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Abstract 

The Heavy-Section Steel Irradiation (HSSI) Program at Oak Ridge National Laboratory includes 
a task to investigate the shape of the fracture toughness master curve for reactor pressure vessel 
(RPV) steels that have become highly embrittled as a consequence of irradiation exposure. A 
radiation-sensitive RPV weld with intentionally enhanced copper content, designated KS-01, is 
characterized in terms of static initiation (KIc, KJc) and Charpy impact toughness in the unirradiated 
and irradiated conditions. The objectives of this project are to investigate the ability of highly 
embrittled material to maintain the shape of the unirradiated transition fracture toughness curve and to 
examine the ability of the Charpy 41-J shift to predict the fracture toughness shift at such high levels 
of embrittlement. Irradiation of this weld was performed at the University of Michigan Ford Nuclear 
Reactor in the new HSSI Irradiation-Anneal-Reirradiation facility. This reusable facility allows the 
irradiation of either virgin or previously irradiated material in a well-controlled temperature regime, 
including the ability to perform in situ annealing. Specimens of the KS-01 weld were irradiated to 
about 0.74 × 1019 neutrons/cm2 at 288°C. Irradiation resulted in a Charpy ductile-to-brittle transition 
temperature shift of 169°C. It was anticipated that this shift would result in a fracture toughness 
transition temperature (at 100 MPa√m) in the irradiated condition near or slightly above the 
pressurized thermal shock screening criterion for circumferential welds, an RTPTS of 300°F (149°C) 
according to the Code of Federal Regulations, Title 10, Part 50 (10 CFR 50). This was determined in 
terms of the master curve transition temperature ToPTS = 129°C, using American Society of 
Mechanical Engineers Code Case N-629, which allows RTNDT to be replaced by RTTo = To + 35°F 
(20°C). The fracture toughness characterization of the KS-01 weld in the unirradiated and irradiated 
conditions was mainly performed by testing 1T C(T) specimens, although some 0.5T C(T) and 
precracked Charpy specimens were also used in this study.  
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Foreword 

The work reported here describes the Oak Ridge National Laboratory, Heavy-Section Steel 
Irradiation (HSSI) Program’s investigation of the ability of highly embrittled material to maintain the 
shape of the unirradiated transition fracture-toughness curve, as well as to examine the ability of the 
Charpy 41-J shift to predict the fracture-toughness shift at such a high level of embrittlement. A 
radiation-sensitive reactor pressure vessel (RPV) weld with intentionally enhanced copper content, 
supplied by MPA Stuttgart and designated KS-01, is characterized, using the master curve 
methodology in terms of static initiation (KIc, KJc) and Charpy impact toughness in the unirradiated 
and irradiated conditions. Irradiation of this weld was performed at the University of Michigan Ford 
Nuclear Reactor in the HSSI Reusable Irradiation Facility.  

The master curve methodology has become a widely accepted technique to characterize fracture 
toughness of RPV materials before and after irradiation. This methodology offers unique tools to 
describe the scatter of fracture toughness in the transition region, to account for size effects, and to 
provide one single parameter, the reference fracture toughness transition temperature, To, that 
characterizes the whole transition region. 

Despite a high level of embrittlement and hardening, relationships between embrittlement and 
hardening of the KS-01 weld follow the general trend for RPV steels. This weld exhibited a low-
ductile-initiation toughness (JQ) after irradiation. It leaves a relatively narrow range of temperature 
within which to examine the shape of the transition region curve. Irradiated median fracture 
toughness values up to 148 MPa√m follow the master curve shape. However, low-toughness brittle 
fractures occurred at temperatures further above To than expected (To + 61°C), with a corresponding 
leveling of the crack initiation, KJc, values; i.e., the data did not follow the expected master curve 
shape. 

This investigation is part of a larger effort to provide the Nuclear Regulatory Commission with a 
thorough and quantitative assessment of the effects of neutron irradiation on the material behavior 
and, in particular, the fracture toughness properties, of typical RPV steels as they relate to light-water 
RPV integrity. Results generated from these experiments will be incorporated into codes and 
standards that are used to resolve major regulatory issues related to RPV embrittlement, such as 
pressurized thermal shock, operating pressure-temperature limits, and low-temperature 
overpressurization. These issues are of particular importance as the nuclear power-plant industry 
applies for license extensions that will result in greater accumulated fluence over the lifetime of 
operation. As part of the HSSI Program, the work listed below has enabled the NRC to reduce the 
uncertainty in its regulatory process with respect to RPV embrittlement, thereby in part allowing the 
industry to consider license renewal. 

 

Carl. J. Paperiello, Director 

Office of Nuclear Regulatory Research 

U.S. Nuclear Regulatory Commission 
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Introduction 

The master curve methodology has become a widely accepted technique to characterize fracture 
toughness of reactor pressure vessel (RPV) materials before and after irradiation. This methodology 
offers unique tools to describe the scatter of fracture toughness in the transition region, to account for 
size effects, and to provide one single parameter, the reference fracture toughness transition 
temperature, To, to characterize the whole transition region. All of these factors have made this 
methodology well accepted for RPV steels, and it is used now for some other ferritic steels as well, 
although experience with the latter materials is limited as compared to that with RPV steels. 

The shape of the master curve was established with unirradiated and some irradiated fracture 
toughness data [1] as an empirical fit to these data, size adjusted to 1T. Most of the fracture toughness 
data support this empirical approximation; however, the physical basis for the universal shape of the 
transition fracture toughness curve remains open for discussion. That uncertainty raises concerns 
regarding the ability of a highly embrittled material to maintain the same shape of the transition 
fracture toughness curve as it would in the unirradiated condition and necessitates the experimental 
validation of this assumption. Such concerns are based on several considerations. One consideration 
is analogous to Charpy impact properties. It is well known that irradiation results in two main 
changes—a decrease in the upper-shelf energy (USE) and an increase (shift) in the ductile-to-brittle 
transition temperature (DBTT). It needs to be pointed out for purposes of this study that these changes 
are accompanied by an alteration in the shape of the Charpy impact transition curve. Since irradiation 
reduces the stable crack growth initiation toughness (JIc) and shifts the transition fracture toughness 
curve up in temperature, the concerns regarding the shape of the fracture toughness transition curve 
need to be addressed. In addition to the analogy to Charpy transition behavior, some limited irradiated 
fracture toughness data [2–5] also suggest a potential change in the shape of the fracture toughness 
transition curve as result of irradiation. 
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Experimental 

Material Selection, Specimen Configurations, and Irradiation Conditions 

The purpose of this pilot study was to perform fracture toughness characterization tests of a 
metallurgically modified RPV steel irradiated to a low fluence but with a level of embrittlement that 
would correspond to or slightly exceed the currently accepted end-of-life condition. The pressurized 
thermal shock screening criteria for weld metals, RTPTS, are prescribed in the Code of Federal 
Regulations, Title 10, Part 50 (10 CFR 50) [6]. The criterion for circumferential welds is 300°F 
(149°C). This criterion was converted, in terms of the master curve transition temperature, to ToPTS = 
130°C, using American Society of Mechanical Engineers (ASME) Code Case N-629, which allows 
RTNDT to be replaced by RTTo = To + 35°F (19°C). 

After several options were considered, an offer of material from MPA-Stuttgart in Germany was 
accepted, based on the requirement that the material achieve a high embrittlement level after a 
relatively short test reactor irradiation. The weld, designated KS-01, has intentionally increased 
copper, nickel, and manganese contents (as can be seen in Table 1). Chromium content is also high 
relative to a typical U.S.-made RPV weld, but it is more common for German-made welds. The 
contents of copper, nickel, manganese, and chromium in the KS-01 weld are shown in Figs. 1 through 
4 relative to the data extracted by R. E. Stoller from the RPV surveillance Power Reactor 
Embrittlement Database (PR-EDB) [7]. 

 
Table 1. Chemical composition of the KS-01 weld 

C Ni Mn Mo Cr Cu Si P S 
0.06 1.23 1.64 0.70 0.47 0.37 0.18 0.017 0.012 

 

KS-01

 
Fig. 1. Distribution of surveillance specimen sets in the PR-EDB relative to 

their copper content and location of the KS-01 weld within this database. 
 
 



 4 

KS-01

 
Fig. 2. Distribution of surveillance specimen sets in the PR-EDB relative to 

their nickel content and location of the KS-01 weld within this database. 

KS-01

 
Fig. 3. Distribution of surveillance specimen sets in the PR-EDB relative to 

their manganese content and location of the KS-01 weld within this database. 
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KS-01

 
Fig. 4. Distribution of surveillance specimen sets in the PR-EDB relative to 

their chromium content and location of the KS-01 weld within this database. 

 

The KS-01 weld was used in a German irradiation research program, and it exhibited extremely 
high sensitivity to radiation. MPA provided the weld together with mechanical properties in the 
unirradiated and irradiated conditions. Most of the data provided were Charpy impact and tensile 
properties before and after irradiation, although a limited amount of fracture toughness (linear-elastic 
KIc) data was also provided. Since basic properties in the unirradiated condition were available, it was 
decided to dedicate most of the material to irradiation testing and to perform only limited tests in the 
unirradiated condition to confirm the MPA data. Based on the amount of weld provided, it was 
decided to perform irradiation of 21 1T C(T), 12 0.5T C(T), 21 precracked Charpy, 22 standard 
Charpy V-notch (CVN), and 8 tensile specimens. Additionally, a few subsize, precracked Charpy 
specimens and coupons for atom-probe and small-angle neutron scattering characterization were 
included for irradiation. Only the 0.5T C(T) specimens were 20% side-grooved. The other specimens 
were irradiated and tested without side grooves. 

The weld material was provided in several blocks. 1T C(T) specimens were machined from four 
different blocks. One of the tested compact specimens from each block was polished for X-ray 
microcompositional analysis. X-ray microcompositional analyses were conducted to examine 
elemental variations across the thickness of specimens. Fifteen measurements were made across the 
thickness of each specimen. Average values for the chemical composition of each specimen are given 
in Table 2, and Figs. 5 through 8 provide results of X-ray spectroscopy scans across each specimen. 
The mean values are in good agreement with the bulk analyses given in Table 1, except for 
manganese content. X-ray microanalysis consistently provided higher values than the MPA data.  
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Fig. 5. X-ray compositional microanalysis results across the 

thickness of C(T) specimen 2-5 from the KS-01 weld. 
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Fig. 6. X-ray compositional microanalysis results across the 

thickness of C(T) specimen 3-1 from the KS-01 weld. 
 

Table 2. Average values and standard deviations of X-ray microanalysis measurements 
of compact specimens of the KS-01 weld 

Element, wt % ± 1F 
Specimen ID 

Mn Cr Ni Si Mo Cu 
2-5 1.88±0.11 0.49±0.01 1.19±0.10 0.18±0.02 0.69±0.04 0.34±0.01 
3-1 1.97±0.13 0.48±0.01 1.19±0.08 0.21±0.03 0.68±0.03 0.37±0.02 
4-2 1.98±0.11 0.48±0.01 1.21±0.08 0.19±0.03 0.67±0.02 0.36±0.02 

8-42 1.94±0.08 0.49±0.02 1.17±0.12 0.17±0.02 0.67±0.03 0.34±0.02 
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Fig. 7. X-ray compositional microanalysis results across the thickness of C(T) 

specimen 4-2 from the KS-01 weld. 
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Fig. 8. X-ray compositional microanalysis results across the thickness of C(T) 

specimen 8-42 from the KS-01 weld. 
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The Charpy DBTT, T41J, in the unirradiated condition was −10°C according to the MPA data. 
For comparison purposes, Fig. 9 represents the unirradiated T41J temperature of the KS-01 weld 
relative to those within the PR-EDB. By using the MPA data and the following correlation between 
To and T41J from Ref. [8], 

To = T41J − 24°C,  (1) 

it was anticipated that the reference fracture toughness temperature, To, of the KS-01 weld in the 
unirradiated condition would be about −34°C. The purpose of this pilot study was to perform fracture 
toughness characterization tests of a material with a value of To in the irradiated condition that would 
be equal to or slightly exceed ToPTS = 130°C. Thus, a target fluence was selected that would induce a 
Charpy DBTT shift of about 170°C. Based on the MPA data, the neutron fluence of about 0.8 × 1019 
neutrons/cm2 (E > 1 MeV) was selected as the target fluence for this irradiation experiment (see  
Fig. 10). It was also anticipated that irradiation to this fluence would not decrease the Charpy USE 
below 68 J (50 ft-lb), in accordance with the requirements of 10 CFR 50, Appendix G. 

