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Abstract

Weld metal, designated WF-70, taken from the experimental J-R curves reasonably well. The test
nozzle course and beltline welds of the Midland temperature effect between 288 and 150*C (550
Reactor, Unit 1, has been given a preliminary and 302*C) was effectively predicted. However,
evaluation using the conventional Charpy V-notch room-temperature J-R curve prediction was not I

(CVN), drop weight (DWT), and chemical analyses. very good. Despite the fact that the nozzle and
These tests indicated essentially identical fracture beltline weld had similar CVN USEs, the nozzle

toughness at both locations, but there was a course weld had consistently lower J-R curve
significant difference in copper content, nominally toughness than the beltline weld.
0.25% versus 0.40%. Because the objective of this
study was to evaluate the before and-after Crack-arrest tests were conducted, but the

irradiation properties, these are regarded as specimens failed to develop American Society for ,

different materials. Testing and Materials valid data in all but one test.
Insufficient remaining ligament at crack arrest was

This report summarizes material characterization almost always the problem. The invalid K, values
results and presents the results of fracture were all above the American Society of Mechanical

mechanics tests on the unirradiated material to Engineers (ASME) K,n curve if the CVN determined
values from -20 to 37'C (-4 toestablish baseline transition temperature and J R range of RTym

curves. Tensile properties were also determined. 98.6* F) are used to position the curve. The K.
data are exactly bounded if the DWT NDT of ,

'

The fracture mechanics transition temperature by -50*C (-58* F) is used to position the curve. A
K evaluations indicated that the nozzle course proposed method of establishing a mean K curvemx
weld had a 27*C (49"F) higher transition on data obtained from instrumented CVN test
temperature than the betline weld The DWT nil- records was tried. This method suggested a 10*C

ductility temperature (NDT) was essentially the (18'F) transition temperature difference (at the

same for both: -501 10* C (-58 i 18*F). CVN 100-MPa/xm toughness level) between static and

transition temperature curves, although quite dynamic tests. The experimental (invalid) K, data
variable among various positions along the girth indicated a 50*C (90*F) difference. The ASME
and through the thickness of the Midland vessel, KJK,, lower bound curves suggest that there
covered about the same range for both nozzle and should be approximately a 35'C (63*F) difference.
beltline welds. The upper-shelf energy (USE) was More experimentation and test method

89 J (65 ft-Ib) in both cases. development are recommended.

Reference nil-ductikty temperatures, RT m, Five experimental objectives to be accomplishedn

determined from CVN transition curves [RTnm from the testing of irradiated materials were ,

method specific to low USE materials) varied from identified. One of the more important objectives is

-20 to +37'C (-4 to 99'F) at various locations in to improve the precision of transition temperature
the beltline weld. Reference temperatures using a shift and to identify any curve shape changes after
fracture mechanics based transition temperature irradiation, concentrating on utilizing data from

model were -60*C (-76*F) for the beltline weld small surveillance capsule size specimens. I

and -33* C (-27*F) for the nozzle weld.

Tensile tests indicated the nozzle weld had higher ;

strength than the belthne weld.

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

I NUREG/CR-6249iij
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UNIRRADIATED MATERIAL PROPERTIES
OF MIDLAND WELD WF-70'

D. E. McCabe, R. K. Nanstad,
S. K. Iskander, and R. L. Swain

1. Introduction

The objective of the Heavy-Section SteelIrradiation being a low upper-shelf (LUS) material. WF-70

(HSSI) Program Tenth Irradiation Series is to develops less than 684 (50-ft-Ib) energy at

characterize the properties before and after drop-weight (DWT) nil-ductility temperature

irradiation of Babcock and Wilcox (B&W) WF-70 (NDT) + 33*C (NDT + 60*F), which requires
weld metal. The designation WF-70 stands for a that reference nil-ductility temperature, RT ,

-

2

specific heat of weld wire used with a specific lot of be determined from the Charpy curve The

Linde 80 flux, and 'his particular weld has been upper-shelf energy (USE) is nominally 89 J

used in about seven currently operating power (65 ft-lb). Title 70, Code of Federal

generating reactors.' The test material became Regulations, Part 50, Appendix G,* requires

available to Oak Ridge National Laboratory that unirradiated beltline materials must have a
because of a decision made by Consumers Power 102-J (75-ft-Ib) USE and no less than 68-J
Company of Midland, Michigan, to not operate an (50-ft-lb) USE during the operating lifetime,

almost completed nuclear power plant. The vessel Materials that do not have the Code-required

of the Midland Reactor Unit 1 became available for 102 J (75 ft-lb) are considered low USE and
research studies, and a consortium of utilities, have a higher probability of slipping below 68 J

vendors, and the U.S. Nuclear Regulatory (50 ft-lb). For such cases, a fitness-for-service

Commission (NRC) recognized this as an analysis is required for continued operation.

opportunity to expand and possibly improve the Currently, the fracture mechanics properties

data base on WF-70. The part of the HSSI required for the analysis are obtained through

Program focusing on WF-70 was developed to correlations developed with other production

understand its properties before and after lots of materials that may or may not be

irradiation. In particular, WF-70 is a high-copper accurate for a plant-specific analysis.

weld metal, nominally 0.4 wt % Cu, and is noted as -

"Research was sponsored by the Office of Nuclear
Regulatory Research, Division of Engineering,
U.S. Nuclear Regulatory Commission, under interagency
Agreement DOE 1886-8109-8L with the U.S Department
of Energy under Contract DE-AC05-840R21400 with
Martin Marietta Energy Systems, Inc.
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2. Materials

Figure 1 shows the sampling plan for the Midland specimet . Both welds had been postweld

beltline weld (seam 1) and nozzle course weld heat treated (FWHT) at 607'C (1125'F) for
(seam 3). Sections 1-9 to 1-15 of the beltline and 24 h. The pieces of the beltline (see Figure 1),
3-1 and 3-4 of the nozzle course weld were were about 1.1 m long (45 in.), and vessel
obtained for this program. Both welds are thickness at that location was about 216 mm
double-V submerged-arc (WF-70) welds (SAWS) (8.5 in.). A macrograph of the weld cross
made with heat No. 72105 weld wire and lot 8669 section is shown in Figure 2. The two nozzle
Linde-80 flux. However, the nozzle course weld pieces were about 1 m (41 in.) long, and
had B&W WF-67 on the inside half on the vessel thickness at that position was about
double-V, which was not of interest to this test 317 mm (12.5 in.). This cross section is shown
program. The beltline weld had a few short in Figure 3. Again, only the WF-70 material
segments of repair weld that were also avoided in was included in the current characterization
the sarnpling plan of fracture mechanics plan.

