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ABSTRACT

The Argentina Nuclear Regulatory Authority (ARN) requested that Oak Ridge National
Laboratory (ORNL) review and evaluate the reactor pressure vessel (RPV) surveillance
data related to the Atucha-I Nuclear Power Plant (NPP), located in the Province of
Buenos Aires, Argentina. Atucha-I NPP was the first plant to generate nuclear power in
Latin America. The issues regarding the validity of Atucha-I surveillance data and
Framatome VAK accelerated surveillance data as applied to the RPV integrity study were
investigated. The primary purpose of this report is to provide ARN with an independent
interpretation of the Atucha-I surveillance data with respect to U.S. nuclear codes and
standards. Another important purpose was to provide an independent evaluation of
neutron dose rate and spectra effect in regard to the RPV radiation embrittlement data.

The evaluation concluded that the surveillance program data Sets #1& #2 are not
adequate for a lifetime estimate of Atucha-I RPV, due to extremely high thermal-
(E<0.4eV) to fast-neutron (E>1MeV) fluence ratio at surveillance capsule position, about
1000:1, compared to that at the RPV inner wall position, about 10:1. The surrogate data
from the VAK surveillance program data, which has thermal- to fast-neutron ratio around
4:1 and has slightly harder spectrum compared to that at Atucha-I RPV inner wall
position, can be applied to Atucha-I RPV surveillance. However, due to the extreme low
embrittlement rate of VAK data compared to that of the U.S. power reactor data, further
validation of the VAK accelerated data is required before it can be used for a lifetime
estimate of Atucha-I. Two key issues must be addressed by the German vendor to explain
the low embrittlement observed in the VAK surrogate data, namely, the irradiation
temperature of VAK capsules and the related dose-rate effect. Furthermore, evidence of
a neutron dose-rate effect are identified from the U.S. power reactor surveillance
embrittlement database (PR-EDB) and material test reactor database (TR-EDB) for this
study. The dose-rate effect and neutron spectra effect, and their implications to the
radiation embrittlement of the Atucha-I surveillance program, are also discussed.

Two suggestions are proposed to evaluate the lifetime of Atucha-I RPV.

1. Use VAK data based on its validation from the German vendor. A designated safety
margin of the estimated radiation damage index will be required to cover the
uncertainty due to the dose-rate effect and spectrum effect.

2. Use PR-EDB forging data that have similar chemistry compositions as that of
Atucha-I beltline materials to develop an RPV embrittlement model that takes into
account the neutron spectrum effect and can be used for a lifetime estimate of
Atucha-I RPV.
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1. INTRODUCTION

The Argentina Nuclear Regulatory Authority (ARN) requested that Oak Ridge National
Laboratory (ORNL) review and evaluate the reactor pressure vessel (RPV) surveillance
data for the Atucha-I Nuclear Power Plant (NPP). This ORNL and ARN collaborative
research program “Reactor Pressure Vessel Embrittlement of Atucha-1,” was carried out
as part of the Reactor Safety activity sponsored by DOE.

The aging and degradation of light-water reactor (LWR) pressure vessels is of particular
concern because of their relevance to plant safety and the magnitude of the expected
irradiation embrittlement. Ferritic reactor pressure vessel materials undergo a transition
in fracture behavior from ductile to brittle at a low temperature, usually below room
temperature. Neutron irradiation to fluence above about 5x10'” n/cm? causes an upward
shift in this ductile-to-brittle transition temperature (DBTT) and a drop in the toughness
of RPV steels. Charpy V-notch tests are conducted in the nuclear industry to monitor
changes in the fracture behavior during irradiation. The nuclear industry indexes the
DBTT at 30 ft-Ibs (41J) of absorbed energy and the shift in the DBTT is referred as ATsy.
The failure of an RPV due to embrittlement by neutron irradiation could lead to a loss of
coolant and a rapid core meltdown generating high pressure and temperature loading,
possibly above those for which containments are designed. The radiation embrittlement
of RPV materials depends on many different factors such as neutron flux, fluence,
fluence spectrum, irradiation temperature, pre-irradiation material history and its
chemical compositions [1, 2]. These factors must be considered in order to reliably
predict the pressure-vessel embrittlement and to ensure the safe operation of the reactor.
To provide a comprehensive basis for cataloging and understanding radiation
embrittlement of RPVs two embrittlement data bases, one for power reactor surveillance
data (PR-EDB) and the other for test reactor experiments (TR-EDB) have been
established. Assessment of new data in terms of the EDBs can be used to determine the
validity of the data and to predict a safe lifetime for a vessel. Based on embrittlement
predictions, decisions can be made concerning operating parameters, low-leakage-fuel
management, possible life extension, and the need for annealing of the pressure vessel
[3]. Large amounts of data obtained from surveillance capsules and test reactor
experiments are needed, comprising many different materials and different irradiation
conditions, to develop generally applicable damage prediction models that can be used
for industry standards and regulatory guides.

This study’s purpose is to provide ARN an independent analysis of the Atucha-I RPV
surveillance data with respect to U.S. nuclear codes and surveillance data. Another
important purpose was to provide an independent evaluation of the neutron dose-rate
effect and neutron spectrum effect on RPV embrittlement. The scope of the review
encompasses the following elements.

1. Assessment of the surveillance data with respect to U.S. Nuclear Regulatory
Commission (NRC) Regulatory Guide, Rev. 2.

2. Comparison of the surveillance data with U.S. results for similar materials.

3. Assessment of neutron spectrum effect on RPV embrittlement.



4. Assessment of the effects of dose-rate and irradiation temperature on RPV
embrittlement.

2.  BACKGROUND OF ATUCHA-I SURVEILLANCE PROGRAM

Atucha-I NPP is located in Lima, some 100 km northwest of Buenos Aires. With a net
electric power capacity of 335 MW, Atucha-I began its commercial operation in 1974. It
was the first nuclear power plant in Latin America [4]. The main builder and designer of
Atucha-I NPP was Siemens-KWU AG. The reactor is a pressurized heavy water reactor
(PHWR). According to the original design, Atucha-I is fueled with natural uranium
(0.72%), but fuel elements of a new design have been incorporated. These have slightly
enriched uranium (0.85% U-235), so that the reactor core is now partly loaded with
slightly enriched fuel, and partly with natural uranium fuel. The reactor is moderated and
cooled with heavy water. The reactor core contains 252 cooling channels. It is inside
these channels that fuel elements are lodged. Refueling is performed during normal
operation at an average of 1.2 fuel elements per day at full power, so the top of the RPV
has not been removed since its inception. Thus, the interior RPV components have never
been examined. Nucleoelectrica Argentina S.A. (NASA) is in charge of the production of
the electrical energy produced by nuclear power plants Atucha-I and Embalse and of the
construction of Atucha-II which is about 81% completed. The Atucha-I Surveillance
Program is briefly described below.

2.1 RPYV Surveillance Program of Atucha-I NPP

The RPV of Atucha-I NPP has a height of 12.0 m (472 in.) and inner diameter of 5.36 m
(211 in.). Its wall thickness in the beltline region is 220 mm (8.66 in.). The base material
of the RPV is DIN 22 NiMoCr 37 (similar to ASTM A508 Class 2 forging) with a 5-mm
thick cladding of stainless steel DIN X5 CrNiNb 19/9 at the inner wall. The temperature
of the cooling fluid is 260°C in the inlet nozzle and 320°C in the outlet nozzle. The
surveillance capsules are located in the coolant channels below the reactor core. Figure 1
shows a schematic diagram of the Atucha-I RPV design.

In 1968 the Atomic Energy Commission of Argentina (CNEA) asked Siemens AG to
carry out an RPV surveillance program [5]. At that time, Siemens AG did not consider it
necessary to implement a surveillance program since the postulated RPV brittle fracture
condition would not be reached for 32 effective full-power years (EFPY) of operation.
However, due to continuing requests from CNEA, Siemens AG offered a surveillance
program in 1974 that included tensile, Charpy impact, and 1X-WOL specimens made of
base, weld and heat-affected zone materials. The program included 30 irradiation
capsules located under the core in the lower part of some of the fuel channels. In 1980 the
first set of 15 capsules was withdrawn and the irradiated specimens were analyzed and
tested by the designer. At the same time, 10 capsules containing specimens of the same
type but made of A508 cl.3 (normalized material of Japan forging) were also installed.
The purpose of the additional surveillance data was to correlate the irradiation of Atucha-
I material with the reference material. The inclusion of these new specimens in the
surveillance program was
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the spectrum effect, such as damage efficiency of thermal neutrons, etc., before it can be
directly applied to the RPV surveillance program.

2.2 Results from Set 1 of the Atucha-I Surveillance Program

The tests performed by Siemens AG on baseline and irradiated specimens from the
capsules withdrawn in 1980 [6] had the following results, where base material is
determined as the limiting material:

1. The unirradiated RTnpr for the base material was determined to be 10°C, which is
different from the 1968 Siemens AG’s evaluation of RTnpr, which gave -12°C.
2. The transition temperature shift at 41 Joule, ATyyj, is 91°C at 32 EFPY.

