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The work reported here was performed at Oak Ridge National Laboratory 
(ORNL) under the Heavy-Section Steel Technology Program, C. E. Pugh, 
Program Manager. The program is sponsored by the Office of Nuclear 
Regulatory Research, U.S. Nuclear Regulatory Commission (NRC). The 
technical monitor for the NRC is Michael E. Mayfield. 

is published in two volumes. 
Appendices A and B. Volume 2 contains only Appendices C through F which 
provide detailed load-displacement traces, fracture surfaces, etc. In 
recognition of its very large size, Volume 2 will be distributed only to 
those in the RF distribution requesting a copy from the HSST Program 
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CHARACTERIZATION OF IRRADIATED CURRENT-PRACTICE WELDS AND A533 
GRADE B CLASS 1 PLATE FOR NUCLEAR PRESSURE VESSEL SERVICE'? 

J. J. McGowan,f R. K. Nanstad, and K. R. Thorns$ 

ABSTRACT 

Studies of the effects of neutron irradiation on fracture 
toughness properties of steels have generally included a minimum 
number of tests for each material condition. The present study 
attempts to apply statistical analyses, with multiple testing at 
selected temperatures, to assess the accuracy and reliability of 
the results. Fracture toughness test specimens were irradiated 
in the Bulk Shielding Reactor at Oak Ridge National Laboratory 
at 288'C to target neutron fluences of 2 X loz3 neutrons/m2 
(>1 MeV). The materials were ASTM A533 grade B class 1 plate 
(HSST Plate 02) and four submerged-arc welds representing the 
current fabrication practice for nuclear pressure vessels. Both 
unirradiated and irradiated specimens were tested by two 
separate laboratories, and multiple tests were conducted at 
selected temperatures. Statistical analyses permitted the 
determination of material and test variability and an interlabo- 
ratory comparison. Behavior in both the transition and ductile- 
shelf regions was studied. The results demonstrated the rela- 
tively low radiation sensitivity of low copper/nickel welds and 
the qualitative agreement between Charpy impact and fracture 
toughness observations of toughness degradation. 

INTRODUCTION 

Exposure of materials in light-water reactors to neutron irradiation 
may result in serious embrittlement, which may take the form of a decrease 
in Charpy V-notch (CVN) upper-shelf energy and/or an increase in CVN 
brittle-to-ductile transition temperature. For materials in light-water 
reactor pressure vessels that have CVN upper-shelf energy less than 68 J, 
Federal Regulations (10 CFR Part 50) require the performance of fracture 
mechanics analyses that demonstrate a safe margin for continued vessel 
operation. One acceptable analysis is presented in Generic Safety 

"Research sponsored by the Office of Nuclear Regulatory Research, 
Division of Engineering Safety, U.S.  Nuclear Regulatory Commission under 
Interagency Agreement DOE 40-551-75 with the U.S. Department of Energy 
under contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc. 

Military Institute, Lexington, VA 24450. 
TFormerly with Oak Ridge National Laboratory, now with Virginia 

#Engineering Technology Division. 
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Issue A- 11 on Reactor Vessel Materials Toughness. In this particular 
method, the concept of tearing instability is used under elastic-plastic 
conditions, The primary material properties needed to perform this analy- 
sis are the J-integral resistance (J-R) curves. 

Technology (HSST) Irradiation Series] have considered materials with low 
CVN upper-shelf energy. These previous programs utilized a large range of 
specimen sizes (12.5 to 101.6 mm thick), because the aim of the program 
was to produce data applicable to actual reactor vessels and to study size 
effects on irradiated J-R behavior. The low upper-shelf materials showed 
a considerable decrease in J-R curve performance as a consequence of irra- 
diation. The results of the program indicated that 25-mm-thick specimens 
would be adequate to describe the ductile tearing behavior of the thicker 
reactor vessel. 

The Second and Third Series dealt with materials that were represen- 
tative of welds from "early" vessels. Because the results showed a pro- 
nounced effect of irradiation on J-R curves, there was also considerable 
interest in the effects of irradiation on other materials. Therefore, 
another irradiation program, the Fourth Heavy-Section Steel Technology 
Irradiation Series, was initiated to study the effect of neutron irra- 
diation on weld metals fabricated with "current" welding practice. 
new practice minimized residual elements (notably phosphorus, nickel, and 
copper) that heightened irradiation sensitivity. The program includes 
four "current-practice" welds and one ASTM A533 grade B class 1 plate. 
Tensile, Charpy V-notch, and 25-mm fracture toughness specimens were 
characterized before and after irradiation at 288'C to 2 x lo2' neutrons/m2 
(>1 MeV). A sufficient number of specimens were tested in a cooperative 
program with Materials Engineering Associates (MEA) to determine the sta- 
tistical variation in the Charpy V-notch and fracture toughness proper- 
ties. Multiple tests were conducted at each of several temperatures for 
each material. Standard deviations and coefficients of variation were 
determined, and results from the two laboratories were compared. This 
report describes the materials, irradiation, testing, and analyses of 
specimens in the Fourth HSST Irradiation Series. 

Previous irradiation programs2 [Second and Third Heavy-Section Steel 

This 

MATERIALS AND SPECIMENS 

The plate material was fabricated from 305-mm-thick ASTM A533 grade B 
class 1 Mn-Mo-Ni steel produced by Lukens Steel Company for the HSST 
Program.' This plate material was designated HSST Plate 02, and portions 
of it have been used in many investigations around the world. All test 
specimens were prepared in the transverse (TL) orientation. The chemical 
composition of the plate material is listed in Table 1. 

plate. Two of the weldments fabricated by Combustion Engineering, Inc., 
were supplied by the Electric Power Research Institute (EPRI). HSST 
weld 68W was produced as a 178-mrn-thicky submerged-arc weldment, using 
Linde 0091 flux and 4.8-mm-diam MIL-B-4 (low copper and phosphorus) wire, 
and was designated "CGS" in EPRI studies." HSST weld 69W was produced as 
a 300-mm-thickY submerged-arc weldment, using Linde 0091 flux and 
4.8-mm-diam MIL-B-4 wire, and was designated "CHS" in EPRI studies.' The 
other two welds were supplied by Babcock and Wilcox Company.' Both welds 

All four submerged-arc weldments were made in A533 grade B class 1 

f. 

4 
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were produced as 174-mm-thick, submerged-arc weldments using Mn-Mo-Ni 
(SFA-5.23EF2N) filler wire. HSST weld 70W was fabricated with Linde 0124 
flux, whereas HSST weld 71W was fabricated with Linde 0080 flux. A summary 
of the weld parameters is listed in Table 2. All test specimens from 
welds were prepared with longitudinal axes perpendicular to the weld 
centerline and crack propagation direction parallel to the surface. 
four weldments are considered "current-practice" and are of low copper 
content. Two of the welds, 68W and 69W, also had low nickel contents. 
The chemical compositions of the four weld materials are also presented in 
Table 1. 

For comparison purposes, micrographs at 400 and 800x are shown for each 
material. Plate 02 has a microstructure typical of an A533 grade B 
class 1 alloy that has been quenched and tempered in thick sections. 
the quarter- to mid-thickness of the plate, as shown in Fig. 1, the alloy 
is composed primarily of upper bainite and granular bainite. 
size is about ASTM 8-9 and the hardness is about HRB 90. The four welds 
are also primarily bainite, but the microstructures are finer than that of 
Plate 02. 
typical of Mn-Mo-Ni submerged-arc welds. 
69W, and 70W are all about ASTM 12-13, whereas that of weld 71W is about 
ASTM 9-10, The inclusion content in these welds is relatively small. 
Some inclusions can be seen in the 800x micrographs for all the materials. 
Hardnesses are about HRB 95, 100, 93, and 92 for welds 68W through 71W, 
respectively. The differences in the hardness of the welds are reflective 
of the strength differences; that is, higher hardness corresponds to 
higher strength. 

Fig. 6. 
physical space available for irradiation. 
the full-size Charpy V-notch specimen shown in Fig. 7. 
toughness specimen used here was the 25.4-mm compact specimen modified for 
load-line displacement (Fig. 8), as recommended in ASTM Standard Test 
Method E813. 

The 

Micrographs of all five materials are shown in Figs. 1 through 5 .  

In 

The grain 

Figures 2 through 5 are micrographs of the four welds that are 
The grain size of welds 68W, 

Miniature tensile specimens were used in this study, as shown in 
The specimen size and design were dictated primarily by the 

The fracture 
The impact specimen used was 

CAPSULE DESIGN AND IRRADIATION 

The specimens for this program were irradiated in three capsules at 
the Bulk Shielding Reactor (BSR). All three capsules were of identical 
design, with each holding a complement of sixty 25-mm-thick (1-in.) compact 
specimens (1TCS) and 100 smaller specimens (Charpy V-notch, tensile, or 
precracked Charpy). 
shown in Fig. 9 .  The specimens were held in a carbon steel frame (shown 
in Fig. l o ) ,  wzth spring assemblies-placed behind them so that they would 
press against an aluminum heater plate. The heater plate is divided into 
12 individually controlled zones. 
between the heater plate and the capsule front face. 
(12.7 mm) was maintained between the other faces and the capsule contain- 
ment walls (12.7-mm-thick 6061-T6 aluminum). To remove heat from the cap- 
sule, a water jacket was installed over the capsule front face. 
partially assembled capsule (Fig. 11, viewed from the back of the capsule) 
shows how the specimens were stacked in compartments. 
15 comnartments for lTCS specimens (4 in each) and 5 compartments for 

The general construction features of the capsules are 

A gas gap of 2.4 mm was maintained 
A much larger gap 

A 

There were 
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Table 1. Chemical composition of Plate 02 and submerged-arc welds 

Material 

Average composition 
(wt % >  

C Mn P S Si Cr Ni Mo Cu v 

Plate 02 0.23 1.55 0.009 0.014 0.20 0.04 0.67 0.53 0.140 0.003 

Weld 68W 0.15 1.38 0.008 0.009 0.16 0.04 0.13 0.60 0.040 0.007 

Weld 69W 0.14 1.19 0.010 0.009 0.19 0.09 0.10 0.54 0.120 0.005 

Weld 70W 0.10 1.48 0.011 0.011 0.44 0.13 0.63 0.47 0.056 0.004 

Weld 71W 0.12 1.58 0.011 0.011 0.54 0.12 0.63 0.45 0.046 0.005 

Table 2 .  Submerged-arc weld parameter summary 

Postweld h e a t  
t r ea tmen t  

Comments Thickness  Linde Manuf ac- 
t u r e r ' s  

code 

Manuf ac- 
t u r e r  f l u x  (d TemDerature Time 

6 8W CE f o r  CGS 0.178 009 1 621 25 S t r a igh t -wa l l  
E PRI  groove 

6 9W CE f o r  CHS 0.300 009 1 621 25 Double-U groove, 
E PRI c y l i n d r i c a l  

c o n s t r a i n t  

7 OW BLW MK-W- 12 4 0.175 0124 607 48 Double-V groove 
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Fig. 3 .  HSST weld 69W microstructure. 
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Fig. 5. HSST weld 71W microstructure. 
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Fig. 9. Irradiation capsule design. 
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ORNL-DWG 83-7947R 

Fig. 10. Specimen holder frame and loading 
configuration. 
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Charpy or tensile specimens (20 in each). 
were used to monitor temperatures throughout each capsule. One-half of 
the lTCS specimens (two in each compartment) were instrumented with 
thermocouples located at specimen mid-thickness, 1.6 mm from the fatigue 
crack plane. 
partment by machining slots in the specimen frame; these thermocouples 
were located in the V-notch of the specimens. Because of the careful 
design and operation of the capsules, the temperature control for all 
specimens was quite good, with the temperature being between 283 and 293'C 
for most of the irradiation period. Each capsule was irradiated over 
about a 9-month period. (A detailed description of the irradiation 
history and results is provided in Appendix A.) 

The dosimetry consisted of multiple foil sets and gradient wires. 
The gradient wires were sheathed iron wires that extended over the entire 
length of the capsule. One group of wires (short wires) was placed at the 
crack tips of all lTCS specimens. 
groups in the capsule. Both fission and nonfission multiple foil sets 
were used. The nonfission sets 
used "Cu, "Ti, "Fey "Ni, "Fey and 59C0. Using these dosimeters, a 
complete spatial map of damage exposure parameters was determined for each 
capsule. The values of neutron fluences (>0.1 MeV and >1 MeV) and 
displacements per atom (dpa) were determined for each specimen. The 
uncertainties for the damage exposure parameters (standard deviation) were 
less than 8%. 
(>1 MeV) for the experiment. 
described in refs. 7 and 8. 

A total of 40 thermocouples 

Two thermocouples were located in each Charpy specimen com- 

Also included were three "long" wire 

The fission sets used '"U and 237Np. 

Fluences varied from about 1 to 2.5 x 10'' neutrons/m2 
Detailed information on the dosimetry is 

MATERIAL CHARACTERIZATION 

TENSILE TESTING 

All tensile tests were performed at ORNL on three testing machines: 
two 45-kN screw-driven universal testing machines and one 490-kN 
servohydraulic test frame. All unirradiated testing was performed with 
the screw-driven system, whereas irradiated testing was performed with 
the servohydraulic system. The unirradiated specimens were heated for 
testing at elevated temperatures by a bath of water-soluble oil and were 
cooled for testing at low temperature by a bath of isopentane and dry 
ice. All irradiated specimens were tested at room temperature or above 
in an air furnace. All testing was performed at a crosshead rate of 
0.5 mm/min. Crosshead displacement vs load was recorded during each 
test, and the 0.2% offset yield strength was measured from that trace. 
Errors in yield strength determined from crosshead displacement (instead 
of extensometer movement) were established at less than 3% by testing with 
an extensometer at room temperature. Upon completion of each test, neck 
diameter and final length were measured on each specimen. Unirradiated 
specimens were measured with Vernier calipers; irradiated specimens were 
measured with a digital toolmaker's microscope. The uniform strain was 
determined from the plastic displacement to maximum load on the trace of 
load vs crosshead motion. 

are given in Appendix B, Tables B1 and B2, respectively. Preirradiation 
Detailed tensile results for unirradiated and irradiated materials 
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strength and ductility values are similar for four of the materials, with 
weld 69W having 20 to 30% higher strength than the other welds. 
ation to fluences of 7 to 20 x lo2* neutrons/m2 (>1 MeV) at 288OC had a 
pronounced effect on the strength of all the materials. The strengths 
before and after irradiation are shown in Figs. 12 through 16 for Plate 02 
and welds 68W through 71W, respectively. Second degree polynomials for 
the unirradiated and irradiated strengths were determined by a least- 
squares procedure, and the coefficients for each material are listed in 
Appendix B, Table B3. Curve fits were used to average the yield and ulti- 
mate strengths over the temperature range from 22 to 288OC. The averages, 
listed in Table 3, show that irradiation affected the yield strength more 
than it did the ultimate strength. Table 3 also shows that the strength 
of Plate 02 was more sensitive to irradiation than were the strengths of 
the welds. The percentage increases in flow strengths, important in the 
analysis of tearing moduli, were about the same for all four welds. The 
plate, however, experienced a percentage increase in flow strength about 
double that of the welds. That behavior was expected because Plate 02 
contained more copper and nickel than did the welds. 
on tensile testing is available in ref. 9 .  

Irradi- 

Further information 

CHARPY IMPACT TESTING 

The Charpy V-notch impact testing was divided between MEA and ORNL 

The impact machines at both laboratories 
so that both laboratories would test specimens with equivalent irradiation 
fluences insofar as possible. 
were calibrated in conformance with ASTM Standard Method E23, l o  including 
proof tests using "standardized specimens." The test procedures used at 
MEA were an alcohol bath at test temperatures below O°C, a water bath 
between 0 and 100°C, and a recirculating air oven for temperatures above 
100°C. All tests were conducted at MEA in less than 6 s after removal 
from the bath or oven. 
or cold gas (nitrogen) to adjust specimen temperature and a calibrated 
contact thermocouple to determine the specimen temperature. All tests 
were conducted at ORNL in less than 3 s after removal from the temperature 
conditioning chamber. This automated procedure has been verified by tests 
with instrumented specimens. 

Preliminary tests of both unirradiated and irradiated specimens were 
conducted to approximate the Charpy transition curve, and specific temper- 
atures were selected for the balance of the testing. Specimens were 
selected so that tests at each temperature would be conducted by both 
laboratories using specimens with similar neutron exposure and similar 
location in the weld or plate. 
ORNL tested all of the unirradiated specimens because of the small number 
of available specimens. Upon completion of testing, lateral expansion was 
measured and fracture appearance was estimated for each specimen. The 
test temperature, fracture energy, lateral expansion, and fracture 
appearance for each irradiated and unirradiated specimen are listed in 
Appendix B in Tables B4 through B13. 
irradiated and unirradiated specimens of Plate 02 and welds 68W through 
71W are shown graphically in Figs. 17 through 21, respectively. 

Mean energies and standard deviations were determined for each 
selected temperature for each laboratory and for the combined data set, as 
listed in Tables 4 and 5 for unirradiated and irradiated specimens, 
respectively. For unirradiated specimens (Table 4 ) ,  the means for the 

The test procedure at ORNL used electrical heating 

The exception to this plan was weld 68W; 

The fracture energy results for both 
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Table  3. Average t e n s i l e  s t r e n g t h  changes w i t h  i r r a d i a t i o n  

Average y i e l d  s t r eng th '  Average u l t i m a t e  s t r eng th '  Average f low 
- Average 

Uni r ra -  Irra- 
d i a t e d  d i a t e d  

( % )  (MPa) (HPa) ( X I  (MPa) (MPa) 

I n c r e a s e  f h e n c e ,  Uni r ra -  I r r a -  Uni r ra -  Irra- Increase I n c r e a s e  

0' MeV) (idpa) (WPa) ( % I  d i a t e d  d i a t e d  d i a t e d  d i a t e d  1023 n / m *  

A533 g r a d e  B class 1 (HSST-02) 

1.85 432 564 31  590 7 07 20 511 635 24 

Submerged-arc weld (HSST-68W) 

1.30 496 590 19 604 6 20 3 550 605 10 

Submerged-arc weld (HSST-69W) 

1.31 584 672 15 692 7 52 9 638 7 12 12 

Submerged-arc weld (HSST-70W) 

1.64 440 493 12 562 6 08 a 50 1 5 50 10 

Submerged-arc weld (HSST-71W) 

1.66 430 489 14 563 602 7 496 545 10 

1u 
W 

&Note t h a t  t h e  average  i s  determined ove r  t h e  temperature range from 22 t o  288°C. 

b F l o w  s t r e n g t h  i s  de f ined  as t h e  average  of y i e l d  and u l t i m a t e  s t r e n g t h s .  
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Tab le  4. Comparison of 'Charpy impact energy f o r  u n i r r a d i a t e d  
p r e s s u r e  v e s s e l  p l a t e  and submerged-arc welds 

Number 
of tests T e s t  Mean ene rgy ,  J S tanda rd  d e v i a t i o n ,  J 

( "C> OKNL MEA Combined OEWL MEA Combined oRNL MEA 
t empe r a t u r e  

-7 
2 1  
66  

149 
2 04 
2 88 

-6 2 
- 4 6  
121 
2 00 
2 88 

-1 8 
'1 0 

121  
2 04 
2 88 

-54 
'-1 8 
121 
2 04 
2 88 

-9 
10  

121 
2 04 
2 88 

31.5 
64.8 

119.7 
143.0 
138.4 
137.9 

36.2 
70.5 

186.4 
190.5 
209.5 

41.9 
98.7 

144.0 
143.0 
147.8 

25.8 
73.5 

131.9 
131.9 
134.2 

38.0 
60.6 
99.4 

102.6 
99.9 

A533 grade B class 1 (HSST-02) 

28.7 30.1 5.0 5.7 

116.9 118.5 8.2 8.9 
135.6 139.6 5.8 4.9 
138.3 138.3 5.1 10.6 
145.9 141.5 10.6 3.9 

61.3 63.0 7.9 7.2 

Submerged-arc weld (HSST-68W) 

5.5 
23.0 

8.6 
10.7 
37.4 

Submerged-arc weld (HSST-69W) 

41.2 41.6 12.7 10.5 
98.2 98.4 14.5 17.8 

148.9 146.4 6.1 4.7 
151.2 146.7 6.7 4.0 
161.3 154.6 1.5 8.5 

Submerged-arc weld (HSST-7OW) 

24.4 24.9 4.1 5.5 
66.4 70.0 16.9 10.7 

129.8 130.8 6.5 5.2 
140.1 136.0 7.1 7.8 
150.1 142.1 5.1 9.2 

Submerged-arc weld (HSST-71W) 

37.3 37.7- 8.1 2.0 
58.3 59.7 11.5 6.8 
97.2 98.3 10.2 5.2 

111.6 107.1 1.7 1.7 
115.2 107.5 7.4 8.8 

5.5 
7.7 
8.6 
6.6 
8.1 

- 9.2 

11.7 
16.4 
6.0 
6.9 
9.1 

5.0 
14.6 
6.0 
8.5 

10.9 

5.9 
10.0 

4.8 
*1.2 

8.2 

5 
5 
6 
6 
6 
6 

3 
2 
2 
3 
2 

6 
5 
5 
5 
5 

2 
3 
3 
3 
3 

2 
3 
3 
3 
3 

5 
5 
5 
5 
5 
5 

5 
6 
5 
4 
5 

3 
3 
3 
3 
3 

2 
2 
3 
3 
3 
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T a b l e  5. Comparison of Charpy impac t  energy f o r  i r r a d i a t e d  
p r e s s u r e  v e s s e l  p l a t e  and submerged-arc welds 

Number 
S t a n d a r d  d e v i a t i o n ,  J of tests Mean ene rgy ,  J T e s t  

t e m p e r a t u r e  
( "C> OWL MEA Combined ORNL MEA Combined oRNL 

6 6  
9 3  

149 
2 04 
2 88 

- 4 6  
-1 8 
1 2 1  
2 04 
2 88 

10 
49 

1 2 1  
2 88 

-1 8 
16  

121  
2 04 
2 88 

2 1  
49  

1 2 1  
2 04 
2 58 

41.6 
77.7 

113.7 
120.1 
119.9 

47.5 
137.0 
211.5 
226.4 
224.4 

43.1 
102.5 
150.0 
151.7 

43.1 
88.4 

126.1 
135.3 
133.3 

46.5 
77.6 

106.8 
112.2 
122.2 

A533 grade B class 1 (HSST-02) 
26.2 34.5 8.0 3.8 
45.9 63.0 19.3 9.2 

112.1 112.9 9.6 9.4 
116.8 118.6 8.2 9.6 
125.6 122.5 3.0 2.4 

Submerged-arc weld (HSST-68W) 

55.1 52.1 17.3 36.9 
98.3 124.1 19.2 22.1 

200.2 204.7 3.8 11.4 
198.6 215.3 22.8 1 .o 
211.9 216.9 20.1 14.3 

Submerged-arc weld (HSST-69W) 

44.8 43.8 7.1 12.1 
95.3 99.3 20.5 11.2 

127.8 138.9 9.0 7.7 
146.8 149.2 7.2 8.8 

Submerged-arc weld (HSST-7OW) 

38.0 41.2 13.1 4.7 
76.4 83.9 25.9 21.0 

123.4 124.8 7.0 5.9 
139.2 137.3 1.7 11.6 
134.2 133.8 9.0 6.2 

Submerged-arc weld (HSST-71W) 

39.8 43.6 8.8 4.7 
66.0 72.6 4.1 11.4 

100.3 104.0 7 .O 5.5 
111.2 111.2 6.8 14.1 
118.9 120.8 8.4 6.4 

10.1 
22.2 
9.1 
8.7 
4.0 

27.8 
26.7 
10.3 
22.2 
15.8 

9.0 
16.7 
14.2 
7.9 

10.5 
23.4 

6.0 
7.7 
7.0 

7.7 
9.5 
6.8 
9.9 
7.2 

7 
7 
6 
7 
7 

2 
4 
2 
3 
2 

5 
5 
4 
4 

5 
5 
3 
3 
3 

4 
4 
4 
3 
4 

6 
6 
6 
6 
6 

3 
2 
3 
2 
3 

4 
4 
4 
4 

3 
3 
3 
3 
3 

3 
3 
3 
3 
3 

I 
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two laboratories are generally within one standard deviation of each 
other, indicating good reproducibility between the laboratories. The 
standard deviations do not show any consistent trends with laboratory, 
material, or region of the curve. For irradiated specimens (Table S), 
the means are also generally within one standard deviation of each other, 
with some exceptions for Plate 02 at the two lowest temperatures where the 
mean energy determined from MEA tests is significantly lower than the mean 
energy determined from ORNL tests. Extensive evaluation at ORNL of Charpy 
V-notch specimens conditioned in water baths indicate that at bath 
temperatures near 100°C, significant cooling of the specimen resulting 
from water evaporation occurs within 6 s after the specimen is out of the 
bath. This temperature drop is near 3OC at 66OC and 10°C at 93OC. 
may explain to some degree the differences between the two data sets. 

