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Abstract

Weld metal, designated WF-70, taken from the
nozzle course and behline welds of the Midland
Reactor, Unit 1, has been given a preliminary
evaluation using the conventional Charpy V-notch
(CVN). drop-weight (DWT). and chemical analyses.
These tests indicated essentially ideitical fracture
toughness at both locations, but there was a
significant difference in copper coritent, nominally
0.25% versus 0.40%. Because the objective of this
study was to evaluate the before-and-after
irradhation properties, these are regarded as
different materials.

This report summarizes material characterization
rasyits and presents the results of fracture
mechanics tests on the unirradiated material to
establish baseline transition temperature and J-R
curves. Tensile properties were also determined.

The fracture mechanics transition temperature by
K, evaluations indicated that the nozzle course
weld had a 27°C (49°F) higher transition
temperature than the betline weld The DWT nil-
ductility temperature (NDT) was essentially the
same for both: -50 + 10°C (-58 + 18°F). CVN
transition temperatuie curves, although quite
variable among various positions along the girth
and through the thickness of the Midland vessel,
covered about the same range for both nozzle and
belthne welds. The upper-shelf energy (USE) was
89 J (65 ft-1b) in both cases.

Reference nil-ductility temperatures, RT, ..
determined trom CVN transition curves [RT,.,
method specific to low USE materials] varied from
20 10 +37°C (-4 to 99°F) at various locations in
the beftline weld. Reference temperatures using a
fracture mechanics based transition temperature
model were -60°C (-76°F) for the beltline weld
and -33°C (-27°F) for the nozzle weld.

Tensile tests indicated the nozzle weld had higr.er
strength than the beltline weid.

JR curves were developed at 21, 150, and 288°C
(70, 302, and 550°F). The J-R curve toughness
decreased with increased test temperature, as
expected. A multivanable model of Eason et al
was used to predict J-R curves from CVN USE.
The predicted J-R curves matched the

experimental J-R curves reasonably well. The test
temperature effect between 288 and 150°C (550
and 302°C) was effectively predicted. However,
room-temperature J-R curve prediction was not
very good. Despite the fact that the nozzle and
beltline weld had similar CVN USEs, the nozzle
course weld had consistently lower J-R curve
toughness than the beltline weld,

Crack-arrest tests were conducted, but the
specimens failed to develop American Society for
Testing and Materials valid data in all but one test.
Insufficient remaining ligament at crack arrest was
almost always the problem. The invalid K, values
were all above the American Society of Mechanical
Engineers (ASME) K, curve if the CVN determined
range of RT,,,, values from -20 to 37°C (4 1o
98 6°F) are used to position the curve. The K,
data are exactly bounded if the DWT NDT of
50°C (-58°F) is used to position the curve. A
proposed method of establishing a mean K, curve
on data obtained from instrumented CVN test
records was tried. This method suggested a 10°C
(18°F) transition temperature difference (at the
100-MPayxm toughness level) between static and
dynamic tests. The experimental (invalid) K, data
indicated a 50°C (90°F) difference. The ASME

K. /K, lower bound curves suggest that there
should be approximately a 35°C (63°F) difference.
More experimentation and test method
development are recommended.

Five experimental objectives to be accomplished
from the testing of irradiated materials were
identified. One of the more important objectives is
to improve the precision of transition temperature
shift and to identify any curve shape changes after
irradiation, concentrating on utilizing data from
small surveillance capsule size specimens,
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UNIRRADIATED MATERIAL PROPERTIES
OF MIDLAND WELD WF-70

introduction
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2. Materials

Figure 1 shows the sampling plan for the Midland
beltline weld (seam 1) and nozzle course weid
(seam 3). Sections 1-9 to 1-15 of the beltline and
3-1 and 3-4 of the nozzle course weld were
obtained for this program. Both welds are
double-V submerged-arc (WF-70) welds /SAWS)
made with heat No. 72105 weld wire and lot 8669
Linde-B0 flux. However, the nozzle course weld
had B&W WF-67 on the inside half on the
double-V, which was not of interest to this test
program. The beltine weld had a few short
segments of repair weld that were also avoided in
the sampling plan of fracture mechanics

specimer . Both welds had been postweld
heat treated (FWHT) at 607°C (1125°F) for

