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Abstract

The objective of this work was to develop ductile fracture toughness data in the form of J-R curves for modified

A 302 grade B plate materiais typical of those used in fabricating reactor pressure vessels. A previous experimental
study at Materials Engineering Associates (MEA), Lanham, Maryland, on one particular heat of A 302 grade B plate
showed decreasing J-R curves with increased specimen thickness. This characteristic has not been observed in
numerous tests made on the more recent production materials of A 533 grade B and A 508 class 2 pressure vessel
steels. It was unknown if the departure from norm for the MEA material was a generic characteristic for all heats of
A 302 grade B steels or just unique to that one particular plate.

Seven heats of modified A 302 grade B steel and one heat of vintage A 533 grade B steel were provided to this
project by the General Electric Company of San Jose, California. All plates were tested for chemical content,
tensile properties, Charpy transition temperature curves, drop-weight nil-ductility transition (NDT) temperature, and
J-R curves. Tensile tests were made in the three principal orientations and at four temperatures, ranging from room
temperature to 550°F (288°C). Charpy V-notch transition temperature curves were obtained in longitudinal,
transverse, and short transverse orientations. J-R curves were made using four specimen sizes (1/2T, 1T, 2T, and
4T). The fracture mechanics-based evaluation method covered three test orientations and three test temperatures
[180, 400, and 550°F (82, 204, and 288°C)]. However, the coverage of these variables was contingent upon the
amount of material provided. Drop-weight NDT temperature was determined for the T-L orientation only.

None of the seven heats of modified A 302 grade B showed size effects of any consequence on the J-R curve
behavior. Crack orientation effects were present, but none were severe enough to be reported as atypical. A test
temperature increase from 180 to 550°F (82 to 288°C) produced the usual loss in J-R curve fracture toughness.
Generic J-R curves and mathematical curve fits to the same were generated to represent each heat of material.

This volume (Vol. 1) deals with the evaluation of data and the discussion of technical findings. Volume 2is a
compilation of all data developed.
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Ductile Fracture Toughness of Modified A 302
Grade B Plate Materials, Data Analysis’

D. E. McCabe, E. T. Manneschmidt,
and R. L. Swain

1. Introduction

Type A 302 plates of pressure vessel steel are currently in service in about 19 nuclear reactor vessels.! Of these,
eight are grade B, ten are modified grade B, and one is grade A. Type A 302 is an early production version of
pressure vessel steel that predates the development of fracture mechanics to a level such that could be applied to
ordinary structural steels. Consequently, very little fracture mechanics data have been generated for evaluating the
reactor vessels mentioned above. Currently, several reactor vessels are approaching the end of design life, and
generic background information is needed to assist with end-of-life and life-extension considerations. This project
was initiated to fill this information void by developing J-R curves and the few single-value parameters that can be
derived from J-R curves.

A fracture mechanics-based toughness evaluation had been made recently at Materials Engineering Associates
(MEA), Lanham, Maryland, that characterized one pedigreed plate of A 302 grade B steel, and these results have at
times been used to represent generic A 302 grade B performance for in-service evaluations.? The plate was known
to have received minimal cross rolling in production, and it was purposely selected for the MEA study because of its
low upper-shelf (LUS) fracture toughness in the T-L (transverse) orientation. The plate had typical A 302 grade B
chemistry, with the exception that sulfur and vanadium were a little on the high side. It had received the heat
treatment that is normally used on production A 302 grade B plate. The Charpy V-notch (CVN) upper-shelf energy
(USE) in the T-L orientation was about 48 fi-lb and about 108 ft-Ib in the L-T (longitudinal) orientation.® The
expectation in the MEA experiment was that because of the low toughness, the material would not show J-R curve
reduction in 1/2T compact specimens. Compact specimens were made of 1/2T, 1T, 2T, 4T, and 6T sizes. The
testing was confined to one orientation (T-L) and one test temperature [180°F (82°C)]. Prior to this experiment, the
typical J-R curve behavior of steels of more recent production, such as A 533 grade B and A 508 class 2, showed
no differences due to specimen size, with the possible exception of 1/2T-size compacts that tended to show slightly
lower J-R curves, viz., conservative results. Unfortunately, the MEA experiment on A 302 grade B plate showed just
the opposite behavior. Both 1/2T and 1T compact specimens showed reasonable J-R curve development
comparable to other LUS steels (see Figure 1). On the other hand, the toughness degenerated with increased size
to essentially no crack growth resistance increase beyond crack initiation in 6 T-size compacts (see Figure 2).
Hence, the suggestion is that J-R curves obtained from 1/2T compacts could not be used to represent A 302

grade B generically. This pattern reversal presently stands alone as the characterization of the J-R curve behavior
of A 302 steels.

An objective of this experiment was to generate more generic J-R curve data, except in this case, the material
chosen was the more frequently used modified A 302 grade B steel. Seven heats of modified A 302 grade B plate
were donated to this investigation by General Electric Company of San Jose, California. All were archival materials
that were being saved for possible future tests, as needed, for fracture toughness verification purposes. All
represent typical production cross-rolling practices. An add-on to the material selection was one early vintage

A 533 grade B plate identified as Z8 in Figure 3(d). The pieces sampled are shown in Figures 3(a) through (d), with
the segments supplied to this project marked either as Oak Ridge National Laboratory (ORNL) or MEA.