Some of the variation in impact energy is also due to fluence 
variations; to account for this, an adjustment on the test temperature 
axis can be made. In this procedure the unirradiated impact energy was 
fit with a hyperbolic tangent curve of the form 

This 

Y = A[1 + tanh[B(t - C)])/2 , (1) 

where Y is energy, t is temperature, and A ,  B, and C are curve fit 
coefficients using nonlinear techniques developed by Marquardt. 
this curve fit, the irradiation-induced temperature shift (6t) is 
determined for each specimen tested in the transition region. 
is fit to the 6t vs neutron fluence data (>1 MeV): 

Using 

A power law 

6t = D(gN) , (2) 

where is the fluence (>l'MeV) and D is a curve fit coefficient. Using 
Eq. (2), the temperature shift is corrected to the average fluence in the 
transition region for that material. Using this approach, the transition- 
region data of Plate 02 were corrected for fluence variation (using 
N = 0.5) and bath cooling; the resulting data are shown in Fig. 22 and 
listed in Table B14 of Appendix B. 
tried on the welds, they were not effective. 

and transition temperatures. Table 6 shows a summary of the transition 
temperature increases and the upper-shelf energy changes for all the 
materials as a consequence of irradiation. The most significant 
irradiation-induced change was for Plate 02 where the transition 
temperature increase was 68OC and the upper-shelf energy dropped 14%. 
This was expected because this material had the largest amounts of copper 
and nickel. All of the welds had relatively low levels of copper and, 
thus, smaller irradiation effects. In Table 7 ,  the CVN transition 
temperature increases obtained in this study are compared to predictions 
from several trend curve formulations.'2-'7 In making this comparison, 
several factors must be considered: 

The predictions of the trend curve formulations are largely or 
wholly based on surveillance results (except for the MPC case for which 
both experimental and surveillance trends were used) and represent lower 
fluxes and much longer irradiation periods than for the present study. 

Although corrections of this type were 

Curve fits such as Eq. (1) were used to determine upper-shelf values 

1. 

2. The Regulatory Guide 1.99 (ref. 12) was meant to be conservative. 
3. The values based on the Draft Regulatory Guide" do not include 

the "margin" specified in the draft. 
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Plate 02; test temperatures adjusted to mean fluence of 1.77 x 10’’ neutrons/m2 (>1 MeV). 

W 
10 
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Table 6. Effect of irradiation on Charpy impact 
properties of plate and submerged-arc welds 

Transition temperature 
increase at 41 J Upper-shelf energy change 

Fluence , Change Copper Nickel 
( % I  ( % >  Shift 1 0 2 3  n/m2 

("C) (>1 NeV) J % 

Fluence, 
1023 n/m2 
0 1  MeV) 

A533 grade B class 1 (HSST-02) 

1.77 68 1.79 -20 -14 0.14 0.67 

Submerged-arc weld (HSST-68W) 

1.35 10 1.14 18 9 0.04 0.13 

Submerged-arc weld (HSST-69W) 

1.22 27 1.18 -2 -1 0.12 0.10 

Submerged-arc weld (HSST-70W) 

1.65 23 1.69 -2 -2 0.06 0.63 

Submerged-arc weld (HSST-71W) 

1.65 23 1.64 11 10 0.05 0.63 
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Table 7. Comparison among several predictive expressions 

pressure vessel plate and submerged-arc welds 
of Charpy impact transition temperature increase for 

Charpy impact transition temperature increase, OC Average 
f luence, Draft 

RG V-BC P-wd V-S-Ke MPCf loz3 n/m2 Observed RG 
(>1 MeV) increase 1.998 1.99b 

~~ 

8533 grade B class 1 (HSST-02) 
1.77 68 78 65 72 59 66 72 (55) 

Submerged-arc weld (HSST-68W) 

1.35 10 26 22 -44 20 17 -5 (13) 

Submerged-arc weld (HSST-69W) 

1.22 27 55 36 23 35 29 34 (41) 

Submerged-arc weld (HSST-7OW) 

1.65 23 39 52 31 46 76 3 (21) 
Submerged-arc weld (HSST-71W) 

1.65 23 39 43 26 38 74 -2 (17) 

altEffects of Residual Elements on Predicted Radiation Damage to 
Reactor Vessel Materials," Regulatory Guide 1.99 ('Rev. l), U.S. 
Nuclear Regulatory Commission, Washington, D.C. , April 1977. 

bP. N. Randall, "Effects of Residual Elements on Predicted 
Radiation Damage to Reactor Vessel Materials," Regulatory Guide 1.99 
('Rev. 2 Draft), U.S. Nuclear Regulatory Commission, Washington, D.C., 
January 1984. 

Irradiation Sensitivity of Reactor Pressure Vessel Materials ," 
pp. 252-66 in Effects of Radiation on Structural Materials, 
ASTM STP 683, American Society for Testing and Materials, 
Philadelphia, 1979. 

Physically Based Regression Correlations of Embrittlement Data from 
Reactor Pressure Vessel Surveillance Programs, EPRI NP-3319, 
Electric Power Research Institute, Palo Alto, Calif., January 1984. 

Irradiation Response of Reactor Pressure Vessel Materials, EPRI 
NP-2720, Electric Power Research Institute, Palo Alto, Calif., 
November 1982. 

"Prediction of the Shift in the Brittle-Ductile Transition 
Temperature of Light-Water Reactor (LWR) Pressure Vessel Materials," 
J. Test. Eval. 11(4), 237-60 (July 1983); primary values shown are 
based on surveillance trend curves, whereas the values in parentheses 
are based on experimental trend curves, in both cases for plate or 
welds as applicable. 

< 

cJ. D. Varsik and S .  T. Byrne, "An Empirical Evaluation of the 

d J .  S .  Perrin, R. A. Wullaert, G. R. Odette, and P. M. Lombrozo, 

eJ. D. Varsik, S .  M. Schloss, and J. J. Koziol, Evaluation of 

fMetal Properties Council Subcommittee 6 on Nuclear Materials, 
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Considering the above factors, there is fairly good agreement of the 
present results with the several predictions. A notable exception would 
be the predictions of Varsik, Schloss, and Koziol;'6 this trend curve 
gives particularly poor predictions for welds 70W and 71W, both of which 
had low copper levels but high nickel levels. Reference 16 used formu- 
lations that add the effects of copper and nickel rather than multiply the 
effects of the two. The often-stated synergism between the' two elements 
may be reflected in the observed differences. 
guides"*,'3 are generally conservative. 
GuideI3 (without "margin") overpredicts the shifts for welds 70W and 71W 
by a greater margin than for 68W and 69W. The draft guide incorporates 
nickel content whereas Rev. 1 of the guide does not. Thus, the draft 
guide predicts higher shifts for the two welds with higher nickel con- 
tents, 70W and 71W. Using the experimental trend curves of ref. 17, shown 
parenthetically in Table 7, the predictions increased for welds and 
decreased for Plate 02. Further information on Charpy impact testing can 
be found in ref. 18. 

Note that the regulatory 
Also, the draft Regulatory 

FRACTURE TOUGHNESS TESTING 

Testing of compact specimens (CS) was performed by the single- 
specimen-compliance (SSC) technique, with each laboratory testing approxi- 
mately one-half of the specimens. 
ductile-shelf testing were side-grooved on each side by 10% of the specimen 
thickness. 
specimen crack extension by means of small unloadings (<15% of maximum 
load) conducted at regular intervals throughout the test. 

of the J-integral, known as JM, as proposed by Ernst.'* 
theory J (JD) is the formulation of the J-integral specified for use in 
the ASTM Standard Test for J I ~ ,  a measure of fracture toughness (E813-84), 
and in the tentative ASTM J-integral resistance (J-R) curve test 
procedure." 
shown it to be more specimen-size independent,lwhen the crack extension 
exceeds the J-controlled crack growth regime" 

in Fig. 23. The R curve format in Fig. 23 is in accordance with that of 
ASTM Standard E813, that is, J I ~  (the elastic-plastic initiation fracture 
toughness) is defined by the intersection of the blunting line with linear 
regression fit to the data between the 0.15- and the 1.5-mm exclusion 
lines. The tearing modulus, T, is defined as 

All compact specimens designated for 

The SSC technique provides a method to determine the amount of 

Values of the J-integral were plculated using the modified version 
Deformation 

Modified J (JM) was used in this program because Ernst has 

A typical J-R curve produced with the SSC technique is illustrated 

T = (E/af2)dJ/da , (3)  

where af is flow stress, E is Young's modulus, and dJ/da is the slope of 
the J-R curve between the 0.15- and 1.5-mm exclusion lines from the linear 
regression for J I ~ ;  E is calculated from the formula E(GPa) = 207 
- 0.057t('C). 
was calculated. 
power law function: 

As suggested by ref. 1, the value of J at J/T = 8.8 kJ/m' 
This was done by fitting the entire J-R curve with a 

J = C(6a)N ( 4 )  

where C and N are constants of fit, 6a is crack extension, and then 



36 

9-0- 
7
7
7
 

1
.4

 

-- 
O

O
 0
 

n
 

€ € 

7
 

0
 

ul 
7
 

w
 

I- x
 

w
 

Y
 

W
 

E
 

W
 W
 

H
 

a
 



37 

solving Eqs. (3) and (4) for the J value for which J/T = 8.8 kJ/m2. 
determining the curve fit, only J-ba pairs were used which satisfied the 
validity requirements of the draft ASTM J-R curve testing procedure. 
To convert JrC to a quasi-elastic Kjc value, the following relationship 
(suggested by ASTM Standard E813) was used: 

In 

Kjc = (EJI~)'.' . ( 5 )  

At toughness levels too great to allow measurement of a valid Krc, as 
specified in ASTM Standard E399 (ref. 20), Kjc values can be determined 
using Eq. (5) with the value of the J-integral at the onset of cleavage; 
however, these data tend to be of greater magnitude than data obtained 
from larger specimens (valid by E399 criteria). 
made by Irwin2' in that the plane stress fracture toughness (K,) 
overestimates Krc. 
Krc could be estimated once Kc was known. 
that reasonable estimates of Krc can be determined using Kjc as a 
substitute for Kc. 
transition region were corrected to Kfic using the Irwin-Merkle 81, 
correction to provide another means of determining the shift to higher 
temperature of the ductile-to-brittle transition caused by irradiation. 

A summary of all the transition-region fracture toughness results 
is presented in Table 8 for the five materials studied in the unirradiated 
condition, and a summary of all the ductile-shelf region fracture toughness 
results is presented in Table 9 for the five materials studied in the 
unirradiated condition. The variation of fracture toughness (KJ~) with 
temperature for Plate 02 and welds 68W, 69W, 70W, and 71W in the unirradi- 
ated condition is shown in Figs. 24 through 28, respectively. The data 
scatter is generally small in the ductile-shelf and the low-transition 
regions, whereas it is higher in the upper transition region, due in some 
part to the ductile crack growth prior to cleavage. A summary of sta- 
tistical information for the unirradiated plate and welds is shown in 
Table 10. Note that the agreement between the two laboratories for the 
mean Kjc value is generally less than one standard deviation, independent 
of the temperature or material. Also note that the variations are similar 
for all the materials except weld 68W, which seems to have significantly 
higher variations in all regions. Variations of the &corrected fracture 
toughness (KB,) with temperature for Plate 02 and welds 68W, 69W, 70W, and 
71W in the unirradiated condition are shown in Figs. 29 through 33, 
respectively. 
nesses (Kb,) are less than the uncorrected fracture toughnesses (KJ~), the 
general behavior is similar. 

The primary thrust of this irradiation program was to study the 
ductile- shelf behavior of "current practice" reactor pressure vessel 
welds. Of significant interest in that regard is the tearing modulus, T 
[defined in Eq. (3)], and the "J = 8.8T" value. Variations of the tearing 
modulus (T) with temperature for Plate 02 and welds 68W, 69W, 70W, and 71W 
in the unirradiated condition are shown in Figs. 34 through 38, respec- 
tively. The tearing modulus decreases with increasing test temperature 
and exhibits more scatter at the lower test temperatures. A summary of 
statistical information for the unirradiated plate and welds of the 
tearing modulus and J = 8.8T is shown in Table 11. Note that the coef- 
ficient of variation (CV = standard deviation/mean) is also listed in the 
table. Of the materials studied, weld 68W had the highest tearing 

A similar observation was 

Irwin developed an empirical relationship from which 
Recently, Merkle22 has shown 

In this study, Kjc values in the ductile-to-brittle 

Although the magnitudes of the 8-corrected fracture tough- 



Table 8. Transition region lTCS test data for unirradiated 
pressure vessel plate and submerged-arc welds 

026415 
02G312 
026292 
026308 
02G283 
02G300 
02G350 
02G296 
02G361 
02G301 
02G347 
02G355 
02G352 
02C.297 
02G405 
026313 
026304 
026367 
02G417 
026322 
02G343 
026341 
026309 
026293 
02G408 

OKNL 
0 KNL 
NEA 
MEA 
0 1LU L 
ElEA 
ORNL 
ORNL 
OKNL 
0 U V  L 
MEA 
MEA 
MEA 
I4EA 
O W L  
MEA 
MEA 
ORNL 
ORNL 
MEA 
MEA 
MEA 
O W L  
OKNL 
OKNL 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

20 
20 

0 
0 
0 

20 

-1 00 
-9 5 
-9 5 
-9 5 
-9 5 
-95 
- 8 0  
-40 
4 0  
4 0  
4 0  
4 0  
-40 

-5 
-5 
-5 
-5 

0 
0 

22 
22 
23 
23 
23 
24 

0.6 14 
0.612 
0.617 
0.620 
0.6 19 
0.623 
0.622 
0.617 
0.6 20 
0.621 
0.620 
0.622 
0.622 
0.619 
0.612 
0.619 
0.619 
0.622 
0.606 
0.622 
0.631 
0.623 
0.617 
0.619 
0.609 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

0.07 
0.05 
0.06 
0.07 
0.10 
0.09 
0.05 
0.10 
0.22 
0.55 
0.28 
0.56 
1.06 
0.17 

0.05 

8.3 
6.4 
8.8 
9.1 

13.3 
15.6 
13.3 
22.8 
23.6 
26.6 
37.6 
39.3 
59.7 
74.2 
74.3 
81.8 
90.6 
75.1 
75.9 

251.8 
317.2 
209.5 
277.0 
248.6 
206.9 

41.9 44.0 
36.8 41.8 
43.2 44.4 
4 4 , l  45.2 
53.2 57.2 
57.6 58.7 
53.1 50.3 
69.1 a 
70.3 a 
74.6 a 
83.8 8 
90.8 8 

91.6 8 
124.1 8 
124.2 a 
130.3 a 
137.2 a 
124.7 a 
125.4 a 
227.8 a 
255.6 a 
207.8 a 

280.1 a 
206.4 a 

238.9 a 

41.0 
36.3 
42.1 
36.3 
50.4 
53.8 
50.1 
59.5 
60.2 
62.6 
69.4 
70.2 
70.6 
79.5 
79.6 
81.3 
83.2 
79.4 
79.6 
99.7 

104.1 
96.1 

101.4 
107.6 
89.4 

600 
59 3 
593 
59 3 
593 
593 
574 
529 
529 
529 
529 
529 
529 
496 
436 
496 
496 
492 
492 
475 
475 
474 
474 
4 7 4  
473 

213 
213 
213 
213 
213 
213 
212 
209 
209 
209 
209 
209 
209 
207 
207 
20 7 
207 
207 
207 
206 
206 
206 
206 
206 
206 

w 
03 



Table 8. (Continued) 

S i d e  Tes t  Y i e l d  Young's 

( X )  ( "C) (XPa)  (GPa) 
Delta-a J K J  

(mm) ( K J S m 2 )  (MPak)  (NFik) (M:!k) strength Laboratory grooves temperature (a/W) Specimen 
number 

68WEB 
6 8WJE 
68WHA 
68WJC 
68WCB 
6 8WKD 
68WHE 
6 8MAE 
68WDD 
68WAC 

69W109 
69W135 
69W103 
69W134 
69W140 
691~130 
691~136 
6 9M138 
6 9W104 
69W124 
69W111 
69W170 
69W128 
69W152 

ORNL 
MEA 
MEA 
MEA 
ORNL 
O W L  
MEA . 
MEA 
ORNL 
MEA 

ORNL 
MEA 
ORNL 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
MEA 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-1 35 
-125 
-1 20 

-9 5 
-80 
-80 
4 0  
4 0  
-3 0 
-3 0 

-1 00 
-1 00 
-1 00 
-1 00 

-60 
-60 
-60 
-60 
-60 
-2 0 
-5 
-5 
-5 
-5 

0.597 
0.603 
0.599 
0.597 
0.601 
0.604 
0.608 
0.600 
0.616 
0.596 

0.597 
0.592 
0.595 
0.593 
0.587 
0.599 
0.596 
0.612 
0.597 
0.605 
0.604 
0.605 
0.599 
0.601 

0.05 
0.05 
0.05 
0.05 
0.05 
0.07 
0.15 
0.53 
0.26 
0.66 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.06 
0.05 

7.6 
29.4 
16.2 
40.2 
16.2 
71.3 

107.3 
421.8 
215.7 
410.0 

7.8 
9.6 
9.9 

16.1 
12.3 
12.8 
16.2 
21.1 
30.6 
58.3 
39.4 
44.0 
44.4 
69.1 

40.4 
79.4 
58.9 
92.5 
58.6 

122.9 
150.8 
296.9 
212.3 
292.7 

40.8 
45.1 
45.9 
58.6 
50.8 
51.9 

66.6 
80.3 

110.2 
90.5 
95.5 
95.9 

119.8 

58.4 

40.2 
a 

59.8 
a 

59.5 
a 
8 
8 
a 
a 

40.7 
46.6 
42.6 
60.1 
55.8 
54.1 
60.8 
68.4 
a 
a 
a 
a 
a 
a 

40.0 
72.9 
56.9 
79.6 
55.9 
93.0 

103.3 
131.0 
113.3 
128.7 

40.5 
44.6 
45.3 
56.9 
49.6 
50.6 
56.2 
62.9 
72.7 
87.4 
76.8 
79.5 
79.7 
90.6 

776 215 
757 214 
749 2 14 
707 213 
684 212 
684 212 
684 212 
627 209 
615 209 
615 209 

779 213 
719 213 
779 213 
779 213 
7 26 2 1 1  
725 211 
7 26 21 1 
7 26 211 
7 25 211 
680 208 
665 20 7 
665 20 7 
665 207 
665 207 



Table 8 .  (Continued) 

69\41 58 
691.1164 
691~174 
69U151 
69N133 
691J175 
691.1132 

70W103 
70W127 
70W109 
70W102 
70W121 
70W149 
7 0Cl 143 
7oL1122 
70W120 
70W141 

7 11~132 
7 1W113 
71W105 
7 1W107 
7 1u102 
71U114 
71W135 

MEA 
MEA 
MEA 
O W L  
MEA 
0 PUN L 
0 KNL 

0 UVL 
OUVL 
MEA 
MEA 
MEA 
O W L  
O L i L  
MEA 
O W L  
MEA 

MEA 
MEA 
ORNL 
OKNL 
MEA 
O W L  
ORNL 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

-5 
20 
20 
20 
23 
24 
24 

-135 
-135 
-115 
-115 

- 6 5  
-65 
-6s 
- 6 5  
-40 
-3 5 

-9 5 
-9 5 
-9 0 
-5 0 
-5 0 
-1 0 
-1 0 

0.600 
0.593 
0.595 
0.600 
0.589 
0.599 
0.592 

0.550 
0.549 
0.546 
0.544 
0.546 
0.546 
0.546 
0.548 
0.552 
0.566 

0.550 
0.548 
0.547 
0.544 
0.546 
0.553 
0.551 

0.05 
0.06 
0.06 
0.10 
1.99 
0.10 
7.92 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.12 
0.05 
0.08 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.45 

84.4 
92.9 

103.2 
118.4 
179.6 
136.3 
183.2 

5.5 
10.0 
8.3 

21.5 
32.8 
56.0 
58.1 
73.0 
59.3 
89.5 

16.8 
17.7 
12.6 
35.1 
43.4 
58.8 

202.2 

132.4 
138.4 
143.4 
156.2 
192.3 
167.5 
228.5 

34.2 
46.4 
42.0 
67.8 
83.2 

108.7 
110.7 
124.1 
111.4 
136.9 

59.8 
61.4 
51.7 
85.8 
95.5 

110.6 
205.0 

a 95.5 665 
a 95.9 642 
a 97.6 64 2 
a 101.6 642 
a 111.3 639 
a 104.6 639 
a 119.7 640 

35.9 
47.3 
44.1 

a 
a 
a 
a 
a 

a 
8 

34.0 652 
45.3 652 
41.2 625 
61.7 625 
68.6 5 66 
79.8 566 
80.5 566 
85.2 566 
'79.0 540 
86.7 535 

a 55.4 593 
B 56.5 593 

47.8 50.0 656 
a 68.6 541 
8 72.9 54 1 
a 75.8 502 
a 99.0 502 

207 
206 
206 
206 
206 
206 
206 

215 
215 
214 
214 
211 
2 1 1  
211 
211  
209 
209 

213 
213 
212 
2 IO 
2 10 
208 
208 

Yie ld  Young's T e s t  
K I c _  K ~ c  s t r e n g t h  motiulus De Ita-a J, S i d e  Specimen 

number 
(GPa) 

Laboratory grooves temperature (a'w) (m) (KJ/m*) (M2k) (MPaJrn) (XPaJm) 
( X )  ("C) 

F- 
0 

aTes t  d i d  not  provide v a l i d  K l C  v a l u e  by ASTM E399. 



