11'C. For surveillance 
exposures to about 15 ERY, the A T 4  J results are in good agreement with the predictions of the 
current RG 1.99 predictive equations. Although there are a few instances of relatively high 
AT41j values at low fluences, the excessive scatter in the data and level of uncertainty in the 
AT41 J measurements render those results inconclusive. 

While it is difficult to demonstrate that there are no significant effects of thermal aging, 
current understanding of both hardening and segregation mechanisms suggests that any thermal 
embrittlement is naturally incorporated in the effects observed following irradiation. That is, 
independent thermal aging and irradiation shifts should not be added if 0 effects are not 
important or are properly accounted for. It seems likely that low lead-factor surveillance data 
provide a reasonable basis for embrittlement predictions. Indeed, theoretical considerations 

those with a large copper content of 0.9% show substantial hardening at both 290 an (H.' W C .  



suggest that by creating alternative trapping and segregation sites, radiation may suppress 
embrittlement assodated with phosphorus segregation. 

a1 khwahgStuQes of Inadlated RPV Steels 
To assure that RPV failure does not occur during plant operation under both normal and 

emergency conditions, adequate levels of fracture toughness must be maintained in the RPV 
throughout its operating lifetime. This assurance is provided by utilizing the fracture toughness 
( K I ~ )  curve of the American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel 
Code32 that describes the fracture toughness of the RPV material as a function of temperature 
0 normalized to the reference nil-ductility temperature (RTNDT), namely, T - RTwT. The 
shift in the fracture toughness due to neutron irradiation is accounted for by a shift in RTNDT 
( A R T ~ T ) .  The upward temperature shift of R T ~ T  is based on the assumption that it is the 
same as the Charpy impact curve shift at 41 J. However, the consistent agreement between the 
Charpy T41~ and fracture toughness transition curve shifts due to irradiation has been 
questioned (refs. 33 through 35). 

The most challenging fracture toughness requirements that must be met for vessel materials 
would typically arise during a pressurized thermal shock (FTS) scenario. These requirements 
can be categorized by an irradiated RTNDT “screening criterion” called R T m .  Some early 
nuclear RPVs may not meet this screening criterion as they near EOL. In particular, it is 
believed that, in the next decade or so, several vessels may exceed the RTPTS. Thermal 
annealing may be needed to mitigate the effects of neutron irradiation on fracture toughness. A 
dozen or so RPVs have already been thermally annealed in Europe.3637 Development of an 
NRC regulatory guide on recovery of properties by annealing is under way. The basis for 
proposed regression correlations given in the guide is data gathered from the TR-EDB and from 
various annealing reports.% These data deal with recovery of Charpy or hardness properties 
only. Thus, the proposed regulatory guide is based on the same philosophy as mentioned 
earlier, namely, the assumption that recovery of the fracture toughness by annealing is the same 
as the recovery of Charpy T41~. 

The objective of this study is to compare the recovery of the fracture toughness and 
Charpy impact properties by thermal annealing of two irradiated RPV steels. 

The materials in this study are American Society for Testing and Materials (ASTM) A 533 
grade B class 1 plate, designated Heavy-Section Steel Technology (HSST) Program Plate 02, 
and the submerged-arc weld from the Midland Unit 1 reactor vessel. This vessel was built for a 
pressurized-water reactor that was canceled prior to startup. The welds from that vessel have 
the Babcock and Wilcox designation WF-70. The W-70 welds were fabricated using 
copper-coated wire and Linde 80 flux and are known to be low upper-shelf (LUS), highcopper 
welds. Twenty-four Charpy specimens and 34 compact specimens 12.7 and 25.4 mm thick 
(0.5T C(T) and 1T C(T), respectively] from a beltline portion of the reactor vessel weld were 
tested after irradiation at 288’C to a neutron fluence level of about 1.0 x 1019 neutrons/cm2 (> 
1 MeV) at the University of Michigan Ford Nuclear Reactor (FNR).39 Two hundred and tfurty 
Charpy specimens and 65 com act specimens in sizes ranging from 1/2T to 4T were tested to 
perform fracture toughness4~ and Charpy impact41 characterization in the unirradiated 
condition. In this study, 12 of the Charpy specimens and 6 of the 1T compact specimens that 
were irradiated to 1.0 x neutrons/cm2 (> 1 MeV) were annealed at 454‘C for 168 h, and 
10 of the Charpy specimens were annealed at 343’C for 168 h. 