Irradiation was performed in the Heavy Section Steel Irradiation Irradiation-Anneal-
Reirradiation (HSSI-IAR) facility at the University of Michigan Ford Nuclear Reactor, in reusable 
capsules, at 288°C. Details of capsule layout, irradiation history, and neutronics analyses of the 
specimens are given in the appendix to this document. In general, the capsules consist of five cells 
each. The capsules were designed in such a way that each cell would accommodate three 1T C(T) 
specimens or their equivalent. The entire facility with capsules can be retrieved from the reactor at 
any time, which allows complete control of the desired fluence during irradiation. Additionally, 
capsules can be removed from the facility and moved into a hot cell, and the capsule covers can be 
opened or closed remotely while in the hot cell for changing or replacing specimens. 

 

KS-01

 
Fig. 9. Distribution of surveillance sets in the PR-EDB relative to their T41J 

values and location of the KS-01 weld within the database. 
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Target
fluence

 
Fig. 10. Embrittlement data of the KS-01 weld as provided by MPA-Stuttgart.  

 

Multizone electrical heaters installed in the facility maintain the temperature within the capsules 
to ± 2°C. The combination of these factors makes this HSSI-IAR facility a unique instrument to 
perform well-controlled irradiation experiments with RPV steels. See Ref. [9] for a detailed 
description of the facilities. 

At the midpoint of the irradiation process, capsules with KS-01 specimens were retrieved from 
the reactor and opened, and specimens were repositioned within the capsule in order to smooth the 
flux distribution among the specimens. Capsules were also rotated 180o to average the neutron flux 
through the capsule thickness. 

Most of the specimens were exposed to a neutron dose that varied from 0.70 to 0.84 × 1019 
neutrons/cm2 (E > 1 MeV). However, there was one cell containing three 1T C(T) specimens for 
which the fluence only varied from 0.62 to 0.64 × 1019 neutrons/cm2 (E > 1 MeV). Tables in this 
report contain information about the total accumulated fluence for each specimen. 

Tensile Properties 

Testing of round tensile specimens with a gage section of 5.08 mm in diameter and 31.75 mm in 
length was conducted in accordance with American Society for Testing and Materials (ASTM) 
standard E-8 [10]. Four tensile specimens were tested in the unirradiated condition. Two specimens 
were tested at room temperature, and two at −60°C. These two temperatures were selected to cover 
the temperature range in which fracture toughness specimens could be tested and also because MPA 
data were available at those temperatures. Overall, MPA tested unirradiated tensile specimens in the 
temperature range from –100°C to 275°C. Table 3 summarizes yield strength (σYS) and ultimate 
strength (σUS) data obtained at both ORNL and MPA on the unirradiated KS-01 weld. 
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Tensile properties of the KS-01 weld measured at ORNL and MPA are in very good agreement. 
On average, room temperature yield strength is 600 MPa and ultimate strength is 683 MPa in the 
unirradiated condition. This material has a relatively high strength in the unirradiated condition 
compared with that of a typical RPV weld (see Fig. 11). This was initially considered an advantage 
because high yield strength increases the validity limit for fracture toughness measurements 
according to ASTM standard E 1921-02 [11]. After irradiation, seven specimens were tested in the 
temperature range from –100°C to 250°C (see Table 4). The yield strength at room temperature 
increased by 226 MPa, and ultimate strength increased by 203 MPa, compared with results for 
specimens tested in the unirradiated condition. The average fluence among tensile specimens was 
0.762 × 1019 neutrons/cm2 (E > 1 MeV) with a standard deviation of 0.018 × 1019 neutrons/cm2. 

Figure 12 summarizes the temperature dependencies of yield and ultimate strengths of the KS-01 
weld in both the unirradiated and irradiated conditions. 

 

KS-01

 
Fig. 11. Distribution of surveillance specimen sets in the PR-EDB relative to 

their yield strength and location of the KS-01 weld within this database. 

Table 3. Tensile properties of the KS-01 weld in the unirradiated condition 
Test temperature, °C Laboratory Yield strength, MPa Ultimate strength, MPa 

−100 MPA 694 794 
−60 MPA 644 744 
−60 ORNL 661 761 
−60 ORNL 645 752 
−20 MPA 619 709 
23 MPA 599 679 
23 ORNL 598 680 
23 ORNL 603 689 
80 MPA 582 654 

140 MPA 564 634 
200 MPA 544 619 
275 MPA 519 602 
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Table 4. Tensile properties of KS-01 weld specimens tested 

after irradiation at 288°C to 0.76 × 1019 neutrons/cm2 
Specimen ID T8-33 T8-12 T8-11 T8-13 T8-23 T8-39 T8-24 

Neutron fluence, 1019 n/cm2 0.76 0.775 0.739 0.739 0.76 0.787 0.775 
Test temperature, oC −100 24 24 100 150 200 250 
Yield strength, MPa 890 828 825 779 756 746 743 
Ultimate strength, MPa 965 885 889 844 820 809 802 
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Fig. 12. Yield strength and ultimate strength of the KS-01 weld 
before and after irradiation. 

 
Charpy Impact Properties 

Testing of CVN specimens was conducted in accordance with ASTM standards E23 and E185 
[12,13]. Specimens were oriented in the transverse-longitudinal (TL) orientation. Fifteen CVN 
specimens were tested in the unirradiated condition by MPA, and ten specimens were tested by 
ORNL. The results are given in Table 5. As in the case with tensile properties, CVN data from both 
laboratories are in very good agreement. The Charpy transition temperature, T41J, is –10°C, and the 
USE is 118 J. 

Twenty-two specimens were tested after irradiation at 288°C to 0.74 × 1019 neutrons/cm2 (E > 1 
MeV); the results are given in Table 6. As expected, the KS-01 weld exhibited a large shift of 
transition temperature, 169°C. The USE was reduced to 78 J. Figure 13 presents the Charpy impact 
properties of KS-01 weld material before and after irradiation. In addition to a large shift of transition 
temperature and drop in the USE, this weld also exhibited a change in the slope of the transition 
region curve typical for irradiated RPV materials. For example, the shift of T41J was 169°C compared 
with the 217°C shift of T68J. The combination of these factors has made the KS-01 weld a perfect 
candidate for purposes of this study.  

Table 7 provides a summary of Charpy impact properties of KS-01 weld material before and 
after irradiation. The Charpy impact parameters were determined from curve fits using a hyperbolic 
tangent function with lower shelves fixed to 2.7 J for energy, 0.0 mm for lateral expansion, and 0% 
for shear appearance. The average neutron fluence among Charpy specimens was 0.742 × 1019 
neutrons/cm2 with a standard deviation of 0.018 × 1019 neutrons/cm2 (E > 1 MeV). 
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Table 5. Charpy impact data of the KS-01 weld in the unirradiated 
condition as measured by MPA and ORNL 

Specimen ID Temperature, oC Energy, J 
Lateral 

expansion, mm 
Shear, % 

ORNL 
6-14 −75 2.03 0.15 0 

6-1 −50 9.49 0.20 20 
6-2 −25 31.86 0.58 50 
6-3 0.0 56.27 0.84 60 
6-7 25 68.47 1.40 85 
6-8 50 92.87 1.52 100 
6-17 75 98.3 1.65 100 
6-5 100 107.79 1.78 100 
6-4 200 117.28 1.91 100 
6-6 275 123.38 2.08 100 

MPA 
XN75 −80 7.0 0.05 11 

XN74 −65 10.0 0.08 16 
XN45 −50 20.0 0.24 1 
XN60 −35 13.0 0.15 19 
XN44 −25 26.0 0.35 10 
XN30 0.0 58.0 1.03 63 
XNBP01 25 72.0 1.06 84 
BN97 50 100.0 1.52 91 
BN98 75 92.0 1.46 93 
XN89 90 126.0 1.99 100 
BN99 100 88.0 1.62 89 
XN90 130 119.0 1.90 100 
XN14 150 113.0 1.80 100 
XN15 200 126.0 2.09 100 
XN29 275 124.0 1.89 100 
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Table 6. Charpy impact data of the KS-01 weld after irradiation at 288°C to 
0.74 × 1019 neutrons/cm2 (E > 1 MeV) 

Specimen ID 
Neutron fluence, 

1019 n/cm2  (E > 1 MeV) 
Temperature, oC 

Energy, 
J 

Shear, 
% 

5-10 0.715 23 6.91 5 
5-11 0.721 23 6.24 5 
5-15 0.746 50 9.08 0 
5-8 0.721 50 5.15 0 
5-9 0.723 75 16.54 15 
5-13 0.725 75 13.02 10 
5-7 0.715 100 27.52 30 
5-16 0.764 100 28.20 30 
5-17 0.764 125 17.22 10 
5-6 0.751 125 30.23 30 
5-3 0.751 150 36.20 40 
5-19 0.739 150 23.32 20 
5-20 0.739 175 39.32 40 
5-1 0.746 175 54.37 60 
5-2 0.745 200 46.23 60 
5-18 0.777 200 66.71 90 
6-19 0.760 225 66.71 95 
5-4 0.746 225 77.01 95 
5-5 0.745 250 70.23 95 
6-20 0.760 250 72.67 95 
5-12 0.723 275 72.40 99 
5-14 0.746 275 81.48 100 
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Fig. 13. Charpy impact energy vs test temperature for the 

KS-01 weld in the unirradiated condition (open symbols) and 
following irradiation (grey symbols) at 288°C to an average 
fast fluence of 0.74 × 1019 neutrons/cm2 (E > 1 MeV). 

 



 14 

 
Table 7. Summary of Charpy impact properties of the 

KS-01 weld material before and after irradiation 

Charpy impact property Before irradiation 
After 

irradiation 
T41J, °C −10 159 
T68J, °C 20 237 
T0.9mm, °C 6 Not measured 
T50%, °C −10 166 
Upper shelf energy, J 118 78 
Upper shelf lateral expansion, 
mm 

1.92 Not measured 

 
Fracture Toughness Properties 

Fracture toughness data have been generated using compact specimens, C(T), of 0.5T and 1T 
sizes, although a limited number of precracked CVN (PCVN) specimens have been also tested in the 
unirradiated condition. Specimens were fabricated, precracked, and tested according to ASTM E 
1921-02 [11]. Only the 0.5T C(T) specimens were 20% side-grooved (10% from each side) after 
fatigue precracking. An outboard clip gage was used to measure load-line displacement on the C(T) 
specimens, and a linear variable differential transformer (LVDT) gage was used to measure load-line 
displacement on the PCVN specimens. The unloading compliance method was used to obtain J-
integral versus crack extension data. From J-integral versus crack extension data, a J-integral at the 
point of cleavage instability, Jc, was determined, and a critical value of the stress intensity factor, KJc, 
was calculated from 

 
2cJc ν1

E
JK

−
=   , (2) 

 
where E is Young’s modulus and ν = 0.3 is Poisson’s ratio. In the present work, the following fit to 
ASME data was used for the temperature dependence of Young’s modulus: 
 
 E = 192520 – 66 · T  ,  in MPa, (3) 
where T is in °C. 
 