Table 9. Ductile-shelf region lTCS test ,data for unirradiated pressure 
vessel plate and submerged-arc welds 

02G374 
02G410 
02G400 
026364 
026299 
02G323 
02G325 
02G294 
026302 
02G310 

02G306 
02G326 
02G320 
0263 15 
02G321 
02G319 
026333 
026324 
02G327 
026357 

68WKA 

68'*1118 
68VHD 
681JJD 
68IJ.i\A 

02G303. 

6 awic 

'ORNL 
ORNL 
MEA 
MEA 
ORNL 
HEA 
OLVL 
LEA 
MEA 
MEA 
ORNL 
MEA 
OKNL 
MEA 
MEA 
ORVL 
M i X  
MEA 
MEA 
ORNL 
ORVL 

OKNL 
HEA 
OKNL 
MEA 
MEA 
OKNL 

0 
20 
20 
20 
20 
20 
24 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 
20 
20 
20 

40 
50 
50 
50 
50 
50 

121 
121 
121 
121 
121 
204 
204 
204 
204 
204 
288 
288 
288 
288 
288 

23 
121 
121 
200 
288 
288 

0.623 
0.627 
0.615 
0.633 
0.620 
0.619 
0.622 
0.623 
0.618 
0.622 
0.620 
0.620 
0.623 
0.623 
0.623 
0.626 
0.622 
0.626 
0.622 
0.632 
0.627 

0.604 
0.606 
0.607 
0.606 
0.604 
0.598 

3.84 
2.95 
8.37 
2.62 
3.09 
8.91 
4.11 
8.95 
6.01 
6.00 
3.06 

10.31 
5.73 

10.96 
10.40 
3.09 
8.73 
5.84 
8.50 
6.01 
3.73 

2.78 
8.01 
3.12 
4.07 
7.09 
3.21 

450.5 
339.8 
347.7 
319.8 
265.5 
337.3 
282.5 
335.8 
307.0 
293.8 
233.1 
246.6 
250.0 
27Y .9 
309.7 
248.2 
184.1 
189.7 
188.5 
168.9 
200.1 

423.2 
351.5 
355.5 
273.3 
187.0 
348.6 

0.0 
118.8 
192.2 
194.1 
207.6 
221.7 
114.5 
141.6 
167.0 
173.9 
177  .O 
139.8 
142.5 
147.3 
148.5 
191.4 
121.3 
121.6 
128.0 
132.2 
143.7 

160.9 
156.1 
203.3 
236.1 
131.5 
206.8 

0.0 
155.8 
198.2 
199.2 
206 .O 
212.8 
151.5 
168.4 
182.9 
186.6 
188.3 
165.3 
166.9 
169.7 
170.4 
193.5 
152.1 
152.3 
156.3 
158.8 
165.6 

182.0 
176.8 
201.8 
215.0 
158.4 
198.6 

0 
197 
164 
154 
141 
153 
156 
178 
147 
133 
138 
118 
99 

115 
113 
100 
81 
73 
92 
73  
89  

219 
204 
204 
111 
132 
138 

0.0 538 
1194.0 531 
812.8 53 1 
611.1 531 
663.b 53 1 
763.7 53 1 
688.0 500 
752.6 500 
746.3 500 
696.0 500 
595.8 500 
558.4 498 
439.1 498 
535.6 498 
459 .O 498 
425.3 498 
431.1 534 
475.4 5 34 
509.7 534 
337.8 534 
414.3 534 

1321.3 600 
1054.8 542 
1070.5 542 
575.9 533 
651 .O 56 1 
769.8 562 

205 
204 
204 
204 
204 

200 
200 
200 
200 
196 
196 
196 
196 

204 

196 

191 
191 * 
191 
191 
191 
206 

200 
200 
196 
191 
191 
191 
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Table 9 .  (Continued) 

Tearing J = 8.8T Flow Young's 
Delta-a J, JIC 

Side Test 
(m) (KJ$m2)  ( K J / m 2 )  (sik) modulus (KJ/m2) strength Laboratory grooves temperature ( a h )  Specimen 

number ( X )  ( " C )  (MPa) (GPa) 

69W176 
69W125 
6913129 
69W162 
69W117 
69W110 
691.1141 
6 914 1 50 
69W145 
69V168 
69W180 
69W127 
69W154 
69W161 

70W150 
70W134 
70W135 
70W105 
70W114 
7 OW 146 
70W144 
70W147 
70W151 
70W152 
7OU116 

MEA 
OKNL 
MEA 
? E A  
OKNL 
MEA 
ORNL 
MEA 
ORNL 
MEA 
MEA 
MEA 
ORNL 
O W L  

OWL 
MEA 
ORNL 
MEA 
OKNL 
MEA 
O W L  
OWL 
MEA 
OKNL 
O W L  

20 50 
20 50 
20 50 
20 121 
20 121 
20 121 
20 121 
20 200 
20 204 
20 204 
20 288 
20 288 
20 288 
20 288 

20 50 
20 50 
20 121 
20 121 
20 121 
20 204 
20 204 
20 204 
20 288 
20 288 
20 280 

0.608 
0.591 
0.604 
0.598 
0.598 
0.603 
0.595 
0.602 
0.603 
0.607 
0.605 
0.601 
0.598 
0.598 

0.543 
0.549 
0.548 
0.547 
0.552 
0.548 
0.553 
0.553 
0.552 
0.545 
0.553 

11.01 
2.72 
10.81 
9.72 
3.18 
9.98 
3.20 
4.69 
3.66 
9.98 
10.80 
10.50 
3.31 
3.93 

2.99 
11.53 
2.98 
10.59 
3.27 
9.95 
2.81 
3.01 
9.98 
3.05 
3.80 

231.5 
215.3 
219.6 
243.6 
231.7 
229.9 
219.6 
262.6 
225.2 
226.4 
190.2 
210.4 
216.6 
226.1 

255 .O 
236.7 
224.2 
247.8 
190.4 
202.8 
159.2 
216.9 
165.8 
184.7 
188.9 

0 

144.7 
149.8 
165.6 
144.2 
146.4 
147.3 
164.0 
184.3 
104.5 
124.0 
97.2 
102.0 
112.5 
140.2 

107.5 
180.0 
131.6 
135.4 
147.6 
109.3 
118.4 
128.8 
95.5 
114.6 
115.0 

172.0 
174.9 
184.0 
169.9 
171.2 
171.8 
181.3 
190.0 
143.0 
155.9 
136.2 
139.5 
146.5 
163.6 

148.2 
191.8 
162.4 
164.7 
171.9 
146.2 
152.2 
158.7 
135 .O 
147.8 
148.2 

87 
80 
70 
89 
93 
82 
88 
54 
76 
61 
56 
49 
56 
56 

188 
163 
159 
148 
140 
108 
133 
110 
79 
93 
88 

492.2 
454.2 
434.8 
493.2 
460.6 
466.9 
466.5 
323. I 
369.3 
343.0 
296.3 
299.7 
302.6 
301.6 

925.4 
852.0 
751.5 
684.5 
617.4 
480.1 
566.3 
445.0 
380.7 
403.9 
390.7 

664 
664 
664 
6 30 
630 
630 
6 30 
623 
623 
623 
651 
651 
651 
65 1 

526 
526 
494 
494 
494 
486 
487 
487 
511 
511 
511 

0 

204 
204 
204 
200 
200 
2 00 
200 
196 
196 
196 
191 
191 
191 
191 

204 
F- 204 

200 h3 
200 
200 
196 
196 
196 
191 
191 
191 
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Table 9. (Continued) 

71W145 
7 1W137 
7 1W130 
71W124 
71W109 
7 1W152 
7 1W103 
71W136 
71$1106. 
71W129 
71W125. 
7 1W104 
7 1W148 
71W127 

MEA 
MEA 
ORNL 
OKNL 
MEA 
MEA 
OKNL 
MEA 
MEA 
MEA 
ORNL 
MEA 
MEA 
O W L  

0 
0 
0 
20 
20 
20 
20 
20 
20 
20 

, 20 
' 20 

20 
20 

~ 

-1 0 
-5 
30 
50 
50 
121 
121 
121 
204 
204 
204 
288 
288 
268 

0.555 
0.556 
0.547 
0.549 
0.563 
0.553 
0.556 
0.554 
0.544 
0.555 
0.553 
0.565 
0.545 
0.553 

1.43 
3.13 
3.29 
3.01 
11.96 
10.08 
3.33 
11.94 
10.48 
10.94 
3.19 
10.11 
11.05 
3.87 

176.6 
230.5 
285.3 
228.4 
205.7 
214.0 
188.0 
206.8 
148.7 
153.0 
158.4 
134.5 
151.4 
155.1 

0.0 
0.0 

128.8 
99.2 
122.5 
114.4 
130.8 
135.2 
82.1 
89.7 
122.1 
69.9 
83.8 
86.9 

0.0 
0.0 

162.7 
142.3 
158.2 
151.4 
161.9 
164.6 
126.7 
132.4 
154.5 
115.5 
126.5 
128.8 

0 
0 

186 
1$4 

153 
105. 
155 
66 
87 I 
90 
72 
71 
61 

9,s 

0.0 
0.0 

1019.9 
763.7 
529.2 
705.5 
424.8 
750.8 
291.3 
355.5 
344.6 
296.9 
347.2 
247.5 

567 
563 
535 
521 
521 
489 
489 
489 
482 
482 
482 
508 
508 
508 

208 
207 
205 
204 
204 
200 
200 
200 
196 
196 
196 
191 
191 
191 

\ 

\ 
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Tab le  10. S t a t i s t i c a l  comparison of lTCS K j C  r e s u l t s  f o r  u n i r r a d i a t e d  
p r e s s u r e  v e s s e l  p l a t e  and submerged-arc welds 

S t a n d a r d  d e v i a t i o n ,  Number 
WaJG of tests 

T e s t  Mean K j C ,  M P a 6  
t emDerature 

ORNL MEA Combined O W L  MEA i "C> ORNL MEA Combined 

-95 
-40 
-5 
23 
50 
121 
2 04 
2 88 

-80 
-30 
121 
2 88 

-1 00 
-60 
-5 
22 
50 
121 
2 03 
2 88 

-1 35 
-115 
-65 
50 
121 
2 04 
2 88 

-93 
-50 
-1 0 
50 
121 
2 04 
2 88 

49.5 
71.3 
124.2 
241.8 
180.9 
169.9 
180.2 
162.2 

90.8 
212.3 
201.8 
198.6 

41.7 
61.7 
95.7 
184.1 
174.9 
176.3 
143.0 
155.1 

41.6 

109.7 
148.2 
167.2 
155.5 
148.0 

47.8 
85.8 
157.8 
142.3 
161.9 
154.5 
128.8 

A533 grade B class 1 (HSST-02) 
49.4 49.5 10.9 8.0 
90.4 80.9 2.9 1.4 
130.5 129.0 6.6 
230.4 236.1 36.9 24.0 
203.4 194.4 35.5 8.2 
179.3 175.5 26.0 9.6 
168.5 173.2 18.8 2.8 
153.6 157.0 4.8 2.4 
Submerged-arc weld (HSST-68W) 
150.8 110.8 45.5 
292.7 252.5 
176.8 189.3 
158.4 178.5 
Submerged-arc weld (HSST-69W) 
53.4 47.5 1.3 9.5 
67.2 63.9 6.3 18.5 
114.2 106.8 0 .3  21.5 
158.0 171.1 38.9 29.8 
178.0 177.0 8.5 
170.9 173.6 7.1 1.3 
173.0 163.0 24.1 
137.9 146.5 12.1 2.3 
Submerged-arc weld (HSST-70W) 

56.0 16.8 
103.7 106.7 1.4 28.9 
191.8 170.0 
164.7 166.3 6.7 
146.2 152.4 4.6 
135.0 143.7 0.3 
Submerged-arc weld (HSST-71W) 

60.6 56.3 1.1 
95.5 90.7 

158.2 150.'3 
158.0 159.3 9.3 
129.6 137.9 4.0 
121.0 123.6 7.8 

8.1 

66.8 

7.9 
10.6 
6.2 
28.6 
22.4 
15.6 
11.6 
5.6 

47.3 
56.9 
17.7 
28.4 

8.8 
10.7 
18.3 
34.1 
6.3 
5.2 
24.3 
12.2 

17.1 
30.8 
5.0 
6.3 
7.5 

7.4 
6.9 

11.2 
7 .O 
14.7 
7.1 

2 
3 
1 
3 
2 
2 
2 
2 

2 
1 
1 
1 

2 
3 
2 
3 
1 
2 
1 
2 

2 

2 
1 
2 
2 
2 

1 
1 
2 
1 
1 
1 
1 

3 
3 
3 
3 
3 
3 
3 
3 

1 
1 
1 
1 

2 
2 
3 
3 
2 
2 
2 
2 

2 
2 
1 
1 
1 
1 

2 
1 

1 
2 
2 
2 
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Table 11. S t a t i s t i c a l  comparison of lTCS mean tearing modulus 
and mean J = 8.8T value with temperature for unirradiated 

plate  and submerged-arc we lds  

Tearing modulus J = 8.8T, KJ/m* 
Number T e s t  

temperature Standard cv Mean Standard cv .o f  t e s t s  
Mean deviation de v i  at  ion ("C> 

A533 grade B class 1 (HSST-02) 
, c  

50 162 21 0.132 809 229 0.284 5 
121 150 18 0.118 696 63 0.090 5 
204 109 9 0.082 484 60 0.124 5 
2 88 82 9 0.108 434 65 0.151 5 

Submerged-arc weld (HSST-68W) 

121 
2 88 

50 
121 
2 04 
2 88 

50 
121 
204 
2 88 

50  
121 
2 04 
288 

204 
135 

79 
88 
64 
54 

176 
149 
117 
87 

121 
138 
81 
68 

0 0.000 1063 11 
4 0.031 710 84 

Submerged-arc weld (HSST-69W) 

9 0.108 460 29 
5 0.051 472 15 
11 0.176 345 23 
4 0.064 300 3 

Submerged-arc weld (HSST-70W) 

18 0.101 889 52 
10 0.064 685 67 
14 0.119 497 62 
7 0.082 394 12 

Submerged-arc weld (HSST-71W) 

33 0.269 647 166 
28 0.206 627 177 
13 0.162 331 34 
6 0.090 297 50 

0.010 
0.118 

0.063 
0.031 
0.067 
0.009 

0.058 
0.098 
0.126 
0.031 

0.256 
0.282 
0.104 
0.168 

2 
2 
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i 

modulus and weld 69W had the lowest. 
modulus was seen in weld 71W, and the lowest in weld 68W. Of the 
materials studied, weld 68W had the largest values of J = 8.8T and 
weld 69W had the smallest. 
at lower temperatures, with weld 71W having the highest scatter and 
weld 69W the lowest. (Appendix contains load-displacement and J-R 
curves for unirradiated lTCS specimens tested by MEA. 
load-displacement curves, J-R curves, and photographs of the fracture 
surfaces for unirradiated lTCS specimens tested by ORNL.)  

ductile-shelf region fracture toughness results, respectively, for the 
five materials tested in the irradiated condition. Variations of the 
fracture toughness (Kjc) with temperature for Plate 02 and welds 68W, 69W, 
70W, and 71W in the irradiated condition are shown in Figs. 24 through 28, 
respectively. The data scatter is generally small in the ductile-shelf 
and low-transition regions. 
transition region, due in some part to variations in fluence and to 
ductile crack growth prior to cleavage. 
the plate and welds is shown in Table 14. 
the two laboratories for the irradiated mean Kjc value is generally less 
than one standard deviation, independent of the temperature or material. 
Also note that the variations are similar for all materials. Variations 
of the 8-corrected fracture toughness (KB,) with temperature for Plate 02 
and welds 68W, 69W, 70W, and 71W in the irradiated condition are shown in 
Figs. 29 through 33, respectively. Although the magnitudes of the b -  
corrected fracture toughnesses (Kb,) are less than the uncorrected frac- 
ture toughnesses (KJ~), the general behavior is similar. To reduce the 
scatter in the transition-region Kjc and Kfic data, the test temperature 
was shifted slightly to account for fluence variations. 
the unirradiated transition-region Kjc data were fit with an exponential 
curve of the following form: 

The largest scatter in the tearing 

The scatter in the J = 8.8T value was higher 

Appendix D contains 

Tables 12 and 13 provide summaries of the transition region and 

The data scatter is higher in the upper- 

A statistical summary for Kjc of 
Note that the agreement between 

In this procedure 

where t is the temperature in OC, and A, B, and C are curve fit 
coefficients. [Note that in making the fit to Eq. (6), no data points 
were used that had ductile crack growth greater than 0.15 mm.] 
curve fit, the irradiation-induced temperature shift (bt) was determined 
for each specimen. Using Eq. (2), a power law was fit to the bt vs 
fluence data. As with the CVN data, the temperature shift was corrected 
to the average fluence in the transition region for that material. This 
approach was pursued for each material; however, as with the CVN data, 
only in the case of Plate 02 was a successful result obtained. For 
Plate 02, the power N was determined to be 0.73. 
data after accounting for fluence effects is shown in Table 15. The 
resulting Kjc and Kbc data after correction are shown in Figs. 39 and 40, 
respectively. 
reduced and is similar to the unirradiated data. 

and welds 68W, 69W, 70W, and 71W in the irradiated condition are shown in 

Using this 

A summary of the lTCS 

Note that the scatter in the irradiated data is much 

Variations of the tearing modulus (T) with temperature for Plate 02 

$(Appendixes C through F are included in ORNL/TM-l0387/V2, available to 
those listed in Distribution Category RF by contacting ORNL. 



