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ABSTRACT 

The 2S0-MW boiling water Gundremmingen reactor, KRB-A, in the Federal 
Republic of Germany (FRG) has been decommissioned by the utility 
owners. A joint USA/FRG/UK study, conceived by the U. S. Nuclear 
Regulatory Commission (NRC), is underway to evaluate material removed 
from the vessel by trepanning for a critical assessment of power 
reactor vs. test reactor environment effects. MEA, Staatliche 
MaterialPruefungsanstalt (MPA) , and UKAEA-Harwell are responsible for 
the experimental crhases of the joint program. The reactor vessel 
operated at - 288 C; the inner wall fluence estimate at the time of 
decommissioning was about 1 x 1019 n/cm2 , E > 1 MeV. 

This report describes irradiation assessments of a welded forging 
segment believed to be archive material from the KRB-A vessel fabrica­
tion. Pre irradiation verification tests of the material are also 
summarized. Charpy-V (Cv ) , compact tension (CT) and tension test 
specimens were irradiated in the 2-MW light water-cooled test reactor 
located at the Buffalo Materials Research Center. Five as-irradiated 
conditions and two postirradiation annealed conditions were evaluated. 
With 288°C irradiations, the elevation in 100 MPa/ID temperature from 
fracture mechanics tests was found to match the elevation in 4l-J 
temperature from Cv tests within 12°C. The latter elevation was 
predicted well by NRC's Regulatory Guide 1.99. 

The L-C orientation data for the archive material vs. the vessel 
trepans suggest a fluence-rate effect. The C-L orientation data, 
however, do not. A test orientation dependence of radiation 
embrittlement sensitivity, described by the trepan material but not 
the archive material, is responsible and is anomalous . 
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1. INTRODUCTION 

The 2S0-MW boiling water Gundremmingen Reactor, KRB-A, located in the 
Federal Republic of Germany (FRG) was decommissioned by the utility 
owners in 1977. Prior to its decommissioning, the reactor vessel 

o operated at a nominal temperature of 288 C and had an estimated inner 
wall f1uence of 1 x 1019 n/cm2 , E > 1 MeV. In 1984, a remnant of a 
forging believed to be from the vessel construction was located by the 
U. S. Nuclear Regulatory Commission (NRC). The availability of this 
"archive" material and the service-degraded vessel material presented 
a unique opportunity for qualifying the effects of long-term 
irradiation on a prototypic reactor pressure vessel (RPV) steel. 
Specifically, the materials permitted verification tests of present 
prediction methods for radiation-induced embritt1ement and the atten­
uation of radiation effects through the vessel thickness. Also, the 
materials allowed direct tests of the effect of f1uence rate on the 
correlation of fracture toughness test methods with other mechanical 
test methods, such as the Charpy-V (Cv ) test method. Recognizing 
these possibilities, the NRC put in place a joint USA/FRGjUK program 
to investigate the vessel properties in both the as-irradiated and 
postirradiation annealed conditions and to conduct accelerated 
irradiation tests of the archive material for power vs. test reactor 
comparisons. Materials Engineering Associates (MEA), Materia1-
Pruefungsansta1t (MPA) , and UKAEA-Harwell are the lead laboratories 
for the three respective countries. 

MEA's tasks include the development of mechanical properties data for 
the unirradiated (preservice) vessel condition using the archive 
material and the determination of fracture resistance changes produced 
by a light-water test reactor environment. MPA's responsibilities 
include vessel trepanning and the determination of postservice vessel 
properties and f1uences. The Institut fur Kerntechnik und 
Energiewand1ung E. V. (IKE) is providing dosimetry support to MPA. 
UKAEA-Harwe11 is conducting irradiation tests of the archive material, 
using a heavy water test reactor. Through a coupling of the 
UKAEA-Harwe11 and MEA results, the program will qualify the effects on 
embritt1ement sensitivity of large neutron spectrum differences. 

This report documents MEA studies to date on the archive material and 
through-vesse1-wa11 f1uence determinations made by EG&G Idaho, Inc. 
under MEA sponsorship. In addition, MEA results for the archive 
material are compared to mechanical properties data for trepanned 
material developed by MPA. Detailed findings of the MPA tests are 
given in References 1-3. Results of Harwell studies on archive 
material supplied by MEA are not yet published although preliminary 
(tentative) results were described at the 1986 Workshop on the KRB-A 
vessel material (Ref. 4). Irradiations by Harwell primarily were in a 
heavy-water reactor environment; whereas the KRB-A and the test 
reactor used by MEA are light-water reactors. 

The MEA and MPA studies jointly have produced a set of anomalous 
results. The anomaly pertains to one test orientation of the vessel 
material only and may be indicative of a unique irradiation f1uence­
rate effect. Resolution of the anomaly is viewed as highly important 

1 



because of the potential impact on the applicability of NRC's 
Regulatory Guide 1.99 to long-term irradiation service at elevated 
temperature (Ref. 5). The studies are continuing. 
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2. MEA INVESTIGATIONS 

MEA investigations have progressed through three phases. Phase 1 
involved experimental testing of the archive material to verify that 
it was a remnant of the KRB-A vessel's ring forging No. 7.1 as 
suggested by vendor records (Refs. 6 and 7) and other information 
available. Phase 2 developed through-thickness mechanical properties 
of the archive material, for use in indexing the irradiation effects 
to the vessel. Phase.3 produced notch ductility, fracture toughness, 
and tensile strength data for irradiated and postirradiation annealed 
conditions. Additionally, tests of through-wall f1uences were made 
using a portion of the material trepanned from the vessel belt-line 
region. The irradiation matrix that evolved since undertaking the 
program is summarized in Table 1. The philosophy behind each matrix 
point is discussed in Section 7. 

3 
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Table 1 Irradiation Experiment Matrix (ASTH L-C Orientation Specimens) 

Experiment Irradiation Fluence Target Postirradiationa Specimen Types 
Temperature Test Conditions 

I- Codeb ( ·C) (n/cm2, E > 1 MeV) .. 
l. UBlt-68 288 8 x 1018 I, lAc. IA399 , IA454 Cv' 0.5T-~, Tensilee 

I UBR-78f 288 2.7 x 1018 I, IA399 , IA454 Cv' O.ST-CT, Tensile 

i UBR-79Af 275 8 x 1018 I Cv' 0.5T-CT, Tensile 
k 

i UBR-80Af 288 2.3 x 1019 I Cv' Tensile 

a 1 - as-irradiated; IA399 • irradiated + 399·C-168 h annealed; IA4S4 - irradiated + 454°C-168 h annealed 

b MEA assembly number 

c Unspecified anneal condition 

d 12.7-.. (O.S-io.) thick compact tension speciaeo 

e 5.74-.. (0.226-io.) gage diameter 

f Some C-L orientation Cy • tensile specimens included 

, ASTH C-L orientation (Cy ) or CHFL orientation (tensile) 

Specimen Complement 

Cv CT Tensile 

47 24 8 

20 + 8g 24 2 + zI 

13 + 5' 6 2 

15 + J' 0 4 



3. KRB-A REACTOR VESSEL AND MATERIALS 

The KRB-A reactor was placed in service in 1966. It represents an 
early prototype to boiling water reactors (BWR's) built by the General 
Electric Company. The belt-line region of the primary pressure vessel 
was constructed of several forged steel rings joined by circum­
ferential submerged-arc (S/A) welding. Forging ring No. 7.1 was 
located at the elevation of the reactor fuel core (belt-line 
region). This ring has a thickness of 119 mm (4.7 in.) and is stain­
less steel clad on its inner surface. The steel type is 20NiMoCr26 
which is similar to ASTM A 336 steel. 

A reactor vessel surveillance program was implemented prior to commis­
sioning (Refs. 7 and 8); some surveillance specimen capsules were 
later removed and tested (Ref. 9). In 1984, MEA obtained a few 
unirradiated (unused) surveillance specimens from the reactor 
facility, Kerkraftwerke Gundremmingen, which is owned by Rheinisch -
Westfalisches Electrizitatswerk AG (RWE) and Bayernwerk AG (BAG). The 
specimen materials were of significant value to archive material 
verification. 

Initially, a total of 15 trepans were removed from the vessel belt­
line region. Twelve of the lOO-mm diameter trepans were taken from 
forging ring No. 7.1; three were taken from an adjoining forging (see 
References land 3). In addition, 3 trepans were removed from a 
forging in the vessel's steam drum region (essentially a nil fluence 
exposure region). Trepan "G", from forging ring No.7. 1, contained 
the material analyzed for through-wall fluence levels. 
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4. ARCHIVE MATERIAL 

The archive material was obtained from the General Electric Company's 
Vallecitos site. The material was in the form of two welded ring 
segments. The segments did not have a stainless steel weld overlay 
but did have the appearance of previous machining on the 1.0. and 0.0. 
surfaces (using a large turret milling machine) to remove out-of­
roundness and/or to bring the material to the design-specified 
thickness. The inner diameter of the vessel at the belt line is about 
3.7 m (12.1 ft). In this report, the as-forged (original) 1.0. 
surface of the material is taken as the reference surface for indexing 
1/8T, 1/4T, and other thickness locations. The visual appearances of 
the base metals suggest that they were a prolongation of a much larger 
ring forging. The circumferential weld is suspected of being a 
portion of the weld made for surveillance program material (Ref. 7). 

One ring segment, approximately l19-mm thick and weighing about 
1450 kg, was given the identification code GEB by MEA. The base 
metals on either side of the weld deposit were coded GEB-l and 
GEB-2. The other ring segment weighed about 990 kg; its base metal 
portions were coded GEA-l and GEA-2. To date the MEA and Harwell 
irradiation programs have used the base metal, GEB-2, exclusively. 
The test specimens for irradiation were removed from the l/8T­
thickness location. This sampling location does not conform to ASTM 
Standard Practice E 185 but was chosen for specific reasons stated in 
Section 6. 
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5. VERIFICATION TESTS (PHASE 1) 

Objectives of the verification tests were the experimental determina­
tion of chemical composition~ hardness, tensile properties, and notch 
ductility properties of each of the four base metals contained in the 
welded ring segments. Microstructures were also characterized. The 
findings are documented in detail in MEA Report No. MEA-2095 (see 
Appendix A). In brief, the individual and combined observations for 
the base metals are in good agreement with existing documentation for 
vessel forging ring No. 7.1. 

Table 2 lists the chemical compositions of the four archive base 
metals and the chemical compositions of the base metal portions of the 
three, unused surveillance specimens tested. The composition of the 
forging as given by KRB-A vessel documentation and the composition of 
the trepanned material as determined by MPA are also given. From the 
similarity of values for the archive materials, it is reasonable to 
conclude that they are all from the same steel melt. More 
importantly, the archive material composition matches well the compo­
sition of forging ring No. 7.1 (trepans) as determined by MfA. 

The microstructures of the four archive materials were found to be 
tempered upper bainite or tempered upper bainite in combination with 
free ferrite, depending on the distance from the as-forged surface 
(see Appendix A). The GEB-1 and GEB-2 materials have comparable 
Rockwe11-B hardness levels and profiles. A small hardness difference 
in the center region (only) was found between the GEA-1 vs. GEA- 2 
materials. The Rockwe11-B hardness values were comparable to those of 
the surveillance specimens. 

The newly developed Cv notch ductility data for the archive materials 
(1/4T location) and data for the forging ring No. 7.1 (ASTM C-L test 
orientation) generated in the mid-1960's (Refs. 6-8) are illustrated 
in Fig. 1. Note the agreement. The C-L test orientation proved to be 
the "strong" orientation; the Cv upper shelf energy level of this 
orientation is about 155 J (114 ft-1b) compared to 103 J (76 ft-1b) 
for the L-C orientation. 

Based on the evidence (old and new), MEA and·MfA concluded that a high 
probability exists that the four base metals and the vessel forging 
No. 7.1 are from the same steel melt and that the base materials are 
representative of this vessel forging as first placed in service. 
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Table 2 Chemical Compositions of Archival Materials, Surveillance Specimen Base Metal and KRB-A Trepan G 

Material Chemical Composition (wt-%) 

C Mn Si P S Ni Cr Mo Cu As Sn Sb V AI 

GEA-1 0.23 0.70 0.23 0.017 0.013 0.77 0.37 0.66 0.15 0.021 0.021 0.007 0.031 

GEA-2 0.24 0.71 0.21 0.014 0.018 0.77 0.36 0.66 0.15 0.023 0.021 0.007 0.030 

GEB-1 0.23 0.71 0.21 0.017 0.019 0.78 0.36 0.66 0.16 0.023 0.021 0.007 0.031 

GEB-2 0.24 0.71 0.21 0.015 0.018 0.79 0.37 0.67 0.15 0.021 0.021 0.008 0.031 

(Average)a 0.24 0.71 0.22 0.016 0.017 0.78 0.37 0.66 0.15 0.022 0.021 0.007 0.031 

KRB-A Vesse1b 0.22 0.78 0.24 0.019 0.017 0.82 0.38 0.62 
__ c 

KRB-A Vesseld 0.22 0.71 0.22 0.013 0.012 0.75 0.38 0.62 0.16 0.02 0.03 <0.01 0.04 0.04 

00 GEB-1d 0.23 0.71 0.23 0.013 0.012 0.75 0.38 0.65 0.16 0.02 0.03 <0.01 0.04 0.02 

D7~ 0.23 0.71 0.26 0.022 0.015 0.86 0.38 0.64 0.16 

D6Ee 0.23 0.71 0.25 0.026 0.019 0.84 0.36 0.63 0.15 

D7ye 0.24 0.71 0.25 0.022 0.015 0.85 0.37 0.65 0.16 

(Average)d 0.23 0.71 0.25 0.023 0.016 0.85 0.37 0.64 0.16 

a Average of GEA and GEB materials 

b From Ref. 6 

c Not reported 

d MPA composition determination by Quantovac Spectroscopy 

e Surveillance specimens 
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6. THROUGH-THICKNESS PROPERTIES CHARACTERIZATION (PHASE 2) 

The base metal GEB-2 was selected for the continuing program. This 
NRC/MEA decision, in part, reflected the large amount of material 
available. Also, it was decided that L-C orientation specimens (only) 
would be used for the balance of the program, including irradiation 
tests, to minimize cost. 

Through-thickness properties of the GEB-2 base material were deter­
mined to establish baseline (reference) properties. (Note: The 
Phase 1 verification tests employed specimens from the l/4T-thickness 
location only.) This information helped guide the choice of best 
forging sampling location for test reactor irradiation experiments. 
The properties investigated were notch ductility, tensile strength, 
and static fracture toughness, including J-R curve properties. Tests 
were in conformance with ASTM Standard Methods E 8, E 23, E 399, 
E 813, and E 1152 as applicable to the individual test methods and 
conditions. Procedures for testing the compact tension specimens (in 
this case, l2.7-mm thick 0.5T-CT specimens) are outlined in 
Reference 11. Appendix B provides diagrams used for the cutting of 
specimen blanks for the Phase 2 investigations and for the Phase 3 
irradiation studies discussed below. 

MEA Report No. 2l59-A (see Appendix C) documents the primary MEA 
findings on through-thickness properties. The determinations made 
with full-size Cy specimens (ASTM Type A), 5. 74-mm diameter tensile 
specimens and l2.7-mm thick CT specimens (0.5T-CT) show a good 
uniformity of properties through the material. Table 3 summarizes the 
tensile test results. Yield strength differences are less than 21 MFa 
(3 ksi). Figures 2 through 5 illustrate the experimental Cv and CT 
test data. Differences in brittle-ductile transition temperature 

° indexed to the Cv 4l-J energy level are on the order of 11 C and are 
on the order of 17°C for transitions indexed to the CT 
KJ 100 MPaJm toughness level. Cv upper shelf levels for the l/8T-, 
l/4T-, and 7/8T-thickness locations were the same but were somewhat 
higher than that of the l/2T-thickness location (103 J vs. 90 J). No 
significant difference in upper shelf toughness due to thickness 
location was observed in CT specimen tests. 

Based on the through-thickness properties uniformity, the 
lIST-thickness position was selected over the l/4T-thickness position 
for the irradiation investigations. For the vessel itself, it was 
reasoned that the lIST layer, having received the greater fluence 
in-service, would offer a high level of embrittlement for making 
comparisons for the fluence rate effects. Secondly, this layer better 
represents material associated with the small flaw case in Pressurized 
Thermal Shock (PTS) scenarios. 
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Table 3 Tensile Properties of Code GEB-2, Axial Specimen Orientation 
(5.74-mm diameter, 12.7-mm gage length) 

Thickness Specimen Tensile Yield Strength Elongation Reduction 
Location t-itmber Strength (0.2% Offset) of Area 

(MPa) (ksi) (MPa) (ksi) (%) (%) 

1/8T GEB-T9 633 91.8 488 70.8 38.4 61.1 

GEB-TlO 633 91.8 488 70.8 39.6 65.4 

1/4T GEB-Tl 618 89.6 467 67.8 42.6 65.3 

GEB-T4 621 90.0 471 68.3 38.4 66.8 

1/2T GEB-Tll 621 90.0 472 68.4 23.4a 57.3 

GEB-T12 621 90.0 467 67.8 40~6 61.6 

7/8T GEB-T13 629 91.3 488 70.8 40.8 65.9 

GEB-T14 631 91.6 488 70.8 40.0 66.4 

a Failed at gage mark 
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Table 4 Summary of Postirradiation Notch Ductility Determinations (UBR Experiments) 

Irradiation Temperature FI~ence 2 Specimen Cv 41-J Temperature Cv Upper Shelf Energy 
Assembly x 10 n/cm Orientation 

(E > 1 ~V) (ASTM) Initial Ola~ea Initial Ola~ea 

(OC) (OC) (OF) (AOC) (AOF) (J) (ft-Ib) (AJ) (Aft-Ib) 

Unirradiated L-C -29 -20 103 76 
(Set A) 

UBR-68 288 8.76 L-C -29 -20 44 80 103 76 9 7 
(399°C Anneal) 16 60 28 50 94 69 20 15 
(454°C Anneal) 16 60 43 75 94 69 20 15 

Unirradiated L-C -26 -15 107 79 
N (Set B) C-L 
N 

-40 -40 155 114 

UBR-78 288 2.7 L-cf -26 -15 17 30 67 79 4 3 
C-L -40 -40 19 35 155 114 4 3 

UBR-79A 275 8.5 L-C -26 -15 47 85 107 79 9 7 
C-L -40 -40 _c __ c 

155 114 ... 31 ... 22 
260 8.8 L-C -26 -15 56 100 107 79 17 13 

C-L -40 -40 ... 53 -95 155 114 22 16 

UBR-80A 288 23.0 L-C -26 -15 64 115 107 79 19 14 
C-L -40 -40 _c __ c 

155 114 36 26 

a Change over previous condition b Untested irradiated condition c Not detel'l1lined 
(unirradiated or irradiated) specimens still available 
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in KJc 100 MPa); temperature was found with the 0.5T-CT specimen 
tests (Fig. 10). Both determinations show the NRC's Regulatory 
Guide 1.99 Rev. 1 and Rev. 2 to be conservative. Specifically, Rev. 1 
and Rev. 2 project transition temperature elevations of 67°C and 59°C, 
respectively, for this 0.15% Cu, 0.015% P, 0.79% Ni steel. 

Referring to upper shelf toughness, only a small reduction in J level 
at 177°C was apparent after irradiation (Fig. 11). At 288°C, the data 
for the unirradiated and irradiated conditions are colinear (Fi§. 
12). Together, the J-R curves for the irradiated condition at 177 C 
and at 288°C describe only a small toughness reduction with an 
increase in temperature in this range (Fig. 13). 

Postirradiation heat treatment at 399°C for 168 h resulted in full Cv 
upper shelf recovery but only partial 4l-J transition temperature 
recovery (Fig. 8). The 454°C-168 h anneal, in contrast, produced full 
upper shelf recovery and essentially, full 41-J recovery (Fig. 9). 
The Cv upper shelf energy level of the annealed material is higher 
than that of the unirradiated material (114 J vs. 103 J, 
respectively). Whether or not this was due to the prior neutron expo-

° ° sure or just the duplex thermal treatment of 288 C-249 h + 399 C-168 h 
(or alternatively 454°C-168 h) has not been established. The unirra­
diated and irradiated condition tests were performed on the same 
impact test machine; accordingly, the difference is not experimental 
procedure related. MEA tests of unirradiated, thermally-conditioned 
A 302-B and A 533-B pressure vessel steels have indicated a similar 
effect of duplex heat treatments on upper shelf level (Ref. 11). 

The 0.5T-CT specimen data for unirradiated, irradiated, and annealed 
conditions are compiled in Appendix G. Specimens that were 
postirradiation heat treated showed an inconsistent recovery in the 
transition regime. For the 399 0 C-168 h heat treated condition 
(Fig. 14), two specimens showed essentially no recovery when 
referenced to the mean curve for the irradiated condition but four 
others receiving this heat treatment indicated up to 80% recovery in 
transition temperature at the 100 MPa); level. For the 454°C-168 h 
heat treated condition (Fig. 15), two specimens tested in the 
transition regime indicated essentially 100% recovery unlike three 
others which depicted < 50% recovery. The reason(s) for the 
inconsistent response to the annealing treatments has not been 
determined. In contrast, relatively low data scatter in the 
transition regime was found for - both the unirradiated and the as­
irradiated material conditions (see Fig. 10). Both annealing heat 

° treatments resulted in some recovery in J-R curve level at 177 C (Fig. 
16). Consistent with Cv upper shelf trends, the anneal at 399°C for 
168 hproduced a higher toughness than that found for the unirradiated 

° condition. On the other hand, the higher anneal temperature 454 C, 
did not provide complete recovery in the J-R curve level in contrast 
to the > 100% upper shelf recovery demonstrated by the Cv tests. 
OVerall, the differences in the J-R curve levels among the four 
conditions are not large; possibly multiple tests at each condition 
would have yielded overlapping trend bands. 
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Tensile test results are summarized in Table 5. A 76-MPa elevation in 
ambient temperature yield strength and a 59-MPa elevation in ultimate 
strength were produced by the irradiation. Tests at 288°C showed a 
23-MPa elevation in yield strength and a l6-MPa elevation in ultimate 
strength. The 399°C-168 h and the 454°C-168 h postirradiation heat 
treatments achieved 70% and 100% recovery in yield strength, respec­
tively. Accordingly, yield strength changes follow well the 
concomitant Cv 4l-J transition temperature changes. 

7.2 Through-Wall Fluence Determination 

The fluence determinations made at various depths through the vessel 
wall, using a slice from Trepan G, are listed in Table 6 and are 
illustrated in Fig. 17. The determinations were made by EG&G Idaho, 
Inc. (J. W. Rogers) for MEA under subcontract. Details of the fluence 
determination procedures are given in Reference 12 (Appendix H). 

Important to the thrust of the USA/FRGfUK program, the fluence to the 
inner-I~ll su~face was much less than the original fluence estimate of 
1 x 10 n/cm, E > 1 MeV, made at the time of vessel decommissioning 
and the 8.8 x 1018 n/cm2 fluence received by the UBR- 68 irradiation 
experiment In turn, the planned 1:1 comparison of embrittlement for a 
fluence-rate-effects determination could not be made. (Note: 
Material for the through-wall fluence determination unfortunately was 
not available at the time of the UBR-68 irradiation test.) 

Table 6 includes through-wall fluence projections (i.e., attenuated 
fluence values) by Revision 2 of Regulatory Guide 1.99. Figure 18 
compares the projections against measurements. The projections of in­
wall fluences appear much higher than the measurements indexed to an 
assumed fission spectrum but are within 5 percent of adjusted 
measurement values indexed to the calculated spectrum. A best- fit 
equation for the fission spectrum based data has an exponent value of 
0.41. 

7.3 UBR Test Reactor vs. Service-Irradiation Embrittlement 

Cv data developed by MPA with Trepan C and G samples having the L-C 
and C-L orientation are illustrated in Fig. 19. The samples were from 
trepan specimen layer No. 2 which corresponds approximately to the 
1/8T-thickness location. The data trend for the archive material from 
the UBR-68 experiment is also shown for comparison. The f1uence to 
the trfKan fpecimens (MPA determination) was approximately 
2.4 x 10 n/cm or about one-third that received by the archive 
material. Nonetheless, the trepan L-C orientation tests describe a 

° 60 C increase in 41:-J temperature and a 50-J decrease in Cv upper 
shelf energy (referenced to the pre irradiation properties of the 
archive material). Accordingly, the service-induced embrittlement is 
shown to be much greater than the accelerated (test reactor) irradia­
tion-induced embrittlement. A second observation is that the trepan 
C-L orientation data describe only a 30°C increase in Cv 41-J transi­
tion temperature and a < 10-J decrease in upper shelf energy 
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Tabl. 5 Aveni. Te .. U. Dllta for UB--A Arclliv. Haterial O/8T layer) 

kpertmeat nueace Orient. a Test Yield Stre~th TemUe Stre~th 
Tap. 

(b) (OC) (HPa) (kai) (AHPa)c (HPa) (kai) (AHPa)c 

Utd.rradiated Adal 24 to 32 489.6 71.0 633.1 91.8 
288 439.5 63.7 633.1 91.8 

-129 684.8 99.3 826.1 119.8 

24 to 32 492.6 71.4 634.5 92.0 

UBI-78 (288°C) 
ii-lindtated 2.7 Ada1 31d 516.3 74.9 26.7 652.8 94.7 19.7 

am. 31d 529.7 76.8 37.1 656.6 95.2 22.1 

UIl-68 (288°C) 
21! ii-lii'idu tea 8.7 Adal 564.1 81.8 74.5 691.5 100.3 58.4 

28t' 462.6 67.1 23.1 648.8 94.1 15.7 

~led (399°C-168 h) Adal 2~ 511.2 74.1 22.6 647.0 93.8 13.9 
448.0 65.0 8.5 625.9 90.8 -7.2 

~led (454°C-168 h) Mia1 2~ 484.1 70.2 -5.5 631.2 91.5 -1.9 
429.5 62.3 -10.0 614.2 89.1 -18.9 

ADnealed (399°C-48 h) Adal 28ed 464.4 67.4 24.9 650.4 94.3 17.3 

Ull-79 
31d }i:1ii8diated (275·C) 8.5 Adal 565.3 82.0 75.7 703.1 102.0 70.0 

Aa-Irndiated (260°C) 8.8 Az1al 31d 585.4 84.9 95.8 705.5 102.3 72.4 

UIR-8O (288°C2 
ii-lrradUtea 23.0 Arlal 31 602.6 87.4 112.6 731.5 106.1 98.4 

a hr AS1'M E 399, Az1al • lD~itudinal; am. • Clroafereatial 

b a 1019 alca2 (I > 1 HeV) 

e ElevatioD relative to uairradiated conditioD data, .... test orientatioD and temperature 

cl SilWle values oaly 
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I 

l.J 
l.J 

'Dm1.e 6 ~ Vessel mB-A, Tn!pm G n:sinet::ty 

sam:u.e Mass ~B;lg > 1 Me!IT >1 Me!IT lC 1.99 BelT 2 > 1 Me!IT > 0.11!t1N 60(1:) B;lg 'IhemBl 'lhecIBl 
IJi3- (l/l3/T7) Na.tt:ttn Na.tt:ttn > 11!t1N Neut:ral Neut:::ta1 (1/13(71) Nalt:ral Neut:tt:n 

~ F.l.uen::leC F.l.uen::le F.l.uen:::2e F.l.ueroee 
~ F.l.ueroeC 

P.rojECtimd 

(g) (x w5) (X 10'3) (X 1018) (X :t.ol8) (x 1018) (x 1018) (X 105) (X m9) (x 1018) 

O.ozr 1.8162 7.19 ± 0.49 14.60 ± 0.12 3.34 ± 0.28 3.34f 2.59 ± 0.22 5.16 ± 0.43 6.00 ± 0.31 14.50 ± 0.(11 3.23 ± 0.18 

0.l5l' 1.7793 5.84 ± 0.36 11.80 ± 0.10 2.71 ± 0.22 2.92 2.38 ± 0.19 5.56 ± 0.45 2.89 ± 0.15 

0.2iT 2.8309 4.57 ± 0.28 9.29 ± 0.75 2.11 ± 0.17 2.57 2.05 ± 0.17 5.33 ± 0.43 1.62 ± 0.Q3 

0.471' 1.1943 3.19 ± 0.20 6.28 ± 0.51 1.47 ± 0.12 2.09 1.59 ± 0.13 5.02 ± 0.41 0.87 ± 0.44 

0.71fr 1.7710 1.98 ± 0.13 4.02 ± 0.33 0.91 ± 0.75 1.58 1.18 ± 0.10 4.51 ± 0.37 0.56 ± 0.29 

0.98I' 1.6817 1.28 ± 0.Q3 2.59 ± 0.21 0.59 ± 0.48 1.23 0.80 ± 0.07 3.50 ± 0.29 0.61 ± 0.31 

a witltin the 1-mn (4.35-:in.) t:hidc slica sent to Er;aG Idato [vessel t:hidaless = 119 lim (4.7 :in.)] 

b n;af--5-1 (fissicn sp:d:mD. ass.upt::ial) 

C n;af- (fissial sped:mn assmptial) 

dn;af-
e n;af- (ca]oJl.ated spect::t\ID) 

f PeferEn:Bi to t:ha 0.02l' padtim 

6.99 ± 0.36 1.60 ± 0.(11 

3.92 ± 0.20 0.90 ± 0.46 

2.10 ± 0.11 0.48 ± 0.24 

1.35 ± 0.07 0.31 = 0.16 

1.48 ± 0.(11 0.34 ± 0.17 
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(Ref. 1). As noted in Fig. 19, a portion of the transition 
temperature elevation for the trepan material can be ascribed to a 
time-at-temperature effect without neutrons present. The above L-C 
vs. C-L data comparison together with the relative embrittlement 
sensitivity found in the UBR-68 experiment constitute the anoma10us 
behavior referred to at the beginning of this report. 

