NUREG/CR-6447
ORNL-689%4

Results of Crack-Arrest Tests on
Irradiated A 508 Class 3 Steel

Manuscript Completed: June 1995
Date Published: February 1998

Prepared by

S. K. Iskander, P. P. Milella, A. Pini M A S T E ﬁ
Oak Ridge National Laboratory ‘ Ve
Managed by Lockheed Martin Energy Research Corporation

Oak Ridge National Laboratory
Oak Ridge, TN 37831-6151

M. G. Vassilaros, NRC Project Manager Wm OF THIS DOCUMENT 1S Lﬂlmé\

Prepared for

Division of Engineering Technology
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001

NRC Job Code L1098




DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed hercin do not necessarily state or
reflect those of the United States Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible
electronic image products. Images are
produced from the best available original

document.



Abstract

Ten crack-arrest toughness values for irradiated specimens of A 508 class 3 forging steel have been
obtained. The tests were performed according to the American Society for Testing and Materials
(ASTM) Standard Test Method for Determining Plane-Strain Crack-Arrest Fracture Toughness, K, of
Ferritic Steels, E 1221-88. None of these values are strictly “valid” in all five ASTM E 1221-88 validity
criteria. However, they are useful when compared to unirradiated crack-arrest specimen toughness
values since they show the small (averaging approximately 10°C) shifts in the mean and lower-bound
crack-arrest toughness curves. This confirms that a low copper content in ASTM A 508 class 3 forging
material can be expected to result in small shifts of the transition toughness curve. The shifts due to
neutron irradiation of the lower bound and mean toughness curves are approximately the same as the
Charpy V-notch (CVN) 41-J temperature shift. The nine crack-arrest specimens were irradiated at
temperatures varying from 243 to 280°C, and to a fluence varying from 1.7 to 2.7 x 10 neutrons/cm?
(> 1 MeV). The test results were “normalized” to reference values that correspond to those of CVN
specimens irradiated at 284°C to a fluence of 3.2 x 10" neutrons/cm? (> 1 MeV) in the same capsule as -
the crack-arrest specimens. This adjustment resulted in a shift to lower temperatures of all the data, and
in particular moved two data points that appeared to lie close to or lower than the American Society of
Mechanical Engineers K,, curve to positions that seemed more reasonable with respect to the remaining
data. A special fixture was designed, fabricated, and successfully used in the testing. For reasons
explained in the text, special blocks to receive the Oak Ridge National Laboratory clip gage were
designed, and greater-than-standard crack-mouth opening displacements measured were accounted for.
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Results of Crack-Arrest Tests on Irradiated
A 508 Class 3 Steel’

S. K. Iskander, P. P. Milella,! and A. Pini'

1. Introduction

The exposure of some reactor pressure vessel (RPV) ferritic steels to neutron irradiation fluences of the order of

2 x 10" neutrons/cm? (> 1 MeV) can cause changes in the shape and an increase in the transition temperature of
the Charpy V-notch (CVN) impact energy curve.! The present procedure in Title 10, Code of Federal Regulations,
Part 50 (10CFR50),? to account for the possible degradation of these steels is to shift the American Society of
Mechanical Engineers (ASME) fracture toughness curves to a higher temperature by the amount of shift exhibited
by CVN impact energy curves subjected to the same fluence. This procedure assumes that: (1) the ASME fracture
toughness curves of the same material would have shifted by the same amount as the CVN impact energy had they
been exposed to the same irradiation fluence and irradiation temperature, and (2) the fracture toughness curves of
the irradiated material are of the same shape as those of unirradiated material. Since correlations exist between
CVN impact energy and toughness,® and the CVN impact energy curves for these steels show changes in shape
and an increase in the transition temperature, it might be expected that the fracture toughness curves for
irradiation-sensitive RPV steels would also show changes in shape. A relatively small shape change of the
crack-initiation toughness, K., versus temperature curve has been observed for Heavy-Section Steel Irradiation
(HSSI) Program weld 73W (ref. 4).

For more than two decades, the U.S. Nuclear Regulatory Commission (NRC) has sponsored much research at the
Oak Ridge National Laboratory (ORNL) and elsewhere to study the effects of neutron irradiation on the fracture
toughness of RPV steels. The first data on irradiated crack-arrest specimens were obtained at Battelle under
sponsorship of the NRC.? Battelle and Westinghouse researchers performed a more extensive study under
sponsorship of the Electric Power Research institute.®” The NRC-supported HSSI Program has performed
considerable research into the irradiated behavior of RPV steels, namely, the Fourth,® Fifth,* Sixth,** and Seventh'!
Irradiation Series. In particular, the HSSI Sixth Irradiation Series investigated the effects of irradiation on the
temperature shift and shape change of the crack-arrest toughness, K, versus temperature curve. The resuits of

the Sixth Irradiation Series showed that the shift of the lower bound to the data was about the same as the shift in
transition temperature, and no shape change was observed.