HSST Plate 02 was produced by Lukens Steel Company. Portions of this plate have been 
used in many investigations around the world. In the Fourth HSSI Program Irradiation Series, 
about 70 Charpy and 28 1T compact specimens were tested before and after irradiation at 
2WC to neutron fluences from 1.1 to 2.4 x 1019 neutrons/cm2 (> 1 MeV) in the Oak Ridge Bulk 
Shielding Reactor.42 Six irradiated 1T compact specimens left from that program were 
annealed at 454°C for 168 h, and five irradiated 1T compact specimens were annealed at 343’C 



for 1 week. Test s cimens in that irradiation series were prepared in the transverse (T-L) 
orientation. No C r arpy specimens were available for an annealing study from that series. 
Twenty-two Charpy specimens of HSST Plate 02 in the longitudinal (L- orientation were 

University of Michigan FNR. Twelve of the specimens were annealed at 454'C for 168 h with 
ten specimens annealed at 343'C for 168 h. It had been shown previously that values of T41~ 
differ for different specimen orientations, but the irradiation-induced shift of transition 
temperature is the same for T-L- and L-T-oriented Charpy specimens.*3 

The Charpy V-notch impact data for each material condition were fit with a hyperbolic 
tangent function to obtain upper-shelf energy (USE) levels and transition temperatures. The 
elastic- lastic fracture toughness data were analyzed by a procedure based on earlier work by 
Wallin94 and developed in an ASTM draft standard by McCabe et al.$5 applying statistical 
concepts developed by WeibuII.& The analysis procedure is based on fitting fracture toughness 
data to a three-parameter Weibull distribution at the test temperature. Using this procedure 
only a few replicate tests are needed to obtain the median fracture toughness of pressure vessel 
steels in the transition temperature regime with predictably good accuracy. Additionally, 
weakest-link theory is used to explain specimen size effects so that data uivalent to that for a 

allows the master curve concept for 1T-size specimens to be applied to define the median 
temperature dependence of Kjc in the transition region as follows: 

irradiated together with the Midland weld to 1.0 x 1019 neutrons/cm 12 (> 1 MeV) at the 

1T specimen size can be calculated from data measured with specimens '9 o different sizes. This 

Kjc(med) = 30 + exp [O.OlS(T - To)] , 

where T is temperature in "C, and To is the reference temperature at K c(med = 100 MPadm. 
The To values obtained from data sets at two or more temperatures ten d h  to be e same. In this 
study, where multiple values of To were obtained, they were averaged. Details of this analysis 
are published elsewhere.% 

Figures 5 and 6 present Charpy and fracture toughness curves, respectively, of the 
Midland beltline weld in the unirradiated, irradiated, and irradiated/anneded conditions. The 
shift of the Charpy transition temperature due to irradiation, AT~~J ,  was 103°C compared to a 
92'C shift of fracture toughness transition temperature, AT,. Annealing at 343OC for 168 h 
resulted in full recovery of Charpy USE but in only 49% recovery of AT41J The residual shift 
(unrecovered after annealing) of the Charpy transition temperature (ATr CV) i s  53'C. The 
USE after annealing at 454'C for 168 h increased to 106 J, which is 17 J higrer than the USE in 
the unirradiated condition. The residual shift, ATresCV, is 24'C. The fracture toughness 
specimens were annealed at 454'C for 168 h. The residual shift of the fracture toughness 
transition temperature (ATresK), Figure 6, is 13'C. 

Figures 7 and 8 present Charpy and fracture toughness curves, respectively, of HSST Plate 
02 in the unirradiated, irradiated, and irradiated/annealed conditions. Charpy specimens 
available for annealing had the L-T orientation, and no baseline Charpy transition curve was 
developed for L-T-oriented specimens in the as-irradiated condition. However, the 
irradiation-induced shift was determined for Plate02 in the T-L orientation, as reported in 
ref. 42. Based on those results, and the accepted e uivalence of the shift for L-T and T-L 

Figure 7. Annealing at 343'C for 168 h resulted in full recovery of the Charpy USE. The 
residual shift of the Charpy transition temperature after annealing at 343'C is 35°C. Similar to 
the Midland weld, annealing at 454'C for 168 h resulted in "over-recovery" of the USE; the 
USE of the irradiated and annealed plate rose 24 J above that of the USE in the unirradiated 
condition. The A T ~ ~ J  recovered almost fully after annealing at 454'C for 168 h since ATresCV 
was only 6'C. The residual shifts of ATo, however, were 78 and 22'C after annealing for 168 h 
at 343 or 4WC, respectively. 