Prior experience in test reactor irradiation studies and the few 
comparisons of C-L vs. L-C orientation data available from power 
reactor surveillance programs have led investigators to expect roughly 
comparable elevations in 41-J transition temperature for L-C vs. C-L 
test orientations. A companion expectation is a greater "absolute" 
reduction in upper shelf level for that test orientation having the 
higher pre irradiation Cy upper shelf energy, that is, the "strong" 
test orientation, for cases where the pre irradiation difference is 
quite pronounced. This expectation is one reason that the projection 
of upper shelf reduction by the NRC Regulatory Guide 1.99 is given in 
terms of percent decrease rather than an absolute value for a given 
fluence. 

7.4 Follow-On Irradiation Experiment Matrix (UBR-78, UBR-79, UBR-80) 

To verify the anomalous behavior, and separately, to obtain a critical 
test of neutron spectra effects on irradiation embrittlement sensiti­
vity, a set of three additional experiments was undertaken for the 
archive material. Irradiation parameters and specimen complements are 
indicated in Table 1. The specimen loadings of the three experiments 
are indicated in Figs. 20 to 22; daily operating temperature records 
are included in Appendix D. 

The thrust of one new experiment, UBR-78, was the development of a set 
of data for a fluence closely matching that actually received by the 
1/8T-thickness location of the vessel (Trepan C and G). As with 
experiment UBR-68, Capsule A contained Cv and tensile specimens and 
Capsule B contained O.ST-CT specimens. . The second experiment, 
UBR-79A, addressed the question of the effect of irradiation tempera­
ture on material irradiation sensitivity. Here, a reanalysis of the 
probable vessel wall operating temperature by the utility indicated a 
service temperature of 279°C for the vessel belt-line region, rather 

° than 288 C. This best estimate was derived mainly from downcomer 
water temperature information. To test the irradiation temperature 
effect more critically, the target temperature for UBR-79A was 275°C, 

° rather than 279 C. The target f1uence was the same as that for the 
° original 288 C experiment, UBR-68. In actuality, the Cv specimens in 

UBR-79A were irradiated at 260°C (Group 1) and 275°C (Group 2). The 
temperature difference resulted from the "piggybacking" of the six 
O.ST-CT specimens in with the Cv specimen array. The development of 
two temperature zones, however, proved fortuitous. 

The third experiment, UBR-80, was undertaken to obtain high f1uence, 
288°C irradiation data. for a light-water environment, for comparison 
with data being developed by Ha~e11 f02 a heavy-water environment. 
The target fluence was 2.3 x 10 9 n/cm. In the interest of a 
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complete summation of MEA investigations on the archive material, data 
from the UBR-80 irradiation test are provided below. Data from the 
cited Harwell investigations are not expected until late 1989. 

The C-L and L-C test orientations were included in all three irradia­
tion assemblies (UBR-78, -79A, and -80A) to qualify the orientation­
dependence of radiation sensitivity for the reactor vessel material. 

The specimens for the irradiation assemblies were removed from the 
code GEB-2 ring forging at locations adjoining but somewhat displaced 
from that supplying the unirradiated condition test specimens. As a 
precaution against possible property differences around the forging 
circumference, a number of extra specimens were cut along with the 
specimen complement for irradiation, for check-tests of unirradiated 
condition properties. Results from the CT check-test specimens are 
illustrated in Figs. 23 and 24. Good consistency of the data in terms 
of transition regime trends and J -R curve trends is observed. A 
similar consistency was observed for the Cv specimen data sets. 

7.5 Irradiation Experiment UBR-78 

Cv data for the L-C orientation and the C-L (strong) orientation are 
presented in Fig. 25 and are tabulated in Appendix F. Appendix F also 
includes computer curve-fits of these data and curve-fits for the data 
from experiments 79A and 80A. The ave:l?e fl~ences received by the 
UBR-78 flperi~nt specimens, 2.7 x 10 nlcm (Cv ' tensile) and 
2.6 x 10 nlcm (0. 5T-CT) , essentially match 1: 1 the fluences 
received by the Trepans C and G at their l/8T-thickness location. 
Average fluence rate values determined from individual neutron 
dosimeters in irradiation experiments UBR-78, UBR-79A, and UBR-80 are 
included in Appendix E. 

Unlike the trepan test results, the data from this experiment do show 
about equal Cv 4l-J transition temperature elevations and about equal 
upper shelf energy reductions for the L-C and C-L test orientations. 
The reductions in upper shelf energy were small, that is, nominally 
5 J or less. The elevations in 4l-J transition temperature were also 
small, about 18°C. 

A comparison of the C-L orientation results for the trepan vs. the 
archive material indicates a reasonably good agreement (Fig. 19) The 
transition temperature elevations are within 10°C; the upper shelf 
reductions are both less than 10 J. The data sets for the L-C 
orientation, on the other hand, reinforce the original anomalous 
indications for the trepan. 

Data from the O. 5T-CT specimens irradiated in experiment UBR- 78 are 
given in Appendix G. The 100 MPa/~ temperature elevation is somewhat 
higher than the Cv 4l-J temperature elevation. In the transition 
regime, the data lie between that from experiment UBR-68 ~nd that for 
the unirradiated condition (Fig. 26). The 100 MPaLm transition 
temperature elevation is about 60% of the 100 MPa/m temperature 
elevation observed with experiment UBR-68. The J -R curves for 177°C 
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describe a higher J level than the J -R curves for the unirradiated 
condition at this temperature for aa values up to 0.5 mm (Fig. 27); at 
higher aa values, the J level for the irradiated condition is lower 
than that for the reference condition. For the 288°C test condition, 
the J -R curves tend to be lower than those for the unirradiated 
condition (Fig. 28). [Note: A number of 0.5T-CT specimens from UBR-78 
remain untested. Because of the low embrittlement, the planned 
assessments of annealing response (see Table 1) will not be made.] 

The data obtained from tensile specimens are included in Table 5 and 
are discussed in conjunction with the UBR-79A and UBR-80A test results 
in a later section. 

7.6 Irradiation Experiment UBR-79A 

The Cv data from this experiment are illustrated in Fig. 29. The Cv 
specimens in this assembly were irradiated at either 260°C (Group 1) 
or 275°C (Group 2), as ,tated in paragraph k.4. !he average fluences 
received were 8.5 x 101 n/cm2 and 8.8 x 101 n/cm, respectively, and 
closely match the fluence (8.8 x 1018 n/cm2) of UBR-68. Accordingly, 
the data can be compared directly for an irradiation temperature 
effects determination. 

The results show only a small influence of irradiation temperature on 
the change in notch ductility properties. Transition temperature 

o elevations were, in order of increasing irradiation temperature: 56 C, 
47°C, and 44°C. The comparison of 275°C vs. 288°C irradiation 
temperature effects is of particular interest to the l<RB-A analysis 
since the various estimates of vessel in-wall temperatures at the belt 
line are within this temperature range. The data from experiments 
UBR-79A and UBR-68 indicate that the uncertainity in the irradiation 
service temperature is not of practical significance. In turn, it can 
be concluded that the currently estimated vessel service temperature 
at the belt line, 279°C, does not have a bearing on the anomalous Cv 
data for the trepan L-C vs. C-L orientation. This is supported by the 
few Cv data developed for the C-L test orientation in this experiment. 

The tensile test results are given in Table 5. The elevations in 
yield strength and tensile strength compare well with those observed 
in the 288°C irradiation experiment. 

The fracture toughness data are tabulated in Appendix G and are 
illustrated in Fig. 30. From the v~ry limited data the transition 
temperature increase at the 100 MPa./m level would appear to exceed 
that found with the UBR-68 irradiation which had a comparable fluence 
(aT 68°C vs. aT 48°C) and implies a somewhat higher material 
sensitivity to irradiation at_275°C, unlike the Cv or tensile specimen 
data. A relatively large decrease in J-R curve level due to 
irradiation is apparent at a test temperature of 31°C (Fig. 31), in 
contrast to the small decrease found for experiment UBR-68. 
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7.7 Irradiation Experiment UBR-80A 

The experimental Cv data are illustrated in Fig. 32. The inclusion of 
C-L and L-C orientation specimens in this assembly provided a critical 
test of the orientation dependence of the upper shelf reduction. It 
should be noted that the blanks for the two specimen sets were located 
very close to one another and to the check test. specimens in the 
archive material stock. A 36-J reduction in upper shelf energy level 
is described by the C-L orientation data whereas a 19-J reduction is 
found for the L-C orientation data. The greater reduction by the 
"strong" test orientation is consistent with the data from prior 
accelerated irradiation tests. 

The transition temperature elevation recorded with this experiment, 
when joined with those of experiments UBR-68, UBR-7S, and UBR-79A, 
provides the embritt1ement trend with f1uence shown in Fig. 33. The 
trend in yield strength with f1uence is also shown. Where specimens 
of C-L and L-C orientations were available, a general independence of 
the yield strength elevation on test orientation is indicated. The 
data indicate the following relationship: AOC (41-J temperature 
elevation) - 1.67 ~Pa (yield strength elevation). 
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8. DISCUSSION 

A reasonable explanation for the "anomalous" test orientation depen­
dence of radiation embrittlement found for the material trepanned from 
the KRB-A vessel has not been provided by the second group of 
experiments with the archive material. Accordingly, the studies 
should continue. 

The original NRC objective for the USA/FRG,IUK investigation was to 
critically test the influence of fluence rate on irradiation 
embrittlement and postirradiation embrittlement relief by annealing. 
In view of the anomalous trepan data comparison, caution is advised in 
making a fluence-rate assessment in the present case. That is, the 
L-C orientation data for the archive material vs. the L-C orientation 
data for the vessel trepans suggest a fluence-rate effect while the 
C-L orientation data for the two materials do not. Fortunately, both 
test orientations of the trepan were evaluated at the outset; 
otherwise, potentially erroneous conclusions could have resulted. The 
prima facie evidence for the L-C orientation (only) could easily have 
provided a conclusion that a highly detrimental fluence-rate effect 
exists for this particular steel type or composition. The evidence 
now available does not preclude such a conclusion in the future, but 
the anomalously high radiation embrittlement sensitivity of the L-C 
orientation relative to the C-L orientation is not supported by 
present experience with other materials. 

Metallurgical explanations for the anomalous set of results are being 
sought through state-of-the-art microscopy and direct analyses of the 
fracture surface properties, including composition. Perhaps some 
preferential radiation-induced segregation could be responsible for 
the greater embrittlement to the "weak" orientation compared to the 
"strong" orientation. 

An explanation could reside in the fabrication history of the vessel 
ring forging itself. Nothwithstanding the good agreement found in 
verification tests between archive material and vessel material 
(composition, strength, microstructure, C-L orientation notch 
ductility), the documentation on pre irradiation L-C orientation 
properties of the vessel material is practically nil. It is noted 
that ring forgings can exhibit significant differences in properties 
around their circumference. One forging material included in the 
second round of IAEA studies on the reliability of reactor pressure 
components (Refs. 13, 14, and 15) is an example. Carrying this 
forward, the properties of the archive material may not adequately 
represent the properties of the vessel material at the particular 
location at which the trepans were removed. The failure of trepan 
specimens annealed at 454°C to develop the same upper shelf level as 
the archive material specimens in the unirradiated condition (Ref. 1) 
may be indicative of such a scenario. In the broad sense, potential 
material variability in the pre service condition points to a 
conceivable problem in reactor vessel surveillance data applications 
on one hand, and a problem of data bank analyses for Regulatory 
Guide 1.99 application on the other, particularly at low fluences 
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where the potential for large percentage errors are greatest. The 
performance of routine "check tests" of pre irradiation properties as a 
precaution in critical data applications is one means of improving on 
this situation. 

In the case of the present USA/FRGjUK program, MEA and MPA have 
proposed that the anomaly be resolved by a test reactor irradiation of 
specimens made from the outer (low fluence exposure) ligaments of the 
trepan. MEA experiment designs are available for this purpose. If 
the same orientation dependence of embrittlement sensitivity is 
indicated by this irradiation test, it could be concluded that the 
anomaly is rooted in the material tested and not the difference in 
fluence rates involved (UBR vs. KRB-A service). If the same orien­
tation dependence is not indicated, it will confirm the fluence-rate 
effect. In similar fashion, the approach precludes any uncertainties 
in later material comparisons by microscopy for the mechanistic cause. 
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9. SUMMARY 

The accomplishments and primary observations of this investigation 
are: 

• Two welded ring segments obtained by the NRC from General 
Electric Company have been identified to a high degree of 
certainty as archive material for ring No. 7.1 of the 
Gundremmingen KRB-A reactor vessel. Verification tests 
involved metallurgical and composition tests and archive 
material comparisons against unused surveillance specimens 
and portions of the vessel removed by trepanning. 

• Notch ductility, fracture toughness (J-R curve), and 
tensile properties of the archive material through its 
thickness were determined experimentally using full-size 
Cv specimens, O.ST-CT specimens, and S.74-mm diameter 
tensile specimens oriented in ASTM L-C and C-L 
orientations. Relatively good uniformity in properties 
was observed between 1/ST-, l/4T-, l/2T-, and 
7/ST-thickness locations. The Cv upper shelf energy level 
of the L-C orientation was about 30% lower than that of 
the C-L orientation (107 J vs. 155 J); the yield strengths 
of the two orientations were about the same. 

• The fluences received in through-wall locations were 
determined for the KRB-A pressure vessel. The fluence at 
approximtiely the lIST-thickness location was 
2.7 x 10 n/cm2 uncorrected for neutron sPi~trum shape 
(fission spectrum assumption) and 2. 3S x 10 ts n/cm2 for 
the calculated neutron spectrum conditions at the vessel 
trepan location. The vessel inner-wall fluence is much 
lower than that originally projected by the FRG at the 
time of decommissioning. 

• The archive material was irradiated in the light-water 
cooled lTd moterated UBR test reactor to 2. 7 , Sf S , an~ 
23 x 10 n/cm at 2SSoC and to - S. 7 x 10 S n/cm 
(E > 1 MeV) at 260°C and 275°C. Good agreement in 4l-J 
transition temperature elevation was observed for the L-C 
vs. C-L orientation; the upper shelf energy reduction for 
the C-L orientation was about equal to that for the L-C 
orientation at the lowest fluence condition evaluated but 
was greater than that for the L-C orientation at the 
higher fluences. 

• The L-C orientation Cv data for the archive material 
irradiated in the test reactor (accelerated irradiation 
conditions) describe less embrittlement than L-C orienta­
tion data for the vessel material at about the same 
fluence. This can be interpreted as a fluence rate effect 
indication. Comparisons of C-L orientation data for the 
archive material and trepan material, however, show about 
the same radiation embrittlement at a matching fluence. 
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• 

The L-C orientation comparison assumes that the 
pre irradiation properties of the archive material 
represent those of the vessel material which are unknown. 

• The large difference in apparent radiation embri tt1ement 
sensitivity between the C-L "strong" test orientation 
(low) vs. the L-C "weak" test orientation (high) is 
anomalous; one approach for resolving the anomaly is 
described. 

• The transition temperature shift from fracture toughness 
tests (measured at the 100 MPajID level) tended to be 
slightly higher than that described by Cv tests for «8aoe 
irradiation conditions. For f1uences of - 2.7 x 101 and 
- 8.6 x 1018 n/cm2 , the difference was 12°C and 4°e 
respectively. 

• Upper shelf (J -R curve) fracture toughness was not 
degraded significantly by any of the test reactor 
irradiati~n exp~sures even though f1uences were as high as 
8.8 x 10 n/cm (E > 1 MeV) . 
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MATERIALS ENGINEERING ASSOCIATES, INC. 

MEA-209S 

PRE IRRADIATION QUALIFICATION OF MATERIALS IDENTIFIED AS KRB-A ARCHIVE 

J. R. Hawthorne 

1. BACKGROUND 

MEA has the task of irradiating and evaluating Gundremmingen reac tor 
vessel archival materials in support of NRC research on long-term, in­
service irradiation effects. MEA's results, together with 
determinations by MPA of the Federal Republic of Germany (FRG) on 
materials trepanned from the KRB-A vessel itself, will be analyzed for 
the effects of neutron exposure rate, steel composition, through­
thickness damage attenuation, and for the correlation of Charpy-V (Cv ) 
notch ductility vs. fracture toughness vs. strength. Properties 
recovery by postirradiation heat treatment will also be investi­
gated. The MEA and MPA programs are limited to studies of the base 
metal. Studies of the girth welds are not being performed. The NRC 
decision to forego weld metal investigations stemmed from the FRG 
determination that more than one filler metal was employed in complet­
ing the weld thickness; that is, each weld has a composition variation 
through its thickness. 

In April, 1985, two pieces of we1dment identified by stamp markings as 
"KRB Vessel", were acquired from the General Electric Company (GE) -
Vallecitos site. Each of the pieces represents a ring segment. One 
weighing approximately 3,200 lb. contains a circumferential weld 
deposit located at the half-height of the ring; the second, weighing 
only 450 lb., also contains a circumferential weld. In this case, the 
weld is placed closer to one edge than the other. Both segments are 
approximately 4-11/16 in. thick. The smaller piece was given the code 
GEA by MEA; the larger pieces was assigned the code GEB. In this 
report, GEA and GEB are termed "archive materials." The two base 
metals of GEA were given the code number GEA-1 and GEA-2, respec­
tively; those of GEB have the code number GEB-1 or GEB-2. 

Initial task objectives were the determination of the chemical compo­
sition, hardness, tensile strength and notch ductility of each of the 
four base metals contained in the welded ring segments. Microstruc­
tures were also to be identified. The findings were to establish 
whether or not the base metals are from the same parent material (or 
steel melt). Additionally, the results were to be compared against 
documentation for the KRB-A vessel to determine if the material 
acquired from GE is in fact archive material for the vessel. Specifi­
cally, the material from GE is believed to be a portion of forging 
ring no. 7.1 of the KRB-A vessel. 
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This report summarizes the MEA findings on the archive materials to 
date. 

2. APPROACH 

A phased approach to the qualification of the archive materials was 
chosen. Phase 1 included determination of material chemistry at the 
one quarter thickness position in each of the base materials, that is, 
GEA-l, GEA-2, GEB-1 and GEB-2, referenced to their inner (I.D.) 
surface. In addition, hardness levels and gradients through the 
thickness from the outer (O.D.) surface to midthickness were to be 
established. Metallographic examinations were also a part of Phase 1 
efforts. Phase 2 involved the cutting, machining and testing of 
standard Cv. and 5.74 mm. (0.226 in.) gage diameter tensile specimens 
from the 174T location in each of the materials. The specimens were 
to be removed in two orientations: axial and circumferential. 
Figures 1 and 2 are cutting plans developed for the removal of speci­
men blanks. Phase 3 (future) will develop through-thickness 
mechanical properties for the one base metal to be chosen, based on 
Phase 1 and 2 findings, for the main irradiation study. 

In addition to the evaluation of material from the rings GEA and GEB, 
MEA tested three HAZ Cv specimens from the original KRB-A vessel 
surveillance program primarily to obtain stock for check tests of the 
chemical composition of the surveillance base metal. The hardness of 
these specimens was also determined (before impact testing). The 
specimens, identified as D7M, D6E and D7Y were in the unirradiated, 
unaged condition and were obtained by Hawthorne (MEA) at the time of 
his visit to the reactor site. They were removed from top surface, 
1/4T and 3/4T thickness positions, respectively, in the 122 mm 
(4.8 in.) thick weld made for the vessel surveillance program. Exact 
specimen locations in the weldment and other particulars are 
documented in Appendix A. In this regard, documentation which exists 
for the surveillance weld (and for the archive materials) is sparse. 
This is due, in part, to the vintage of the vessel and to the less 
stringent requirements generally in force at the time of vessel 
manufacture. 

3. RESULTS 

3.1 Chemical Composition Determinations 

The chemical compositions of the archive materials are listed in 
Table 1 along with the composition of forging ring no. 7.1 given in 
the KRB-A documentation (Ref. 1). MEA findings for the base metal 
portion of the surveillance specimens D7M, D6E and D7Y are also 
included in this table. In the case of the archive materials, GEA and 
GEB, the determinations were made on drillings taken from a 
38 x 38 x 13 mm. (1.5 x 1.5 x 0.5 in.) thick sample centered approxi­
mately on the 1/4T plane of each base metal (Note: The cutting 
diagrams in Figs. 1 and 2 illustrate the general locations of the 
38 x 38 mm. x full thickness cutouts from which the stock for 
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Table 1 Chemical Compositions of Archival Materials, Codes GEA and GEB 

Material Chemical Compositions (Wt-%) 

C Hn 8i p 8 Ni Cr Mo Cu As 8n 8b v 

GEA-1 0.23 0.70 0.23 0.017 0.013 0.77 0.37 0.66 0.15 0.021 0.021 0.007 0.031 

GEA-2 0.24 0.71 0.21 0.014 0.018 0.77 0.36 0.66 0.15 0.023 0.021 0.007 0.030 

GEB-1 0.23 0.71 0.21 0.017 0.019 0.78 0.36 0.66 0.16 0.023 0.021 0.007 0.031 

> GEB-2 0.24 0.71 0.21 0.015 0.018 0.79 0.37 0.67 0.15 0.021 0.021 0.008 0.031 
I ..... 

KRB-A Vessela 0.22 0.78 0.24 0.019 0.017 0.82 0.38 0.62 
____ b 

Ring 7.1 
Melt 931-137 

D7J.>f 0.23 0.71 0.26 0.022 0.015 0.86 0.38 0.64 0.16 

D6Ec 0.23 0.71 0.25 0.026 0.019 0.84 0.36 0.63 0.15 

D7Yc 0.24 0.71 0.25 0.022 0.015 0.85 0.37 0.65 0.16 

a Reference: Schleiaar. JJIJ.!=_~~~!J.c)!~n_gsbericht U 4152, Dec. 11, 1964. 
b Not reported 
c Surveillance Specimens 



composition and hardness determinations was obtained.) Composition 
determinations on the HAZ Cv specimens also utilized drillings. 

Composition data for the rings depict a close similarity in chemistry 
for all four archive materials. It appears reasonable that they were 
all from the same steel melt. The composition values also match well 
the reported composition for vessel ring no. 7.1 (Ref. 1). Further­
more, the archive material chemistries are close to the composition 
determinations for the individual surveillance specimens. In Table 1, 
the nickel content variation is not considered indicative of two or 
more materials at this time. 

3.2 Hardness Determinations 

Tests for material hardness and the hardness gradient in the ring 
thickness direc tion were made on the larger of the two pieces left 
over from the corner cutout after the chemical composition sample was 
removed (see Fig. 3). Pairs of indents were made at 12.7 mm (1/2 in.) 
intervals, starting at a location about 6.3 mm (1/4 in.) beneath the 
O.D. surface. Hardness readings are listed in Table 2. Here, GEB-1 
and GEB-2 are observed to have comparable hardness levels and 
profiles. GEA-1 and GEA-2, on the other hand, have a small hardness 
difference, especially at test depths no. 3 and 4. No particular 
significance can be attached to this difference at this time. 

3.3 Microstructure Examinations 

Microstructures of GEA-1, GEA-2, GEB-1 and GEB-2 are shown in Figs. 4, 
5, 6 and 7 respectively. Through-thickness determinations were made 
for GEA-1 and GEB-1; only the 3/4T position was examined for GEA-2 and 
GEB-2. In general, the structures illustrated are tempered upper 
bainite or tempered upper bainite in combination with free ferrite. 
For both the GEA-1 and GEB-1 materials, a through-thickness gradient 
is apparent in terms of the amount of free ferrite present. While 
absent at the 3/4T and surface locations, a significant amount of 
ferrite is present at midthickness. Also note that GEA-1 shows a 
greater proportion of this consitiuent than GEB-1 which infers a 
slight difference in their primary heat treatment history (or original 
section size). On the other hand, the structures of the GEA-l and 
GEB-l are quite similar at the 3/4T (and presumably, the l/4T) 
location. In contrast, the structure of GEA-2 shows a greater propor­
tion of ferrite, compared to GEA-l at the 3/4T location. This could 
be due to local banding and is being investigated further. 

The microstructures of the base metal portions of the three HAZ Cv 
surveillance specimens are currently being established and will be 
compared to those of the archive materials. As noted above, the 
specimen represent top surface, 1/4T or 3/4T thickness positions in 
the weldment made for the vessel surveillance program. 

3.4 Strength Determinations 

Tensile 
Table 3. 

strength determinations (1/4T location) are summarized in 
In general, a major difference between axial and 
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Fig. 3 Schematic illustration showing locations of chemical composition and 
hardness test samples in base metal thickness. 
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Table 2 In-Depth Hardness of KRB-A Archival Materials 

Test Hardness (Rockwell-B) 
Position 

GEA-1 GEA-2 GEB-1 GEB-2 

1* 94.9 93.2 92.8 93.5 93.7 91.9 91.6 

2 94.9 94.1 92.4 93.3 93.0 93.2 92 .1 92.1 

3 94.8 94.8 90.5 90.3 92.0 91.7 91.4 91.9 

4 92.0 90.7 89.9 88.7 91.2 91.9 91.6 92.1 

5 89.8 89.1 89.3 89.3 90.6 91.6 89.3 89.9 

6 90.4 91.0 90.5 90.6 91.8 90.5 90.8 90.9 

* 1/4-in. below O.D. surface 

• 
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Fig. 4 Microstructures of Base Metals GEA-l through its thickness: 
A. I.D. Surface B. 1/8T Location C. 1/2T Location 
D. 3/4T Location E. 7/ST Location F. O.D. Surface . 
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Fil. 6 Microstructures of Ba •• Metal GEB-l throulh it. thickne •• : 
A. I.D. Surface B. l/8T Location C. l/2T Location 
D. 3/4T Location E. 7/8T Location, F. O.D. Surface 
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Fig. 7 Microstructure of Base Metal ,GEB-2 at 3/4T thickness location. 



Table 3 Ambient Temperature Tensile Properties of Archive Materials 

Material Orientation Specimen Yield Strengtha Tensile Strength Elongation Reduction of Area 
Code Number in 12.7 mm 

(MFa) (ksi) (MPa) (kst") (%) (%) 

GEA-1 Axial T1 507 73.5 652 94.5 36.2 61.6 
T4 514 74.5 658 95.4 37.2 61.1 

CMFLb T5 507 73.6 648 94.0 40.0 66.8 
T8 512 74.2 651 94.4 38.6 66.8 

GEA-2 Axial T1 503 72.9 645 93.6 38.6 61.6 
T4 492 71.3 651 94.4 30.8 57.6 

II> 
I CMFL T5 500 72.5 643 93.2 ..... 

.j:>. 

T8 487 70.6 643 93.2 34.8 62.6 

GEB-1 Axial T1 461 66.8 620 89.9 41.4 64.8 
T4 460 66.7 623 90.4 32.0 52.3 

CMFL T5 478 69.3 625 90.6 44.2 68.3 
T8 475 68.9 621 90.1 43.0 69.3 

GEB-2 Axial T1 467 67.8 618 89.6 42.6 65.3 
T4 471 68.3 621 90.0 38.4 66.8 

CMFL T5 464 67.3 617 89.5 42.8 69.1 
T8 467 67.7 620 89.9 43.0 69.3 

a 0.2% Offset (5.74-mm gage diameter specimens) 
b 

CMFL = Circumferential 



circumferential (CMFL) test orientations was not observed for any of 
the four archive materials. Also, good agreement between properties 
of GEA-1 vs. GEA-2 and between properties of GEB-1 and GEB-2 is 
found. A significant difference in yield and tensile strengths, 
however, is noted on comparing GEA-1 and GEA-2 vs. GEB-1 and GEB-2. 
The reason for the lack of agreement is not known, although it could 
be related to some difference in postweld heat treatment condition, 
e.g., stress relief annealed vs. non-stress relief annealed, or a 
difference in locations of GEA and GEB in the original (full) ring 
forging, or a dissimilarity in specimen thickness positions in the 
forging. In regard to the last possibility, it is noted that the 
rings show evidence of rough machining, presumably from steps taken to 
make the rings "round" after fabrication. The depths of machining 
cuts on the O.D. and I.D. surfaces differ between GEA and GEB as 
pointed out in Figs. 1 and 2. 

3.5 Notch Ductility Determinations 

Charpy V-notch ductility test results obtained to date (1/4T location) 
are listed in Table 4 and are illustrated in Figs. 8 and 9. Unlike 
the tensile test findings, a large difference in notch ductility is 
observed between axial and circumferential orientations. Determina­
tions at 93°C (200°F) for the axial orientation depict an upper shelf 
energy level approximately 30 percent lower than that of the circum­
ferential direction. Compared to GEA, GEB materials have a somewhat 
higher upper shelf level consistent with their lower yield strength. 
The difference is more apparent in the axial orientation data. 