24 h. The pieces of the beltline (see Figure 1),
were about 1.1 m long (45 in), and vessel
thickness at that location was about 216 mm
(8.5 in.). A macrograph of the weld cross
section is shown in Figure 2. The two nozzle
pieces were about 1 m (41 in.) long, and
vessel thickness at that position was about
317 mm (12,5 in.). This cross section is shown
in Figure 3. Again, only the WF-70 material
was included in the current characterization
plan.
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Figure 1.
sections 3-1 through 3.5,

Sampling layout for Midiand beltline sections 1-8 through 1-15 and nozzle course
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Figure ; Macrograph of Midland beltline weld
section 1-13
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Figure 3 Macrograph of Midland nozzie course weld section 3-1
showing weld W - | e mner half and WF-70 on the
wier haf. A n le attacl it weld appears in this
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Table 1. Summary of major rackation-sensitive elements for Midland Unit 1 reactor vessel welds

Section Element, wt % = 1o
n.
number Cuv* Ni P Mn Si
Baithine wa:d
1-9 8 0.26 + 0441 0.566 = 0031 0016 = 0.0013 1.629 + 0.050 0605 + 0.031
10.22-0.34)
-1 8 G.258 =+ 0.027 0.7 « 0.007 0.016 = 0.0014 1.615 =+ 0.01% 0.62 =« 0.029
{0.23-0.31)
1-13 5 0.248 + 0039 0.6804 + 0.016 0.018 = 0.002 1.55 = 0.067 0.62 + 0.041
{0.21-0.32)
1-15 7 0.254 =+ 0.026 0.567 = 0.008 0.018 + 0.0013 1614 =+ 0.014 0644 + 0016
{0.22-0.29)
Average 28 0.256 + 0.034 0574 + 0.022 0.017 + 6.0019 1.607 + 0049 0.622 + 0.033
(0.21-0.34;
Nozrzie course weid
31 4 0.398 = 0.034 0576 = 0.021 0.015 + 0.0 1.59 + 0.045 0.548 = 0.051
10.37-0.46}
34 5 0.392 + 0.016 0.567 + 0.008 0.015 + 0.002 1.61 =+ 0.0t8 0.55 + 0.043
{0.37 1.42)
Average 9 0.396 =+ 0.028 0572 + 0.017 0.015 + 0.002 1.59 + 0.037 055 + 0.048
10.37-0.46)
Total 37 0.290 + 0.068 0574 + 0.022 0.016 = 0.002 1.604 + 0.046 0.605 =+ 0.048
baveurage {0.21-0.46)
*"Number of measurements.
*Range of copper shown in parentheses.
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Table 4. Drop-weight test results for Midland welds

NDT temperature
Ganth Fcen)
lecation 5 "
1.9 111 1-13 115 31 34
1/4¢ 80 (-786) 60 {-76) 60 (-786) 45 (-49) 45 (49) -85 (-67)
I 50 {-58) 50 {-58} -45 (4% 55 (67 40 {-40) 50 (-58)
‘Nozzie welds 3 1 and 3-4 at 7/8t positions instead of 1/4t,

Table 5. Summary of Charpy impact results for Midland Unit 1 reactor vessel beltline weld sections