ORNL-DWG 92-11823A
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Figure 1. Sampling layout for Midland beltline sections 1-8 through 1-15 and nozzle course
sections 3-1 through 3 5.
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3. Test Plan

The material property characterization plan had Reference temperature, RTer, for pressure
three major milestones, the first of which was to vessel steels is most commonly indexed to the

conduct a comprehensive evaluation of chemical DWT NDT temperature. As previously
composition and toughness in the form of Charpy mentioned, both welds were sampled for DWT
V-notch (CVN) surveys around the vessel girth and NDT at 1/4t and 3/4t tt. cough-thickness

through the thickness. DWT NDT tests were also positions, and these results are given in,'

included.' This material characterization work has Table 4. Reproducibility was excellent at
been previously reported? The principal findings -50*C (-58'F) i 10* C (118* F). However,
will be summarized here for convenience when because WF-70 is an LUS material, reference

comparing to the fracture mechanics results. The temperature is controlled instead by the
second milestone involves the development of Charpy V energy curve at the 68-J temperature
fracture mechanics-related material toughness less 33* C (60* F).
properties that includes a study of specimen size
effects on Jn curve as well as the identification of CVN transition curves were also made at
transition temperature in the form of Ku values. . A 90* intervais around the girth of the beltline
K value is defined as the elastic-plastic fracture weld and at 180* intervals around the nozzle
3

toughness at the onset of cleavage fracture. The girth. All but one of the beltline pieces were
third major milestone is the development of sampled at five locations through the
postirradiation properties, and these results will be thickness, giving a total of 19 Charpy curves.
reported later. The nozzle weld was sampled at three

through-thickness positions in the WF-70 f .',

3.1 Scoping Work giving six CVN transition curves. Test
temperatures for 41- and 68-J (30- and 50-ft-Ib)
energy levels and USE are presented in

The beltline weld was sampled at four equally Tables 5 and 6. As expected, neither weld
spaced positions around the vessel girth and at metal developed the required 68 J (50 ft-Ib) at
five through-thickness locations (1/4t,1/2t, 5/8t' -17* C (-1.4* F) [NDT + 60* F], and the USE
3/4t, and 7/8t) for chemistry and CVN toughness, was about 89 J (65 ft-lb), so the LUS weld
The NDT was determined at the same four girth metal classification for WF-70 was verified. The
positions, but only at the 1/4t and 3/4t procedure to determine RT is to establish aw1
through-thickness locations.' lower bound curve fit to the CVN energy data

scatter in the transition range and then select
Table 1 summarizes the overall averages and the 68-J temperature on this lower bound and
extremos of variation for the five chemical elements subtract 33*C (60*F). The RTer temp-
considered to affect irradiation sensitivity. All were cratures determined in this way are listed in
essentially the same in the two welds except for the right-hand columns of Tables 5 and 6.
the copper content. The typical through-thickness Extreme values in RT for beltline weld differ
variation is shown in Table 2 for the beltline weld by 57'C (103* F) and by 26*C (47'F) for
and in TcNe 3 for the nozzle weld. Such copper nozzle weld material.
vanations do not normally have a significant effect
on the unirradiated properties." However, the An interesting observation was that, although
expected difference in transttion temperature shift each individual Charpy curve gave anr

due to irradiation damage (ATT) is well known.' impression of excellent material uniformity (see
Other elements were far more uniform than copper typ cal examples in Figure 4) when data from
content. Table 3 shows that there is a all 19 positions were combined (see Figure 5),
considerable difference in copper content between the reason for the large scatter of RT,
WF-67 and WF-70 of the nozzle weld metals. Also, temperatures in Table 5 can be understood.
the copper content of the WF.70 nozzle material
was uniformly higher than that of the beltline Tensile propeny determinations were made at
WF-70 weld. temperatures ranging from -100 to 288*C

5 NUREG/CR-6249
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Table 1. Summary of major radiation-sensitive elements for Midland Unit 1 reactor vessel weldsz
C

M
e
o !

Element, wt % 1a
Section ",
number Cu' Ni P Mn Si

Beltfine ws;d

1-9 8 0.26 0.441 0.566 0.031 0.016 2 0.0013 1.629 * 0.050 0.605 0.031

(0.22-0.34)

1-11 8 0.258 2 0.027 0.57 2 0.007 0.016 1 0.0014 1.615 t 0.015 0.62 2 0.029
(0.23-0.31)

1-13 5 0.248 0.039 0.604 t 0.016 0.018 2 0.002 1.55 = 0.067 0.62 0.041

(0.21-0.32)

1-15 7 0.254 1 0.026 0.567 0.009 0.018 1 0.0013 1.614 1 0.014 0.644 i 0.016
(0.22-0.29)

Average 28 0.256 0.034 0.574 0.023 0.017 2 0.0019 1.607 0.049 0.622 1 0.033
(0.21-0.34)03

Nozzle course weld

3-1 4 0.398 0.034 0.576 2 0.021 0.015 2 0.001 1.59 * 0.045 0.548 * 0.051
(0.37-0.46)

3-4 5 0.392 t 0.016 0.567 i 0.008 0.015 1 0.002 1.61 2 0.018 0.55 0.043

(0.3r- 142)

Average 9 0.396 i 0.028 0.572 * 0.017 0.015 0.002 1.59 0.037 0.55 * 0.048
(0.37-0.46)

Total 37 0.290 2 0.068 0.574 0.022 0.016 0.002 1.604 0.046 0.605 t 0.048
average (0.21-0.46)

* Number of measurements.
* Range of copper shown in parentheses.
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Table 4. Dropweight test resuus for Midland welds

NDT temperature
Girth (" C(* F)}

location
19 1-11 1-13 1 15 3-1' 3-4'

1/4t -60 (-76) -6G (-76) -60 (-76) -45 (-49) -45(49) -55 (-67)

3/4t 50 (-58) -50 (-58) 45 (-49) -55 (-67) -40 (-40) -50 (-58)

'Nor2!e weids 3-1 and 34 at 7/8t positions instead of 1/4L

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

.

Cherpy V-notch tests
,

to Through- 41-J temperature. 68-J temperature. Upper shelf energy. *C (* F). * C ( * F),
thickness *C (* F). *C (* F). J (ft-Ib), at weld section at weld section
position at weld section at weld section at weld sect oni

1-13 1-9 1-1 i 1-15 1-13 1-9 1-11 1-15 1-13 1-9 1-11 1-15 1-13 1-9 1-11 1-15 1-13 1-9 1-11 1-15

1/4t -11 -6 13 4 21 37 25 50 101 77 91 82 -9 3 -9 16 -13 14 -0 - 16
(12) (21) (8) (39) (69) (98) (76) (122) (74) (57) (67) (60) (15) (37) (16) (61) (9) (57) (16) (61)

1/2t -16 -11 -4 -9 29 25 23 17 104 83 91 88 -5 -8 -10 -16 2 -8 -10 -15
(3) (13) (25) (15) (84) (77) (74) (63) (77) (61) (67) (65) (24) (17) (14) (3) (36) (17) (14) (5)

5/8t -22 -18 -10 3 9 18 17 49 108 88 90 85 -25 -16 -16 15 -20 -16 -16 8
(-7) (0) (1 31 (37) (48) (64) (63) (121) (80) (65) (66) (62) (-12) (3) (3) (60) (-3) (3) (3) (47)

3/4t -2 3 14 -6 37 53 58 28 90 81 84 89 3 20 24 -6 6 20 37 -6
(27) (38) (57) (21) (98) (128) (136) (82) (66) (60) (62) (66) (37) (68) (76) (21) (43) (68) (99) (22)

7/8t -3 -13 -8 46 30 22 78 79 83 13 -4 -12 13 18 -3
(26) (8) (18) (116) (86) (72) (57) (58) (61) (55) (25) (11) (56) (65) (26)