It was decided to perform replicate fracture toughness tests at several test temperatures within 
the transition range, in both unirradiated and irradiated conditions. All KJc data were converted to 1T 
equivalence, KJc(1T), using the size adjustment procedure of ASTM E 1921−02 [1,11] 

 [ ]
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where KJc(x) = measured KJc value, 
 Bx = gross thickness of test specimen, 
 B1T = gross thickness of 1T C(T) specimen. 
 
Attempts were made to test at least six specimens at a given temperature. That would allow 
determining the median fracture toughness as follows [11]: 
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where 
 KJc(i)= either a valid KJc datum or a dummy substitute for an invalid datum  

(see definition of invalid data below), 
 r = number of valid data, 
 N = number of data (valid and invalid). 
 

Two validity criteria were used to qualify KJc data. A KJc datum would be considered invalid if 
this value exceeded the KJc(limit) requirement of E 1921−02 [11]: 

 
2

YSo
Jc(limit) ν1

E

30

σb
K

−
⋅= , (6) 

 
where bo is the in-plane size of the specimen’s remaining ligament. As mentioned earlier, the KS-01 
weld had a relatively high yield strength, even in the unirradiated condition, and irradiation increased 
it significantly. As a result, none of the specimens tested within this study violated the ligament-size 
validity requirement. The second validity requirement limits the amount of stable crack growth prior 
to cleavage instability. A KJc datum was considered invalid if the test terminated in cleavage after 
slow-stable crack growth of more than 0.05(W-ao), or 1 mm, whichever is smaller. Several specimens 
in this study violated this requirement, and those KJc values were replaced by the highest valid KJc 
value in the data set for any given specimen size. 

The reference fracture toughness transition temperature, To, was determined using the multi-
temperature equation from ASTM E 1921−02 [1,11]: 
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δ , (7) 

 
where  
 δi = 1.0 if the datum is valid, zero if the datum is a dummy substitute value, 
 Ti = test temperature corresponding to KJc(i). 
 

The KJc test data for the KS-01 weld in the unirradiated condition are presented in Table 8. In the 
same table, 1T equivalence data are also presented. Two of the specimens tested at room temperature 
cleaved after more than 1 mm of stable crack growth, and the data from these specimens were used as 
invalid data points for To and KJc(med) determinations. One of the PCVN specimens, namely 8-72, 
cleaved with a KJc value just slightly lower than the KJc(limit) for this specimen size/temperature (152.3 
MPa√m). 

In addition to transition region testing, two 0.5T C(T) specimens were tested to develop full J-R 
curves, one at 80°C and another at 120°C. Those J-R curves were analyzed according to ASTM 
standard E 1820 [14] and the critical J-integral values at onset of stable crack growth, JIc, were 
determined as 162.6 kJ/m2 and 147 kJ/m2, respectively. 

MPA also performed fracture toughness characterization testing of KS-01 weld material in the 
unirradiated condition by using 1T and 2T C(T) specimens. These tests were limited to developing 
only linear-elastic KIc data in accordance with ASTM standard E 399 [15]. Nevertheless, these data 
were also used to evaluate the To value of KS-01 weld material in the unirradiated condition. MPA 
results are given in Table 9. 
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All data in Tables 8 and 9 were combined to determine an initial value of the transition 
temperature, To, using Eq. (7). After that, in accordance with ASTM E 1921-02, analysis was limited 
only to the data that were distributed over a restricted temperature range, namely To ± 50°C. As a 
result, fracture toughness data developed at temperatures of –80°C and lower were excluded from the 
final analysis. The final value of the reference fracture toughness transition temperature for the KS-01 
weld in the unirradiated condition is –26°C. 

Table 10 presents median fracture toughness values of unirradiated KS-01 weld material at four 
test temperatures determined by using Eq. (5). The median fracture toughness value at –50°C was 
determined with six PCVN specimens and one 2T C(T) XB88 specimen. 

 

Table 8. Fracture toughness values of unirradiated KS-01 weld  
measured in the transition region 

Type of specimen Specimen ID Jc, kJ/m2 KJc, Mpa√m KJc(1T), Mpa√m Remarks 
Test temperature −50°C 

PCVN 8-74 33.31 84.70 71.46 Valid 
PCVN 8-73 26.6 75.69 64.29 Valid 
PCVN 8-72 106.69 151.59 124.65 Valid 
PCVN 8-71 28.53 78.39 66.44 Valid 
PCVN 8-64 89.82 139.09 114.71 Valid 
PCVN 8-63 31.81 82.77 69.92 Valid 

Test temperature −35°C 
1T C(T) 4-4 31.72 82.44 82.44 Valid 
1T C(T) 8-71 15.83 58.24 58.24 Valid 
1T C(T) 8-73 13.93 54.64 54.64 Valid 
1T C(T) 8-72 25.21 73.50 73.50 Valid 
1T C(T) 4-2 26.56 75.44 75.44 Valid 
1T C(T) 2-5 20.7 66.60 66.60 Valid 
1T C(T) 8-42 26.55 75.43 75.43 Valid 
1T C(T) 0-6 16.28 59.06 59.06 Valid 

Test temperature −5°C 
1T C(T) 0-1 55.02 108.02 108.02 Valid 
1T C(T) 0-2 53.73 106.75 106.75 Valid 
1T C(T) 0-3 48.1 101.00 101.00 Valid 
1T C(T) 0-4 48.62 101.55 101.55 Valid 
1T C(T) 0-5 49.33 102.29 102.29 Valid 

Test temperature 23°C 
1T C(T) 3-1 180.18 194.47 194.47 Valid 
1T C(T) 3-2 159 182.68 182.68 Valid 
1T C(T) 3-3 130.3 165.37 165.37 Valid 
1T C(T) 3-4 208.68 209.28 209.28 Valid 
1T C(T) 4-1 258.86 233.09 233.09 ∆a >1 mm 
1T C(T) 4-3 274.09 239.85 239.85 ∆a >1 mm 

0.5T C(T) 7-5 205.93 207.90 178.01 Valid 
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Table 10. Median fracture toughness values of unirradiated KS-01 weld 
Test temperature, 

oC 
KJc(med), 
Mpa√m 

Number of specimens tested, N 
Number of valid 

data, r 
−50 88.70 7 7 
−35 65.75 8 8 

−5 96.71 5 5 
23 193.57 7 5 

 

Irradiated fracture toughness specimens were tested from 100°C to 200°C with 25°C intervals to 
characterize the transition fracture toughness. Only one 0.5T C(T) specimen was intentionally tested 
at 250°C to ensure a full J-R curve in order to determine JIc of this material after irradiation. However, 
the provisional JQ value of 106 kJ/m2 from the J-R curve of the irradiated specimen could not be 
qualified as a valid ASTM E 1820 JIc value. This test also showed that the material lost almost all its 
tearing resistance at such a level of embrittlement. Tearing resistance can be characterized by the 
dimensionless tearing modulus, Tavg. The values of tearing modulus were determined from 

,
da

dJ

σ
E

T
2
f

avg =  (8) 

where σf is the flow stress (the average of the yield strength and ultimate strength) and dJ/da is the 
average slope of the J-R curve between the exclusion lines. The J-R curve of irradiated specimens 
becomes practically flat after stable crack growth initiation. The irradiated tearing modulus was only 
6. Figure 14 compares two sets of J-R data, the first developed by an unirradiated specimen at 120°C, 
and the second by an irradiated specimen at 250°C. For comparison, the tearing modulus of the 
unirradiated specimen is 54. 

 
 

Table 9. MPA fracture toughness measurements of the KS-01 weld 
Type of 

specimen 
Specimen ID Test temperature, oC 

KIc, 
MPa√m 

1T equivalent, 
MPa√m 

Remarks 

1T C(T) XB71 −140 31.00 31.00  
1T C(T) XB72 −120 33.90 33.90  
2T C(T) XB85 −103 35.20 38.08  
1T C(T) XB73 −100 44.40 44.40  
2T C(T) XB86 −83 44.60 49.25  
1T C(T) XB74 −80 44.80 44.80  
1T C(T) XB75 −65 73.58 73.58 KQ, invalid KIc 
2T C(T) XB87 −65 46.00 50.92  
2T C(T) XB88 −48 54.70 61.27  
2T C(T) XB89 −40 96.70 111.21 KQ, invalid KIc 
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Fig. 14. Comparison of J-R curves developed from unirradiated and irradiated 

specimens. 

Two 1T C(T) specimens, one tested at 175°C and one at 200°C, also developed full J-R curves 
similar to the J-R curve developed at 250°C by a 0.5T C(T) specimen. In these cases, JQ values were 
116.8 kJ/m2 and 104.9 kJ/m2, respectively. Those values could not be qualified as valid JIc values. 
Moreover, the final J-integral values from these tests were low, and when converted to their stress-
intensity factor values by Eq. (2), they were still smaller than the validity requirement set up by  
Eq. (6). Following E 1921 guidance, these data were ignored and were not involved in either To or 
KJc(med) evaluations. In any case, these results indicated that irradiation of the KS-01 weld at 288°C to 
0.74 × 1019 neutrons/cm2 (E >1 MeV) reduced the stable crack growth initiation toughness and 
significantly diminished the tearing resistance of this material. This leaves a relatively narrow range 
of temperature within which to examine the shape of the transition curve. Irradiated fracture 
toughness data are given in Table 11. 

After the initial calculation, it was determined that data at 200°C should be excluded from the 
analysis, since they were outside the To ± 50°C range. The final calculation gave the value of To equal 
to 139°C. Thus, the shift of the transition fracture toughness temperature after irradiation of the KS-
01 weld at 288°C to 0.8 × 1019neutrons/cm2 is 165°C, which is in remarkable agreement with the 
Charpy T41J shift of 169°C.  

It appears that irradiation-induced changes in mechanical and fracture toughness properties of 
the KS-01 weld are in agreement with general trends for RPV steels [5,16,17], as can be seen in Figs. 
15 through 17. 

Figure 18 presents fracture toughness data for the KS-01 weld, size-adjusted to 1T before and 
after irradiation. Master curves are drawn as solid lines, and the 5% and 95% tolerance bounds are 
drawn as dashed lines. Master curves and tolerance bounds are drawn only within To ± 50°C range 
(89 to 189°C). As in the case of unirradiated data, the 5% and 95% tolerance bounds appear to 
provide a good description of irradiated fracture toughness data within the temperature range of To ± 



 19 

50°C. However, relatively low energy cleavage fractures that occurred at 200°C (To + 61°C) cause 
concerns regarding the ability of this highly embrittled weld to maintain the master curve shape. 

Since there were replicate tests performed at several temperatures, it was decided to determine 
median fracture toughness values at each of these temperatures and then compare how well those 
median values follow the master curve. Table 12 presents median fracture toughness values of the 
irradiated KS-01 weld at different test temperatures, and Fig. 19 presents these values in the 
unirradiated and irradiated conditions relative to their master curves. 