The adjusted RTxpr (ART) at 32 EFPY are estimated as 101°C and 79°C for RTxpr
values evaluated in 1980 and 1968, respectively. However, both the ART values exceed
the admissible value of RTnpr = 32°C from the analysis of a loss of coolant accident
(LOCA) initiated by a small break in a primary circuit pipe. Therefore, it was decided to
develop a new surveillance program.



2.3 VAK Surveillance Program

CNEA and the Siemens AG agreed to carry out a new program of tests that included a set
of specimens irradiated at 265°C in the VAK reactor, a BWR experimental reactor of

16 MW(e) located in Kahl, Germany [7]. It was also agreed the damage function dpa
would be used because it was able to account for the difference in the energy spectrum.
However, it is important to emphasize that an accurate calculation of dpa requires a
detailed and accurate neutron flux calculation especially in the range of thermal energies.

The estimated values of the brittle-ductile transition temperature shift, AT4;;, for the
irradiated material were 91 °C for the first set of capsules and 67°C for VAK. Both
results correspond to 32 EFPY, a fast fluence of 1.28 x 10 n /cm? (E >1 MeV) at the
beltline on the inner wall of Atucha-I RPV, which corresponds to 3.8 x 107 dpa.

Attention was focused on the fluence rate effect for the VAK accelerated surveillance
data. According to the results obtained later, under research agreements between CNEA
and IAEA, it was concluded that the VAK results (obtained with a lead factor of ~110)
might not represent a conservative estimate for the transition temperature shift, AT4;5, of
Atucha-I at 32 EFPY.

2.4 Fracture Toughness Approach for Improving Reference Temperature (RTxpr)

Siemens AG also used fracture toughness data to improve the estimate of the nil ductility
reference temperature, RTnpr. Six unirradiated 1T-CT specimens were tested; a reference
temperature RTxprkic) = - 32 °C was determined.

Finally, according to the analysis performed by Siemens AG in 1985, the reference
temperature RTnpr = - 32°C was added to the brittle-ductile transition temperature shift
AT41; =+ 67°C, obtained from the VAK irradiation program, resulting in a maximum
reference adjusted temperature of ART =+ 35°C for the RPV material at 32 EFPY.

At the same time the value of RTjimrpy = + 32°C for the RPV limiting permissible
temperature obtained in 1983 was improved. The curve Kjc from the ASME code was
used and a new value of + 36°C was obtained which means there is only a margin of
1°C after 32 EFPY. All of this implies that in the event of the considered loss of coolant
accident (LOCA) taking place close to the end of the reactor lifetime the temperature of
the material would be only one degree below the brittle-ductile transition temperature.

2.5 Results from Set 2 of the Atucha-I Surveillance Program

During 1987 the 2nd set of Atucha-I surveillance capsules was withdrawn. Set 2 was
examined by CNEA and the mechanical tests were completed in 1993 [8]. The results
confirmed the trend observed with Set 1. The same objections as those made at the time
of the analysis of Set 1 are also valid for Set 2. The final report on the Atucha-I
surveillance program, issued at the end of 1993, recommended accepting the validity of
the complementary program performed by Siemens AG in the VAK reactor and with
additional guidelines to reduce the program uncertainties.



2.6 Improved Fluence Evaluation of the Atucha-I EX-Vessel Dosimetry Program

Due to the physical constraints of the Atucha-I RPV design, the in-vessel surveillance
capsules are located in positions where environmental conditions are substantially
different from those at the RPV inner wall. Consequently, uncertainties in the RPV
surveillance program increase, emphasizing the necessity for comprehensive ex-vessel
dosimetry. As a continuation of the surveillance program efforts started in 1994, the ex-
vessel dosimetry experiment was reevaluated [9]. Three sets of activation dosimeters
were attached to the outer wall of the Atucha-I reactor pressure vessel at a different
azimuthal position in an axial level very near to the core mid-height. In 1996,
experimental data were used to consolidate the calculated spectrum at the outer wall of
Atucha-I RPV. From this work, an improved reevaluation of the spectrum was obtained
based on up-to-date neutron transport and adjustment codes. Nevertheless, some
inconsistencies remain unresolved, mainly, the fast energy region. Several possible
causes for these inconsistencies in the Calculated/Measured (C/M) values were
investigated.

2.7 Atucha-I Surveillance Status and Future Recommendation

During the 2002 Atucha-I Workshop, the available documentation and presentation
materials of the Atucha-I Surveillance Program were reviewed by the foreign team ,
which included Dr. Elisabeth Keim (Framatome), Dr. Jy-An John Wang (ORNL), Dr.
Uwe Jendrich, (GRS), and Dr. Kim Wallin (VTT). The summary statement on the status
and recommendations prepared for the Atucha-I Surveillance Program is stated below.

2.7.1 Status

Neutronic analysis:

e The new 3D TORT code plus updated cross-section library BUGLE 96, calculations
are already quite good, but discrepancies related to copper and iron dosimeters still
need to be examined. Due to the use of cavity dosimetry the uncertainty of the best
fluence estimate is approximately 20-30%.

e The neutronic analysis of the VAK irradiation is not presently updated to the new
standard procedures used in Atucha-I1 RPV fluence evaluation.

Initial material properties.

e The original vendor’s data regarding the Atucha-I RPV are not included in the
document list. The existing data show that the critical material in the Atucha-I RPV is
the base material.

e The 1980 value of RTxpr (+10°C) is overly conservative compared to newer, more
advanced definitions of transition temperature.

e The uncertainty in the transition temperature, defined as RTkjc, is a function of the
number of tests. Being a lower bound fit, the parameter is strongly affected by
statistical sampling.



The Master Curve based RTry is basically equivalent to RTkic, but since it is based on
a mean fit to the data it is less affected by statistical sampling. This definition of
transition temperature shows the smallest uncertainty.

The Master Curve data generated by CNEA with 1010 mm bend specimens and

25 mm CT specimens is consistent with the previous data generated by Siemens. This
implies that the 41.1 forging is homogeneous from a fracture toughness point of view.
Since highly constrained bend specimens have been used no additional margins to the
transition temperature of -27.2°C are required.

The T4y values for the initial forging 31.3 indicate only a small difference between L-
T and T-L orientation. For the forging 41.1 there are two conflicting data sets for
orientation L-T. One data set indicates a significant difference between L-T and T-L
orientation while the other set does not.

Irradiated material properties:

The surveillance data is clearly affected by a high thermal/fast neutron ratio, which
makes the test results overly conservative as compared to that of U.S. RPV
surveillance data and it cannot be used directly for the safety assessment. More
detailed investigation needs to be carried out for Atucha-I surveillance data.

Based on present knowledge, the VAK irradiation seems to have similar irradiation
conditions as the Atucha-I RPV with the exception of high lead factor (=100). The
general view is that flux rate effects are small. However, this has not been
demonstrated for this material and these irradiation conditions.

Due to the conflicting T4y values for the initial forging 41.1, there is some
uncertainty regarding the shift of 67°C determined in VAK. A reevaluation of the
Charpy v-notch (CVN) data could decrease this shift. The use of transition shift based
on CVN in combination of RTry for the initial values may require the use of a
comparatively large safety margin to compensate for the generally observed
uncertainty in CVN versus fracture toughness shifts.

No fracture toughness values for the VAK irradiation are available.

2.7.2 Recommendations for Current Issues

Neutronic analysis:

An in-vessel dosimetry program should be considered since this can help reduce the
uncertainties in the fluence estimates to or by 10-15%. This exercise will also help the
assessment of how representative the VAK data is.

Method and codes applied for fluence calculations should be consistent with the
current state-of-the art methods.

Update the VAK fluence estimation to the new standard procedures used in the
Atucha-I RPV.

Initial material properties.:




e The original vendor data regarding the Atucha-I RPV and all other relevant data
should be collected and reanalyzed to better describe the material’s homogeneity. The
chemistry variability in the materials used should also be checked.

e Since the T4;; values for the initial state of both forgings 31.3 and 41.1 (including the
new results by CNEA) produce similar values, the criticality of forging 31.3 should
be examined in more detail. The recommendation is to generate RTr estimates for
the initial state of forging 31.3 also. The weld should also be tested to confirm that the
forging is the limiting material. The orientation should be T-L since this is generally
considered to be the more critical orientation.

Irradiated material properties:

e The representation of the VAK irradiation has to be demonstrated both with respect to
spectrum differences and dose-rate effect. Any required safety margins due to these
differences must be defined. This demonstration and definition of possible safety
margins should be based on Siemens data from VAK and other databases on forgings
like USA BWR surveillance data and [AEA. The demonstration must either show that
the effects on toughness are smaller than the experimental uncertainty or quantify the
magnitude of the differences.

e Determine the RTtg for the materials irradiated in VAK. Both fluences and both
forgings (31.3 and 41.1) should be tested. The need to test the weld material depends
on the outcome of the initial property investigation. If the T, for the weld is lower
than for the forgings, the weld need not be tested. A sufficient number of specimens
should be tested to minimize the uncertainty in the RTr, estimate, usually 12—15
specimens for each material.