7 * Determined from T o - 60*F (T., - 33*C) using average curve fit. where T is the temperature corresponding to 50 ft-1b.

p ' Determined from T.o - 60*F (T., - 33*C) using minimum curve fit, where T.,is the temperature corresponding to 50 ft-lb.
m
O
O
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'
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Table 6. Summary of Charpy impact results for Midland Unit 1 reactor vessel nozzle course weld secbons

1

Charpy V-notch tests

T41 -J 68-J Upper-shelf r,

Through- , ,

thickness temperature, temperature, energy, ' '

at weld section at weld sectionC ( F), C ( F), J (ft-lb),position
at weld section at we!d section at weld section

3-1 3-4 3-1 3-4 3-1 3-4 3-1 3-4 3-1 3-4

1/2t 5 -11 47 51 86 88 14 18 14 18,

o (42) (13) (117) (125) (63) (65) (57) (65) (57) (65)
3/4t 2 -1 49 45 89 85 16 11 16 11

(35) (30) (120) (112) (65) (63) (61) (52) (61) (52)
7/8t -10 5 26 47 90 89 -8 14 -8 14

(15) (42) (78) (116) (66) (66) (18) (57) (18) (57)

" Determined from Tw - 60 F (T , - 33 C) using average curve fit.o

* Determined from Tw - 60 F (T , - 33 C) using minimum curve fit.

El ,
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Figure 4. Examplo of Charpy V-notch energy curves from two
through-thickness locations. When observed
individually, they suggest uniformity of impact ,

toughness.
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(-150 to 550*F). The trend of reduced strength limited amount of nozzle material available.
with increased test temperature is clearly evident Individual data for both matrices are tabulated
(see Table 7). However, it appears that the in Appendix A. For the data reported in
material strength of the nozzle weld is significandy Appendix A, some specimens tested at O'C j

higher than that of the beltline weld. This (32'F) did not fail by cleavage fracture, and |

appeared to have developed despite the fact that these are designated J with no reported
'

m
both were given essentially the same PWHT. value. Specimen codes are reported to
Increased strength is usually accompanied by document the position for each data point'

reduced fracture toughness, but this was not within the weld. ,

detected in the CVN USEs nor in the NDT or RT, ,

transition temperatures. To compare with the 3.2.2 Test Procedure j

measured tensile values, an automated ball i

| indentation (ABI) test was performed on some The test practice involved cooling of the
blocks made of the two weld metals.' These specimens to test temperature using vaporized
blocks were appropriately prepared for the ABI test Iquid nitrogen. Each specimen was given |
by surface grinding parallel surfaces. These sufficient soak time at test temoerature to '

results were consistent with the properties reported ensure thermal stability prior to running of the
in Table 7 at room tempeiature. test, typically 5 min or more. Again, most testsi

| terminated in K - type cleavage fracture.u
Principally, on the basis of copper content, a However, some of the specimens tested in the
decision was made to define nozzle WF-70 weld mid-transition temperature range did not fail by
metal and beltline WF-70 weld metal as two cleavage but instead developed slow-stable
different materials. The specimen sampling plan, crack growth. Periodic partial unloading
therefore, was designed to evaluate properties of compliance was employed routinely so that
these two materials independently before and after crack growth could be measured and
irradiation- J-R curves could be developed in such cases.

3.2 Fracture Mechanics Properties Fracture toughness at the onset of cleavage
fracture was calculated in terms of J-integral

The second phase of the test program consisted (J ) [ref.10], and then all values were
converted to their equivalent value in units ofof fracture mechanics-related toughness

development for the unitradiated condition. These stress-intensity factor, K,, using the following:

data were then used to evaluate (1) a new fracture
mechanics-based transition temperature

g'c~_~b cf7g * (1)
characterization methodology, (2) the Eason et al. -

multivariable model' to estimate J-R curves, and
where E is the plane stress elastic modulus. -

(3) a method to develop the K transition curvea
using instrumented CVN load-time test records.

At the beginning of the testing, a small
experiment in side-groove effects was3.2.1 Transition Temperature ,

performed to evaluate the effect on K -uCharacterization, K toughness. The comparison developed isA
shown in Tab;e 9. Because there is increased

Beltline WF-70 weld metal was tested in the form of constraint with side grooving, one would >

compact specimens in sizes ranging from 1/2T to expect to find either no change or reduced K +
y

4T and at test temperatures ranging from -100 to for specimens that are side grooved. Since
'

;

0*C (-148 to 32'F); see Table 8. One part of the the results indicated only a mild reversed effect
matrix outlines the beltline test condition variations. that could not be rationalized on the physical
and the other the nozzle course test variations, basis of constraint, it was concluded that there
both reporting the median K, values from multiple was no evidence of a significant constraint
tests at each level. The fewer test conditions effect on K,, and as a consequence, the
applied to the nozzle welds are the result of the balance of the testing was performed without

13 NUREG/CR-6249
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Table 7. Tensile properties of Midland WF-70 weld metal

.

Strength
Temperature

Yield Ultimate tensile

fC F MPa ksi MPa ksi

Nozzlo

-100 -148 648 94.0 820 118.9
-75 -103 620 89.9 765 111.0
-50 -58 579 84.0 717 104.0

23 73 545 79.0 655 95.0
160 320 483 70.1 586 85.0
288 550 483 70.1 586 89.0

Beltline

-100 -148 548 79.5 758 110.0
-75 -103 483 70.1 710 103.0
-50 -58 4C5 67.4 682 98.9

23 73 407 59.0 586 85.0
288 550 427 61.9 558 80.9
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Table 8. Median K values [MP /m(ksi/in.)] for WF-70 weld metal from multiple testsg

|

I Test temperature

C ( F)

O (32) -25 (-13) -50 (-58) -75 (-103) -100 (-148)'

MPdm ksdin. MPdm ksVin. MPdm ksVin. MPdm ksVin. MPdm ksVin.

Battline-
ci

ll2T 203.5 185.0 133.4 121.3
88.9 67.5 61.4 51.3 46.61T 265 240.9 159.9 145.4 97.8 i

,

|' 2T 234 212.7 162.7 147.9 106.4 96.7
4T 109.1 99.2 i

!

Nozzle
1

1/2T 91.6 83.3
1T 191.3 173.9 109.5 99.5 71.3 64.8 46.7 42.5

E
Pn i

o
o
?

'

8
&

,
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$ Table 9. Companson of K, for 1T compact specimens with and without side grooves

Beltline Nozzle
i Test

With Without With Without side'
temperature

side grooves side grooves side grooves grooves

C F MPaVm ksiVm MPaVm ksiVm MPaVm ksiVm MPaVm ksi/m !

|

0 32 197 179 140 127 220 200 145' 132
274 249 256 233 229 208 168 1'63
317 288 296 269 300 273

a ag
a a

Average values: 263 239 321 210 224 204 204 186

-25 -13 119 108 120 109 87 79 84 76
133 121 139 126 147 134 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.