The number of published™ K, data points for irradiated RPV steels is about 73, of which 39 were generated in the
Sixth Irradiation Series. Due to this paucity of data, the NRC has arranged for ORNL to test the nine irradiated
crack-arrest specimens belonging to the Italian Agenzia Nazionale per la Protezione dell’Ambiente (ANPA).I" The
material is of a type that is also used in U.S. RPVs, thus the results have usefulness and applicability to the integrity
assessment of U.S. RPVs.

.Research sponsored by the Office of Nuclear Regulatory Research, Division of Engineering Technology, U.S. Nuclear Regulatory Commission,
under Interagency Agreement DOE 1886-8109-8L with the U.S. Department of Energy under contract DE-AC05-960R22464 with Lockheed Martin
Energy Research Corporation.

TAgenzia Nazionale per la Protezione del’Ambiente (formerly ENEA/DISP), Technologies Division, Via V. Brancati 48, 00144 Roma, Italy.

*American Soclety for Testing and Materials Test for Determining Plane-Strain Crack-Arrest Fracture Toughness, K,,, of Ferritic Steels (E 1221-88)
makes a distinction between the plane-strain crack-arrest toughness value, K,,, which meets all the validity criteria, and the observed value, K..

"The principal author has recently learned that the Staatliche Materialprafungsanstalt (MPA), Stuttgart, Germany, is preparing a report on the
results of tests on more than a dozen irradiated crack-arrest toughness specimens.

1-'I'Recent changes have moved the Italian Nuclear Safety Authority, formerly known as ENEA-DISP, to the Agenzia Nazionale per [a Protezione
dellAmbiente (ANPA).
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The general purpose of this report is to document in detail the material of the test specimens, the equipment used,
and the results of the tests performed on the nine irradiated crack-arrest specimens. For the reason explained
below, the observed values of crack-mouth opening displacement (CMOD) were adjusted. To account for the
differences in irradiation temperature and fluence values between the nine crack-arrest specimens, the test
temperatures of the crack-arrest specimens were "adjusted" to correspond to those of reference irradiation
temperature and fluence values. The raw data, the details of the adjustments, the final results, and the comparison
between the curve shift due to irradiation for the crack-arrest specimens and that of reference CVN specimens will
then be presented. A future report is planned that will perform more data analyses and compare the results to
other data.

2. Materials, Test Specimens, and Equipment

The specimens were machined from a forging material produced in Italy that conforms to the American Society for
Testing and Materials (ASTM) Specification for Quenched and Tempered Vacuum-Treated Carbon and Alloy Steel
Forgings for Pressure Vessels, Class 3 (A 508 Class 3), A 508-81. All toughness specimens were machined in the
C-R orientation.” Some time ago, ANPA started an extensive research program to characterize this forging.”? The
research program encompassed mechanical property data from the following types of unirradiated and irradiated
specimens: tensile, Charpy impact (both standard and precracked), compact tensile, and crack arrest. Several
institutions were involved in the irradiation and testing of these specimens: ENEA CRE Casaccia Laboratories,
Battelle, and two laboratories of the French Commissariat a I'Energie Atomique. Previously reported crack initiation
data for this steel indicated that the irradiation-induced shift of K, was less than the CVN curve shift for fluences of
1 and 5.5 x 10" neutrons/cm? (> 1 MeV)."” ANPA tested the unirradiated crack-arrest specimens and originally
planned to have the irradiated crack-arrest specimens tested at Battelle, but the hot cell facilities at Battelle were
decommissioned before the testing could be performed. In this report, for brevity, the unirradiated and nine
irradiated crack-arrest specimens are sometimes referred to as the "ANPA specimens.”

Details of the tensile and Charpy results are in a report by Marschall et al.! from which the following data were
excerpted. The room-temperature tensile yield and ultimate strengths for unirradiated specimens were 463 and
605 MPa, respectively, and increased « 9 and 4%, respectively, when irradiated at a nominal temperature and
fluence of 288°C and 3 x 10" neutrons/cm? (> 1 MeV), respectively. The 41-J Charpy transition temperature and
upper shelf for the unirradiated specimens were —-58°C and 260 J, respectively, and changed by +11 and —-6%,
respectively, for the same irradiation conditions just mentioned. In particular, the 41-J Charpy transition temperature
shift for this material and the same irradiation conditions was 11 C.f These small changes are due to the relatively
small copper and moderate nickel contents (0.06 and 0.74%, respectively).