 orientation^,^^ hT41j is estimated to be 55°C at 1 x 10 49 neutrons/cm2 (> 1 MeV), as shown in 



TEMPERATURE (OF) - 100 0 lo0 200 300 400 
I50 I I I I I I 

- 100 
UNIRRAOIATED 

100 - 
7 

>. 
(3 

z 
W 

w 

E 
50 - 

0-0 I .ox10'9+454*c - 20 - - - - - 1 .Ox10'~+343OC 

- 100 -50 0 50 100 150 200 250 
TEMPERATURE (OCl 

- 
7 

..a*- - 
- 
- 

Fig. 5. Charpy impact m e s  of Midland beltline weld (WF-70) in unirradiated, irradiated, and 
irradiated/annealed conditions. 

c. c 
300 2 

a 
250 v) 

v) 
W 

0 
3 

v) 

200 I 

E 
100 2 
150 

u 
- 5 0  2 

LL 

400 

E 

E 300 

5 
0 
Q 

v) 
v) 
W z 

3 
0 

z 200 

c 
W 
Q: 
L 3 100 
v 
U 
E 
LL 

, TEMPERATURE (OF) 
-100 -50 0 50 100 150 200 

I 1 I I 1 I I '4 350 
MIDLANO B€LTLINE WELD 

UNIRRAOIATED ........... F = I . O X I ~ ' ~  n/cm2 
/ 

/ 

* .- .... ..... ........... 

" 
-100 -50 0 50 10; 

TEMPERATURE (OC) 

Fig. 6. Fracture toughness master curves of Midland beltline weld in unirradiated, irradiated, 
and irradiated/annealed conditions. 



. -. 

- I I I I I I I I - 
/ : 

/ :- 
: - ,’ :. 

I .: 
0‘ :. - 

0 .: 
- - 

I 
I - 

I 78% I 
--I 

I I I I I I I I 

TEMPERATURE PFl 
- 100 0 100 200 300 4 00 500 

250 I 1 1 I I I 1 

C 
250 5 

Y) x - 
200 2 

ti 
u) 150 y 
f 
(3 
3 

100 2 
z 

50 2 
V < 

A 0  

200 

3 150 * 
(3 

E z 100 
W 

50 

0 - 

150 HSST PLATE 02 
L-T ORIENTATION 

Ly n 

I00 t 

a 

- 0 - .............................. I 
U - 
a- 
(3 

W 
2 

- 5 0  

0 
75 0 75 I50 225 300 

TEMPERATURE (OCl 

Fig. 7. Charpy impact curves of Heavy-Section Steel Technology Plate 02 (L-T orientation) in 
unirradiated and irradiated/annealed conditions. Irradiated curve was estimated 
from T - L data. 

W 
0: 2 50 
v 
4 
a 
L O  - 

Fig. 8. Fracture toughness master a w e s  of HSST Plate 02 (T-L) in unirradiated, irradiated, 
and irradiated/annealed conditions. 



For both materials, full recovery of the Charpy USE was observed even at the lower 
annealing temperature, although recovery of the transition temperature was far from complete 
at W C .  At the annealing temperature of W C ,  over-recovery of the USE was observed. The 
definition of over-recovery is that the USE after annealing of irradiated material is greater than 
that of unirradiated material. In addition to irradiated specimens, unirradiated Charpy 
specimens of Plate 02 were heat treated at 4WC for 168 h (the same regimen for annealing of 
irradiated specimens), and there was no change in USE compared with the unirradiated level. 
Annealing at 454.C for 168 h was also erformed on Charpy specimens from the h4idIand 

beltline weld metal except for copper content. The USE of irradiated/annealed nozzle course 
weld was 17 J higher than the unirradiated level, which was also observed for the beltline weld. 