2.7.3 Recommendations for Future Issues and Life Extension

In case the proposed measures regarding the material investigations and dosimetry are
unable to ensure safe operation until the designed end of life, the focus should be directed
towards the mitigation of the maximum loading and more detailed structural integrity
analysis. This includes the improvement of flaw detectability and sizing by NDE to
decrease the uncertainty in the possible flaw size.

New irradiation program

Life extension beyond present end of life fluence requires a new irradiation program.
Preferably this program should be based on irradiations in the Atucha-I RPV, if the
proper irradiation conditions can be achieved. The lead factor should not be greater than
10. The maximum lead factor depends on the results from the evaluation of the VAK
data. Other options are irradiations in either LWR surveillance positions or test reactors,
where the proper irradiation temperature and spectrum can be obtained. The test program
should include fracture toughness and tensile specimens. The irradiation capsules must
include a verified dosimetry program and temperature measurement.



3. COMPARISON OF ATUCHA-I SURVEILLANCE WITH POWER
REACTOR DATABASE (PR-EDB) AND TEST REACTOR DATABASE
(TR-EDB)

Research laboratories and nuclear industries in many countries are actively involved in
assessing the effects of nuclear radiation on the properties of pressure vessel steels.
Results have been obtained in many cases under different test conditions for different
types of steels and with the use of different samples. The power reactor database (PR-
EDB) and test reactor database (TR-EDB) which were developed and are maintained at
ORNL [10-12] are very comprehensive collections.

For U.S. commercial nuclear-power reactor surveillance data, the current version of PR-
EDB contains the Charpy test data from 271 capsules in 101 reactors and consists of 222
data points of heat-affected-zone (HAZ) materials (102 different HAZ), 246 data points
for weld materials (110 different welds), and 561 data points from base materials. The
561 data points for base materials include 321 for plates (103 different plates), 125 for
forgings (35 different forgings), and 115 for standard reference plate materials (SRM).
For TR-EDB, information is available for 1308 different irradiated sets (352 from plates,
186 from forgings, 303 from SRM, 396 from welds, and 71 from HAZs) and 268
different irradiated plus annealed data sets (89 from plates, 4 from forgings, 11 from
SRM, and 164 from weld materials).

The ductile-to-brittle transition temperature shift at the 30 ft-1b energy level obtained
from Charpy impact tests was used as the primary index for RPV embrittlement in the
current study.

3.1 Background of U.S. NRC Regulatory Guide 1.99, Rev. 2

Revision 2 of Regulatory Guide 1.99 (RG1.99/R2) [13] was published in May 1988
following a period of public comment. A detailed description of the data and analysis
upon which the Guide is based can be found in “Basis for Revision 2 of U.S. NRC
Regulatory Guide 1.99” [14]. The analyses that resulted in the predictive equation
contained in the Guide were performed by G. L. Guthrie [15] and G. R. Odette [16]. Only
commercial power reactor surveillance data were used in the analysis. The development
of RG1.99/R2 resulted in the establishment of two methods, designated regulatory
positions, for determining the adjusted reference temperature (ART) for a given material.
The ART for each material in the beltline is given by the following expression:

ART = Initial RTNDT + ARTNDT + Margin,

Where initial RTnpr is the reference temperature for the unirradiated material and
ARTxpr is the mean value of the adjustment in reference temperature caused by
radiation. The first method (Regulatory Position 1) is a calculative procedure based on

the copper and nickel contents and the fast neutron fluence. The ARTxpt should be
calculated as follows:

where CF (°F) is the chemistry factor, a function of copper and nickel content,
determined separately for welds and base metals, and f (in unit 10" n/cm?, E>1MeV) is



the neutron fast fluence. Margin is the quantity (°F) that is added to obtain conservative,
upper-bound values of ART and is calculated as follows:

Margin =2 \/(012 + GAZ),

Where, o is the standard deviation for the initial RTnpt and is usually assumed to be
equal to zero in the U.S. (except when generic data are used); G, is the standard deviation
for ARTxpr and is 28°F for welds and 17°F for base metal. The Guide specifies that o
need not exceed 0.5 times the mean value of the ARTypr.

The second method (Regulatory Position 2) for determining ART is through the use of
Charpy surveillance data. If two or more credible surveillance data sets are available for
the reactor, the Guide presents a method by which one develops a relationship of ARTnpr
to fluence for the reactor. Regulatory Position 2 describes a procedure in which the same
equation for ARTxpris to be used with the fluence factor retained, but the effective value
of the chemistry factor is determined by the plant surveillance data.

3.2 Atucha-I Surveillance Results

The chemical compositions of Atucha-I RPV surveillance materials are listed in Table 1.

Table 1a—DBase Steel: 22 NiMoCr 37, forging material

Material C Si Mn P S Cr | Mo | Ni Cu

GW 313 0.1910.21 | 0.69 | 0.009 | 0.012 | 0.41 | 0.63|0.81 | 0.12

GW 41.1 0.2210.26]0.75 |0.016 | 0.010|0.40 |0.65]0.82|0.14
Table 1b—Weld material:

Material C Si | Mn P S Cr Mo | Ni Cu
SG 0.09 | 0.18 | 1.84 | 0.009 | 0.017 | 0.10 | 0.55 | 0.08 | 0.08
Table 1c—ITAEA JF forging material
Material C Si | Mn P S Cr Mo Ni Cu
IAEA JF 0.18 1 0.26 | 1.34 | 0.007 | 0.005 | 0.11 | 0.50 |0.77 | 0.04

Based on the thermal monitors in Atucha-I surveillance capsules, the capsule
temperatures of Atucha-I Set #1 and Set #2 data are between 271°C (520°F) and 290°C
(554°F). This temperature range is consistent with that of the RG1.99/R2’s temperature
ranges, thus no temperature adjustment was considered in comparison to U.S. power
reactor data. Based on RG1.99/R2, the mean chemistry factor for GW31.3 and GW41.1
of Atucha-I surveillance materials is 100°F per unit fluence, where forging is considered
to be the critical material for Atucha-I RPV embrittlement.

3.1.1 Atucha-I Surveillance Set #1 and Set #2 data

Set #1 and Set #2 of Atucha-I surveillance forging materials, shown in Figs. 2-3, show a
consistent trend. The fitting methods used to develop trend curves are also described in
the legend. The U.S. power reactor data for A5082 forging materials with copper content
between 0.10 to 0.15 wt% and nickel content within 0.70 to 0.90 wt% are also included in
the plots for comparison purposes. Figure 3 also provides RG1.99/R2’s trend curve and




two sigma bounds. The trend curve for Atucha-I surveillance data appears to indicate
accelerated embrittlement compared to the U.S. power reactor trend curve. The transition
temperature shift of Atucha-I surveillance data is much higher than the predicted values
from RG1.99/R2, while most of the PR-EDB data are within the Guide’s bounds as
shown in Fig. 3. The main reason for this accelerated embrittlement is attributed to the
neutron spectrum effect of Atucha-I surveillance capsules as compared to that of U.S.
power reactor surveillance capsules. The ratio of the thermal neutrons to fast neutrons for
the Atucha-I surveillance capsule positions is about 1000:1, while that for U.S. power
reactors is around 1:1.
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Figure 2. Comparison of Atucha-I surveillance data and PR-EDB forging.
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Figure 3. Comparison of Atucha-I surveillance data and RG1.99/R2.
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3.1.2 TAEA JF Material Surveillance for Atucha-I Set # 3, CRP-1I and VAK

Figure 4 shows the Atucha-I Set #3 surveillance data of IAEA JF material compared to
those of the ITAEA CRP-II Program and VAK using the fast fluence and dpa as
correlation indices. The CRP-II JF data were irradiated in 6 material test reactors,
including the United Kingdom’s Herald, U.S. UBR, Japan’s JMTR, and Germany’s

FRIJ [17]. The irradiation temperature of CRP-II data are about 290°C with an uncertainty
of 10°C, whereas the Atucha-I Set #3 and VAK data are around 277°C to 286°C . Based
on past experience, for base metal a 0.61°F/°F adjustment for shift data is needed for
irradiation temperature variance [ 18]; thus, with about 18°F variance compared to
Atucha-I data, CRP-II data were adjusted with 11°F increase in shift value. In Fig. 4a,
Atucha-I’s JF data also show accelerated embrittlement compared to the CRP-II data.

CRP-Il IAEA JF Material Transition Temperature Shift
350
E s
300 =
£ P
250 - -
g T
200 —
150
|_
§ 100 - 4 S
-] <© E >
g 50 | o
<o
F (o] —t
1.0E+18 1.0E+19 1.0E+20
Fast Fluence, E>1MeV [n/cn?]
‘ < IAEA o VAK A Atucha-| == = Pow er (Atucha-Il) Pow er (all) ‘

Figure 4a. JF irradiated data from IAEA CRP-II and Atucha-I
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Figure 4b. Atucha-I and CRP-II JF shift data vs. dpa.