The test matrix design for J-R curve development encompassed four levels of specimen size, 1/2T, 1T, 2T, and 4T,
three levels of test temperature, 180, 400, and 550°F (82, 204, and 288°C); and three levels of specimen
orientation, T-L, L-T, and L-S (short transverse) [see Table 1]. All conditions were tested in duplicate, except for the

Research was sponsored by the Office of Nuclear Regulatory Research, Division of Engineering Technology, U.S. Nuclear Regulatory
Commission, under Interagency Agreement DOE 1886-8011-9B with the U.S. Department of Energy under Contract DE-AC05-960R22464
with Lockheed Martin Energy Research Corporation.
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ORNL-DWG 94-12243
TEST PLATE CUTTING

B3990-2
B3990-2 T
Z1 e 343
MEA ORNL
—| 437 la—— 457 ——m -t {52 la—
RETURN TO
t—— 457 —»e—— 483 ——»] SHELF G
AS{28-1 A9128~1
330 P B o 27;4
- 203 ’1'
(a) Z2 > 229 L<- 1
254 7/5A WELDZ2277 381
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e B
l ORNL MEA l
t———4 57 ——tt——4 57— {§F - - {52 b=
NOTES:

1. ALL DIMENSIONS ARE IN MILLIMETERS
2. ALL EDGES ASSUMED BURNED

Figure 3. General Electric-supplied plates of modified A 302 grade B steel:
(a) Codes Z1 and Z2, (b) Codes Z3 and Z4, (c) Codes Z5 and Z6,
and (d) Codes Z7 and Z8. )
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Figure 3. (Continued)
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Figure 3. (Continued)
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Table 1. Fracture toughness of modified A 302 grade B ~ test matrix

Test Number of
. es umber o
SPZ‘;me" z:::: temperatures Orientation?® Duplicates specimens
e (°F) per plate
12T C(M) 21,22 180, 400, 550 T-L,L-S 2 12
Z3 180, 400, 550 T-L,L-S 2 12
Z4 180, 400, 550 T-L,L-S 2 12
Z5 180, 400, 550 T-L,L-S 2 12
Z6A 180, 400, 550 T-L, L-S 2 12
Z6B 180, 400, 550 T-L, L-S 2 12
z7 180, 400, 550 T-L, L-S 2 12
Z8 180, 400, 550 T-L,L-S 2 j 12
Total 96
1T C(M z2 180, 400, 550 T-L,L-S 2 12 *
Z3 180, 550 T-L,L-S 2 8
25 180, 550 L-T 2 4
Z6A 180, 550 T-L,L-S 2 8
Z6B 180, 550 T-L,L-S 2 8
7 180, 400, 550 T-L,L-8 2 12
Total 52
2T C(M 21 550 T-L, L-T 2 4
22 180, 400 T-L,L-S 2 8
23 180, 550 T-L,L-S,L-T 2 8
Z4 180, 550 T-L,L-S 2 8
Z5 180, 550 T-L, L-S 2 8
Z6A 180, 550 T-L,L-S 2 8
268 550 T-L, LS, L-T 2 6
7 180, 400, 550 T-L, L-S, L-T 2 16
Z8 180, 550 T-L,L-S 2 _8
Total 74
4T C(T) 22 180, 550 T-L 2 2
Z3 180 T-L 1 1
24 180 T-L 1 1
7 180, 550 T-L, L-T 3 6
28 180 T-L 1 1
Total 11
Charpy Z1 b T-L,L-S, L-T 14 42
Z3 b T-L,L-S, L-T 15 45
Z4 b T-L,L-S 14 . 28
Z5 b T-L,L-S, L-T 14 42
Z8 b T-L,L-S, L-T 15 45
Z7 b T-L,L-S,L-T 15 45
Z8 b T-L, L-S, L-T 14 _42
Total 289
:T -L = transverse, L-T = longitudinal, and L-S = short transverse.
A full ductile-brittle transition curve to be developed.

4T compact specimens, because of the limited amount of material available. The sampling plan was designed to
maximize the information production out of the available materials. Material baseline characterization on all
materials included chemical compositions, CVN curves, drop-weight nil-ductility transition (NDT), and tensile tests in
the three principal orientations.
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2. Material Characterization

The chemical composition of each heat was determined by ABB Combustion Engineering of Chattanooga,
Tennessee. The resuits are presented in Table 2. Plate Z6B had sulfur comparable to the MEA plate, and the
vanadium in all heats was about one-sixth of that in the MEA plate. Material chemistry does not appear to be a
significant variable in this experiment.

Table 3 has tensile properties that cover the range of orientations and test temperatures of relevance to the

J-R curve determinations. The symbois T, L, and S, represent transverse, longitudinal, and short transverse
orientations, respectively. - Note that there is a slight reversal in strength loss with increasing test temperature
between 400 and 550°F (204 to 288°C). Such behavior could be indicative of dynamic strain aging. Elongation
measured in the short transverse orientation indicates that there might be a crack path of low toughness that
develops at 550°F (288°C), one that has not been investigated in this study. The suggestion here is that the S-L or
S-T crack propagation directions couid respond differently. On the other hand, neither of these two crack plane
orientations is likely to be of relevance in vessel analysis problems.