Charpy V-notch tests

RiL" L P
Through- 41-J tamperatyre, 68-J tamperatuwre, Upper sheif energy, °oC (UF}, oC {9F),
thicknass oy L A b PR G 8 J frib), at weld section at weld sacton
position at waid section at wald section at weld saction
1-13 1-€ 1-114 1-18 § 113 1-9 1-11 1-18 1-13 19 -1 115 | 113 1-9 1-11 1-18 | 113 -9 113 1-15
1/4r -11 -6 - 13 - 21 37 25 S0 10 e 21 82 -9 3 -9 16 -13 14 = 16
12y 12n {8} {39) | (69) (98) (76) (122 {(74) (57 (67 (60) (18 37y 016 (61} 9 (57} (160 (61
12t 16 1n -4 -9 29 25 23 12 104 83 a9 88 -5 -8 -10  -16 2 -8 -10 -15
(3) (13} 28 15) | R4y (77 (74} B3} (77 (B1) (BT (65) 241 (v (14) 13) 36 7 e {5)
5/8t -22 -18 <10 3 3 18 17 49 108 88 90 85 ~-25 -18 -186 15 -20 -16 -18 8
-m i (13 3n 148) (64) {83) t121) | 8Dy 1635) 66 (62) {-12) {3) 3 (607 -3 2) 3) a7
34t -2 3 14 -6 37 53 58 28 20 81 54 83 3 20 24 -8 1 20 37 -6
(27) i38) (57} (21 |[(98) (128) (1386 (B2} | (66} (B0 (62) (66} (37 (68) (76) (21) [ (43) (68} (99 22!
78t -3 -13 -8 46 30 22 78 78 B3 13 -4 -12 13 18 -3
- 126) (8) (18} (1186 186) (72) (577 (58) (861 (85) (2% (1) (561 (65 (26}

‘Datarmined from Ty, - 80°F (T,, - 53°C) using average curve fit, where T, is the tamperature corresponding to 50 fi-ib.
*Determined from T,, - 60°F (T,, - 33°C) using minimum curve fit, where T, is the temperatura corrasponding to 50 ft-ib.
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Figure 4. Example of Charpy V-notch energy curves from two
through-thickness jocations. When observed
individually, they suggest uniformity of impact
teughness.
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Figure 5. Combined Charpy V-notch data taken around the girth and through-thickness positions
of the beitline weld.
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f (~150 to 550°F). The trend of reduced strength

,l with increased test temperature is clearly evident

; (see Table 7). However, it appears that the

' material strength of the nozzle weld is significandy
higher than that of the beltline weld. This
appeared to have developed despite the fact that
both were given essentially the same PWHT

! Increased strength is usually accompanied by
reduced fracture toughness, but this was not
detected in the CVN USEs nor in the NDT or RT,,
transition temperatures. To compare with the

| measured tensile values, an automated ball

!} indentation (ABI) test was performed on some

blocks made of the two weld metals.” These

biocks were appropriately prepared for the ABI test

by surface grinding varallel surfaces. These

results were consistent with the properties reported

m Table 7 at room tempesature.

Principally, on the basis of copper content, &
decision was made to define nozzie WF-70 weld
metal and belthne WF-70 weld metal as two
different materials, The specimen sampling plan,
therefore, was designed to evaluate properties of
these two materials independently before and after
wrradiation

3.2 Fracture Mechanics Properties

The second phase of the test program consisted
of fracture mechanics-related toughness
development for the unirradiated condition. These
data were then used to evaluate (1) a new fracture
mechanics-based transition temperature
characterization mathodology, (2) the Eason et al
multivariable model” to estimate J-R curves, and
(3) a method to develop the K, transition curve
using instrumented CVN load-ime test records.

3.2.1 Transition Temperature
Characterization, K,

Beltline WF-70 weld metal was tested in the form of
compact specimens in sizes ranging from 1/2T to
4T and at test temperatures ranging from -100 to
0°C (-148 to 32°F); see Table 8. One pan o the
matrix outlines the beitline test condition vanations,
and the other the nozzle course test variations,
both reporting the median K values from multiple
tests at each level. The fewer test conditions
applied to the nozzie welds are the result ol the

13

limited amount of nozzle material available.
Iindividual data tor both matrices are tabulated
in Appendix A, For the data reported in
Appendix A, some specimens tested at 0°C
(32°F) did not fail by cleavage fracture, and
those are designated J,.. with no reported
value. Specimen codes are reported to
document the position for each data paint
within the weid.

3.2.2 Test Procedure

The test practice involved cooling of the
specimens to test temperature using vaporized
fiquid nitrogen. Each specimen was given
sufficient soak time at test termperature to
ensure thermal stability prior to running of the
test, typically 5 min or more. Again, most tests
terminated in K - type cleavage fracture.
However, some of the specimens tested in the
mid-transition temperature range did not fail by
cleavage but instead developed slow-stable
crack growth. Periodic partial unloading
compliance was employed routinely so that
crack growth could be measured and

J-R curves could be developed in such cases.