Furthermore, the difference of embrittlement trend between Atucha-I and CRP-II data
seems to be much larger than that of Atucha-I and U.S. Power Reactor data shown in
Fig. 2. This may indicate that using accelerated test reactor irradiation data to simulate
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Atucha-I data may be relatively non conservative compared to using power reactor data.
In order to take into account the contribution of the lower part of the neutron energy
spectrum to Atucha-I data, total dpa is used as the damage correlation index in Fig. 4b.
This appears to reduce the degree of the embrittlement acceleration; but the higher
embrittlement rate of Atucha-I shift data can still be observed. This may be the result of
damage efficiency and will be discussed in the next section.

4. SPECTRUM EFFECTS AND DAMAGE EFFICIENCY
4.1 Radiation Embrittlement Correlation Index

Meaningful comparison of mechanical property changes of materials irradiated in
different neutron environments requires a damage correlation parameter that accounts for
the effects of the spectrum of neutron energies in the materials. Comparing property
changes on the basis of the measured fast neutron fluence (e.g., E> 1 MeV) only
recognizes that more defects per neutron are produced by higher energy neutrons. How
well this works depends on the neutron spectra involved. Clearly, damage in a largely
thermal neutron spectrum, which can produce recoil atoms through thermal neutron-
gamma capture reactions, is poorly represented by the fast neutron flux [19]. Therefore,
the outcome of using fast neutrons as the primary index for comparing RPV
embrittlement from high thermal-to-fast neutron ratio environments will be misleading as
demonstrated in Atucha-I surveillance data.

Dpa is widely used as an exposure index and as a correlation parameter [20, 21]. Itis a
measure of the average number of times an atom of the material is displaced from a stable
defect position during an irradiation, and it takes into account the energy lost to inelastic
processes that cannot produce displacement damage. The displacement cross section can
be calculated for a given neutron spectrum and material. Calculation of dpa requires a
neutron spectrum, a set of neutron reaction cross sections, a model of the kinematics of
the reactions that produce primary atomic recoils, a model for the dissipation of the
primary recoil energy as electronic excitation and damage energy, and a model for the
conversion of damage energy into dpa.

4.2 Residual Defects and Damage Efficiency

It is generally accepted that radiation-induced hardening and embrittlement in metals are
partially caused by clusters of vacancies and interstitials atoms and solute atoms that
impede the motion of slip dislocations. The degree of embrittlement is conventionally
correlated with fast-neutron fluence or with total displacements per atom (dpa), which are
measures of the production rate of point defects. However, radiation effects such as
swelling, solute segregation, and embrittlement, are driven not by the total atoms
displaced but by the small fraction of point defects that avoid annihilation by mutual
recombination and are available to form clusters or to diffuse to sinks [22—25]. In short,
radiation effects are determined by the survival rate of point defects, not by their
production rate. It follows that the rate of development of radiation effects under different
irradiation conditions will not necessarily scale with fast fluence or with dpa unless the
survival rate of point defects for each different irradiation also scales with the production
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rate. Therefore, dpa is a measure of the potential to create point defects. It is not equal to
the actual number of residual point defects. The actual number of point defects present
in a material depends on the temperature and sink density, and the material’s history,
including the neutron fluence. It also depends on the number of defects produced during
primary damage production in the recoil events, which is dependent on the recoil energy
[26-29].

Within a collision cascade created through high-energy recoil, a significant fraction of
initially produced point-defect pairs (Frenkel pairs of vacant sites and self-interstitial
atoms, referred to here as “vacancies” and “interstitials”’) will recombine as the locally
high energy density in the cascade region dissipates. Of the remaining defects, many
form clusters (the stability of which depends on the crystal temperature), while a small
fraction escapes the cascade region, becoming freely migrating defects. The fractions of
initially produced defects that recombine or become freely migrating defects are constant
above a minimum recoil energy (on the order of 10 KeV). At the other end of the energy
scale, low-energy recoils create only a few isolated defect pairs with little clustering;
nearly all the defects produced become freely migrating defects. Thus, the efficiency of
production of residual point defects relative to calculated dpa values is a function of
recoil energy; the efficiency decreases with increasing neutron energy and becomes
constant at higher energies.

Generally speaking, dpa is a good first approximation for the correlation of radiation
embrittlement for a flux consisting mainly of fast neutrons. The differences in pka (or
recoil atom) spectra from various hard neutron spectra are not expected to strongly affect
the point defect availability factor. However, additional modification should be
considered for those spectra having a high thermal-to-fast neutron ratio, or displacement
damage energy deposited by thermal neutrons within an order of magnitude of that
deposited by fast neutrons. Especially where the material temperature is low, it would be
prudent to analyze the point defects availability factor. The reason for the large difference
presented in Fig. 4b among the embrittlement trend curves may be mainly due to a high
thermal neutron flux existing at the Atucha-I surveillance capsule position and possible
gamma dpa effects as identified in HFIR accelerated embrittlement phenomena [30].

Therefore, one can conclude that dpa can be an effective damage correlation parameter
for irradiation in different neutron environments only if the property change of interest is
influenced by a quantity that is proportional to dpa. Proportionality of the damage to dpa
can be influenced by the rate of damage production as well as the spectrum. Since
environments with different neutron spectra usually have different damage rates, failure
to correlate data on the basis of dpa has often been attributed to rate effects. The rate
effect will be further investigated in the dose-rate section.
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5.  SURROGATE GERMAN VAK DATA FOR ATUCHA-I RPV
SURVEILLANCE

5.1 The VAK Reactor

From 1975 to 1984, Siemens KWU used the VAK reactor as an irradiation facility. The
VAK reactor, now out of operation, was a small experimental boiling water reactor with
an electric power production of 15 MW. The neutron spectrum is comparable to the other
Siemens KWU PWRs, but at the capsule position, the neutron flux density was higher
than at the surveillance position of power reactors. o
The VAK RPV had three irradiation positions (90°, . \ Z
180°, and 270°). The VAK was capable of

irradiating large capsules with a square area of 100
mmx 146.5 mm. The VAK RPV capsules are o
located at the core edge as shown in Fig. 5. 1

o
|

In order to validate the VAK surrogate data for
Atucha-I RPV surveillance, the detailed neutron
flux of the VAK surveillance capsule and Atucha-I _
RPV wall position were investigated by both _ Dopest 1
Seimens and CNEA.

Cansule

‘Figure 5. VAK capsule Ipositions.

5.2 Radiation Environment of VAK Surveillance Capsules

The VAK capsules are located inside the core shroud and have a fast-neutron (E >
1MeV) flux-density of about 1E12 n/cm?s. Table 2 shows the lead factor of the VAK
surveillance position in comparison to the Atucha-I RPV inner-wall position [7].

Table 2—Lead factors of VAK surveillance capsules compared to Atucha-1 RPV

Energy range Atucha-I RPV | VAK capsule
E>1 MeV 1 174
0.1 MeV <E< 1 MeV 1 103
0.4 eV <E<0.1 MeV 1 27
E <0.4eV 1 62

Table 2 clearly shows the spectrum difference between VAK and Atucha-I RPV due to
different lead factors for the four different energy ranges.

Spectral differences are also clearly seen by comparing the neutron spectrum in three
surveillance positions: the Atucha-I surveillance capsule position at channel E8, the inner
surface (IS) of the Atucha-I RPV wall, and VAK surveillance capsule position, Fig. 5.
Preliminary neutron transport calculations were carried out in 1981 with the P;Sg
approximation using the discrete-ordinate transport-code DOT 3.5, and the cross section
library in the 53 energy-group structure derived from VITAMIN-C. The analysis of these
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results in the usual four energy-group structure shows that neutrons in the last group,
E < 0.4 eV, contribute 97% of the total flux at the surveillance positions (see E8 in Fig. 6)
which is based on input from M. Caro [31] of CNEA. The spectral composition at CNA-
I’s inner wall (IS) is substantially different. The thermal group contribution to the total
flux is about 27%. Neutrons with energies above 0.1 MeV contribute 8% to the total flux
at IS. Figure 6 also shows that the neutron spectrum at VAK is harder than that of the
CNA-1 RPV inner wall, i.e. 22% of the neutrons have energies E > 0.1 MeV.
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01 MeV <E<0.1 MeV
HO0.1MeV<E<04eV
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E8: CNA-1 IS: CNA-1 BA1: VAK

Figure 6. Flux ratio per four energy-group flux for E8, IS and VAK.

Due to the large spectral differences at these three positions, dpa was used as a measure
of neutron exposure. The normalized dpa-rate spectra are shown in Fig. 7 and as grouped
percentages of total dpa in Fig. 8. At the Atucha-I surveillance position E§, more than
80% of the total dpa is produced by thermal neutrons. The dpa spectrum at IS is quite
different from the E8 position. At IS 81% of the total dpa comes from neutrons with E >
0.1 MeV. The VAK spectrum is relatively harder than that of IS and most of the damage
(~ 95%) originates from neutron energies greater than 0.1 MeV.
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Figure 7. Normalized dpa-rate spectrum at IS, E8, and BA1.
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Figure 8. Dpa fractions per four neutron energy groups for E8, IS and VAK.