Tables 4 and 5 contain data for transition temperature characterization. Table 4 gives the type of CVN data that are
used for the establishment of reference temperature, RT,, (ref. 4), in the American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code. Drap-weight NDT values are determined, and the CVN
property requirements at NDT + 60°F (+33°C) are evaluated, namely CVN energy > 50 ft-lb (68 J) and lateral
expansion > 0.035 in. (0.9 mm). -Iif the CVN criteria are met, then RT,;; = NDT. Failure to meet these two criteria at
NDT + 60°F requires the use of Charpy transition curves to establish RT,,;. Plates coded Z6B and Z8 had failed
the criteria, and the additional conservatism imposed by the alternate code method can be noted. Table 5 gives
additional Charpy information in the form of temperatures of 30 and 50 ft-lb, 50% shear, and the Charpy curve
USEs. Of the three orientations, the T-L test direction is the one of lowest toughness in every case. The L-T and
L-S orientations show better toughness and at times have about the same USE.

Because the material chemical compositions are so close, the differences in toughness observed here are most
likely due to differences in the slabbing, cross-rolling, and heat-treatment practices.

9 NUREG/CR-6426
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Table 3. Tensile properties for seven heats of modified A 302 grade B (Z1-Z7) and one vintage heat of
A 533 grade B material (Z8)

Test Yield strength® Ultimate strength? Elongation
Plate | emperature (ksi) (ksi) (%)
code (°F)
T L S, T _ L S; T L S,
Z1 75 652 | 64.0 64.2 84.5 84.7 80.1 | 255 | 250 135
180 624 | 642 58.1 80.7 80.8 79.0 | 225 23.0 17, 7°
400 57.0 | 58.8 57.7 79.3 79.7 722 1210 215 15, 8°
550 60.3 {60.1 58.9 84.8 84.0 570 | 245 240 8
23 75 679 | 67.8 67.0 89.7 90.0 89.3 | 23.0 275 16.5
180 64.8 | 644 64.0 85.2 85.2 847 | 215 235 15.0
400 59.8 | 59.5 529 849 84.2 80.5 | 20.5 23.0 11.0
550 61.7 |61.0 62.2 88.2 89.0 883 | 250 255 15.0
Z4 75 67.8 | 68.1 66.5 89.2 89.8 882 | 25.0 245 215
180 63.8 | 644 63.5 83.9 84.7 836 | 225 23.5 20.5
400 60.3 c c 83.3 c c 22.0 c c
550 612 [61.0 60.4 88.0 87.9 87.1 | 240 26.0 20.0
Z5 75 58.1 55.2 78.1 720 | 245 17.5
180 55.6 528 § 744 686 | 224 13.5
400 53.8 49.0 75.8 685 | 215 13.0
550 542 496 79.8 741 | 234 115
Z6A 7% 61.8 | 63.7 576 81.0 82.4 625 | 285 28.0 75
180 57.9 | 591 58.4 70.8 77.0 615 | 16.0 25.0 45
400 55.0 | 556 55.7 76.2 75.8 749 | 21.0 235 12.5
550 558 {577 57.5 81.2 84.0 768 | 215 220 120
Z68B 75 649 | 68.8 62.6 86.3 89.1 779 | 245 28.0 9.5
180 645 | 63.2 61.0 836 82.3 78.0 | 205 24.0 11.0
400 59.3 1598 57.5 83.7 834 69.0 | 205 225 45
550 60.7 | 615 60.7 86.2 87.2 647 | 215 240 50
Z7 75 68.5 ] 69.1 68.2 91.7 92.5 922 | 245 235 175
180 65.5 | 66.7 66.7 86.7 87.7 877 | 225 235 17.0
400 60.1 | 60.3 614 856 86.0 86.2 | 215 225 13.0
550 62.3 | 636 62.3 90.0 913 906 | 234 260 115
Z8 75 619 1631 61.6 88.2 88.9 872 | 235 26.0 175
180 59.8 | 592 58.4 83.4 825 815 | 225 240 17.0
400 56.7 | 54.7 55.8 82.7 80.2 80.0 | 21.0 23.0 145
550 58.0 | 574 546 88.2 87.2 846 | 225 28.5 115
“MPa = (ksi) x 6.894,
PUnaveraged values.
“Omitted because of questionable results.
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Table 4. Reference temperature determinations

Charpy properties at
NDT? + 60°F,
NDT® T-L (transverse) orientation RT...?
Plate temperature NoT
code Energy * Lateral
expansion
(°F) | (°C) | (ft-b) | (J) (in) | (mm) | (°F) | (°C)

Z1,22 -5 -20 93 127 0.063 16 -5 ~-20
23 -15 —26 60 82 0.046 1.2 -15 -26
Z4 -15 -26 64 88 0.058 1.5 ~-15 -26
z5 -30 -34 56 77 0.048 1.2 =30 =34
Z6A -30 -34 65 89 0.052 1.3 -30 -34
Z6B =30 -34 38 52 0.034 | 0.9 13¢ -10
Z7 -15 -26 64 88 0.056 14 -15 -26
Z8 -20 -29 33 45 0.038 1.0 24° —4
NDT = nil-ductility-transition temperature.
"RTyor = reference nil-ductility-transition temperature.
cDetermlneci from Charpy V-notch S0-ft-Ib (lower-bound) temperature — 60°F.
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Table 5. Charpy V-notch values for material transition temperature and upper-shelf evaluation