In Figs. 8 and 9 the data developed for GEA and GEB are also compared 
to results developed in the mid-1960's for the vessel material 
(Ring 7.1, strong orientation) (Ref. 2,3). Overall, the results agree 
well with the earlier results. Table 5 lists the data developed by 
MEA for the three HAZ surveillance specimens. Figure 10 shows the 
results in relation to the data reported for the surveillance 
program. Again, a good correspondence is found. 

4. SUMMARY 

Two archive, forged rings carrying the stamp "KRB VESSEL" and contain­
ing a circumferential weld were acquired from GE-Vallecitos for the 
USA (NRC/MEA) - FRG (MPA) cooperative study of long-term, in service 
irradiation effects. The rings were given the identification codes 
GEA and GEB. MEA has developed chemical composition, hardness, 
strength and notch ductility properties for each of the base metals. 
The results show good agreement with existing documentation for 
forging ring no. 7.1 of the KRB-A vessel. 

MEA also tested three Charpy V-notch HAZ surveillance specimens for 
notch ductility, hardness and composition. Results for these speci­
mens agree well with prior data for the vessel surveillance program's 
HAZ material. In addition, the hardness and composition of the 
surveillance specimens (base metal portion) agree with MEA findings 
for the archive materials GEA and GEB. 

A-IS 



> 
I 
I-' 
0'\ 

Table 4 Charpy-V Notch Ductility of Archive Materials 

Material 
Code 

GEA-1 

(Code A12) 

Orientation 

Axial 

CMFLa 

Specimen 
Number 

16 

7 

5 

3 

9 

1 

32 

21 

20 

19 

22 

18 

aCMFL - Circumferential Orientation 

Temperature Energy 

(OC) (OF) (J) (ft-lb) 

-40 -40 15 11 

-18 0 34 25 

-1 30 41 30 

24 75 53 39 

49 120 92 68 

93 200 96 71 

-40 -40 24 18 

-18 0 29 21 

-1 30 61 45 

24 75 92 68 

49 120 123 91 

93 200 134 103 

Expansion 

(mm) (mils) 

0.254 10 

0.584 23 

0.711 28 

0.940 37 

1.397 55 

1.626 64 

0.406 16 

0.432 17 

0.914 36 

1.346 53 

1.676 66 

1.803 71 
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Table 4 (Continued) Charpy-V Notch Ductility of Archive Materials 

Material 
Code 

GEA-2 

(Code A22) 

Orientation 

Axial 

CMFLa 

Specimen 
Number 

16 

7 

5 

3 

9 

1 

32 

21 

20 

19 

22 

18 

aCMFL - Circumferential Orientation 

" 

Temperature Energy 

CC) CF) (J) (ft-lb) 

-40 -40 18 13 

-18 0 24 18 

-1 30 34 25 

24 75 61 45 

49 120 84 62 

93 200 88 65 

-40 -40 11 8 

-18 0 39 29 

-1 30 52 38 

24 75 103 76 

49 120 119 88 

93 200 136 100 

Expansion 

(nun) (mils) 

0.229 9 

0.432 17 

0.610 24 

1.803 71 

1.321 52 

1.346 53 

0.178 7 

0.610 24 

0.940 37 

1.448 57 

1.778 70 

1.956 77 

" 
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Table 4 (Continued) Charpy-V Notch Ductility of Archive Materials 

Material 
Code 

GEB-1 

(Code B12) 

Orientation 

Axial 

CMFLa 

Specimen 
Number 

16 

7 

5 

3 

9 

1 

32 

21 

20 

19 

22 

18 

aCMFL - Circumferential Orientation 

Temperature 

CC) (OF) 

-40 -40 

-18 0 

-1 30 

24 75 

49 120 

93 200 

-40 -40 

-18 0 

-1 30 

24 75 

49 120 

93 200 

Energy Expansion 

(J) (ft-lb) (mm) (mils) 

23 17 0.381 15 

37 27 0.660 26 

56 41 0.965 38 

76 56 1.245 49 

110 81 1.727 68 

108 80 1.651 65 

42 31 0.559 22 

61 45 0.889 35 

65 48 1.041 41 

107 79 1.626 64 

144 106 1.981 78 

141 104 2.210 87 
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Table 4 (Continued) Charpy-V Notch Ductility of Archive Materials 

Material 
Code 

GEB-2 

(Code B22) 

Orientation 

Axial 

CMFLa 

Specimen 
Number 

16 

7 

5 

3 

9 

1 

32 

21 

20 

19 

22 

18 

aCMFL - Circumferential Orientation 

Temperature Energy 

(OC) CF) (J) (ft-lb) 

-40 -40 24 18 

-18 0 35 26 

-1 30 54 40 

24 75 80 59 

49 120 102 75 

93 200 106 78 

-40 -40 35 26 

-18 0 50 37 

-1 30 71 52 

24 75 110 81 

49 120 146 108 

93 200 149 110 

Expansion 

(mm) (mils) 

0.457 18 

0.660 26 

0.868 34 

1.245 49 

1.753 61 

1.854 73 

0.533 21 

0.868 34 

1.092 43 

1.549 61 

1.829 72 

1.778 70 
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surveillance program data for the same orientation. Surveillance data for two 
irradiated conditions are also shown. 
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Table 5 Charpy-V Notch Ductility and Hardness of Surveillance Program Material (Melt 931 131) 

Specimen Orientationa Thickness Temperature Energy Expansion Shear Base Metal 
Number Location Hardness 

(OC) eF) (J) (ft-Ib) (mm) (mils) (%) (Rockwell B) 

D7M TL Top Surface -20 -5 30 22 0.203 8 25 92.2, 93.7 

:» 
I 

N D6E TL 1/4 T 90 195 87 64 0.813 32 100 91.6, 92.1 N 

D7Y TL 3/4 T 10 50 42 31 0.457 18 44 92.6, 92.7 

a Transverse to rolling direction 
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Differences in base metal yield strength and tensile strength were 
found on comparing GEA vs. GEB. Likewise, differences in Cv notch 
ductility between the base metals of GEA vs. GEB were noted. In 
particular, upper shelf energy levels for the axial test orientation 
were not the same. Potential sources of the noted material 
variability are suggested; however, the materials do appear to come 
from the same steel melt as that used for ring no. 7.1 of the reactor 
vessel. The two base metals within each ring have comparable proper­
ties. Thus, the selection of the base metal for the balance of the 
program reduces to two choices: that forming ring GEA or that forming 
ring GEB. Since the base metal remaining from GEA is a very small 
quantity, ring GEB should be the choice for the continuing program if 
at all possible. 
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Table B-I Cutting Diagrams Provided in Appendix B 

Drawing No. Title 

433-CO-SOOO Rev. 0 
433-CO-SOOI Rev. I 
433-CO-S002 Rev. 2 
433-CO-S003 Rev. 0 
433-CO-S004 Rev. I 
433-CO-SOOS Rev. 0 
433-CO-S006 Rev. 0 
433-CO-S008 Rev. 0 

433-CO-S009 Rev. 0 

433-CO-SOIO Rev. 0 

433-CO-SOll Rev. 0 

433-CO-SOI2 Rev. 2 
433-CO-SOI4 Rev. I 

KRB-A MatI. Piece GEB Cutting No. 2 
KRB-A MatI. Piece GEA Cutting No. 2 
KRB-A MatI. Piece GEB (Side 2) Cutting No. 3 
KRB-A MatI. Piece GEB (Side 2) Cutting No. 3 
KRB-A MatI. Piece GEB (Side 2) Cutting No. 4 
KRB-A MatI. Piece GEB (Side 2) Cutting No. 5 
KRB-A MatI. Piece GEB (Side 2) Cutting No. 6 
KRB-A MatI. Piece GEB (Side 2) Cutting No.7, 
Piece A 
K MatI. Piece GEB (Side 2) Cutting No.7, 
Piece B 
KRB-A MatI. Piece GEB (Side 2) Cutting No.7, 
Piece C 
KRB-A MatI. Piece GEB (Side 2) Cutting No.7, 
Piece D 
KRB-A MatI. Piece GEB (Side 2) Cutting No. 8 
KRB-A MatI. Piece, GEB (Side 2), Mods. to 
Cutting No. 7 and 8. 
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MATERIALS ENGINEERING ASSOCIATES, INC. 

THROUGH-THICKNESS MECHANICAL PROPERTIES OF KRB-A 
ARCHIVE STEEL FORGING GEB 

J. R. Hawthorne 

1 • BACKGROUND 

MEA-2159A 

MEA has the task of irradiating and evaluating Gundremmingen reactor 
vessel archival materials in support of NRC research on long-term, 
in-service irradiation effects. MEA's results, together with determi­
nations by Staatliche MaterialPruefungsanstalt (MPA)· of the Federal 
Republic of Germany (FRG) on materials trepanned from the KRB-A vessel 
itself, will be analyzed for the effects of neutron exposure rate and 
through-thickness damage attenuation. The effects of steel composi­
tions and the correlation of Charpy-V (Cv ) notch ductility vs. 
fracture toughness vs. strength will be examined. The joint program 
will also investigate properties recovery by postirradiation heat 
treatment. The MEA and MPA efforts are limited to studies of the base 
metal. Studies of the girth welds are not being performed. The NRC 
decision to forego weld metal investigations stemmed from the FRG 
determination that more than one filler metal was employed in complet­
ing the weld thickness. Each weld thus could have a ste'p-change in 
composition at some point in its thickness. 

In April 1985, two pieces of weldment identified by stamp markings as 
"KRB Vessel" were acquired from the General Electric Company (GE) -
Vallecitos site. Each of the pieces is a ring segment. One weighing 
approximately 7050 kg (3,200 lb) contains a circumferential weld 
deposit located at the half-height of the ring; the second, weighing 
only 990 kg (450 lb), also contains a circumferential weld. The weld 
in this case is closer to one edge of the ring segment than the 
other. Both segments are approximately 119-mm (4-11/16 in.) thick. 
The smaller piece has been given the code GEA by MEA; the larger piece 
has been assigned the code GEB. In this report, GEA and GEB are 
termed "archive ma'terials." The two base metals of GEA are identified 
by the code numbers GEA-l and GEA-2, respectively; those of GEB have 
the code number GEB-l or GEB-2. 

Initial task objectives were the determination of the chemical compo­
sition, microstructure, tensile strength, and notch ductility of each 
of the four base metals contained in the welded ring segments. MEA 
findings on these characteristics are given in Reference 1. From the 
composition tests, MEA and the NRC have concluded that the four base 
metals are from the same steel melt. Small differences in properties 
between the GEA-l and GEA-2 vs. the GEB-l and GEB-2 materials were 
found but may be a reflection of an (unknown) difference in heat 
treatment between the two ring segments. More important to this 
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study, the findings, when compared against documentation for the KRB-A 
vessel, indicate a high probability that the four base materials and 
the vessel forging ring no. 7.1 were from the same steel melt and that 
the base materials are representative of the vessel forging as fi rst 
placed in service. 

2. APPROACH 

The research plan called for a phased approach to the qualification of 
the materials from GE. Phase 1 focused on the determination of base 
metal chemistries, hardness levels and gradients through the thickness 
and microstructure determinations at points corresponding to the 1.0. 
and 0.0. surfaces, and to the 1/8T-, 1/4T-, 1/2T-, and 3/4T-thickness 
locations. Phase 2 involved the cutting, machining, and testing of 
standard Charpy-V (Cv ) and 5.74-mm (0.226-in.) gage diameter tensile 
specimens from the 1/4T location in each of the materials. The 
specimens were removed in two testing orientations: axial and circum­
ferential. The Phase 1 and Phase 2 findings are documented in 
Reference 1. The Phase 3 effort, reported here, assesses the through­
thickness properties of the GEB-2 material selected for the continuing 
investigations. The information acquired on property gradients was to 
provide one basis for choosing one material thickness location for the 
subsequent (MEA) irradiation tests. 

Properties evaluated in Phase 3 were notch ductility, tensile 
strength, and static fracture toughness including J-R curve 
behavior. Test procedures for the 0.5T-CT specimens are described in 
Reference 2. Tests were in conformance wi th ASTM Standard Methods 
E 8, E 23, E 399, and E 813 as applicable to the individual methods 
and test conditions. 

3. SPECIMEN BLANKING AND MACHINING 

Figures 1, 2, and 3 are cutting diagrams used for the acquisition of 
the specimen blanks. Not all blanks indicated were used for the 
development of through-thickness properties. The remainder are being 
applied to irradiation test needs. Note that the axial (weak) test 
orientation is depicted throughout; the ASTM Method E 399 defines 
this orientation as orientation code C-L. 

Individual specimens were machined in accordance with MEA drawings 
MEA-CO-5002 Rev. 3, MEA-Cl-5001 Rev. 1 Type 2, or MEA-AO-5003 Rev. 0 
(see Figs. 4, 5, and 6). The 0.5T-CT specimens were fatigue 
precracked for a distance of 1.78 mm (0.070 in.), corresponding to an 
a/W ratio of 0.5. The Kf (maximum) for the entire distance of fatigue 
crack growth was less than 22 MPafiii (20 ksi fIii:') • The CT specimens 
selected for testing in the upper shelf temperature regime were side 
grooved by 20% (10% each side) using a Vee-shaped cutter having the 
contour of the Cv specimen (see Fig. 4). 
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4. RESULTS 

The experimental results are listed in Tables 1 through 6. The Cv 
data are illustrated in Fig. 7; KJ toughness determinations via CT 
tests are summarized in Fig. 8. J-R curves from tests of the four 
thickness locations at 66°C (150°F) are compared in Fig. 9. 

Referring first to Table 1, the tensile strength determinations show a 
high degree of uniformity through the thickness. The difference in 
yield strength between the near surface locations (1/8T and 7/8T) and 
the midthickness location is less than 21 MPa (3 ksi); the difference 
in tensile strength between the two thickness positions is even 
less. Accordingly, the presence of free ferrite in the microstructure 
of the midwall location and absence of this component in the near 
surface location (Ref. 1) did not have a significant effect on 
material strength. 

The Cv notch ductility determinations also revealed a high degree of 
uniformity through the thickness (see Fig. 7). A good correspondence 
of properties between the 1/8T- and the 7/8T-thickness positions again 
is observed. For the 1/4T- vs. 1/2T-thickness positions, good agree­
ment of the data up to an energy level of about 81 J (60 ft-lb) is 
found; above this level, the energy absorption curves diverge such 
that the upper shelf level of the 1/4T specimens is greater than that 
of the 1/2T specimens. Important to the selection of thickness 
position for irradiation, the 1/4T vs. 1/8T positions have the same 
apparent Cv upper shelf levels [103 J (76 ft-lb)] and nearly the same 
Cv 4l-J transition temperatures [-29°C (-20°F) vs. -18°C (OOF)]. 

The results of through-thickness 0.5T-CT specimen tests generally 
support the Cv and tensile test indications. Referring to Fig. 8, the 
KJ transition indications for 1/8T vs. 1/4T are displaced by about 
17°C (30°F). Although somewhat greater than that observed in the Cv 
results, the displacement may be due to the greater thickness of the 
0.5T-CT specimen. With this specimen, its greater thickness would 
encompass a greater proportion of "near surface" material than the Cv 
(see cutting diagrams). Such material could be expected to have a 
lower transition than the material closer to the central region of the 
forging. Comparable upper shelf performances were found for the four 
test locations however (see Fig. 9). 

It is pointed out that the toughness values listed in Tables 3 to 6 
and illustrated in Figs. 8 and 9 are based on the ambient temperature 
flow stress and thus are approximate values only. Tests to define the 
flow stress vs. temperature relationship for the range of interest 
[-140°C (240°F) to 288°C (550°F)] are scheduled for Phase 4. These 
data are expected by July 1986 and will be included in MEA's monthly 
progress report to the sponsor. 
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5. SUMMARY 

The tensile strength, notch ductility, and fracture toughness of 
material code GEB-2 has been determined for 1/8-, 1/4T-, 1/2T-, and 
7/8T-thickness locations and the axial (weak) test orientation. Good 
correspondence of properties between locations has been observed. 
Strength differences are less than 21 MPa (3 ksi). Differences in 
transi tion temperature indexed to the Cv 41-J energy level and to the 
KJ 100-MPa /iii toughness level are on the order of 11 °c and l7°C, 
respectively. Upper shelf levels measured by Cv or CT test methods 
were the same for the four thickness positions. 

Based on the findings reported here, MEA proposed that the 1/8T thick­
ness position be used for the irradiation investigation (Ref. 3). In 
the vessel itself, this layer would have received a greater servi ce­
induced fluence than the 1/4T layer and, additionally, would better 
represent the small flaw case in PTS. This suggestion was accepted by 
the NRC (Ref. 4) on Jan. 30, 1986. 
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Identified as KRB-A Archive," MEA-209S, August 1985. 
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Table 1 

Thickness Specimen 
Location Number 

1/8T GEB-T9 

GEB-TlO 

1/4T GEB-T1 

GEB-T4 

1/2T GEB-T11 

GEB-T12 

7/8T GEB-T13 

GEB-T14 

a Failed in gage mark 

Tensile Properties of Code GEB-2,Axial Orientation 
(5.74-mm diameter, 12.7-mm gage length) 

Tensile Yield Strength Elongation Reduction 
Strength (0.2% Offset) 

(MPa) (ksi) (MPa) (ksi) (%) (%) 

633 91.8 488 70.8 38.4 61.1 

633 91.8 488 70.8 39.6 65.4 

618 89.6 467 67.8 42.6 65.3 

621 90.0 471 68.3 38.4 66.8 

621 90.0 472 68.4 23.4a 57.3 

621 90.0 467 67.8 40.6 61.6 

629 91.3 488 70.8 40.8 65.9 

631 91.6 488 70.8 40.0 66.4 



Table 2 Charpy-V Notch Ductility of Code GEB-2,Axial Orientation 

Thickness Specimen Test Energy Lateral Shear 
Layer Number Temperature Absorption Expansion 

(OC) (OF) (J) (ft-Ib) (mm) (mils) (%) 

1/8T 36 -1 30 62 46 0.940 37 
37 -57 -70 24 18 0.305 12 10 
38 -40 -40 33 24 0.457 18 
43 -18 0 43 32 0.432 17 34 
44 93 200 100 74 0.868 34 100 
45 -1 30 62 46 0.533 21 47 
46 49 120 104 77 1.956 69 100 
33 -29 -20 43 32 0.686 27 
34 -79 -1l0 9 7 0.127 5 0 
35 -40 -40 35 26 0.508 20 
39 -18 0 56 41 0.559 22 35 
40 93 200 107 79 1.981 78 99 
41 49 120 103 76 0.868 34 100 
42 24 75 95 70 1.600 63 

1/4T 16 -40 -40 24 18 0.457 18 
7 -18 0 35 26 0.660 26 
5 -1 30 54 40 0.868 34 
3 24 75 80 59 1.245 49 
9 49 120 102 75 1.753 61 
1 93 200 106 78 1.854 73 100 

1/2T 50 -1 30 48 35 0.762 30 
51 -57 -70 16 12 0.178 7 16 
52 -40 -40 29 21 0.432 17 
63 -18 0 43 32 0.457 18 34 
64 93 200 90 66 0.838 33 100 
65 -1 30 57 42 0.508 20 44 
66 49 120 90 66 1.524 60 
47 -23 -10 33 24 0.584 23 
48 -79 -1l0 II 8 0.127 5 0 
49 -40 -40 19 14 0.254 10 
59 -18 0 27 20 0.330 13 34 
60 93 200 90 66 1.549 61 99 
61 49 120 81 60 0.762 30 100 
62 24 75 84 62 1.295 51 

7/8T 56 -1 30 57 42 0.838 33 
57 -57 -70 30 22 0.279 II 16 
58 -40 -40 33 24 0.559 22 
71 -18 0 46 34 0.483 19 56 
72 93 200 100 74 0.868 34 100 
73 -1 30 66 49 0.584 23 50 
74 49 120 98 72 1.346 53 99 
53 -29 -20 37 27 0.635 25 
54 -79 -1l0 11 8 0.102 4 0 
55 -40 -40 31 23 0.457 18 
67 -18 0 53 39 0.559 22 35 
68 93 200 104 77 1.930 76 100 
69 49 120 111 82 0.940 37 100 
70 24 75 92 68 1.499 59 

C-16 



Table 3 J-R Curve Results for Code GEB (Side 2) 
(Axial Orientation, Layer 1/8T) 

Specimen Test (a/W)o a ~b M C Mp-~ J1c KJc Kac Tavg of 0y 
Number Temperature 

p 

MEA ASTM MEA ASTM MEA 

(OC) (OF) (UDD.) (UDD.) (UDD.) (kJ/m2) (kJ/m2) (MPaliii) (MPaliii) (MPaliii) (MPa) (MPa) 

GEB2-A6 -140 -220 0.509 _d 8.9 46.0 45.5 43.4 173.9 703.2 
GEB2-A13 -118 -180 0.508 26.0 78.2 65.3 61.4 738.0 667.4 

GEB2-A4 -90 -130 0.502 36.1 91.8 60.1 64.8 695.9 625.3 

GEB2-A15 -76 -105 0.509 36.2 91.7 52.6 63.8 676.5 605.7 

GEB2-A2 -68 -90 0.517 67.8 125.4 59.6 72.9 665.8 595.0 
(") 

1 I 50.8 70.9 I-' GEB2-A14 -57 -70 0.515 63.7 121.5 651.7 580.7 
--.J 

GEB2-A1 -46 -50 0.502 121.6 167.5 56.4 79.8 638.3 567.1 

GEB2-AJ -34 -30 0.516 165.7 195.3 59.3 83.4 624.4 552.9 

GEB2-ASe -18 0 0.509 137.4 118.1 117.3 164.4 607.0 535.0 

GEB2-A18e 65 150 0.525 6.05 5.72 -0.33 129.2 127.4f 170.0 168.3 99 538.6 463.0 

GEB2-A17e 117 350 0.522 6.53 6.19 -0.34 81.7 81.5 133.0 132.9 115 504.5 420.2 

GEB2-A16e 288 550 0.514 6.09 6.04 -0.05 117.4 110.5f 156.9 152.2 56 536.4 439.5 

a Pretest a/W c Crack growth predicted d Cleavage failure precluded e Side grooved by 20% 
b Measured crack growth by compliance determination of this quantity f Valid J1c ' per ASTM E 813-81 



Table 4 J-R Curve Results for Code GEB (Side 2) 
(Axial Orientation, Layer 1/4T) 

Specimen Test (a/W)oa ~b M C 

Number Temper.ature 
p Mp-~ J1c KJc Kac Tavg O'f O'y 

MEA ASTM MEA ASTM MEA 

(OC) (OF) (mm) (mm) (mm) (kJ/m2) (kJ/m2) (MPaliii) (MPaliii) (MPaliii) (MPa) (MPa) 

GEB2-B13 -118 -180 0.506 
__ d 

11.9 52.9 51.3 47.5 726.4 653.5 

GEB2-B27 -107 -160 0.504 19.6 67.8 59.9 55.3 707.9 634.3 

GEB2-B4 -90 -130 0.497 33.6 88.6 58.1 62.7 680.6 606.1 

GEB2-B15 -76 -105 0.517 28.8 81.9 52.9 59.2 659.5 584.2 

(") GEB2-B2 
I 

-68 -90 0.508 38.8 94.9 58.1 63.0 647.9 572.2 
I-' 
~ GEB2-B14 -57 -70 0.507 20.1 68.2 50.5 52.5 632.7 556.4 

GEB2-B26 -57 -70 0.526 81.2 137.1 45.1 72.8 632.7 556.4 

GEB2-B1 -46 -50 0.506 63.9 121.5 56.1 68.1 618.2 541.3 

GEB2-B25 -34 -30 0.510 80.6 136.1 50.6 70.2 603.2 525.7 

GEB2-B6 -29 -20 0.509 118.2 164.7 56.1 75.2 597.2 519.5 

GEB2-B5 -18 0 0.505 141.0 179.7 53.7 76.5 584.5 506.3 

GEB2-B3e -7 20 0.504 177.7 169.5 201.3 196.6 572.6 493.8 

GEB2-B18e 65 150 0.519 5.40 4.97 -0.43 152.2 132.9f 184.5 172.4 125 512.6 430.7 

GEB2-B17e 177 350 0.516 6.04 6.03 -0.01 98.0 83.5f 145.7 134.5 84 481.4 395.6 

GEB2-B16e 288 550 0.521 6.14 6.05 -0.09 82.5 84.1f 131.5 132.8 62 525.2 436.7 

: Pretest a/W c Crack growth predicted d Cleavage failure precluded e Side grooved by 20% 
Measured crack growth by compliance determination of this quantity f Valid J1c ' per ASTM E 813-81 



Table 5 J-R Curve Results for Code GEB (Side 2) 
(Axial Orientation, Layer 1/2T) 

Specimen Test (a!W)oa ~b l!,a.c l!,a.p-~ J1c KJc Kac Tavg CTf CTy 
Number Temperature 

p 

MEA ASTM MEA ASTM MEA 

(OC) (OF) (mm) (mm) (mm) (kJ/m2) (kJ/m2) (MPaliii) (MPaliii) (MPaliii) (MPa) (MPa) 

GEB2-C13 -ll8 -180 0.509 
__ d 

12.5 54.3 52.4 48.3 721.6 652.2 

GEB2-C4 -90 -130 0.512 23.0 73.2 53.3 56.8 677.7 607.4 

GEB2-C15 -76 -105 0.502 25.5 77.0 36.8 57.4 657.4 586.7 

GEB2-C2 -68 -90 0.5ll 51.6 109.4 60.2 67.4 646.3 575.3 
C'l 
I GEB2-C14 -57 -70 0.524 65.1 122.8 49.6 69.8 631.6 560.3 
t-' 

\0 GEB2-C1 -46 -50 0.520 74.3 131.0 55.9 70.7 617.6 545.9 

GEB2-C3 -34 -30 0.505 135.7 176.7 47.7 78.3 603.2 531.0 

GEB2-C6 -29 -20 0.515 185.3 206.3 54.5 82.4 597.4 525.1 

GEB2-C5e -7 20 0.515 6.10 6.12 0.02 167.0 167.2f 195.2 195.3 78 573.6 500.4 

GEB2-C1Se 65 150 0.510 6.36 5.S5 -0.51 155.5 159.4 186.5 188.8 99 515.0 438.6 

GEB2-CI7e 177 350 0.509 6.65 6.17 -0.48 ll5.4 120.1f 158.1 161.3 73 482.3 399.7 

GEB2-CI6e 288 550 0.498 5.92 6.23 0.31 llO.2 99.5f 152.0 144.4 53 520.2 429.8 

a Pretest a/W c Crack growth predicted d Cleavage failure precluded e Side grooved by 20% 
b Measured crack growth by compliance determination of this quantity f Valid J1c ' per ASTM E 813-81 



Table 6 J-R Curve Results for Code GEB (Side 2) 
(Axial Orientation, Layer 7/8T) 

Specimen Test (a/W)oa ~b IJac !Jap-~ J 1c KJc Kac Tavg (]f (]y Number Temperature 
p 

MEA ASTM MEA ASTM MEA 

(OC) (OF) (mm) (mm) (mm) (kJ/m2) (kJ/m2) (MPaliii) (MPaliii) (MPaliii) (MPa) (MPa) 

GEB2-E13 -118 -180 0.499 
__ d 

16.8 62.8 62.9 53.8 736.5 670.7 
GEB2-E5 -101 -150 0.502 29.7 83.5 61.1 62.6 709.3 643.0 
GEB2-E4 -90 -130 0.515 64.1 122.4 57.7 74.2 692.5 626.0 

C") GEB2-E15 -76 -105 0.504 70.0 127.6 58.9 74.2 672.3 605.3 
I 

f',) GEB2-E2 -68 -90 0.520 63.6 121.5 38.7 71.9 661.2 593.9 0 

GEB2-E14 -57 -70 0.509 126.1 170.9 50.6 81.5 646.5 578.9 
GEB2-E3 -51 -60 0.507 161.0 192.9 51.1 84.6 638.8 570.9 

GEB2-E1 -46 -50 0.516 170.5 198.4 50.9 85.0 632.5 564.5 

GEB2-E6 -29 -20 0.510 174.5 200.1 612.3 543.6 

GEB2-E18e 65 150 0.515 6.43 6.25 -0.18 134.2 134.4 173.3 173.4 114 529.9 457.1 

GEB2-E17e 177 350 0.502 6.46 6.21 -0.25 108.5 104.2f 153.3 150.3 69 497.2 418.2 

GEB2-E16e 288 550 0.506 6.16 6.10 -0.06 89.9 88.Sf 137.3 136.2 53 535.0 448.4 

a Pretest a/W c Crack growth predicted d Cleavage failure precluded e Side grooved by 20% 

b Measured crack growth by compliance determination of this quantity f Valid J1c ' per ASTM E 813-81 



APPENDIX D 

Daily Operating Temperature Records: 
Irradiation Experiments UBR-6S, UBR-7S, UBR-79A, UBR-SOA 
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Operating Temperature Records for UBR-68 