For the purpose of comparison, the VAK surrogate data were added to the plot of Fig. 3,
as shown in Fig. 9. VAK’s data were for irradiation at 509°F (265°C), which has a
variance of 40°F compared to U.S. power reactor data at 550°F, thus an adjustment of
24.4°F was added to VAK’s shift data shown in Fig. 9. According to Fig. 9, VAK’s data
is significantly lower than that of the predictions in RG1.99/R2 and U.S. power reactor
data. The VAK trend curve shows a bias of -50°F compared to the U.S. power reactor
trend curve. It’s not clear whether this is caused by VAK capsule temperature or a dose
rate effect of the VAK irradiation environment, which has a lead factor of about 100 for
fast-neutron fluence compared to that of PR-EDB data.

Transition Temperature Shift for A5082 Forging Material
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Figure 9. Comparison of VAK data with that of U.S. power reactor data.
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5.3 VAK Surveillance Capsule Temperature

Two major concerns were raised by the author after examining the summary report of the
VAK surveillance program regarding the irradiation temperature of the VAK surveillance
capsule, stated as 265°C in the VAK report.

First, the VAK capsule is located near the edge of the core and is in front of the thermal
shield. Thus, in the VAK capsule position, it is anticipated that the capsule will
experience a much higher gamma heating environment compared to surveillance capsules
located behind the thermal shield, as normal surveillance capsules of power reactors are
[32], because one major function of the thermal shield is to mitigate the gamma heating
effect of the vessel and indirectly for capsules as well.

Second, as mentioned in the report, the VAK capsule is designed according to the
“collapsed can” principle. This means that the irradiated specimens are in close contact
with the capsule and there is no cavity or void between the capsule wall and surveillance
specimen during irradiation. However, this is purely a hypothesis and further verification
from detailed thermal-mechanical stress analysis is needed to justify this concept. The
VAK capsule size is relatively large compared to that of U.S. PWR surveillance capsules,
thus it is anticipated that VAK capsules will experience more gamma heating deposition
compared to that of the U.S. surveillance capsules. The VAK capsule contains multi-
layers of surveillance specimens throughout its length. Even with no voids or cavities in
the capsule, those specimens with no direct contact with the capsule wall the layer
interface will reduce heat transfer from the inner layers. Thus, the VAK capsule will take
a longer transient period to balance the temperature between the capsule and coolant. In
addition, there are always gaps between specimens and between specimens and the
capsule wall due to initial specimen loading conditions, thermal expansion, and other
factors. Therefore, the capsule temperature will continue to increase until it reaches a
steady-state temperature balanced by gamma heating deposition and the heat transfer of
the deposited heat within specimens to the coolant boundary. In order to resolve this
specimen irradiation temperature issue, the VAK capsule temperature needs to be further
investigated through a detailed neutronic-thermal-mechanical analysis of the VAK
surveillance capsule, which was not provided in the current VAK surveillance report.

5.4 Evaluation of Projected VAK Fast Fluence from Atucha-I RPV Fluence

For the VAK surrogate surveillance program, it was intended to choose an irradiation
time so the VAK irradiated specimens would receive the same embrittlement as that of
the RPV wall of Atucha-I at 32 effective full-power years, which will have a neutron
fluence 1.3E+19 n/cm? (E > 1 MeV). To take into account the differences between the
neutron spectra at the inner wall of Atucha-I and at the irradiated position of the VAK
surveillance capsules, the ratio of the total dpa to fast fluence (E>1MeV) was used in
VAK fluence evaluation. This approach forms the basis of the “scaling factor” concept
used in evaluating the required end-of-life (EOL) fast fluence for the VAK surveillance
program. The scaling factor is defined as follows:

Scaling Factor = (Total dpa / Fast fluence) sucna-1 / (Total dpa / Fast fluence)yx .
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Based on the above formula, the evaluated scaling factor is equal to 1.34, and the
projected VAK fluence corresponding to EOL Atucha-I fluence is equal to

1.34 x 1.3E19 n/cm? = 1.74 E19 n/cm?. To apply and validate this scaling factor
methodology, one must ensure that “VAK and Atucha-I spectra are similar,” i.e., total
dpa can be used to scale Atucha-I's EOL fluence to VAK if, and only if, the two neutron
energy spectra are similar. However, based on the dpa ratio and neutron fluence ratio
stated in Table 2 and Figs. 68, VAK and Atucha-I neutron spectra are not similar due to
large differences in fluence ratio and total dpa ratio in the corresponding energy ranges.

As pointed out in Section 4, since the thermal neutron has much higher damage
efficiency than the fast neutron, special attention is needed when comparing the similarity
of different neutron energy spectra. The mechanism of radiation damage production by
thermal neutrons is briefly described below. Thermal neutron damage formation is
mainly through radioactive capture, or thermal neutron capture, which produces many
gamma rays in the 5 MeV to 10 MeV energy range. When a gamma-ray photon is
emitted by the excited compound nucleus formed by neutron capture, the target atom
suffers recoil. This recoil energy is often large enough to displace the atom from its
equilibrium position and produce a small displacement cascade. The maximum energy of
a gamma ray accompanying a (n,y) reaction is in the range between 6 MeV and 8 MeV.
For an element of low atomic mass (about 10), the recoil energy could be 2 keV to 3 keV,
which is much greater than the 25 eV necessary to displace an atom. For iron (or RPV
steel) this recoil energy is about 400eV. Thus, in order to validate the VAK scaling
factor, the effective dpa, accounting for the damage efficiency, needs to replace the “total
dpa” used in the scaling factor evaluation. A simplified approach that uses the mean
residual defect in four energy ranges to evaluate the scaling factor is summarized in Table
3. Roger Stoller’s formulation [33-34] for damage efficiency was used in evaluating the
effective dpa, where the issue of PKA or recoil energy was investigated by displacement
cascade simulations using the method of molecular dynamics (MD). This formula is
stated below.

N = 0.5608 Enp ™" +3.227 x 10° Emp

Table 3—Scaling factor (SF) evaluation

DPA/s DPA/s Ewvp damage Effective Effective
Energy range Atucha IS VAK KeV efficiency dpa/s Atucha | dpa/s VAK
>1MeV 2.04E-11 3.54E-09 30 0.297 6.05829E-12 1.05129E-09
0.1 MeV<E<IMeV 8.25E-12 8.51E-10 13.48 0.299 2.46304E-12 2.54066E-10
0.4eV<E<0.1MeV 4.87E-12 1.30E-10 1.368 0.514 2.5053E-12 6.68765E-11
E<0.4eV 1.40E-12 8.66E-11 0.4 0.741 1.03808E-12 6.42124E-11
Total dpa 3.492E-11 4.6076E-09 Total effective dpa 1.20647E-11 1.43645E-09
SF (total dpa ratio) 0.007578783 SF(effective dpa ratio) 0.008398991
Ratio ( effective dpa
ratio/total dpa ratio) 1.108224274
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From Table 2, the ratio of “Effective dpa ratio” and “Total dpa ratio” is 1.108, which can
be used to modify the VAK scaling factor to obtain a new scaling factor that takes into
account the residual defect concept. The new effective scaling factor can be written as
1.34 * 1.108= 1.487; the new projected VAK fast fluence will be 1.4847*1.3E19 n/cm? =
1.930E19 n/cm?. Thus, the critical transition shift value obtained from the VAK
experiment based on the 1.74E19 n/cm? fast fluence is no longer a conservative estimate,
and the VAK transition temperature shift value needs to be adjusted accordingly.

5.5 Applying Damage Efficiency to IAEA JF Data from Atucha-I and CRP-II

The Atucha-I Set #3 surveillance data of [AEA JF material are compared to those of the
CRP-II Program and VAK using the fast fluence and dpa as correlation index and are
shown in Fig. 4. The effective dpa for the Atucha-I Set #3 data are calculated according
to the methodology in Table 3 and is illustrated in Table 4.