.
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side g ooving. It is possible that the apparent considered acceptable according to early
higher toughness values of the side-grooved concepts for evaluation of transitiori
specimens could be caused by computational temperature fracture toughness. Lower bound
problems associated with the manner in fracture toughness has, for many years, been
which the effective specimen thickness (B ) believed to be achievable only througa valid Ky e

is commonly used in the calculation data. However, recent developments in the
i of J,. technology of ductile-brittle behavior have
,

produced methods that predict specimen size
The data from all the beltline weld specimens of all effects and methods by which the transition
sizes that failed in cleavage are plotted in Figure 6. range behavior can be defined by a different
Data for the nozzle weld metal are shown in concept of universal curve.'8 This information
Figure 7. Almost none of these Ku values satisfy is currently being documented in the form of
the validity requirements for plane strain K an American Society for Testing and Materialsm

(ref.11). Hence, these data would not be (ASTM) standard practice.'
,
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Figure 6. Transition temperature data for the Midland WF-70 beltline weld for four compact specimen
sizes and a master curvo on 1T specimen size.
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4. Description of the Proposed Test Practice on Transition Range Definition

I

The proposed test practice currently under be determined from the experimental data. Six
development is designed to obtain useful fracture or more replicate K tests are required to2

mechanics information from small specimens that establish the scale parameter with sufficient

| are of a size suitable for insertion into surveillance accuracy.

capsules. One objective is to model transition
toughness data scatter with the three-parameter Given that two of the three Weibull parameters
Weibull data distribution model" and to employ a are fixed, as just described, adjustment for
weakest-link statistical theory" to adjust fracture specimen size is easily made using the
toughness for specimen size effects. Then, the following:"I

median trend of fracture toughness, adjusted to a
single specimen size, is postulated to fit a universal K*M = (K M - 20) + 20 ' (3)
trend curve, termed a ' master curve.' Standard , B,,
deviation of data scatter is a function of the Weibull

[fitting parameters, and, thus, confidence bounds
about the median fracture toughness trend can be where K is the toughness, expressed in unitsu

iscalculated. A " reference temperature,' T,, is then of MPa/m, for specimens of size "x.' Km
determined to position the master curve on the the predicted toughness for specimens of size

temperature coordinate, and affiliated confidence "y."

bound curves are then determined as a function of
median toughness. Addrtionally, a margin Equation (3) can be used to adjust Ku for size
adjustment can be applied to the lower confidence on single datum or to adjust a Weibull scale
bound curve to cover the uncertainty in reference parameter, K,, or the median K of a data set.u

temperature i' only a small number of specimens
are used to wtablish the reference temperature. The median K on 1T size specimens isx

defined by the following master curve
Data scatter on Ky values can be fitted using the equation:"
following three-parameter Weibull function: Kg,g - 30 + [4)

' 4 - K,f b 70 exp[0.019(T- T,)],
P,- 1 - exp - (2)2

,

K, - K,m
Again, the units are expressed in MPa/m. The
above equation contains one variable, test

where: temperature, T, and one adjustable parameter,
reference temperature, T . Standard deviationo

the probability that a chosen on K, data is defined by:P, =

specimen will develop a specified
K, toughness, o 0.28 K ,g [1 - 20/K ,g], (5)g 4the Weibull slope (parameter 1),b =

the lowest possible fractureK =m
toughness (parameter 2), Assignment of the standard normal deviate
the scale parameter (parameter 3). obtained from statistical tables can be used toK, =

establish confidence bounds. The standard
Wallin has shown that pressure vessel steels tend normal deviate at 5% cumulative probability is

to develop a consistent data scatter profile such 1.64. Using this with Eq. (5) results in the
that two of the above three parameters tend to be following equation:
constant." That is, when K,,,,,, is set at 20 MPa/m
(18 ksi/in.), the Weibull slope tends to be constant Kuo o33 - 25.4 + (6)
at 4. Then, only the scale parameter, K,, needs to 37.9 exp [0.019(T- T,)],

NUREG/CR-624919
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Reference temperature, T , is the test temperature 80.2 and 115.3 MPa/m (72.9 and
where the median K, for 1T size specimens is 104.8 ksi/in.), respectively. Then, the
expected to be 100 MPa/m. If one wishes to test equivalent values were used to establish
only six replicate specimens, the temperature reference temperatures, T , giving -60*C
selection for optimum accuracy (on establishment (-76*F) for the beltline weld and -33*C
of T,) is near to temperature, T . The following (-27'F) for the nozzle course weld, a 27'Co

crude correlation between the 28-J (20 ft-lb) (49'F) difference in transition temperature.
Charpy energy temperature, Tw, and T has been This toughness difference was not detectedo

offered as an aid to select a test temperature (in from the DWT NDT tests nor the CVN
this case for IT size test specimens): evaluations.

T, T u - 18' C. (7)z Figures 6 and 7 show the master curves
derived from the 1/2T compact specimen data

The constant on the right side of Eq. (7) can be as well as the 5% cumulative probability
adjusted for other specimen sizes. As an example, curves. The data points shown are not
for 1/2T compact specimens, the constant is specimen size adjusted. Despite this, the 5%
-28' C (-18.4* F). confidence bound tends to enclose most of the

unadjusted data.
Finally, if the lower bound confidence curve of
Eq. (6) is to be used to address safety issues, a An example margin adjustment to the 5%
margin can be added to account for the confidence limit based on the six replicate
uncertainty in reference temperature, T,. The specimens and 85% confidence margin
standard deviation on this uncertainty is estimated adjustment is shown in Figure 8. Here, a
using the following:" 10*C (18*F) margin has been calculated and

a ,- 18//// , (8)r

The postirradiated specimens will be similarly
evaluated to establish the transition

where N is the number of K datum used to temperature shift,u
establish T .o

Equation (8) is most accurate when the K, data
development is near 100 MPa/m. The standard

.

normal deviate on T, should be obtained for
two-tail standard normal deviates, and a
reasonable confidence level assignment is 85%.

4.1 Master Curve Establishment
from Midland K Data3

Estimates of temperatures corresponding to the
28-J CVN energy level for beltline and nozzle welds
were obtained from data such as that shown in
Figure 5. Both weld metals indicated -23*C
(-9.4*F), and using Eq. (7) adjusted for 1/2T
specimen size, a test temperature of -50*C
(-58* F) was indicated to obtain 100-MPa/m
(91 kst/in.) median K . As indicated in Tables 8,x
A1, and A2,1/2T compact specimens were tested
at -50*C (-58'F), giving median Ky of
91.6 MPa/m (83.3 ksi/in.) for the nozzle weld and
133 MPa/m (121 ksi/in.) for the beltline weld.
These values were converted to 1T equivalents of

NUREG/CR-6249 20

-

. . .. .. ..
.

. . . . . . . _ _ _ _ __ _____-



. - _ _

ORNL-DWG 94-6597

TEST TEMPERATURE ( F)
-300 -200 -100 O 100 200

500 ; ; ; g g ;

MIDLAND WELD -BELTLINE
UNIRRADIATED KJc (MNS)

-

MASTER
400 - A % TCT SPECIMENS

CURVE
o i TCT SPECIMENS_

% O 2 TCT SPECIMENS
-- 400 -

{2 V 4 TCT SPECIMENS

3 a 2
300 _

0 6
8 0 - 3Tx o m

LOWER [0uf
Q BOUND Zm

200 - / Ez
0 /

- 200 3S g 3 O/' a
R @ 1 of '

.

|

/3{ v '' - 100100 - o -

,P'
__ _. -o -

I I I
0 0
-200 -150 -400 -50 0 50 100

TEST TEMPERATURE ( C)

Z Figure 8. Master curve and 5% confidence limit curve (dashed) adjusted 10* C (18* F) for uncertainty
in reference temperature, T,.g

O

r
w

,

. _ _ _ _ _ .