The irradiated tensile yield strength and Young’s modulus, E, as a function of temperature are needed to evaluate
the experimental data. The values of the 0.2% offset yield strength at several temperatures are given in Table 1
and were also excerpted from the report by Marschall et al.t Only the values at 25 and 150°C were used, and the

.Nomenclature for fracture toughness specimen orientation is described in ASTM Standard Test Method for Plane-Strain Fracture Toughness of
Metallic Materials, E 399-90; for hollow cylinders, the first letter is the direction of the load relative to the crack plane, and the second corresponds to
the direction of prapagation of the flaw. Thus, for a C-R orientation, the normal to the crack plane is in the circumferential direction and propagates
radially.

Tc. W. Marschall, W. J. Zielenbach, R. W. Tayloe, Jr., and A. R. Rosenfield, Effects of Fast Neutron Irradiation on the Mechanical Properties of
an SA508 Class 3 Ring Forging, Baltelle, Columbus, Ohio, 1995,

tA distinction is made in this report between temperatures, which are designated with a degree symbol, and temperature intervals in the same units,
without the degree symbol.
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Table 1. Tensile properties of the A 508 class 3 forging after irradiation
in the Ford Nuclear Reactor at a nominal temperature of 288°C
to a fluence of 3.2 x 10" neutrons/cm? (> 1 MeV)

Test 0.2% Offset yield
Spe cim;an temperature strength
(°C) (°F) (MPa) (ksi)
BTS 25 77 499 724
BT3 150 302 450 65.3
BT4 200 392 439 63.7
BT1 250 482 445 64.5
BT2 290 554 445 64.5
Source: C.W. Marschall, W. J. Zielenbach, R. E. Tayloe, Jr., and A. R. Rosenfield, Battelle, Columbus,
Ohio, Effects of Fast-Neutron Irradiation on the Mechanical Properties of an SA-508 Class 3 Ring
Forging, 1995.

yield strength, ;2 0 @t @any intermediate temperature, t, was calculated using a straight line between these two
points by the following expression:

O0.2 yield = 508.8 - 0.392t, 25 < t < 150°C , 1)

with () in °C and G5 ye in MPa. The corresponding expression for tin °F and Jg ;e in ksiis:

g2 yied = 74.83 - 0.031561, 77 < t < 300°F . @

Young's modulus, E. in GPa and tin °C is

E = 207.2 - 0.0571t, -198 < t < 260°C , 3)

and for Ein ksiand tin °F:

E = 30,200 - 4.6t, -325 < t < 500°F . 4

Equation (3) for E in Sl units was obtained from Equation {4), the latter given in ref. 14. Young's modulus is needed
in the calculation of K, and K,.

The HSSI Program has previously tested irradiated crack-arrest specimens using a specially designed and
manufactured fixture > However, this fixture was too small for the iarge ANPA specimens, and a larger remote
crack-arrest fixture was designed, fabricated, and tested. This fixture, like its predecesscr, included a simple
specimen hold-down feature that permitted easy wedge extraction during the unloading portion of the test
sequence.” Prior to its use with irradiated specimens, the operation of the new remote crack-arrest fixture was
verified, using unirradiated crack-arrest specimens from the Midland weld WF-70."® Crack-arrest testing was
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performed according to ASTM Test for Determining Plane-Strain Crack-Arrest Fracture Toughness, K, of “erritic
Steels (E 1221-88). During the unirradiated specimen verification tests, thermocouples were tack-welded to the
specimens to check the removable temperature indicator that was to be used in the hot cell. A survey of the
temperature distribution in the crack-arrest specimens was performed over the temperature range within which the
device was to be used and for the two testing positions allowed in ASTM E 1221-88, the "normal” and "inverted"
crack-arrest specimen positions. In the so-called normal testing position, the flanges of the split pins that receive
the loading wedge sit over the specimen, while in the inverted configuration, the specimen sits over the flanges. The
inverted configuration was invented by Irwin® and is described in ref. 17. The inverted position minimizes friction and
damping effects and is preferred for attaining crack-arrest toughness values at relatively higher temperatures.*
The normal position is used in testing at low temperatures to aid in the arrest of the flaw. In the temperature
survey, the maximum difference in reading between the removable temperature indicator and any of the seven
thermocouples tack-welded to the specimen was less than 2°C. The data obtained from this survey are presented
in Appendix A.