Fracture toughness at the onset of cleavage
fracture was calculated in terms of J-integral
(J) [ref. 10), and then all values were
converted to their equivalent value in units of
stress-intensity factor, K, , using the following:

W~ 1
K= LE ., (1
where £ is the plane stress elastic modulus,

At the beginning of the testing, a small
experiment in side-groove effects was
performed to evaluate the effect on K
toughness. The comparison developed is
shown in Tabe 9. Because there is increased
constraint with side grooving. one wouid
expect to find either no change or reduced K,
for specimens that are side grooved. Since
the results incdicated only a mild reversed effect
that could not be rationalized on the physical
basis of constraint, it was concluded that there
was no evidence of a significant constraint
effect on K, and as a consequence, the
balance of the testing was performed without

NUREG/CR-6249
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Table 9. Comparison of K_ for 1T compact specimens with and without side grooves

m
Beltline Nozzie
Test
temperature With Without With Without side
side grooves side grooves side grooves grooves

- of MPav'm ksiv'm MPav'm ksivm MPav'm ksivm MPav'm ksivm
0 32 197 179 140 127 220 200 145 132
274 249 256 233 229 208 168 153
317 288 296 269 300 273

a a
a a
Average values: 263 239 321 210 224 204 204 186 I
~25 -13 119 108 120 109 87 79 84 76
133 21 139 126 147 134 96 87
193 176 139 126 97 88
267 243 143 130 114 104
151 137 120 109
121 110
Average values: 178 162 138 126 117 106 105 96
*J-R curve.




side grooving. It is possible that the apparent
higher toughness values of the side-grooved
specimens could be caused by computational
problems associated with the manner in
which the effective specimen thickness (B, )

is commonly used in the calculation

of J.

The data from ali the beltline weld specimens of all
sizes that failed in cleavage are plotted in Figure 6.
Data for the nozzle weld metal are shown In
Figure 7. Almost none of these K, values satisty
the valdity requirements for plane strain K.

(ref, 11). Hence, these data would not be

considered ncceptable according to early
concepts for evaluation of transition
temperature fracture toughness. Lower bound
fracture toughness has, for many years, been
believed to be achievable only throug1 valid K,
data. However, recent developments in the
technology of ductile-brittle behavior have
produced methods that predict specimen size
effects and methods by which the transition
range behavior can be defined by a different
concept of universal curve.” This information
is currently being documented in the form of
an Amercan Society for Testing and Materials
(ASTM) standard practice."”
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Figure 6. Transttion temperature data for the Midland WF-70 beltline weld for four compact specimen

sizes and a master curve on 1T specimen size.
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Figure 7. Transition temperature data for the Midiand nozzle course weld WF-70 for two compact specimen

sizes and a master curve on 1T specimen size.
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5 Evaluation of J-R Curves

5.1 Specimen Size Effect on J-R

Curve
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Table 10. J-R curve test matrix

Number of specimens at

Specimen various temperatures’
size 21°C 150°C 288°C
(70°F) | (302°F) (55C°F) J
Beltline
1/2T 2 2 2
17T 2 2 2
2T . 2
47T ’ - 2
Nozzle
1/27T - . 2
17T 4° 2 2

*All specimens 20% side grooved unless
noted otherwise,

"Two specimens not side grooved.
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compact Specimens.
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TOUGHNESS, J (KJ/m?)

Effect of test temperature on J-R curve of WF-70 weld
metal for (a) 1/2T compact specimens and (b) 1T
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Table 11. Average J_ values from J-R curves
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Table 12. aamwmma&awwmmmm
d@%ﬂmmmmmmmamma
1mm(4h).mbvmmuw151C.ulhammiuuidhdtsom(6'n)