Such behavior is consistent with other annealing studies.47.48 In ref. 47, annealing of 
irradiated and unirradiated submerged-arc HSSI weld 73W at 454% for 168 h resulted in the 
same increase of the USE compared with the unirradiated condition. It might be concluded, 
therefore, that the observed over-recovery of the USE of weld metal is independent of any 
irradiation effect since such heat treatment of unirradiated material also resulted in an increase 
of the USE. Over-recovery of the ductile fracture toughness, as measured by JlC and tearing 
modulus, was reported for the irradiated/annealed Linde 80 highcopper, LUS welds.493 It is 
interesting to note that in ref. 50 welds that over-recovered the ductile fracture toughness did 
not show full recovery of the fracture toughness in the transition region, which corresponds well 
with the present Charpy data. The current data on the recovery of the Charpy USE in different 
materials are generally consistent, but the mechanism responsible for the over-recovery is not 
clear. The more rapid and more extensive recovery of USE with annealing compared with 
transition temperature suggests that there are different mechanisms for degradation of these 
properties upon irradiation. The effect of over-recovery of Charpy USE makes annealing an 
attractive measure for plant life extension, especially for so-called LUS materials. However, the 
real value of this advantage can be judged only after an extensive study of the behavior of 
materials after reirradiation. 

The value of AT41j of the Midland beltline weld after irradiation to a neutron fluence of 
1.0 x 1019 neutrons/cm* (> 1 MeV) was about 1o'C higher that the AT,. Annealing of the 
irradiated weld at 454'C for 168 h significantly recovered Charpy and fracture toughness 
transition temperatures. However, the residual or unrecovered shift of the Charpy 41-J 
transition temperature was also about 1o'C higher than the residual shift of the fracture 
toughness transition curve. 

Sets of compact specimens and Charpy specimens of Plate 02 were irradiated to different 
neutron fluences, so the comparison of Charpy and fracture toughness recovery cannot be 
performed as directly as in the case of the Midland weld. To overcome this, the Charpy T41~ 
and fracture toughness To shifts from analysis of the Fourth HSSI Irradiation Series% were fit to 
the following equation: 

nozzle course weld, irradiated to 1.0 x 10 r9 neutrons/cm* (> 1 MeV), which are identical to the 

A T = A X F ~ / ~  , 

where AT is the shift of fracture toughness T and/or Charpy Tql A is a fitting parameter, 

fracture toughness shifts due to irradiation are slightly higher than those for Charpy impact 
toughness. Annealing at 343'C for 168 h resulted in noticeable recovery of A T ~ ~ J ,  but ATo did 
not show any recovery. This could be due to different responses of Charpy and fracture 
toughness properties to low-temperature annealing and/or due to dependence of residual shift 
on neutron fluence. For a 454°C annealing temperature, the residual fracture toughness shift 
was 22'C compared with 6'C of the residual Charpy shift. The residual fracture toughness 

and F is neutron fluence (x lOI9 neutrons/cm 9 ); see Figure 9. The I ;  'rst observation is that the 
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shift was higher than ATresCV following annealing by about the same amount as AT, was 
higher than AT41 after the original irradiation. 

H S T  Plate 02 appear to be consistent. The values of residual shift in fracture toughness are 
comparable to the residual Charpy transition temperature shifts at 41 J following annealing at 
454'C, and the degree of agreement is similar to that observed when the radiation-induced 
temperature shifts are compared. 

To summarize, annealing of irradiated A 533 grade B class 1 steei (HSST Plate 02) and 
Midland beltline weld (WF-70) at 2WC was performed at 343 or W C  for 168 h to compare 
the recovery of the fracture toughness and Charpy impact properties. The Weibull statistic and 
master curve approach were applied to analyze fracture toughness properties of unirradiated, 
irradiated, and irradiated/annealed pressure vessel steels. It was concluded that the recovery 
of the Charpy USE appears to be more rapid and more extensive compared to the Charpy 
transition temperature, which suggests that there may be different mechanisms for degradation 
of these properties upon irradiation. At the annealing temperature of 4WC, the Charpy USE 
rises above the uninradiated level. This effect of over-recovery of Charpy USE makes annealing 
a very attractive measure for plant life extension, especially for so-called LUS materials. 
However, the real advantage to be gained can be judged only after an extensive study of the 
behavior of materials with reirradiation. In addition, shifts of the reference fracture toughness 
of the materials studied were slightly different from the Charpy 41-J transition temperature 
shifts. Annealing of A 533 grade B steel (Plate 02) at 343'C for 168 h did not result in any 
apparent recovery of fracture toughness reference temperature, T compared with noticeable 
fecovery of the Charpy T41~. The values of residual (unrecovere~ shift in fracture toughness 
are comparable to the residual Charpy transition temperature shifts at 41 J following annealing 
at 454T for 168 h, and the degree of agreement is similar to that observed between the 
radiation-induced ATo and AT~~J .  