. . . . .. _ _ _ _

=

5. Evaluation of J-R Curves

,

Because WF-70 weld metal is an LUS energy used to generate J-R curve plots. Instructions
material, J-R curve characterization is needed to for calculating these same constants for the
demonstrate by analysis that a reactor vessel can Eason et al. multivariable model are given in

r

I be safely operated with this material. ref. 9. For the latter, upper shelf CVN energy
Unfortunately, thero are many cases where reactor and other test condition parameters are used
surveillance capsules do not have fracture to calculate the constants applicable to
mechanics-type specimens that are suitable for J-R Linde 80 welds, and these are presented in
curve development. Blunt, notched Charpy V Table B2 (ref.19).
specimens are far more common. For st-h cases,
it is now possible to estimate J-R curve usag Experimental and calculated constants can be
correlations developed from multivariable modeling compared, but it is clear that the experimental
of data bank information. A model has been regression fit constants can be onfy an
developed by Eason et al.' that uses a correlation approximation to those derived on the basis of _

based principally on upper-shell CVN energy as data from multiple tests and multiple material
well as accounting for other experimental variables sources.

that influence J R curves. Variables such as
specimen size, chemistry, test temperature, and 5.1 Specimen Size Effect on J-R
irradiation exposure are accounted for in th Curve
models. This study presented an opportunity to
independently compare the correlation model for
Linde 80 weld metals to new experimentally Specimen size effect (experimental) was

generated data. evaluated on beltline weld metal at 550*F
\(288'C), and the result is shown in Figure 9.

Table 10 shows the levels of specimen sizes and A considerable spread is observed, almost all

test temperatures at which J R curves were of which is attributable to the 2T specimens.

developed in this experiment. The experimentally The 1T and 4T specimens agree reasonably
derived J-R curves are shown in Appendix B. All well, and the 1/2T specimens tend to show
but the last two entries have toughness expressed moderately lower toughness, as might have
in terms of deformation theory J. The last two been expected. Clearly the lack of a
curves used modified J. In most cases, duplicate consistent trend from 1/2T to 4T is attributable
tests were performed, and the data were combined to the 2T specimens that behaved |ike a
for a least-squares curve fit. The equation (curve) different material. Unfortunately, an
fitted is of the same form as that used by Eason in examination of test records and evaluation of
the multivariable modeling of data bank physical evidence have turned up no
information: explainable reason for the inconsistency. Both

2T specimens came from the same
Jg - A(Aa,)8 exp[C/(Aa )n2], (9) through-thickness position at 3/4t, and bothy

were from the same cutout (section 1-10) of
the weld (see Figure 1). Other 2T specimens

where: were made from this segment of the weld, and
these were put into an irradiation capsule. The

curve-fitting constants, above observation will be kept underA,B,C =

physical slow-stable crack growth. consideration when evaluating theA a, =

postirradiation results. Size effects were not
Table B1 tabulates the least-squares-derived determined on nozzle weld metal because
constants of Eq. (9). These values can then be there were only 1/2T and 1T specimens.

23 NUREG/CR-f,249
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Tablo 10. J41 curve test matrix

__

Number of specimens at
Specimen various temperatures'

size 21 C 150 C 288*C
(70 F) (302*F) (550 F)

Beltline

1/2T 2- 2 2
1T 2 2 2
2T - - 2
4T - - 2

{
Nozzle

_

1/2T - - 2
.

|
1T 4 2 2 [

6

;

'All specimens 20% side grooved unless '

noted otherwise,

*Two specimens not side grooved.
1

- 1

i

|

;
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15.2 Evaluation of the Multivariable Ernst et al. " has in fact satisfied the property /
' " ' ' "S" 5"99 S' d 'Y Ri'"Model
Figures 12(a)-(c) compare modified J and

Figures 10(a) through (d) compare WF-70 deformation theory J fracture toughness
expenmental J-R curves to predicted J-R curves computations. Note that the separation
using the 89 J (65-ft.lb) USE in the Linde 80 between the two criteria is small when da is
multivariable model. These predicted curves small relative to initial ligament size (see
compare to the experimental curves quite well Figures 12(a) and (b)]. Figure 12(c) shows
except, of course, for the 2T size specimens, again how modified J-R curves for 1/2T and 1T
seeming to bong into question the experimental specimens comparn more favorably,
J-R curve result. Specimen size effects are eliminated by

modified J up to the point of massive rigid- 1

5.3 Effect of Test Temperature body deformation, where divergence wiii again
develop. These J-R curves do not approach }
that particular limit thereby illustrating that

Figures 11(a) and (b) compare experimental J R modified J can be used to develop
curves over three test temperatures, one figure for geometry-independent J-R curves. However, I
1/2T compact specimens and the other for 1T

an appropriate limitation on specimencompact specimens. It is clear that slow-stable deformation, as yet uncefined, needs to be
crack growth resistance diminishes with increased

established.
test temperature. There is some difference in
trend between the two figures, but it is likely that
this is merely a phenomenon nf material property 5.5 Comparison of Beltline
variabmty. versus Nozzle Weld

Table 11 lists J values determined from these J-R Experimentally determined J-R curves thatr

curves over the same temperature range plus compare the toughness of beltline and nozzle
other J values generated in mid-transition at 0*C

welds are shown in Figures 13(a)-(c) Thesem

(32* F). comparisons are made on one specimen size
(1T) covering three temperature levels. There

5.4 Modified J versus Deformation is repea:ed indication that the J-R curve
Theory J toughness of the nozzie course weiri is lower

than that of the beltline weld. Again, this lower
ductile tearing resistance of the nozzle weld

An unresolved technical issue is the proper way to was not detected by the upper-shelf CVN
calculate J integral when the crack growth energy
conditions of the specimens violate the validity
requirements for deformation theory J. The

5.6 S ecimens with SidePlimitations on deformation theory J for massive
hoid. body piastic deformation and the tolerance for Grooves versus Specimens
excessive slow-stable crack growth are cornmonly Without Side Grooves
ignored, even by those that are well aware of the
fundamental problems. The ASTM standard
E 1152 on J-R curves allows up to 10% of the J-R curve specimens are almost always side
initial remaining ligament in bend type specimens. grooved to control crack shape, as advised in
This growth is almost certain to show some small the ASTM J R curve test practice." However,
amount of specimen size dependence. To mitigate side groove depth (and even the complete
this weakness, modified J was developed as a absence of side grooves) is not a controlled
J.like parameter that has the propeny of crack requirement in the ASTM test standard Any
growth rate independence. The desirability of a presumption that J-R curve is not,significantly
growth rate independent property from a J-like affected by side-groove practice would be
parameter had been initially pointed out by wrong, as evidenced by Figure 14(a). The
Rice et al."' Modified J developed by difference in J-R curve slope between 0 and
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Figure 10. Experimental JR curve and JB curve calculated from a
Multivariable model for (a) 1/2T compact specimen,
(b) 1T compact specimen, (c) 2T compact specimen,
and (d) 4T compact specimen.
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Table 11. Average J values from J-R curves j3