Test temperature Crack-arrest toughness, K, Validity*
Specimen - and
e °F MPaym Ksivin. comments
MW12A1B -40 -40 58.5 53.2 ab
i MW12EBB -40 -40 5.3 68 .4 a.be
MW12A1 -30 ~-22 76.3 69.4 a,b.e
MW12D1A -30 -22 78.7 7.5 ab.e
MW12HBB -30 ~22 91.8 834 ab.e
MW12EAB -30 -22 93 84.5 a.b
MW12GAB -25 -13 92.9 84 4 a.b
MW154C -20 -4 65.3 59.4 Valid, 150 mm spec
MWI15HAA -20 -4 101.1 91.9 ab
MW12FBB -20 -4 148 4 1349 a.b,ce
14DRW34 -10 14 107.5 97.7 a,b.e
MW 12HBA 0 32 90 81.8 ab
MW I12HAA 10 50 95.4 86.7 ab.e
"One or more letters for a specimen indicate that the test results did not meet requirements of the ASTM E
122188 validity criteria. a,b = remaining ligament too small; ¢ = specimen too thin: d.e = insufficient crack-
jumg length.
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7. Discussion

The present data development work on the
Midland WF-70 weld metal has provided good
baseline properties to compare to the irradiation-
damaged properties. The nozzle weld metal has
been singied out from the beltline weld mel. as a
different material on the basis of copper content,
determined in the initial scoping work. At the
same time, Charpy transition curves and DWT NDT
tests reported in the same early work indicated no
difference in the fracture properties. However,
fracture mechanics teste i it s report clearly
indicated a difference in inec ure toughness
transition temperature of 27°C (81°F) between
nozzle course and beltline welds. Likewise, J-R
curves indicated lower ductile tearing resistance in
the nozzle course weld, and tensile tests showed
the nozzle weld to have higher strength.

Because none of the 19 beltline CVN transition
temperature curves or six nozzie course curves
had developed at least 103-J (75-ft-Ib) USE, these
materials were verified to be LUS weld metal. The
19 sampling positions for beltline Charpy curves
produced 19 RT,., temperatures varying from
+37°C (+99°F) to -20°C (-4°F). The
application of these 19 RT,,, values to position the
ASME lower bound K_ curve covers the area
bounded by the dashed lines shown in Figure 20.
The fracture toughness data in the form of static
K, were shown to be almost bounded by an
ASME K_ curve using a reference temperature,
RTyor. Of =50°C (=58°F) from the DWT NDT tests,
Likewise, the K, data were bounded using this
same reference temperature. However, ASME
acceptance standards in Section Il (NB-2331)
stipulate the use of Charpy curves such as might
be applied in the plant-specific analysis which, for
Midland, could position the lower bound K,_ curve
for design over a relatively wide range of
temperatures. Clearly, the assessment of the
material e brittlement would be a matter of
probability, making the decision te license a plant
for continued ope-ytion dependent on sampling
location and chance ordering of the Charpy
specimens

A ductile-to-brittle transition temperature (DBTT)

procedure that uses fracture machanics test
practices s currently under development in a task

45

group activity within ASTM. This method
addresses the statistical variability of material
toughness as a part of the analysis procedure.
Six 1/2T compact specimens of nozzle weld
and six 1/2T specimens of beltline weld were
used to set up master curves that define the
transition toughness and confidence limits on
scatter for data obtained from all specimen
sizes. This method of material characterization
has worked quite well in this case.

J-R curves were developed on be 2 and
nozzle course weld metals. Both si..wed loss
of ductile tearing resistance with increased test
temperature from room temperature to 288°C
(650°F). There also was convincing evidence
of a difference in J-R curve toughness between
beltline and nozzle weld metals. This
difference did not show up in the upper-shelf
Charpy energy determinations, both indicating
about 89.J (65-ft-Ib) USE.

The multivariable model of Eason et al. to
develop J-R curves from Charpy USE was
tested apainst the experimental J-R curves.
The mode! for Linde 80 welds was used. The
comparisor, of predicted versus experimental
J-R curve for beltline weld was quite decent in
this case An unavoidable weakness of the
methodology, however, is the use of Charpy
USEs that tend to lack the sensitivity needed
to detect subtie changes in J-R curve
toughness.