Table 4—Effective dpa of Atucha-I Set #3 data

Atucha Effective | Effective | Effective

Energy range Ei gga dpa 1 dpa 2 dpa3 dpa 1 dpa 2 dpa 3
>1MeV 0.13 6.24E-03 | 9.88E-03 | 1.48E-02 | 1.85E-03 | 2.93E-03 | 4.38E-03
0.1 MeV<E<IMeV 0.02 9.60E-04 | 1.52E-03 | 2.27E-03 | 2.87E-04 | 4.54E-04 | 6.79E-04
0.4eV<E<(0.1MeV 0.02 9.60E-04 | 1.52E-03 | 2.27E-03 | 4.93E-04 | 7.81E-04 | 1.17E-03
E<0.4eV 0.83 3.98E-02 | 6.31E-02 | 9.42E-02 | 2.95E-02 | 4.67E-02 | 6.98E-02
Total dpa 4.80E-02 | 7.60E-02 | 1.14E-01 | 3.22E-02 | 5.09E-02 | 7.60E-02

The dpa of CRP-II JF
data were scaled with
a factor of 0.3116 to
obtain their effective
dpa. The effective dpa
vs. shift data for
IAEA JF material
irradiated in Atucha-I
and CRP-II Program
are illustrated in Fig.
10. It shows that a
large discrepancy
between the Atucha-I
Set #3 and the CRP-II
JF data still exists
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even while the Figure 10. Atucha-I and CRP-II JF shift data vs. effective dpa.

residual dpa concept was considered. This indicates that other potential damage
mechanisms or neutron sources, which may contribute to the embrittlement shown in the
Atucha-I Set #3 JF data, were not taken into consideration.
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6. DOSE RATE EFFECT

6.1 Background of the Dose Rate Effect

A “dose-rate effect” for low-alloy steel is based on the premise that radiation damage will
be greater for a given fluence of neutrons when irradiation takes place at a low flux level
over a long time than for irradiation at a high flux level for a short time. This is a very
important consideration because these are the conditions under which accelerated
irradiation is performed for short times to establish anticipated lifetime mechanical
property changes in reactor vessel components that will be under irradiation for a long
time at low flux levels. Accelerated irradiations typically are conducted at flux levels of
10" to 10'* n/em?sec for a period of several months, but reactor components are
subjected to fluxes of about 10'® or 10" n/cm?sec for up to 40 years. Thus, if there were a
dose-rate effect of even a few percent embrittlement rate, this could amount to a very
significant effect over a 40-year period and could possibly alter the safety of a component
to an untenable degree.

The question of fluence-rate or dose-rate effects on radiation-induced embrittlement in
nuclear service has its origins in the 1950s when accelerated irradiation exposures were
first applied to study EOL nuclear service effects. Material testing reactors such as MTR
and ETR in Idaho, the LITR and ORR in Tennessee, and UBR and UCRR in New York
have been vehicles for high dose-rate exposures of reactor structural materials including
RPV steels. In these reactors, radiation exposures of a few weeks or a few months in
duration can equal projected EOL fluences for commercial power-reactor vessels.
Whether or not the same magnitude of damage would be exhibited by materials irradiated
under “fast” versus “slow” fluence accumulation conditions was a recognized uncertainty
by the 1960s. This uncertainty was one key reason that power-reactor vessel surveillance
programs were undertaken. To guide such efforts, ASTM E185, Standard Practice for
Conducting Surveillance Tests for Light-Water Cooled Nuclear Power Reactor Vessels,
was drafted.

The possible existence of a dose-rate effect for neutron irradiation of low-alloy pressure-
vessel steel was approached theoretically as early as 1959 by Gray [35]. He showed that a
dose-rate effect exists for reactor materials when irradiated under conditions of
simultaneous thermal annealing. However, this work did not take into account the point
defects lost to the obstacles and sinks in the matrix, such as grain boundaries or
dislocation loops. The earliest known experiment to study the dose-rate effect was
conducted in 1963 by Harries, Barton, and Wright [36] in the study of tensile specimen
hardening, at fluences up to 2.0E+17 n/cm? and the work performed by Hinkle et al., in
1966 [37]. The two experiments were performed under conditions wherein the neutron
spectrum at each flux level was essentially the same over the entire study. This is really
the only way to accurately evaluate the possibility of a dose-rate effect. However, due to
the low irradiation dose, no conclusive results were achieved. International efforts on the
dose-rate effect were carried out through the IAEA CRP Program, and the major
experimental efforts done in the U.S. included Hawthorne’s dose-rate effect research
funded by the NRC [38] and a dose-rate effect study done earlier at the Reactor Division
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of the Naval Research Laboratory. These data have been collected and integrated into
ORNL’s TR-EDB.

Comparison of embrittlement data from long-term, low-dose-rate sources (power
reactors, PR-EDB) and short-term high-dose-rate sources (test reactors, TR-EDB) tend to
suggest that there is a time-temperature dependence of the embrittlement process. In
most cases the database did not provide a one to one comparison for a specific material.
Rather, the dose-rate effect is inferred from comparison of material embrittlement trends.
As illustrated in Figs. 11-12 for A302B standard reference materials (SRM), the power
reactor data was illustrated with RG 1.99/R2’s trend curve to resemble the embrittlement
trend at 550°F irradiation temperature. The RG 1.99/R2’s trend curve shows an early
saturation and a lower embrittlement rate compared to that of test reactor data with
relative lower irradiation temperatures. Furthermore, at 550°F irradiation temperature,
there seems to be a consistent trend between the test reactor data and the power reactor
trend curve up to the fluence value at 1.5E+19 n/cm?, whereas, for fluence value greater
than 1.5E+19 n/cm?, the test reactor data show higher embrittlement rate compared to that
of RG1.99/Rev.2’s trend curve and the power-reactor surveillance data’s trend curve as
illustrated in Fig. 12.

Trend Curve for ASTM (A302B) Reference Material
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Figure 11. Radiation embrittlement of ASTM SRM (A302B) material.

SRMs, such as ASTM A302B reference plate (SASTM) or plates of the Heavy Section
Steel Technology Program (HSST Plates 01, 02, and 03), were included in the
surveillance program and permit a bridge to other irradiation environments and detect the
anomalous behavior of the service reactors [39].
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Trend Curve for ASTM (A302B) SRM Data Irradiated at 550°F
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Figure 12. Radiation embrittlement of ASTM SRM materials irradiated at 550°F

A further obstacle for dose-rate effects studies is the general tie between flux level and
neutron spectrum. Decoupling these two factors experimentally is difficult. Progress
made in neutron methodology in recent years offers partial solutions to this problem.
Calculations of actual neutron spectra conditions, for example, are now available. Their
use replaces the former practice of assuming a fission spectrum neutron energy
distribution. Also, the exposure unit dpa has become more accepted as a measure of

damage production potential and is an alternative to non weighted measures such as fast
fluence.

The general objective of this dose-rate effect study was to clarify and confirm the
significance of dose-rate effect to the Atucha-I surveillance program. Dose-rate effects
were to be judged from the relative change in transition temperature shift determined
with the Charpy-V notch impact test data listed in the PR-EDB and TR-EDB.

6.2 Dose-Rate Effect Study from HSST A533B1 Standard Reference Materials

The HSSTO1, HSST02, and HSST03 SRM contained in the PR-EDB and TR-EDB for an
irradiation temperature around 550°F are used in this rate-effect study. The great benefit
of using SRM materials in the rate-effect study is that the impact of material variability to
the analysis can be minimized. This study shows that the irradiation temperature has a
strong impact on the radiation embrittlement rate as shown in HSST02 SRM data. Based
on Figs.13-16, the study seems to support the following statements:

e HSSTO02 data show a dose-rate effect that is temperature dependent.
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e HSSTO03 data show a fluence or time dependence on dose-rate effect.
e SASTM normalized shift data show different rate-effect trends for TR and PR.

Figure 13 reveals two different trends for Westinghouse and B&W surveillance data,
where B&W have a much lower transition temperature shift value and embrittlement rate.
Based on melt wire thermal monitors, the B&W data has an irradiation temperature
around 610°F; the Westinghouse data, around 570°F. However, both Westinghouse and
B&W data sets are from PWR environments and have similar coolant inlet temperatures.
Note that the host reactors of B&W data have a unique operating procedure compared to
that of Westinghouse data’s vendors. This indicates that different capsule temperatures
and/or operating procedures can result in different embrittlement rates as revealed by this
transition temperature shift plot.

TR-EDB data and the RG1.99/R2 trend curve (thin line) were added to Fig 13 as shown
in Fig. 14. TR-EDB data were also added to the plot, where the reported irradiation
temperature for these test reactor data is 572°F. By comparing Westinghouse data and
TR-EDB data, the steady state irradiation temperature of Westinghouse data is around
550°F, thus TR-EDB data should have a bias around 22°F in shift downward compared to
that of Westinghouse data. However, TR-EDB data show a decrease in shift data from
70°F at a fluence of 1.0E+19 n/cm? to S0°F at a fluence of 5.0E+19 n/cm?. The reduction
in shift may be due to the high flux of TR-EDB, which is greater than 2.3E+13 n/cm?s, or
a combined effect of higher irradiation temperature and higher neutron flux effect.
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Figure 13. Embrittlement trend curves of PR-EDB HSST02 SRM material
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Figure 14. Comparison of embrittlement trends for PR and TR data.