4 -

J,, values

Specimen -
IkJ/m (in.-lb/in.2)] .

fsize 0"C 21 C 150 C 28E' C
(32 * F) (73 F) (302 F) (550 C) i

|

Beltline

1/2T 130 (740) 115 (670) 85 (495)
1T 160 (920) 130 (750) 120 (685) 75 (435)
2T 150 (850)

Nozzle

1/2T j
1T 120 (700) 125 (725) 85 (500) 55 (320) 1

2T i

l

i
<
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Figure 12. J-R curve comparison on beltline weld metal showing (a) specimen
size effect on 1/2T compact specimens, (b) less size effect for
larger IT compact specimens, and (c) com;mrison on 1/2T compact
modified J versus deformation theory J on Roxve for 1T compact
specimens.
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weld metal ductile tearing resistance at (a) 550'F (288'C),
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ASD4 standard E 115247. (b) Evaluation of the side-
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danger of misuse outside the range of the data fit.
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20% side groove used here is about a factor of 2. side-groove practice should be given attention
it should be noted, however, that crack growth was in analyses that relate to safety issues.
measured by compliance in both cases. There
almost always is some inaccuracy of crack size The impact of side grooving as viewed by the
determination on thick specimens without side multivariable model will not indicate significant

i grooves" In this case, there was an approximate effect, as is illustrated in the example test case

25% lag of Aa, behind the 9-point heat tint in Figure 14(b), Here, the comparison is made'

measurement of final crack size, On the other assuming two 1T compact specimens, one

; hand, if each compliance calculated Aa is without side grooves and one with 20% sidey

l adjusted 25% to compensate for the error, the groove. The reason for this insensitivity is that
influence on the dashed line would be relatively the input data used to develop the
minor, and the J R curve difference remains highly rnultivariable models came from side-grooved

f
significant. The disturbing aspect of this is that specimens. The data mix was dominated by
vahd J-R curves developed in conformance with an specimens within a rather narrow range of 20
ASTM standard practice can be radically to 25% side Groove so that the side-groove

,

i manipulated through side-groove practice. It is depth effect on J-R curve is ingrained within
also well known that J-R curve slope is a function the model. The positive side of this is that the [
of side-groove depth without an asyrnptotic lower multivariable J-R curve estimations, unlike test _)

! bound characteristic, at least up to 50% side data, cannot be manipulated to give
Groove. Because there is the potential to nonconservative J-R curves.
manipulate apparent material toughness by

,
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6. Crack-Arrest Testing, Ku

The crack-arrest fracture toughness was than the established range of RTuor values
determined using a specimen with plantform which, for the Midland weld, were controlled by
dimensions of the basic 2T compact specimen its CVN behavior.
(see Figure 15). The specimen thickness is not
proportional to the conventional 2T design, Recently, there has been some interest in a K,
however, being 25.4 or 33 mm (1 or 1.3 in.) curve estimation scheme that uses
instead of 50.8 mm (2 in.). The crack tips had a instrumented CVN test records.22 Such is
brittle weM bead made with McKay DWT stick feasible because it is possible to detect the
electrode. onset of unstable cleavage crack propagation

and subseq'ient crack arrest from load-time
During testing, it was discovered that the running traces. 20 relevant test records occur within
crack introduced by the brittle weld bead would a narrow f amperature window, just above the
prematurely pop-in at low loads and then arr a in lower-shelf region of the Charpy transition

,,,

the heat-affected zone (HAZ) of the weld. With temperature curve.
continued wedge loading, cleavage cracks would
then initiate from- the much tougher HAZ material at Example test records from the instrumented
high crack drive and often times with some prior Charpy machine are shown in Figures 17(a).
slow-stable crack growth. As a result, crack arrest (c). Figure 17(a) is from a specimen tested on
would occur with small remaining ligaments, and the lower shelf at -25'C (-13"F). The sharp

'

the validity conditions of ASTM test standard load drop beyond maximum load to near zero
E 122188 on * Determining Plane-Strain Crack- load is indicative of cleavage to nearly
Arrest Fracture Toughness, K,, of Ferritic Steels d' comp!ete separation of the specimen.
were violated. This occurred in all cases but with Figure 17(b) shows the upper-shelf behavior at
one exception. One specimen made to 3T 25* C (72* F) where there is crack initiation
plantform dimensions produced one valid V,, and stable ductile tearing to spedmen
datum (see Table 12 and Figure 16). Even though separation. Figure 17(c) at 0*C (32*F) is
the majonty of the data is invalid according to the characteristic of transition range behavior
stringent requirements of E 1221-88, there is where there is cleavage crack initiation
evidence that the ASTM validity requirements may followed by crack arrest. Here, the specimen
be overly conservative for pressure vessel stee|s in displacement rate is a little slower in
general and LUS materials in particular. The mid-transition, allowing the striker to catch up
validity criteria within E 1221-88 are currently being with the displucement rate of the specimen at
reviewed by the cognizant committee within the load, P,. The arrest load obtained from several
ASTM. test records through the transition range can6

be plotted against test temperature, as shown
The data, while almost entirely invalid, fit well in Figure 18. A calibration load has been
above the Ame.ican Society of Mechanical suggested for the development of a correlation
Engineers (ASME) K, curve when the bounding between P, (arrest load) and K, curves.

22values determined for the RT y of the Midland Wallin has chosen the load of P, = 4 kN (yn

weld, -20 to 37*C (-3 to 99'F), are used for its (900 lb) to correlate to K, data. Temperature,
indexing (see Figure 16). It is interesting to note (T,), is defined as the temperature where the
that the lower bound of the crack-arrest data median of K data scatter is aboutm

coincides exactly with the ASME K, curve when 100 MPa/m. This is predicted from the
-50*C (-58*F) is used as the RT r indexing following equation:w
value. While the value of -50*C is in agreement

-10'C (10)with the average NDT value, it is significantly lower ( T,),, - Tr4
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Table 12. Crack-arrest toughrtnes values, K,, of subntarged-arc weld from the beltline region
of the Midland reactor pressure vessel measured usang specimens with a nominal wKith of

104 mm (4 in.), except for specimen MW ISJC, with a nominal wKith of 150 mm (6 in.)i

Test temperature Crack-arrest toughness, K, Validity *Specimen
andC F MPalm ksidin. comments

MW12 A18 -40 -40 58.5 53.2 a,b
| MW12 EBB -40 -40 75.3 68.4 a,b.e
i

MW12A1 -30 -22 76.3 69.4 a,b.e
MW12D1 A -30 -22 78.7 71.5 a,b,e

-

MW12HBB -30 -22 91.8 83.4 a,b,e
MW12EAB -- 30 -22 93 84.5 a,b

MW12G AB -25 -13 92.9 84.4. a,b

O MW15JC -20 -4 65.3 59.4 Val /d,150 mm spec
MW15HAA -20 -4 101.1 91.9 a,b
MW12FBB -20 -4 148.4 134.9 a,b,c.e

14DRW34 -10 14 107.5 97.7 a,b.e
MW12HBA O 32 90 81.8 a,b
MW12HAA 10 50 95.4 86.7 a,b.e