Table 12. Transition-region lTCS test data for irradiated 
pressure vessel plate and submerged-arc welds 

Y i e l d  Young's 
Delta-a Jmax KJ KI Kg 

Fluence ,  Side Test 
lo2 n/m2 Laboratory grooves temperature (a/W) 
0 1  MeV) (XI ( " C )  (MPa) (GPa) 

(mm) ( K J / m 2 )  (MPak) (MPak) (MPak) strength 
Specimen 

number 

026414 
026368 
026360 
026423 
026406 
026401 
026403 
026280 
026407 
02G365 
026358 
026416 
026353 
026411 
026404 
026348 
026402 
026282 
0 26288. 
026316 
026413 
026335 
02G342 
026349 
OX331 

02632Y 
026421 

026344 

2.14 
2.34 
2.68 
1 . 2 3  
1.90 
1.23 
1.63 
0.96 
2.00 
2.57 
2.65 
2.08 
2.34 
2.15 
1.77 
1.74 
1.41 
1.44 
2.08 
2.36 
2.18 
2.36 
1.44 
2.00 
2.56 
1.00 
2.56 
1.74 

ORNL 
MEA 
MEA 
MEA 
ORNL 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
MEA 
MEA 
OWL 
MEA 
OKNL 
MEA 
MEA 
ORNL 
ORNL 
O M L  
MEA 
MEA 
MEA 
MEA 
MEA 
OLVL 
OKNL 
OKNL 

0 
40 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-2 5 
-2 5 
-2 5 
-2 5 
-2 5 
-2 5 

0 
25 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
79 
80 
80 
80 
80 
80 
80 
80 
80 
80 

0.592 
0.625 
0.622 
0.610 
0.602 
0.609 
0.608 
0.621 
0.611 
0.624 
0.619 
0.610 
0.618 
0.612 
0.609 
0.618 
0.615 
0.618 
0.624 
0.619 
0.600 
0.617 
0.615 
0.626 
0.620 
0.607 
0.612 
0.603 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.07 
0.05 
0.05 
0.12 
0.05 
0.05 
0.06 
0.26 
0.24 
0.15 
0.25 
0.51 
0.44 

6.9 
7.4 
8.2 

10.0 
14.3 
16.6 
19.4 
30.6 
18.3 
22.5 
26.6 
26.7 
29.8 
34.3 
36.7 
55.9 
71.9 
90.3 
84.7 
50.1 
54.1 
61.3 
103.4 
139.4 
147.8 
152.0 
161.1 
138.1 

38.0 
39.3 
41.3 
45.8 
54.6 
58.8 
63.4 
79.3 
61.1 
67.8 
73.8 
73.9 
78.0 
83.7 
86.6 
107.0 
121.2 
135.9 
131.1 
100.7 
104.7 
111.5 
144.8 
168.1 
173.1 
175.5 
180.7 
200.7 

36.0 37.5 
41.3 38.8 
43.1 40.6 
47.5 44.7 
45.1 52.2 
58.9 55.6 

58.7 
68.7 
56.6 
61.2 
65.0 
65.0 
67.5 
70.6 
72.1 
81.5 
87.1 
92.2 
89.5 
78.1 
79.8 
82.5 
93.8 
100.3 
101.6 
102.2 
103.5 
108.1 

647 
643 
643 
643 
647 
647 
630 
617 
6 04 
604 
604 
604 
604 
604 
604 
604 
604 
604 
591 
590 
590 
590 
590 
590 
590 
590 
590 
590 

209 
209 
209 
209 
209 
209 
207 
206 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 

o\ 
h) 



i 4 

Table 12. (Continued) 

68143B 
68WED 
6SWCD 
68WEA 
68WHC 
68WEE 
68uLL) 
68WCC 
68WLC 
68VBtl 
68WHA 
68YJB 
68i4LA 
68VBD 
68WAD 

6 9U 14 2 
69W119 
69141 59 
69W149 
691J108 
6 9V12 1 
69W114 
69\4173 
69W106 
69\41 66 
69W113 
69W112 
69W143 
69i4120 
6YL4137 
69W172 

1.74 
1.39 
1.46 
1.52 
1.16 
1.27 
1.89 
1.38 
1.82 
1.03 
0.89 
1.04 
1.41 
1.29 
0.75 

1.35 
1.52 
1.73 
0.89 
1 .00 
1.54 
1.34 
1.07 
0.87 
1.81 
1.25 
1.15 
1.23 
1.54 
1.42 
1.38 

0.KIlL 
MEA 
MEA 
MEA 
OKNL 
MEA 
MEA 
MEA 
OWL 
ORNL 
MEA 
MEA 
fiEA 
HEA 
O R i i  

ORNL 
ORNL 
MEA 
OKNL 
MEA 
OWL 
OWL 
OKNI. 
MEA 
MEA 
OKNL 
MEA 
0KNL 
YEA 
I4EA 
OkNL 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-1 30 
-1 30 
-1 30 
-1 30 
-130 
-1 00 

-7 5 
-7 5 
-7 5 
-7 5 
-7 5 
-50 
-50 
-50 
-5 0 

-3 6 
-3 5 
-3 5 
-3 5 

0 
10 
10 
10 
10 
10 
29 
40 
50 
50 
5u 
50 

0.598 
0.603 
0.594 
0.605 
0.601 
0.623 
0.596 
0.597 
0.597 
0.593 
0.5Y6 
0.603 
0.611 
0.597 
0.608 

0.594 
0.593 
0.589 
0.581 
0.598 
0.603 
0.598 
0.604 
0.610 
0.594 
0.617 
0.618 
0.597 
0.600 
0.595 
0.572 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.18 
0.07 
0.25 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.27 
0.34 
0.05 
0.13 
0.05 
0.19 
3.91 
0.64 

6.5 
6.5 
9.5 

12.9 
13.5 
51.8 
31.3 
44.8 
67.7 
84.9 

104.3 
85.3 

105.8 
110.6 
140.3 

12.9 
15.2 
21.3 
24.1 
22.4 
24.7 
25.0 
29.5 
60.2 
62.3 
54.3 
63.1 
68.5 
86.5  

177.8 
186.4 

37.4 
37.4 
45.3 
52.3 
53.9 

105.1 
81.4 
97.3 

119.6 
134.0 
148.5 
133.9 
149.1 
152.4 
171.7 

52.0 
56.4 
66.7 
71.1 
68.1 
71.4 
71.9 
78.1 

111.6 
113.5 
105.7 
113.7 
118.3 
133.0 
190.4 
195.2 

37.4 
38.5 
44.5 
53.6 
52.5 

55.0 
56.9 
65.4 
69.8 
69.2 

37.2 
37.2 
44.9 
51.4 
52.9 
88.9 
73.4 
83.1 
95.9 

102.2 
105.7 
91.5 

103.3 
104.4 
113.5 

51.1 
55.0 
63.6 
67.2 
64.1 
66.7 
67.1 
71.6 
86.1 
91.3 
87.0 
90.5 
92.3 
98.3 

116.9 
118.2 

833 
817 
817 
817 
833 
765 
726 
726 
757 
757 
7 26 
691 
691 
69 1 
7 27 

785 
784 
774 

7 30 
7 39 
7 39 
7 39 
7 24 
7 24 
714 
7 08 
703 
703 
7 03 
703 

784 

215 
215 
215 
215 
215 
213 
211 
21 1 
211 
211 
211 
2 10 
2 10 
210 
210 

209 
209 w 
209 
209 
207 
207 
207 
207 
207 
207 
206 
205 
204 
204 
204 
204 

m 



Table 12. (Continued) 

70W126 
70W140 
70W129 
701.1111 
701.1125 
70W137 
70W124 
70W106 
7013133 
701.1138 
70W122 
70W113 
70W128 
7oU112 
70W148 
70W119 

7 1W143 
7 1W116 
7 1W108 
7 1W141 
7 lW138 
71W131 
71W151 
71W139 
71Wlll 
71W142 
71W122 
71W133 
7 1WI 15 
711.1112 
7 lWl44 
71W146 

2.12 
1.65 
2.05 
1.19 
1.99 
1.89 
2.37 
0.97 
1.96 
1.70 
2.05 
1.86 
2.45 
1.60 
1.35 
1.80 

1.80 
1.74 
1.20 
1.86 
2.03 
2.12 
1.18 
2.35 
1.40 
2.15 
1.90 
2.45 
1.36 
1.62 
1.56 
1.80 

0 KNL 
O R m  
MEA 
MEA 
MEA 
MEA 
OKNL 
ORNL 
MEA 
MEA 
O W L  
MEA 
MEA 
MEA 
OKdL 
MEA 

O W  
OKNL 
OkYL 
OKIiL 
MEA 
MEA 
MEA 
MEA 
OKNL 
ORNL 
OKNL 
ORNL 
HEA 
MEA 
OKNL 
ORNL 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
20 

-1 25 
-125 
-125 
-1 25 
-95 
-7 5 
-50 
-5 0 
-50 
-50 
-2 5 
-2 5 
-2 5 
-2 5 
-2 5 
-1 5 

-7 3 
-7 0 
-7 0 
-7 0 
-70 
-5 0 
-30 
-3 0 
-3 0 
-30 
-1 3 

0 
0 
0 
0 
50 

0.546 
0.541 
0.550 
0.544 
0.540 
0.548 
0.543 
0.544 
0.550 
0.551 
0.538 
0.544 
0.542 
0.548 
0.538 
0.549 

0.548 
0.544 
0.544 
0.548 
0.548 
0.553 
0.553 
0.550 
0.542 
0.546 
0.546 
0.537 
0.545 
0.548 
0.540 
0.522 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.07 
0.10 
0.23 
0.05 
0.08 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.09 
0.16 
0.14 
0.25 
0.18 
1.45 

6.2 36.4 
6.3 36.7 
6.3 36.8 
7.0 38.7 
16.7 59.6 
22.5 69.1 
28.4 77.2 
42.7 94.7 
47.6 100.1 
49.8 102.3 
19.3 63.4 
65.5 117.0 
71.0 121.7 
82.6 131.3 
123.3 160.4 
65.9 117.1 

5.6 34.3 
15.7 57.6 
20.1 65.2 
21.7 67.7 
22.2 68.6 
21.4 67.1 
25.3 72.8 
25.9 73.6 
27.1 75.3 
46.6 98.7 
57.4 109.3 
74.5 124.3 
88.0 135.1 
91.8 138.0 
125.1 161.0 
155.9 223.2 

37.9 36.1 69 1 
36.9 36.4 691 
37.3 36.4 683 
39.0 38.3 683 

56.2 644 
62.5 62 1 
66.9 603 
76.1 603 
76.7 572 
79.0 594 
57.6 579 
83.1 570 
84.8 570 
87.9 570 
97.2 579 
82.5 561 

36.6 33.8 
61.9 54.2 

59.9 
61.6 
61.8 
60.2 
63.4 
63.9 
65.0 
76.5 
79.8 
84.2 
88.1 
89.0 
94.8 
98.4 

566 
622 
622 
622 
609 
587 
578 
578 
579 
579 
563 
552 
5 58 
558 
552 
526 

2 14 
214 
2 14 
214 
213 
211 
210 
210 
210 
210 
209 
209 
209 
209 
209 
208 

211 c. 
211 
211 
211 
21 1 
2 10 
209 
209 
209 
209 
208 
207 
207 
207 
207 
204 

m 

1 0 
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Table 13. Ductile-shelf region lTCS test data for irradiated 
pressure vessel plate and submerged-arc welds 

Test  Tearing J = 8.8T Young's 
J I C  s t r e n g t h  modulus Delta-a J,,, Side Specimen Flueme * 

(>1  MeV) ( X )  ("C) (Mea) (GPa) 
(om) ( K J / m 2 )  (KJ /m2)  (zkk) modulus ( K J / m 2 )  1 0 2 3  n/m2 Laboratory grooves temperature (a/W) 

number 

02G285 
026362 
026298 
026419 
026356 
026375 
02G340 
026363 
026354 
026412 
02G345 
026332 
02ti287 
026373 
02ti338 
026422 
026328 

6 8 W  
68WI)E 

68NLlC 
68WKE 
68WEC 
68WAB 
68WKB 
68WDA 
6 8WA 
68WLB 
68WCE 
68WBC 
68WKC 

6 8iem 

1.66 
2.68 
2.23 
1.90 
2.59 
1.03 
1.66 
2.64 
2.47 
2.18 
1.26 
2:52 
1.91 
0.81 
2.04 
1.41 
2.53 

1.23 
1.56 
1.51 
1.59 
1.06 
1.46 
0.59 
0.90 
1.57 
1.86 
1.64 
1.53 
1.18 
0.70 

OWL 
OUNL 
OKNL 
MEA 
MEA 
MEA 
OWL 
OWL 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
OKNL 
OKNL 
ORNL 

MEA 
MEA 
O W L  
O W L  
O W  
MEA 
MEA 
OWL 
ORNL 
MEA 
MEA 
OUNL 
MEA 
OWL 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

121 
121 
121 
121 
121 
121 
204 
204 
204 
204 
204 
288 
288 
288 

288 
288 

25 
25 
32 

121 
121 
121 
121 
204 
204 
204 
204 
288 
288 
288 

288 

0.626 
0.622 
0.623 
0.622 
0.622 
0.626 
0.622 
0.623 
0.617 
0.612 
0.623 
0.6 16 
0.609 
0.624 
0.622 
0.607 
0.613 

0.607 
0.610 
0.606 
0.601 
0.601 
0.605 
0.603 
0.602 
0.600 
0.602 
0.605 
0.606 
0.602 
0.598 

3.54 
4.30 
4.50 
8.79 
9.87 
7 .OO 
2.99 
2.20 

10.66 
Y .83 
9.88 

11.56 

1 i .58 
1.91 
4.73 
4.50 

4.04 
3.90 
6.75 
2.81 
2.62 
4.35 
4.10 
2.28 
2.47 
5.22 
5.26 
2.08 
7.47 
2.31 

204.1 
192.2 
209.1 
197.5 
194.3 
263.9 
177.1 
175.8 
196.2 
1Y9.7 
221.6 
135.6 
150.5 
173.9 
196.7 
195.5 
192.4 

335.3 
364.0 
346.7 
313.1 
342.3 
350.7 
360.4 
278.0 
275.1 
287.4 
280.7 
295.6 
264.6 
306.5 

141.6 
146.3 
146.3 
150.6 
165.2 
171.1 
118.8 
128.5 
134.3 
143.0 
154.6 
83.3 
86.8 

100.9 
116.8 
153.8 
157.0 

178.1 
210.7 
178.3 
131.2 
172.6 
210.8 
217.0 
122.3 
137.9 
175.1 
201.0 
113.4 
125.8 
164.1 

168.4 
171.2 
171.2 
173.7 
181.9 
185.1 
152.4 
158.5 
162.0 
167.2 
173.8 
126.1 
128.7 
138.7 
149.3 
171.3 
173.1 

191.4 
208.3 
191.3 
162.1 
185.9 
205.5 
208.5 
154.7 
164.2 
185.0 
207.8 
147.1 
154.9 
176.9 

68  
49 
61  
59 
43 
83  
65  
60 
61  
56 
52 
49 
54 
48 
62 
52 
51 

164 
151 
172 
177  
159 
176 
173 
136 
156 
146 
123 
136 
96 

118 

376.5 
246.2 

345.5 
351.3 
475.1 
310.2 
309.4 
318.7 
323.4 
353.6 
280.8 
288.5 
27Y .1 
299.6 
293.9 
282.6 

981.6 
932.4 

1113.1 
1090.0 
903.8 
990.1 
983.7 
730.4 
839.5 
783.8 
738.5 
778.6 
542.9 
657.4 

337.8 

639 
639 
639 
639 
639 
639 
617 
617 
617 
617 
617 
613 
613 
613 
613 
613 
613 

650 
650 
6 10 
575 
575 
576 
576 
572 
572 
572 
572 
593 
59 1 
593 

200 
200 
200 
200 
200 
200 
196 
196 
196 
196 
196 
191 
191 
191 
19 1 
191 
191 

206 
206 
205 
200 
200 
200 
200 
156 
196 
196 
196 
191 
191 
191 

Q\ 
cn 



Table 13. (Continued) 

S pecimen 
number 

69W165 
69W116 
69W126 
69W102 
69W157 
69W146 
69W160 

'691.1122 
691.1153 
69W148 
69U144 
69Wl18 
6915105 
691.1167 

70W115 
70W139 
7 W 1 1 0  
70W136 
70W132 
70W104 
70W131 
70W145 
70N108 
70W118 
7UUl07 
7UW130 
70W117 
70W142 

Fluence,  
1 0 2 3  n/m2 Laboratory 
O l ' M e V )  

1.89 ORNL 
1.42 O W L  
1.48 ORNL 
0.57 ORNL 
1.53 MEA 
1.01 MEA 
1.87 ORNL 
1.52 MEA 
1.22 ORNL 
0.88 MEA 
1.13 ORNL 
.1.49 MEA 
0.72 MEA 
1.65 ORNL 

1.55 MEA 
1.97 ORNL 
1.42 ORNL 
2.26 OUNL 
2.02 MEA 
0.84 MEA 
2.41 MEA 
1.61 ,%A 
1.23 ORNL 
2.15 O W L  
0.81 OKNL 
2.09 MEA 
1.86 OUNL 
1.40 MEA 

Side  T e s t  
grooves temperature  (a/W) 

( X )  ("C) 

0 50 0.592 
0 52 0.580 

20 121 0.597 
20 121 0.603 
20 121 0.593 
20 121 0.597 
20 204 0.602 
20 204 0.595 
20 204 0.606 
20 20 4 0.611 
20 288 0.608 
20 288 0.555 
20 288 0.606 
20 288 0.602 

20 30 0.555 
20 32 0.547 
20 121 0.551 
20 121 0.544 
20 121 0.545 
20 12 1 0.541 
20 204 0.556 
20 204 0.552 
20 204 0.551 
20 204 0.556 
20 288 0.549 
20 288 0.565 
20 2aa 0.551 
20 288 0.550 

Delta-a 
(-1 

2.26 
0.89 
3.15 
2.43 

10.33 
9.26 
2.08 

11.68 
2.26 

10.81 
2.17 

11.79 
2.00 

11.57 
8.66 
4.35 
5.27 
8.55 

10.06 
11.46 
11.55 

2.05 
2.50 
2.05 

11.05 
1.83 

11.94 

J I C  Tea r ing  
( KJ/m2 ) (2%) modulus 

Yield Young's 
s t r e n g t h  modulus 

(MPa) (GPa) 

191.2 
171.6 
206.0 
204.3 
245.6 
227.5 
194.9 
199.3 
195.8 
214.7 
190.9 
216.3 
162.5 
190.6 

238.8 
157.1 
204.8 
238.4 
250.6 
225.6 
188.4 
194.0 
196.5 
169 .5 
163.0 
134.7 

130.6 
164.8 

74.5 
0.0 

105.0 
133.4 
149.3 
169.3 
112.8 
123.7 
134.4 
152.7 
97.6 

106.6 
112.1 
132.0 

163.0 
121.9 
96.3 

126.0 
151.4 
187.9 
123.9 
124.1 
124.7 
132.5 
97.0 

102.6 
105.0 
1U6.7 

123.4 
0.0 

145.0 
163.4 
172.9 
184.1 
148.5 
155.5 
162.1 
172.8 
136.4 
142.6 
146.2 
158.7 

183.0 
158.2 
138.9 
158.9 
174.1 
194.0 
155.7 
155.7 
156.1 
160.9 
136.0 
139.9 
141.5 
142.7 

65 
0 

57 
53 
55 
5 1  
54 
49 
56 
4 1  
51 
3 3  
3 1  
40 

7 1  
90 

113 
120 
136 
100 
85  
8 1  
86 
79 
63  
48 
72 
40 

411.6 
0.0 

303.1 
296.7 
349.6 
346.4 
298.1 
282.4 
296.2 
290.5 
297.4 
199.9 
212.1 
238.1 

442.5 
456.4 
571.4 
610.1 
633.4 
537.9 
412.0 
410.9 
384.0 
371.5 
251.4 
287.8 
287.4 
249.0 

739 
7 02 
712 
67 5 
712 
712 
698 
698 
698 
698 
704 
705 
705 
704 

600 
590 
5 50 
550 
550 
550 
535 
535 
535 
535 
543 
543 
543 
543 

204 
104 
200 
200 
200 
200 
196 
196 
196 
196 
191 
191 
191 
191 

205 
205 
200 
200 
200 
200 
196 
196 
196 
196 
191 
191 
191 
191 
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Table 13. (Continued) 

Yield Young's 
Delt a-a J,, J I C  KJIy Tearing = 8'8T s t r e n g t h  modulus 

Side T e s t  

(>1 MeV) (Z) ( " C )  (MPa) (GPa) 
( m m )  ( K J / m 2 )  (KJ/m2) (MPa m) modulus (KJ/m2)  number 

71W140 
71W128 
71W101 
71W150 
71W134 
7 1W121 
7113149 

.7 1w120 
71W126 
71W119 
7 1W117 

71W147 
7 1W123 

71W110 ' 

1.97 
2.03 
1 . 0 4  
1.41 
2.05 
2.27 
1.22 
1.96 
2.43 
1.69 
2.02 
.l.OO 
1.51 
2.10 

ORNL 
MEA 
ORNL 
MEA 
OKNL 
MEA 
MEA 
MEA 
OU4L 
ORNL 
MEA 
PEA 
OKNL 
ORNL 

0 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
2 0 
20 

16 
50 

121 
121 
121 
121 
204 
204 
204 
204 
208 
208 

288 
288 

0.553 
0.555 
0.555 
0.546 
0.539 
0.547 
0.551 
0.562 
0.551 
0.546 
0.551 
0.554 
0.547 
0.552 

0.71 
10.53 

2.94 
12.01 

2.30 
11.33 
13.12 
12.70 

2.26 
2.34 
0.85 

12.10 
2.31 
2.16 

139.7 
222.5 
165.7 
171.1 
167.4 
191 .o 
156.8 
212.4 
164.7 
160.2 

0.0 
140.5 
155.8 
156.9 

0.0 
145.7 

79.5 
107.4 
108.7 
115.0 
89 .O 
95.7 

102.9 
114.1 

0 .0 
56.4 
95.9 
97.0 

0.0 
172.5 
126.2 
146.7 
147.6 
151.8 
131.9 
136.8 
141.8 
149.4 

0.0 
103.7 
135.2 
136.1 

0 
89 
85  
78 
79 
8 2  
8 1  
8 1  
65 
55 
0 

36 
54 
54 

0.0 
478.2 , 

357.5 
365.0 
335.1 
383.0 
305.6 
374.3 
265.2 
276.9 

0.0 
169.0 
234.1 
222.4 

603 206 
570 204 
546 200 
546 200 
546 200 
546 200 
527 196 
527 196 
527 198 
527 196 
533 19 1 
533 19 1 
533 191 
533 191 
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Table 14. Statistical comparison of lTCS R j c  results for irradiated 
pressure vessel plate and submerged-arc welds 

Test 
temperature 

("C) 

Standard deviation, 
MPaG Mean K j c ,  MPaG 

MEA Combined ORNL MEA Combined ORNL 

-25 
50 
80 
121 
204 
288 

-130 
-75 
-5 0 
25 
121 
204 
288 

-3 5 
10 
50 
121 
204 
288 

-1 25 
-50 
-25 
31 
121 
204 
288 

-70 
-3 0 
0 

121 
204 
288 

46.7 
85.9 
157.7 
170.3 
155.5 
164.6 

45.0 
126.8 
171.7 

174 
159.5 
162 

60.6 
73.8 
156.8 
154.2 
155.3 
147.6 

37.4 
86.0 
111.9 
183.0 
148.9 
158.5 
138.8 

64.9 
87.0 
142.7- 
136.9 
145.6 
135.7 

AS33 grade B class 1 (HSST-02) 
44.0 45.3 11.5 3.2 
91.9 88.9 29.6 21.2 
140.4 149.1 40.8 31.5 
180.2 175.3 1.6 5.9 
167.7 162.8 4.3 5.9 
131.2 147.9 13.3 6.7 

Submerged-arc weld (HSST-68W) 

45.5 45.3 10.7 7.6 
109.1 116.2 10.2 35.1 
145.1 151.8 9.9 
199.9 12.0 
207 190.5 16.8 2.1 
196.4 177.9 6.7 16.1 
154.9 159.6 21.1 

Submerged-arc weld (HSST-69W) 

65.4 61.8 8.1 
112.6 89.3 3.7 1.3 
161.7 159.2 54.4 40.6 
178.5 166.4 13.0 7.9 
164.2 159.7 9.6 12.2 
144.4 146.0 15.8 2.5 
Submerged-arc weld (HSST-70W) 

38.2 37.8 . 0.7 1.2 
101.2 93.6' 12.4 1.6 
123.3 118.8 68.6 7.3 
158.2 170.6 
184.1 166.5 14.1 14.1 
155.7 157.1 3.4 0.0 
140.7 139.7 3.9 1.1 

Submerged-arc weld (HSST-71W) 

68.6 65.9 2.9 
73.2 80.1 16.5 0.6 
136.6 139.6 26.0 2.1 
149.3 143.1 15.1 3.6 
134.4 140.0 5.4 3.5 
103.7 125.0 0.6 