The data o L tained from the annealing investigation of the Midland beltline weld and 

HEAVY-SECTION STEEL TECHNOLOGY PROGRAM 

The goal of the HSST Program is the development, validation, and application of 
technology for the assessment of fracture prevention margins in commercial RPVs. Its scope 
includes development and experimental validation of analysis methods, deveiopment of testing 
techniques and generation of materials property data, integration of analysis methods and 
materials property data, and the transfer of the results to national and international codes and 
standards bodies. The major focus of the HS!3 Program is on behavior of shallow flaws, since 
the initiation probabilities associated with these flaws under PTS loading conditions can 
strongly influence the predicted failure probabilities for W s .  Behavior of shallow flaws during 
a PTS transient would be influenced by the material and fracture properties as well as the 
mechanical interactions associated with the cladding, heat-affected zone, and the near-surface 
material. Thus, coordinated experimental and analytical studies are being conducted to 
provide a quantitative description of effects of the cladding overlay on fracture behavior of 
shallow surface flaws, including a quantitative description of cladding effects on the fracture 
behavior of shallow finite-length surface flaws in RPVs under uniaxial and biaxial loading 
conditions and a basis for improved treatment of surface-flaw geometries in fracture 
assessment procedures applied to PTS and pressure temperature (P-T) limit transients. 

Claddinz Issue 
One of several issues the HSST Program is investigating is the effect of the dad overlay 

(henceforth referred to as cladding) on the propensity for cleavage initiation of shallow flaws on 
the inner surface of clad RPVs. Shallow flaws having depths on the order of the combined 
thickness of the cladding and HAZ dominate the frequency distribution of flaws51 assumed in 



probabilistic fracture mechanics assessments of RPVs. Consequently, the initiation robabilities 

failure probabilities for RPVs. Behavior of these shallow flaws during a PTS transient clearly 
would be influenced by the material/fracture properties and mechanical interactions associated 
with the elements that comprise the cladding structure, which include the cladding, mixed-alloy 
region, HAZ, and near-surface base material. Thus, coordinated experimental and analytical 
studies are being conducted to provide a quantitative description of the effects of the cladding 
on the fracture behavior of shallow surface flaws. 

The principal function of the cladding in an RPV is to minimize the volume of corrosion 
products entering the primary system coolant. Potential benefits or liabilities of the cladding 
that relate to the structural integrity of the vessel are not considered in safety assessment 
procedures applied to RPVs. The fracture mechanics model referred to in the NRC Regulafory 
Guide 2.254 (RG 1.154) [ref. 521 for evaluating the integrity of RpVs under PTS loading 
conditions includes cladding as a discrete region only to the extent that thermal and stress 
effects are considered in the context of a linear elastic fracture mechanics (LEFM) model. 
Specifically, consideration of the clad structure is limited to incorporating the relatively lower 
thermal conductivity and the higher coefficient of thermal expansion (compared to base metal). 
The cladding and HA2 are assumed to have the same fracture toughness as that of the base 
metal. Also, all flaws are considered to be surface flaws, i.e., the flaws extend through the 
cladding to the inner surface of the vessel. 

Another important feature of the analysis model in RG 1.154 that may be impacted by 
cladding issues is the assumption that initial flaws of a depth less than 20% of wall thickness 
are infinitely long [i.e., two-dimensional (2-D)) for the purpose of calculating stress-intensity 
factors (KI). This assumption regarding 2-D initial flaws was based in part on results of 
analyses and assessments of Oak Ridge National Laboratory (ORNL) unclad thermal-shock 
experiments (TSES).~~ These results indicated that, in the absence of cladding, a semicircular 
surface flaw subjected to sufficiently severe thermal-shock loading will propagate in surface 
length to become a very long flaw. Furthermore, lateral extension of the surface flaw is 
predicted to occur before the time in the transient when a 2-D flaw of the same depth would 
initiate and propagate radially. 