*0ne or more letters for a specimen indicate that the test results did not meet requirements of the ASTM E
1221 88 validity criteria. a,b = remaining ligament too small; c = specimen too thin; d,e = insufficient crack-
jump length.
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Figuae 16. Crack-arrest data for Midland beltline weld metal. The data are
compared to the ASME lower bound K Cun'es established from
RT, = 37'C (99* F), RT, = -20*C (-4* F), and hypothetical
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Figuro 18. Plot of crack-arrest loads for the beltline weld metal obtained
from test records similar to Figure 17(c).
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11 appears that Tu in Figure 18 is -40*C (-40*F) Experimentally determined K, (invalid data) is
and so the estimate for (T,), is -50* C (-58'F). fitted with the master curve and 95%

L Wallin has mah. ained that the universal confidence curve in Figure 19. In this case, To

crack-arrest mediac K, curve has the same shape [ replacing T, in Eq. (11)] of about -10*C
as the previously mentioned master curve. (14*F) was indicated. Hence, the CVN
Temperature [(T,),] is inserted into the following inferred (T,),, differed by about 40*C (50* F)
relationship for median K : from the experirnental data. It is clear that -

more evaluation work is needed. A supporting
A.la " M + (11) data package of valid K, values would be of/

70 exp(0.019 f T- (T,),,)} . more help in the evaluation.

ORNL-DWG 94-6595
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Figure 19. K, experimental data from crack arrest in specimens similar to Figure 15;
reference temperature, T , is -10* C (14* F).c
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7. Discussion

The present data development work on the group activity within ASTM. This method
Midland WF-70 weld metal has provided good addresses the statistical variability of material
baseline properties to compare to the irradiation- toughness as a part of the analysis procedure.
damaged properties. The nozzle weld metal has Six 1/2T compact specimens of nozzle weld
been singled out from the beltline weld metal as a and six 1/2T specimens of beltline weld were
different material on the basis of copper content, used to set up master curves that define the
determined in the initial scoping work. At the transition toughness and confidence limits on
same time, Charpy transition curves and DWT NDT scatter for data obtained from all specimen
tests reported in the same early work indicated no sizes. This method of material characterization
difference in the fracture pmporties. However, has worked quite well in this case.
fracture mechanics tests in tb.s report clearly
indicated a difference in iwc;ure toughness J R curves were developed on be- 9 and
transition temperature of 27'C (81*F) between nozzle course weld metals. Both sr.vwed loss
nozzle course and beltline welds. Likewise, J-R of ductile tearing resistance with increased test
curves indicated lower ductile tearing resistance in temperature from room temperature to 288*C
the nozzle course weld, and tensile tests showed (550*F). There also was ' convincing evidence
the nozzle weld to have higher strength. of a difference in J-R curve toughness between

beltline and nozzle weld metals. This
Because none of the 19 beltline CVN transition difference did not show up in the upper-shelf
temperature curves or six nozzle course curves Charpy energy determinations, both indicating
had developed at least 103-J (75 ft-lb) USE, these about 89-J (65-ft-Ib) USE.
materials were verified to be LUS weld metal. The
19 sampling positions for beltline Charpy curves The multivariable model of Eason et al. to
produced 19 RTer temperatures varying from develop J-R curves from Charpy USE was
+37'C (+99'F) to -20* C (-4*F). The tested against the experimental J-R curves.
application of these 19 RT r values to position the The modet for Linde 80 welds was used. Them
ASME lower bound K curve covers the area comparisori of predicted versus experimentale
bounded by the dashed lines shown in Figure 20. J-R curve for beltline weld was quite decent in
The fracture toughness data in the form of static this case. An unavoidable weakness of the
K, were shown to be almost bounded by an methodology, however, is the use of Charpy
ASME K curve using a reference temperature. USEs that tend to lack the sensitivity neededy

RT r, of -50*C (-58'F) from the DWT NDT tests. to detect subtle changes in J-R curvee
Likewise, the K, data were bounded using this toughness.
same reference temperature. However, ASME
acceptance standards in Section Ill (NB 2331) Side-grooving of compact specimens was
stipulate the use of Charpy curves such as might evaluated on a relatively small . scale within this
be applied in the plant-specific analysis which, for experiment. It was determined 'lat the choice
Midland, could position the lower bound K curve between side grooving or not K3 (transitiony

for design over a relatively wide range of range) testing is not significar Jn the other
temperatures. Clearly, the assessment of the hand, side grooving is a major /ariable in J-R
material enbrittlement would be a matter of curve development. In this experiment, J-R
probability, making the decision to license a plant curve slope was shown to be increased by a
for continued opa ation dependent on sampling factor of about two without side grooves.
location and chance ordering of the Charpy Side-grooving recommendations in ASTM
specimens. Standard E 1152 (" Standard Test Method for *

Determining J-R Curves") fail to point out or
A ductile-to-brittle transition temperature (DBTT) emphasize the significance of such
procedure that uses fracture mechanics test considerations. Side-groove depth has an
oractices is currently under development in a task important impact on J-R curves.
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Crack-arrest tests were performed on beltline weld crack-arrest data with significantly different i

metal with a great deal of difficulty A new brittle amounts of rregin raises further questions
weld bead crack starter material (McKay DWT) was about the appocability of using an RT r baseduo
used to control crack initiation, but because of on Charpy properties as the correct indexing
easy crack pop-in in the brittle bead, most parameter for the class of LUS welds, indeed,
cleavage cracks initiated from the HAZ of these the overall question of the most appropriate
brittle zone welds. Consequently, initiation K, was method to adjust predictions of fracture
high and ligament size at arrest was nearly always toughness of pressure vessel materials to
too small for K, validity. As a result, the accuracy account for irradiation-induced embrittlement is
of the K, values reported here can be questioned. being examined within the HSSI Program. To
The transition temperature shift from static to complement this work, a technique of inferring
dynamic appeared to be about 50 K, which seems K, from test records of the instrumented
a bit high. Nonetheless, there is reason to believe Charpy test was tried. In this case, the
that the crack-arrest data may be representative of static-to-dynamic transition temperature shift
the material. The one valid result obtained with the was about 10'C (18'F). The ASME K,cK,,
larger specimen is seen in Figure 16 to correspond curve shift at the 100-MPa/m (91-ksi/in.) level
reasonably well with the remainder of the invalid is on the order of 36*C (64*F), so it is difficult
data, even though it lies toward the lower bound of to draw firm conclusions on the significance of
the data set. The fact that the wide range of RTuo, these results. .

values determined fur the Midland weld bound the
i

1

.
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8. Plans for Irradiated Specimens -
1

HSSI capsules 10.05 and 10.06 contain 1/2T,1T, 3. Establish the data scatter of CVN transition
and 2T compact specimens and crack-arrest range data. Establish the data scatter on
specimens, as well as numerous standard notched RT, and ATT y and compare this to the
and precracked Charpy specimens of beltline and fracture mechanics-based results.
nozzle course material. There are also sixteen
1/2T compact specimens and CVN specimens 4. Determine postirradiation K,, lower bound
from the HSSI Frfth Irradtation Series and many using 15 crack-arrest specimens. This
other previously well-characterized materials. evaluation would also include further

exploration of crack-arrest determined by
The overall plan of attack for irradiation evaluations instrumented Charpy impact tests,
will be designed to satisfy the following objectives:

5. Evaluate the effect of irradiation on J-R
1. Establish a master curve for irradiated beltline curve for WF-70 weld metal. Also, i

and nozzle course welds using a few 1/2T compare experimental and multivariable
compact specimens of each material. copper-fluence model predicted J-R
Compare the master curve to all the irradiated curves.
results.