7.7 
24.5 
35.5 
6.7 
8.2 
20.6 

7.6 
27.1 
15.5 

21.4 
23.6 
15.5 

7.0 
21.4 
39.3 
16.6 
10.3 
9.4 

0.9 
11.4 
35.2 
17.5 
23.3 
2.5 
2.6 

3.0 
12.4 
15.4 
11.5 
7.5 

18.5 

~ ~~~ 

Number 
of tests 

ORNL MEA 
b 

3 2 
5 5 4 

5 5 
3 3 

3 3 
2 3: 

2 3 
2 3 
1 3 

2 
2 2 
2 2 
2 1 

3 1 c 

3 2 
2 2 
2 2 
2 2 
2 2 

2 2 
2 2 
2 3 
1 1 
2 2 
2 2 
2 2 

4 1 
2 2 
2 2 
2 2 
2 2 
2 1 
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Table 15. Transition-region lTCS test data for irradiated 
Plate  0 2 ;  test temperature adjusted for mean 

fluence = 1.95 x neutrons/m2 (>1 MeV) 

Specimen 
Test temperature 

("C) 
Fluence , 

1 0 2 3  n/m2 
number - -  (MParlm) (___.  -, -, 

(>' "e" Actual Adjusted 
~~ 

02G414 
02G368 
02G360 
0 2G4 23 
02G406 
02G401 
02G403 
026280 
02G407 
026365 
02G358 
02G416 
02G353 
02G411 
02G404 
02G348 
02G402 
02G282 
02G288 
02G316 
02G413 
02G335 
026342 
02G349 
02G331 
026344 
02G329 
02G421 

2.14 
2.34 
2.68 
1.23 
1.90 
1.23 
1.63 
0.96 
2.00 
2.57 
2.65 
2.08 
2.34 
2.15 
1.77 
1.74 
1.41 
1.44 
2.08 
2.36 
2.18 
2.36 
1.44 
2.00 
2.56 
1.00 
2.56 
1.74 

-2 5 
-2 5 
-2 5 
-2 5 
-2 5 
-2 5 

0 
25 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
79 
8 0  
8 0  
80 
80 
80 
8 0  
8 0  
80  
80 

-2 5 
-3 8 
- 4 3  

1 
-2 4 
-1 0 

7 
65 
48 
32 
32 
46 
39 
44 
56 
55 
65 
62 
75  
67 
7 3  
68 
99 
79 
68 

121 
69 
85 

38.0 
39.3 
41.3 
45.8 
54.6 
58.8 
63.4 
79.3 
61.1 
67.8 
73.8 
73.9 
78.0 
83.7 
86.6 

107.0 
121.2 
135.9 
131.1 
100.7 
104.7 
111.5 
144.8 
168.1 
173.1 
175.5 
180.7 
200.7 

36.0 37.5 
41.3 38.8 
43.1 40.6 
47.5 44.7 
45.1 52.2 
58.9 55.6 

58.7 
68.7 
56.6 
61.2 
65.0 
65.0 
67.5 
70.6 
72.1 
81.5 
87.1 
92.2 
89.5 
78.1 
79.8 
82.5 
93.8 

100.3 
101.6 
102.2 
103.5 
108.1 
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Figs. 34 through 38, respectively. The value of the tearing modulus 
decreases linearly with temperature. A statistical summary for tearing 
modulus and J = 8.8T of the plate and welds is shown in Table 16. Note 
that the coefficient of variation (CV = standard deviation/mean) is also 
listed in the table. Of the irradiated materials studied, weld.68W had 
the highest tearing modulus and weld 69W had the lowest. The scatter in 
tearing modulus was similar for all the materials investigated. Of the 
irradiated materials studied, weld 68W had.the largest values of J = 8.8T 
and weld 69W had the lowest, the same ranking as observed for the unir- 
radiated case. 
materials. (Appendix E cont'ains load-displacement and J-R curves for 
irradiated lTCS specimens tested by MEA. Appendix F contains load- 
displacement curves, J-R curves, and photographs of the fracture surfaces 
for irradiated lTCS specimens tested by ORNL.) 

Weld 68W had generally higher scatter than the other 

COMPARISON OF RESULTS AND STATISTICAL ANALYSES 

It is common practice to estimate the irradiated transition-region 
fracture toughness by shifting the unirradiated results by the Charpy 
V-notch 41-5 shift temperature. A comparison of the transition tempera- 
ture shifts for the five materials in the study is listed in Table 17 and 
shown in Fig. 41. 
with the CVN shifts; the correlation coefficients of linear fits are over 
0 . 9 .  
is listed in Table 18 and shown in Fig. 4 2 .  The change in J I ~  is not 
significant (210%) and does not correlate well with the CVN upper-shelf 
energy change (correlation coefficient of 0.5). A comparison between 
T and J = 8.8T, both at 204OC, is listed in Table 18 and shown in Fig. 43. 
The value of the tearing modulus is heavily influenced by flow stress 
[Eq. ( 3 ) ] ;  therefore, there is good correlation between the flow stress 
and the tearing modulus and between the flow stress and the J = 8.8T 
values (correlation coefficient of -0.9). The decreases in the tearing 
moduli and the J = 8.8T values are generally about double the increases of 
the flow stresses. 

Committee (PVRC) and the Materials Properties Council (MPC)23 to correlate 
fracture toughness with Charpy V-notch energy. In the statistically based 
procedure, the entire CVN energy curve is used to determine the full 
fracture toughness behavior. 
assumed for both the fracture toughness and CVN energy. Using the 
PVRC-MPC method, the fracture toughness transition temperature shifts and 
the ductile-shelf changes were calculated for the five materials in this 
study. 
listed in Table 19 and shown in Figs. 44 and 45 for transition temperature 
shift and ductile-shelf change, respectively. 

25OC) with the experimentally determined shifts. Note, however, that 
three of the predicted shifts are about 20°C, whereas the observed Kjc 
shifts for those three materials were -6, 25, and 47OC. The correlation 
coefficient of a linear fit was 0.84. The upper-shelf fracture toughness 
changes predicted by the PVRC-MPC study show reasonable agreement with the 
experimentally determined changes; both indicate nonsignificant changes 

Both the Kjc and the Kbc shifts correlate qualitatively 

A comparison of J I ~  at 204OC and Charpy V-notch upper-shelf energy 

A procedure was developed jointly by the Pressure Vessel Research 

Hyperbolic tangent temperature models were 

A comparison of those predictions and actual observations are 

The predicted PVRC-MPC shifts show general agreement (within about 

(210%). 
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Table 16. Statistical comparison of lTCS mean tearing modulus 

plate and submerged-arc welds 
and mean J = 8.8T value with temperature for irradiated 

Test 
temperature 

("(3 

Tearing modulus 

Standard cv 
deviation Mean 

J = 8.8T 

Standard cv 
deviation Me an 

(KJ/m3) (KJ/m2) 

Number 
of tests 

AS33 grade B class 1 (HSST-02) 
121 61 14 0.235 355 74 0.207 6 
204 59 5 0.085 323 18 0.056 6 
288 53 5 0.095 287 8 0.028 6 

Submerged-arc weld (HSST-68W) 
121 171 8 0.048 992 76 0.077 4 
204 140 14 0.100 773 50 0.065 4 
288 117 20 0.171 660 118 0.179 3 

Submerged- arc weld (HSST- 69W) 

121 
204 
288 

121 
204 
288 

121 
204 
288 

54 
50 
39 

117 
83 
56 

81 
71 
48 

3 0.048 324 28 
7 0.134 292 7 
9 0.232 237 43 

Submerged-arc weld (HSST-70W) 

15 0.128 588 42 
3 0.040 395 20 
14 0.258 269 22 

Submerged-arc weld (HSST-71W) 
3 0.040 360 20 
13 0.182 306 49 
10 0.217 209 35 

0.086 
0.024 
0.183 

0.072 
0.051 
0.080 

0.055 
0.160 
0.166 

4 
4 
4 

4 
4 
4 

4 
4 
3 



7 4  

Table 17. Comparison of Charpy V-notch and 
lTCS transition temperature shifts 

due to irradiation 

Charpy V-notch lTCS 

Copper Nickel Fluence, CVN Fluence, KJc KBC 

("C) ("C) ("(3 

(wt %) (wt %) n/m2 at n/m2 at at 
(>1 MeV) 41 J (>1 MeV) 125 M P a 6  90 M P a 6  

A533 grade B class 1 (HSST-02) 
0.14 0.67 1.77 68 1.95 81 66 

Submerged-arc weld (HSST-68W) 
0.04 0.13 1.35 10 1.34 -6 -2 

Submerged-arc weld (RSST-69W) 
0.12 0.10 1.22 27 1.32 47 39 

Submerged-arc weld (HSST-7OW) 

0.06 0.63 1.65 23 1.81 25 21 

Submerged-arc weld (HSST-71W) 
0.05 0.63 1.65 23 1.78 -1 16 
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120  

8 0  

4 0  

0 

- 4 0  
0 2 0  40 6 0  8 0  100 

CVN 41-J SHIFT (DEG C) 
I 

I I Fig:. 41. Correlation of radiation-induced Charpy V-notch 41-5 transition temperature shift with 
radiation- induced fracture toughness (Kjc at 125 MPafi) shift and with radiation- induced B-corrected 
fracture I toughness (Kbc at 90 MPafi) shift. 



T a b l e  18. Comparison of Charpy V-notch and lTCS d u c t i l e  s h e l f  changes due t o  i r r a d i a t i o n  

Charpy V n o t c h  T e n s i l e  
lTCS 

UP Per Flow Copper N i c k e l  
F luence ,  s h e l f  F luence ,  Change, %, a t  204°C Fluence  , stress 

(wt '1 (wt '1 1023 n/m2 energy 1023 n/m2 - n/m2 change 
T J = 8.8T 0 1  MeV) a t  204°C 0 1  M e V )  change (>1 MeV) J I C  

('1 (') 

A533 grade B class 1 (HSST-02) 

0.14 0.67 1.79 -1 4 1.97 -1 2 4 6  -3 3 1.85 24 

Submerged-arc weld (HSST-68W) 

0.04 0.13 1.14 9 1.31 -6 -1 7 -1 3 1.30 7 

Submerged-arc weld (HSST-69W) 

Submerged-arc weld (HSST-70W) 

0.12 0.10 1.18 -1 1.31 -4 -2 2 -1 5 1.31 12 

0.06 0.63 1.69 -2 1.69 6 -2 9 -21 1.64 10 

Submerged-arc weld (HSST-71W) 

0.05 0.63 1.64 10 1.76 4 -1 2 -8 1.66 9 

.- 0 c 
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Fig. 42. Correlation of radiation-induced Charpy V-notch upper-shelf energy change with 
radiation-induced 1TCS- JIc change (at 204'C). 
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C 

Table 19. Comparison of PVRC-MPC predicted fracture toughness 
behavior and experimentally determined behavior 

.- 

- 

Kjc transition Kjc ductile-shelf 
temperature shift change at 

Fluence , at-125 MPa6 204OC 
("C> (%I Copper Nickel 1 0 2 3  n/m2 

(wt %) (wt %) (>I MeV) 
PVRC-MPC This PVRC-MPC This 
prediction study prediction study 

A533 grade B class 1 (HSST-02) 
0.14 0.67 1.95 76 81 -8 -6 

Submerged-arc weld (HSST-68W) 

0.13 1.34 19 - - -6 5 -3 - _c- 
~ - 

0.04 
Submerged-arc weld (HSST-69W) 

0.12 0.10 1.32 19 47 -1 -2 

Submerged-arc weld (HSST-70W) 

0.06 0.63 1.81 20 25 -1 3 

Submerged-arc weld (HSST-71W) 

0.05 0.63 1.78 10 -1 5 2 

Table 20 provides a comparison of the coefficients of variation ob- 
served for unirradiated CVN and Kjc results. 
table) for each material in the transition region are averages of all 
transition temperature results. Similarly, averages are reflected for the 
ductile shelf. Except for the case of weld 68W, for which the number of 
fracture toughness specimens was very limited, the variations of CVN 
energy and Kjc results in the transition region are comparable. The 
variations in Kjc are somewhat greater than those for CVN energy on the 
ductile shelf. The table amplifies, however, previous observations that 
variations are much greater in the transition region than on the ductile 
shelf. This is expected because of the random nature of the cleavage 
fracture phenomenon that occurs in the transition region. 

Table 21 compares variations in fracture toughness results for unir- 
radiated and irradiated Kjc in HSST Plate 02 in the transition region and 
on the ductile shelf. Variations at lower temperatures, in the transition 
region, are much greater for the irradiated tests. On the ductile shelf, 
there appears to be slightly more variation for the irradiated tests. 

Table 22 shows a comparison of the statistical confidence associated 
with the mean transition temperature iKreases of all materials for both 
CVN and Kjc test results. 
toughness are generally greater than those' for the Charpy impact energy, 

The-yalues (shown in the 

The 95% conf-i-dence intervals for fracture 
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Table 20. Coefficients of variation 
for unirradiated Charpy impact 
and fracture toughness tests 

Coefficients of variation, % 

Material Charpy impact Fracture toughness 

Transition Ductile Transition Ductile 
region shelf region shelf 

Plate 02 16 6 11 9 

68W 24 10 43 16 

6 9W 22 5 is 8 

7ow 20 6 22 8 

7 1w 17 7 21 7 

DISCUSSION 

It is clear that transition temperature shifts measured by both Kjc 
and CVN are reduced by decreasing both the copper and the nickel contents. 
Reducing either one separately does not produce as substantial a change in 
the shift as reducing bo-th. Only the welds can be compared directly. The 
highest shift is evidenced by the results from weld 69W, with the highest 
copper and lowest nickel, indicating that copper alone has a substantial 
effect. However, increased nickel with lowered copper levels (welds 70W 
and 71W) also produced a substantial but lesser shift. The lowest shift 
was produced by weld 68W, where both the copper and nickel levels were 
low. Although the magnitude of the transition temperature shifts (Kjc, 
Kbc, or CVN) varies somewhat, all three support these observations. 
__ -- Thereareat-least four factors that could obscure the conclusions 
regarding effects of composition. One factor is the fluence difference 
between the various welds. 
neutron fluence, the method of ref. 13 was used to calculate predicted 
shifts for weld 69W, assuming the higher fluence experienced by welds 70W 
and 71W. 
at the actual fluence. Thus, the difference in fluence for the welds of 
this study do not substantially obscure the observations. 
is material condition before irradiation. The welds were fabricated with 
various fluxes and weld wires and were given different postweld heat 
treatments, which resulted in quite different unirradiated strengths. 
The room temperature yield strengths of welds 68W, 69W, 70W, and 71W were 
about 542 ,  638, 478, and 469 MPa, respectively. The ratios of ultimate 
strength to yield strength at room temperature were about 1.16, 1.13, 
1.24, and 1.28, respectively. 
and nickel contents, the silicon contents of 70W and 71W were substan- 
tially higher than those for 68W and 69W. 

To evaluate the sensitivity of results to 

Those methods predict a shift of only 3 to 4OC greater than that 

A second factor 

Third, other than the differences in copper 

Fourth, the scatter of results 
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Table 21. Statistical variations in fracture 
toughness results for HSST Plate 02 

Test . Number Mean Standard Coefficient 
temperature, of deviation of variation 

("C) ' tests (MZh] (MPa6) (%I 
HSST Plate 02, unirradiated 

-9 5 5 50 7.9 16 

-40 6 81 10. 6& 13 

23 6 236 28.. 6 12 

121 5 175 15.6 9 

288 5 157 5 . 6 b  4 

HSST Plate 02, irradiated 

-25 5 45 7.7 17 

50 10 89 24.5 28 

80 10 149 35.5b 24 

121 6 175 6.7 4 

288 6 148 20. 6& 14 
_ _ _ _ ~ ~  ~ ~~ 

&Difference between ORNL and MEA mean Kjc values 

bDifference between ORNL and MEA mean Kjc values 
greater than two standard deviations. 

greater than one standard deviation. 
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Table 22. Comparison of 95% confidence intervals  
for  transit ion temperature s h i f t s  of Charpy 

impact and fracture toughness t e s t s  

Transition temperature increase,  "C 

CVN KJc 
Material 

95% 
confidence at 

interval  interval  

9 5% 
A t  41 J confidence 125 

Plate 02 68 +_4 81 28 

Weld 68W 10 213 -6 2 10 

Weld 69W 27 211 47 2 10 

Weld 70W 23 ?8 25 218 

Weld 71W 23 210 -1 225 

. 

c 

i 
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in the transition region for both CVN and fracture toughness tests is 
quite large, and the number of specimens tested at any given temperature 
is small relative to that required for a comprehensive statistical 
evaluation. 

changes in the calculated shifts. The K J ~  shift for weld 70W, for 
example, does not compare well with the CVN shift. The curve for 
unirradiated Kjc data of weld 71W, shown in Fig. 28, has a much lower 
slope than the curve fits for the other welds. Large scatter and few data 
points have skewed the curve toward that for the irradiated data, resulting 
in no indicated shift at 125 MPar/;;;. 
15OC in Kjc curve shift determinations in this program could be expected. 

Primarily, the J-integral results have indicated that reduced levels 
of copper and nickel will reduce the degradation of the ductile-shelf 
tearing modulus, although there will likely be decreases in the tearing 
modulus because of the increase in the yield stress [see Eq. ( 3 ) ] .  

Thus, curve fits can be significantly skewed, resulting in large 

It is believed that differences of 

CONCLUSIONS 

1. There was good agreement between the Charpy V-notch and lTCS 
results from the two laboratories, ORNL and MEA. 

2. Ductile-shelf elastic-plastic initiation fracture toughness (JI~) 
is essentially insensitive to neutron radiation [-2 x neutrons/cm2 
(>1 MeV)] for the relatively low copper, current production practice welds 
evaluated in this study. 

3 .  Transition temperature shifts to higher temperature resulting 
from irradiation are directly related to the copper and nickel content of 
the material, with copper producing the larger effect. 

4 .  Ductile-shelf fracture toughness, JrC, and tearing modulus, T, 
are inversely proportional to temperature. 

5.  The degradation of tearing modulus with radiation is directly 
related to radiation-induced increases in flow stress. 

6 .  Radiation-induced transition temperature shifts, indicated by the 
CVN data indexed at 41 J, agree qualitatively with transition temperature 
shifts determined from fracture toughness data (KJ~ at 125 MPa& or Kbc 
at 90 MPah) for welds that exhibit CVN shifts from 10 to 27OC. 

7 .  Radiation-induced upper-shelf CVN energy changes correlated 
poorly with upper-shelf fracture toughness .(JI~) changes. 

8. The variation in fracture toughness, Kjc, with small specimens in 
the transition region is similar to that observed with Charpy impact 
tests. 

. 

9. Variations in both fracture toughness, K J ~ ,  and CVN energy are 
substantially greater in the transition region than on the ductile shelf. 
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Appendix A 

D 

SPECIMEN LOADINGS AND IRRADIATION FACILITIES 

The locations of all thermocouples and the specimen irradiation 
positions for all three capsules are shown in Fig. Al. The location of 
each specimen irradiated in this series is listed in Tables A1 through 
A6. 

The capsules were irradiated at the Bulk Shielding Reactor (BSR), a 
2-MW open-pool-type, light-water moderated and cooled reactor located at 
ORNL. After initial operation with the first capsule in this series, it 
was found necessary to place gamma shields between the capsules and the 
reactor to reduce the gamma heating rate to a level that would permit 
acceptable temperature control characteristics. 
the BSR core showing the capsule irradiation positions and the gamma 
shields is presented in Fig. A2. The axial positions of the experiments 
relative to the reactor are not well defined. 
experiment drawings with reactor drawings, the axial centerline of the 
capsules should be 4.9 mm above the reactor centerline. However, when 
rough measurements were made at the BSR, it appeared that this distance 
was about 13 mm. 

The capsule support structure consists of an aluminum platform 
assembly with adjustable feet resting on the floor of the BSR pool. 
Bolted to the platform are two capsule stand-and-carriage assemblies. The 
carriage assemblies provide clamping for the capsules and provide a means 
to insert or retract the capsules from the reactor faces. This motion is 
accomplished by manually rotating a shaft on the carriage. 

of a centrifugal pump and a two-valve manifold to provide coolant water 
flow on the front face of each capsule. 
instrument bridge of the BSR about 3 ft above the minimum water level. 
Reactor pool water is drawn directly into the pump through stainless 
steel pipe to the manifold. 
front face of each capsule is open to allow the water to return to the 
reactor pool. 

nitrogen to the gas gap region of each capsule. 
in gap thermal resistance provides the primary source for temperature 
control. One selected thermocouple in each capsule is connected to a 
recorder-controller that adjusts the nitrogen flow rate to the appropriate 
capsule. The helium flow rate is set manually to maintain a minimum gas 
flow rate through the capsule. After flowing through the capsules, the 
gas is directed to the building off-gas system. A complete capsule flow 
diagram is presented in Fig. A3.  

To trim the temperature distribution throughout each capsule, 
electrical power is supplied by variable transformers (Variacs) to the 
12 heater zones in the heater plate at the front of each capsule. These 
Variacs were set manually at the beginning of each reactor cycle and 
required only minimal adjustment during the cycle. 

allowed "on-demand" printing of all data on paper tape and was programmed 
to record the thermocouple readings on magnetic tape every 30 min. 

A cross-sectional view of 

Based on a comparison of 

Both capsule positions have a common water supply system consisting 

The pump is mounted on the 

The bottom of the coolant water gap on the 

A binary gas system provides a variable mixture of helium and 
The resultant variation 

All thermocouples were connected to a Fluke data logger. This system 
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SPFCIMFN POSITION NUMBFR 

0 THF RMOCOUPLF NUMEEH ANI) LOCATION CAPSULESA. E. ANI) C 

0 THERMOCOUPLE NUMBFR 25 LOCATION CAPSULf S A AND E 

IACTUALLY LOCATED ON SMALL SPFCIMCN I N  
THERMOCUPLE NUMEFH 25 LOCATION CAPSULF C 

PULL HOLE OF I T  SPECIMEN1 

Fig. Al. Location of thermocouples and specimen positions for the 
Fourth Series. 
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Table A l .  Location of 1 T .  speci.mens in capsule A . .  