(Capsules A and B) 
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Fig. D-1 Thermocouple Placements on Compact Tension Specimens in Capsule A (UBR-68). 
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MATERlALS ENGINEERING ASSOCIATES, INC., 
ST"RUCTURAL INTEGRITY 'TECHNOLOGY 
CORROSION FATIGUE • FRACTURE MEQ-iANICS TESTIN3 • IFFIAOIATONS 

EXPERIMENT TEMPERATURE PERFORMANCE RECORD 

EXPERIMENT NUMBER: UBR 68 A,B DATE: 5 ... 4-86 OBSERVER: ..:K::,:CM==-__ _ 

9700-8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706-1837 USA. (301) 577-9490 



TC: 

MATERIALS ENGINEERING ASSOCIATES. INC 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSIO\I FATIGUE • FRACT\..JRE MEo-cANICS·TESTIr-.JG • IRRADIATIONS 

EXPERIMENT TEMPERATURE PERFORMANCE RECORD 

EXPERIMENT NUMBER: UBR 68 A,B DATE: 5-.5-86 OBSERVER: __ DA_S __ _ 

TEMPERATURES, -r 

UNIT A UNIT B UNIT C 

536 543 1 

2 :2J~ 2 ~~Q • 2 

3 SSZ 3 S~ I 3 

·4 S62 4 S6C 4 

5 . sss 5· SS2 5 

6 S2 I .6 S!lZ 6 

7 sse 7 S62 7 

8 ~~7 8 561 8 

9 S!I I 9 563 9 

10 521 (?) 10 559 10 

" SSlA tit 11 :2~§ II 

12 12 12 

13 13 S!lC 13 

14 14 S~s 14 

15 15 sse tit 15 

16 16 S36 16 

tit • CTC tit _ eTC tit _ CTC 

TEMPS TAKEN AT: A 0901 B 0847 C 

AVERAGE: A 549 B 554 C 
(Excluding eTC) 

D-6 
9700-8 GEORGE PALMER HIGHWAY, LANHAM, MARYLANO 20706-1837 USA. (301) 577-9490 



TEMPS 

TC: 

MATERIALS ENGINEERING ASSOCIATES. INC~ 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSICJI"',I FATIGUE e FRACTURE MED-IANICS TESTII'o.G e IRRADlATlONS 

EXPERIMENT TEMPERATURE PERFORMANCE RECORD 

EXPERIMENT NUMBER: UBR 68 A,B DATE: 5-6-86 . OBSERVER: _'.,.;;;D=A=S __ _ 

TEMPERATURES I eF 

UNIT A UNIT B UNIT C -
536 545 

2 534 2 ~~Q 2 

3 557 3 S6Q 3 

4 ~§~ 4 SS2 4 

5 ' SS2 5 552 5 

6 S21 6 5lia 6 

7 SSQ 7 S62 7 

8 SS6 8 562 8 

9 Sli2 9 562 9 

10 531 10 559 10 

I I 555 * 1 I 557 II 

12 12 12 

13 13 ~42 13 

14 14 SS5 J4 

15 15 5S1 * 15 

J6 16 536 J6 

* 10; C.TC * - eTC * - CTC 

TAKEN AT: A OBS!! B calla C 

AVERAGE: A 550 B 555 C 
(Excluding 'CTC) 

D-7 
9700-9 GEORGE PALMER HIGHWAY •. LANHAM. MARYLANO 20706·1837 USA. (301)577.9490 
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TC: 

MATERIALS ENGINE.:ERING ASSOCIATES, INC~ 
STRUCTURAL INTEGRITY TECHNOLOGY 
COFIROSION FATIGUE e FRACnJRE MEQ-(ANICS TESTII\G e IRRAClIATONS 

EXPERIMENT TEMPERATURE PERFORMANCE RECORD 

EXPERIMENT NUMBER: UBS 68 A,B DATE: 5-7-86 OBSERVER: ..JDw:A:I.OlS"'--__ _ 

TEHPERATURES. er 

UNIT A UNIT B UNIT C 

537 541 

2 537 2 558 2 

3 559 3 560 3 

4 564 4 559 4 

5 . 558 5 559 5 

6 572 6 547 6 

7 550 7 "562 7 

8 557 8 561 8 

9 544 9 563 9 

10 529 10 558 10 

II 555 * 11 556 11 

12 12 12 

13 13 ~J8 13 

14 14 55!! 14 

15 15 sse * 15 

16 16 534 16 

* - CTC * - etC * - CTC 

TEMPS TAKEN AT: A 1249 B 1300 C 

AVERAGE: A 551 B 554 C 
(Excluding·CTC) 

D-8 
9700'B GEORGE PALMER HIGHWAY. LANHAM. MARYLANO 20706·18:37 USA. (:301) 577·9490 



TC: 

TEMPS TAKEN 

MATERIALS ENGINEERING ASSOCIATES. INC 
STRUCTURAL INrEGRITY TECHNOLOGY 
CORROSION FATIGUE - FRAC11...FE MED-IANICS TESTU\G - IARAOIATlClNS 

EXPERIMENT TEMPERATURE PERFORMANCE RECORD 

EXPERIMENT NUMBER: UBR 68 A,B DATE: 5~8-86 OBSERVER: DAS ------

TEMPEMTURES, -F 

UNIT A UNIT B UNIT C 

539 ) . 542 

2 547 2 559 2 

3 559 3 560 3 

4 564 4 560 . 4 

5 . 558 5 559 5 

6 571 6 547 6 

7 551 7 562 7 

"8 559 8 562 8 

9 ~44 9 564 9 

10 531 10 560 10 

I I 555 * II 558 I I 

12 12 12 

13 13 532 13 

14 14 555 14 

15 15 551 * 15 

16 16 535 16 

* - CTC * - eTC * - CTC 

AT: A 0901 B 0853 C 

AVERAGE: A 552 B 554 C 
(ExcludingCTC) 

D-9 

9700-8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706-1837 USA. (301) 577·9490 



TC: 

TEMPS TAKEN 

MATERIALS ENGI.NEERING ASSOCIATESJ INC.~ 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRA~ MEa-tA.NCS TESTII'G • IRAADtATlONS 

EXPERIMENT TEMPERATURE PERFORMANCE RECORD 

EXPERIMENT NUMBER: UBR 68 A,B DATE: 5-12-86 OBSERVER: ....;D~A:!.!S~ __ _ 

TEMPERATURES, OF 

UNIT A UNIT B UNIT C 

541 532 

2 541 2 548 2 

3 558 3 551 3 

4 564 4 553 4 

5 574 5 556 5 

6 6 ~44 6 

7 569 7 553 7 

8 560 8 556 8 

9 538 9 558 9 

10 10 551 10 

* I I 550 I I SS) I I 

12 12 12 

13 13 S~4 13 

14 14 555 14 

15 15 SSQ .. 15 

16 16 S3{t 16 

.. - eTC .. - eTC .. - eTC 

AT: A 0830 B 0842 e 

AVERAGE: A 555 B 548 e 
(Excluding eTC) 

D-10 

9700·8 GEORGE PALMER HIGHWAY, LANHAM, MARYLANO 20706·1837 USA. (301) 577.9490 



MATERIALS ENGINEERING ASSOCIAi"ES. INC: 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE - FRACTURE MED-iANIt:s TESTING - "IRRAClATJC::)t'.JS 

EXPERIMENT" TEMPERATURE PERFORMANCE RECORD 

EXPERIMENT NUMBER: UBR 68 A,B DATE: 5-13-86 OBSERVER: -=D~A;.;;.S __ _ 

TC: TEMPERATURES, -F 

UNIT A UNIT B UNIT C . 
~31 ~32 

2 528 2 ~49 2 

3 S!t3 3 ~~I 3 

"4 5S) 4 SS3 4 

5 " 563 5 SSZ 5 

6 6 5li6 6 

7 S6 ) 7 553 7 

8 Sli 6 8 557 8 

9 528 9 558 9 

10 10 ~~I 10 

II 534 * II 551 II 

12 12 12 

13 13 ~l~ 13 

14 14 SS6 14 

15 15 ~~I * 15 

16 16 ~36 16 

* - CTC * - eTC * - CTC 

TEMPS TAKEN AT: A 16Q2 B 1606 C 

AVERAGE: A 540 B ~49 C 
(Excluding CTC) 

D-ll 

9700-8 GEO~GE PALME~ HIGHWAY, LANHAM, MA~YLANO 20706-1837 USA. (301) ~77-9490 



MATERIALS ENGINEERING AS.SOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE e FRAC'TURE MEo-tANlCS TESTING e IRRAOIA'TlONS 

EXPERIMENT TEMPERATURE PERFORMANCE RECORD 

EXPERIMENT NUMBER: UBR 68 A,B DATE: 5-15-86 OBSERVER: ~DA~S,--__ _ 

TC: TEMPERATURES. eF 

UNIT A UNIT B UNIT C . 
~34 ~J!t 

2 ~2Z "2 S!t2 2 

3 St. S 3 SU 3 

4 555 4 552 4 

5. 565 5 554 5 

6 568 6 544 6 

7 561 7 548 7 

8 544 8 555 8 

9 531 9 556 9 

10 10 550 10 

II 534 * II 550 II 

12 12 12 

13 13 ~3~ 13 

14 14 ~~J 14 

15 15 sse * 15 

)6 16 Slll 16 

* - eTC * • eTC * - CTC 

TEMPS TAKEN AT: A 1530 B I~QI C 

AVERAGE: A ~4!t B ~47 C 
(Excluding CTC) 

D-12 
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MATERIALS ENGINEERING ASSOCIATES, INC .. 
STRLJCTLJRAL iNTEGRITY TECHNOLOGY . 
CORAdSIO\I FATIGUE - FRACT\..RE MED-iANICS TESTING - IRRADlATICJr\IS 

EXPERIMENT TEMPERATURE PERFORMANCE RECORD 

EXPERIMENT NUMBER: UBR 68 A.B DATE: 5·19-86 OBSERVER: --=-eL:;::M~ __ _ 

TC: TEMPERATURES, -F 

UNIT A UNIT B UNIT C 
: 

540 535 

2 531 2 548 2 

3 547 3 548 3 

4 558 4 550 4 

5. 563 5 554 5 

6 572 6 546 6 

7 554 7 540 7 

8 539 8 555 8 

9 536 9 ~56 ·9 

10 -:- 10 ~~2 10 

J I ~J~ * II ~~Z 11 

12 12 12 

13 13 537 13 

14 14 553 14 

15 15 544 * 15 

16 16 537 16 

* - eTC * - eTC * - eTC 

TEMPS TAKEN AT: A 0815 B 08JO C 

AVERAGE: A 546 B 547 e 
(Excluding CTC) 

503 

D-13 .. 
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Operating Temperature Records for UBR-78 

(Capsule A) 

D-14 



IUBR - 781 

A-CAPSULE 1t8 

2 .. 

1.3 ~ 
~' 7 

,..-..... 

Q \..J 

(;j r---.. 
\...J 

ill 3 1·2 

~ 6 

• ., 
4 5 

Fig. D-3 Thermocouple Placements on Charpy-V and 
Tension Test Specimens in Capsule A (UBR-78). 
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t:J 
I ...... 

a-

rUBR -78 I 
B-CAPSULE 

1- -14 - (2) -(7 

-3 - (4) 

5- -15 -(6) - (11 

c=)11 c=)1c=) II ~ 

( ) 

-(9) 

SIDE NEXT TO 
FILLER PIECE 

-10 

-13 

-8 

-12 

A4 

_ER FIL 
PIECE 

Fig. D-l Thermocouple Placements on Compact Tension Specimens in Capsule B (UBR-68). 

84 



DATE 

MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACTURE fVECHANlCS TESTING • IFIRAOIATIONS 

UBR 78 DAILY TEMPERATURE· PERFORMANCE RECORD 

8-18-8.7 TIME 1025 OBSERVER WEP 

UNIT A UNIT B 

TC TEMP, OF TEMP, OF 

548 @* 
2 549 * 
3 517 * @* 
4 535 550 

5 542 541 

6 538 551 

7 -* 547 

8 544 537 

9 554 547 

10 558 542 

II 547 551 

12 551 540 

13 553 542 

14 554 539 

15 558 535 

16 

AVG. 545 544 

COMMENTS UNIT A : TC Nos. 1,14,15 not apn1icab1e to Cv,tensile specimen array 

* Suspect TC detached from specimen 

~OTE: I. Temps are "omnical" unless otherwise noted 

2. 0 - not ihcluded in avg. 

* • CTC 
D-17 

9700-B GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706-1837 USA. (301) 577-9490 
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DATE 

COMMENTS 

NOTE: 

MATERIALS ENGINEERING· ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
COAAOSIO\l FATIGUE- FRACruRE MECHANICS TESTING - IRRADIATONS 

UBR 78 DAILY TEMPERATURE' PERFORMANCE RECORD 

8-19-87 TIME 1130 OBSERVER WEP 

.UNIT A UNIT B 

TC TEMP, OF TEMP, OF 

552 GWf 
2 553 - * 
3 521=1= GFt 
4 540 564 

5 546 557 

6 541 567 

7 - * 561 

8 547 548 

9 557 559 

10 561 555 

11 550 567 

12 554 558 

13 556 558 

14 558 551 

15 562 553 

16 

AVG. 542 228 

UNIT A : TC Nos. 1,14,15 not a12121icab1e to Cv,tensi1e sEecimen array 

* Suspect TC detached from sEecimen 

1. Temps are "omnical" unless o'therwise noted 

2. 0 • not ihc1uded in avg. 

* = CTC 
D-18 

9700-a GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706-1837 USA. (301) 577-9490 



DATE 

MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACTURE MECHANICS TESTING • IRRADIATIONS 

UBR-78 DAILY TEMPERATURE· PERFORMANCE RECORD 

8-20-87 TIME 0955 OBSERVER WEP 

UNIT A UNIT B 

TC TEMP, of . TEMP, of 

549 Gill* 
2 550 - * 
3 517+ C§D1: 
4 536 562 

5 543 555 

6 538 564 

7 * 559 

8 545 544 

9 555 555 

10 559 552 

\1 548 565 

12 552 555 

13 554 557 

14 557 548 

15 560 552 

16 

AVG. 546 556 

COMMENTS UNIT A : TC Nos. 1,14,15 not applicable to Cv,tensi1e specimen array 

• + Suspect TC detached from specimen 

NOTE: 1. Temps are "omnical" unless otherwise noted 

2. 0 - not ihcluded in avg. 

* = eTC D-19 

9700·e GEORGE PALMER HIGHWAY. LANHAM. MARYLANO 20706·1837 USA. (301) 577.9490 



Operating Temperature Records for UBR-79 

(Capsule A) 

D-20 



-

1 UBR- 791 
5 1 2 

A-CAPSULE \..J 

8 

1 1 

10 

9 

1 6 

Fig. D-5 Thermocouple Placements on Charpy-V, 
Tensile and Compact Tension Specimens 
in Capsule A (UBR-79). 
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DATE 

MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TED-iNOLOGY 
CORROSION FATIGUE • FRAClURE MECI-IANICS TESTII\G • IRRAOIA TlClNS 

DAILY TEMPERATURE-PERFORMANCE RECORD 

-9-13"'87 TIME 1758 OBSERVER WEP 

UNIT 79A 

TC TEMP, OF 

494 

2 520 

3 510 

4 506 

5 526 

6 506 

7 534 

8 528 

9 485 * 
10 527 

I I OPEN 

12 519 

13 515 

14 532 

15 494 

16 

AVG. 

COMMENTS (UBR-79A) C Set No. .. 1 TC Nos. 2,5-,8,12,14 Cv Set No.2 :Balance of TCts 
• 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* = eTC 
D-22 
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MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACTURE MECHANICS TESTIN3 • IRRADIATIONS 

DAILY TEMPERATURE' PERFORMANCE RECORD 

DATE 9- 13-87 TIME 2012 OBSERVER~..:..WE::..=.::.P ______ _ 

UNIT 79A 

TC 

507 

2 533 

3 523 

4 519 

5 537 

6 510 

7 546 

8 539 

9 

10 539 

II OPEN 

12 529 

13 526 

14 544 

15 507 

16 

Ave. 

COMMENTS 

NOTE: 1. Temps are "omnical" unless otherwise noted 

2. o = not ihcluded in avg. 

* .. etC 
D-23 
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MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACTURE MECHANICS TESTING • IRRADIATIONS 

DAILY TEMPERATURE-PERFORMANCE RECORD 

DATE . 9-14-87 TIME 0915 OBSERVER KCM 

UNIT 79A 

TC TEMP, OF 

507 

2 536 

3 524 

4 520 

5 541 

6 510 

7 549 

8 543 

9 495~ 

IQ 540 

I I OPEN 

12 533 

13 528 

14 548 

15 507 

16 

AVG. 

COMMENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. o = not ihcluded in avg. 

* = CTC D-24 

9700-8 GEOnGE PALMER HIGHWAY. LANHAM. MAnYU\ND 20706.1837 USA. (301) 577.9490 



-

MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL IN' EGAITY TECHNOLOGY 
CORROSION FATIGUE • FRAClURE MECHANICS TESTING • IRRAOIATJC)NS 

DAILY TEHPERATUREPERFORMANCE RECORD 

DATE 9- t 5-8 7 TIME 1654 OBSERVER KCM 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

I I 

12 

13 

14 

15 

16 

AVG. 

COMMENTS 

NOTE: 

UNIT 79A 

TEMP, of 

491 

522 

508 

505 

528 

498 

536 

533 

490* 
s 

540 

open 

527 

521 

542 

502 

I. Temps are "omnical ll unless otherwise noted 

2. o = not included in avg. 

* = eTC D-25 

9700-8 GEOnGE PALMER HIGHWAY. LANHAM. MARYI..AND 20706-1837 USA. (301) 577-9490 
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MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRUCTURAL IN lEGAllY TED-iNOLOGY 
CORROSION FATIGUE • FRACTLJRE MECHANICS TESTIN3 • IRRADlATJC)NS 

DAILY TEMPERATURE'PERFORMANCE RECORD 

DATE 9- ·15-8 7 TIME 2031 OBSERVER KCM 

UNIT 79A 

TC TEMP, of 

510 

2 539.5 

3 527 

4 522 

5 543 

6 510 

7 545 

8 539 

9 495* 

IQ 534 

I I open 

12 527 

13 541 

14 521 

15 501 

16 

AVG. 

COMMENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not ittcluded in avg. 

* • CTC D-26 

9700·8 GEOnGE PALMER HIGHWAY. LI\NHAM. MARYI-ANO 20706.1837 USA. (301) 577.9490 



MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRAClURE MECHANICS TESTIN3 • IRRAOIATIONS 

DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 9-16-87 TIME 1755 OBSERVER KCM 

UNIT 79A 

TC TEMP, of 

503 

2 533 

3 519 

4 515 

5 536 

6 502 

7 542 

8 536 

9 487* 

IQ 533 

1 1 open 

12 525 

13 519 

14 539 

15 499 

16 

AVG. 

COMMENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not il1c1uded in avg. 

* = eTC 
D-27 
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.. 

MATERIALS ENGINEERING ASSOCIATESJ INC. 
STAUG.TUAAL INTEGRITY TED-fNOLOGY 
CORROSION FATIGUE • FRACTURE rvED-iANICS TESTlN3 • IRRADIATIONS 

DAILY TEMPERATURE-PERFORMANCE RECORD 

DATE 9-16-87 TIME 1758 OBSERVER KCM 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

)0 

) 1 

12 

)3 

)4 

)5 

)6 

AVG. 

COMMENTS 

~OTE: 

UNIT 79A 

TEMP. of 

495 

525 

519 

515 

527 

496 

529 

526 

48t 

520 

open 

513 

512 

533 

493 

). Temps are "omnical" unless otherwise noted 

2. <::) = not ihcluded in avg. 

* = CTC 
D-28 
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MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRAC11JRE MECHANICS TES1lN3 • IRRAOIATIONS 

DAILY TEMPERATURE-PERFORMANCE RECORD 

DATE 9- 17-87 TIME 1002 OBSERVER WEP 

UNIT 79A 

TC TEMP, of 

499 

2 528 

3 514 

4 509 

5 531 

6 497 

7 537 

8 525 

9 _ 48~* 

lQ 525 

1 1 open 

12 519 

13 513 

14 532 

15 493 

16 

AVG. 

COMMENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* = eTe D-29 

9700-B GEonGE PALMER HIGHWAY. LANHAM. MARYLAND 20706·1837 USA. (301) 577-9490 



-

MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACTURE MECHANICS TESTING • IRRADIATIONS 

DAILY TEMPERATURE-PERFORMANCE RECORD 

DATE 9-20-87 TIME 1937 OBSERVER WEP 

UNIT 79A 

TC TEMP, of 

504 

2 522 

3 515 

4 517 

5 531 

6 505 

7 534 

8 529 

9 -----2QQ* 

IQ 528 

II open 

12 523 

13 520 

14 531 

15 497 

16 

AVG. 

COMMENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not ittcluded in avg. 

* = CTC 
D-30 
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• 

MATERIALS ENGINEERING ASSOCIATES, INC. 
ST~ INTEGRITY TED-fNOLOGY 
CORFCSICN· FATIGUE • FRAC'1l.FE MED-IANICS TESTIN3 • I~DlAT1ONS 

DAILY TEMPERATURE ·PERFORMANCE RECORD 

DATE . 9-22-87 TIME 1030 OBSERVER WEP 

UNIT 79A 

Te TEMPt of 

505 

2 531 

3 518 

4 521 

5 542 

6 508 

7 543 

8 539 

9 500* 

IQ 536 

1 1 open 

12 536 

13 529 

14 544 

15 505 

16 

AVG. 

COMMENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not ittcluded in avg. 

* • CTC D-31 
9700-8 GEOnGE PALMER HIGHWAY. LANHAM. MARYlAND 20706.1837 USA. (301) 577-9490 



MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACn.JRE MED-IANICS TESTING • IFIRADIA TIONS 

DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 9-22-87 TIME 1657 OBSERVER KCM 

UNIT 79A 

TC TEMP, OF 

503 

2 529 

J 515 

4 518 

5 540.5 

6 505 

7 541 

8 536 

9 500 * 
10 533 

II open 

12 533 

13 526 

14 541 

15 501 

16 

AVG. 

COMMENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* = CTC D-32 

9700·e GEonGE PALMER HIGI-fWAY. LANHAM. MARYlAND 20706.1837 USA. (301) 577.9490 



MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUc:ruRAL INTEGRITY TEQ;NOLOGY 
CORROSION FATIGUE • FRACll..JRE MECHANICS TESTII'G • IRRADIATIONS 

DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 9-21-87 TIME 2052 OBSERVER KCM 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

AVG. 

COMMENTS 

NOTE: 

UNIT 79A 

TEMP, of 

505 

529 

517 

519 

537 

503 

537 

533 

• ..-5.QD* 

537 

open 

526 

518 

530 

491 

I. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* = CTC 
D-33 

9700'B GEonGE PALMER HIGHWAY. LI\NHAM. MARYI..AND 20706.1837 USA. (301) 577-9490 



MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRucnJRAL INTEGRITY TECf-iNOLOGY 
CORROSICN FATIGUE • FRACTURE MECHANICS TESTlI\G • IRRADIATIONS 

DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 9-24-87 TIME 1430 OBSERVER D,IM 

UNIT 79A 

TC TEMP, ·F 

SOO 

2 526 

3 512 

4 516 

5 538 

6 503 

7 539 

8 534 

9 
t 

500* 

IQ 530 

II open 

12 531 

13 524 

14 539 

15 499 

16 

AVG. 

COMMENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0... not ihcluded in avg. 

* .. CTC 
D-34 

9700·8 GEOf.'lGE PALMER HIGHWAY. LANHAM. MARYIANCl20706.1837 USA. (301) 577.9490 
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MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TED-iNOLOGY 
CORROSICN FATIGUE • FRACTURE MED-iANICS TESTING • IFIRAOIATIOI\JS 

DAILY TEMPERATURE· PERFORMANCE RECORD 

DATE 9-25-87 TIME 0828 OBSERVER CLM 

Te 

2 

3 

4 

5 

6 

7 

8 

9 

IQ 

11 

12 

13 

14 

15 

16 

AVG. 

COMMENTS 

NOTE: 

UNIT 79A 

TEMP, ·F 

493 

520 

506 

508 

531 

496 

533 

527 

490 * 
525 

open 

525 

518 

533 

493 

I. Temps are "omnical" unless otherwise noted 

2 . 0- not ihcluded in avg. 

* • CTC 
D-35 

9700·8 GEonGE PALMER HIGHWAY. LANHAM. MARYI.ANO 20706-1837 USA. (301) 577.9490 
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MATERIALS ENGINEERING ASSOCIATES. INC. 
STRUCTURAL INTEGRllY TED-INOLOGY 
COAROSIO\I FATIGLE • FRACTURE MEa-tANICS TESTIN3 • I~DlATJC)NS 

DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 10-1-87 TIME 1354 OBSERVER DJM 

UNIT 79A 

TC TEMP, OF 

498 

2 530 

3 515 

4 512 

5 538 

6 503 

7 542 

8 ~36 

9 490* 

IQ 532 

II open 

12 528 

13 520 

14 541 

15 ~92 

16 

AVG. 

COMMENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not ibcluded in avg. 

* .. CTC 
D-36 

9700·B GEonGE PALMER HIGHWAY. LANHAM. MARYlAND 2070~-1e37 USA. (301] 577-9490 



Operating Temperature Records for UBR-80 

(Capsule A) 
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I UBR- 80 I 

A-CAPSULE 

3 

2 15 

-( ) ( ~ 

1 4 

17 9 

~NOT GEB-2 MATERIAL 

Fig. 0-6 Thermocouple Placements on Charpy-V and 
Tensile Specimens in Capsule A (UBR-80). 
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MATERIALS ENGINEERING· ASSOCIATES, INC. 
STRUCTURAL INTEGRllY TED-iNOLOGY 
CORROSION FATIGUE • FRACTLFe MECHANiCS TESTIl\G • IRRAOIA TIONS 

IG DAILY TEMPERATURE· PERFORMANCE RECORD 

DATE 10-4-87 TIME 1843 OBSERVER KCM 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

I I 

12 

13 

14 

15 

16 

17 

COMMENTS 

NOTE: 

UNIT SOA 

TEMP, ·F 

550 

® 
547 

552 

551 

559 

556 

560 

535 

534 

549 

554 

562 

544 

536 

543 

536 

Avg: 5{ta 

I. Temps are "omnical" unless otherwise noted 

2. 0 = not itfcluded in avg. 

* • CTC 
D-39 

9700-8 GEonGE PALMER HIGHWAY. LANHAM. MAnYI.ANO ·20706·1637 USA. (301) 577-9490 



COMMENTS 

" NOTE: 

MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORF1OSION FATIGUE e FRACTl.J=IE MECHANICS TESTII\G e IRRAOIATlONS 

IG DAILY TEMPERATURE"" PERFORMANCE RECORD 

TIME 1023 OBSERVER KCM 

UNIT 80A 

Te TEMP, eF 

~J9 

2 ~ 
3 553 

4 559 

5 548 

6 559 

7 559 

8 563 

9 531 

10 532 

"I I 547 

12 559 

13 567 

14 544 

15 540 

16 554 

17 543 

Avg: 550 

I. Temps are "omnical" unless otherwise noted 

2. 0 '" not ihcluded in avg. 

* '" eTC 
D-40 

9700·9 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706·1837 USA. (301) 577.9490 



MATERIALS ENGINEERING ASSOCIATES~ INC. 
STFUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGLE • FRACT\..J=lE MECHANICS TESTIN3 • IRRAOlAl1ONS 

IG DAILY TEMPERATURE" PERFORMANCE RECORD 

DATE 10-6-87 TIME 1137 OBSERVER PJM 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

COMl-IENTS 

NOTE: 

UNIT SOA 

TEMP, OF 

532 

@ 
556 

563 

549 

560 

561 

565 

530 

532 

547 

561 

570 

543 

540 

556 

540 

Avg: 551 

I. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg .. 

* = eTe 
D-41 

9700·e GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 2070S·1837'USA. (301) 577.9490 



MATERIALS ENGINEERING ASSCCIATESJ INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORFIOSIQN·FATIGUE • FRAcnJAE MECHANICS TESTING e IRRADIATIONS 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 10-7-87 TIME 1039 OBSERVER KCM 

UNIT 80A 

TC TEMP. eF 

:231 

2 CliD' 
3 555 

4 562 

5 548 

6 560 

7 562 

8 565 

9 529 

10 531 

11 546 

12 561 

13 570 

14 544 

15 541 

16 557 

17 531 

COM}lENTS 
Avg: 550 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. o not ihcluded in avg. 

• CTC 
D-42 
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MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACTURE MECHANICS TESTING • IRRADIATIONS 

IG DAILY TEHPERATUREPERFORMANCE RECORD 

DATE 10=8-87 TIME 1141 OBSERVER DJM 

UNIT SOA 

TC TEMP, OF 

5!t I 

2 6ij)* 
3 559 

4 566 

5 552 

6 563 

7 565 

S 569 

9 532 

10 534 

1 I 549 

12 564 

13 573 

14 546 

15 543 

16 560 

17 533 

COHHENTS 
Avg: 553 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. o not included in avg. 