Side-grooving of compact specimens was
evaluated on a relatively small scale within this
experiment, It was determined at the choice
between side grooving or not K (transition
range) testing is not significar  Jn the other
hand, side grooving 1s @ major sariable in J-R
curve development. In this experiment, J-R
curve slope was shown to be increased by a
factor of about two without side grooves.
Side-grooving recommendations in ASTM
Standard E 1152 (*Standard Test Method for
Determining J-R Curves®) fail to point out or
emphasize the significance of such
considerations. Side-groove depth has an
important impact on J-R curves.

NUREG/CR-6249
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Crack-arrest tests were performed on bettline weid
metal with a great deal of difficulty. A new brittle
weld bead crack starter material (McKay DWT) was
used to control crack initiation, but because of
gasy crack pop-in in the brittle bead, most
cleavage cracks initiated trom the HAZ of these
brittle zone welds. Consequently, intiation K was
high and ligament size at arrest was nearly always
too small for K _ validity. As a result, the accuracy
of the K, values reported here can be guestioned.
The transition temperature shift from static to
dynamic appeared to be about 50 K, which seems
a bit high. Nonetheless, there is reason to believe
that the crack-arrest data may be representative of
the material The one valid result obtained with the
larger specimen is seen in Figure 16 to correspond
reasonably well with the remainder of the invalid
data, even though it lies toward the lower bound of
the data set. The fact that the wide range of RT,,
values determinad fur the Midland weld bound the

47

crack-arrest data with significantly different
amounts of .~ n raises further questions
aboui the appucabilty of using an RT,,, based
on Charpy properties as the correct indexing
parameter for the class of LUS welds. Indeed,
the overall question of the most appropriate
method to adjust predictions of fracture
toughness of pressure vessel materials to
account for irradiation-induced embrittlement is
being examined within the HSSI Program. To
complement this work, a technique of inferring
K, from test records of the instrumented
Charpy test was tried. In this case, the
static-to-dynamic transition temperature shift
was about 10°C (18°F). The ASME K_-K,
curve shift at the 100-MPa/m (91-ksivin.) level
is on the order of 36°C (64°F), so it is difficult
to draw firm conclusions on the significance of
these results.

NUREG/CR-6249



8. Plans for Irradiated Specimens

HSSI capsules 10.05 and 10.06 contain 1/2T, 1T,
and 2T compact specimens and crack-arrest
specimens, as well as numerous standard notched
and precracked Charpy specimens of beltline and
nozzle course material. There are also sixteen
1/2T compact specimens and CVN specimens
from the HSSI Fifth Irrad ation Series and many
other previously well-churacterized materials.

The overall plan of attack for irradiation evaluations
will be designed to satisty the following objectives:

1. Establish a master curve for irradiated beltline
and nozzle course welds using a few 1/2T
compact specimens of each material.
Cormnpare the master curve to all the irradiated
results.

2. Determine if the master curve of the irradiated
materials car be established from slow-bund
precracked Charpy specimens,

49

3. Establish the data scatter of CVN transition
range data. Establish the data scatter on
AT, and ATT,,, and compare this to the
fracture mechanics-based results.

4. Determine postirradiation K, lower bound
using 15 crack-arrest specimens. This
evaluation would aiso include further
exploration of crack-arrest determined by
instrumented Charpy impact tests.

5. Evaluate the effect of irradiation on J-R
curve for WF-70 weld metal. Also,
compare experimental and multivariable
copper-fluence model predicted J-R

curves,

NUREG/CR-6249
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Appendix A

fabulation of Specimen Codes and K, Values
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Table A1 Test data for four specimen sizes of WF-70 beltline weld metal
(1 Mpa.m = 1.1 ksivin.)