 

Table 11. Fracture toughness data of the KS-01 weld after irradiation at 288°C 
to 0.74 × 1019 neutrons/cm2 (E > 1 MeV) 

Type of 
specimen 

Specimen 
ID 

Neutron fluence, 
1019 neutron/cm2 

(E > 1 MeV) 

Jc, 
kJ/m2 KJc, MPa√m 

KJc(1T), 

MPa√m 
Remarks 

Test temperature 100°C 
0.5T C(T) 1-5 0.749 33.33 82.54 72.59  
0.5T C(T) 1-3 0.704 42.78 93.51 81.81  
0.5T C(T) 1-4 0.701 36.04 85.83 75.35  
0.5T C(T) 1-2 0.748 20.5 64.73 57.61  
0.5T C(T) 7-4 0.838 17.67 60.10 53.72  

Test temperature 125°C 
1T C(T) 2-4 0.780 69.55 118.59 118.59  
1T C(T) 8-13 0.740 28.77 76.27 76.27  
1T C(T) 8-12 0.761 39.85 89.76 89.76  
1T C(T) 8-21 0.701 53.55 104.06 104.06  
1T C(T) 2-3 0.799 39.09 88.90 88.90  
1T C(T) 8-23 0.696 49.69 100.24 100.24  

Test temperature 150°C 
1T C(T) 8-22 0.704 57.68 107.70 107.70  
1T C(T) 8-31 0.735 54.42 104.61 104.61  
1T C(T) 8-51 0.616 72.98 121.15 121.15  
1T C(T) 8-52 0.627 130.08 161.74 161.74  
1T C(T) 8-43 0.796 67.62 116.61 116.61  
1T C(T) 8-61 0.704 67.49 116.50 116.50  

0.5T C(T) 1-7 0.844 43.15 93.15 81.51  
0.5T C(T) 1-6 0.803 62.16 111.80 97.20  
0.5T C(T) 7-6 0.700 49.17 99.44 86.80  
0.5T C(T) 1-1 0.747 60.37 110.18 95.83  

Test temperature 175°C 
1T C(T) 8-11 0.756 72.32 119.94 119.94  
1T C(T) 2-2 0.792 101.98 142.42 142.42  
1T C(T) 2-1 0.762 161.6 179.28 142.42 ∆a > 1 mm 
1T C(T) 8-63 0.731 181 189.74 142.42 ∆a > 1 mm 
1T C(T) 8-53 0639. a a a Non-test 

Test temperature 200oC 
1T C(T) 8-62 0.720 a a a Non-test 
1T C(T) 8-41 0.760 102.49 141.99 141.99  
1T C(T) 8.32 0.731 73.8 120.49 120.49  
1T C(T) 8-33 0.718 141.76 166.99 120.49 ∆a > 1 mm 

0.5T C(T) 7-1 0.806 64.96 113.04 98.24  
     aFull J-R curve; no cleavage. 
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Fig. 15. Relationship between absolute values of To and T41J from Ref. [5] and 

the position of the KS-01 weld in the unirradiated and irradiated conditions. 
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Fig. 16. Relationship between fracture toughness To and Charpy T41J shift for RPV 

steels from Ref. [5] and HSSI data only from Ref. [8] and the position of the KS-01 weld 
from the present study. 
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Fig. 17. Relationship between fracture toughness To shift and yield strength increase for 

RPV steels from Ref. [5] and the position of the KS-01 weld from the present study. 
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Fig. 18. 1T size-adjusted fracture toughness data of the KS-01 

weld before and after irradiation. 
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Table 12. Median fracture toughness values (adjusted to 1T) for irradiated KS-01 weld 

Test temperature, 
oC 

KJc(med), 
Mpa√m 

Total number of 
specimens tested, N 

Number of E1921 valid 
data, r 

100 66.91 5 5 
125 92.72 6 6 
150 108.75 10 10 
175 147.95 4 2 
200 121.68 4 3 
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Fig. 19. Median fracture toughness values of the KS-01 weld in the 

unirradiated and irradiated conditions relative to their master curves. In 
parenthesis is the number of specimens tested at a given temperature 
over the number of ASTM E 1921 valid results. 

 

Values for KJc(med) were calculated by Eq. (5). However, ASTM E 1921 requires a minimum 
number of valid data points (at least six, depending on the KJc(med) value) to evaluate KJc(med). From 
this point of view, the KJc(med) values at 100°C and, especially at 175°C and 200°C, fell short of the 
number of valid data points required by ASTM E 1921. The same pertains to the unirradiated KJc(med) 
values at –5°C and 23°C (see Table 10). The numbers in parentheses at each data point in Fig. 19 
show the number of specimens tested at that temperature and the number of ASTM E 1921 valid data 
points. 

The present results show that the median fracture toughness values of the irradiated KS-01 weld 
after a high level of embrittlement tend to follow the master curve shape up to about 148 MPa√m, and 
then there is a leveling off from the master curve shape. The low ductile initiation toughness (JQ) did 
not allow obtaining a statistically significant number of valid cleavage results at 200°C to confirm 
this statement (two tests had a > 1 mm, see Table 11). However, the repeatable number of low-
toughness cleavage fractures at 200°C indicates a potential for deviation of the transition fracture 
toughness curve from the master curve shape for a highly embrittled RPV weld. Additional studies 
are envisioned with highly embrittled materials to resolve these issues. As part of this project, small-
size specimens, like PCVN, precracked 5 × 5 × 27.5 mm, and 0.4T C(T) specimens would be tested in 
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the next phase. This proposed testing would be focused at the lower part of the transition region. 
Atom probe characterization of microstructural changes in the KS-01 weld would also be performed 
in the next phase. 
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Summary and Conclusions 

Twenty-one 1T C(T) specimens, as well as some CVN and tensile specimens, of the radiation-
sensitive KS-01 weld were irradiated in the new HSSI-IAR facilities at the University of Michigan 
Ford Nuclear Reactor. This weld was produced by MPA-Stuttgart with intentionally high contents of 
several elements, including copper, nickel, and manganese, to ensure extremely high sensitivity to 
irradiation. Specimens were irradiated at 288°C to an average fluence of 0.74 × 1019 neutrons/cm2 (E 
> 1MeV). The main observations from this study are as follows. 

 
1. The high-strength, radiation-sensitive KS-01 weld exhibited a large Charpy T41J shift of 169°C 

and a USE drop from 118 J to 78 J due to irradiation. Irradiation also altered the shape of the 
Charpy transition curve such that the Charpy T68J shift, 217°C, was much larger than the T41J 
shift. 

2. Yield strength increased from 600 MPa to 826 MPa as a result of irradiation. 
3. Master curve analysis indicated a fracture toughness To shift of 165°C, which is in remarkable 

agreement with the Charpy T41J shift. 
4. Despite a high level of embrittlement and hardening, relationships between embrittlement and 

hardening of the KS-01 weld follow the general trend for RPV steels. 
5. This weld exhibited a low ductile initiation toughness (JQ) after irradiation. It leaves a relatively 

narrow range of temperature within which to examine the shape of the transition region curve. 
Irradiated median fracture toughness values up to 148 MPa√m follow the master curve shape. 
However, low-toughness brittle fractures occurred at temperatures further above To (To + 61°C) 
than expected, with a corresponding leveling of the KJc data from the master curve shape 
concept. 
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Appendix A. Neutronics Analysis of the First Two HSSI-IAR Metallurgical 
Capsules 

I. Remec, C. A. Baldwin 

Introduction 

The first two capsules with metallurgical specimens were irradiated in the Heavy Section Steel 
Irradiation (HSSI) Irradiation-Anneal-Reirradiation-(IAR) facility at the University of Michigan’s 
Ford Nuclear Reactor (FNR) in Ann Arbor, Michigan. The specimens received fast neutron fluence 
(E > 1 MeV) in the range from ~6.2 × 1018 to 9.9 × 1018 cm−2. The uncertainty associated with the fast 
neutron fluence and other irradiation parameters is ~7% (1 sigma). In the following, the dosimetry 
measurements and the analysis are briefly described and the results are presented.  

Dosimetry Measurements 

The horizontal cross section of the HSSI/University of California, Santa Barbara (UCSB), 
irradiation facility at FNR is shown schematically in Fig. A.1. Because the location of the facility is 
close to the corner of the core, the fast neutron flux in the north capsule is about 70% higher than the 
fast neutron flux in the south capsule. 

The metallurgical specimens and the neutron dosimeters loaded in capsule 1 and capsule 2 are 
shown in Figs. A.2 and A.3. The neutron dosimeters used were iron gradient wires, which were 
placed in the notches in the metallurgical samples, and standard fission-radiometric dosimetry sets 
(FRDs), which were located in the holes in the shelves of the capsules. After the irradiation, the 
gradient wires were cut in several pieces, and the activity of each piece was measured separately.  

A standard FRD contains Co, Fe, Ni, Ti, Cu, NpO2, and UO2 wires. The Co wire is actually a 
Co/Al alloy with 0.100 wt % Co. The NpO2 and UO2 wires are encapsulated in vanadium. The 
dosimeter wires are packed in a gadolinium vial with an ~0.89-mm-thick (0.035-in.) wall. The 
gadolinium vial is put in a stainless steel tube with an outer diameter of 0.58 cm (0.23-in.) and a wall 
thickness of ~0.038 cm. After the irradiation, the FRDs are opened, and the activity of each dosimeter 
is measured separately. 

The measured specific activities of the dosimeters at the end of irradiation (EOI) are given in 
Tables A.1 and A.2. The iron and Co/Al wires were also irradiated in the removable dosimetry tubes 
(RDTs) at the ends of the thermal shield (see Fig. A.1). At each of the two locations, one iron and one 
Co/Al wire were irradiated and were replaced once during the irradiation. These measurements were 
not used to determine the neutron flux inside the capsules. The measured activities of the RDT 
dosimeters are given in Tables A.3 and A.4. The details on the dosimetry measurements can be found 
in Ref. A.1. 

The locations of the dosimeters are given in the coordinate system shown in Fig. A.1. The initial 
locations of the dosimeters are given. The origin of the coordinate system is located at the intersection 
of the core side of the thermal (gamma) shield, the vertical plane perpendicular to the core side that 
divides the irradiation facility into two symmetric parts, and the horizontal “fuel mid-plane,” which 
divides the fuel in two equal parts vertically. The y-axis is perpendicular to the core side with the 
positive direction pointing to the east (away from the core). The x-axis is parallel to the core face with 
the positive direction pointing to the south. The z-axis is parallel to the core face with the positive 
direction pointing up. 

During the irradiation, packets of metallurgical specimens were moved to different locations 
within the capsule (together with the dosimeters inserted in them). The capsules were rotated, and the 
locations of the capsules were interchanged (e.g., the “south” capsule was moved to the “north” 
position and vice versa). These movements were done to achieve more uniform distribution of fluence 
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throughout the packets and specimens. Not all of the specimens were removed at the same time. The 
detailed irradiation history and the changes of the positions are given in Table A.5. 

 
The Analysis 

The analysis followed the methodology established for previous HSSI experiments and the 
neutronics characterization of the HSSI-IAR facility (Ref. A.2). To determine the best-estimate 
neutron irradiation exposure parameters, a neutron spectrum adjustment procedure was used that 
combines the results of transport calculations of the neutron field and measurements using 
radiometric monitors. The input data consisted of the following: 

• neutron fluence rate spectrum from transport calculations at each dosimetry location, 

• cross sections for each dosimetry reaction used, 

• measured activity of each dosimeter, and 

• response function for each irradiation exposure parameter. 

For each of the dosimeters used in the experiments, a 47-group neutron spectrum was obtained 
from the three-dimensional neutron transport calculation described in Ref. A.2. The transport 
calculations were performed with the TORT code (Ref. A.3). 

The cross sections and the covariance matrices for the dosimetry reactions were taken from the 
CROSS-95 library (Ref. A.4), which uses the 640 energy groups (extended SAND-II structure) and 
was created from the IRDF-90 and ENDF/B-VI dosimetry files. To account for the gadolinium cover 
of the FRD sets, a modified set of cross sections was generated. The 640 group cross sections were 
multiplied by attenuation factors defined as 

  AF = exp ( – (D*AV/AT) * TH *CS) 
 

where 
 
 AF = attenuation factor, 
 D = density of cover material (7.9004 g/cm3 for Gd),  
 AV = Avogadro’s number,  
 AT = atomic weight (157.25 g for Gd),  
 TH = thickness of the cover (0.89 mm, 35 mils), and  
 CS = total absorption cross section of Gd (taken from the IRDF 90 file). 
 