The fluence-dependent dose-rate effect was identified from Fig. 15 for the HSST03. The
trend curve of the test reactor data intersects the RG1.99/R2 trend curve at fluence around
3E+19 n/cm?. Below the intersection point, the test reactor data show less embrittlement;
above the intersection, more embrittlement, compared to the RG1.99/R2 prediction of
lower dose-rate power-reactor environment.
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Figure 15. HSST03 SRM Material embrittlement trend at 550°F irradiation temperature.
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Figure 16 indicates that the mean trend curves of SASTM A302B SRM data for PR and
TR are very close to each other and no dose-rate effect can be identified from this fast
fluence vs. shift plot. Further investigation on SASTM SRM material was carried out

with a normalization procedure

applied to SASTM shift data. . SASTM SRM Transition Temperature Shift, at 550°F

In Fig. 17, the shift data were 0 .
normalized with RG1.99/R2 & . >
fluence factor (FF) at fluence § o oo = A L
level of 1E+19 n/cm?. Due to S . /5}( 2. =

the nature of these uncontrolled :;:} b . L ™ e

data, large data scatters were s — " o

observed from the plot. ‘2 j: a

Nevertheless, the mean trend £

curves of the normalized data ,

reveal different trends for PR h st Fluenc:‘;mw - .
and TR data’ respectively. The O PREDBData ¢ TR-EDB’—Log.(PR’-EDB Data) =——Log.(TR-EDB)

mean trend curve of TR data
shows an increasing
embrittlement rate with Figure 16. SASTM Material embrittlement trends.
increasing flux, and PR data

show a decreasing embrittlement rate with increasing flux. However, due to very large
data scatter for PR-EDB data, no definite conclusion can be made.

Based on the above dose-rate effect study for SRM materials, there is an indication that
the dose-rate effect exists and deserves attention.
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Figure 17. Normalized SASTM A302B data trend curves, at RG1.99/R2 FF=1.
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6.3 Dose-Rate Effect Study on PR-EDB Base Material

The two ranges of copper contents comparable to that of Atucha-I forging selected for
this study are copper contents between 0.1 and 0.15 wt% and copper content less than
0.2 wt%. For copper between 0.1 and 0.15 wt%, Fig. 18, the mean trend curves of plate
and forging data, obtained by logarithmic curve-fitting procedure, show two different
embrittlement trends for plate and forging materials. It is also interesting to notice that at
fluence above 1E+19 n/cm? the trend of forging data shows higher embrittlement
compared to that of plate data. For copper content less than 0.2 wt%, the shift data were
normalized with RG1.99/R2’s CF=100°F to reduce the impact of chemical variability to
the trend curve development, Fig. 19, which shows similar trends as that of Fig. 18.
Normalized data with CF=100°F & FF=1 revealed different dose-rate dependence
(shown in Fig. 20). The forging data show increased embrittlement rate with increased
dose-rate, while the opposite trend was observed for plate materials.
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Figure 18. Embrittlement trend curves for plate and forging.
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Figure 19. Embrittlement trend curves of normalized shift for plate and forging.
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Base Shift Data w/ Copper < 0.20 wt%
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Figure 20. Dose-rate effect of normalized shift for plate and forging.

6.4 Impact of Reactor Design and Operation to Dose-Rate Effect

This section is intended to investigate the issue of embrittlement to service environment
and reactor operating history. Base and weld surveillance data listed PR-EDB from four
vendors [namely, Babcock & Wilcox (B&W), Combustion Engineering (CE), General
Electric, and Westinghouse] used in this study. Each vendor has its unique reactor
designs and reactor operation procedures, thus the impact of reactor design and operating
history on the dose-rate effect can be obtained from studying the vendors’ specific data.
In order to minimize the impact of chemistry variability on trend curve development, the
shift data were normalized with RG1.99/R2’s CF=100°F. Embrittlement trends and dose-
rate effect on base surveillance data are shown in Figs.21-22. The mean trend curves of

Fig. 21 seem to indicate

that embrittlement Base Shift Data

trends are vendor . 07

dependent. The GE =, %0

trend curve shows the L g210

highest embrittlement N 760

rate until a fluence of £ O110

about 3.0E+19 n/cm?, g = 60 :

the CE and 10 £ =a—trls ‘ T
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appears to have the

lowest embrittlement Figure 21. Trend curves of base surveillance data, PR-EDB.

rate. To evaluate the

dose-rate effect, the base shift data were normalized with RG1.99/R2’s CF=100°F and
FF=1, as shown in Fig. 22. The trend curves of base shift data reveal the vendor-specific
dose-rate dependence, where all the vendor-specific trends show decreasing
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embrittlement with increasing dose-rate, except CE’s trend curve. Again, here the B&W
trend curve reveals the highest decreased embrittlement rate with increased dose-rate
among the four vendors.
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Figure 22. Embrittlement trends of base surveillance data from PR-EDB.

Embrittlement trends and dose-rate effect on weld surveillance data are shown in

Figs. 23-24. Figure 23 indicates that embrittlement trends are vendor dependent. GE and
Westinghouse had very similar trends; the B&W weld trend curve appears to have the
lowest embrittlement rate among the vendors’ data.
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Figure 23. Embrittlement trends of weld surveillance data from PR-EDB.
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In order to evaluate the dose-rate effect, the weld-shift data were also normalized with
RG1.99/R2’s CF=100°F and FF=1, as shown in Fig. 24. The mean trend curves for weld
shift data reveal the vendor specific dose-rate dependence, where all the vendor specific
trends show decreasing embrittlement with increasing dose-rate, except CE’s trend curve.
Again, the B&W trend curve reveals the highest decreased embrittlement rate with
increased dose-rate among the four vendors.
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Figure 24. Embrittlement trends of normalized weld data from PR-EDB.

6.5 General Trends of Dose-Rate Dependence from PR-EDB

For base materials, the normalized shift data reveal different trends with different neutron
fluxes as illustrated in Figs. 25-27. Atucha-I’s flux is 1.29E+10 n/cm?s, thus a flux range
of 1.0E+10 and 5.0E+10 n/cm?s was also selected in the study. As for flux greater than
1.0E+12 n/cm?s, the data obtained at core positions show much higher embrittlement
compared to others, largely due to the spectral effect of these surveillance data at core
positions instead of dose-rate effect only. To better compare with the Atucha-I material,
surveillance base metal data were further narrowed down to those having similar
chemistry compositions to that of Atucha-I. Based on normalized shift plots, it can be
seen that the trend curves of flux between 1.0E+10 and 1.0E+11 n/cm?s (Flux A, typical
LWR service range) and flux between 1.0E+11 and 1.0E+12 n/cm?s (Flux B) intersect
near 1.0E+19 n/cm? fast-fluence range; below 1.0E+19 n/cm? fast fluence, Flux A shows
more embrittlement than Flux B. For fast fluence greater than 1.0E+19 n/cm? Flux B
shows more embrittlement than Flux A.

For weld materials, two different chemistry factors were used to simulate those of two
Atucha-I weld materials. As shown in Figs. 28-29, beltline axial weld data (with
normalized chemistry of 44°F) indicates that the embrittlement rate at Flux A is greater
than that at Flux B for up to 5.0 to 6.0 E19 n/cm? fast fluence; while as for the other axial
weld material, it indicates a similar trend for fast fluence up to 3.0 to 4.0 E+19 n/cm?.
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Transition Temperature Shift, Base Metals
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Figure 25. Embrittlement trends of normalized base metals with CF=115°F from PR-EDB.
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Figure 26. Embrittlement trends of normalized base metals with CF=115°F from PR-EDB.
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Figure 27. Embrittlement trends of normalized base data with CF=115°F from PR-EDB.
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Figure 28. Embrittlement trends of normalized weld data with CF=44.8°F from PR-EDB.
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Figure 29. Embrittlement trends of normalized weld data with CF=153°F from PR-EDB.

7. DISCUSSION

From ARN’s evaluation, Atucha-I NPP will have reached its expected lifetime in
December 2002. However, in light of new methods for evaluating reference temperature
and the surrogate surveillance data from the German VAK program and the IAEA JM
data, the expected lifetime of Atucha-I needs to be reassessed. Part of the effort to
determine the validity of applying VAK surrogate data to Atucha-I RPV surveillance was
carried out in this project. Other main focuses regarding Atucha-I1 RPV integrity are on
the critical flaw used in the Atucha-I safety analysis, the safety margin for RTnpr
obtained from the master curve approach, and the status of ARN position in RPV
integrity of Atucha-I NPP.

7.1 Issue Regarding Flaws in the RPV

The maximum flaw size within the RPV must be known to carry out a pressurized
thermal shock (PTS) analysis. The maximum defect depth should be registered in an RPV
fabrication report. Normally the report does not describe the technique used in the
nondestructive evaluation. Siemens has reports on flaws at the under-cladding and
circumferential welds. The French authority has asked their utilities to validate the
minimum flaw depth (6 mm) by new ultrasonic inspections. After an extensive program
of validation, the inspections detected cracks with a depth of 10 mm. Therefore, the new
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minimum defect depth was set to 10 mm. Based on the initial results of the Atucha-I
surveillance program, the limiting material is the base material instead of the weld.
Therefore, a 10-mm depth of flaw used in the PTS analysis is a more conservative
estimate.

7.2 Fracture Toughness of the RPV Steel

The base material 41.1 has a reference temperature of RTy¢= -27°C obtained by applying
the Master Curve method and the ASME Code Case N-629. However, from the
regulatory viewpoint, a safety margin should be considered to cover material
inhomogeneity such as chemical composition and microstructure variability. The other
heat, base material 31.3, and the weld material also need to be tested to verify the limits
of materials before and after irradiation. If the ASTM E 1921 and Code Case N-629 are
applied on the irradiated specimens, it will not be necessary to verify and include the
results from the Charpy tests.