~~ ~~ ~ ~~ 

Position Specimen 
number number 

9 
1 0  
11 
12  

13 
14  
1 5  
1 6  

1 7  
18 
19 
20 

26-280 
2 6 2 8 1  
2G-282 
26-285 

26-287 
26-288 
2G-298 
2G-316 

2G-318 
26-328 
26-329 
2 6 3 3 1  

2G-332 
2 6 3 3 4  
26-335 
2G-337 

26-338 
2G-339 
2G-340 
26-342 

Position Specimen 
number number 

2 1  
22 
23  
24 

25 
26 
27 
28 

29 
30 
31 
32  

33 
34 
35  
36 

37 
38 
39 
40 

2 6 3 4 4  
2 6 3 4 5  
2G-346 
2 6 3 4 8  

2G-349 
26-35 1- 
2 6 3 5 3  
2 6 3 5 4  

26-356 
2G-358 
21;-360 
2G-362 

2G-363 
2G-365 
2G-366 
26-368 

26-369 
26-370 
26-37 1 
2G-372 

Position Specimen 
number number 

141 
142 
134 
144 

145 
146 
147 
148 

149 
150 
151 
152 

153 
154 
155 
156 

157 
158 
159 
160 

2G-373 
2G-37 5 
2G-40 1 
2G-40 2 

26-403 
26-404 
2G-406 
2G-407 

26-409 
2G-411 
2G-4 1 2 
26-41 3 

26-414 
2G-4 16 
2G-4 18 
26-4 19 

2G-42 1 
2G-420 
2G-422 
26-423 
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Table A2. Location of Charpy specimens 
in capsule A 

Position Specimen 
number number 

4 1  
43 
45 
47a 
49 
5.1 
53 
55 
57 
59 

6 1  
63 
65a 
67 
69 
7 1  
73 
75 
77 
79 

8 1  
83 
858 
87 
89 
9 1  
93 
95 
97 
99 

101 
103 
105 
107 
109 
1118 
113 
115 
1 1 7  
119 

2GA- 700 
2GA- 702 
2GA- 704 
2GA- 500 
2GA- 706 
2GA- 708 
2GA- 7 10 
2GA-712 
2GA- 714 
2GA- 716 

2GA- 718 
2GA- 720 
2GA-502 
2GA- 722 
2GA- 724 
2GA- 726 
2GA- 728 
2GA- 730 
2GA- 732 
2GA- 734 

2GA- 736 
2GA- 738 
2GA- 504 
2GA- 740 
2GA- 600 
2GA- 742 
2GA- 602 
2GA- 744 
2GA- 604 
2GA- 746 

2GA- 606 
2GA- 748 
2GA- 608 
2GA- 750 
2GA- 752 
2GA- 506 
2GA- 754 
2GA- 756 
2GA- 610 
2GA- 758 

Position Specimen 
number number 

42 
44 
46 
48a 
50 
52 
54 
56 
58 
60 

62 
64 
66a 
68 
70 
72 
74 
76 
78 
80 

82 
84 
8 6a 
88 
90 
92 
94 
96 
98 
100 

102 
104 
106 
108 
110 
1128 
114 
116 
188 
120 

2GA- 701 
2GA- 703 
2GA- 705 
2GA-501 
2GA- 707 
2GA- 709 
2GA-711 
2GA- 713 
2GA- 7 15 
268-717 

2GA- 719 
2GA- 721 
2GA- 503 
2GA- 723 
2GA- 725 
2GA- 727 
2GA- 729 
2GA- 731 
2GA- 733 
2GA- 735 

2GA- 737 
2GA- 739 
2GA- 505 
2GA- 741 
2GA- 601 
2GA- 743 
2GA- 603 
2GA- 745 
2GA- 605 
2GA- 747 

2GA- 607 
2GA- 749 
2GA- 609 
2GA- 751 
2GA- 753 
2GA-507 
2GA- 755 
2GA- 75 7 
2GA- 6 1  1 
2GA- 759 

c 
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Table A2. (Continued) 

Position Specimen 
number number 

Position Specimen 
number number 

121 
123 
125 
127 
129 
131  
133 
1 3Sa 
137 
139 

2GA-612 
2GA- 760 
2GA- 614 
2GA- 762 
2GA-616 
2GA- 764 
2GA- 618 
2GA-508 
2GA- 766 
2GA- 768 

122 
124 
126 
128 
130 
132 
134 
1368 
138 
140 

2GA-613 
2GA- 761 
2GA- 615 
2GA- 763 
268-617 
2GA- 765 
2GA-619 
2GA- 509 
2GA- 767 
2GA- 769 

aTensile specimen. 
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Table A3. Location of 1T specimens in capsule B 

Position Specimen 
number number 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
11 
12 

13 
14 
15 
16 

17 
18 
19 
20 

68W- AB 
68W-AD 
68W- BA 
68W- BB 

68W-BC 
68W- BD 
68W-CC 
68W- CD 

68W-CE 
68W-DA 
68W-DB 
58W-DC 

68W-DE 
68W- EA 
68W-EC 
68W-ED 

68W-EE 
68W-HC 
68W- JB 
68W-KB 

Position Specimen 
number number 

~ 

21 
22 
23 
24 

25 
26 
27 
28 

29 
30 
31 
32 

33 
34 
35 
36 

37 
38 
39 
40 

68W-KC 
69W- 149 
68W-KE 
69W- 153 

68W-LA 
69W- 157 
68W-LB 
69W- 159 

68W-LC 
69W- 160 
68W-LD 
69W- 165 

68W-MA 
69W- 166 
68W- MB 
69W- 167 

68W-MD 
69W- 172 
68W-ME 
69W- 173 

Position Specimen 
number number 

141 
142 
143 
144 

145 
146 
147 
148 

149 
150 
151 
152 

153 
154 
155 
156 

157 
158 
159 
160 

69W- 102 
69W- 105 
69W- 106 
69W- 108 

69W- 112 
69W-113 
69W- 114 
69W- 116 

69W- 118 
69W- 119 
69W- 120 
69W- 121 

69W- 122 
69W- 126 
69W- 137 
69W- 142 

69W- 143 
69W- 144 
69W- 146 
69W- 148 

i 

? 
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Table A4. Location of Charpy specimens 
in capsule B 

Position Specimen 
number number 

41 
43  
45 
478 
49 
51 
53 
55 
5 78 
59 

61  
63  
6Sa 
67 
69 
71 

75 
77 
79 

81 
83 
85a 
87 
8ga 
91 
93  
958 
97 
99 

101 
103 
1 0 9  
107 
109 
111 
113 
115 
117 
1198 

73a 

68W- 201 
68W- 202 
68W- 203 
68W- 02 
68W- 206 
69W- 233 
69W- 234 
69W- 235 
69W- 09 
69W- 237 

69W- 240 
69W- 241 
68W- 06 
68W- 213 
68W- 214 
69W- 246 
68W- 07 
68W-216 
68W-217 
MO- 88 

MO- 89 
68W- 219 
M- 31 
122 
M- 33 
68W- 220 
124 

127 
129 

130 

68W- 09 

68W- 221 
68W- 10 
69W- 261 
69W- 262 
68W- 224 
68W- 225 
68W- 226 
68W- 227 
68W- 11 

Position Specimen 
number number 

42 
44 
46 
48 
5 oa 
52 
54 
5 6a 
58 
60 

62 
64 
66 
68 
7 Oa 
72 
74 
76 
78 
8 Oa 

82 
84 
86 
8 8a 
90 
92 
94 
96 
98 

1008 

102 
104 
106 
108 
1108 
112 
114 
116 
118 
120 

69W- 201 
69W- 202 
69W- 203 
69W-211 
69W- 06 
68W- 207 
68W- 208 
68W- 05 
68W- 209 
68W- 210 

68W- 211 
68W- 212 
69W- 242 
69W- 243 
69W- 12 
68W- 215 
69W- 247 
69W- 248 
69W- 250 
69W- 13 

MO- 90 
69W- 254 
121 
M- 32 
123 

125 
126 
128 

69W- 255 

69W- 1 4  

131 
69W- 260 
68W- 222 
68W- 223 
69W- 15 
69W- 263 
69W- 264 
69W- 265 
69W- 266 
68W- 228 
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Table A4. (Continued) 

Position Specimen 
number number 

121 
123 
125 
1278 
129 
131 
133 
135 
137 
139 

69W- 267 
68W- 229 
68W- 230 
68W- 15 
69W- 270 
69W- 283 
69W- 286 
69W- 294 
69W- 336 
69W- 340 

Position Specimen 
number number 

122a 
124 
126 
128 
130 
132 
134 
1366 
138 
140 

69W- 17 
69W-268 ' 

69W- 269 
68W- 231 
68W- 232 
69W- 285 
69W- 291 
69W- 18 
69W- 338 
69W- 204 

aTensile specimen. 
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Table AS. Location of 1T specimens in capsule C 

Position Specimen 
number number 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
11 
12 

13 
14 
15 
16 

17 
18 
19 
20 

70W- 104 
71w- 101 
70W- 108 
71W-111 

70W- 112 
71W- 116 
70W- 117 
71W- 120 

70W- 123 
71W- 123 
70W- 126 
71W- 131 

70W- 130 
71W- 138 
70W- 133 
71W- 141 

70W- 138 
71W- 144 
70W- 142 
71W- 149 

Position Specimen 
number number 

21 
22 
23 
24 

25 
26 
27 
28 

29 
30 
31 
32 

33 
34 
35 
36 

37 
38 
39 
40 

70W- 106 
71W- 108 
70W- 110 
71W-112 

70W- 113 
71W- 117 
70W- 118 
71W- 121 

70W- 124 
71W- 126 
70W- 128 
71W- 133 

70W- 131 
71W- 139 
70W- 136 
71W- 142 

70W- 139 
71W- 146 
70W- 145 
71W- 150 

Position Specimen 
number number 

141 
142 
143 
144 

145 
146 
147 
148 

149 
150 
151 
152 

153 
154 
155 
156 

157 
158 
159 
160 

70W- 107 
71W- 110 
70W-111 
71W-'115 

70W- 115 
71W- 119 
70W- 119 
71W- 122 

70W- 125 
7 1 W -.128 
70W- 129 
71W- 134 

70W- 132 
71W- 140 
70W- 1-37 
71W- 143 

70W- 140 
71W- 147 
70W- 148 
71W- 151 
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Table A6. Location of Charpy specimens 
in capsule C 

Position Specimen 
number number 

41  
43  
45 
478 
49 
5 1  
53  
55 
57 
59 

61  
63  
6Sa 
67 
69 
71 
73 
75 
77 
79a 

81 
83 
85 
87 
89 
91 
93 
95 
97 
99 

101 
103 
10Sa 
107 
109 
111 
113 
115 
117 
119a 

70W- 203 
70W- 204 
70W- 205 
70W-07 
70W- 208 
70W- 209 
70W-210 
70W- 211 
70W- 212 
70W-213 

70W- 215 
70W-216 
70W- 08 
70W-218 
70W- 219 
70W- 225 
70W- 226 
70W- 229 
70W- 231 
70W- 10 

70W- 232 
70W- 233 
02G- 770 
026-771 
026- 772 
02G- 773 
026- 774 
02G- 775 
70W- 234 
70W- 235 

70W- 238 
70W- 239 
70W- 13 
70W- 240 
70W- 245 
70W- 246 
70W- 248 
70W-251 
70W- 252 
70W- 14  

Position Specimen 
number number 

42 
44 
46 
48* 
50 
52 
54  
56 
58 
60 

62 
64 
6 6a 
68 
70 
72 
74 
76 
78 
80a 

82 
84  
86 
88 
90 
92 
94 
96 
98 

100 

102 
104 
106a 
108 
110 
112 
114 
116 
118 
120a 

71W- 207 
71W- 208 
71W- 214 
71W- 03  
71W- 217 
71W- 221 
71W- 222 
71W-223 
71W-224 
71W- 227 

71W-228 
71W- 236 
71W-06 
71W- 240 
71W- 243 
71W- 242 
71W-243 
71W-244 
71W-247 
71W-09 

71W-250 
71W- 253 
02G- 776 
02G-777 
02G- 778 
02G- 779 
02G- 780 
02G- 781 
71W-255 
71W-258 

71W-259 
71W-260 
71W-11 
71W-261 
71W-262 
7 1 W -  265 
71W-266 
71W- 267 
71W- 269 
71W- 15 
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Table A6. (Continued) 

Position Specimen I I Position Specimen 
number number number number 

121 
123 
125 
127 
129 
131 
133 
1 356 
137 
139 

70W- 254 
70W- 256 
70W- 257 
70W- 284 
70W- 285 
70W- 287 
70W- 289 
70W- 16 
70W- 290 
70W- 291 

122 
124 
126 
128 
130 
132 
134 
136a 
138 
140 

71W- 270 
71W-271 
71W-272 
71W- 273 
71W-274 
71W- 275 
71W- 276 
71W- 17 
71W-277 
71W-278 

aTensile specimen. 
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Fig. A2. Capsule irradiation positions at the BSR utilized for the 
Fourth Series. 
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Flow diagram of irradiation facility. 
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b 

The first capsule (capsule A) was installed in the west face position 
at the BSR, and the reactor was started on October 11, 1979. However, when 
the reactor was brought to full power level, the specimen temperatures 
were too high. The reactor power level was reduced to 1 MW, and the speci- 
men temperatures leveled out to about 27OOC. This temperature level was 
reached with pure helium gas and without any electrical heating. A series 
of tests were then conducted at lower reactor power levels. These tests 
indicated that the values of gamma heating used in the capsule design were 
too low. 
ful control of temperatures at the target of 288OC. 
capsule A was begun again on December 18, 1979, and continued through 
October 17, 1980, having accumulated a total of 4630 h. The irradiation 
history summaries for each capsule are reported in Table A7. 

Temperature control for all three capsules proved to be quite good. 
Typical ranges of temperatures are shown in Fig. A4, which presents a 
record of daily temperature ranges during the first 6 months of operation 
of capsule A .  
total of 22 magnetic tapes with temperature data were produced by the data 
acquisition system. From these tapes the maximum, mean, and median temper- 
ature, along with the standard deviation of each thermocouple, were calcu- 
lated. These data are reported for each capsule in Tables A8 through A10. 
The standard deviation was calculated from the following equation: 

T 
Subsequent installation of a 42.5-mm gamma shield allowed care- 

The irradiation of 

During the course of operation of the three capsules, a 

Standard deviation = 
number of points 

Additionally, tabular histograms of the operation of each thermocouple in 
each capsule are presented in Tables All through A13. 
that for most of the irradiation time, nearly all thermocouples operated 
between 283 and 293OC. 
range for any significant amount of time were located at the ends and/or 
corners of the capsule, where end losses caused somewhat lower operating 
temperatures. 

e 
The histograms show 

Those thermocouples that operated outside this 
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c 

Table A7. Chronological history of the irradiation of 
the three capsules of the Fourth Irradiation Series 

- --- 
Total 

Capsule Irradiation Beginning of End of irradiation 
designation posit ion i rr adi at ion i r r ad i at ion time 

(h) 

A West 12-13-79 . 10-17-80 4630 
B North 6-26-80 3-6-31 4329 
C West 4-1-81 1-17-82 4630 

--- 

i 
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Fig. A 4 .  Record of daily temperature range of 39 thermocouples during the first 6 months of 
operation of capsule A .  



Table A8. Operating conditions of 
capsule A thermocouples through 

entire irradiation period 

Standard 
deviation 

Temperature, O C  

Maximum Mean Median 
Thermocouple8 

1 
2b 
3 
4 
5 
7 
8 
9 
10 
11 
12 
13 
14 
15 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
37 
38 
39 
40 

292 

296 
293 
294 
290 
290 
290 
290 
294 
294 
293 
293 
292 
292 
290 
294 
290 
292 
295 
293 
293 
292 
29 1 
289 
289 
290 
290 
29 1 
295 
293 
293 
293 
289 
29 2 
294 
292 

286 

290 
288 
289 
286 
285 
284 
283 
288 
288 
288 
288 
287 
286 
285 
288 
284 
286 
289 
288 
288 
287 
286 
285 
284 
284 
284 
285 
289 
287 
286 
288 
284 
286 
286 
284 

287 

29 1 
290 
290 
287 
286 
285 
285 
289 
290 
289 
289 
289 
288 
287 
289 
285 
287 
291 
289 
289 
288 
288 
286 
285 
286 
285 
286 
29 0 
288 
288 
289 
285 
288 
287 
285 

9.1 

9 :1 
8.9 
8.8 
8.7 
8.7 
8.6 
8.6 
9.2 
9.3 
9.0 
9.1 
8.8 
9.0 
8.7 
8.9 
8.7 
9.2 
9.3 
9.1 
8.9 
8.9 
8.8 
8.7 
8.6 
8.7 
8.7 
9.2 
9.3 
9.0 
9.0 
8.9 
8.6 
8.8 
8.8 
8.8 

~~~ ~ 

aThermocouples 6, 16, and 36 were connected to 
safety or control instrumentation and not to the 
data logger. 

brnerrnocouple 2 was inoperative. 
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Table A9. Operating conditions of 
capsule B thermocouples through 

entire irradiation period 

Standard 
deviation 

Temperature, O C  

Maximum Mean Median 
Thermocouplea 

1 
2 
3 
4 
5 
7 
8 
9 

10 
11 
12 
13 
14 
15 
17 
18 
19 
20 
21 
2 26 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
37 
38 
39 
40 

297 
303 
303 
299 
301 
300 
299 
294 
29 1 
296 
300 
301 
300 
303 
303 
303 
294 
292 
289 

298 
298 
299 
299 
298 
298 
297 
294 
289 
297 
300 
300 
301 
297 
297 
298 
293 

284 
289 
290 
287 
288 
287 
286 
284 
282 
285 
288 
289 
288 
290 
289 
290 
283 
282 
278 

287 
286 
287 
286 
285 
285 
285 
283 
279 
286 
289 
288 
289 
284 
284 
285 
282 

284 
290 
290 
287 
289 
287 
287 
285 
283 
285 
289 
290 
289 
29 1 
290 
29 1 
284 
282 
279 

287 
287 
288 
287 
286 
286 
286 
283 
281 
288 
290 
289 
290 
285 
284 
286 
282 

4.2 
4.4 
4.7 
5.1 
5.8 
6.3 
6.3 
6.3 
6.2 
4.3 
4.5 
5.0 
5.3 
5.9 
6.5 
6.5 
6.2 
6.2 
5.1 

4.9 
5.3 
5.6 
5.8 
6.1 
6.3 
6.2 
6.2 
6.3 
6.2 
5..4 
5.2 
5.7 
6.2 
6.2 
6.2 
6.2 

BThermocouples 6 ,  16, and 36 were connected to 
safety or control instrumentation and not to the 
data logger. 

hhermocouple 22 was inoperative. 

* I  
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Table A10. Operating conditions of 
capsule C thermocouples through 

entire irradiation period 

Standard 
deviation 

Temperature, OC 

Maximum Mean. .Median 
fie rmocoup 1 ea 

4 

1 
2 
3 
4 
5 
7 
8 
9 

10  
11 
12 
.13 
14 
15 
17 
18  
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
37 
38 
39 
40 

294 
298 
295 
294 
295 
296 
296 
295 
293 
298 
296 
294 
294 
295 
297 
298 
296 
294 
296 
29 7 
293 
292 
296 
293 
294 
298 
29 7 
296 
292 
295 
292 
290 
29 1 
292 
295 
295 
293 

286 
289 
287 
286 
287 
288 
287 
286 
284 
290 
288 
287 
287 
288 
288 
288 
287 
285 
288 
289 
287 
286 
290 
287 
287 
289 
288 
287 
285 
288 
287 
286 
286 
285 
286 
287 
285 

287 
290 
288 
287 
288 
289 
288 
287 
285 
29 1 
289 
288 
288 
289 
289 
289 
288 
286 
289 
291 
288 
287 
29 1 
288 
288 
290 
289 
288 
287 
290 
288 
287 
287 
285 
287 
288 
286 

8 . 3  
8 . 4  
8 . 3  
8 .3  
8 . 4  
8 .7  
8.7 
8 .9  
8 .9  
8 . 4  
8 . 3  
8 . 3  
8 . 3  
8 .5  
8.7 
8 .9  
8 .9  
8 .9  
8 . 4  
8 . 4  
8 . 2  
8 . 3  
8 . 6  
8 . 4  
8 . 6  
8 . 8  
8 .9  
9 .0  
8 .2  
8 .3  
8 . 2  
8 . 2  
8 . 3  
8 .5  
8 .7  
8 .9  
8 .9  

BThermocouples 6 ,  1 6 ,  and 36 were connected to 
safety or control instrumentation and not to the 
data logger. 



110 

Table A l l .  History of operation of thermocouples in capsule A 

~ ~~ 

Time in temperaturea range, % 

<282 282-285 285-288 288-291 291-293 >293 
Thermocoup 1 eb 

1 
2c 
3 
4 
5 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 
1 7  
18 
1 9  
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
37 
38 
39 
40 

1 

1 
1 
6 

1 ld 

1 
1 

1 od 
1 

1 
6 
4 
4 
2 

1 
1 

5 

1 
1 qd 

5 

1 
1 
1 
7 

16 
53 
49 
1 
1 
1 
1 
1 

22 
14 
1 

44 
12 
1 
1 
1 
2 
3 

20 
43 
34 
37 
32 
1 
2 
3 
1 

46 
4 

19 
36 

53 

3 
5 
4 

7 1  
63 
38 
38 
15 
14 

7 
8 

22 
16 
68 
26 
42 
53 

3 
8 
8 

43 
56 
73 
47 
56 
52 
48 
1 2  
43 
51 
19 
47 

. 5 3  
51  
41 

38 

39 
74 
69 
20 
20 

2 
1 

58 
56 
80 
81 
72 
56 
16 
51  

3 
33 
46 
81 
83 
54 
40 

5 
2 
5 
6 

16 
43 
50 
43 
68 

41 
26 

7 

2 

55 2 
18 
24 

24 
26 
11 

9 
4 
4 

21 

47 3 
9 
6 

42 1 
3 
2 

10 

1 
2 

&Temperature ranges in 'C. 

hermocouples 6 ,  16 ,  and 36 were connected to safety or 

CThermocouple 2 was inoperative. 

dValues in the temperature range 279 to 2 8 2 O C .  

control instrumentation and not to the data logger. 
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Table A12. History of operation of thermocouples in capsule B 

Time in temperaturea range, % 
Thermocoup 1 eb 

<279 279-282 282-285 285-288 288-291 291-293 >293 

1 
2 
3 
4 
5 
7 
8 
9 

10 
11 
12 
13 
14 
15 
1 7  
18 
19 
20 
21  
2 2c 
23 
24 
25 
26 
27 
28 
29 
30 
31  
32 
33 
34 
35 
37 
38 
39 
40 

4 

3 
3 
1 

1 
2 

5 1  

2 

1 
39 

3 
3 

1 

1 
5 

9 
2 

1 

2 
33 

3 
2 

12 
46 
40 

1 
1 

1 
1 
1 

22 
30 

3 
1 
2 

11 
2 
1 

45 

54 
1 
2 
5 
2 
2 
5 

43 
58 
35 
1 
2 
2 

1 

71  
46 
10 

9 
6 
2 
4 

1 7  
22 
3 1  
63 
29 
16 

2 
3 
2 

38 
62 
37 
44 

32 
5 
3 

63 
15 
68 
76 
50 

5 
54 
14 

7 
18 
1 

20 
8 

14 
4 

46 
59 
38 
68 
8 1  
68 
59 
11 
1 

26 
1 7  
23 

9 
49 
32 
46 

6 

2 
54 
54 
31  
80 
27 
18 

3 

5 
62 
69 
74 
24 
42 
34 

2 
1 

4 1  
33 
58 
27 
1 

. 9  
7 
2 

36 
42 
57 
55 
1 
4 

15 

35 2 
40 1 

2 
2 

19 
21  

5 
75 
37 
57 1 

1 

1 

15 
35 1 
14 
34 

&Temperature ranges in 'C. 
bThermocouples 6, 16, and 36 were connected to safety or 

CThermocouple 22 was inoperative. 

control instrumentation and not to the data logger. 
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Table A13. History of operation of thermocouples in capsule C 

Time in temperaturea range, % 
Thermocoup 1 eb 

<282 282-285 285-288 288-291 291-293 >293 

1 1 
2 
3 
4 
5 
7 
8 
9 1 
10 6 
11 
12 
13 
14 
15 
17 
18 
19 
20 2 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 1 
32 
33 
34 
35 
37 1 
38 
39 
40 3 

5 

1 
2 
1 
2 
2 
9 

52 

1 
1 
1 

1 
1 
'3 
32 
1 

1 
1 

2 

1 
3 
14 

1 
3 
4 
37 
6 
6 
23 

59 
2 
37 
78 
25 
26 
33 
54 
38 
3 
14 
58 
31 
10 
25 
16 
38 
53 
17 
5 
50 
75 

21 
53 
7 
12 
30 
69 
12 
52 
90 
87 
54 
63 
50 
65 

34 
53 
58 
19 
73 
64 
58 
35 
3 

45 
75 
40 
67 
84 
59 
61 
53 
12 
71 
44 
48 
23 
46 
78 
42 
62 
64 
58 
15 
67 
46 
6 
9 
7 

28 
41 
8 

1 

3 
40 3 

48 
9 
1 
1 
5 
14 
21 
5 

10 
48 

52 

2 
30 
22 
8 

20 

2 
2 
1 

3 

1 

2 

1 
1 

aTemperature ranges in O C .  

bThermocouples 6, 16, and 36 were connected to safety or 
control instrumentation and not to the data logger. 
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02G517 
026515 
02G514 
0265 10 
02G511 
0 2G5 18 
02G519 
02G521 
026520 
02G532 
02G523 

68WO 1 
68W04 
68W08 
68W12 
68W14 
68W13 

69W10 
6 9\40 1 
6 9WO 2 
69WlL 
6 9WO 3 
69W16 
69W04 
69W19 
69W05 
6 9\10 7 
69W20 
6 9WO 8 

-1 40 
-1 40 

-90 
-90 
-40 
-40 

28 
28 

122 
122 
203 
203 
289 
289 

-1 40 
-140 

-40 
124 
287 
287 

-1 40 
-1 40 

-90 
-40 
-40 

27 
27 

122 
122 
204 

287 
287 

684 
678 
559 
569 
505 
517 
466 
468 
448 
441 
423 
426 
432 
433 

772 
816 
588 
519 
433 
497 

849 
873 
737 
679 
678 
635 
64 2 
601 
600 
571 
582 
572 

8 36 
846 
7 46 
7 55 
683 
687 
621 
623 
569 
584 
5d2 
586 
621 
622 

821 
847 
693 
599 
618 
6 24 

9 20 
9 27 
8 38 
7 79 
780 
721 
7 23 
481 
688 
696 
7 U8 
7 14 

12.9 
12.5 
11.8 
12.2 
11.1 
12.2 
9.1 
9.1 
7.5 
7.3 
7.7 
7.9 
9.0 
9.6 

9 . 3  
11.6 
9.7 
5.5 
6.9 
7.4 

9.8 
12.4 
10.1 
8.4 
9.2 
6.8 
7.6 
5.9 
6.5 
7.3 
6.8 
9.1 

23.4 
20.1 
20.7 
18.8 
19.9 
20 .o 
17.8 
18.9 
15.2 
15.2 
15.3 
15.5 
16.5 
18.0 

18.9 
20.3 
20.5 
13.6 
15.2 
15.9 

15.3 
21.5 
20.8 
16.8 
17.3 
15.4 
16.2 
13.6 
13.9 
14.8 
13.4 
16.3 

58.3 
55.4 
62.6 
55.8 
68.1 
67.2 
68.2 
69.4 
68.1 
65.7 
65.5 
66.9 
59.5 
56.8 

69 .O 
67.0 
72.7 
72.1 
72.5 
73.1 

67.2 
65.8 
66.2 
67.9 
63.9 
71.1 
68.3 
7Q.5 
68 .O 
67.4 
60.5 
59.2 

c 
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Tab le  B1. (Cont inued)  

T e s t  S t r e n g t h ,  MPa Uniform To t  a1 Redu c t ion  
'pecirnen t e m p e r a t u r e  - s t r a i n  e l o n g a t i o n  of area 

( "C) Yie ld  U l t i m a t e  (%> ( % I  (XI number 
~~~ ~~ 