The above formula is an approximation because it does not consider the geometry of the covers 
and the dosimeters. However, it has been successfully used in similar applications, and it appears to 
be reasonably accurate for the current application. The resulting cross sections were combined with 
the cross sections for the bare dosimeters and were converted to 32 energy groups for use in 
adjustment runs. Cross-section covariance matrices were also converted to the 32-group structure. 
The computer code FLXPRO from the LSL-M2 code package (Ref A.5) was used for this purpose. 

The neutron flux was not constant during the irradiation, mostly due to the relocation of the 
packages. Therefore, the measured specific activities were converted into reaction probabilities rather 
than into reaction rates. Reaction probabilities are reaction rates integrated over time. The conversion 
to reaction probabilities was performed separately for the three groups of dosimeters. The first group 
consisted of the dosimeters from packages B, C, D, E, FRD-98-05, and FRD-98-06. The second 
group included the dosimeters from packages F, G, H, I, J, FRD-98-07, and FRD-98-08. The third 
group consisted of the dosimeters from packet A. Some dosimeters were irradiated in as many as five 
locations, and this was accounted for in the conversion by using calculated neutron fluxes for all the 
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locations. The specific reactor power history was also taken into account. The conversion was done 
with the computer code ACT from the LSL-M2 code package. 

The neutron spectrum covariance matrix used for the adjustment runs was originally calculated 
for the simulated surveillance capsule position of the Oak Ridge Research Reactor Poolside Facility 
Metallurgical Experiment (Refs. A.6 and A.7). The original calculation of the fluence variance-
covariances covered only the range from 18 MeV to 0.1 MeV. Therefore, two energy groups from 
1.0 × 10–5 eV to 0.1 eV and from 0.1 eV to 0.1 MeV were added with large variances of 150% and 
75%, respectively, and small correlations of 0.1 and 0.2. The original standard deviations were 
increased by 50%. The spectrum covariance matrix was converted in the group structure used in the 
adjustment with the FLXPRO computer code from the LSL-M2 code package. Obviously, the 
assumed spectrum variance-covariance information is only approximate; however, it is not critical for 
the analysis because the adjustments were relatively small and because comprehensive dosimetry 
measurements were available.  

The least-squares neutron spectrum adjustment calculations were performed with the LSL-M2 
computer code. The adjustment runs were done separately for each capsule. The adjustment provided 
the adjusted neutron spectrum at each location and the best-estimate neutron exposure parameters. 
The exposure parameters selected to characterize the irradiation conditions were the neutron fluence 
with energies greater than 1 MeV, 0.5 MeV, and 0.1 MeV, and the displacements-per-atom (dpa) in 
iron. The fluences were obtained as sums of group fluences over the corresponding energy ranges. For 
the dpa calculations, the cross sections from Ref. A.8 were folded with the group fluxes and summed. 
These exposure parameters were determined for each dosimetry location. Due to the varying neutron 
flux during the irradiation, the time-integrated irradiation parameters are reported rather than their 
rates. 

Results and Discussion 

The analysis of this experiment was complicated by the fact that the packets of metallurgical 
samples were moved during the irradiation. Besides, the examination of the measurements, combined 
with the comparison with the calculated reaction probabilities, indicated that several dosimeters in the 
“north” capsule were not loaded according to the loading plan. This required additional work to 
complete the analysis. The following changes in positions of dosimeter wires were done: E-CT4 and 
E-CT1 were interchanged, B and C wires were interchanged, E-CV3 and E-CV1 wires were 
interchanged, and the orientations of the E-CV1, E-CV2, and E-CV3 wires were changed (i.e., the 
locations of the left and right ends of the wires were changed). The analysis did not suggest any 
changes in the positions of the dosimeters in the “south” capsule. 

The comparison of calculated and adjusted fast neutron fluences (E > 1 MeV) is presented in 
Tables A.6 and A.7 for the two irradiation capsules. Typical adjustment in the “north” capsule was 
~−7%, with the largest adjustment of ~−8.5%. In the “south” capsule, the adjustments were even 
smaller and did not exceed –3.7%.  

The adjusted fast neutron fluences and dpa’s are summarized in the Tables A.8 and A.9. The 
adjusted irradiation parameters should be used for the interpretation of metallurgical experiments. 

The uncertainties obtained from the least-squares adjustment procedure took into account 
estimated uncertainties of neutron transport calculations and uncertainties of the measured activities. 
Uncertainties of the best-estimate exposure parameter rates obtained from the adjustment calculations 
at the locations of the dosimeters were in the range of 2.8% to 4.5% (1 sigma). However, the 
uncertainties were not accurately propagated through all the computational sequences, and there may 
be biases, which were not recognized. It is therefore suggested that an uncertainty of 7% (1 sigma) 
should be associated with the adjusted exposure parameters. 
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Conclusion 

The irradiation exposure parameters for the first two HSSI-IAR capsules were determined at the 
locations of all the dosimeters irradiated in the capsules. The metallurgical specimens received fast 
neutron fluence (E > 1 MeV) in the range from ~6.2 × 1018 to 9.9 × 1018 cm–2. The uncertainty 
associated with the fast neutron fluence and other irradiation parameters is ~7% (1 sigma). 
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Fig. A.1. Horizontal cross section of the HSSI/UCSB irradiation facility at FNR. The coordinate 
system used in the report is shown. 
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Fig. A.2. Metallurgical specimens and neutron dosimeters loaded in capsule 1, which started 

irradiation in the north location in the HSSI-IAR facility. 
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Fig. A.3. Metallurgical specimens and neutron dosimeters loaded in capsule 2, which started 

irradiation in the south location in the HSSI-IAR facility. 
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Table A.1. Measured specific activities of the dosimeters in Capsule 1 

(which started in the north position in HSSI-IAR Facility) 
Coordinates 

Dosimeter 
ID 

Reaction X 
(cm) 

Y 
(cm) 

Z 
(cm) 

Activity 
at EOI 

(Bq/mg) 
A-111-03 FE-54 (N,P) MN-54 −12.201 6.68 16.986 7.31E+03 
A-111-02 FE-54 (N,P) MN-54 −10.201 6.68 16.986 7.39E+03 
A-111-01 FE-54 (N,P) MN-54 −8.201 6.68 16.986 7.62E+03 

      
A-113-01 FE-54 (N,P) MN-54 −13.701 6.68 14.986 7.18E+03 
A-113-02 FE-54 (N,P) MN-54 −12.201 6.68 14.986 7.41E+03 
A-113-03 FE-54 (N,P) MN-54 −10.201 6.68 14.986 7.72E+03 
A-113-04 FE-54 (N,P) MN-54 −8.201 6.68 14.986 8.00E+03 

      
A-112-01 FE-54 (N,P) MN-54 −13.701 6.68 12.986 7.33E+03 
A-112-02 FE-54 (N,P) MN-54 −12.201 6.68 12.986 7.40E+03 
A-112-03 FE-54 (N,P) MN-54 −10.201 6.68 12.986 7.69E+03 
A-112-04 FE-54 (N,P) MN-54 −8.201 6.68 12.986 8.10E+03 

      
B-13-01 FE-54 (N,P) MN-54 −13.551 6.68 8.712 6.61E+03 
B-13-02 FE-54 (N,P) MN-54 −11.011 6.68 8.712 6.61E+03 
B-13-03 FE-54 (N,P) MN-54 −8.471 6.68 8.712 6.42E+03 

      
C-12-01 FE-54 (N,P) MN-54 −13.551 6.68 1.803 6.18E+03 
C-12-02 FE-54 (N,P) MN-54 −11.011 6.68 1.803 6.08E+03 
C-12-03 FE-54 (N,P) MN-54 −8.471 6.68 1.803 6.03E+03 

      
D-14-01 FE-54 (N,P) MN-54 −13.551 6.68 −6.375 6.56E+03 
D-14-02 FE-54 (N,P) MN-54 −11.011 6.68 −6.375 6.27E+03 
D-14-03 FE-54 (N,P) MN-54 −8.471 6.68 −6.375 6.23E+03 

      
E-CT1-01 FE-54 (N,P) MN-54 −14.186 8.204 −14.554 7.60E+03 
E-CT1-02 FE-54 (N,P) MN-54 −12.916 8.204 −14.554 7.69E+03 
E-CT1-03 FE-54 (N,P) MN-54 −11.646 8.204 −14.554 7.55E+03 

      
E-CT2-01 FE-54 (N,P) MN-54 −14.186 8.204 −10.744 7.97E+03 
E-CT2-02 FE-54 (N,P) MN-54 −12.916 8.204 −10.744 7.95E+03 
E-CT2-03 FE-54 (N,P) MN-54 −11.646 8.204 −10.744 7.88E+03 

      
E-CT3-01 FE-54 (N,P) MN-54 −14.186 5.156 −14.554 6.05E+03 
E-CT3-02 FE-54 (N,P) MN-54 −12.916 5.156 −14.554 6.02E+03 
E-CT3-03 FE-54 (N,P) MN-54 −11.646 5.156 −14.554 5.90E+03 

      
E-CT4-01 FE-54 (N,P) MN-54 −14.186 5.156 −10.744 6.44E+03 
E-CT4-02 FE-54 (N,P) MN-54 −12.916 5.156 −10.744 6.37E+03 
E-CT4-03 FE-54 (N,P) MN-54 −11.646 5.156 −10.744 6.28E+03 
E-CV1-01 FE-54 (N,P) MN-54 −9.701 6.68 −14.649 6.32E+03 
E-CV1-02 FE-54 (N,P) MN-54 −8.701 6.68 −14.649 6.46E+03 
E-CV1-03 FE-54 (N,P) MN-54 −7.701 6.68 −14.649 6.52E+03 
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Table A.1 (continued) 

Coordinates 
Dosimeter 

ID 
Reaction X 

(cm) 
Y 

(cm) 
Z 

(cm) 

Activity 
at EOI 

(Bq/mg) 
E-CV2-03 FE-54 (N,P) MN-54 −9.701 6.68 −12.649 6.57E+03 
E-CV2-02 FE-54 (N,P) MN-54 −8.701 6.68 −12.649 6.64E+03 
E-CV2-01 FE-54 (N,P) MN-54 −7.701 6.68 −12.649 6.88E+03 
      
E-CV3-03 FE-54 (N,P) MN-54 −9.701 6.68 −10.649 6.68E+03 
E-CV3-02 FE-54 (N,P) MN-54 −8.701 6.68 −10.649 6.77E+03 
E-CV3-01 FE-54 (N,P) MN-54 −7.701 6.68 −10.649 6.84E+03 
      
FR-985 CO-59 (N,G) CO-60 −13.616 9.423 11.532 3.76E+03 
FR-985 NP-237(N,F) ZR-95 −13.616 9.423 11.532 1.57E+05 
FR-985 NP-237(N,F) RU-106 −13.616 9.423 11.532 2.03E+04 
FR-985 NP-237(N,F) CS-137 −13.616 9.423 11.532 2.55E+03 
FR-985 NP-237(N,F) CE-144 −13.616 9.423 11.532 4.45E+04 
FR-985 U-238 (N,F) ZR-95 −13.616 9.423 11.532 2.24E+04 
FR-985 U-238 (N,F) RU-106 −13.616 9.423 11.532 4.34E+03 
FR-985 U-238 (N,F) CS-137 −13.616 9.423 11.532 3.60E+02 
FR-985 U-238 (N,F) CE-144 −13.616 9.423 11.532 7.83E+03 
FR-985 NI-58 (N,P) CO-58 −13.616 9.423 11.532 3.40E+05 
FR-985 FE-54 (N,P) MN-54 −13.616 9.423 11.532 8.58E+03 
FR-985 TI-46 (N,P) SC-46 −13.616 9.423 11.532 4.60E+03 
FR-985 CU-63 (N,A) CO-60 −13.616 9.423 11.532 1.18E+02 
      