* CTC 
D-43 

9700-8 GEOf-1GE PALMER HIGHWAY. LANHAM. MARYLAND 20706·1837 USA. (301) 577.8490 
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DATE 10 

CO~lENTS 

NOTE: 

MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGLE - FRACTURE MECHANICS TESTIl\G - IFlAADIA TlONS 

12-87-

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

TIME 0901 OBSERVER KCM 

UNIT BOA 

TEMP, -F 

:238 

Cill2 
551 

557 

547 

558 

559 

561 

530 

531 

546 

557 

565 

542 

538 

551 

531 

Avg: S~8 

I. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* = CTC 
D-44 
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MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRAC1\..JRE MECHANICS TESTII\IG • IRRADIATIONS 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 10-13-87 TIME 1549 OBSERVER DJM 

UNIT 80A 

TC TEMP, of 

5Ja 

2 @ 
3 552 

4 558 

5 547 

6 558 

7 560 

8 563 

9 530 

10 541 

II 546 

12 560 

13 569 

14 543 

15 540 

16 555 

17 531 

Avg: 550 
CO~~lENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not included in avg. 

* eTe 
D-45 

9700-8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706-1837 USA. (301J 577-9490 
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MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRUCTURAL INTEGRllY TECHNOLOGY 
CORROSION FATIGUE • FRACl1...AE MECHANICS TESTING • IRRADIATIONS 

1G DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 10-14-87 TIME 0806 OBSERVER KCM 

UNIT aOA 

TC TEMP. of 

539 

2 Cfiil 
3 555 

4 562 

5 550 

6 561 

7 563 

a 566 

9 531 

10 533 

11 548 

12 560 

13 569 

14 543 

15 540 

16 555 

17 532 

Avg: 517 
COM}IENTS 

NOTE: 1. Temps are "omnical" unless otherwise noted 

2. o not ihcluded in avg. 

* = eTe 
D-46 

9700·8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706-' 837 USA. (30' ) 577-9490 



MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACiURE MECHANICS TESTING • IRRAOIA TlONS 

1G DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 10-15-57 TIME 1314 OBSERVER PJM 

U~IT SOA 

TC TEMP, of 

537 

2 (ill) 

3 554 

4 562 

5. 549 

6 560 

7 562 

5 566 

9 530 

10 532 

I I 547 

12 560 

13 571 

14 544 

IS 541 

16 556 

17 531 

Avg: 550 
CONNENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2 . o not ihcluderl ~n avg. 

* = eTC 
D-47 

9700-8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706·1837 USA. (301) 577.9490 
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MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRWCTUAAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACTURE MECHANICS TESTII\G • IRRADIATIONS 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 10- 19-87 TIME 0230 OBSERVER WEP 

UNIT SOA 

TC TEMP, OF 

539 

2 Cill1 
3 550 

4 556 

5 550 

6 559 

7 556 

8 561 

9 533 

10 533 

II 548 

12 557 

13 564 

14 543 

15 538 

16 549 

17 533 

Avg: 550 
eON~'IENTS 

NOTE: J. Temps are "omnical" unless otherwise noted 

2. 0 not ihcluded ~n avg. 

* eTC D-48 

9700-0 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706-1837 USA. [301 J 577-9490 



MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE e FRACTUFlE MECHANICS TESTING e IRRADIATIONS 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 10-20-87 TIME 1251 OBSERVER DJM 

UNIT aOA 

Te TEMP, eF 

538 

2 @ 
3 549 

4 551 

5 541 

6 551 

7 558 

a 562 

9 529 

10 531 

II 546 

12 558 

13 568 

14 563 

15 539 

16 553 

17 532 

COMr-lENTS 
Avg: 548 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not ittcluded l.n avg. 

* = CTC D-49 

9700-8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706-' 837 USA. (301) 577-9490 



MATERIALS ENGINEERING . ASSOCIATESJ INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGLE • FRACTURE MECl-tANICSTESTING • IRRADIA TlONS 

lG DAILY TEMPERATUREPERFORMANCE.RECORD 

DATE 10-21-87 TIME 1520 OBSERVER CLM 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

CO~lENTS 

NOTE: 

UNIT 80A 

TEMP, OF 

5!tQ 

@t 
565 

574 

563 

574 

574 

579 

545 

546 

561 

513 

583 

557 

553 

566 

545 

Avg: 562 

1. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* = eTe 
'D-50 

9700.-6 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706-1837 USA. (301) 577.9490 



MATERIALS ENGINEERING ASSOCIATES, INCi. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACTURE MED-IANICS TESTING • IRRADIATIONS 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 10-22-87 TIME 1309 OBSERVER DJM 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

CO~~lENTS 

NOTE: 

UNIT SOA 

TEMP. of 

~J8 

@* 
552 

560 

550 

560 

561 

565 

532 

533 

549 

559 

569 

543 

540 

552 

553 

Avg: 551 

I. Temps are "omnical" unless otherwise noted 

2. 0 = not itlc luded in avg. 

* = eTe 
D-51 

9700-8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706-1837 USA. (301) 577-9490 



MATERIALS ENGINEERING ASSCCIATESJ INC. 
STRUCTURAL INTEGRITY TED-fNOLOGY 
COFFIOSION FATlGL.e • FRACn..FE MECHANICS TESTING • IFIRAOIATIONS 

IG DAILY TEMPERATURE-PERFORMANCE RECORD 

DATE 10-25-87 TIME 1649 OBSERVER WEP 

TC 

2 

3 

4 

5 

6 

7 

S 

9 

10 

II 

12 

13 

14 

15 

16 

17 

CO~lENTS 

NOTE: 

UNIT SOA 

TEMP, of 

S!i 2 

@ 
554 

561 

553 

561 

560 

567 

539 

541 

555 

559 

571 

549 

546 

553 

536 

Avg: 554 

I. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* = CTC 
D-52 

9700-8 GEORGE PALMEFlI-tIGHWAY. LANHAM. MAFlYLANO 20706-1837 USA. (301) 577.9490 



MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRAClURE MECHANICS TESTING • IRRADIATIONS 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 10-26-87 TIME 0928 OBSERVER KCM 

UNIT SOA 

TC TEMP, OF 

5~ I 

2 cID1 
3 553 

4 563 

5 552 

6 560 

7 560 

S 568 

9 536 

10 538 

11 553 

12 558 

13 570 

14 547 

15 545 

16 553 

17 534 

Avg: 552 
CONNENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. o not included in avg. 

* eTe 
D-53 

8700-8 GEOf.'GE PALMER HIGHWAY. LANHAM. MARYLAND 20706·1837 USA. (301) 577-9490 



MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRUCTURAL INTEGRITY TED-iNOLOGY 
CORROSION FATIGUE • FRACn..J=E MECHANICS TESTII\IG • IRRADIATIONS 

IG DAILY TEMPERATURE-PERFORMANCE RECORD 

DATE 10-27-87 TIME 0934 OBSERVER WEP 

UNIT 80A 

Te TEMP. OF 

5~2 

2 @* 
3 554 

4 564 

5 551 

6 560 

7 560 

8 568 

9 536 

10 538 

II 554 

12 560 

13 574 

14 548 

15 547 

16 557 

17 535 

Avg: 553 
COMMENTS 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* eTC 
D-S4 

8700·8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706·1837 USA. [301J577-9490 



-

MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTl.JAAL INTEGRITY TECHNOLOGY 
COFV=IOSION FATIGLE • FRACTURE MECHANICS TESTING • IRRADIATIONS 

IG DAILY TEMPERATURE· PERFORMANCE RECORD 

DATE 10-28-87 ._~~ ___ OBSERVER~~K~CM~ ______ _ 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

I I 

12 

13 

14 

15 

16 

17 

CO~IENTS 

NOTE: I. Temps are ·;'omnical" unless otherwise noted 

2. 0 = not ihc1uded in avg. 

• = CTC D-55 
9700-8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706- 1 837 USA. (301) 577.94S0 



MATERIALS ENGINEERING ASSOCIATES! INC. 
STRUCTURAL INTEGRITY TEa-NOLOGY 
CORROSION FATIGUE - FRACTU=E MEa-lANICS TESTING - IR=tAOIATIONS 

IG DAILY TEMPERATURE·· PERFORMANCE RECORD 

DATE 10-29-87 TIME 0713 OBSERVER WEP 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

CO~~IENTS 

NOTE: 

UNIT SOA 

TEMP, -F 

534 

Clli2 
549 

559· 

546 

555 

556 

564 

53 I 

533 

548 

554 

567 

54 I 

540 

549 

529 

Avg: 548 

I. Temps are "omnical" unless othen .. i.se :loted 

0) 
"-. o not ihcluded In avg. 

* eTC 
D-56 



MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL· INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACTURE MECHANICS TESTll\IG • IRRAOIATlONS 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 10-30-87 TIME 1016 OBSERVER DJM 

UNIT 80A 

TC TEMP, of 

534 

2 @ 
3 548 

4 558 

5 546 

6 554 

7 555 

8 563 

9 531 

10 533 

II 548 

12 552 

13 565 

14 540 

15 538 

16 546 

17 528 

Avg: 546 
CO~lENTS 

NOTE: 1. Temps are "omnical" unless otherwise noted 

2. o not ihcluded in avg. 

* eTe 
D-57 

9700·8 GEOf-"1GE PALMER HIGHVVAY. LANHAIVI. MARYLAND 20706·'837 USA. (301 J 577.9490 



MATERIALS ENGINEERING ASSOCIATESJINC. 
STRUCTURAL INTEGRITY ~CHNOLOGY 
CORROSION FATIGUE e FRACll...FIe MED-iANICS TESTII\G e I~TIONS 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 11-1-87 TIME 2040 OBSERVER WEP 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

COMMENTS 

NOTE: 

UNIT SOA 

TEMP, eF 

534 

(lli) 
544 

552 

546 

554 

553 

560 

532 

534 

548 

551 

561 

541 

538 

543 

530 

Avg: S~6 

I. Temps are "omnical" unless otherwise noted 

2. 0 = not included in avg. 

* = eTe 
D-58 

9700·8 GEORGe PALMER HIGHWAY. LANHAM. MARYLAND 20706·1837 USA. (301) 577.9490 



M~TERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRAC1't.JRE MECHANICS TESTI~ • IRRADIATIONS 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 11-2-87 TIME 1151 OBSERVER KCM 

UNIT 80A 

TC TEMP. OF 

.2JZ 

2 @ 
3 550 

4 560 

5 549 

6 558 

7 557 

8 566 

9 534 

10 536 

11 551 

12 556 

13 569 

14 544 

15 542 

16 550 

17 532 

CO~lENTS 
Avg: 5~2 

NOTE: 1. Temps are "omnical." unless otherwise noted 

2. 0 = not itlcluded ~n avg. 

* = CTC 
D-59 

8700·0 GEOl-1GE PALMER HIGHWAY. LANHAM. MARYLAND 20706·1837 USA. (301) 577-9490 



MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRUCTURAL INTEGRITY TI;:CHNOLOGY 
CClFROSION FATIGUE - FRACTURe MECI-IANICS TESTING - I~T1ONS 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

nME 2040 OBSERVER WEP 

UNIT 80A 

TEMP. -F 

534 

(ill) 
544 

552 

546 

554 

553 

560 

532 

534 

548 

551 

561 

541 

538 

543 

530 

Avg: 5{t6 

I. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* = eTe 
D-58 

Ge PALMER HIGHWAY. LANHAM. MARYLAND 20706·1837 USA. (301) 577.9490 

TESJ INC. 
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MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE e FRAClt..RE MECHANICS TESTII\G e IRAAOIA'llONS 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 11-3-87 TIME 1721 OBSERVER KCM 

UNIT SOA 

TC TEMP, er 

5J{f 

2 ~ 
3 548 

4 558 

5 546 

6 555 

7 555 

8 564 

9 531 

10 534 

II 549 

12 553 

13 567 

14 540 

15 538 

16 546 

17 528 

CO~lENTS 
Avg: 547 

NOTE: I. Temps are " omn ical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* eTe 
D-61 

9700·0 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20708·1837 USA. (301) 577.9490 



MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGAllY TECHNOLOGY 
CORROSION FATIGUE • FRACTURE MECHANICS TESTING • IFIRAOIA TlONS 

JG DAILY TEMPERATURE· PERFORMANCE RECORD 

DATE 11-5-87 TIME 0922 OBSERVER WEP 

Te 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

CON~'IENTS 

NOTE: 

UNIT 80A 

TEMP, of 

533 

c:lli:' 
547 

557 

546 

555 

554 

564 

531 

534 

549 

553 

568 

540 

538 

546 

528 

Avg: 547 

I. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* = eTe 
D-62 

9700-8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706-1837 USA. (301) 577-8490 



MATERIALS ENGINEERING ASSOCIATESJ INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRACTURE MECHANICS TESTIN:; • IRRADIATIONS 

IG DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 11-8-87 TIME 1846 OBSERVER WEP 

TC 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

COM}{ENTS 

. NOTE: 

UNIT 80A 

TEMP, of 

535 

@) 
544 

552 

547 

554 

552 

560 

533 

535 

550 

551 

562 

54 I 

538 

543 

530 

Avg: 546 

I. Temps are "omnical" unless otherwise noted 

2. 0 = not ihcluded in avg. 

* = eTC 
D-63 

9700-8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706·1837 USA. (301) 577-9490 



MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TED-INOLOGY 
CDFFIOSION FATIGUE • FRACTURE 1VED-iANICS TESTING • I~TIONS 

IG DAILY TEMPERATURK"···PERFORMANCE RECORD 

DATE 11- 10-87 TIME 1253 OBSERVER D·rM 

UNIT 80A 

TC TEMP, of 

535 

2 @* 
3 549 

4 560 

5 548 

6 557 

7 556 

8 566 

9 532 

10 535 

II 55 I 

12 554 

13 569 

14 54 I 

15 539 

16 548 

17 529 

COMMENTS 
Avg: 548 

NOTE: I. Temps are "omnical" unless otherwise noted 

2. 0 = not ittcluded in avg. 

* = eTC 
D-64 

9700·8 GEORGE PALMER HIGHWAY. LANHAM. MARYLAND 20706·1837 USA. (301) 577.9490 



MATERIALS ENGINEERING ASSOCIATES, INC. 
STRUCTURAL INTEGRITY TECHNOLOGY 
CORROSION FATIGUE • FRAC11JRE MECHANICS TESTIN:; • IRRADIATIONS 

1G DAILY TEMPERATURE PERFORMANCE RECORD 

DATE 11-12-87 TIME 1418 OBSERVER DJM 

UNIT 80A 

TC TEMP, of 

5J{f 

2 GY 
3 549 

4 560 

5 548 

6 556 

7 556 

8 566 

9 533 

10 535 

11 551 

12 555 

13 571 

14 543 

15 541 

16 549 

17 530 

CO~~lENTS 
Avg: 549 

NOTE: I. Temps are "omnieal" unless otherwise noted 

2. 0 = not ihe luded in avg. 

* eTe 
D-65 

9700-8 GEORGE PALMER HIGHWAY, LANHAM, MARYLAND 20706-1837 USA. (301) 577.9490 



-



APPERDIX E 

Neutron Dosimetry Determinations: 
Irradiation Experiments UBR-68. UBR-78 

UBR-79A. UBR-80A 

E-l 
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Neutron Dosimetry Determinations 

Based on Fission Spectrum Assumption 

for UBR-68 (Capsules A and B) 

E-3 
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Table E-1 Irradiation Experiment um-68 capsule A Flueroe-Rate Monitor Results (Ref. 1) 

Mcni:tar/Segmellta 

Al. (Fe) 
(Ni) 

A3 (Fe) 
M (Fe) 
A2 (Fe) 
AS (Fe) 

(Ni) 
A6 (Fe) 
A7 (Fe) 
AS (Fe) 

(~) 
Vial ( ) 

(Fe) 
(Ni) 

Fluence Rat:Jl' x 1012 
(Ave:aqe) 

5.58 
5.61 
5.70 
6.28 
6.30 
6.44 
6.50 
6.73 
7.24 
7.18 
4.1~ 
8.26-

(9.42)e 
6.63 
6.72 

Monitor IDeation in 
Specimen Array 

Specimens A25 to AlO 

Specimens A27 to Al4 
Specimens A7 to A29 
Specimens A9 to A35 
Specimens A26 to A31 

Specimens A23 to A36 
Specimens A24 to AS 
Specimens A21 to A28 

Filler piece, Specimens A32 to AS 

a See Fig. 6 in main text for nxmitor locii. '!he Fe,Ni am 2380 results are based on >1 MeV 2350 
fission specLtum averaged cross sectialS of 115.2, 156.8, am 441 mill.ibams respectively. 
QxrectialS for epithetmal. neutron oontribIticns are based on co-cadmi.um ratios c:iJtained fran a 

b ~l ME'A-HEDIrUBR ~ ~ irradiation (~ies to Tables E-2 to E-6 also). 
Fl.SS3.on specLtum aSSUllptioru n;arf-s-J. (E >1 MeV) unless n::rt:.ed. 

c '1bermal fluerx:e rate c:::x>nected for epithe1:mal. neut:ral CIOI'l'tri.blticms based on 109Aq ani 59CO teaetion 
rates arxl their cross sectialS. 

d Average of separate deteminaticms for 95Zr, 10~, 137es, 14~. 
e calculated spectrum value. 

StmmaJ:y, capsule um-68A 
1. Average neutron fluence (all ~): 8.6 x 1018 n;~ E >1 MeV (calculated specb:um fluerx:e). 
2. Average dpa (E >1 MeV): 1.39 x 10 • 
3. ExposuJ:e ho.n:s: 249.0 (C-2 facility). 



t%l 
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\J1 

Table E-2 Irradiation Experiment UBR-68 capsule B Fluence-Rate lbti.tor Results (Ref. 1) 

lbti.tor/Segmenta 

B1 (Fe) 
(AgCo) 

B3 (Fe) 
(Ni) 

B5 (Fe) 
(Ni) 

B6 (Fe) 
(Co) 

Tn (Fe) 
(Ni) 

B2 (Fe) 
B8 (Fe) 

vial (2380) 

(Fe) 
(Ni) 

Fluenoe Rat:JJ> x 1012 
(Average) 

7.24 
3.64c 
7.04 
6.87 
6.82 
6.67 
6.71 
3.40 
6.52 
6.39 
-d-

6.6s8 

8.31f 
(9.47)g 
6.79 
6.97 

Monitor I.ocation in 
SpeciDen Array 

Between layers 1 am 2 

Between layers 3 am 4 

Between layers 6 am 7 

Between layers 8 am 9 

Between layers 10 am 11 

Between layers 2 am 3 
T1IIIIf!di a :tely belOW' layer 11 

Between layers 4 am 5 

a See Fig. 6 in main text for m::ru.tor locii. '!he Fe,Ni am 2380 results are based en >1 MeV 2350 
b fission spectrum averaged cross ~~ of 115.2, 156.8, am 441 millibarns, respectively. 

Fission spectrum assl'mpticm: n;art-s- (E >1 MeV) unless IXJted. 
c 'lhennal fluence rate oonected for epithemal neutron oontribIticms based on 109Ag ani 59Co react:i.cm 

d rates am their cross secticms. 
IDSt in c:iecarlnin] experiment. 

~ Based on ale dosimeter secticm ally (da~ for ~ ~ ~~ oot available) • 
Average of separate detenninaticms for Zr, 1 ~, CS, uaaIa. 

g calOJlated spectrum value. 

SUnmaIy, CClfSUle UBR-68B 
1. Averaqe neutron fluen::e (all spec~): 8.76 X 1018 n/arf. E >1 Mev (calClllated specb:um flueme). 
2. Average dpa (E >1 MeV): 1.42 x 10- • 
3. Exposure hours: 249.0 (C-2 facility). 



Neutron Dosimetry Determinations 

Based on Fission Spectrum Assumption 

for UBR-78 (Capsules A and B) 

E-6 
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Tabl.e E-3 Irrad:i.atial EXperiment tJER-78 Capsule A Fl\JlE!l1CB Rate M::I1itor Results (Ref. 2) 

Ib1itor/Segmel~ 

A2 (Fe) 
(Hi) 

A3 (Fe) 
(Ol) 

A4 (Fe) 
(Hi) 

AS (Fe) 

A6 (AgQ) 

A7 (Fe) 
(Hi) 

vial (2380) 

(Fe) 
(Hi) 

Flueme Pat:Jl x 1012 
(Average) 

6.50 
6.26 
6.59 
1.9fP 
-do-
-do-
6.80 

2.08e 

6.82 
6.75 

7.83f 
(8.93)«1 
6.71 
6.74 

!b1i.tor IDcatiem in 
Specimen Array 

Tnlnpdi ately above layer 1 

Between layem 1 and 2 

Between layem 3 and 4 

Between layem 5 and 6 

Between layem 6 and 7 

Between layem 7 and 8 

Between layers 4 and 5 

a 

b 
c 
d 
e 

See Fiq. 20 in main text for lIIXlitor locii. 'lhe Fe,Ni am 2380 msults am based em >1 MeV 2350 
fission specLtum averaged cress ~~ of 115.2, 156.8, am 441 millil:m:ns, J:eSpeCtively. 
Fission specLtum assunpticm: njarf--s- (E >1 MeV) unless nct:ed. 

f 
q 

Based em one dcs:imeter secti.al only. 
Not available. 
'lbel:mal. fluen:::e rate 00J:reCted for epithetmal. neub:al. CDIt::ribIt:icm based at l09Aq and 59co 
react:icn rates am their cress sectiCl1S 
Average of separate dete1:minatians for §5zr, lOla!, 137es, 140sar.a. 
calculated sp::cLtum value. 

SUnInary, C!pSI.1l.e UBR-78A 
1. Average neut:z'on flueme (all ~): 2.67 x 1018 njarf- E >1 Mev (calculated spectrum fluenoe). 
2. Average dpa (E >1 MeV): 0.43 x 10 • 
3. ExposUJ:e ha.1rs: 78.0 (&-4 facUity). 
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Tabl.e E-4 Irradiatiem Experiment UBR-78 capsule B Fll.lE!l1Ce Rate Ib'litor Results (Ref. 2) 

!brl.tor/Seqne~ 

Bl1 (Fe) 

Bl2 (Fe) 

810 (Fe) 
(Ni) 

Bl3 (Fe) 
(Ni) 

B8 (Fe) 

B9 (Fe) 
(Q) 

Vial (2380) 

(Fe) 
(Ni) 

FllJelD! PatJl x 1012 
(Average) 

6.29 

6.79 

6.31c 
5.76 

7.22 
7.10 

5.71 

6.6~ 
1.9!r 

7.32e 
(8.34)f 
6.17 
6.30 

Ibrl.tor I.ocatiem in 
Specimen Array 

Specimen A3 to E3 

Specimen A4 to C1. 

Spec:dmen D6 to D4 

Specimen El to B6 

Specimen C2 to Bl 

Filler piece, Specimen D2 to AS 

a 

b 

See Fiq. 20 in DBin text for DDlitor 1ocii. '!be Fe,Ni and 2380 NSUlts are based em >1 MeV 2350 
fissial spectuDIl avemged CI:CSS ~ of 115.2, 156.8, and 441 millimms, xespective1y. 
Fissial specuum assuaptial: n/ar-s-~ (E >1 MeV) unless mted. 

c 
d 

Based en two dosilDet:er sectia1s a'lly (data for two other sect:icns not available). 
Based en CD! dcsilDet:er sectial only. 

e Average of separate deteJ:m:inati.a for 95zr, 10Jru, 137es, 14~. 
f calculated spectrum value. 

Stm!IIa;y, Q!pW.e UBR-78B 
i. Average neutron fluence (all ~): 2.60 x 1018 n;arl- E >1 Mev (calculated specb:um fluenoe). 
2. Average dpa (E >1 MeV): 0.42 x 10- • 
3. Exposure hcurs: 78.0 (lH facility). 



Neutron Dosimetry Determinations 

Based on Fission Spectrum Assumption 

for UBR~79 (Capsule A) 
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'Dmle E-5 Irradiatial Experiment UBR-79A capsule A Fll.1.elre-Rate M::nitor Results (Ref. 3) 

!brl.tor/se;usllta 

A3 (Fe) 
(Co) 

AS (Fe) 
(Ni) 

A21 (Fe) 
(Ni) 

Al.3 (Fe) 
(Ni) 
(AgCo) 

vial (2380) 

(Fe) 
(Ni) 

Fluen:a Ra.tIiP x 1012 
(Average) 

6.64 
3.30 

6.62 
6.34 

6.76 
6.50 

6.87 
6.60 
3.38c 

8.0s<! 
(9.18)e 
6.77 
6.53 

M:lnitor :ux:atiat in 
Spe::illIen Array 

Tl'IInI'rliately above layer 1 

Between layers 2 am 3 

Between layers 5 am 6 

Between layers 7 am 8 

Filler pie::e, layer 4 

a 

b 
c 

See Fig. 21 in main text for mnitor locli. '!be Fe,Ni an:i 2380 results are basei at >1 MeV 2350 
fissiat spectrum averaged cress ~~ of 115.2, 156.8, an:i 441 millibanls, respectively. 
Fissiat spectrum assl1uptiat; n;ar-s- (E >1 MeV) unless noted. 
'Ibe1:mal. fluen:e rate oon:ect:ed for epithel:mal. neutJ:an c::xmtri.JJutialS based on l09Aq am 59Co reacticm 

d 
e 

rates an:i their cross secticms. . 
Average of separate detenninat.ians for 95Zr, 10~, 137 Cs. 140aara. 
calculated spe:::trum value. 

SUImm:y, capsule UBR-79A 
1. Average neutral fluence c;, Group no. 1: 

c;, Group no. 2: 
cr specimens: 

2. Average dpa (E>l MeV): CV Groop no. 1: 
CV GrcAlp no. 2: 
cr Spe::imens 

3. Exposure hours: 250 .03 (:8-4 facility). 

8.5 x 10: n;~ E >1 Mev (calculated spectrum fluenoe). 
8.8 x 10 IYCIt' I >1 MeV. 

8.6 x 1~~ n;ar E >1 MeV. 
1.38 X 10 • 

-2 1.43 x 10_2 
1.39 x 10 



Neutron Dosimetry Determinations 

Based on Fission Spectrum Assumption 

for UBR-80 (Capsule A) 
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Tab1e E-6 Irradiation Experiment UBR-80 cap;ule A Fluenoe-Rate M:n1itor Results (Ref.' 3) 

!blitar/Segmentd Fluence Raf.(:}J X 1012 
(Average) 

A20 (Fe) 6.45 
(Ni) 6.21 

A2 (Fe) 6.50 
All (Agee) 3.~ 
A27 (Fe) 6.57 

(Ni) 6.25 
A10 (Fe) -d-
A26 (00) 3.2sC 
A7 (Fe) 6.82 

vial ~!~ 6.49 
7.8~ 

(8.97)f 
(Fe) 6.42 
(Ni) 6.65 

Monitor IDeation 1n 
Specimen Array 

Dm!edi ately ab::Ne layer 1 

~ layers 2 am 3 
Bebieen layers 3 am 4 
~ layers 4 am 5 

Bebieen layers 6 am 7 
~ layers 7 am 8 
~ layers 8 am 9 

~ layers 5 am 6 

a 

b 
c 

See Fiq. 22 in main text for toonitor locii. 'Dle Fe,Ni am 2380 results are based on >1 MeV 2350 
fissia'l specb:um averaqed cross S§Cti~ of 115.2, 156.8, am 441 mlllibarns, NS"peCtively. 
Fissia'l specb:um assurrption1 n;arf-s- (E >1 MeV) unless nctecl. 

d 
e 
f 

'lbennal fluence rate COD:eCted for epithermal. neutron CXI'ltril:utions based on l09Aq am 59Q) reactim 
rates and their cross sections. 
Not available. 
Average of separate detetminaticms for 95zr, 10~, 137es, 140sara. 
calculated specb:um value. 

SUrmnary, C'ap=Ul.e UBR-8OA . 
1. Average neutron fiuence (GEB-2 spec~ ally) 1 2.25 X 1019 n;arl- E > 1 MeV (cala.tl.ated specLLum). 
2. Average dpa (E >1 MeV): 3.65 X 10-
3. Exposure how:s: 657.98 (B-4 facility). 



APPENDIX F 

Charpy-V Data Tabulation and Computer Curve Fits 
for Unirradiated Condition Tests and Irradiation 

Experiment UBR-68. UBR-78. UBR-79A. and UBR-80A Tests 
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OVERVIEW 

The data curve fitting procedure employed the hyperbolic tangent 
curve fitting method. Two curves are provided here for each data 
set: the curve illustrated in the first figure for the set shows the 
results obtained with the available data; the curve in the companion 
figure is the result obtained when four fictitious data points 
(5 ft-lb energy absorption) are added at a temperature that is 500 F 
below the intercept of a line representing a linearized transition 
region, with the abscissa. The line in this case is an eyeball fit to 
the data; the choice of a larger temperature shift (up to lOOoF) was 
found not to influence the result appreciably. 