7.3 Preliminary Estimate of the ART at the End of 2002

At the EOL fluence, 1.28x10" n/cm?, the transition temperature shift, AT, is equal to
67°C (from the VAK irradiation program). At the end of 2002, Atucha-I would have
reached 60% of its EOL, and AT = 58 °C was estimated by using RG1.99, Rev. 2’s
equation. RTg obtained from fracture toughness tests is equal to —27°C. Before applying
the RG1.99/R2 to estimate ART, the margin from Charpy shift based on Position 2 of
RG1.99/R2 is assigned as 10 °C and the margin for mixing the master curve and AT4;
methodology is assigned as 10 °C. The total safety margin is 20 °C. The estimated ART is
-27°C + 58°C + 20°C = 51°C. This ART value coincides with the value given by NASA
with RTxpt = 51 °C for the worst LOCA.

7.4 Safety Margin Imposed on the Transition Temperature Shift of VAK Program
The following procedure can be utilized to obtain a safety margin to be added to the
ARTnpr = 67 °C from the VAK program. The procedure is as follows:

e First, the data from the VAK program should be plotted in a AT vs. ¢t plot with a
regression of those points to estimate the standard deviation of the mean trend
curve.

e Second, the IAEA data should be analyzed with a similar approach as that of the
VAK data.

e Third, the ORNL PR-EDB (power reactor embrittlement database) and the TR-
EDB (test reactor embrittlement database) should be analyzed with a similar
procedure.

From those three steps, a reasonable conservative margin for the AT can be obtained and
added to the ARTxpr = 67°C from the VAK program.

ARTnpr = 67 °C + Margin.
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From the regulatory point of view, the dose-rate effect of the VAK accelerated program
must be established for the Atucha-I surveillance program through the development of
the safety margin.

7.5 Validity of VAK Data for Atucha-I RPV Surveillance

At the EOL fluence of 1.28x10" n/cm?, the transition temperature shift is equal to 67°C
as obtained from VAK irradiation program. However, findings from this study indicate
that the VAK data is highly nonconservative compared to that of the same class of
forging with similar chemical composition irradiated in U.S. power reactor environment.
Thus, in order to validate VAK data for Atucha-I surveillance, two key issues must be
addressed by the vendor to explain the low embrittlement phenomenon of the VAK
surrogate data. These are the irradiation temperature of VAK surveillance capsules and
the impact of dose-rate effect on the VAK data.

7.6 Potential Damage Mechanisms Involved in Atucha-I Surveillance Data

A. Alberman et al. [40], carried out a study on the influence of thermal neutrons on the
brittleness of a ferritic A537 steel. The specimens were irradiated in the French EL3
heavy-water research reactor with thermal- to fast-neutron ratio around 1000 for an
irradiation temperature of 60°C. The experimental study shows that about 50 to 70% of
the embrittlement is caused by thermal neutrons. However, this thermal neutron effect
alone can not mend the gap between Atucha-I JF shift data and that of IAEA CRP-II JF
shift data as shown in Fig. 4a, where at the lowest fluence of [AEA CRP-II data, the
Atucha-I shift data appear to be 5 times of that of IAEA CRP-II. Furthermore, by taking
into account the spectral effect and the damage efficiency into IAEA JF data irradiated in
Atucha-I and IAEA CRP-II Program, the gap between Atucha-I Set #3 JF data and
CRP-II JF data as shown in Fig. 10 seems to be less intense, but a large discrepancy still
exists. Based on the dose-rate effect study, the limited changes due to the dose-rate effect
cannot fully the large discrepancy shown in Fig. 10. Thus, the other potential damage
mechanisms or neutron source maybe overlooked for the Atucha-I irradiation
environment. There are two potential candidates, namely, gamma-induced dpa and
photoneutron-induced damage.

Based on our experience in HFIR accelerated embrittlement [30], the comprehensive
dosimetry experiments revealed the presence of an intense gamma field at HFIR. This
finding precipitated an assessment of the gamma-induced dpa rate, which was found to
exceed the neutron-induced dpa rate at all locations analyzed. The HFIR accelerated
embrittlement is therefore explained in terms of uncounted dpa induced by gamma rays.
Currently, due to lack of detailed gamma spectra at the Atucha-I surveillance position, no
conclusion can be drawn on this gamma-induced displacement effect. However, a
comprehensive in-vessel dosimetry program at Atucha-I may further provide valuable
information on such an issue and provide guidelines for utilizing Atucha-I surveillance
data in RPV lifetime estimates with proper margin.

Highly energetic gamma from the core can stream through the heavy-water reflector
relatively unimpeded. Likewise, highly energetic gamma released by thermal neutron
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(n,y) reactions in the reflector boundary or coolant channels also enter the heavy-water
reflector. Because gamma above 2.225 MeV may cause (y,n) reactions in deuterium
comprising the heavy water, the effect of such reactions has to be evaluated. A. F.
Albornoz et al. [41], carried out an improved evaluation of the Atucha-I ex-vessel
dosimetry. The activation dosimetries were irradiated at the cavity behind the RPV
during 1994—-1995. The C/M ratios in thermal neutron range were substantially improved.
Nevertheless, a very large discrepancy still exists in Cu63(n,a)Co60 reaction, where
C/M=0.52 suggests that the spectrum shape at high energies is not good enough. Since
deuterium is one of the isotopes in nature with the lowest energy threshold for production
of photoneutrons, it was considered relevant to estimate the magnitude of the
photoneutron source and its contribution to neutron flux at different energy ranges.
However, the Albornoz et al. [41] calculation shows less than 3% contribution was found
at the inner surface of the RPV in the energy range 0.1MeV<E<1MeV.

Another independent study on photoneutron evaluation in heavy water was done by J. A.
Bucholz [42]. He carried out a global 2-D shielding analysis of the 2-element, heavy-
water-cooled and reflected Advanced Neutron Source (ANS) reactor. Fast-flux results at
near reflector boundary obtained from 2-D DORT analysis with photoneutrons show
much higher—about 1000 times higher—than that of analysis without photoneutrons. Even
though Bucholz’s ANS analysis is for a highly enriched core design, the results seem to
be more relevant to the Atucha-I surveillance position than the work done by Albornoz.
Furthermore, thermal (n,y) reactions in the coolant channels, heavy-water boundary,
and/or near the Atucha-I surveillance position will produce gammas of sufficiently high
energy to cause fast photoneutrons to be produced in the surrounding heavy water. It is
interesting to note here that with a hypothetical increase of 100 times for Atucha-I’s fast
fluence at surveillance positions, both the IAEA CRP-II JF data and Atucha-I Set # 3 data
can be collapsed into one single trend curve as shown in Fig. 30. Thus, a detailed fluence
analysis with consideration of photoneutrons at Atucha-I surveillance positions may
provide a direct answer to resolve the issue related to Atucha-I accelerated surveillance
data.
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Figure 30. With two order-of-magnitude adjustments on fast fluence for Atucha-I Set # 3
data, the IAEA CRP-II JF data and Atucha-I JF data can be fit into one single trend.

8. CONCLUSION

This evaluation concludes that surveillance data Sets #1& #2 of the Atucha-I surveillance
program are not adequate for estimating the lifetime of Atucha-I1 RPV, due to extremely
high thermal (E<0.4eV) to fast neutron (E>1MeV) fluence ratio of about 1000:1 at the
surveillance capsule position, compared to that at the RPV inner-wall position, about
10:1. The surrogate surveillance data from VAK surveillance capsules, which has
thermal- to fast-neutron ratio around 4:1 and a slightly harder spectrum compared to that
of the Atucha-I RPV inner-wall position, can be applied to Atucha-I RPV surveillance.
However, due to the extremely low embrittlement rate of VAK data compared to that of
U.S. power reactor data, further validation of the VAK accelerated data is required before
it can be used for estimating the lifetime of Atucha-I. Two key issues must be addressed
to explain the low embrittlement of the VAK surrogate data, namely, the irradiation
temperature of VAK capsules and the dose-rate effect. Furthermore, evidence of neutron
dose-rate effects is identified from the U.S. power reactor surveillance database (PR-
EDB) and the material test reactor database (TR-EDB) from this study. The dose-rate
effect and neutron spectrum effect and their implications with respect to the radiation
embrittlement data from the Atucha-I surveillance program, deserve special attention.
Furthermore, the detailed fluence analysis with consideration of gamma spectrum and
photoneutrons needs to be carried out for the Atucha-I environment. Furthermore, the
impact of this analysis to Atucha-I core supporting structure, heavy-water reflector tank
and heavy-water coolant boundary of RPV needs to be evaluated.
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Two approaches can be used to evaluate the lifetime of Atucha-I’s RPV as stated below.

1.

9.

Use the VAK data upon its further validation from the German vendor. A designated
safety margin on the estimated radiation damage index will be required to cover the
uncertainty due to the dose-rate effect and spectrum effect.

Use PR-EDB forging data that have chemical compositions similar to that of Atucha-I
beltline materials to develop RPV embrittlement models that take into account the
neutron spectrum effect.
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