FR-986 CO-59 (N,G) CO-60 −11.321 6.68 −2.286 3.71E+03 
FR-986 NP-237(N,F) ZR-95 −11.321 6.68 −2.286 1.28E+05 
FR-986 NP-237(N,F) RU-106 −11.321 6.68 −2.286 2.02E+04 
FR-986 NP-237(N,F) CS-137 −11.321 6.68 −2.286 2.52E+03 
FR-986 NP-237(N,F) CE-144 −11.321 6.68 −2.286 5.04E+04 
FR-986 U-238 (N,F) ZR-95 −11.321 6.68 −2.286 1.66E+04 
FR-986 U-238 (N,F) RU-106 −11.321 6.68 −2.286 3.82E+03 
FR-986 U-238 (N,F) CS-137 −11.321 6.68 −2.286 3.41E+02 
FR-986 U-238 (N,F) CE-144 −11.321 6.68 −2.286 6.81E+03 
FR-986 NI-58 (N,P) CO-58 −11.321 6.68 −2.286 2.39E+05 
FR-986 FE-54 (N,P) MN-54 −11.321 6.68 −2.286 7.07E+03 
FR-986 TI-46 (N,P) SC-46 −11.321 6.68 −2.286 3.26E+03 
FR-986 CU-63 (N,A) CO-60 −11.321 6.68 −2.286 9.95E+01 
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Table A.2. Measured specific activities of the dosimeters in Capsule 2 

(which started in the south position in HSSI-IAR Facility) 
Coordinates 

Dosimeter 
ID 

Reaction X 
(cm) 

Y 
(cm) 

Z 
(cm) 

Activity 
at EOI 

(Bq/mg) 

F-213-01 FE-54 (N,P) MN-54 8.201 6.68 16.986 6.15E+03 
F-213-02 FE-54 (N,P) MN-54 10.201 6.68 16.986 6.36E+03 
F-213-03 FE-54 (N,P) MN-54 12.201 6.68 16.986 6.58E+03 
F-213-04 FE-54 (N,P) MN-54 13.701 6.68 16.986 6.71E+03 

      
F-212-01 FE-54 (N,P) MN-54 8.201 6.68 14.986 6.43E+03 
F-212-02 FE-54 (N,P) MN-54 10.201 6.68 14.986 6.58E+03 
F-212-03 FE-54 (N,P) MN-54 12.201 6.68 14.986 6.75E+03 
F-212-04 FE-54 (N,P) MN-54 13.701 6.68 14.986 6.98E+03 

      
F-211-01 FE-54 (N,P) MN-54 8.201 6.68 12.986 6.67E+03 
F-211-02 FE-54 (N,P) MN-54 10.201 6.68 12.986 6.83E+03 
F-211-03 FE-54 (N,P) MN-54 12.201 6.68 12.986 6.96E+03 
F-211-04 FE-54 (N,P) MN-54 13.701 6.68 12.986 7.19E+03 

      
G-22-01 FE-54 (N,P) MN-54 8.471 6.68 8.712 6.20E+03 
G-22-02 FE-54 (N,P) MN-54 11.011 6.68 8.712 6.34E+03 
G-22-03 FE-54 (N,P) MN-54 13.551 6.68 8.712 6.63E+03 

      
H-23-01 FE-54 (N,P) MN-54 8.471 6.68 1.803 5.64E+03 
H-23-02 FE-54 (N,P) MN-54 11.011 6.68 1.803 5.80E+03 
H-23-03 FE-54 (N,P) MN-54 13.551 6.68 1.803 6.06E+03 

      
I-24-01 FE-54 (N,P) MN-54 8.471 6.68 −6.375 6.11E+03 
I-24-02 FE-54 (N,P) MN-54 11.011 6.68 −6.375 6.24E+03 
I-24-03 FE-54 (N,P) MN-54 13.551 6.68 −6.375 6.44E+03 

      
J-25-01 FE-54 (N,P) MN-54 8.471 6.68 −13.284 6.30E+03 
J-25-02 FE-54 (N,P) MN-54 11.011 6.68 −13.284 6.60E+03 
J-25-03 FE-54 (N,P) MN-54 13.551 6.68 −13.284 6.63E+03 

      
FR-987 CO-59 (N,G) CO-60 9.022 9.423 11.532 3.61E+03 
FR-987 NP-237(N,F) ZR-95 9.022 9.423 11.532 1.11E+05 
FR-987 NP-237(N,F) RU-106 9.022 9.423 11.532 1.86E+04 
FR-987 NP-237(N,F) CS-137 9.022 9.423 11.532 2.41E+03 
FR-987 NP-237(N,F) CE-144 9.022 9.423 11.532 4.04E+04 
FR-987 U-238 (N,F) ZR-95 9.022 9.423 11.532 1.56E+04 
FR-987 U-238 (N,F) RU-106 9.022 9.423 11.532 4.04E+03 
FR-987 U-238 (N,F) CS-137 9.022 9.423 11.532 3.65E+02 
FR-987 U-238 (N,F) CE-144 9.022 9.423 11.532 6.98E+03 
FR-987 NI-58 (N,P) CO-58 9.022 9.423 11.532 2.34E+05 
FR-987 FE-54 (N,P) MN-54 9.022 9.423 11.532 7.50E+03 
FR-987 TI-46 (N,P) SC-46 9.022 9.423 11.532 3.26E+03 
FR-987 CU-63 (N,A) CO-60 9.022 9.423 11.532 1.10E+02 
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Table A.2 (continued) 

Coordinates 
Dosimeter 

ID 
Reaction X 

(cm) 
Y 

(cm) 
Z 

(cm) 

Activity 
at EOI 

(Bq/mg) 

FR-988 NP-237(N,F) ZR-95 11.321 6.68 −2.286 1.20E+05 
FR-988 CO-59 (N,G) CO-60 11.321 6.68 −2.286 3.87E+03 
FR-988 NP-237(N,F) RU-106 11.321 6.68 −2.286 1.93E+04 
FR-988 NP-237(N,F) CS-137 11.321 6.68 −2.286 2.55E+03 
FR-988 NP-237(N,F) CE-144 11.321 6.68 −2.286 4.92E+04 
FR-988 U-238 (N,F) ZR-95 11.321 6.68 −2.286 1.59E+04 
FR-988 U-238 (N,F) RU-106 11.321 6.68 −2.286 3.85E+03 
FR-988 U-238 (N,F) CS-137 11.321 6.68 −2.286 3.40E+02 
FR-988 U-238 (N,F) CE-144 11.321 6.68 −2.286 6.76E+03 
FR-988 NI-58 (N,P) CO-58 11.321 6.68 −2.286 2.32E+05 
FR-988 FE-54 (N,P) MN-54 11.321 6.68 −2.286 7.16E+03 
FR-988 TI-46 (N,P) SC-46 11.321 6.68 −2.286 3.14E+03 
FR-988 CU-63 (N,A) CO-60 11.321 6.68 −2.286 1.02E+02 

 
 
 

Table A.3. Measured specific activities of the dosimeters from  
the HSSI-IAR RDTs 07 (North) and 08 (South) 

Coordinates 
Dosimeter 

ID 
Reaction X 

(cm) 
Y 

(cm) 
Z 

(cm) 

Activity 
at EOI 

(Bq/mg) 

RDT7-Fe-01 FE-54 (N,P) MN-54 −21.107 0.635 20.955 1.23E+04 
RDT7-Fe-02 FE-54 (N,P) MN-54 −21.107 0.635 10.795 1.63E+04 
RDT7-Fe-03 FE-54 (N,P) MN-54 −21.107 0.635 0.635 1.79E+04 
RDT7-Fe-04 FE-54 (N,P) MN-54 −21.107 0.635 −9.525 1.61E+04 
RDT7-Fe-05 FE-54 (N,P) MN-54 −21.107 0.635 −19.685 1.21E+04 

      
RDT7-Co-01 CO-59 (N,G) CO-60 −21.107 0.635 20.955 5.57E+04 
RDT7-Co-02 CO-59 (N,G) CO-60 −21.107 0.635 10.795 7.76E+04 
RDT7-Co-03 CO-59 (N,G) CO-60 −21.107 0.635 0.635 8.25E+04 
RDT7-Co-04 CO-59 (N,G) CO-60 −21.107 0.635 −9.525 7.37E+04 
RDT7-Co-05 CO-59 (N,G) CO-60 −21.107 0.635 −19.685 5.26E+04 

      
RDT8-Fe-01 FE-54 (N,P) MN-54 18.418 0.635 20.955 4.77E+03 
RDT8-Fe-02 FE-54 (N,P) MN-54 18.418 0.635 10.795 6.23E+03 
RDT8-Fe-03 FE-54 (N,P) MN-54 18.418 0.635 0.635 6.45E+03 
RDT8-Fe-04 FE-54 (N,P) MN-54 18.418 0.635 −9.525 6.01E+03 
RDT8-Fe-05 FE-54 (N,P) MN-54 18.418 0.635 −19.685 4.55E+03 

      
RDT8-Co-01 CO-59 (N,G) CO-60 18.418 0.635 20.955 2.23E+04 
RDT8-Co-02 CO-59 (N,G) CO-60 18.418 0.635 10.795 3.04E+04 
RDT8-Co-03 CO-59 (N,G) CO-60 18.418 0.635 0.635 3.25E+04 
RDT8-Co-04 CO-59 (N,G) CO-60 18.418 0.635 −9.525 2.98E+04 
RDT8-Co-05 CO-59 (N,G) CO-60 18.418 0.635 −19.685 2.19E+04 
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Table A.4. Measured specific activities of the dosimeters from  

the HSSI-IAR RDTs 09 (North) and 10 (South) 
Coordinates 

Dosimeter 
ID 

Reaction X 
(cm) 

Y 
(cm) 

Z 
(cm) 

Activity 
at EOI 

(Bq/mg) 

RDT9-Fe-01 FE-54 (N,P) MN-54 −21.107 0.635 20.955 7.07E+03 
RDT9-Fe-02 FE-54 (N,P) MN-54 −21.107 0.635 10.795 9.33E+03 
RDT9-Fe-03 FE-54 (N,P) MN-54 −21.107 0.635 0.635 9.38E+03 
RDT9-Fe-04 FE-54 (N,P) MN-54 −21.107 0.635 −9.525 1.01E+04 
RDT9-Fe-05 FE-54 (N,P) MN-54 −21.107 0.635 −19.685 7.03E+03 

      
RDT9-Co-01 CO-59 (N,G) CO-60 −21.107 0.635 20.955 2.47E+04 
RDT9-Co-02 CO-59 (N,G) CO-60 −21.107 0.635 10.795 3.39E+04 
RDT9-Co-03 CO-59 (N,G) CO-60 −21.107 0.635 0.635 3.44E+04 
RDT9-Co-04 CO-59 (N,G) CO-60 −21.107 0.635 −9.525 3.67E+04 
RDT9-Co-05 CO-59 (N,G) CO-60 −21.107 0.635 −19.685 2.51E+04 

      
RDT10-Fe-01 FE-54 (N,P) MN-54 18.418 0.635 20.955 2.30E+03 
RDT10-Fe-02 FE-54 (N,P) MN-54 18.418 0.635 10.795 2.86E+03 
RDT10-Fe-03 FE-54 (N,P) MN-54 18.418 0.635 0.635 3.15E+03 
RDT10-Fe-04 FE-54 (N,P) MN-54 18.418 0.635 −9.525 2.83E+03 
RDT10-Fe-05 FE-54 (N,P) MN-54 18.418 0.635 −19.685 2.15E+03 