The intentional addition of the fictitious data serves to force the 
curve to a reasonably low, positive value in the toe region. This 
device is particularly useful for those cases where data are lacking 
in the toe region for guiding the computer in its setting of bounding 
conditions. It will be noted that the American Society for Testing 
and Materials has not issued a standard method or a standard guide for 
curve-fitting Cv data for the irradiated condition. 
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Unirradiated Condition Charpy-V Test Results 

Including Special Check Test Data 

F-3 



Cgd.-= GlEB C51d.-= 2l - Dn1~~ad.1at~d. CQnd.1t1QD 
1/8T Thickness Location 

ASTM L-C Orientation 

No Specimen Piece/ ,Temp Energy Lat Bxp Shear 
BL1mb-=~ BQH COil 'Cft-lb} (mila) un 

1 34 3 2 -110 7.0 5 0 
2 37 3 1 -70 18.0 18 10 
3 38 3 1 -40 24.0 18 <100 
4 35 3 2 -40 26.0 20 <100 
5 33 3 2 -20 32.0 27 <100 
6 43 3 1 0 32.0 29 34 
7 39 3 2 0 41.0 38 35 
8 36 3 1 30 46.0 37 <100 
9 45 3 1 30 46.0 40 47 

10 42 3 2 75 70.0 63 <100 
11 41 3 2 120 76.0 66 100 
12 46 3 1 120 77.0 69 100 
13 44 3 1 200 74.0 65 100-
14 40 3 2 200 79.0 78 99 
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I 
~ 
Cot--
>. 
D 

'" CD 

~ 

80 

sa 

4rzJ 

2a 

rzJ 

I!I 
N 
I 

Cv data. 
Fil. : U-11'8A 

x 

II II - -I 

Tempe ratu re (0 r) 

Cv • A + B tanh[(T - To)I'C] 

Engl ish 
A = 43.39 
B = 36.53 
C· 86.89 
To = 14.56 

M.tr;c 
58.84 
49.53 
48.27 
-9.69 

Cv = 30 ft-lb or 41.7 J wh.n T = -18.9 -28.3 
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""' 
.0 

I .... 
<+-
\J 

>. 
a 
'-
G) 

t5 

188 

S0 

S8 

4121 

28 

Cv data 
Fil4t: U-l/8A 

Tempe ratu re (0 F") 

Cv = A + B tanh[(T - To)/Cl 

A = 
B = 
C = 
To = 

English 
41.68 
38.90 
95.43 
9.42 

Metric 
56.51 
52.75 
53.01 

-12.55 

Cv = 30 ft-lb or 41.7 J when T = -20.1 -29.0 

4 points added at location given by '0' symbol. 
4 points at <-150,5) 
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Code GIB CSide 21 - Dn1~~ad1ated Cand1tian 
1/4T Thickness Location 

ASTM L-C Orientation 

No Specimen Piece/ Temp Energy Lat Exp Shear 
Hum:bfl~ BaH CO!l (ft-lbl (milal (11 

1 16 1 2 -40 18.0 18 <100 
2 1 1 2 0 26.0 26 <100 
3 5 1 2 30 40.0 34 <100 
4 3 1 1 15 59.0 49 <100 
5 9 1 2 120 15.0 61 <100 
6 1 1 1 200 18.0 13 100 
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80 

,..., 
..0 

I S8 
~ 
~ ...... 
:>. 
C) 

'- 40 
Q) 

c w 

28 

Cv = 30 ft.-lb 

Cv dat.a 
Fil. : U-l/4A 

Temperature (OF) 

Cv = A + B t.anh[(T - To)/CJ 

Engl;sh Met.r;c 
A = 46.38 62.88 
B = 32.94 44.66 
C = 65.06 36.15 
To = 45.12 7.29 

or 41. 7 J when T = 9.6 -12.4 
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-.c 
I .... 

c.. -
>. 
CI 
~ 
Q) 

c: 
I.&J 

H:l0 

80 

S0 

4121 

20 

-

Cv data 
Fil. : U-l/4A 

-
Temperature (OF) 

Cv = A + B tanh[(T - To)/Cl 

A • 
B • 
C = 
To = 

Engl hh 
41.78 
39.40 
85.61 
32.56 

Metric 
~6.65 

53.43 
47.56 

.31 

Cv • 30 ft-lb or 41.7 J when T = 6.2 -14.4 

4 points added at location given by '0' symbol. 
4 points at (-105,5) 
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Code GEB (S1de 2l - Dn1~~ad1ated Cand1t1an 
1/4T Thickness Location 

ASTM C-L Orientation 

No Specimen Piece/ Temp Energy Lat Exp Shear 
Hu.mbez: BaH (Orl (ft-lbl (m1lsl (Xl 

1 32 1 1 -40 26.0 21 <100 
2 21 1 1 0 37.0 34 <100 
3 20 1 1 30 52.0 43 <100 
4 19 1 1 75 81.0 61 <100 
5 22 1 1 120 108.0 72 100 
6 18 1 1 200 110.0 70 100 
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I 
1"" 
c..-...., 

~ 
0) 
"-
Q) 

t5 

J25 

JI2IB 

75 

50 

25 

~ -

Cv d&t.& 
Fil. : U-U4C 

-
Tempe ratu re (0 F) 

Cv = A + B tanh[(T - To)/Cl 

English 
A = 68.04 
B = 44.63 
C = 59.03 
To = 53.48 

Metric 
92.25 
60.51 
32.79 
11.93 

Cv = 30 ft-lb or 41.7 J when T = -21.2 -29.5 
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Cot--
~ 
CD 
'-
Q) 

c w 

Cv d&t& 
Ft h : U-l/4C 

HJ0 

75 

5E1 

25 

Temperature (OF) 

Cv = A + B tanh[(T - To)/Cl 

English Metric 
A = 39.34 79.10 
B = 59.30 79.05 
C = 91.40 50.79 
To = 34.09 1. 15 

Cv = 30 ft-lb or 41.7 J when T = -14.5 -25.9 

4 points added at location given by '0' symbol. 
4 points at (-100,5) 
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Cad. BIB (Sid. 2) - Dni~~adiat.d Canditian 
1/2T Thickness Location 

ASTM L-C Orientation 

No Specimen Piece/ Temp Energy Lat Exp Shear 
Bu.:b.~ BgH (°1) (ft-lb) '.1la) '~l 

1 48 3 2 -110 8.0 6 0 
2 51 3 1 -70 12.0 10 16 
3 49 3 2 -40 14.0 10 <100 
4 52 3 1 -40 21. 0 17 <100 
5 47 3 2 -10 24.0 23 <100 
6 59 3 2 0 20.0 21 34 
7 63 3 1 0 32.0 31 34 
8 50 3 1 30 35.0 30 <100 
9 65 3 1 30 42.0 37 44 

10 62 3 2 75 62.0 51 <100 
11 61 3 2 120 60.0 55 100 
12 66 3 1 120 66.0 60 <100 
13 60 3 2 200 66.0 61 99 
14 64 3 1 200 66.0 64 100 

F-13 



lB8 

80 

,... 
.0 

I S8 
-t-> 
4--
>. 
01 
to.. 40 
Q) 

c: 
W 

28 

0 
l'SI 
l'SI 
N 
I 

Cv = 30 ft-lb 

x 

~ -

Cv data 
Fil. : U-1/2A 

Tempe ratu re 

)( 

~ -
(0 F" ) 

Cv = A + B tanh[(T - To)/Cl 

English Metric 
A .. 38.21 51. 80 
B = 28.12 38.12 
C = 58.98 32.77 
To = 25.99 -3.34 

or 41. 7 J when T = 8.3 -13.2 
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>. 
a 
'-
G) 

c w 

80 

S8 

4121 

28 

Cv = A + 

Cv dat.a 
File: U-l/2A 

Tempe ratu re (0 F) 

B t.anh[ (T - To)/CJ 

English Met.ric 
A = 36.23 49.12 
B = 31.02 42.06 
C = 72.01 40.00 
To = 20.56 -6.36 

Cv = 30 ft.-lb or 41.7 J when T = 5.9 -14.5 

4 point.s added at. locat.ion given by ~O~ symbol. 
4 point.s at. (-125,5) 
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Cada BEB (Sida 21 -Dn1~~Ad1at8d Cand1t1aD 
7/8T_Thickne88 Location 

ASTH L-C Orientation 

No Specimen Piece/ Temp Energy Lat Exp Shear 
6umba~ BaH (O!l (ft-lbl (.ils} (Il 

1 54 3 2 -110 8.0 5 0 
2 57 3 1 -70 22.0 19 16 
3 55 3 2 -40 23.0 18 <100 
4 58 3 1 -40 24.0 22 <100 
5 53 3 2 -20 27.0 25 <100 
6 71 3 1 0 34.0 32 56 
7 67 3 2 0 39.0 36 35 
8 56 3 1 30 42.0 33 <100 
9 73 3 1 30 49.0 42 50 

10 70 3 2 75 68.0 59 <100 
11 74 3 1 120 72.0 53 99 
12 69 3 2 120 82.0 69 100 
13 72 3 1 200 74.0 67 100 
14 68 3 2 200 77.0 76 100 
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c: w 

JeB 

80 

SB 

412J 

2B 

I2J 

~ 
N 
I 

Cv data 
Fi h : U-7/SA 

x 

x 

~ ~ - -
Temperature (0 F' ) 

Cv = A + B tanh[(T - To)/Cl 

English 
A = 45.14 
B = 33.51 
C. 74.75 
To = 22.22 

Metric 
61.20 
45.43 
41.53 
-5.43 

Cv = 30 ft-lb or 41.7 J when T = -14.2 -25.7 
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108 

80 

80 

40 

20 

~ -

Cv data 
File: U-7/8A 

~ -

x 

Tempe ratu re (0 F) 

Cv = A + B tanh[(T - To)/CJ 

English 
A = 41. 67 
B = 38.34 
C = 93.08 
To = 11.87 

Metric 
56.49 
51.98 
51. 71 

-11. 18 

Cv = 30 ft-lb 01'" 41.7 J when T = -17.4 -27.4 

4 points added at location given by '0' symbol. 
4 points at (-140,5) 
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Qb~Qk T~ata fQ~ EXRe~1m~nta DB-lB. la. & BD 
Code GEB (Side 2) - Unirradiated Condition 

ASTM L-C Orientationa 

No Specimen Piece/ Temp Energy Lat Exp Shear 
Numbe~ BQH ( °In (ft-lbl (milal (~l 

1 256 Cl -60 18.0 18 <100 
2 270 C2 -40 26.0 24 <100 
3 303 D3 -20 31. 0 31 <100 
4 293 D2 0 35.0 35 <100 
5 260 Cl· 20 35.0 33 <100 
6 266 C2 40 41.0 39 <100 
7 276 C3 60 49.0 47 <100 
8 280 C3 150 79.0 72 95 
9 283 Dl 230 77.0 75 100 

10 312A Fl 230 81. 0 73 100 
11 345 8F-CMFLb -40 32.0 30 <100 
12 325 8F-CMFL 0 61. 0 50 <100 
13 339 . 8F-CMFL 230 114.0 84 100 
14 331 8F-CMFL 230 114.0 94 100 

a Unless noted 
b CMFL = ASTM C-L orientation 
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Cv da.t a. 
File: UBR-U 

J25 

100 

-.c 
75 x 

I 
+" 
4-
....... 

>. 
0 
"- 50 
Q,) 

c: w 

25 
.x 

Temperature (0 F) 

Cv = A + B t anh[ <T - To)/CJ 

English Metric 
A = 50.58 68.57 
B = 30.73 41.67 
C = 81.92 45.51 
To = 60.51 15.84 

Cv = 30 ft-lb or 41.7 J when T = -5.8 -21.0 
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CD 
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c 
1.&.1 

H10 

75 

5121 

25 

Cv dat.a 
File: UBR-U 

Temperature (OF) 

Cv = A + B t.anh[(T - To)/Cl 

English 
A • 40.63 
B = 47.04 
C = 160.21 
To. 24.78 

Met.ric 
55.09 
63.77 
89.01 
-4.01 

Cv = 30 ft.-lb or 41.7 J when T = -12.1 -24.5 

4 point.s added at locat.ion given by '0' symbol. 
4 point.s at. (-130,5) 

F-21 



Irradiation Experiment UBR-68 
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Bx~~~im~nt DB-sa Dnit B 
Code GEB (Side 2) - As-Irradiated Condition 

ASTM L-C Orientation 

No Specimen Piece/ Temp Energy Lat Exp Shear 
tIumb~~ BaH (OEl (ft-lbl (milsl (Il 

1 97 4B 1 -40 11.0 14 <100 
2 94 4B 1 0 14.0 17 <100 
3 90 4B 2 10 18.0 20 <100 
4 78 4A 1 40 29.0 30 <100 
5 107 4C 1 50 28.0 32 <100 
6 104 4C 2 80 36.0 36 <100 
7 83 4A 2 80 37.0 37 <100 
8 117 4D 1 100 49.0 47 <100 
9 112 4D 2 120 49.0 48 <100 

10 110 4C 1 200 69.0 60 98 
11 113 4D 2 240 72.0 61 100 
12 77 4A 1 260 67.0 59 100 
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75 
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Cv dat.a 
Fil. : U681 

~ -
Temperature (OF) 

Cv = A + B t.anh[(T - To)/CJ 

English Met.ric 
A = 38.95 52.81 
B = 33.00 44.75 
C = 94.88 52.71 
To = 81.61 27.56 

Cv = 30 ft-lb or 41.7 J when T = 55.2 12.9 
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.0 

I 
~ 
C,j.. 

'-' 

:>. 
C) 
$,.. 

Q) 

c: 
w 

108 

80 

S8 

40 

28 

0 
~ I!) 
~ I!) 
N .... 
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Cv = A 

Cv data 
F;le : U68ICv 

y 

Tempe ratu re 

l'S:l 
l'S:l .... 

(0 r) 

+ B tanh[ <T - To)/CJ 

Engl;sh Metr;c 
A = 37.63 51.02 
B = 35.13 47.63 
C = 104.78 58.21 
To = 77.07 25.04 

Cv = 30 ft-lb or 41.7 J when T = 54.0 12.2 

4 po;nts added at locat;on g;ven by ~O/ symbol. 
4 po;nts at (-90,5) 
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Ex~~~im~nt DB-56 Unit B 
Code GEB (Side 2) - Postirradiation Annealed 399°C (750°F) - 168h 

ASTM L-C Orientation 

No Specimen Piece/ Temp Energy Lat Exp Shear 
Humb~~ BQH (O!l (ft-lbl (milal (Xl 

1 114 4D 2 -80 2.0 5 <100 
2 98 4B 1 -40 15.0 13 <100 
3 102 4C 2 -30 20.0 22 <100 
4 91 4B 2 0 24.0 29 <100 
5 118 4D 1 0 33.0 29 <100 
6 80 4A 1 30 38.0 36 <100 
7 82 4A 2 40 40.0 38 <100 
8 100 4C 2 80 66.0 53 <100 
9 95 4B 1 100 83.0 67 <100 

10 175 5 1 110 72.0 59 <100 
11 86 4A 2 200 82.0 70 100 
12 76 4A 1 200 86.0 79 100 
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..0 
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~ 
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C) 
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c: w 

)5121 

1 ~ra 

S8 

-

Cv d&t& 
F;l. : U68A1 

-
Tempe ratu re (0 F) 

Cv • A + B tanh[(T - To)/CJ 

A = 
B = 
C = 
To = 

English 
44.69 
42.07 
78.97 
36.63 

Metr;c 
60.59 
57.04 
43.87 
2.57 

Cv = 30 ft-lb or 41.7 J when T = 7.8 -13.4 
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Cv data 
F i 1 e : U68A 1 

125 

100 

x 

75 

5121 

25 

../ 
---B-~ 

121 
x 

~ lSI lSI 
~ lSI lSI 
{'\J - -I 

Tempe ratu re (0 F) 

Cv = A + B tanhC (T - To)/CJ 

English Metric 
A = 44.59 60.46 
B = 42.18 57.19 
C = 79.26 44.03 
To = 36.36 2.42 

Cv = 30 ft-lb or 41.7 J when T = 7.8 -13.5 

4 points added at location given by '0' symbol. 
4 points at (-100,5) 
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Ex~~[lm~nt DB-sa Dnlt B 
Code GEB (Side 2) - Postirradiation Annealed 454°C (850°F) - 168h 

ASTM L-C Orientation 

No Specimen Piece/ Temp Energy Lat Exp Shear 
Humb~[ BaH (O!) (ft-lb) (mlla) (~l 

1 116 4D 1 -80 11. 0 12 <100 
2 106 4C 1 -65 15.0 15 <100 
3 81 4A 1 -40 25.0 26 <100 
4 93 4B 1 -20 26.0 24 <100 
5 87 4A 2 0 34.0 33 <100 
6 92 4B 2 20 48.0 36 <100 
7 79 4A 1 40 63.0 49 <100 
8 120 4D 1 60 63.0 54 <100 
9 84 4A 2 100 75.0 66 90 

10 109 4C 1 140 92.0 63 98 
11 103 4C 2 200 81.0 68 100 
12 99 4C 2 200 85.0 65 100 
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Cv = A + 

Cv data 
File: U68A2 

~ -

)( 

Tempe ratu re (0 F) 

B tanh[(T - To)/Cl 

English Metric 
A = 46.91 63.60 
B = 39.11 53.02 
C = 72.75 40.42 
To = 18.91 -7.27 

Cv = 30 ft-lb or 41.7 J when T = -14.8 -26.0 
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Cv = A + 

Cv data 
File: U68A2 

)( 

Temperature (OF) 

B tanhC <T - To)/CJ 

English Metric 
A = 44.61 610.48 
B = 42.17 57.18 
C = 82.32 45.73 
To = 13.22 -110.43 

Cv = 310 ft-lb or 41.7 J when T = -16.5 -27.10 

4 points added at location given by ~O~ symbol. 
4 points at <-1210,5) 
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Irradiation Experiment UBR-78 
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Bx~e~iment UB-IB Unit A 
Code GEB (Side 2) - As-Irradiated Condition 

ASTM L-C Orientationa 

No Specimen Piece/ Temp Energy Lat Exp Shear 
HJJllb£~ BQH (°11 (ft-lb) (mila) (~) 

1 286 Dl -40 16.0 15 <100 
2 275 C3 -30 17.0 16 <100 
3 284 Dl 0 26.0 23 <100 
4 267 C2 20 33.0 29 <100 
5 296 D2 40 27.0 26 <100 
6 277 C3 40 36.0 32 <100 
7 255 Cl 60 42.0 37 <100 
8 306 D3 80 52.0 47 <100 
9 269 C2 110 56.0 50 <100 

10 308 D3 160 72.0 65 99 
11 257 Cl 220 74.0 75 <100 
12 316 F3 240 77.0 75 100 
13 322 E2 240 81. 0 83 100 
14 326 8F-CMFLb -40 14.0 14 <100 
15 333 8F-CMFL -20 22.0 19 <100 
16 328 8F-CMFL 0 41.0 33 <100 
17 322 8F-CMFL 10 45.0 38 <100 
18 336 6E-CMFL 40 49.0 45 <100 
19 338 6E-CMFL 240 110.0 81 100 
20 334 8F-CMFL 240 112.0 71 100 

a Unless noted 
b CMFL = ASTM C-L orientation 
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Cv = A + 

Cv data 
File: UBR-78 

~ -
Temperature (0 F) 

B tanh[ <T - To)/C] 

English Metric 
A = 44.62 60.49 
B = 36.07 48.91 
C = 104.37 57.99 
To = 68.53 20.30 

Cv = 30 ft-lb or 41.7 J when T = 23.7 -4.6 
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Cv = A + 

Cv data 
File: UBR-78 

Temperature (OF) 

B t a.nh [ (T - To)/CJ 

English Metric 
A = 41.32 56.93 
B = 41.97 56.99 
C = 139.23 72.35 
To = 57.39 14.95 

Cv = 39 ft-lb or 41.7 J when T = 21.3 -6.9 

4 points added at loca.tion given by ~O~ symbol. 
4 points at (-119,5) 
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Cv data 
File: UBR-78 (OY\I=t) 

-
Tempe ratu re (0 F) 

Cv = A + B tanh[(T - To)/CJ 

English 
A = -552.96 
B = 702.45 
C = 423.33 
To = -514.67 

Metric 
-749.71 

952.40 
235.18 

-303.71 

Cv = 30 ft-lb or 41.7 J when T = -11.8 -24.4 
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Cv da.~a. 
Fil. : UBR78C 

Hl0 

75 

5121 

25 

Temperature (OF) 

Cv = A + B ~a.nh[<T - To)/Cl 

English M.~ric 

A = ~6.13 76.11 
B = 58.31 79.06 
C = 113.35 62.97 
To = 44.08 6.71 

Cv = 30 f~-lb or 41.7 J when T = -10.6 -23.7 

4 poin~s added at location given by ~O~ symbol. 
4 points at <-115,5) 
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Irradiation Experiment UBR-79A 
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EXReriment UB-Za Unit A 
Code GEB (Side 2) - As-Irradiated Condition 

ASTM L-C Orientationa 

No Specimen Piece/ Temp Energy Lat Exp Shear 
Humb~r BQH (oJ!: ) (ft-lb) (millS) (I) 

1 261 Cl 15 13.0 13 <100 
2 285 Dl 45 24.0 19 <100 
3 295 D2 60 30.0 27 <100 
4 281 C3 100 39.0 31 <100 
5 305 D3 230 68.0 60 100 
6 278 C3 230 75.0 69 98 
7 341 6E-CMFLb 230 98.0 81 100 
8 298 D2 20 12.0 11 <100 
9 287 Dl 65 24.0 17 <100 

10 307 D3 80 29.0 27 <100 
11 289 Dl 120 45.0 38 <100 
12 309 D3 160 55.0 <100 
13 297 D2 220 68.0 59 100 
14 310 D3 260 65.0 55 99 
15 348 6E-CMFLb 60 34.0 27 <100 
16 344 6E-CMFL 105 52.0 39 <100 
17 342 6E-CMFL 240 94.0 69 100 
18 346 6E-CMFL 280 91.0 77 100 

a Unless noted 
b CMFL = ASTM C-L Orientation 
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Cv d&t.& 
Fil. : UBR-79 

Temperature (OF) 

Cv = A + B t.anh[(T - To)/Cl 

English Metric 
A = 36.33 49.25 
B = 37.67 51.07 
C = 109.81 61. 01 
To = 93.33 34.07 

Cv = 30 ft.-lb or 41.7 J when T = 74.7 23.7 
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Cv dat a 
F;l~ : UBR-79 

~ -
Tempe ratu re (0 F) 

Cv = A + B tanh[(T - To)/Cl 

A = 
B = 
C = 
To = 

English 
37.50 
35.79 

102.81 
97.24 

Metric 
50.84 
48.52 
57.12 
36.25 

Cv = 30 ft-lb or 41.7 J when T = 75.4 24.1 

4 points added at location given by '0' symbol. 
4 points at (-60,5) 
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Irradiation Experiment UBR-80A 
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Ex~~~im~nt UB-50 Unit A 
Code GEB (Side 2) - As-Irradiated Condition 

ASTM L-C Orientationa 

No Specimen Piece/ Temp Energy Lat Exp Shear 
Humbfil~ BQH (O!) (ft-lb) (mila) (~l 

1 314 8F3 0 10.0 <100 
2 288 Dl 35 14.0 14 <100 
3 313 8F3 50 22.0 16 <100 
4 320 6E3 60 16.0 12 <100 
5 300 D2 80 28.0 22 <100 
6 304 D2 100 30.0 29 <100 
7 319 6E3 110 34.0 28 <100 
8 311 D3 120 29.0 26 <100 
9 301 D2 140 41. 0 37 <100 

10 317 8F3 150 42.0 37 <100 
11 299 D2 160 47.0 44 <100 
12 290 Dl 200 63.0 54 98 
13 312 8F3 240 66.0 66 100 
14 318 6E3 270 65.0 58 100 
15 291 Dl 300 63.0 58 100 
16 337 6E-CMFLb 220 90.0 69 99 
17 329 8F-CMFL 240 87.0 66 100 
18 347 6E-CMFL 270 87.0 71 100 

a Unless noted 
b CMFL = ASTM C-L Orientation 
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Cv d&t& 
Ftl. : UBR-S0 

~ -
Temperature 

ttl 
ttl 
N 

(0 F" ) 

Cv = A + B tanh[(T - To)/Cl 

English 
A = 38.75 
B = 28.99 
C = 86.59 
To = 131. 70 

Metric 
52.54 
39.31 
48.10 
55.39 

Cv = 30 ft-lb or 41.7 J when T = 104.7 40.4 
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Cv = A + 

Cv dat a 
File: UBR-90 

Temperature (OF) 

B tanh [<T - To)/CJ 

English Met ric 
A = 35.60 49.27 
B = 34.22 46.39 
C = 112.11 62.29 
To = 119.39 49.55 

Cv = 30 ft-lb or 41.7 J when T = 100.9 39.3 

4 points added at location given by '0' symbol. 
4 points at <-30,S) 
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APPENDIX G 

Fracture Toughness Test Results for Unirradiated, Irradiated 
and Postirradiation Annealed Conditions 
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Overview 

The fracture toughness results provided in this appendix 
include those for all of the irradiation experiments and those for the 
unirradiated condition at the 1/8T location only (this location is 
consistent with that used for the irradiation experiments). A table 
summarizing the fracture toughness results is given for each 
condition. All evaluations of the J integral use the modified form of 
J, J M, as opposed to those formulations specified in ASTM Standards 
E 813 and E 1152. J M gives the same J values as the ASTM standards 
when maximum J values (JMAX) from cleavage fracture tests are used, 
and only small changes in J Ic values for J-R curve tests. 

The transition regime data (KJc ) are plotted and curve-fit to 
an exponential function, as given by 

KJc - A + B exp(T/C) 

with A, B, and C evaluated from non-linear regression analysis. For 
the case of the annealed conditions only (with few data points). 
coefficient "A" was assigned a value of zero to improve the fitting 
results. The dashed lines given on each plot represent upper and 
lower bound curves at a 95% confidence level. 

Lastly, for each condition, a summary sheet is provided for 
each test which resulted in a J-R curve. These summary sheets include 
a graphical plot of the J-R curve data, reference information for the 
test, and evaluation of the data using power law and linear curve­
fitting methodologies. For the power law analyses, the data given 
under "MEA power law" utilize a user-defined range of data points in 
the power law curve fit; JIB is defined as the intersection of this 
power law curve with the .15 mm exclusion line. The "E 813-87" 
results are from an analysis using that·ASTM standard, whereby J Ic is 
defined as the intersection of the power law curve with a line 
parallel to the blunting line but offset by 0.2 mm. In general, the 
"E 813-87" values of J Ic are higher than the "MEA power law" values of 
J Ic ' 

The linear curve fit analyses are based upon ASTM Standard 
E 813-81. Specifically, values given under "E 813-81" are from a 
strict interpretation of that standard, whereas values given under 
"All Data" are from an analysis using all data points between the 
0.15 mm and 1.5 mm exclusion lines. For both linear analyses, J Ic is 
defined as the intersection of the linear curve with the ASTM blunting 
line (J - 2 uf ~a, with uf the flow strength). 

For all four J -R curve analyses (and for cleavage fracture 
tests as well), KJc values are evaluated from: 

2 
KJc - jJIc . E/(l - v ) 
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where E is the value of Young's modulus at the test temperature and v 
is Poisson's ratio (0.3). For cleavage fracture tests, J at fracture 
(i.e., J MAX) is used in place of J Ic . (Kpc values are calculated for 
cleavage fracture tests, as in Ref. G-1.) 

Tavg values are average values of tearing modulus, T, as given 
by the equation 

E 
T --2 

of 

dJ 

da 

For the' linear analyses, dJ Ida 
For the power law analyses, 
solution (see Appendix H of 
between the exclusion lines. 

is taken to be the slope of the line. 
dJ/da is given from a closed form 
Reference G-2), as an average slope 

, 
In the attached tables, values of J Ic and KJc referred to as "ASTM" 
are from an ASTM E 813-81 analysis using J M (for J-R curve tests); for 
cleavage fracture tests, KJc values are actually ~ values using the 
procedures in ASTM standard E 399. 

REFERENCES 

G-l. A. L. Hiser, "Correlation of 
Temperature Increases Due to 
NUREG/CR-4395 , Nov. 1985. 