Temperature, RT. * Upper-shelf

:I:;: Orientation® °F (°C) NDT energy
30 ft-ib 50 ft-1b 50% shear (°F) (°C) | (ft-Ib) (J)
21,22 T-L -33 (-36) —4 (200 | 25 -4 -5 |-20 126 173
L-T —45 (-43)| <20 (29 ] 10 +-12) 160 219
L-S ~19 (-28) 8 (-13){ 30 -1 171 234
Z3 T-L 0 (-18) 33 0| 35 2 -15 | -26 85 116
L-T -37 (-38) -9 (-23)]| 25 (-4 129 177
L-S -16 (-27) 21 ~6)] 55 (13) 127 174
24 T-L -38 (-39) 1M1 12)| 30 (1) -15 | -26 11 152
L-S 56 (49| -17 (27) ) 35 2 130 178
Z5 T-L -19 (-28) 18 -8 2 7 -30 | -34 95 130
L-T =30 (-34) 2 (19| 25 9 153 209
LS 59 (-50)] 41 (-40) | -1 (-23) 171 234

0

Z6A T-L -17 (27 11 (12) ] 40 (4.4 -30 |34 113 155
L-T —28 (-33) -2 (19| 25 (-9 129 177
L-S 41 (40} -10 (-23)| 35 (4] 130 178
Z6B T-L 11 12 60 (16) | 40 4.4 13 {-10 64 88
L-T -33 (-36) -1 (18 5 (-15) 117 160
LS -32 (-36) -5 (200] 10 (-12) 114 156
zZ7 T-L =21  (-29) 19 -7 5 (-15) -15 |26 96 131
LT —45 (43)| 12 (=24) | 10 (-12) 126 173
L-S 50 (46)| -20 (-29) 0 (-18) 120 164
Z8 T-L 27 (-3) 72 221 30 1 24 44 96 131
L-T 25 (-4) 48 @9 | 65 (18) 134 184
L-S -5 (=20 29 -2)| 55 (13) 154 211

*T-L = transverse, L-T = longitudinal, and L-S = short transverse. ||
PRT,,; = reference nil-ductility-transition temperature.
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3. Fracture Mechanics Data

The test matrix introduced in Table 1 contains about 230 compact specimens for J-R curve tests. The results of
each test were carefully evaluated, and any data judged questionable or that might have had a possible orientation
identification error will not be reported or used in the present data analysis. Such cases were few and, for the most
part, were outside the realm of control of these investigators. Volume 2 will log every test conducted, and all
resulting test data, so that both good and questionable data wili be available for further use as needed.

Material crack growth resistance is defined by the development rate of J-integral associated with slow-stable crack
growth (J-R curves). In this project, crack growth was measured by unloading compliance, foliowing the
requirements set forth in American Society for Testing and Materials (ASTM) E 813-87, “Standard Test Method for
J.. @ Measure of Fracture Toughness,” and E 1152-89, “Standard Test Method for Determining J-R Curves.” '
J-R curve plots are difficult to compare quantitatively, and it is more convenient to work with single-value parameters
that are derived from the J-R curve. One such parameter is the J,. value, defined as J-integral just after the onset of
slow-stable crack growth [after 0.008 in. (0.2 mm) of ductile tearing).’ The ASTM test practice for J,. has undergone
two revisions since it was first introduced in 1981, and comments on the implication of these revisions on precision
and accuracy will be included here as supplementary information. A second single characterization parameter is
tearing modulus, T, a dimensionless quantity derived from the J-R curve siope. The third single-value parameter
used is the J-integral after 0.1 in. (2.5 mm) of slow-stable crack growth, J, ,.

The first-mentioned parameter, J,,, has been a moving target, undergoing revisions in 1989 and 1995. J,  was
calculated by ali three methods, and the 1989 version was chosen as the best of the fwo new methods for
developing material comparisons here. The rationale will be discussed in Sect. 5 of this report. The T-parameter
and J,, J-R curve growth point values are the two material property parameters used in the ASME Code, Sect. XI,
Articles K-4220 and K-4331 (ref. 6). Itis interesting that the ASTM test methods give no guidance as to how these
two design-related parameters are determined. This requires that users of T-modulus and J, ; values must develop
their own definitions. Accordingly, for the purposes of this report, the J, , value will specifically be the J value after
0.1 in. of slow-stable crack growth that includes the blunting line contribution to Aa (see Figure 4). The blunting line
contribution is calculated using the following equation:

Aa = J,c/(c!ys + Oyrs) - U]

The T-modulus parameter is defined here as a nondimensional representation of the average J-R curve slope from
the J-Aa data that are developed between the two dashed exclusion lines shown. The dashed secant line shown in
Figure 4 that extends between the two J-R curve intersection points with the exclusion lines is always close to the
average slope determined if a set of tangents were taken along the J-R curve and an average value obtained. Here
the secant slope, (dJ/da),, is used in the following expression:

E{dJ
Tavg = — (a;) : @
f ]

The value, g,, is the denominator in Equation (1) divided by two.