associated with these flaws under PTS loading conditions can strongly influence ti! e predicted 

prior Research on C lad- 
Much attention has been focused on efforts to better understand the influence of 

cladding on RPV integrity under postulated accident and operating conditions. At laboratories 
in the United States and in Europe, numerous experimental and analytical studies have been 
conducted to examine effects of cladding on fracture behavior when considered as a structural 
element of an RPV. TSJ3 performed at ORNL with large test cylinders studied the effects of 
cladding on behavior of both surface and subclad flaws. Four experiments (TSE-8 throu -11) 
were conducted with cladding and flaws located on the inner surface of the cylinder.@ The 
thermal shock was achieved by first heating the cylinder to 93'C and then shocking the inner 
surface with liquid nitrogen at -196'C. Substantial subsurface and radial propagation of 
several flaws was observed during two of the clad cylinder experiments (i.e., TSE-8 and -12). 
In these experiments, there was no breaching of the cladding by subclad flaws or extension of 
flaws on the surface. The contour of the arrested flaw that extended from an initially semi- 
elliptical subclad flaw in TSE-8 is depicted in Figure 10. TSE-9 provided a direct comparison 
of results with the previously performed TSE-7 test>3 which had essentially the same flaw 
geometry (i.e., a 26-mm-deep semicircular surface flaw) and loading conditions, but no clad 
layer. Ln TSE-7, there were three initiation-arrest events that terminated with a final crack 
depth of 27.7 mm. By comparison, only a single event occurred in TSE-9, and the extension 
was only 6.2 nun. The presence of cladding reduced the potential for propagation of both 
throughclad surface and subclad flaws. 



Keeney-Walker et a1.55 analyzed shallow throughclad surface cracks subjected to 
'transient PTS loading conditions (from the Rancho Seco transient) using finite-element 
techniques and elastic-plastic constitutive models. Because ductile tearing is considered the 
relevant fracture mode for stainless steel RPV cladding, the JR methodology was employed to 
determine the propensity for initiation of tearing in the cladding. Data depicted in Figure I1 for 
irradiated cladding from an HSSI testing program% indicate Jic of irradiated stainless steel 
cladding is similar to that of irradiated LUS weld material. Crack-tip stress-intensity factors at 
the clad-base metal interface (Point 3) on a surface flaw are shown plotted in Figure 12. Results 
are shown for both elastic and elastic-plastic analyses of the model. The elastic-plastic solution 
shows that there is a significant reduction in stress-intensity factor at this location, due to 
substantial plastic deformation in the low-yield stress cladding. Estimated lower-bound tearing 
toughness curves for cladding, LUS weld metal, and A533 B plate material are superimposed 
on the applied K curves in Figure 12. Comparisons indicate the irradiated cladding toughness 
is suffiaently hig L that ductile tearing is unlikely to occur for the conditions assumed in ref. 55. 

fIssT C l a d d i n o ; E f f e c 3  
An important part of the HSST program is to provide (1) a quantitative description of 

cladding effects on the fracture behavior of shallow finitelength surface flaws in RPVs and 
(2) a basis for improved treatment of surface-flaw geometries in fracture assessment procedures 
applied to PTS and P-T limit transients. Within this work scope, both analytical studies and 
validation testing are being performed to resolve important cladding issues and to refine safety 
assessment procedures. 

The HSST Program has defined matrices of uniaxial and biaxial beam tests to 
investigate and quantdy the effects of the clad structure on fracture initiation toughness of 2-D 
(infinite length) and three-dimensional 3-D (finite length) throughsurface shallow flaws. The 
scope of these tests and the current status are shown in Table 1. A series of full-thickness clad 
beams57 have been tested and are currently being analyzed'to evaluate the effect of shallow 
flaw behavior, metallurgical gradients, and residual stresses on cleavage initiation toughness. 
These beam specimens (Figure 13) were cut from a shell segment of an RPV from a canceled 
nuclear plant (the plant was not put into service). As such, the material is fully prototypic of 
M33B RFV materials and fabrication processes. The beam specimens were cut from the full- 
shell thickness (approximately 230 mm) with the 2-D test flaw machined into the inside clad 
surface. Normalized flaw depths (a/W ratios) of 0.05 to 0.5 were used. The deep-flaw test 
provided the baseline for this series, while the shallow flaws were consistent with the actual 
magnitudes of shallow flaws of interest in RPV PTS assessments. Five of the specimens had the 
test flaw located in a longitudinal weld joining shell plates, while the remaining three had the 
test flaw in the base metal. All tests were performed at a normalized temperature near T-NDT 
= 25°C. A large variation in fracture toughness (Le., ranging from 225 to 437 MPadm) was 
observed in tests conducted at T = -25'C (T-NDT = 25°C) on specimens containing through- 
thickness shallow flaws (approximately 11 mm deep) located near the edge of the cladding 
HAZ in fabrication weld material. The low-toughness value represents a lower bound to 
additional shallow-flaw toughness data from A 533 B plate material58 tested at the same 
temperature referenced to the nilductility temperature (Figure 14). 