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

<
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Appendix A

Tabulation 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 ksi/in.)

i
l

|

Values, K.
Test (MPa/m)

temperature
U2T 1T 2T 4T

('C)
Code' K. Code * K. Code * K. Code * K. Code * K.

21 11FB b 15GA b
11FC* b 15GB b

O 9FA D DCB' 274.0 10G2 180.2
11GC' b 15FA 255.6 10C2 287.1 i

!11GD b 15GD' 181.6 D2 6
Illa 316.7 9tA 140.0

-25 10EIFB 183.2 9FC' 266.9 9FB 143.2 12C1 184.2 14B 119.8 I

11MDA 108.5 15FC 138.9 15FD' 119.2 10C1 144.4 14A 98.4
11JEA 214.9 9CC 150.7 15J1 141.0
9HfB 220 0 11FA 193.5 1001 124.7
11MCB 212.6 11GA 139.4 1081 120.0
11 LEA 307.6 9 F D' 132.7

-50 10E2F 167.3 9GA' 120.2 10B2 105.2
SLF B 146.8 11GB 118.1 10H2 108.4
10EIEB 137.7 11 F D' 103.3 12C2 97.7
10EIEA 131.1 15GC' 91.9 12D1 115.0
10 elf A 119.3 15FB 88.4 15J2 94 0
10E2E 91.6 9CD 65.0

-75 10ElB 93.8
10EIA 67,7

1 CEIC 72.2
9JD 61.1
SND 55.7
11LA 55.0

-100 111B 68.4
9KA 55.8
11KB 54.9
91B 54.6
10EID 40.1
11KA 38.4

* Example code 11GC: 11 indicates be:tiine section 1-11. G indicates slice piece G from slice order A through M, and
C ind cates through thickness slate position C.

*J H curves (no instability).
' Side grooved specimens.
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Table A.2. Test data for two specimen sizes
of WF-70 nozzle core weld metal

(1 MPa/m = 1.1 ksi/in.)

Values, K ,3

Test (MPa/m)
temperature

1/2T IT
( C)

Code' K;, Code * K;, Code' K;, Code * K;,

21 31DB* c 34|E e
34FG* c 31DA c
31DB* c 34CB c

'

O H34M c 341A 144.6 84FA 228.4
134M 281.8 34CA 167.3

31AC 239.7
31FA 220.1

-25 31CB 146.8 311D 97.4
34JE 120.6 31BC 95.9
31KD 113.7 34EB 87.3
34JA 120.9 34AC 84.5

-50 B34M 133.7 J34M 77.9 34EA 84.5 34 BC* 63.8
A34M 125.7 E34M 69.2 31CA 84.6 34LD 76.4
G34M 98.1 D34M 58.5" 34KE 63.9 31EB' 54.8
F34M 93.2

-100 31JE 67.9 34LC 47.1
3118 50.2 31JB 36.8
31JD 49.1 31HB 35.6

' Example code 11GC: 11 indicates beltline section 1 11, G indicates slice piece G frorn
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.
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Appendix B

Regression Constants on J-R Curve Model

and

Experimental J-R Curves

,
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Regression Constants on J-R Curve Model

J = A(A a )8 exMC (A a )DJ ,p g

where J is deformation theory, J(kip-in./in.2), and Aa, is physical crack growth (in.).

The constants in the multivariable model were developed to calculate J R
curves in the Enghsh units, presumably for convenience in the application of
the J-R curves to work engineering problems. To avoid the labor of rederiving
the various constants of the multivariable model for metric equivalent, English
units will be used in these comparisons.

NUREG/CR-6249 B-2

- -- _ _ . __



.. .. .. .. - - . -

.

. .

.
..

I

Tabio B1. J-R experimental fits to data [J = A(Aa)" exp[C * (Aa)"]

l
Test conditions J-R curve-fitting parameters

Figure Side Specimen Test
W eld J groove size temperature A B C D-

(%) (T) (*F)

B1 Beltline Deformation theory 20 1/2 550 2.322 0.343 0.00225 -0. 5
82 Beltline Deformation theory 20 1 550 2.251 0.0387 -0.134 -0.5

$ B3 Beltline Deformation theory 20 2 550 3.067 0.310 0.00787 -0.5

B4 Beltline Deformation theory 20 4 550 3.624 0.494 0.0379' -0.5
,

BS Beltiine Deformation theory 20 1/2 300 2.670 0.254 -0.0207 -0.5
B6 Beltline Deformation theory 20 1 300 4.352 0.366 -0.0258 -0.5
B7 Beltline Deformation theory 20 1/2 Rm 7.749 0.576 0.0181 -0. 5
88 Beltline Deformation theory 20 1 Rm 4.375 0.263 -0.0808 -0. 5
B9 Nozzle Deformation theory 20 1/2 550 2.390 0.409 -0.00192 -0.5

;

B10 Nozzle Deformation theory 20 1 550 2.202 0.306 -0.0466 -0.5
811 Nozzle Deformation theory 20 1 300 2.896 0.379 -0.0022 -0.5

| B12 Nozzle Deformation theory 20 1 Rm 3.566 0.346 -0.0190 -0.5
'

B13 Nozzle Deformation theory No 1 Rm 11.305 0.671 0.0379 -0.5
B14 Beltline Modified J 20 1/2 550 3.482 0.464 0.02121 -0.5

BIS Beltline Modified J 20 1 550 3.168 0.305 -0.0501 -0.5
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Table 82. J-R curve constants calculated from multivanable model for Unde 80 welds
(using deformation theory, beltfine and nozzle,20% side grooved)

Specimen Test J-R curve-fitting parameters
size temperature
(T) (oF) A B C D

1/2 550 1.744 0.231 -0.022 -0. 5
1 550 1.928 0.175 -0.072 -0.5m

a 2 550 2.132 0.119 -0.121 -0. 5
4 550 2.357 0.063 -0.170 -0. 5

1/2 300 3.743 0.319 -0.029 -0. 5
1 300 4.138 0.263 -0.079 -0. 5
2 300 4.576 0.208 -0.128 -0. 5
4 300 5.060 0.152 -0.177 -0. 5

1/2 Rm 7.648 0.402 -0.036 -0.5
1 Rm 8.456 0.346 -0.086 -0.5
2 Rm 9.350 0.290 -0.135 -0. 5
4 Rm 10.340 0.235 -0.184 -0.5
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E Beltline 2TCT at 550 F
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Beltline 4TCT at 550 F
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Beltline 1TCT at 302 F
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Beltline 1TCT at 70 F
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E Nozzle 1/2TCT at 550 F
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Nozzle 1TCT at 550 F
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Beltline 1/2TCT at 550 F (Modified J)
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j Beltline 1TCT at 550 F (Modified J)
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