A full J-R curve data plot with extensive growth can be well modeled by an equation of the following form:

J = A(Aa)®exp (C/yAa) . &)
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Figure 4. Schematic of J-R curve plot and measurements
taken. Filled data points represent the points
used in the power law curve fit.

Equation (3) had been introduced by Eason et al. in multivariable modeling of J-R curves for A 533 grade B base
metal and various reactor pressure vessel weld metals.” In their work they correlate nonfracture mechanics
information, such as upper-shelf CVN energy or copper/fluence models, to derive the constants A, B, and C for
Equation (3). In this study, Equation (3) is only used to best fit experimentally developed J-R curves, i.e., ones that
have been chosen to best represent the materials and test conditions cited in the text matrix.

NUREG/CR-6426




4. J-R Curve Characteristics of Seven Heats of
Modified A 302 Grade B Steel

4.1 Size Effects

Table 6 lists the average T, J, ,, and J,. values from duplicate specimens (single specimens in a few cases) for each
specimen size at 180°F (82°C). The same parameters were calculated from the J-R curve plots presented in the
MEA report on their plate, V50, of A 302 grade B steel (ref. 2). In that case, only the T-L orientation and one test
temperature [180°F (82°C)] had been used to evaluate specimen size effects. Clearly, the MEA result of
decreased crack growth resistance with increased specimen size was not reproduced in the modified A 302 grade B
materials of this study. In fact, only one heat came close to the low toughness of the MEA V50 plate; this was Z6B
and no inversion of size effect between 1/2T to 2T size was shown. Unfortunately, there was not sufficient material
of Z6B to make a 4T compact specimen that could have completely settled this size effect issue. On the other
hand, plate Z7 was chosen to represent the J-R curve toughness level for the majority of the modified A 302

grade B heats, and the typical J-R curve result is compared to the MEA heat V50 in Figure 5.

A peculiar size effect that can be observed in Figure 5 and in the Table 6 data, however, is that 2T specimens tend
to show a slight increased toughness bias in J-R curve performance. One could reasonably doubt this observation
if the evidence were available only in terms of J. values where high preciseness of compliance-indicated crack
growth is needed to determine the minuscule 0.008 in. (0.2 mm) of ductile crack extension. However, the J, , values
are not subject to the high precision need, and the increased toughness behavior in 2T specimens is seen here as
well. This J-R curve enhancement is most likely a constraint-based phenomenon, but whether the observation
represents increased or decreased constraint remains unproven as of now.

4.2 Orientation Effects

Table 7 shows the crack-plane orientation effect on fracture toughness. The three directions are transverse (T-L),
longitudinal (L-T), and short transverse (L-S).® Only one test temperature was needed for this evaluation, and
because size effects were not particularly overhweliming, the values of T, J, ,, and J,. have been averaged over all
specimen sizes. Additional information is presented in the form of Charpy USEs, and the last three columns of
Table 7 list the coefficients needed in Equation (3) to generate the one individual specimen J-R curve that is most
representative for the given plate and orientation. The choice of J-R curve was made considering the closeness of
fit to the averaged T-modulus, J, ,, and J,. values listed. One J-R curve is given for each orientation. The codes for
the specimens selected are listed under the column entitled “Fitting curves,” and the curves, plus the J-Aa data
used, are shown in Appendix A, Figures A1 through A21.

ltis not possible to make an ali-encompassing statement about directionality effects on toughness for modified

A 302 grade B pressure vessel steels because the directionality characteristics are created in the slabbing and
cross-rolling practices used by the steel plant. In this experiment, each heat had been marked for the principal
rolling direction, and both the Charpy data and J-R curve tests tended to verify these markings. The T-L orientation
consistently showed the lowest toughness of the three orientations sampled. Heat code Z3 seemed to give an
inconsistent pattern. This same heat is the one which had the most specimens that were subjected to orientation
questions needing verification by metallographic methods.

4.3 Test Temperature Effects

Table 8 shows the effect of test temperature on the J-R curve. Again, as with Table 7, the values of T, Jy 4, and J,.
are averaged over duplicate tests and over all available specimen sizes. The comparison in this case is limited to
one orientation, T-L. Representative J-R curves that come the closest to satisfying the averaged T slope, J,,, and
J, values can be reproduced from the coefficients listed. These curves, and specific J-R curve data used, are
shown in Appendix B.

The trend of decreased crack-initiation toughness, J,,, and J-R curve crack growth resistance with elevated test

temperature is typical for all grades of reactor vessel steels. However, something that may have gone unnoticed in
other experiments, which has been apparent in these tests, is that crack pop-in events had developed in specimens
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Table 6. Evaluation of specimen size on J-R curves
of modified A 302 grade B steel [averaged
values; T-L (transverse) orientation and
180°F (82°C), all specimens 20% side

grooved]
Plate Size 1o Jo’ J.°
code M (in.-Ib/in2)| (in.-ib/in.?)