7OWll 
7 OW0 1 
7 OW0 2 
70W12 
7 OW0 3 
7 OW04 
7OW15 
70W17 
7 OW05 
7 OW0 6 
70W18 . 

70W09 

-1 40 
-1 40 

-90 
-40 
-40 

27 
27 

123 
123 
203 
288 
288 

6 64 
686 
574 
525 
524 
480 
476 
452 
453 
436 
429 
436 

7 a4 
8 09 
7 15 
6 55 
6 58 
593 
594 
5 56 
5 58 
56 1 
573 
578 

12.7 
18.4 

12.0 
11.5 
10.3 
9.1 
8.3 
8.3 
7.3 
8.4 

11.8 

a. I 

22.9 
26 .O 
23.3 
21.2 
22.4 
19.8 
18.2 
16.9 
16.1 
15.8 
16.3 
15.4 

62.7 
57.1 
64.2 
67.2 
68.0 
68.1 
69.4 
67.8 
68 .a 
66.7 
64.1 
65.5 

7 l W O l  
7 1W12 
7 1w02 
7 1W13 
7 1W04 
7 1W14 
7 1W05 
7 1W07 
7 1W16 
7 1W08 
7 1W18 
7 lWl0 

-140 
-1 40 

-9 1 
4 0  
-40 

27 
27 

122 
122 
203 
289 
289 

669 
68 1 
566 
511 
506 
469 
469 
447 
442 
4 29 

430 
428 

795 
806 

6 58 
6 59 
598 
600 
557 
5 58 
5 57 
5 68 
581 

7 l a  

13.7 
13.9 
13.4 
12.4 
12.5 
10.0 
9.3 
8.7 
8.7 
8.3 
8.7 
8.2 

21.9 
23.5 
22.2 
20.5 
20.9 
19.4 
18.2 
16.0 
16.0 
15.9 
15.1 
14.6 

60.8 
58.7 
62.1 
65.2 
64.2 

67.3 
66.1 
64.9 
64.2 
60.9 
59.6 

68.3 
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Table 82. Ifradiated t e n s i l e  properties for  Plate 02 and submerged-arc w e l d s  

Reduct ion  Fluence, Test Strength, MPa Uniform Total 
Specimen 1 0 2 3  n/m2 temperature s t r a i n  elongation of area 

0 1  MeV) ("0 Yield Ultimate (XI ( % >  ( % I  number 

026503 
026506 
026508 
026505 
026509 
026504 

~~ 

1.76 
2.14 
1.39 
2.20 
1.36 
2.25 

3 3  
33 

121  
121 
288 
288 

609  
617 
566 
58 1 
5 19 
533  

10.4 
9.4 
9 .5  
8 .2  
9.3 
8 . 5  

18.1 
16.8 
16.1 
14.4 
15.3 
14.7 

61.1 
52.9 
62.5 
54.4 
61.3 
50.3 

7 49 
7 53 
699 
7 12 
696  
7 06 

68W02 
681307 
681306 
681315 
68W09 

0.77 
1 .45  
1.30 
1.22 
1.66 

36  
36 

121  
288  
288 

555 
5 7 3  
537 
521  
575 

6 34 
6 56 
6 12 
6 33 
641  

6.1 
6.9 
5.7 
6.8 
6.3 

15.0 
16.0 
14.0 
15.3 
16.1 

72.5 
69.6 
77 .O 
70.2 
76.9 

691306 
691317 
69W12 
69W15 
691314 
69W18 

0 . 8 1  
1.32 
1 .35  
1.54 
1.62 
0 .99  

35 
3 5  

121  
12  1 

288 
288 

704 
717 
674 
6 7 5  
652 
6 5 3  

7 76 
7 92 
7 47 
749 
7 55  
7 56 

8.4 
7.1 
7.0 
6.5 
7.4 
6.8 

17.4 
15.3 
14.4 
14:l 
14.2 
14.0 

65.0 
65.7 
66.8 
68.9 
59.2 
59.5 

7 ow08 
70W16 
70W10 
7 W 0 7  
70W13 

1.71 
1.33 
2.02 
1.04 
2.09 

28 
121  
121  
288 
288 

5 34 
4 9 5  
499  
46 7 
472 

649 
597 
607 
615  
6 1 5  

10.3 
10.1 

9 .1  
9.1 
9.2 

19.0 
18 .0  
17.1 
16.9 
15.7 

64.6 
68.7 
60 .8  
62 .0  
48.8 

71W15 
71W17 
7 1wo9 
7 1W03 
71Wll 

1.82 
1.30 
1 . 9 8  
1.02 
2.06 

29 
121  
121  
288 
288 

539 

4 9 8  
461  
470 

487 
6 49 
592 
6 04 
592 
608  

10.3 
9.2 

10.1 
7.9 
8 .3  

18.8 
17.0  
18.0 
14.5 
13.6 

62.2 
63.8 
6 0 . 3  
60 .1  
48.5 
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Table B3. Curve fit coefficients for 
yield and ultimate strengths 

Yield strengtha Ultimate strengtha 

CO C 1  c2 C O  C 1  c2 

Material 

Plate 02 
Weld 68W 
Weld 69W 
Weld 70W 
Weld 71W 

Plate 02 
Weld 68W 
Weld 69W 
Weld 70W 
Weld 71W 

49 2 
580 
660 
504 
49 3 

630 
581 
730 
548 
558 

Unirradiated specimens 

-0.842 0.00234 646 
-1.075 0.00277 662 
-0.949 0.00239 746 
-0.816 0.00208 621 
-0.841 0.00226 624 

Irradiated specimens 

-0.547 0.00064 775 
-0.525 0.00143 668 
-0.589 0.00112 806 
-0.529 0.00089 671 
-0.700 0.00131 673 

-0.939 
-0.864 
-0.856 
-0.868 
-0.879 

-0.808 
-0.714 
-0.699 
-0.837 
-0.878 

0.00300 
0.00253 
0.00262 
0.00253 
3.00250 

0.00191 
0.00211 
0.00182 
0.00224 
0.00217 

aCoefficients of strength = co + clT + c2T2, with 
strength in megapascals and T in degrees C. 
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Table B4. Unirradiated Charpy impact properties for Plate 02 / 

Test Lateral Fracture 

- (J) ( m d  ( X  shear) 
expansion appearance Specimen 

number Laboratory temperature 
("C) 

026782 
02G783 
02G851 
026839 
0 26840 
0 2G9 00 
02G852 
0 2G8 28 
026887 
0 26899 
026827 
02G888 
02G784 
026841 
0 2G8 29 
02G842 
026853 
02G890 
02G9 10 
0 2G830 
02G889 
02G909 
026854 
02G785 
02G831 
02G880 
02G879 
02G844 
02G832 
02G843 
026786 
0 2G89 1 
0 2G902 
02G901 
026892 
02G787 
0 2G7 88 
026882 

ORNL 
OKNL 
MEA 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
MEA 
MEA 
ORNL 
MEA 
ORNL 
OKNL 
OWL 
MEA 
MEA 
OWL 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
MEA 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 

-46 
-1 8 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
-7 
10 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
38 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
93 
121 
149 

10.2 
31.2 
21.7 
24.4 
27.1 
27 .,l 
29.8 
32.5 
33.9 
35.3 
36.6 
40.7 
52.9 
52.9 
55.6 
56.9 
58.3 
58.3 
62.4 
67.8 
69.2 
70.5 
78.6 
80.7 
107.1 
108.5 
111.2 
112.5 
112.5 
113.9 
122.0 
127.4 
127.4 
130.2 
130.2 
139.6 
141 .O 
130.2 

0.36 
0.43 
0.33 
0.38 
0.43 
0.43 
0.58 
0.46 
0.64 
0.55 

0.79 
0.86 
0.84 
0.94 
0.77 
0.91 
0.88 
1.07 
1.12 
0.86 

1.60 
1.40 
1.47 
1.60 
1.60 
1.55 

1.75 
1.60 
1.67 
1.70 
1.83 
1.96 
2.11 

30 
20 
20 
20 
20 
20 
30 
20 
20 
20 
20 
40 
40 
40 
40 
35 
40 
30 
40 
40 
30 
35 
80 
85 
so 
90 
85 
80 
85 

100 
100 
100 
90 
100 
100 
100 

. -  -. . 
: . . .  

. -  
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Table B4. (Continued) 

Test Lateral Fracture 

(J) ( X  shear) 
expansion appearance Laboratory temperature Specimen 

number ("C) 

026903 
026833 
0 268 34 
0 2G88 1 
026845 
02G789 
026893 
02G904 
026846 
026894 
026790 
026884 
026835 
026883 
026847 
0 26848 
02G836 
026906 
0 26905 
026791 
02G895 
02G896 
02G792 
026793 

' 0 268 38 
0 2G8 50 
026885 
026849 
026908 
0 26886 
026907 
026794 
026898 
02G837 
0 2G89 7 

MEA 
MEA 
ORNL 
ORNL 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
ORNL 
0 kVL 
MEA 
MEA 
OKNL 
MEA 
OWL 
ORNL 
ORNL 
MEA 
ORNL 
ORNL 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
ORNL 
MEA 
MEA 
ORNL 
MEA 
MEA 
ORNL 

149 
149 
149 
149 
149 
149 
149 
149 
149 
149 
177 
204 
204 
2 04 
204 
204 
204 
204 
204 
204 
204 
204 
232 
2 60 
288 
288 
288 
288 
288 
288 
288 
288 
288 
288 
288 

132.9 
132.9 
135.6 
138.3 
138.3 
139.6 
143.7 
143.7 
149.1 
151.9 
145.1 
127.4 
130.2 
130.2 
135.6 
136.3 
136.9 
138.3 
141 .O 
142.4 
146.4 
157.3 
139.0 
140.3 
119.3 
132.9 
134.2 
139.6 
142.4 
143.7 
146.4 
146.4 
149.1 
150.5 
151.9 

1.88 
1.88 
1.81 
1.83 
2.24 
1.83 
1.83 
1.90 
1.93 
1.69 
2.10 
2.06 
1.78 
1.75 
2.01 
1.81 
1.81 
1.47 
2.01 
2.11 
1.93 
1.75 
2.01 
2.06 
1.79 
1.78 
1.72 

1.82 
1.60 
1.91 
2.01 
2.11 

1.77 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

100 
100 
100 
100 
100 

100 
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T a b l e  B5. U n i r r a d i a t e d  Charpy impact  p r o p e r t i e s  f o r  weld 68W 

Test L a t e r a l  F r a c t u r e  

(J) (mm) ( X  s h e a r )  
ra expans ion  appea rance  Specimen 

number L a b o r a t o r y  t e m p e r a t u r e  
("C)  

68W241 
68W238 
68W237 
68W242 
688234 
68W235 
68W239 
68W243 
68W2 18 
68W233 
68W236 
68W240 

ORNL 
OKNL 
ORNL 
OKNL 
ORNL 
O W L  
OKNL 
ORNL 
OKNL 
ORNL 
OKNL 
ORNL 

-62 
4 2  
-62 
-46 
-46 
121 
121 
200 
2 00 
200 
288 
288 

31.2 
35.3 
42.0 
54.2 
86.8 
180.3 
192.5 
183.0 
185.7 
202.7 
183.0 
235.9 

0.39 
0.48 
0.59 
0.68 
1.06 
2.06 
2.00 

2.26 

1.89 
1.65 

30 
30 
20 
35 
60 
100 
100 
100 
100 
100 
100 
100 
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Table  86. Unirradiated Charyy impact p r o p e r t i e s  for weld 69W 

6 9W2 52 
69W204 
69W298 
69W239 
69W205 
69W297 
69W2 18 
6 9W2 20 
69W333 
69W2 19 
698244 
69W334 
69W278 
69W277 
69W332 
69W322 
69W300 
69W299 
69W330 
6 9W2 45 
69W206 
69W280 
69W223 
6 9W2 7 6 
69W331 
69W281 
69W222 
69W207 
6 9W2 29 
69W208 
69W209 
69W2 10 
698339 
69W224 
69W253 
69W282 
69W287 
69W251 

MEA 
ORNL 
MEA 
ORNL 
ORNL 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
MEA 
MEA 
MEA 
ORNL 
MEA 
MEA 
MEA 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
MEA 
O W  
MEA 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
M E A  
ORNL 
MEA 
ORNL 
MEA 

4 6  
4 6  
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 2 
-1 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
11 
38 
38 
66 
93 
121 
121 
121 
121 
121 
121 
121 

16.3 
18.3 
25.8 
27.1 
31.9 
32.5 
32.5 
44.7 
47.5 
48.8 
48.8 
51.6 
54.2 
63.7 
73.2 
85.4 
65.1 
70.5 
89.5 
96.3 
100.3 
105.8 
105.8 
107.1 
111.2 
112.5 
119.3 
142.4 
143.7 
141.0 
152.5 
135.6 
138.3 
141.0 
146.4 
146.4 
147.8 
150.5 

0.28 
0.26 
0.33 

0.37 
0.08 
0.61 
0.76 
0.30 
0.29 
0.66 
0.81 
0.71 
0.51 
1.12 
1.12 
0.99 
0.64 
1.19 
1.30 
1.29 
1.06 
0.97 
1.45 
1.09 
1.47 
1.52 
1.72 
2.01 
1.70 
1.92 
1.75 
1.58 
1.83 
1.58 
1.78 
1.62 
2.03 

30 
20 
40 

30 
30 
45 
45 
35 
50 
30 
40 
40 
45 
50 
60 
80 
60 
100 
80 
80 
85 
98 
80 
80 
90 
80 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

T e s t  La t era1 Fracture 
Energy expansion appearance 

( J )  (4 ( X  shear)  

Specimen 
number Laboratory temperature 

( " C )  
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Table B6. (Continued) 

T e s t  Lateral F rac tu re  

(J) (mm> ( X  shear )  

S p e c i m e  n 
number 

Energy expansion appearance Laboratory temperature 
("C) 

69W337 
6 9W3 23 
69W324 
69W212 
69W289 
69W2 13 
69W214 
6 9W2 28 
69W328 
69W288 
69W236 
69W227 
69W272 
6 9W2 59 
69W327 
69W215 
69W216 
6 9W2 58 
69W217 
69W274 
69W232 
69W293 
69W295 
69W273 
69W257 
69W231 
69W326 

MEA 
ORNL 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
OKNL 
ORNL 
ORNL 
MEA 
MEA 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
MEA 
MEA 
MEA 
MEA 

121 
121 
121 
149 
149 
177 
204 
204 
204 
204 
204 
204 
204 
204 
204 
232 
260 
288 
288 
288 
288 
288 
288 
288 
2 88 
288 
288 

151.9 
151.9 
154.6 
135.6 
146.4 
136.3 
134.9 
135.6 
146.4 
146.4 
146.4 
149.1 
151.9 
151.9 
157.3 
145.8 
142.4 
146.4 
146.4 
147.8 
147.8 
150.5 
150.5 
157.3 
160.0 
162.7 
176.3 

1.88 
1.62 
1.88 
1.80 
1.98 
1.90 
1.70 
1.53 
1.69 
1.57 
1.80 
1.80 
1.71 
1.98 
2.13 
1.94 
1.93 
1.57 
1.84 
1.55 
1.55 
1.40 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

100. 