Measurements of the notch width resulting from wire electrodischar e machining of the 
clad beam specimens provided input data for residual stress analysesjg The peak stress 
values in the cladding obtained from these analyses were 74 and 87 MPa, respectively. 
However, residual stress values may be larger in the RF'V shell segment from which the clad 
beam specimens were fabricated. This is a result of removing the beam specimens from the 
restraining effects of the shell segment, which leads to a partial relaxation of residual stresses. 

The biaxial tests60 shown in Table 1 are being used to investigate the behavior of 
shallow, finite-length, throughsurface flaws where the cladding, temperature, and biaxial load 
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Fig. 10. In TSE-8, one of six 6/1 subclad flaws propagated, extended in length (subclad) 
and depth, with no penetration of the cladding. 
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Fig. 12. The applied KJ at the clad-base metal interface remains si@cantly below the 
estimated -2a tearing toughness curve for both clad- and low-uppershelf weld 
metal throughout the transient. Plasticity effects significantly reduce the magnitude of 
the applied Kj at this location (point 3). 

Fig. 13. Prototypical flaw depths, a/W ratios, and metallurgical gradients are present in the 
full-scale clad beam fracture toughness tests. 



ratio are the primary independent variables. The same source material as that used for the full- 
thickness clad beam specimens is being used here also. Figure 15 shows a schematic diagram 
of the biaxial specimen. Characterization tests showed that the weld material had a yield 
strength approximately 38% higher than the surrounding base material (599 versus 440 m a ) .  
This elevated yield stress, which is more prototypic of an irradiated material, combined with a 
general concern for the fracture behavior of RPV welds, led to a specimen design where the test 
flaw is located in the welds joining the rolled plates or the shell courses. These tests will help 
define an envelope of flaw sizes for which cleavage initiation will not be expected under severe 
PTS-type loading. Such an envelope will allow exclusion of a family of small flaws from 
probabilistic analyses, potentially contributing to a reduction in the calculated conditional 
probability of RPV failure. The specimens being tested range from medium (102 x 102 x 102- 
mm test section) to largesize beams (154 x 154 x 154-mm test section) and will be tested under 
biaxial load ratios ranging from 0:l (uniaxial) to 1:l (full biaxial). Transferability of the data 
base and methodology developed will be demonstrated through testing of a much smaller 
number of large-size biaxial beams under 0 1  and 1:l loading at a single temperature. 

Table 1. Matrices of Unclad and Clad Beam Tests Defined 
to Validate Constraint Methodologies 

~ 

Mnnber 
of tests 

Flaw type Material P- 
H S F  specimen speamen 
Task configuration size 

H2 

H2 

H3 

H3 

H3 

cruciform 

cm6fom 

Uniaxial 

Mediumb 2-W, Shallowd Heat- treatede 32 
A5338 Plate 

2-W, Shauowd Heat- Treatedc 4 
A5338 Plate 

FiniteLen* RPVfweldwith 24 
Shallow8 clad layer 

Finite-Length RPVfweldwith 4 
Shallow8 clad layer 

L a r d  

Full RPVfbase 3 
Thickness' material with 

clad layer 

OHSST = Heavy-Section Steel Technology Program. 
h o r m a ~  test section size 4 x 4 x 4 in. 
'2-D = two-dimensional. 
dUniform depth flaw, a/W = 0.1 
%eat treated to simulate irradiated material properties. 
fRPv = reactor pressure vessel. 
8Semi-elliptic, 0.05 I a/W I O . 2 5 .  
hominal test section size in range of 6 x 6 x 6 in. 
hll RPV shell thickness. 

2-W, Shallow 
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Fig, 14. The shallow-flaw fracture toughness data for A533 plate and weld material has a 
lower bound similar to that of deepflaw data, but shows an increase in both mean 
toughness and data scatter. 
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Fig. 15. Finite-length flaw specimens cut from an RPV shell segment are used to 
investigate the effect of the clad Iayer and flaw size on initiation behavior of 
prototypic RPV welds. 