21,22 12 115 3200 1330
1 130 3410 1360
2 120 4030 2050
4 75 2990 1590

Z3 12 85 2615 1230
1 80 2515 1175
2 115 3055 1095
4 95 2755 1310

Z4 12 105 3050 1360
2 95 3200 1600
4 95 2840 1200

Z5 1173 55 1655 815
2 50 1825 1080

Z6A 172 80 2370 905
1 85 2535 1065
2 55 2070 1075

Z68B 12 50 1470 715
1 45 1505 785
2 35 1430 930

z7 12 80 2600 1290
1 95 2995 1210
2 100 3325 1685
4 125 3120 1270

Z8 1174 95 2770 1290
2 85 2525 1160
4 70 2800 1740

MEA? report on piate V50

p. 58 12 36 1293 600

p. 61 1 36 1129 659

p. 66 2 20.4 863 653

p.70 4 143 704 543

p. 74 6 19.4 686 500

T = Efo? (dJida),.

b} at 0.1 in. of slow-stable crack growth.

°J after 0.008 in. of slow-stable crack growth.

‘ IMEA = Materials Engineering Associates, Lanham, Maryland.
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Figure 5. J-R curves from compact specimens of varied size for the typical
modified A 302 grade B steel versus the Materials Engineering
Associates plate V50 of A 302 grade B steel.
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Table 8. Test temperature effect on J-R curve [averaged values over all specimen sizes; T-L
({transverse) orientation; all specimens 20% side grooved]

= A . AaB. 12
Plate | Temperature T Jos J2 Fitting J=A-Aa"-exp (C/Aa™)
code (°F) slope | (in/ibfin.?) | (inJib/in.2) curves A B c
21,22 180 120 3300 1350 Z2B2-1T* 7.110 | 0.287 | —~0.0596
400 70 2310 1100 Z2B11- 6.022 | 0.362 | -0.0223
550 60 2056 885 12T 5619 | 0.421 | -0.0095
: 22B07-1T
Z3 180 90 2730 1200 Z310-1/2T* | 6.030 | 0.275 | -0.0699
400 80 2130 830 Z311-1/2T 5713 | 0.362 | -0.0329
550 45 1635 830 Z239-1/2T - 3.394 | 0.282 | -0.0268
Z4 180 100 3060 1420 Z49-1/2Tb? 6.517 | 0.226 | -0.0368
400 80 1995 1020 Z416-1/2T 4858 | 0.297 | -0.0318
550 60 1950 975 Z42-27 3.252 | 0.204 | 0.0311
Z5 180 45 1630 1075 Z255-2T* 3.043 | 0.177 | -0.0329
400 40 1475 895 Z514-112T 2335 | 0136 | -0.0600
550 35 1135 585 Z512-1/2T 2.267 | 0.233 | -0.0188
Z6A 180 75 2325 1040 Z6A8-1T" 6.377 | 0.410 | -0.0131
400 55 1685 805 Z6A16- 4490 | 0.343 | -0.0216
550 50 1595 825 12T 3.383 | 0.303 | -0.0201
Z6A15-
12T
Z6B 180 45 1470 810 Z6B9-1/2T 2.407 | 0.100 | -0.0790
400 32 1175 665 Z26B11- 1.801 | 0.150 | -0.0352
550 24 885 530 12T 1.301 { 0.146 | -0.0113
Z6B7-1T
27 180 85 2995 1255 Z711-1T* 8.742 | 0.446 | -0.0279
400 60 1995 995 271417 4220 | 0.340 | -0.0151
550 50 1855 790 Z715-1T 3.487 | 0.281 | -0.0140
28 180 85 2715 1250 Z83-1/2T* 4963 | 0.218 | -0.0514
400 65 2095 1070
550 50 1685 860 288-1/2T 3.889 | 0.393 0.0124
#To obtain J in units of kPa-m, multiply by 0.175.
Curve can be found in Appendix A.
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tested at the upper-shelf temperature of 550°F (288°C). Usually, crack pop-in is associated with cleavage crack
instability in the middle to just above the lower shelf of the transition temperature range. This upper-shelf pop-in
behavior can be somewhat disguised in small specimens such as 1/2 and 1T compact specimens and, hence, may
be overlooked. Figures 6 through 8 represent the small specimen evidence, showing how obscure the pop-in
behavior development can be between 180 and 550°F (82 and 288°C). The evidence of crack instabilities in
Figure 8 is weak enough to be disregarded. The contrast in load-displacement behavior observable in larger
specimens is represented in Figures 9 and 10. Here the development of pop-ins is clear for the larger 2T specimen
tested at 550°F (288°C). Each of the large displacement steps was caused by rapid crack propagation and arrest
events. Such behavior was found to be chronic in heat Z6B, deveioping in specimens of all orientations, but aimost
always at 550°F. The other heats also showed pop-in behavior in tests at 550°F, but generally of less frequency
and, again, tending to favor large specimens of T-L orientation. At first, dynamic strain aging was believed to be the
cause of the pop-in behavior. On the other hand, the physical evidence seems to suggest atherwise. The pop-in
phenomenon tended to favor material of lowest J-R curve slope and almost always occurred in the larger
specimens that have the greatest elastic stored strain energy and greatest constraint. The grips of large specimens
also have the most elastic stored strain energy. This information suggests, therefore, that these pop-ins are ductile
crack instabilities, with the initiations being due to the crack-driving force exceeding the J-R curve resistance of the
material. This phenomenon should be evaluated further to confirm the postulated cause. Crack instability from any
cause may be sustained in structures that have a susbstantial reserve of elastic stored strain energy.