Cv and KIc/KJc Transition 
Irradiation, "USNRC Report 

G-2. A. L. Hiser, F. J. Loss and B. H. Menke, "J-R Curve 
Characterization of Irradiated Low Upper Shelf Welds," USNRC 
Report NUREG/CR-3506, Apr. 1984. 
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Unirradiated Condition (lIST) 
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Table G-l Fracture Tougimess Results for Code GEB (Side 2), Unirradiated Condition 

Specimen Test (a/W)oa ~b ~c 
Number Temperature 

~-t\a.n J1c KJc Kac Tavg CIf CIy 

MEA AS'lM MEA AS'lM MEA 

(OC) (OF) (DID) (DID) (DID) (kJ/m2) (kJ/m2) (MPaltii) (MPaltii) (MPaltii) (MPa) (MPa) 

GEB2-A6 -140 -220 0.509 _d 8.9 46.0 45.5 43.4 773.9 703.2 
GEB2-A13 -U8 -180 0.508 26.0 78.2 65.3 61.4 738.0 667.4 
GEB2-A4 -90 -130 0.502 36.1 91.8 60.1 64.8 695.9 625.3 
GEB2-Al5 -76 -105 0.509 36.2 91.7 52.6 63.8 676.5 605.7 
GEB2-A2 -68 -90 0.517 67.8 125.4 59.6 72.9 665.8 595.0 

Cj) GEB2-A14 -57 -70 0.515 63.7 121.5 SO.8 70.9 651.7 580.7 I 
0-

GEB2-Al -46 -50 0.502 -- 121.6 167.5 56.4 79.8 638.3 567.1 
GEB2-A3 -34 -30 0.516 165.7 195.3 59.3 83.4 624.4 552.9 
GEB2-ASe -18 0 0.509 137.4 118.1 177.3 164.4 607.0 535.0 

GEB2-A18e 65 150 0.525 6.05 5.72 -0.33 129.2 127.4f 170.0 168.8 99 538.6 463.0 

GEB2-A17e 177 3SO 0.522 6.53 6.19 -0.34 81.6 80.4f 133.0 132.0 115 504.5 420.2 

GEB2-Al6e 288 550 0.514 6.09 6.04 -0.05 117.4 110.5f 156.9 152.2 56 536.4 439.5 

a Pretest a/W c Crack growth predicted d Cleavage failure precluded e Side grooved by 20% 
b Measured crack growth by compliance determination of this quantity f Valid J1c' per ASTM E 813-81 



TEMPERATURE (. F) 
-2aB -lSa -100 -sa a 

25a 

Code GEB (Side 2) 2ee 
200 

Unirradiated Condition 
160 

~ 150 
~ 

J20 Cl. 
E 
'-' 

(l 

100 I"'") 
::x:: se 

50 4e 

0~----~----~----~------~----~----~0 
-150 -125 -lH0 -75 -50 -25 H 

TEMPERATURE (DC) 

Kjc • A + B exp(T/C) 

Metric 
A = 39.61 
B = 321. 80 
C = 46.90 

Upper Bound K • 100 when Temp • -86 
Ave. K = 100 when Temp = -78 

Lower Bound K • 100 when Temp • -71 
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English 
36.04 

292.85 
84.41 

-123 
-109 
-96 

~ 
'" ~ 
~ 
~ 



"'0 
o 
l: ., 

Crack Extension ( in. ) 
.020 .040 .060 .080 

200 

100 

0.5 

TEST SPECIMEN DATA 

Test Temperature 
Percent Side Groove 
Specimen Thickness 
Initial Crack Length 
Flow Stress 
Youngs Modulus 
POWER LAW DATA J = 

Jic 
Kjc 
Exponent 
Coefficient 
LEAST SQUARE 

Jic 
Kjc 

N 
C 
LINEAR 

Slope M 
Intercept B 
Validity (E813-81) 
Validity (E813-87) 
Validity (EI152-87) 
J maximum allowed 
Delta a max. allowed 
Final Delta a 
Poisson's Ratio (v) 
Points Left 

SPECIMEN 

I 
I 
/ 
I 
I 

FAILURE/TYPE B 
']-R ourve dtes not reaoh 
1:he 1.5 mrn xclucton I tne 

/ 
1.0 lo5 2.0 

Crack Extension (mm) 

= -18°C 
= 20" 
= 12.7 mm 
= 12.95 mm 
= 607 MPa 
= 208200 MPa 

C (Del ta a)H 
MEA Power Law 

= 137.4 kJ/m2 
= 177.3 MPaJ'iii 
= .6317 

Ini t a/W = .509 

(Estimated Value) 

E813-87 
157.5 kJ/m 2 
189.8 MPa.f1ii 
.6317 

= 317.4 kJ/m2 

LINE (ASTM) J = M 
317.4 kJ/m 2 

(Delta a) + B 
All Data 

= 118.1 kJ/m2 
= 164.4 MPa.f1ii 
= 214544.3 kJ/m 3 
= 97.3 kJ/m 2 
= VALID 
= VALID 
= VALID 
= 377.6 kJ/m 2 
= 1.25 mm 
= 1.~1 mm 

E813-81 
118.1 kJ/m 2 

164.4 MPa.f1ii 
214544.3 kJ/m 3 
97.3 kJ/m 2 

(Jmax=B*Flow stress/20) 
(Delta a max = 0.1*bo) 

= .3 
= 0 Points Right • 0 
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.0 

I 
E: 
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Crack Extension (in.) 

o ·050 . 100 . J50 .200 .250 
1000 r-------~------~------~------~~------~----~ 

Crack Extension (mm) 

JEST SPECIMEN DATA 

Test Temp.rature = 6~oC 
Percent Side Groove = 20% 
Specimen Thickness = 12.7 mm 
Initial Crack L.ngth .. 13.36 mm 
Final Crack Length = 19.41 mm 
Flow Str.ss = 538.6 MPa 
Youngs Modulus = 203500 MPa 
POWER LAW DATA J = C (Delta a)H 

Jic 
Kjc 
J (@J/T=8.8) 
Exponent 
Coefficient 
T (average) 
LEAST SQUARE 

Jic 
Kjc 
Slope M 
Intercept B 
T (ASTM) 

N 
C 

MEA Power Law 
.. 129.2 kJ/m2 
= 170 MParm 
= 482 kJ/m2 
= .~352 
= 259.2 kJ/m2 
= 99 

LINEAR LINE (ASTM) J = M 
All Data 

= 119.9 kJ/m 2 
= 163.7 MPa../Wi 
= 145279.1 kJ/m 3 
= 103.7 kJ/m2 
.. 102 
= VALID 

Init a/W ... ~25 
Final a/W ... 764 

(Estimat.d Value) 

E813-87 
145.1 kJ/m2 
180.1 MParm 

.~164 
258.8 kJ/m 2 

9~ 
(Delta a) + B 

E813-81 
127.4 kJ/m2 
168.8 MParm 
139283.5 k J/m 3 
110.9 kJ/m 2 

98 
Validity (E813-81) 
Validity (E813-87) 
Validity (EI152-87) 
J maximum allowed 
Delta a max. allowed 
Final Delta a 

= INVALID--c (.33 mm vs .27 mm) 
= INVALID--3 (.33 mm vs .18 mm) 
= 324.1 kJ/m 2 (Jmax=B*Flow stress/20) 
= 1.2 mm (Delta a max • 0.1*bo) 
.. ~.72 mm 

Poisson's Ratio (v) =.3 
Points Left = 4 Points Right .. 2 
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N 

~ ..., 
~ ..... 
"'0 ., 
<t-

"0 
0 
J: 
..., 

It' act.. [,tension ( In. ) 
0 .050 • 100 . J50 .200 .250 

800 b,- I 
SPE IMEN GEB2-A17 

I I 

600 f 
I 

~ 

* 
* 

C * 
400 l * 

C 
200 t ,AlLURE TYPE C 

(J-R ourve > 1.5 ~~) 
MEA ~ RSTM ANALYSIS APPLICABLE 

0 0 1.5 3.0 4.5 6.0 
Crack Extension (mm) 

TEST SPECIMEN DATA 

Test TeMperature • 177°C 
Percent Side Groove • 20% 
SpeciMen Thickn •• s • 12.7 MM 
Initial Crack Len;th • 13.26 MM 
Final Crack Len;th • 19.79 MM 
Flow Stress • 504.5 MPa 
Voun;. Modulus - 197100 MPa 
POWER LAW DATA J. C (Delta a)H 

Jic 
KJc 
J (U/T-8.8) 
Exponent 
Coefficient 
T (avera;e) 
LEAST SQUARE 

Jic 
KJc 
Slope M 
Intercept B 
T (ASTM) 

N 
C 

MEA Power Law 
• 81.6 kJ/M2 
= 133 MPa./lir 
- 393.2 kJ/M2 
- .673 
• 217.4 kJ/M2 
= 115 

LINEAR LINE (ASTM) J. M 
All Data 

- 80.4 kJ/1R2 
= 132 MParm 
= 147542.3 kJ/M3 
• 68.6 kJ/M2 
• 114 
- VALID 

Ini t a/W ·.522 
Final a/W •• 779 

E813-87 
108 kJ/m2 
152.9 MPa./lir 

.6113 
222.1 kJ/M2 
107 

(Delta a) + B 
E813-81 

80.4 kJ/M2 
132 MPa.flli 
147542.3 kJ/M3 
68.6 kJ/M2 
114 

Validity (E813-81) 
Validity (E813-87) 
Validity (EI152-87) 
J MaxiMuM allowed 
Delta a Max. allowed 
Ft nal Del ta a 
Potsson'. Ratto (v) 
Potnts Left 

= INVALID--c (.34 MM vs .27 Mm) 
• INVALID--l, 3 (.34 MM vs .18 MM) 
• 306 kJ/M2 (JMax=B*Flow str ••• /20) 
= 1.21 MM (Delta a Max = 0.1*bo) 
• 6.18 MM 
- .3 = 4 Potnts Ri;ht • 2 
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:51211i!1 
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J: 

* 
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/,1 

300 
I: 
I: 200 I ---'\, 

F"AILURE TYPE C 
(J-R curve > 1.~ mm) 

100 I MEA l ASTM ANALYSIS APPLICABLE 

/ - --
0 0 1.5 3.0 4.5 6.0 

Crack Extension (mm) 

TEST SPECIMEN DATA 

T.5t T.mp.ratur. 
P.rcent Sid. Groove 
Sp.cim.n Thickness 
Initial Crack L.ngth 
Final Crack Length 
Flow Str.ss 

= 288°C 
• 28" = 12.7 111m 
= 13.87 mm 
= 19.16 mm 
• ~36.4 MPa 

Youngs Modulus 
POWER LAW DATA 

• 198898 MPa 
J = C (D.lta a)N 

Jic 
Kjc 
J (IJ/T=8.8) 

N 
C 

MEA Pow.r Law 
• 117.4 kJ/m2 
• 1~6.9 MPa.t1ii 
= 331 kJ/m2 
= .39~9 
= 199.5 kJ/m2 
= ~6 

Ini t a/W •• ~14 
Final a/W •• 7~4 

(Estimated Value) 

E813-87 
12~. 8 kJ/m2 
162.4 MPa.t1ii 

.4111 
291.1 kJ/m2 
~8 

Exponent 
Co.fficient 
T (av.rag.) 
LEAST SQUARE LINEAR LINE (ASTM) J = M (Delta a) + B 

All Data 
Jic = 118.5 kJ/m2 
Kjc = 1~2.2 MPa.t1ii 
Slop. M • 99244.7 kJ/m3 
Intercept B = 199.3 kJ/m2 
T (ASTM) = 66 
Validity (E813-81) • VALID 
Validity (E813-87) • INVALID--b 
Validity (Ell~2-87) • INVALID--2 
J maximum allow.d = 339.5 kJ/m2 
D.lta a max. allow.d = 1.23 mm 
Final D.lta a • 6.85 mm 
Poisson~s Ratio (v) ·.3 

E813-81 
119.5 kJ/m 2 
152.2 MPa.t1ii 
99244.7 kJ/m3 

199.3 kJ/m2 
66 

(Jmax=B*Flow str.ss/29) 
(D.lta a max • 9.1*bo) 

Points Left • 9 Points Right • 1 
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Irradiated Condition, Experiment UBR-68 
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Table G-2 Fracture Touglmess for Code GEB (Side 2). I Condition (Irradiated Experiment UBR-68) 

Specimen Test: (a!W)oa ~b lJa.pc 
Number Temperature 

lJa.p-dam J Ic K.Jc Kac Tavg af C1y 

MEA ASTM MEA ASTM MEA 
(Oe) (OF) (DID) (DID) (DID) (kJ/m2) (kJ/m2) (MPafiii) (MPafiii) (MPafiii) (MPa) (MPa) 

GEB2-A20 -80 -112 0.531 _d 16.1 61.3 57.4 52.6 719.7 656.9 

GEB2-A29 -50 -58 0.514 18.1 64.7 65.2 53.2 680.9 617.7 

GEB2-A25 -35 -31 0.528 29.4 82.3 69.9 60.1 663.2 599.7 

GEB2-A24 -25 -13 0.490 61.4 118.7 71.7 70.8 652.2 588.4 

GEB2-AJ1 -18 0 0.513 75.8 131.7 67.2 73.4 644.7 580.7 

!;') GEB2-AJO -5 +23 0.514 107.5 156.6 50.6 77.7 631.6 567.2 
I - GEB2-A19 0 +32 0.554 - 117.1 163.4 51.5 78.6 626.8 562.2 

VJ 

GEB2-AJ6 40 +104 0.509 5.93 5.44 -0.49 139.1 97.7e 177.0 148.3 133 593.1 526.2 

GEB2-A7f 177 +350 0.511 6.35 6.36 +0.01 106.7 107.3e 152.0 152.5 62 542.2 465.9 

GEB2-A9f 288 +550 0.501 7.40 6.85 -0.55 100.4 98.1e 145.0 143.4 44 574.1 485.2 

~retest a/W c Crack growth predicted by compliance e Valid J Ic ' per ASTM E 813-81 
Measured crack growth d Cleavage failure precluded determi- f Side grooved by 20% 

nation of this quantity 



TEMPERATURE (t F) 
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Code ·GEB (Side 2) 
150 
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TEMPERATURE (DC) 

Kjc = A + B exp(T/C) 

Metric 
A = 33.26 
B = 136.23 
C .. 42.71 

Upper Bound K = 100 when Temp = -37 
Ave. K • 100 when Temp • -30 

Lower Bound K .. 100 when Temp • -24 
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76.89 

-35 
-23 
-11 

G-14 

~ 
." 
~ 

(J ......, 
~ 



,..., 
N 

~ 
" ..., 

~ ...... 

"'C 
G) 

'+-
." 
o 
J: 
..., 

Crack Extension ( In. ) 
0 .050 . 100 . J50 .200 .250 

1~50 

l~~~ I • I 
750 I 

500 

I FAILURE TYPE C 
250 I (J-R ourve > 1.5 mm) 

MEA ~ RSTM ANALYSIS APPLICABLE 

I 
0 121 1.5 3.121 4.5 6.121 

Crack Extension (mm) 

TEST SPECIMEN DATA 

T.st r.mp.rature 
P.rcent Side Groove 
Sp.cim.n Thickness 
Initial Crack Length 
Final Crack Length 
Flow Stress 
Youngs Modulus 
POWER LAW DATA J = 
Jic 
KJc 

N 
C 

= 12.7 mm 
= 12.93 mm 
= 18.86 mm 
= 593.1 MPa 
- 204900 MPa 

C (D.l ta a)H 
MEA Power Law 

= 139.1 kUma 
= 177 MPan 
• 672.4 kJ/m2 

- .6789 = 338.6 kJ/m2 
• 133 

J ('J/T-8.8) 
Exponent 
Co.fficient 
T (average) 
LEAST SQUARE LINEAR LINE (ASTM) J. M 

All Data 
Jic = 110.5 kJ/m2 
KJc = 157.8 MPaJ1li 
Slop. M • 243447.5 kJ/m3 
Intercept B • 87.8 kJ/m2 
T (ASTM) = 142 
Validity (E813-81) • VALID 

Init a/W = .509 
Final a/W = .742 

(Estimated Value) 

E813-87 
H59.1 kJ/m2 
189.3 MPa.J1ii 

.6968 
342 kJ/m 2 
138 

(Delta a) + B 
E813-81 

97.7 kJ/m 2 
148.3 MPa.J1ii 
262118.5 kJ/m 3 

76.1 kJ/m2 
153 

Validity (E813-87) • INVALID--c (.48 mm vs .29 mm) 
Validity (EI152-87) = INVALID--3 (.48 mm vs .18 mm) 
J maximum allowed - 369.6 kJ/m2 (Jmax=B*Flow stress/20) 
Delta a max. allowed = 1.25 mm (Delta a max • 0.1*bo) 
Final Delta a = 5.44 mm 
Poisson'S Ratio (v) •• 3 
Points Left • 0 Points Right = 2 

G-lS 

701210 

6~l,n21 
..... 

r.J 
c 

5000 \,. 
..Q 

I 
4000 c:: 

...... 

'tJ 
3000 G) 

<t-

'tJ 
2000 0 

l: .., 
1000 

7. ~ 



Crack Extension ( in. ) 
0 .050 . 100 . 150 .200 .250 

750 
SPECrt-1EN GE:B2-A7 

6eJB Ii 
I 
1 I: * I * 450 t' * 

I: I 
1 300 

"I 
F"AILURE TYPE C 

150 
I: 

1 (J-R ourve > 1.5 mm) 
MEA & ASTM ANALYSIS APPLICABLE 

I 
0 

0 1.5 3.0 4.5 S.0 
Crack Extension (mm) 

TEST SPECIMEN DATA 

Test Temperature • 177°C 
Percent Side Groove = 20% 
Specimen Thickness • 12.7 mm 
Initial Crack Length • 12.83 mm 
Final Crack Length a 19.18 mm 
Flow Stress • 542.2 MPa 
Youngs Modulus • 197100 MPa 
POWER LAW DATA J. C (Delta a)H 

Jic 
Kjc 
J (IJ..-T=8.8) 

N 
C 

MEA Power Law 
= 106.7 kJ/m2 
= 152 MPa./lii 
II! 350 kJ/m2 
• .445 
• 197.4 kJ/1II2 
= 62 

Ini t a/W •• 505 
F ina 1 a/W • .755 

(Estimated Value) 

E813-87 
119.7 kJ/m2 
161 MPa./lii 

.4244 
196.1 kJ/m2 
59 

Exponent 
Coefficient 
T (average). 
LEAST SQUARE LINEAR LINE (ASTM) J = M (Delta a) + B 

Jic 
Kjc 
Slope M 
Intercept B 
T (ASTM) 

All Data 
= 107.3 kJ/1II2 
= 152.5 MPa./lii 
• 91687.1 kJ/m3 

'" 98.3 kJ/m2 
= 62 
'" VALID 
• VALID 
• VALID 
• 340.6 kJ/m2 
= 1.26 mm 
'" 6.32 mm 

(v) =.3 

E813-81 
107.3 kJ/m2 
152.5 MPa./lii 
91687.1 kJ/m 3 
98.3 kJ/1II2 
62 

(Jmax-B*Flow stress/20) 
(Delta a max a 0.1*bo) 

Validity (E813-81) 
Validity (E813-87) 
Validity (EI152-87) 
J maximum allowed 
Delta a max. allowed 
Fi nal Del ta a 
Poisson's Ratio 
Points Left = 2 Points Right = 2 
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Crack Extension (in.) 
o . 050 . . 100 . J 50 .200 .250 
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~. 

"J ,r 

J: 
300 

~I 

150 
I: 

SPECIMEN GEB2-A9 

I 
I 
I 
I , 

* * * * * * 

F"AILURE TYPE C 
(J-R curve> 1.5 mm) 

* 

, 
MEA ~ RSTM ANALYSIS APPLICABLE 

I 
1.5 3.0 4.5 6.0 

Crack Extension (mm) 

TEST SPECIMEN DATA 

Test Temperature • 288°C 
Percent Side Groove = 20% 
Specimen Thickness = 12.7 mm 
Initial Crack Length = 12.73 mm 
Final Crack Length = 20.13 mm 
Flow Stress = 574.1 MPa 
Youngs Modulus • 190800 MPa 
POWER LAW DATA J = C (Delta a)H 

Jic 
Kjc 
J (IUT=8.8) 
Exponent 
Coefficient 
T (average) 
LEAST SQUARE 

N 
C 

MEA Power Law 
= 100.4 kJ/m2 
= 145 MPaJiii 
= 300.5 kJ/m2 
= .3973 
= 177 kJ/m2 
= 44 

LINEAR LINE (ASTM) J = M 
All Data 

Jic = 98.1 kJ/m2 
Kjc = 143.4 MPaJiii 
Slope M = 81452.4 kJ/m3 
Intercept B = 91.2 kJ/m2 
T (ASTM) = 47 
Validity (E813-81) = VALID 

Init a/W 
Final a/W 

= .501 
= .792 

(Estimated Value) 

E813-87 
110.7 kUm 2 
152.3 MPaJiii 

.38 
175.2 kJ/m2 
42 

(Delta a) + B 
E813-81 

98.1 kJ/m2 

143.4 MPaJiii 
81452.4 kJ/m3 
91.2 kJ/m2 
47 

Validity (E813-87) = INVALID--c (.55 mm vs .25 mm) 
Validity (EI152-87) = INVALID--3 (.55 mm vs .19 mm) 
J maximum allowed = 363.6 kJ/m2 (Jmax=B*Flow stress/20) 
Delta a max. allowed • 1.27 mm (Delta a max = 0.1*bo) 
Final Delta a = 6.8~ mm 
Potsson~s Ratio (v) •• 3 
Points Left = 0 Points Right = 2 
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Irradiated (Experiment UBR-68) 

Annealed (at 399°C for 168 h) 
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• 

(j) 
I 
I-' 
\0 

Specimen Test 
Number Temperature 

(OC) (OF) 

GEB2-A27 -80 -112 

GEB2-A21 -57 -71 

GEB2-A26 -50 -58 

GEB2-A32 -34 -29 

GEB2-A33 -18 0 

GEB2-A35 0 +32 

GEB2-AlOe 117 +350 

a Pretest a/W 
b Measured crack growth 
c Crack growth predicted 

by compliance 

Table G-3 Fracture Toughness Results for Code GEB (Side 2), 1A Condition 

(a/ryl)C: 

0.520 

0.512 

0.512 

0.522 

0.507 

0.528 

0.506 

(Irradiated Experiment UBR-68, Annealed at 399°C for 168 h) 

~b !Ja.c p !Ja.p-~ JIc 

MEA 

(DID) (DID) (DID) (kJ/m2) 

_d 23.8 

55.7 

75.0 

41.2 

137.4 

129.7 
_f 6.75 ~ 133.5 

d Cleavage failure precluded deter­
mination of this quantity 

e Side grooved by 20% 
f Cannot be determined 

AS'lM 

(kJ/m2) 

129.~ 

KJc Ksc Tavg 

MEA AS'lM MEA 

(MPaliii) (MPaliii) (MPaliii) 

74.5 56.9 58.0 

113.5 49.9 69.7 

131.6 49.2 73.6 

97.4 51.6 63.3 

117.4 49.6 79.8 

171.9 50.9 77.2 

170.0 167.5 89 

g Valid J Ic ' per AS'lM E 813-81 

af ay 

(MPa) (MPa) 

686.0 623.2 

655.8 592.7 

647.2 584.0 

628.4 564.9 

611.0 547.0 

593.1 528.5 

508.5 432.2 



TEMPERATURE (ttl 
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25e 
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Low.r Bound K .. lee wh.n T.mp • -4S 

G-20 

English 
163.ge 
192.32 

-141 
-81 
-49 

~ 
Co1 
~ 

u ...., 
:::x=: 



,...., 
N 

E 

" ~ .::t. 
'-' 

"'C 
Q) 

Cot-

" 0 
J: 

~ 

o .050 
Crack Extension (in.) 

.100 .150 .200 .250 
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SPECIMEN GEB2-A10 

I 
I 
I 
I 

* 

F"AILURE TYPE C 
(J-R ourve > 1.5 mm) 

MEA l ASTM ANALYSIS APPLICABLE 

4000 

3000 

2000 

1000 

0~~------~--------~--------~--------~------~ 0 o 1.5 3.0 4.5 6.0 7.S 

TEST SPECIMEN DATA 
Material Type 
Test Temperature 
Percent Side Groove 
Specimen Thickness 
Initial Crack Length 
Flow Stress 
Youngs Modulus 
POWER LAW DATA J = 

Jic 
Kjc 
J (@J/T=8.8) 
Exponent N 
Coefficient C 
T (average) 
LEAST SQUARE LINEAR 

Jic 
Kjc 
Slope M 
Intercept B 
T (ASTM) 
Validity (E813-81) 
Validity (E813-87) 
Validity (EI152-87) 
J maximum allowed 
Delta a max. allowed 
Final Delta a 

Crack Extension (mm) 

= A-336 Forging 
= 177°C 
= 20:': 
= 12.7 mm 
= 12.87 mm 
= 508.5 MPa 
= 197100 MPa 

C (Del ta a)H 
MEA Power Law 

= 133.5 kJ/m 2 
= 170 MPafni 
= 489.6 kJ/m2 
= .4717 
= 241.8 kJ/m 2 
= 89 

= .506 

(Estimated Value) 

E813-87 
143.3 kJ/m 2 
176.2 MPafni 

.4709 
237.4 kJ/m 2 

87 
LINE (ASTM) J = M (De 1 ta a) + B 

All Data 
= 129.5 kJ/m2 
= 167.5 MPafni 
= 115550.7 kJ/m 3 
= 114.8 kJ/m 2 
= 88 
= VALID 
• VALID 
= VALID 
= 318.5 kJ/m2 
= 1.25 mm 
= 6.77 mm 

E813-81 
129.5 kJ/m 2 
167.5 MPafni 
115550.7 kJ/m3 

114.8 kJ/m2 
88 

(Jmax=B*Flow stress/20) 
<Delta a max = 0.1*bo) 

Poisson's Ratio <v) =.3 
Points Left = 1 Points Right = 2 
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Irradiated (Experiment UBR-68) 

Annealed (at 454°C for 168 h) 

G-22 



Specimen Test 
Number Temperature 

(OC) (OF) 

GEB2-A23 -110 -166 

GEB2-A34 -90 -l30 

GEB2-AB -65 -85 

G1 GEB2-A28 -38 -36 
I 

N GEB2-Al1 -24 -11 w 
GEB2-A12e 177 +350 

a Pretest a/W 
b Measured crack growth 

Table G-4 Fracture Touglmess Results for Code GEB (Side 2). IA Condition 
(Irradiated Experiment UBR-68. Annealed at 454°C for 168 h) 

(a!W)o a ~b 6a. c p 6a.p-~ Jrc KJc Ksc 

MEA ASTM MEA ASTM 

(mm) (mm) (mm) (kJ/m2) (kJ/m2) (MPaliii) (MPaliii) (MPaliii) 

0.528 _d 11.3 51.6 49.1 46.4 

0.524 52.7 110.9 52.1 70.3 

0.519 51.6 109.4 47.0 67.7 

0.524 59.4 117.0 45.4 67.4 

0.519 111.7 160.1 47.4 75.3 

0.541 6.28 6.04 -0.24 123.7 120.2f 163.7 161.3 

Tavg 

MEA 

83 

c Crack growth predicted d Cleavage failure precluded e Side grooved by 20% 
by compliance determination of this quantity f Valid J Ic ' per ASTM E 813-81 

af C1y 

(MPa) (HPa) 

711.2 644.1 

681.6 614.4 

647.6 580.1 

614.6 546.6 

599.0 530.7 

490.2 409.3 
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Kjc = B * exp<T/C) 

Metric 
B = 186.99 
C = 114.93 

English 
170.17 
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Upper Bound K = 100 when Temp =-102 
Ave. K = 100 wh~n Temp = -72 

Lower Bound K = 100 when Temp = -34 
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-63 
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Crack Extension (in.) 
o .050 .100 .150 .200 .250 

750 r-------,-------or-------,-------,--------.------, 
SPECIMEN GEB2-A12 

601i!1 

450 

300 

150 

1.5 

TEST SPECIMEN DATA 

T.st Temperature 
P.rc~nt Side Groove 
Specimen Thickness 
Initial Crack Length 
Final Crack Length 
Flow Stress 
Youngs Modulus 
POWER LAW DATA J = 

Jic 
Kjc 
J (@J/T=8.8) 
Exponent N 
Coefficient C 
T (aver' age) 
LEAST SQUARE LINEAR 

Jic 
Kjc 
Slope M 
Intercept B 
T (ASTM) 
Validity (E813-81) 
Validity (E813-87) 
Validity (E1152-87) 
J maximum allowed 
Delta a max. allowed 
Final Delta a 

I 
I 
I , 

* 

FAILURE TYPE C 
(J-R curve> 1.5 mm) 

MEA ~ ASTM ANALYSIS APPLICABLE 

3.0 4.5 6.0 
Crack Extension (mm) 

= 177°C 
= 20% 
= 12.7 mm 
= 13.75 mm 
= 20.03 mm 
= 490.2 MPa 
= 197100 MPa 

C (Delta a)H 
MEA Power Law 

= 123.7 kJ/m 2 
= 163.7 MPa./iii 
= 399.6 kJ/m 2 
= .4473 
= 219.1 kJ/m2 
= 83 

LINE (ASTM) J = M 
All Data 

= 120.2 kJ/m 2 
= 161.3 MPa./iii 
= 101955.6 kJ/m~ 
= 107.7 kJ/m 2 
= 84 
= VALID 
= VALID 

In it a/W =.541 
Final a/W = .788 

(Estimated Value) 

E813-87 
136 kJ/m2 
171.6 MPa./iii 

.4352 
217.4 kJ/m 2 
80 

(Delta a) + B 
E813-81 

120.2 kJ/m 2 
161.3 MPa./iii 
101955.6 kJ/m~ 
107.7 kJ/m 2 
84 

= INVALID--3 (.22 mm vs .17 mm) 
= 285.2 kJ/m 2 (Jmax=B*Flow stress/20) 
= 1.16 mm (Delta a max = 0.1*bo) 
= 6.05 mm 

Poisson's Ratio (v) =.3 
Points Left = 0 Points Right = 2 

G-25 

40B8 

3000 

2000 

1000 

o 
7.5 

r-. 
N 

c: 
\.. 
.c 
I 
c 
~ 

"C 
Q) 



Unirradiated Condition Check-Tests 
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Table G-5 Fracture Toughness Results for Code GEB (Side 2), Unirradiated Condition (Check-Tests) 

Specimen Test 
Number Temperature 

(a/W)oa ~b ~c ~-~ J1c KJc KSc Tavg af ay 

MEA AS'lM MEA AS'lM MEA 

(OC) (OF) (DIll) (DIll) (DIll) (kJ/m2) (kJ/m2) (MPaliii) (MPaliii) (MPaliii) (MPa) (MPa) 

GEB2-8E4 -107 -160 0.507 _d 26.5 78.1 55.1 60.7 720.9 650.4 

GEB2-8E5 -73 -100 0.509 63.8 121.8 49.7 72.4 672.4 601.7 

GEB2-8C4 -40 -40 0.509 113.9 161.9 50.1 73.0 631.2 559.9 

GEB2-8C6 31 88 0.517 6.06 4.76 -1.30 222.1 130.1 223.9 171.4 157 562.2 483.8 

c;') GEB2-8C5e 177 350 0.656 4.18 3.78 -0.40 109.4 108.3 153.9 153.2 83 504.5 420.2 
I 

GEB2-8E6e 177 N 
'-I 

350 0.515 6.71 5.66 -1.15 136.0 137.7 171.6 172.7 87 504.5 420.2 

a Pretest a!W c Crack growth predicted d Clesvage failure precluded determination of this quantity 
b Measured crack. by compliance e Side grooved by 20% 
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0 .050 .100 . 150 .200 .250 

1~e0 

SPECIMEN GEB2-8C6 

1221121 

900 

600 

I f"AILURE TYPE C 
300 / (J-R ourve > 1.5 mm) 

MEA l ASTM ANALYSIS APPLICABLE 

I 
0 0 1.5 3.0 4.5 6.0 

Crack Extension (mm) 

TEST SPECIMEN DATA 

T.st T.mp.ratur. .. 31°C 
P.rc.nt Sid. Groov. .. 0% 
Sp.cim.n Thickn.ss .. 12.7 mm 
Initial Crack L.ngth .. 13.13 mm 
Final Crack L.ngth = 19.19 mm 
Flow Str.ss .. 562.2 MPa 
Youngs Modulus • 205400 MPa 
POWER LAW DATA J .. C (D.lta a)H 

Jic 
KJc 
J (IUT·8.8) 

MEA Pow.r Law 
.. 222.1 kJ/m2 
.. 223.9 MPa.Jiii' 
.. 1014.6 kJ/m2 

Init a ..... W = .517 
Final ./W • .755 

E813-87 
219.7 kJ/m2 
222.7 MPa.Jiii' 

Expon.nt 
Co.ffici.nt 
T (av.rag_) 
LEAST SQUARE 

N 
C 

... 6059 .6864 

.. 419.4 kJ/m2 415.8 kJ/m2 

.. 157 178 
LINEAR LINE (ASTM) J .. M (Delta a) + B 

All Data E813-81 
Jic .. 175.2 kJ/m2 130.1 kJ/m 2 
KJc • 198.9 MPa.Jiii' 171.4 MPa.Jiii' 
Slop. M • 272884.1 kJ/m3 331912.5 kJ/m3 
Int.rc_pt B .. 132.7 kJ/m2 91.1 kJ/m2 
T (ASTM) .. 177 216 
Validity (E813-81) = INVALID--b, c (1.29 mm va .9 mm) 
Validity (E813-87) .. INVALID--c (1.29 mm vs .32 mm) 
Validity (EI152-87) • INVALID--3 <1.29 mm va .18 mm) 
J maximum allow.d .. 344.6 kJ/m2 (Jmax=B*Flaw stress/20) 
D.lta a max. allow.d .. 1.23 mm (D.lta a Max = 0.1*bo) 
Final D.lta a .. 4.76 mm 
Poisson's Ratio (v) ".3 
Points L.ft .. 2 Points Right • 0 
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Crack Extension ( in. ) 
121 0.1215 121. 1121 0. 15 

('50 
SPECIMEN GEB2-8C5 

60121 I 
I 
I if 450 

* I 
31210 

F"AILURE TYPE C 
150 (J-R ourve > 1.5 mm) 

MEA & ASTM ANALYSIS APPLICABLE 

0 0 1.0 2.0 3.0 ... l2l 
Crack Extension (mm) 

TEST SPECIMEN DATA 

Tltst Tltmpltratur. 
Pltrcent Sid. Groove 
Specimen Thickness 
Initial Crack Length 
Final Crack Length 
Flow Stress 
Youngs Modulus 
POWER LAW DATA J. 