Preliminary development tests of the shallow-flaw beam design have been completed. 
These preliminary tests utilized specimens machined from homogeneous plate material, ia., no 
dadding. Figure 16 shows a comparison of typical fracture surfaces from a specimen tested 
under uniaxial (01) loading with one tested under biaxial (1:l) loading. The test flaws are 
nominally 53 mm long and 20 mm deep. Characteristically, biaxial loading resulted in a shift in 
the fracture initiation site from near the deepest point to a location near Z O O  below the free 
surface. This behavior was substantiated by finite element analyses, the results of which are 
also shown in Figure 16. The maximum KI value for the uniaxial case was predicted to be at the 
dee est point of the flaw. The maximum for the biaxial case was predicted to be near the free 
sur P ace, although the calculated value at the deepest point was also very near the maximum. 
While not shown in Figure 16, it was also observed that the mean of the toughness values 
determined for these tests was approximately 60% above the mean value determined from a 
group of 1T compact tension specimens, providing further substantiation of the existence of a 
shallow-flaw effect. 

Analytical techniques incorporated into the OWL-developed FAVOR computer 
program61 were used to investigate the effects of selected features of cladding overlay models 
on fracture assessments of a representative RPV. Specific refinements were introduced into 
cladding models to take account of a low clad yield stress and a high clad ductility that 
precludes initiation in the clad layer.62 Assessments were carried out with the FAVOR code for 
axially oriented finitelength inner surface flaws with aspect ratios of 2,6, and 10, as well as for 
2-D flaws. Loading of the vessel was provided by stylized thermal transients of varying 
severity, analogous to the PTS transients utilized in PTS benchmarking exercises cosponsored 
by the NRC and the Electric Power Research Institute. For a fixed decay (cooldown) constant, 
the severity of these transients is governed by the final coolant temperature, Tf. 

The conditional probability of initiation versus Tf was computed for a reference case 
defined in terms of an ASME-based fracture toughness correlation, an LEFM model, dadding 
toughness equal to that of base metal, and a 2-D flaw assumption (curve 1 in Figure 17). Each 
of the latter elements was changed separately in the model to determine the corresponding 
change in conditional probability of initiation for PTS transients of varying severity (all 
modified cases assumed a semicircular flaw). Fracture toughness correlations based on uniaxial 
(ref. 58 and Figure 14) and biaxial60 shallow-flaw toughness data sets were considered, in 
addition to the ASME-based correlations. The combined effects of clad yielding and clad 
toughness properties provided a decrease in initiation probabilities of one order of magnitude 
for a semicircular flaw over the range of final coolant temperatures (curve 2 in Figure 17). When 
a uniaxial shallow-flaw toughness correlation is adjusted for biaxial effects, the resultant 
correlation provides initiation probabilities that are at least an order of magnitude lower than 
those obtained from the ASME-based correlation (curve 3 in Figure 17). The combined-effects 
model that includes both the cladding properties and the biaxial shallow-flaw toughness 
correlation gave the maximum reduction of approximately two orders of magnitude from the 
LEM-ASME-based correlation ( m e  4 in Figure. 17). 

Interim conclusions based on current cladding-effects research include the following. 
Shallow surface flaws in the near-HA2 region produced both the minimum fracture toughness 
and substantial data scatter in tests of full-scale clad single-edge, notched-beam specimens. 
Analyses of measured data obtained from wire electrodischarge machining notch widths in full- 
thickness clad beams indicated peak residual stresses in the cladding of 87 MPa. In-process 
testing of clad-cruciform specimens with finite-length surface flaws will provide data to define 
a flaw-geometry /transient-severity envelope within which no crack initiation is predicted. 
Lastly, inclusion of clad mechanical and fracture toughness properties in a PTS analysis has the 
potential to reduce the conditional probability of crack initiation from finite-length surface 
flaws by approximately one order of magnitude. 



--- 

Fig. 16. Examination of fracture surfaces from finite-length flaw specimens verifies pre-test 
predictions of the effect of biaxial loading on initiation site location 
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Fig. 17. The conditional probability of crack initiation from semicircular surface flaws 
decreases by approximately an order of magnitude when clad yield and fracture 
toughness properties are included in a PTS analysis. 



SUMMARY 

Results from the ORNL RPV integrity studies provide information needed to aid in 
resolving major regulatory issues facing the USNRC that involve RFV integrity issues. These 
issues indude PTS, operating P-T limits, low-temperature overpressurization, the specialized 
problems associated with LUS welds, and the transfer of data from small-scale surveillance 
specimens to application in RPV structural integrity assessments. 
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