. 
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Table B7. Unirradiated Charpy impact properties for weld 70W 

Lateral Fracture 
expansion appearance 

(mm) ( X  shear) 

Energy Test Specimen 
number (J) 

Laboratory temperature 
( "C)  

70W292 
70W236 
7Ow250 
70W275 
70W253 
70W261 
7Ow260 
70W282 
70W264 
70W230 
70W241 
708237 
7 OW2 68 
70W277 
7 Ow206 
70W278 
70W281 
70W255 
70W222 
7 OW207 
7 OW2 14 
70W217 
7 ow2 20 
70W249 
7Ow243 
70W242 
7Ow221 
70W272 
7OW271 
70W223 
7 OW2 24 
70W258 
70W279 
7OW259 
7 OW280 
70W276 
70W227 
70W228 
70W283 
70W2b7 
70W286 
7 OW244 
70W266 

ORNL 
ORNL 
ORNL 
ORNL 
MEA 
ORNL 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
MEA 
MEA 
OKNL 
ORNL 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
ORNL 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
ORNL 
MEA 
OKNL 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
O W L  
MEA 
MEA 
MEA 

-7 3 
-7 3 
-59 
-59 
-54 
-5 4 
-54 
-54 
-54 
- 4 6  
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 

18 
18 
-1 
10 
38 
66 
93  

121 
121 
121 
121 
121 
121 
180 
204 
204 
204 
2 04 
204 
204 
232 
288 
288 
288 
288 
288 
288 

13.6 
25.1 
23.1 
35.3 
17.6 
21.7 
29.8 
31.2 
24.4 
54.9 
51.5 
51.5 
75.9 
75.9 
92.9 
71.9 

105.8 
111.2 
134.9 

, 119.3 
132.9 
122.0 
132.9 
124.7 
126.1 
127.5 
128.8 
136.9 
141.0 
125.4 
122.0 
130.2 
135.6 
138.3 
141 .O 
149.1 
123.4 
128.8 
132.9 
141.0 
141.0 
146.4 
162.7 

0.13 
0.28 
0.25 
0.43 
0.36 
0.02 
0.09 
0.64 
0.33 
0.76 
0.39 
0.97 
1.30 
0.67 
1.23 
1.12 
1.25 
1.34 
2.02 
1.73 
2.06 
1.74 
1.99 
1.96 
1.87 
1.96 
1.89 
2.03 
1.92 
2.03 
1.91 
2.08 
1.96 
1.91 
2.03 
2.34 
1.99 
1.92 
1.88 
2.11 
2.16 
2.24 
1.96 

10 
20 
20 
20 
20 
20 
25 
35 
40 
40 
40 
50 
50 
50 
70 
80 
98 
98 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
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r 

Table B8. Unirradiated Charpy impact properties for weld 71W 

Test Lateral Fracture 
Energy expansion appearance 
(J) (mm) ( %  shear) 

Specimen Laboratory temperature- 
("a number 

7 1w220 
7 1W204 
7 1W268 
7 1W232 
7 1W238 
7 1W23 1 
7 1W239 
7 1W230 
7 1W229 
7 1W254 
7 lW252 
7 1W205 
7 1W206 
7 1W209 
7 1w2 10 
7 1W237 
7 1W235 
7 lW226 
7 1W225 
7 1W251 
71W211 
71W212 
7 1W2 13 
7 lW2 15 
7 1W248 
7 1W263 
7 1W264 
7 1W246 
7 1W249 
7 1W2 16 
7 1W2 18 
7 1W234 
7 1W2 19 
7 1W233 
7 1W256 
7 1W245 
7 1W257 

ORNL 
ORNL 
MEA 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
ORNL 
MEA 
MEA 

- 4 6  
-1 8 
-1 2 

-9 
-9 
4 
-9 
10 
10 
10 
10 
10 
38 
66 
93  

121 
121 
121 
121 
121 
121 
149 
177 
204 
204 
204 
204 
204 
204 
232 
2 60 
2 88 

288 
288 
2 88 
288 

288 

9.5 
31.9 
43.4 
29.8 
35.3 
39.3 
46.1 
44.7 
51.5 
65.1 
65.1 
71.9 
92.9 

101.7 
107.8 
92.2- 
92.2 
92.2 
94.9 

104 . 4 
113.9 

101.7 
100.3 
103.0 
104.4 
109.8 
111.2 
113.9 
98.3 

103.7 
92.2 
97.6 

103.0 
109.8 
119.3 
123.4 

105.8 

0.69 
0.20 
0.69 
0.64 
0.36 
0.38 
0.94 
1.12 
0.64 
1.15 
1.63 
1.52 
1.77 
1.31 
1.52 
1.23 
1.65 
1.70 
1.79 
1.77 
1.62 
1.54 
1.42 
1.45 
1.96 
1.73 
2.01 
1.64 
1.73 
1.33 
1.93 
1.73 
1.48 
1.78 
1.78 

10 
40 
40 
35 
40 
30 
35 
35 
30 
70 
50 
80 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
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Tab le  B9. I r r a d i a t e d  Charpy impact  p r o p e r t i e s  fo r  P l a t e  02 

F l u e n c e ,  T e s t  L a t e r a l  F r a c t u r e  

0 1  MeV) ("C)  (J) (mm) ( X  s h e a r )  
lo2 n/m2 Labora to ry  t e m p e r a t u r e  Specimen Energy expans ion  a p p e a r a n c e  number 

02G704 
026747 
026759 
026751 
02G7 19 
0267 13 
0 267 07 
026738 
0 267 54 
026748 
0 2G7 58 
026718 
026712 
0 267 06 
0267 36 
0 2C7 60 
0 267 52 
026756 
0 2G7 08 
0 267 40 
026715 
026723 
02G727 
026735 
026731 
026714 
02G703 
026739 
026741 
026762 
02G768 
0 267 05 
0 2G7 30 
0 267 67 
026749 
02G726 
0 2G7 22 
0 2G7 34 

0.98 
2.24 
1.92 
2.15 
1.64 
1.36 
1.13 
2.22 
2.10 
2.25 
1.96 
1.67 
1.39 
1.15 
2.20 
1.80 
2.17 
2.06 
1.23 
2.26 
1.44 
1.82 
1.92 
2.09 
2.02 
1.47 
0.87 
2.18 
2.22 
1.68 
1.23 
0.96 
2.06 
1.28 
2.20 
1.97 
1.86 
2.14 

ORNL 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
ORNL 
ORNL 
ORNL 

ORNL 
ORNL 
ORNL 
MEA 
MEA 
MEA 
MEA 
MEA 
O W L  
MEA 
OWL 
OKNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
MEA 
MEA 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 

0-RNL 

38 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
93 
93 
93 
93 
93 
93 
93 
93 
93 
93 
93 
93 
93 
121 
149 
149 
149 
149 
149 
149 
149 
149 
149 
149 

32.5 
21.7 
24.4 
24.4 
25.8 
28.5 
32.5 
32.5 
33.9 
38.0 
40.7 
44.7 
46.1 
55.6 
32.5 
42.0 
43.4 
46.1 
51.5 
54.2 
59.7 
59.7 
63.7 
78.6 
86.8 
94.9 
105.8 
94.9 
97.6 
103.0 
108.5 
108.5 
109.8 
109.8 
112.5 
113.9 
113.9 
122.0 

0.05 

0.11 
0.23 

0.17 

0.08 
0.17 
0.19 
0.31 
0.31 
0.35 
0.35 
0.35 
0.36 
0.39 
0.67 

0.63 
0.49 

0.74 
1.02 
1.13 
1.07 
1.34 
1.16 
1.40 
1.44 
1.27 

1.42 
1.23 
1.21 
1.16 

20 
40 

35 
35 

40 
30 
30 
20 
30 
30 
40 
30 
40 
40 
40 
40 
60 
50 

40 
35 
40 
75 
60 
75 
75 
100 
70 
100 
100 
100 

100 
100 
100 
100 
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Table 89. (Continued) 

R 

Fluence, Test Lateral Fracture 

(>1 M e V )  ( " C )  (J) (4 ( X  shear) 
expansion appearance Specimen lo2 n/m2 Laboratory temperature 

. number 

02G702 
02G716 
02G744 
0 2G7 53 
02G764 
026765 
0 2G7 42 
026761 
0 2G7 57 
0 267 37 
0 267 29 
02G733 
026701 
02G725 
026721 
0 2G7 09 
02G745 
02G743 
0 2G7 24 
02G720 
02G732 
0 267 28 
026700 
0 267 46 
02G710 
026763 
02G717 
02G7 11 
02G750 
026755 
02G769 

0.89 
1.54 
2.30 
2.12 
1.54 
1.51 
2.29 
1.77 
2.01 
2.15 
1.97 
2.06 
0.78 
1.87 
1.70 
1.21 
2.25 
2.24 
1.91 
1.74 
2.10 
2.01 
0.80 
2.29 
1.32 
1.64 
1.51 
1.29 
2.20 
2.05 
1.20 

ORNL 
MEA 
ORNL 
MEA 
ORNL 
MEA 
ORNL 
MEA 
MEA 
MEA 
ORNL 
OKNL 
ORNL 
ORNL 
0RNL 
MEA 
ORNL 
0RNL 
ORNL 
ORNL 
OKNL 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 

149 
149 
177 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
204 
232 
260 
288 
288 
288 
288 
288 
288 
288 
288 
288 
288 
288 
288 
288 

124.7 
130.2 
126.1 
104.4 
105.8 
109.8 
111.2 
113.9 
119.3 
122.0 
122.0 
124.7 
124.7 
124.7 
127.4 
131.5 
113.9 
116.6 
115.2 
116.6 
119.3 
120.7 
122.0 
122.0 
123.4 
123.4 
124.7 
124.7 
124.7 
126.1 
130.2 

1.50 
1.39 
1.47 
1.32 

1.49 
1.20 
1.29 
1.41 
1.32 
1.44 
1.25 
1.31 
1.42 
1.33 
1.64 
1.56 
1.49 
1.52 
1.40 
1.43 
1.33 
1.56 

1.46 
1.29 

1.30 
1.42 
1.27 

100 
80 
100 
LOO 
100 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100- 
100 
100 
100 
100 
100 
100 
100 
100 
100 

100 
100 
100 
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Table B10. I r r a d i a t e d  Charpy impact p r o p e r t i e s  f o r  weld 68W 

Fluence ,  Test L a t e r a l  F r a c t u r e  

0 1  MeV) ("C) (J) (mm) ( %  s h e a r )  
lo2  n/m2 Laboratory t empera tu re  Energy expansion appearance Specimen 

number 

68W221 
68W222 
68W226 
68W209 
68W231 
68W215 
68W203 
68W219 
68W216 
68W211 
68W220 
68W207 
68W224 
68W213 
68W223 
68W2 17 
68W202 
68W2 12 
68W214 
68W204 
68W228 
68W210 
68W230 
6813225 
68W206 
68W227 
68W229 
68W232 
68W201 
68W208 

1.63 
1.58 
1.49 
1.04 
1.19 
1.39 
0.69 
1.61 
1.49 
1.18 
1.65 

1.55 
1.34 
1.56 
1.52 
0.63 
1.23 
1.38 
0.88 
1.39 
1.09 
1.27 
1.52 
0.83 
1.46 
1.31 
1.15 
0.58 
0.93 

0.87 

ORNL 
ORNL 
MEA 
ORNL 
MEA 
ORNL 
MEA 
ORNL 
MEA 
MEA 
ORNL 
OWL 
O W L  
ORNL 
ORNL 
MEA 
MEA 
MEA 
ORNL 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
MEA 
ORNL 
MEA 
MEA 
ORNL 

-5 1 
-5 1 
-46 
-46 
-46 
-46 
-46 
4 0  

-1 8 
-1 8 
-1 8 
-1 8 
-1 8 

4 
121 
121 
121 
121 
121 
204 
204 
204 
204 
204 
288 
288 
288 
288 
288 

-1 a 

23.1 
38.0 
31.2 
35.3 
36.6 
59.7 
97.6 
54.2 
82.7 
113.9 
116.6 
124.7 
151.9 
154.6 
187.1 
187.1 
206.1 
207.4 
208.8 
214.2 
197.9 
199.3 
208.8 
218.3 
252.2 
197.9 
210.2 
211.5 
226.4 
238.6 

0.02 
0.05 

0.16 
0.30 
0.31 
0.64 

0.96 

0.90 
1.10 
1.48 
1.68 
1.77 
1.94 
2.16 
2.08 
1.53 
1.99 
2.04 
1.87 
1.61 
1.45 
1.30 
1.66 
1.40 
1.43 
1.22 
1.16 

20 
30 

30 
35 
30 
40 
40 
60 
80 
100 
80 
100 
90 
95 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
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Tab le  B11. I r r a d i a t e d  Charpy impact p r o p e r t i e s  f o r  weld 69W 

Fluence ,  Test L a t e r a l  F r a c t u r e  

0 1  MeV) ("C)  (J) (mm> ( X  s h e a r )  
lo2 n/m2 Labora to ry  t empera tu re  Energy expansion appea rance  Specimen 

number 

69W242 
69W202 
69W264 
69W2 1 1  
69W246 
69W235 
69W255 
69W254 
69W286 
6913247 
69W267 
69W263 
69W261 
69W265 
698269 
69w338 
69W203 
69W340 
69W283 
69W285 
69W248 
6913262 
69W233 
69W240 
69W268 
69W266 
69W336 
69W243 
69W294 
69W241 
69W291 
6 9W2 60 
69W237 
69W201 
69W250 
69W27O 
6 9W2 34 

1.27 
0.63 
1.49 
0.75 
1.42 
1.00 
1.62 
1.57 
1.07 
1.42 
1.35 
1.51 
1.59 
1.46 
1.24 
0.94 
0.69 
0.90 
1.12 
1.10 
1.46 
1.57 
0.89 
1.21 
1.28 
1.43 
0.96 
1.31 
1.01 
1.25 
1.05 
1.59 
1.11 
0.56 
1.48 
1.17 
0.95 

ORNL 
MEA 
MEA 
OKNL 
MEA 
ORNL 
OKNL 
ORNL 
LGA 
MEA 
MEA 
ORNL 
MEA 
ORNL 
MEA 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
MEA 
MEA 
MEA 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
ORNL 
OKNL 
MEA 
MEA 
MEA 
ORNL 
ORNL 

10 
10 
10 
10 
10 
10 
10 
10 
10 
21 
38 
49 
49 
49 
49 
49 
49 
49 
49 
49 
66 
121 
121 
121 
121 
121 
121 
121 
12 1 
288 
288 
288 
288 
288 
288 
288 
288 

32.5 
35.3 
39.3 
40.7 
42.0 
43.4 
48.8 
50.2 
62.4 
54.2 
86.8 
75.9 
82.7 
88.1 
92.2 
96.3 
103.0 
109.8 
122.0 
123.4 
105.8 
116.6 
128.8 
132.9 
132.9 
141.7 
143.0 
155.2 
160.0 
134.2 
144.4 
147.1 
147.8 
150.5 
154.6 
155.2 
160.0 

0.08 
0.22 
0.29 

0.29 
0.25 
0.2G 
0.27 
0.51 
0.40 
0.82 
0.65 

0.74 
0.98 
1.03 
0.76 

1.07 
1.03 
1.12 
1.26 
1.41 
1.43 
1.57 
1.45 
1.37 
1.34 
1.46 

1.27 
1.26 
1.32 

1.21 
1.17 
1.17 

35 
45 
40 

40 
40 
45 
45 
45 
80 
70 
70 

90 
70 
100 
75 

95 
98 
100 
100 
100 
100 
98 
95 
100 
100 
100 

100 
100 
100 

100 
100 
100 
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Table B12. I r r a d i a t e d  Charpy impact p r o p e r t i e s  for weld 70W 

Fluence ,  T e s t  L a t e r a l  F r a c t u r e  

(>1 MeV) ("C) (J) (mm) ( %  s h e a r )  
lo2 n/m2 Laboratory t empera tu re  Energy expane i o n  appearance 

Specimen 
number 

7 OW204 
70W239 
70W233 
70W252 
70W257 
70W205 
7OW289 
7 OW209 
70W212 
7OW234 
7OW245 
7OW240 
7OW218 
7OW256 
70W251 
7 OW208 
7OW213 
70W211 
7OW225 
70W216 
7OW235 
7OW229 
7OW291 
70W254 
7OW285 
70W246 
7OW238 
70W231 
70W287 
7OW248 
70W210 
7OW219 
70W226 
7013232 
7OW215 
7013284 
7OW203 
70W290 

0.88 
2.11 
2.10 
1.90 
1.65 
0.96 
1.40 
1.20 
1.41 
2.16 
2.04 
2.07 
1.76 
1.71 
1.94 
1.12 
1.48 
1.34 
1.86 
1.65 
2.15 
1.95 
1.18 
1.76 
1.53 
2.01 
2.13 
1.98 
1.46 
1.98 
1.27 
1.81 
1.91 
2.07 
1.59 
1.59 
0.80 
1.26 

ORNL 
ORNL 
MEA 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
MEA' 
ORNL 
ORNL 
ORNL 
OWL 
MEA 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
MEA 
ORNL 
ORNL 
ORNL 
MEA 
MEA 
ORNL 
MEA 
ORNL 
MEA 
MEA 
ORNL 

-2 9 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-1 8 
-7 
16 
16 
16 
16 
16 
16 
16 
16 
27 
66 
121 
121 
121 
12 1 
121 
121 
204 
204 
204 
204 
204 
204 
288 
288 
288 
288 
288 
288. 

43.4 
27.1 
32.5 
32.5 
40.7 
40.7 
44.7 
54.2 
56.9 
48.8 
52.2 
61 .O 
67.8 
80.0 
85.4 
100,3 
103.0 
121.3 
81.4 
130.2 
116.6 
118.0 
126.1 
127.4 
130.2 
130.2 
127.4 
133.5 
135.6 
136.9 
139.6 
150.5 
127.4 
128.8 
128.8 
132.9 
141.0 
143.7 

0.18 
0.05 
0.28 
0.21 
0.23 
0.27 
0.28 
0.71 
0.39 
0.18 
0.39 
0.53 
0.68 
0.53 
0.74 
1.21 
0.97 
1.20 
0.69 
1.00 
1.45 
1.41 
1.80 
1.65 
1.38 
1.45 
1.38 
1.46 
1.61 
1.24 
1.14 
1.51 
1.12 
1.13 
1.45 
1.25 
1.25 
1.30 

40 
20 
40. 
40 
35 
60 
45 
40 
30 
40 
30 
45 
70 
60 
40 

85 
98 
70 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

ao 
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Table B13. I r r a d i a t e d  Charpy impact p r o p e r t i e s  f o r  weld 71W 

J 

'3 

Fluence ,  Test Lateral F r a c t u r e  

0 1  MeV) ("C)  (J) ( %  s h e a r )  
expansion appearance Specimen lo2 n/m2 Laboratory t empera tu re  number 

7 1W22 1 
7 1W242 
7 1W236 
7 1W228 
7 1W224 
7 1W269 
7 1W2 14 
7 1W253 
7 1W272 
7 1W266 
7 1W227 
.7 1W27 1 
7 1W240 
7 1W267 
7 1W2 17 
7 1W261 
7 1W244 
7 1W276 
7 1W265 
7 1W208 
7 1W260 
7 1W274 
7 1W270 
7 1W278 
7 1W258 
7 1W223 
7 1w222 
7 1W241 
7 1W259 
7 1W247 
7 1W275 
7 1W255 
7 1W243 
7 1W262 
7 1W250 
7 1W207 
7 1W277 
7 1W273 

1.17 
1.83 
1.62 
1.57 
1.39 
1.86 
0.95 
2.06 
1.62 
1.94 
1.45 
1.68 
1.73 
1.90 
1.10 
2.03 
1.91 
1.37 
1.97 
0.87 
2.08 
'1.50 
1.73 
1.16 
2.11 
1.32 
1.25 
1.78 
2.09 
1.95 
1.44 
2.12 
1.87 
2.01 
2.03 
0.78 
1.23 
1.56 

MEA 
MEA 
MEA 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
MEA 
MEA 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
ORNL 
MEA 
MEA 
OKNL 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
MEA 
ORNL 
ORNL 
ORNL 
MEA 
MEA 
ORNL 
MEA 
MEA 
ORNL 
ORNL 
MEA 
ORNL 

-1 2 
10 
21 
21 
21 
21 
21 
21 
21 
38 
49 
49 
49 
49 
49 
49 
49 
66 
121 
121 
121 
121 
121 
121 
121 
204 
204 
204 
204 
204 
204 
288 
288 
288 
288 
288 
288 
288 

25.8 
28.5 
35.3 
35.3 
39.3 
44.7 
46.1 
47.5 
56.9 
61.0 
52.9 
71.9 
73.2 
73.2 
75.9 
78.6 
82.7 
89.5 
94.9 
97.6 
100.3 
105.8 
105.8 
109.8 
113.9 
94.9 
104.4 
111.2 
118.0 
119.3 
119.3 
113.9 
113.9 
116.6 
117.3 
124.7 
126.1 
132.9 

9.06 
0.12 
0.38 
0.15 
0.25 
0.38 
0.23 
0.32 
0.30 
0.62 

1.23 
0.77 

0.66 
0.81 
0.89 
1.22 
1.26 

1.47 
1.46 
1.08 
1.20 
1.02 

0.86 
1.24 
1.39 
1.31 
1.21 
1.33 
1.45 

0.84 
1.23 
1.26 
1.12 

30 
35 
40 
25 
35 
40 
40 
40 
40 
50 
40 
80 
60 
100 
80 
80 
100 
100 
100 
100 
100 
100 
100 
100 
100 

100 
100 
100 
100 
roo 
100 
100 

100 
100 
100 " 

100 
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Table B14. Irradiated Charpy impact properties for Plate 02 

Fluence , Test Corrected test 
Specimen Energy lo2 n/m2 Laboratory temperature temperaturea 

(J) (>1 MeV) ("C) ("C) 
number 

026704 
02G747 
026759 
026751 
026719 
026713 
02G707 
026738 
026754 
026748 
026758 
026718 
026712 
026706 
026736 
026760 
026752 
026756 
026708 
026740 
026715 
026723 
026727 
026735 
026731 
02G714 
026703 
026739 
026708 
026740 
026715 
026723 
026727 
026735 
026731 
026714 
026703 
026739 

0.98 
2.24 
1.92 
2; 15 
1.64 
1.36 
1.13 
2.22 
2.10 
2.25 
1.96 
1.67 
1.39 
1.15 
2.20 
1.80 
2.17 
2.06 
1.23 
2.26 
1.44 
1.82 
1.92 
2.09 
2.02 
1.47 
0.87 
2.18 
1.23 
2.26 
1.44 
1.82 
1.92 
2.09 
2.02 
1.47 
0.87 
2.18 

ORNL 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
MEA 
MEA 
MEA 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
MEA 
ORNL 
MEA 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 

38 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
66 
93 
93 
93 
93 
93 
93 
93 
93 
93 
93 
93 
93 
93 

121 
93 
93 
93 
93 
93 
93 
93 
93 
93 

121 

53 
54 
60 
56 
66 
73 
80 
58 
60 
59 
63 
68 
7 4  
78 
7 4  
82 
75 
77 
97 
84 
90 
92 
90 
88 
89 
98 

110 
113 
97 
84 
90 
92 
90 
88 
89 
98 

110 
113 

32.5 
21.7 
24.4 
24.4 
25.8 
28.5 
32.5 
32.5 
33.9 
38.0 
40.7 
44 :7 
46.1 
55.6 
32.5 
42.0 
43.4 
46.1 
51.5 
54.2 
59.7 
59.7 
63.7 
78.6 
86.8 
94.9 

105.8 
94.9 
51.5 
54.2 
59.7 
59.7 
63.7 
78.6 
86.8 
94.9 

105.8 
94.9 

~~ ~~ ~~ ~ 

aTest temperature corrected for mean fluence, 
1.77 x lo2' neutrons/m' (>1 MeV) and corrected for bath cooling effects. 
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