Jic 
Kjc 
J (@UT=8.8) 
Exponent N 
Coefficient C 
T (average) 
LEAST SQUARE LINEAR 

.. 177°C 

.. 20% 

.. 12.7 mm 
= 16.67 mm 
= 20.85 mm 
= 504.5 MPa 
'" 197100 MPa 

C (D.aa a)H 
MEA Power Law 

= 109.4 kJ/m2 
.. 153.9 MPa./M 
> 461.1 kUm2 
'" .4902 
.. 211. 3 kJ/m2 
.. 83 

LINE (ASTM) J = M 
All Data 

Jic = 108.3 kJ/m2 
Kjc .. 153.2 MPa./M 
Slope M = 106765.3 kJ/m3 

Intercept B .. 96.8 kJ/m2 
T (ASTM) .. 83 

Init al'W ... 656 
F ina 1 a/W = .82 

(Estimated Value) 

E813-87 
121.2 kJ/m 2 
162 MPa./iii 

.4992 
211. 3 kJ/m 2 
83 

(Delta a) + B 
E813-81 

108.3 kJ/m 2 
153.2 MPa./iii 
1067'65.3 kJ/m 3 

96.11 kJ/m2 
83 

Validity (E813-81) .. VALID 
Validity (E813-87) .. INVALID--c 
Validity (EI152-87) = INVALID--3 

(.39 mm vs .27' mm) 

J maximum allowed .. 220 kJ/m2 
(.39 mm vs .13 mm) 

(Jmax=B*Flow stress/20) 
(Delta a max = 0.1*bo) Delta a max. allowed = .87 mm 

Final Delta a = 3.78 mm 
Poisson~s Ratio (v) 
Points Lltft 

... 3 

.. 0 Points Right .. 0 
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Crack Extension ( in. ) 
0 .050 .100 • J50 .200 .250 

7~" 
SPECIMEN G~B2-8E6 

S0e 

450 

300 

F"AILURE TYPE C 
150 (J-R ourve > 1.~ mm) 

MEA & ASTM ANALYBIS APPLICABLE 

°0 1.5 3.0 4.5 6.0 
Crack Extension (mm) 

TEST SPECIMEN DATA 

T •• t T.mp.ratur. • 177~C 
P.rc.nt Sid. Groov. • 21% 
Sp.cim.n Thlckn... • 12.7 mm 
Initial Crack L.ngth • 13.19 mm 
Final Crack L.ngth • 19.8 mm 
Flow Str... • ~14.~ MPa 
Young. Modulu. • 197111 MPa 
POWER LAW DATA J. C (D.lta a)N 

Jic 
KJc 

MEA Pow.r Law 
• 136 k Jl"m2 
• 171.6 MPa./llr 
• 39~.1 kJI"m2 

In i t al'W •• ~ 15 
Final al"W • .779 

E813-87 
148.6 kJ/m2 
179.4 MPa.J1ii 

J ('JI"T.8.8) 
Expon.nt 
Co.fficl.nt 
T (av.rag.~ 
LEAST SQUARE 

N 
C 

• .4~68 .4~'8 
• 248.4 kJI"m2 241.4 kJI"m2 
• 87 87 

LINEAR LINE (ASTM) J. M (Delta a) + B 
All Data E813-81 

Jic • 137.7 kJ/m2 137.7 kJ/m2 
KJc • 172.7 MPa.J1ii 172.7 MPa.J1ii 
Slop. M • 111621.2 kJ/m3 111621.2 kJ/m3 
Int.rc.pt B • 122.~ kJ/m2 122.5 kJ/m2 
T (AST") • 87 87 
Yalldity (Ee13-el) • INYALID--c (1.14 mm vs 1 mm) 
Yalldity (Ee13-87) • INYALID--c (1.04 mm vs .27 mm) 
Validity (EI152-e7) • INYRLID--3 (1.04 mm va .18 mm) 
J maximum allow.d • 310.3 kJ/m2 (Jmax=B*Flaw 5tr •• s/20) 
Delta a max. allow.d • 1.23 mm (Delta a Max. 0.1*bo) 
Final D.lta a • ~.66 mm 
Pol •• on'. 'Ratio (v) •• 3 
Point. L.ft • 0 Points Right • 1 
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Irradiated Condition, Experiment UBR-78 
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Table G-6 

Specimen Test 
Number Temperature 

(DC) (OF) 

GEB2-8D3 -110 -166 

GEB2-8B4 -90 -130 

GEB2-8A2 -80 -112 

GEB2-8D6 -SO -58 

GEB2-8B3 -40 -40 

GEB2-8Dl -30 -22 

GEB2-8B2 -25 -13 

GEB2-8D4f 0 +32 

GEB2-8~ 177 350 

GEB2-8B5g 288 550 

a Pretest a/W 
b Measured crack growth 
c Crack growth predicted 

by compliance 

Fracture Toughness Results for Code GEB (Side 2), Irradiated Condition (Experiment UBR-78) 

(a/W)oa 

0.510 

0.506 

0.516 

0.504 

0.509 

0.495 

0.499 

0.505 

0.546 

0.537 

~b ~c ~-A4m J Ic 

MEA 

(DIll) (m) (IIID) (kJ/m2) 

_d 5.0 

21.8 

29.2 

42.4 

61.9 

62.5 

101.9 

162.3 

7.33 6.61 -0.72 121.8 

5.55 5.63 -to.08 86.9 

d Cleavage failure precluded deter­
mination of this quantity 

ASTM 

(kJ/m2) 

114.3h 

81.1h 

K.Jc Kac Tavg 

MEA ASTM MEA 

(MPalJii) (MPalJii) (MPalJii) 

46.6 45.3e 44.2 

71.3 53.2 59.5 

82.4 55.5 64.3 

98.0 51.9 68.5 

119.4 52.4 74.5 

119.8 47.8 73.8 

152.9 50.7 81.5 

192.2 

162.4 157.3 56 

135.0 130.4 48 

g Side grooved by 20% 
h Valid J Ic ' per ASTM E 813-81 

e Valid KIc ' per ASTM E 399 
f Data exceed the 0.15 IIID exclusion before cleavage 

Of 0y 

(MPa) (MPa) 

800.7 737.0 

771.1 707.3 

757.1 693.2 

718.3 654.0 

706.4 641.9 

695.0 630.3 

689.6 624.7 

664.2 598.5 

579.6 502.2 

611.5 521.5 



TEMPERATURE (t F) 

-159 -100 -5~ 
299 

Code GEB (Side 2) 
Irradiated (UBR-78) 

150 /t:. 
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::::: 
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50 

0 
-120 ·-100 -80 -S0 -40 

TEMPERATURE (DCl 

Kjc = A + B exp<T/C) 

Metric 
A.. 68.25 
B = 195.75 
C" 27.00 

Upp.r Bound K .. 100 ~hen Temp = -59 
Ave. K = 100 when Temp .. -49 

Lower Bound K • 100 wh.n T.mp • -41 

G-33 

English 
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178.14 
48.60 
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Crack Extension ( in. ) 
o 0.05 0.10 0.15 0.20 0.25 

~e0r----------~----------r----------r---~~-.------------r--------' 

SPECIMEN 

.. ~n!J 

300 

200 

100 

1.5 

TEST SPECIMEN DATA 

Test Temp.rature 
Percent Side Croove 
Sp.cimen Thickness 
Initial Crack Length 
Flow Stress 
Youngs Modulus 
POWER LAW DATA J = 

Ji c 
KJc 

Exponent N 
Coefficient C 
LEAST SQUARE LINEAR 

Jic 
Kjc 
Slope M 
Intercept B 
validity (E813-81) 
validity (E813-87) 
Validity (EI152-87) 
J maximum allowed 
Delta a max. allowed 
Final Delta a 

.. 
* 

* 
* 

* 
* 

* Cleavage 
In stab 1 11 t Y 

FAILURE TYPE B 
J-R curve does not reach 
th. 1.5 mrn exclusIon I Ina 

3.0 4.5 6.0 
Crack Extension (mm) 

= 0°C 
= 0% 
= 12.7 mm 
= 12.83 mm 
= 664.2 MPa 
.. 207200 MPa 

C (Del ta a)H 
MEA Power Law 

= 162.3 kJ/m 2 
.. 192.2 MPa./lii 

= .3988 

Init a/W = .505 

(Estimated Value) 

E813-87 
173.5 kJ/m 2 
198.8 MPa.Jiii 

.3988 
= 271.7 kJ/m 2 

LINE (ASTM) J = M 
269.1 kJ/m 2 

(Del ta a) + B 
All Data 

= 0 kJ/m2 
= 0 MPaJiii 
= 0 kJ/m3 
= 0 kJ/m2 
= INVALID--a, b 
.. INVALID--a, b 
= INVALID--2 
• 417.3 kUm 2 
= 1.26 mm 
= 6.07 MM 

E813-81 
181.8 kJ/m2 

203.5 MPa.Jiii 
2.7 kJ/m3 
181.8 kJ/m 2 

(Jmax=B*Flow stress/20) 
(Delta a max = 0.1*bo) 

Poisson's Ratio (v) =.3 
Points Left = 2 Points Right = 0 
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Crack Extension ( in. ) 
0 0.05 0.10 0.15 0.20 0.25 

S0e 
SPECIMEN GEB2-8A~ 

~8" I; 
II' 

360 
II' 

I: 
240 

It 
J 

120 
J 

J 

0 
0 1.5 

TEST SPECIMEN DATA 

Test Temperature 
Percent Side Groove 
Specimen Thickness 
Initial Crack Length 
Final Crack Length 
Flow Stress 
Youngs Modulus 
POWER LAW DATA J .. 

Jic 
Kjc 
J (IJ/T=8.8) 
Exponent N 
Coefficient C 
T (average) 
LEAST SQUARE LINEAR 

Jic 
Kjc 
Slope M 
Intercept B 
T (ASTM) 
Validity (E813-81) 
Validity (E813-87) 
Validity (EI152-87) 
J maximum allowed 
Delta a max. allowed 
Fi nal Del ta a 

J 

J 

J 

F"AILURE TYPE C 
(J-R our".> 1.5 mm) 

MEA ~ ASTM ANALYSIS APPLICABLE 

3.0 4.5 6.0 
Crack Extension (mm) 

• 177°C 
.. 20% 
.. 12.7 mm 
= 13.88 mm 
.. 21. 21 mm 
.. 579.6 MPa 
.. 197100 MPa 

Init a/W ... 546 
Final a/W • .835 

(Estimated Value) 
C (Delta a)H 

MEA Power Law 
= 121.8 kJ/m2 
.. 162.4 MPaJiii 
II 331 kJ/m2 
= .4185 
= 214.9 kJ/m 2 
.. 56 

LINE (ASTM) J .. M 
All Data 

.. 114.3 kJ/m2 

.. 157.3 MPaJiii 
= 102427.1 kJ/m 3 

.. 104.2 kJ/m2 
= 60 
= VALID 

E813-87 
127.4 kJ/m2 
166.1 MPaJiii 

.4315 
210.6 kJ/m2 
57 

(Delia a) + B 
E813-81 

114.3 kJ/m2 

157.3 MPaJiii 
102427. 1 k J/m3 

104.2 kJ/m 2 
60 

= INVALID--c (.71 mm vs .26 mm) 
= INVALID--3 (.71 mm vs .17 mm) 
= 333.6 kJ/m 2 (Jmax=B*Flow stress/20) 
= 1.15 mm (Delta a max = 0.1*bo) 
.. 6.61 mm 

Poisson~s Ratio (v) =.3 
Points Left .. 2 Points Right .. 3 
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Crack Extension ( in. ) 
0 0.05 0.10 0.15 0.20 0.25 

580 
SPECIMEN GEB2-8B5 

4e1l!1 

" 

I 

/ l 
I ,. 

300 , 
I: 

200 

I: 
I' F"AILURE TYPE C 

100 (J-R our~e > 1.5 mm) 
MEA & ASTM ANALYSIS APPLICABLE 

0 
0 1.5 3.0 4.5 6.0 

Crack Extension (mm) 

TEST SPECIMEN DATA 

T.st Temp.rature 
P.rcent Sid. Groove 
Specimen Thickness 
Initial Crack Length 
Final Crack Length 
Flow Stress 
Youngs Modulus 
POWER LAW DATA J = 

Jic 
Kjc 
J ('J/T=8.8) 

N 
C 

= 288°C 
= 28% 
= 12.7 mm 
= 13.65 mm 
.. 19.2 mm 
.. 611.5 MPa 
.. 198888 MPa 

C (Delta a)H 
MEA Power Law 

= 86.9 kJ/m 2 
II: 135 MPa.flii 
= 226.9 kJ/m2 
= .4849 
.. 179.8 kJ/m2 
II: 48 

Exponent 
Coefficient 
T (average) 
LEAST SQUARE LINEAR LINE (ASTM) J .. M 

All Data 
Ji c .. 74.7 kJ/m2 

Kjc = 125.2 MPa.flii 
Slope M .. 114879 kJ/m3 
Int.rcept B .. 67.7 kJ/m2 
T (ASTM) .. 58 
Validity (E813-81) .. VALID 
Validity (E813-87) .. VALID 
Validity (EI132-87) II: INVALID--l 

Init a/W = .537 
Final a/W = .7~5 

(Estimated Value) 

E813-87 
95.4 kJ/m2 
141.4 MPa.rni 

.5214 
185.2 kJ/m2 
53 

(Delta a) + B 
E813-81 

81.1 kJ/m2 
138.4 MPa.rni 
187644.7 kJ/m3 
74 kJ/m 2 
55 

J maximum allowed .. 359 kJ/m 2 
Delta a max. allowed" 1.18 mm 
Final Delta a .. 5.63 mm 

(Jmax=B*Flow stress/28) 
<Delta a max • 8.1*bo) 

Poisson's Ratio (v) =.3 
Points Left .. 1 Points Right .. 1 
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Table G-7 Fracture Touglmess Results for Code GEl (Side 2) t Irradiated Condition (Experiment UBB.-79) 

Specimen Test (a/W)08 ~b ~c ~-~ J 1c KJc Kac Tavg af ay 
Number Temperature 

MEA AS'l'M MEA AS'lM MEA 

(Oe) (OF) (aa) (lID) (aa) (k.J/m2) (k.J/m2) (MPalm) (MPalm) (MPaIm) (MPa) (MPa) 

GEB2-8F2 -110 -116 0.504 _d 9.5 47.3 46.7e 44.1 747.9 682.9 

GEB2-8F5 -40 -40 0.502 15.9 60.5 54.8 SO.1 653.6 587.8 

GEB2-8F4 -15 +S 0.494 66.8 123.6 57.2 70.0 626.2 559.7 

en 
I 

GEB2-8F3 +5 -tltl 0.513 63.6 120.2 54.0 67.7 606.7 539.5 
w 
00 GEB2-8Pfi +15 +59 0.503 SO.8 107.4 54.4 63.9 597.8 530.2 

GEB2-8Fl +31 +88 0.508 6.48 5.29 -1.19 142.8 98.9 179.6 149.4 126 584.6 516.3 

a Pretest a!W . d Cleavage failure precluded deter-
b Measured crack. growth mination of this quantity 
c Crack growth predicted e Valid K1c t per AS'l'M E 399 

by compliance 



TEMPERATURE (. F) 
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Code GEB (Side 2) 

200 Irradiated (UBR-79) 
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TEMPERATURE (D C) 

Kjc = A + B exp(T/C) 

Met. .... ;c 
A = 37.03 
B = 73.18 
C = 35.73 

upp ..... Bound K = 100 when Temp = -37 
Ave. K = 100 when Temp • -10 

~owe .... Bound K = 100 when Temp. 7 
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Crack Extension (In.) 

o 0.05 0.10 0.15 0.20 0.25 
leee r-------~-------r------~------~~~~--~----~ 

SPECIMEN GEB2-8Fl 

400 

200 

0 
0 1.5 

TEST SPECIMEN DATA 

Test Temperature 
Percent Side Groove 
Specimen Thickness 
Initial Crack Length 
Final Crack Length 
Flow Stress 
Youngs Modulus 
POWER LAW DATA J = 

Jic 
Kjc 
J (@J/T=8.8) 
Exponent N 
Coefficient C 
T (average) 
LEAST SQUARE LINEAR 

Jic 
Kjc 
Slope M 
Intercept B 
T (ASTM) 
Validity (E813-81) 
Validity (E813-87) 
Validity (E1152-87) 
J maximum allowed 
Delta a max. allowed 
Final Delta a 
Poisson/s Ratio (v) 
Points Left 

I 
I 

* 

* 
* 

F"AILURE TYPE C 
(J-R ourve > 1.5 mm) 

MEA L ASTM ANALYSIS APPLICABLE 

3.0 4.5 6.0 
Crack Extension (mm) 

= 31°C 
= 0% 
= 12.7 rnm 
= 12.9 mm 
= 19.38 mm 
= 584.6 MPa 
= 205500 MPa 

C (Del ta a)H 
MEA Power Law 

= 142.8 kJ/m2 
= 179.6 MPa.fiii 
= 499.1 kJ/m2 

= .6418 
= 327.3 kJ/m 2 
= 126 

LINE (ASTM) J = 
All Data 

= 98.9 kJ/m2 
= 149.4 MPa.fiii 
= 246405.1 kJ/m 3 

= 78.1 kJ/m2 
= 148 

Init a/W 
Final a/W 

= .508 
= .163 

(Estimated Value) 

E813-87 
157.9 kJ/m2 
188.8 MPa.fiii 

.6684 
328.2 kJ/m2 
131 

M (Delta a) + B 
E813-81 

98.9 kJ/m2 
149.4 MPa.fiii 
246405.1 kJ/m 3 

78.1 kJ/m2 
148 

= INYALID--c 
= INYALID--c 
= INYALID--3 
= 365 kJ/m 2 
= 1.25 rnm 

(1.18 mm vs .97 mm) 
(1.18 mm vs .29 mm) 
(1.18 mm vs .18 mm) 

= 5.29 mm 
= .3 
= 1 

(Jmax=B*Flow stress/20) 
(Delta a max = 0.1*bo) 

Points Right = 0 
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Idsho Nstionsl Engineering Laboratory 

March 4, 1987 

Mr. J. R. Hawthorne 
Materials Engineering Associates 
9700-B George Palmer Highway 
Lanham, MD 20706-1837 

ANALYSES OF GUNDREMMINGEN KRB-A VESSEL TREPAN - JWR-04-87 

Dear Russ, 

The through-thickness slice of the Gundremmingen KRB-A vessel trepan 
(G,11S0) which we received from MPA Universitat Stuttgart has been 
sampled, the radioactivities of the samples measured and the fast neutron 
fluences calculated for each sample. Samples were taken by cutting 
through the sl ice with an ordinary hacksaw. $,a.mples were taken at the 

·'~O,'._0~T"O.15T, 0.27T"O.471;, 0.74Tand 0.98T depths"referenced'to the 
cladding interface with the steel. A diagram is attached showing the 
size, shape, dimensions and locations of the cuts and pieces. The 
orientations of all pieces were carefully documented and the pieces are 
~shaped'or'marked for positive identification. A portion of three depths 
(0.02T, O.lST and 0.27T) was dissolved to make standard radioactive 
sources to verify that results from the solid pieces were correct. All 
samples and pieces have been retained for future use if necessary. 

It was 'pas'sible to measure the 54Mn activity in the material without 
chemicarseparation using calibrated Ge detector based gamma-ray 
spectrometry. A half-life of 312.2±0.1 da¥,s was used for 54Mn. A 
cross section of lIS±6 millibarns for the 4Fe(n,p) 54Mn reaction was 
used to determine >lMeV "fast" neutron fluence rates and fluences assuming 
a 235U fission neutron energy spectrum. The material was assumed to 
be 97;07 weight percent iron. 

_Based on a cobalt content of 0.02 weight percent in the material, it was 
PlpCiS'sible to measure the reaction rate for the 59Co(n,-y)60Co reaction. 
The 60Co activity was measured by gamma-ray sfoectrometry. A 
half-life of S.271±0.001 years was used for °Co. A cross section 
of 37.2 barns was used to determine "thermal" neutron fluence rates and 
fluences. No corrections were made for epithermal neutron response. 

t~EGIZG Idaho. Inc. P. O. Box 1625 Idaho Falls, ID 83415 
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To obtain the saturated reaction rates at the end of irradiation (January 
13, 1977) the irradiation history provided by MPA was used. From the 
history a total exposure of 2643 effective full power days was calculated. 

The results are summarized in the attached table. The estimated 
uncertainties given in this table are for the la confidence level and 
include only those components associated with the counting and cross 
section. No estimates of the errors due to the exposure history or actual 
cross sections have been included. 

If you have any questions or comments please contact me. 

clt 

Attachments: 
As Stated 

Very truly yours, 

~~ 
JW Rogers 
Chemcial Science 

cc: J. O. Zane, EG&G Idaho (wlo Attach.) 
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GUNDREMMINGEN VESSEL KRB-A SAMPLE RESULTS 

>lMeV Thermal 
Neutron >lMeV Neutron Thermal 
Fluence Neutron Fluence Neutron 

Sample 54Mn Bq/g Rate ':Flllence 60Co Bq/g Rate f-f'luence 
.. 

ID Mass(g) (1-13-77) (n/cm2/s) (n/cm2) • (1-13-77) (n/cm2/s) (n/cm2) 
• 

0.02T I.S162 7.19+0.49ES 1.46±0.12EIO 3. 34±0. 2SElS 6. OO±O. 31'ES 1. 4S±0.OSElO 3. 23±0 .ISEIS 
O.IST 1.7793 S.S4±0.36ES I.IS±O .10ElO 2. 71±0. 22ElS 2.S9±0.ISES 6.99±0.36E9 1. 60±0. OSElS 
0.27T 2.S309 4.S7±0.2SES 9.29±0.7SE9 2 .1l±0 .17ElS 1.62±0.OSES 3.92±0.20E9 S.9S±0.46E17 
0.47T 1.1943 3.19±0.20ES 6.2S±0.SIE9 I • 47 ±O . 12 ElS S.70±0.44E4 2 . 10±0 . 11 E9 4.S0±0.24El7 
0.74T 1.7710 1.9S±0.13ES 4.02±0.33E9 9.13±0.7SEl7 S.61±0.29E4 1.3S±0.07E9 3 .IO±O .16E17 

0.9ST 1.6S17 1. 2S±0. OSES 2.S9±0.2IE9 5 .S9±0. 4SEl7 6.13±0.3IE4 1.4S±0.OSE9 3. 39±0 .17E17 
::x:: 
I 
~ 
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Idaho National Engineering Laboratory 

March 7, 1988 

J. R. Hawthorne 
Materials Engineering A~sociates, Inc. 
9700-B George Palmer Highway 
Lanham, MD 20706-1837 

."1988 

FAST NEUTRON DISTRIBUTIONS IN GUNDREMMINGEN VESSEL KRB-A - JWR-10-88 

Dear Russ: 

Based upon your request of 3-2-88 for the subject information I have 
complied the attached summary of results. These'results are based on the 
calculated neutron spectra found in the report IKE 6-FB-35 (NUREG/CR-4791) 
by G. Prillinger and the 54Mn reaction rates measured at our 
laboratory. The ENDF/B-V Dosimetry File cross-section data was used to 
obtain the spectrum averaged cross-sections. If you have any questions or 
comments please let me know. 

clt 

Attachment: 
As Stated 

cc: G. Prill inger, IKE 
C. Z. Serpan, NRC-HQ 

Very truly yours, 
.") 

9t"if~~ 
JW Rogers 
Chemical Science 

J. O. Zane, EG&G Idaho (w/o Attach) 
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FAST NEUTRON DISTRIBTUIONS IN GUNDREMMINGEN VESSEL KRB-A 

(G. 117°) 

>1 MeV >1 MeV. >0.1 MeV >0.1 MeV Ratio 
Locat ion (1) 54Mn 89/ 9(2) n/cm2/sec !Jl.£m2 1Jl.sm2bJs n/cm2 0.1/1.0 

0.02T 7. 19±0.49E5 1. 13±0.09E10 2.59±0.22E1B 2.25±0.18E10 5.16±0.43E18 1.99 
0.15T 5.84±0.36E5 1. 04£0. 09E10 2. 31J±0 .19£18 2.42±0.20E10 5. 56:!;O.45E18 2.33 
0.27T 4.57±0.28E5 8.95±0.72E9 2.05±0.17E18 2.32±0.19E10 5.33±0.43E18 2.59 
O.47T 3.19±0.20E5 6.94±0.56E9 1. 59±0 .13E18 2. 19:!;0.18E10 5.02±0.41E18 3.15 
0.74T 1. 98±0. 13ES 5.14±0.42E9 1.18!0.10E18 1.97±0.16EIO 4.51±0.37EI8 3.83 
0.98T 1.28:!;0.08E5 3.47:!;0.28E9 7.95:!;0.65E17 1. 53:!;0.12EIO 3.50;t0.29E18 4.40 

(I) Relative to steel-cladding interface with a steel thickness of 4.35 inches. 

(2) On 1-13-77. 
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