ORNL-DWG 95-9154
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o | 1 z | o
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Figure 6. Load-displacement record of 1/2T compact specimen tested at
180°F (82°C), showing no evidence of pop-in.
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Figure 7. Load-displacement record of 1/2T compact
specimen tested at 400°F {204°C), showing
no evidence of pop-in.
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Figure 8. Load-displacement record of 1/2T compact
specimen tested at 550°F (288°C), showing a
hint of minor instability advances that can be
disregarded.
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Figure 9. Load-displacement record of 2T compact
specimen tested at 180°F (82°C), an upper-shelf
temperature with no evidence of pop-in.
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Figure 10. Load-displacerhent record of 2T compact specimen

tested at 550°F (288°C), showing clear evidence of

pop-in behavior at upper-shelf temperature.
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5. Comments on Available Test Standards

The principal use for an ASTM test method or practice is to establish rules of testing such that independently
operating laboratories can produce comparable data. Also, precision among replicate tests must be good enough
to fairly compare one material against another. The ASTM test methods related to J,, determination and J-R curves
have been repeatedly evaluated and revised for more than a decade, and this study on modified A 302 grade B
steel represents an opportunity to evaluate the progress made.

The first comparison is to evaluate the evolution of analysis procedures for J-integral at the onset of slow-stable
crack growth, namely J,.. Figure 11 compares ASTM E 813-81 to E 813-89 determinations. The 1981 version uses
a straight-line fit to J-Aa data exclusively within the exclusion zone indicated in Figure 4. A linear regression line
fitted to these data (not shown) is projected to intersect the blunting line where J,. is defined. This point perhaps
slightly underpredicts J at the exact point of onset of ductile tearing. The 1989 version, on the other hand, identifies
a point on the J-R curve at 0.008 in. (0.2 mm) of ductile tearing that is advanced forward from the blunting line. This
revised definition had been recommended in 1983 in a users experience workshop.? A simple power law equation
is fitted to the J-Aa data within the exclusion zone. Then J,. is calculated at 0.008 in. of ductile tearing on this
mathematical representation of the J-R curve. Figure 11 suggests that the principal gain from this was an average
increase in J,. of about 7%. The precision of measurement does not seem to have been changed.

The difference between the 1989 and the 1996 versions™ for J,. determination is more subtle than the previous
revision. J,. is still defined at 0.008 in. (0.2 mm) of ductile tearing beyond the biunting line. Also, both versions of
the procedure use a power law curve to fit to the data in the exclusion zone and to determine 0.008 in. (0.2 mm) of
crack growth. The principal difference is that the 1989 version had used elastic modulus adjustment in the
unloading compliance equations to fit the initial part of the J-Aa test data to the calculated blunting line. Any elastic
modulus that reasonably characterized the elastic properties of the test material could be used, but the investigator
was enabled to apply some subjective judgment to position the data relative to the blunting line. The 1996 version
for J,. uses handbook elastic moduli to develop a J-Aa data set, which is then least-squares fit with a third-order
polynomial [see Figure 12(a)]. The point on the polynomial curve at which J is zero identifies the Aa = 0 point, and
all J-Aa data are transposed horizontally so that the polynomial fit curve and the blunting line have the same origin
[see Figure 12(b)]. Elastic modulus is removed as a variable, and the 1989 subjectivity allowed for fitting to the
blunting line is removed. J, results from the two methods plotted against each other are presented in Figure 13.
The standard deviation was determined to be about 35 in.-Ib/in.2 (6 kPa-m). Choosing one method (1989) and
comparing variability among replicate specimens (to be covered in Section 6), the standard deviation was typically
about 115 in.-Ibfin.2 (20 kPa-m).

The bottom-line observation about the two revisions to the J,, method is that both versions contained good
information about how to properly apply the compliance technique to slow-stable crack growth measurement.
Unfortunately, the attention given to the precision of the analysis procedure can be overwhelmed in materials such
as A 302 grade B steel by the variability of J,, between duplicate specimens.

*The 1996 analysis method to determine J,, is contained in a "combined standard” that has been balloted for the 7996 Annual Book of ASTM
Standards, Sect. 3, Vol. 03.01.
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6. Material Variability

Results from duplicate tests plotted against each other will display variability from all sources. Despite the
presumed advantage of measuring J,. from a defined point on the J-R curve, the precision of analysis seems to be
unchanged since 1981. Figure 14 displays J,. data scatter among duplicate specimens compared to 10% scatter
bands parallel to the 1:1 correlation line. The possibility that evaluation methods alone caused the scatter can be
dismissed by viewing the two J-R curves for one of the outlier points of Figure 14 (see Figures 15 and 16). Clearly,
in this case, the J-R curve data are significantly different, and improvements in the precision of measurements could
not remedy this lack of agreement.