      
RDT10-Co-01 CO-59 (N,G) CO-60 18.418 0.635 20.955 9.23E+03 
RDT10-Co-02 CO-59 (N,G) CO-60 18.418 0.635 10.795 1.27E+04 
RDT10-Co-03 CO-59 (N,G) CO-60 18.418 0.635 0.635 1.33E+04 
RDT10-Co-04 CO-59 (N,G) CO-60 18.418 0.635 −9.525 1.22E+04 
RDT10-Co-05 CO-59 (N,G) CO-60 18.418 0.635 −19.685 9.32E+03 
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Table A.5. Irradiation history for the HSS-IAR1 capsule (which started in north position) and HSS-IAR2 

capsule (which started in south position) a  

Core power = 2.00 MW 
Irradiation interval 

Start  End 
Date Time  Date Time 

Interval duration 
(EFPH)b 

Cumulative 
irradiation time 

(CFPH) b 
 

Start of irradiation, RDTs 07 and 08 inserted 
12-16-98 10:55 12-23-98 15:19 172.40 172.40  

1-12-99 18:19 1-22-99 15:41 237.37 409.77  
1-27-99 15:22 2-1-99 11:00 115.63 525.40  

2-4-99 11:18 2-5-99 15:20 28.03 553.43  
2-9-99 14:30 2-10-99 22:05 31.58 585.02  

2-11-99 10:24 2-19-99 15:20 196.93 781.95  
2-23-99 19:04 2-25-99 12:55 41.85 823.80  
2-25-99 13:25 3-4-99 4:12 158.78 982.58  

3-4-99 10:02 3-5-99 15:29 29.45 1012.03  
3-10-99 9:56 3-19-99 15:20 221.40 1233.43  

 
HSS-IAR1 metallurgical specimen packets translated to new positions 

 Packet A originally in cell 1 moved to cell 3 
Packet C originally in cell 3 moved to cell 1 
Packet D originally in cell 4 moved to cell 5 
Packet E originally in cell 5 moved to cell 4 
HSS-IAR1 and HSS-IAR2 capsules rotated in place 180° 

 
3-25-99 14:00 4-1-99 7:05 161.08 1394.52  

4-6-99 21:41 4-16-99 14:53 233.20 1627.72  
4-22-99 9:37 4-23-99 4:15 18.63 1646.35  
4-28-99 10:48 4-30-99 11:45 48.95 1695.30  

5-4-99 20:29 5-14-99 15:17 234.80 1930.10  
 

HSS-IAR2 metallurgical specimen packets translated to new positions 
 Packet F originally in cell 1 moved to cell 3 

Packet H originally in cell 3 moved to cell 1 
Packet I originally in cell 4 moved to cell 5 
Packet J originally in cell 5 moved to cell 4 

 
5-19-99 14:24 5-28-99 14:44 216.33 2146.43  

6-4-99 14:40 6-4-99 16:10 1.50 2147.93  
6-4-99 16:27 6-6-99 11:38 43.18 2191.12  
6-6-99 13:37 6-9-99 14:26 72.82 2263.93  

6-15-99 23:03 6-20-99 5:05 102.03 2365.97  
6-20-99 5:24 6-20-99 16:04 10.67 2376.63  
6-20-99 21:23 6-25-99 15:30 114.12 2490.75  
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Table A.5 (continued) 

Irradiation interval 
Start  End 

Date Time  Date Time 

Interval duration 
(EFPH)b 

Cumulative 
irradiation time 

(CFPH) b 
       

7-16-99 11:48 7-20-99 9:40 93.87 2584.62  
7-20-99 11:58 7-21-99 10:02 22.07 2606.68  
7-21-99 12:25 7-23-99 15:30 51.08 2657.77  
7-27-99 17:30 7-30-99 20:25 74.92 2732.68  

8-2-99 10:57 8-2-99 13:49 2.87 2735.55  
8-2-99 14:41 8-4-99 20:16 53.58 2789.13  
8-4-99 20:49 8-6-99 15:45 42.93 2832.07  

8-10-99 14:37 8-14-99 18:03 99.43 2931.50  
8-14-99 18:36 8-17-99 21:07 74.52 3006.02  
8-17-99 21:24 8-19-99 17:45 44.35 3050.37  

 
HSS-IAR1 metallurgical specimen packets removed 

 Packet C in cell 1 recovered and replaced with a dummy 
Packet B in cell 2 recovered and replaced with a dummy 
Packet E in cell 4 recovered and replaced with a dummy 
Packet D in cell 5 recovered and replaced with a dummy 
HSS-IAR1 FRDs 98-05 and 98-06 recovered 
RDTs 07 and 08 recovered and replaced with RDTs 09 and 10 
HSS-IAR1 moved from the north position to the south position, no rotation 
HSS-IAR2 moved from the south position to the north position, no rotation 

 
8-24-99 19:09 8-29-99 14:51 115.70 3166.07  
8-29-99 15:10 9-3-99 15:30 120.33 3286.40  

9-7-99 21:10 9-15-99 5:43 176.55 3462.95  
9-15-99 6:14 9-17-99 14:00 55.77 3518.72  
9-21-99 18:41 9-27-99 9:50 135.15 3653.87  
9-27-99 18:36 9-30-99 1:46 55.17 3709.03  

       
HSS-IAR2 rotated 180 degrees 

 
10-5-99 14:27 10-5-99 14:32 0.08 3709.12  
10-6-99 11:00 10-8-99 21:46 58.77 3767.88  
10-8-99 22:14 10-9-99 15:10 16.93 3784.82  
10-9-99 15:45 10-9-99 15:57 0.20 3785.02  
10-9-99 18:54 10-10-99 20:00 25.10 3810.12  

10-11-99 15:27 10-15-99 15:33 96.10 3906.22  
10-19-99 13:28 10-20-99 15:19 25.85 3932.07  
10-20-99 15:55 10-24-99 21:54 1.98 4034.05  
10-25-99 15:21 10-25-99 15:24 0.05 4034.10  
10-25-99 15:43 10-29-99 15:20 95.62 4129.72  
11-10-99 17:50 11-12-99 9:0 39.17 4168.88  
11-12-99 17:36 11-13-99 3:29 9.88 4178.77  
11-13-99 10:00 11-19-99 15:47 49.78 4328.55  
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Table A.5 (continued) 

HSS-IAR1 metallurgical specimen packet A recovered from cell 3 
HSS-IAR2 metallurgical specimen packets removed 

 Packet H in cell 1 recovered 
Packet G in cell 2 recovered 
Packet F in cell 3 recovered 
Packet J in cell 4 recovered 
Packet I in cell 5 recovered 
HSS-IAR2 FRDs 98-07 and 98-08 recovered 
RDTs 09 and 10 recovered 

End of Irradiation 
aFor each irradiation period, the date and time for the beginning and the end are given, as well as the 

duration of the interval in hours and the cumulative irradiation time in hours. 
bEFPH: effective full-power hours; CFPH: cumulative full-power hours. 

 
 

Table A.6. Calculated and adjusted fast-neutron fluence (E > 1 MeV) for the dosimeters 
located in capsule 1 (which started in the north position in HSSI-IAR facility) 

Coordinates 
Dosimeter ID X 

(cm) 
Y 

(cm) 
Z 

(cm) 

Calculated 
E > 1 MeV 

(cm-2) 

Adjusted 
E > 1 MeV 

(cm-2) 

(A-C)/C 
(%) 

A-111-03 −12.201 6.68 16.986 9.70E+18 9.11E+18 −6.1 
A-111-02 −10.201 6.68 16.986 9.97E+18 9.27E+18 −7.1 
A-111-01 −8.201 6.68 16.986 1.02E+19 9.38E+18 −7.8 

       
A-113-01 −13.701 6.68 14.986 9.68E+18 9.06E+18 −6.4 
A-113-02 −12.201 6.68 14.986 9.94E+18 9.34E+18 −6.0 
A-113-03 −10.201 6.68 14.986 1.02E+19 9.61E+18 −6.0 
A-113-04 −8.201 6.68 14.986 1.05E+19 9.75E+18 −6.7 

       
A-112-01 −13.701 6.68 12.986 9.86E+18 9.25E+18 −6.2 
A-112-02 −12.201 6.68 12.986 1.01E+19 9.48E+18 −6.6 
A-112-03 −10.201 6.68 12.986 1.04E+19 9.75E+18 −6.6 
A-112-04 −8.201 6.68 12.986 1.07E+19 9.94E+18 −6.8 

       
B-13-01 −13.551 6.68 8.712 8.20E+18 7.56E+18 −7.9 
B-13-02 −11.011 6.68 8.712 8.19E+18 7.61E+18 −7.1 
B-13-03 −8.471 6.68 8.712 8.05E+18 7.40E+18 −8.0 

       
C-12-01 −13.551 6.68 1.803 7.56E+18 7.01E+18 −7.3 
C-12-02 −11.011 6.68 1.803 7.59E+18 7.04E+18 −7.3 
C-12-03 −8.471 6.68 1.803 7.53E+18 6.96E+18 −7.6 

       
D-14-01 −13.551 6.68 −6.375 7.86E+18 7.35E+18 −6.5 
D-14-02 −11.011 6.68 −6.375 7.87E+18 7.31E+18 −7.2 
D-14-03 −8.471 6.68 −6.375 7.76E+18 7.18E+18 −7.4 
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Table A.6 (continued) 

Coordinates 
Dosimeter ID X 

(cm) 
Y 

(cm) 
Z 

(cm) 

Calculated 
E > 1 MeV 

(cm-2) 

Adjusted 
E > 1MeV 

(cm-2) 

(A-C)/C 
(%) 

E-CT1-01 −14.186 8.204 −14.554 8.62E+18 7.97E+18 −7.6 
E-CT1-02 −12.916 8.204 −14.554 8.62E+18 8.06E+18 −6.5 
E-CT1-03 −11.646 8.204 −14.554 8.65E+18 8.03E+18 −7.1 

       
E-CT2-01 −14.186 8.204 −10.744 9.08E+18 8.38E+18 −7.7 
E-CT2-02 −12.916 8.204 −10.744 9.06E+18 8.43E+18 −6.9 
E-CT2-03 −11.646 8.204 −10.744 9.09E+18 8.44E+18 −7.2 

       
E-CT3-01 −14.186 5.156 −14.554 7.66E+18 7.01E+18 −8.5 
E-CT3-02 −12.916 5.156 −14.554 7.60E+18 7.04E+18 −7.4 
E-CT3-03 −11.646 5.156 −14.554 7.58E+18 7.00E+18 −7.6 

       
E-CT4-01 −14.186 5.156 −10.744 8.16E+18 7.47E+18 −8.4 
E-CT4-02 −12.916 5.156 −10.744 8.11E+18 7.49E+18 −7.6 
E-CT4-03 −11.646 5.156 −10.744 8.10E+18 7.48E+18 −7.6 

       
E-CV1-01 −9.701 6.68 −14.649 7.82E+18 7.23E+18 −7.5 
E-CV1-02 −8.701 6.68 −14.649 7.73E+18 7.21E+18 −6.7 
E-CV1-03 −7.701 6.68 −14.649 7.73E+18 7.15E+18 −7.5 

       
E-CV2-03 −9.701 6.68 −12.649 8.10E+18 7.51E+18 −7.3 
E-CV2-02 −8.701 6.68 −12.649 8.00E+18 7.45E+18 −6.8 
E-CV2-01 −7.701 6.68 −12.649 8.01E+18 7.46E+18 −6.9 
       
E-CV3-03 −9.701 6.68 −10.649 8.32E+18 7.69E+18 −7.6 
E-CV3-02 −8.701 6.68 −10.649 8.22E+18 7.64E+18 −7.0 
E-CV3-01 −7.701 6.68 −10.649 8.23E+18 7.58E+18 −7.8 