I TSI
Values, K,
Test {MPav'm)
temperature
(°C] 127 1T 27 47
Code* K, Code” K Cove® K, Code* K. Coge* K,
e
21 11FB b 15GA b
1VFC 1] 15GB ]
7] 9FA b 9Ce* 27490 10G2 180.2
11GC* b 15FA 255.6 10C2 2871
11GD b 15GD* 1816 j| D2 b
1A 318.7 S1A 140.0
~25 10EIFB 183.2 9FC’ 2669 | 9FB 143.2 12C1 184 2 148 1198
11MDA 108 8 16FC 138.9 | 15FD" 119.2 10C1 144 & 14A 98.4
11JEA 214.9 acc 150.7 18N 1410
9HKE 2200 11FA 1835 10D 1247
11MCB 2126 11GA 1394 1081 1200
11LEA 3076 9FDF 1327
-50 10EZF 167.3 SGA" 120.2 1082 106.2
SLFB 146.8 1168 1181 10H2 108.4
10EIEB 137.7 11FD" 103.3 12C2 877
10EIEA 1311 165GC° 919 1201 1160
10EIFA 118.3 15FB 48 4 1822 %40
10EZE 916 aco 660
-78 10E18 938
10EIA £7.7
VQEIC 7122 i
840 61.1
3AND 65.7
11LA 68.0
=100 1B 68 4
9K A 658
11k8 54 9
218 54 6
10EID a0
11KA 38.4
*Example code 11GC. 11 indicates belthing section 1-11, G ndicates shice piece G from shee order A through M, and
C inthcates through-thickness shce position C
AR purves inp instability )
“Side-grooved specimens

NUREG/CR-6249
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Table A2. Test data for two specimen sizes
of WF-70 nozzle course weld metal
(1 MPa/m = 1.1 ksivin)

Values, K,
Test (MP:/m)
temperature
(°C) 1/27
Code* K.

21 31DB* c c
34FG* e 31DA ¢
3108° £ 34CB ¢

0 H34M c 341A 144.6 | BAFA 228.4
134M 281.8 34CA 167.3
31AC 239.7
31FA 2201
-25 31CB 146.8 | 311D 97.4 L
34JE 120.6 | 31BC 95.9
31KD 113.7 | 34EB 87.3
34JA 120.9 | 34AC B4 5
-50 B34M 133.7 | J34M 77.9 34EA 84.5 | 34BC* 63.8
A34M 125.7 | E34M 69.2 31CA 84.6 | 34LD 76.4
G34M 98.1 | D34M 58.57 34KE 63.9 | 31EB* 54.8
F34M 93.2
-100 31JE 67.9 | 34LC 47.1
31B 50.2 | 31JB 36.8
314D 49.1 | 31HB 356
*Exampie code 11GC: 11 indicates beltline section 1-11, G indicates slice piece G from
slice order A through M, and C indicates through-thickness slice position C.
*Side-grooved specimens.
‘J-R curves (no instability).
“K,. at crack pop-in.
SSSae
A3 NUREG/CR-6249



Appendix B
Regression C
gression Constants on J-R Curve Model
and

Evrorim
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Regression Constants on J-R Curve Model

J=A(Aa,)® exp[C+(aa)?”],

3 3 ’ |
where J IS ¢

etormatior neory, Jiki a 0 S physical crack growth (in.)
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9-a

J (Kip-irvin?

p—

Beltline 2TCT at 550° F

310 5 2
o Y =3.067 X EXP(.00787 / X'7) R = .981
2
o
1.5 -
o ©
14
o}
o
?
0.5
0 ' 1 ] 1 T T T
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Aa (in)




Beltline 4TCT at 550° F
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, 494 : 9
Y =3.624 X EXP(.0379/X7) RB“=.979







68

oPZ9-HO/OFHNN

J (Kip-irsin®)
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Beltline 1TCT at 302° F

.366 5
Y =4.352X EXP(-.0258 / X7)

R? = 931

1.6

14

-
e

o
o

o
()]
]

)
=N

0.01

0.02

0.03 0.04 0.05
Aa (ind

0.06

0.07

.
0.08

0.09



v

M

laded







6v29 HO/OIAHNN

2va

Nozzle 1/2TCT at 550° F
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Nozzle 1TCT at 550° F
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14

0.4

Beltline 1/2TCT at 550° F (Modified J)

464 5 2
¥Y=3482 X EXP{.02121/X™) R™ = .969

- —_—

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Aa (in)
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gi-9

)

2

J (Kip-irvin

Beltline 1TCT at 550° F (Modified J)

305 5 2
Y=3.168 X EXP{-.05014 / X™7) R = 988
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