The J-R curve fracture toughness parameter of J, , is inherently less sensitive to the precision of crack growth
measurements because this value is obtained on the part of the modified A 302 grade B J-R curves where they are
tending toward an upper plateau. Hence, so long as crack growth is not overly extensive compared to the initial
remaining ligament size, the J, , values should provide the most discriminating comparison between duplicate
specimens. This comparison is made in Figure 17. The data-pair matchups are the same as those used in

Figure 14. Again, the 10% data scatter lines are applied for comparison on an equal basis. Although there are no
outliers, as there were for J,., it appears that material variability is the dominant factor affecting reproducibility of J,,

and J,, values.

The extent of J-R curve data scatter indicated in Figures 14 and 17 is relatively manageable from the standpoint of
application to design and/or structural integrity analysis. Variability of another kind is demonstrated in Figure 18.
This shows the range of J-R curve toughnesses that can be obtained in modified A302 grade B plates and also lists
the criteria commonly believed to be related to J-R curve. The plot includes two materials that do not belong to the
above stated material identification, codes Z8 (A533 grade B class 1) and the MEA plate of code V50 (A 302 grade
B). However, both have the same tensile properties as the modified A302 grade B heats. Specifically, the range of
yield strengths and ultimate strengths is covered by 62 ksi (427 MPa) £ 15% and 82.6 ksi (569 MPa) + 15%,
respectively. Total elongations are 21.7 £ 7%. One test temperature (180°F) and one orientation (T-L) were
chosen for clarity of presentation. Clearly, tensile tests or tensile properties inferred from hardness determinations
could not be used to index these J-R curves. Charpy USEs share this same deficiency 1o a certain extent as well.
However, in the CVN case there is not a complete disconnect in relevance, but it appears that a correlation would
contain extremely wide confidence bounds. Apparently, complex deformation mechanisms and responses to
microstructural features interact differently between Charpy impact and fracture mechanics tests.
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Figure 14. Data scatter of J,. due to material variability.
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7. Conclusions

Seven heats of modified A 302 grade B plate and one vintage plate of A 533 grade B plate steel were evaluated for
upper-shelf fracture toughness in the form of J-R curves. The objectives were to (1) determine if the J-R curve
fracture toughness is section size-dependent, (2) develop some generic fracture toughness data on modified A 302
grade B steel for potential use in analyses applications, (3) determine typical orientation effects and test
temperature effects, and (4) develop generic CVN and drop-weight NDT data. Over 230 compact specimens of
sizes ranging from 1/2T to 4T, 285 CVN, 65 tensile, and 64 drop-weight NDT specimens were tested.

It was determined that the J-R curve toughness of modified A 302 grade B steel of typical production practice does
not degrade with increased specimen size. The results from an earlier MEA experiment® that showed a significant
loss in J-R curve toughness with increased specimen size were not confirmed here. In fact, the fracture toughness
of the MEA plate of A 302 grade B was lower than that of any of the modified A 302 grade B steel plates tested in
this study, and no significant specimen size effect was observed in materials of improved toughness.

J-R curve data are presented in the form of J,, values, and J at 0.1 in. (2.5 mm) of crack growth, and T-modulus.
The tabulated values were averaged over all specimen sizes. Among the three orientations of transverse (T-L),
longitudinal (L-T), and short transverse (L-S), the transverse always showed the lowest toughness. The general
pattern for longitudinal and short transverse directions is that both were of higher toughness than transverse, and
they tended to be about equal to each other. Representative J-R curves for each orientation of each material are
presented in Appendix A, and all were curve-fitted for reproduction purposes. The general pattern of test
temperature effects is similarly listed from averaged data, and representative J-R curves were fitted for presentation
in Appendix B. The fact that all heats showed J-R curve toughness loss with test temperature increase to 550°F
(288°C) is typical.

Drop-weight NDT tests were fairly consistent among heats, ranging from --30 to —5°F (34 to -20°C). Evaluations
for RT, 5y showed that two heats, one modified A 302 grade B and the vintage A 533 grade B, had insufficient CVN
toughness at NDT + 60°F (33°C) for RT,; to equal the NDT temperature. The penalty in RT,,r was 43 and 44°F
(24°C).

The multiple number of tests on one grade of steel provided an opportunity to evatuate J-R curve and J,. test
methods that have been developed and modified within ASTM. These methods have never been subjected to such
a wide range of material characteristics and test conditions. The bottom-line finding from this experiment on the J,
method revisions made over a decade of development has the following two aspects: The establishment of test
practice requirements to obtain crack growth by compliance was useful. On the other hand, the revisions to test
record analysis subsequent to the 1981 version of E 813 have made the determination of J,. unnecessarily complex
and hence less useful. The revisions showed no beneficial impact on the precision of J,. determination for modified
A 302 grade B steels.

Two parameters of material crack growth resistance measurement that were useful for comparisons were

T-modulus and J at 0.1 in. (2.5 mm) of crack growth. Each required a definition specific to this report, since neither
parameter is covered by an ASTM standard analysis procedure.
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Appendix A

Selected J-R Curves Representing Typical Values
of T Slope, J,,, and J,. from Table 7
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Appendix B

Selected J-R Curves Representing Typical Values
of T Slope, J,, and J,. from Table 8
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