       
FR-985 −13.616 9.423 11.532 9.06E+18 8.64E+18 −4.6 
FR-986 −11.321 6.68 −2.286 8.74E+18 8.34E+18 −4.6 
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Table A.7. Calculated and adjusted fast-neutron fluence (E > 1 MeV) for the dosimeters 

located in capsule 2 (which started in the south position in HSSI-IAR facility) 
Coordinates 

Dosimeter ID X 
(cm) 

Y 
(cm) 

Z 
(cm) 

Calculated 
E > 1 MeV 

(cm-2) 

Adjusted 
E > 1 MeV 

(cm-2) 

(A-C)/C 
(%) 

F-213-01 8.201 6.68 16.986 7.11E+18 7.03E+18 −1.1 
F-213-02 10.201 6.68 16.986 7.33E+18 7.29E+18 −0.6 
F-213-03 12.201 6.68 16.986 7.55E+18 7.49E+18 −0.8 
F-213-04 13.701 6.68 16.986 7.71E+18 7.60E+18 −1.4 

       
F-212-01 8.201 6.68 14.986 7.20E+18 7.25E+18 0.7 
F-212-02 10.201 6.68 14.986 7.39E+18 7.46E+18 1.0 
F-212-03 12.201 6.68 14.986 7.60E+18 7.64E+18 0.5 
F-212-04 13.701 6.68 14.986 7.75E+18 7.77E+18 0.3 

       
F-211-01 8.201 6.68 12.986 7.22E+18 7.39E+18 2.2 
F-211-02 10.201 6.68 12.986 7.41E+18 7.60E+18 2.6 
F-211-03 12.201 6.68 12.986 7.60E+18 7.75E+18 1.9 
F-211-04 13.701 6.68 12.986 7.74E+18 7.87E+18 1.6 

       
G-22-01 8.471 6.68 8.712 7.82E+18 7.60E+18 −2.9 
G-22-02 11.011 6.68 8.712 8.02E+18 7.80E+18 −2.7 
G-22-03 13.551 6.68 8.712 8.22E+18 7.96E+18 −3.1 

       
H-23-01 8.471 6.68 1.803 6.03E+18 6.16E+18 2.1 
H-23-02 11.011 6.68 1.803 6.14E+18 6.27E+18 2.2 
H-23-03 13.551 6.68 1.803 6.25E+18 6.39E+18 2.3 

       
I-24-01 8.471 6.68 −6.375 6.88E+18 7.04E+18 2.4 
I-24-02 11.011 6.68 −6.375 7.05E+18 7.20E+18 2.3 
I-24-03 13.551 6.68 −6.375 7.20E+18 7.31E+18 1.5 

       
J-25-01 8.471 6.68 −13.284 7.84E+18 7.62E+18 −2.8 
J-25-02 11.011 6.68 −13.284 8.07E+18 7.92E+18 −2.0 
J-25-03 13.551 6.68 −13.284 8.30E+18 7.99E+18 −3.7 

       
FR-987 9.022 9.423 11.532 8.11E+18 8.26E+18 1.9 

       
FR-988 11.321 6.68 −2.286 8.58E+18 8.56E+18 −0.2 
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Table A.8. Adjusted irradiation parameters at the locations of the dosimeters in capsule 1  

(which started in the north position in HSSI-IAR facility) 
Fluence of neutrons with energy above 

No. Location E > 1.0 MeV 
(cm–2) 

E > 0.5 MeV 
(cm–2) 

E > 0.1 MeV 
(cm–2) 

Dpa 

1 A-111-03 9.106E+18 1.575E+19 2.485E+19 1.369E-02 
2 A-111-02 9.268E+18 1.601E+19 2.523E+19 1.392E-02 
3 A-111-01 9.381E+18 1.600E+19 2.506E+19 1.399E-02 
4 A-113-01 9.059E+18 1.564E+19 2.471E+19 1.362E-02 
5 A-113-02 9.342E+18 1.625E+19 2.573E+19 1.409E-02 
6 A-113-03 9.613E+18 1.669E+19 2.640E+19 1.448E-02 
7 A-113-04 9.748E+18 1.670E+19 2.626E+19 1.458E-02 
8 A-112-01 9.248E+18 1.597E+19 2.525E+19 1.391E-02 
9 A-112-02 9.475E+18 1.650E+19 2.616E+19 1.431E-02 

10 A-112-03 9.748E+18 1.695E+19 2.685E+19 1.470E-02 
11 A-112-04 9.937E+18 1.704E+19 2.681E+19 1.487E-02 
12 B-13-01 7.556E+18 1.302E+19 2.054E+19 1.133E-02 
13 B-13-02 7.605E+18 1.323E+19 2.095E+19 1.147E-02 
14 B-13-03 7.401E+18 1.275E+19 2.006E+19 1.109E-02 
15 C-12-01 7.008E+18 1.200E+19 1.879E+19 1.045E-02 
16 C-12-02 7.041E+18 1.217E+19 1.915E+19 1.056E-02 
17 C-12-03 6.956E+18 1.192E+19 1.870E+19 1.038E-02 
18 D-14-01 7.350E+18 1.268E+19 2.005E+19 1.105E-02 
19 D-14-02 7.305E+18 1.274E+19 2.024E+19 1.104E-02 
20 D-14-03 7.179E+18 1.239E+19 1.957E+19 1.079E-02 
21 E-CT1-01 7.967E+18 1.344E+19 2.101E+19 1.183E-02 
22 E-CT1-02 8.059E+18 1.374E+19 2.159E+19 1.203E-02 
23 E-CT1-03 8.034E+18 1.374E+19 2.159E+19 1.201E-02 
24 E-CT2-01 8.381E+18 1.414E+19 2.211E+19 1.245E-02 
25 E-CT2-02 8.433E+18 1.440E+19 2.263E+19 1.260E-02 
26 E-CT2-03 8.438E+18 1.445E+19 2.272E+19 1.263E-02 
27 E-CT3-01 7.009E+18 1.198E+19 1.888E+19 1.050E-02 
28 E-CT3-02 7.037E+18 1.218E+19 1.930E+19 1.061E-02 
29 E-CT3-03 7.004E+18 1.218E+19 1.932E+19 1.058E-02 
30 E-CT4-01 7.467E+18 1.275E+19 2.007E+19 1.117E-02 
31 E-CT4-02 7.492E+18 1.296E+19 2.052E+19 1.129E-02 
32 E-CT4-03 7.477E+18 1.299E+19 2.061E+19 1.129E-02 
33 E-CV1-03 7.234E+18 1.256E+19 1.990E+19 1.091E-02 
34 E-CV1-02 7.211E+18 1.245E+19 1.967E+19 1.084E-02 
35 E-CV1-01 7.148E+18 1.216E+19 1.905E+19 1.067E-02 
36 E-CV2-01 7.507E+18 1.304E+19 2.067E+19 1.132E-02 
37 E-CV2-02 7.454E+18 1.288E+19 2.035E+19 1.121E-02 
38 E-CV2-03 7.458E+18 1.268E+19 1.986E+19 1.113E-02 
39 E-CV3-01 7.686E+18 1.336E+19 2.117E+19 1.159E-02 
40 E-CV3-02 7.641E+18 1.321E+19 2.087E+19 1.149E-02 
41 E-CV3-03 7.581E+18 1.290E+19 2.021E+19 1.131E-02 
42 FR-985-C 8.636E+18 1.426E+19 2.192E+19 1.267E-02 
43 FR-986-C 8.344E+18 1.453E+19 2.306E+19 1.261E-02 

 



 A-19 

 
Table A.9. Adjusted irradiation parameters at the locations of the dosimeters in 

capsule 2 (which started in the south position in HSSI-IAR facility) 
Fluence of neutrons with energies above 

No. Location E > 1 MeV 
(cm–2) 

E > 0.5 MeV 
(cm–2) 

E > 0.1 MeV 
(cm–2) 

DPA 

1 F-213-01 7.033E+18 1.202E+19 1.886E+19 1.051E-02 
2 F-213-02 7.287E+18 1.257E+19 1.981E+19 1.094E-02 
3 F-213-03 7.492E+18 1.290E+19 2.033E+19 1.124E-02 
4 F-213-04 7.597E+18 1.296E+19 2.037E+19 1.135E-02 
5 F-212-01 7.249E+18 1.244E+19 1.959E+19 1.087E-02 
6 F-212-02 7.463E+18 1.295E+19 2.051E+19 1.125E-02 
7 F-212-03 7.637E+18 1.322E+19 2.093E+19 1.150E-02 
8 F-212-04 7.766E+18 1.331E+19 2.099E+19 1.164E-02 
9 F-211-01 7.385E+18 1.268E+19 1.998E+19 1.108E-02 

10 F-211-02 7.597E+18 1.319E+19 2.090E+19 1.147E-02 
11 F-211-03 7.747E+18 1.342E+19 2.125E+19 1.168E-02 
12 F-211-04 7.869E+18 1.349E+19 2.128E+19 1.180E-02 
13 G-22-01 7.598E+18 1.313E+19 2.075E+19 1.143E-02 
14 G-22-02 7.799E+18 1.360E+19 2.161E+19 1.179E-02 
15 G-22-03 7.961E+18 1.372E+19 2.167E+19 1.196E-02 
16 H-23-01 6.159E+18 1.031E+19 1.601E+19 9.138E-03 
17 H-23-02 6.269E+18 1.056E+19 1.643E+19 9.326E-03 
18 H-23-03 6.390E+18 1.067E+19 1.655E+19 9.464E-03 
19 I-24-01 7.041E+18 1.218E+19 1.935E+19 1.063E-02 
20 I-24-02 7.204E+18 1.257E+19 2.004E+19 1.093E-02 
21 I-24-03 7.308E+18 1.261E+19 2.002E+19 1.102E-02 
22 J-25-01 7.624E+18 1.320E+19 2.094E+19 1.150E-02 
23 J-25-02 7.916E+18 1.384E+19 2.205E+19 1.200E-02 
24 J-25-03 7.992E+18 1.380E+19 2.189E+19 1.203E-02 
25 FR-987-C 8.258E+18 1.379E+19 2.132E+19 1.219E-02 
26 FR-988-C 8.557E+18 1.494E+19 2.380E+19 1.298E-02 
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Appendix B. Publications List 

 
The work reported here describes materials-irradiation facilities that have been designed, 

fabricated, and installed by the Oak Ridge National Laboratory (ORNL) Heavy-Section Steel 
Irradiation (HSSI) Program on behalf of the U.S. Nuclear Regulatory Commission (NRC), Office of 
Nuclear Regulatory Research. These facilities formed the foundation for generating the data required 
to provide the NRC with a thorough and quantitative assessment of the effects of neutron irradiation 
on the material behavior, and in particular, the fracture toughness properties of typical reactor 
pressure vessel (RPV) steels as they relate to light-water RPV integrity. Results generated from these 
irradiation experiments are being incorporated into codes and standards that are used to resolve major 
regulatory issues related to RPV embrittlement, such as pressurized thermal shock, operating 
pressure-temperature limits, and low-temperature overpressurization. These issues are of particular 
importance as the nuclear power-plant industry applies for licence extensions that will result in 
greater accumulated fluence over the lifetime of operation. As part of the HSSI program, the work 
listed below has enabled the NRC to reduce the uncertainty in its regulatory process with respect to 
RPV embrittlement, thereby in part allowing the industry to consider license renewal.  

This report is a record of work performed at the ORNL under the HSSI Program, which is 
sponsored by the NRC Office of Nuclear Regulatory Research. A list of publications for the ORNL 
HSSI Program is given in Sect. B.1.  

The HSSI Program includes both follow-on research and the direct continuation of work that was 
performed under the Heavy-Section Steel Technology (HSST) Program. Previous HSST reports 
related to irradiation effects in pressure vessel materials and those containing unirradiated properties 
of materials used in HSSI and HSST irradiation programs are listed in Sect. B.2.  
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