2.1 Description of the Irradiated Specimens

Nine crack-arrest specimens of two different sizes were manufactured by ANPA from the ASTM A 508 class 3
forging for the irradiation effects studies. The chemical compositions of the specimens are given in Table 2. Note
the very low copper content of this forging, 0.06%, which reflects state-of-the-art steelmaking practice and conforms
to a specific requirement issued by ANPA for new reactors. The external dimensions of the three "large” specimens
are 25 x 200 x 192 mm, while the dimensions of the six "small” specimens are 12.5 x 100 x 96 mm. The nine

Table 2. Chemical composition of the A 508 class 3 forging used in this study

Composition
(wt %)
Element ASTM A 508
Melt_ Product Class 3
analysis analysis specifications

Carbon 0.21 0.18 0.25 max
Manganese 1.41 1.33 1.20t0 1.50
Phosphorus 0.011 0.010 a
Sulfur 0.006 0.004 0.025 max
Silicon 0.28 0.27 0.151t0 0.40
Nickel 0.75 0.735 0.40t01.0
Chromium 0.10 0.10 0.25 max
Molybdenum 0.52 0.495 0.45 to 0.60
Copper 0.06 0.06 a

‘ASTM A 508-81 Supplementary Requirement $9.1.1: P 0.012 maximum heat and 0.015 maximum product;
Cu 0.10 maximum heat and product.

ANPA crack-arrest specimens were encapsulated at Battelle and irradiated in the Ford Nuclear Reactor (FNR) at
the University of Michigan (jrradiation was supervised by Battelle). Details of the irradiation are presented in a report

'A. R. Rosenfield, Rosenfield and Rosenfield, Columbus, Ohio, telephone conversation with S. K. Iskander, Oak Ridge National Laboratory,
Oak Ridge, Tennessee, October 14, 1995.
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by Marschall et al.” The fluences for the nine specimens varied between approximately 1.8 to 2.7 x 10" nuetrons/
cm? (> 1 MeV), and the irradiation temperatures varied from 240 to 280°C.! Following completion of the irradiation,
the specimens were shipped from the FNR to ORNL for testing.

A schematic of the geometry of the ANPA specimens is shown in Figure 1, and the dimensions corresponding to the
symbols in this figure are given in Table 3. The crack-starter notch was embrittled using a special technique
introduced by Milella and pioneered by ENEA." In this special technique, a large current, in the 2- to 3-kA range, is
discharged into the crack-arrest specimen notch area to heat, self-quench, and embrittle the material in the vicinity
of the crack-tip region. The process is similar to that used for spot welding, but in this case, the crack-arrest
specimen is placed between the two spot-welding electrodes. Figure 2 is a photograph, taken through the
Kollmorgen periscope, of an irradiated specimen crack-tip region after a test and shows the circular imprint of the
"spot-welder electrode," as well as the propagated crack at the bottom of the side grooves.

2.2 Adjustment of the Measured Crack-Mouth Opening Displacement

In the design of the ANPA crack-arrest specimens, the measurement of the CMOD had originally been intended to
be performed by a clip gage seated on knife edges located on the front face of the specimen. At ORNL, the
CMOD of crack-arrest specimens is measured using clip-gage blocks with conical recesses that receive the conical
points of the clip gage. In the case of unirradiated specimens, the clip-gage blocks are attached by driving split pins
into slightly undersize holes. If the specimens are to be irradiated, the clip-gage blocks are attached in the same
manner as unirradiated spemmens and to minimize the pOSSIblllty of the clip-gage blocks becoming detached, they
are tack-welded to the specimens.

Since ORNL. has considerable experience with the clip gages having conical points, after discussions between all
interested parties, it was decided to use the ORNL method. Clip-gage blocks were designed, manufactured, and
attached remotely to the ANPA specimens. Detailed drawings of the clip-gage blocks are shown in Appendix B,
and a perspective view of the clip gage attached to a mounting block is shown in Figure 3. The CMOD
measurements were made at distances of 0.29 and 0.27W from the load line (LL) for the small and large
specimens, respectively, rather than the 0.25W location prescribed in the crack-arrest standard. According to
ASTM E 1221-88, the CMOD should be measured at a distance of X, = 0.25W, and on the opposite side of the
crack tip from the LL, where W is the nominal width of the specimen, as shown in Figure 4. Hence, the measured
CMOD values were greater than those that would have been measured at the recommended distance. To
calculate the stress-intensity factors for crack-initiation and crack-arrest, K, and K,, respectively, using the
expressions given in ASTM E 1221-88, the measured displacements were adjusted to values that would have
been measured at a distance of 0.25W from the LL, using the method described below.

The method to determine the required adjustment uses the experimentally measured CMCDs at a distance

> 0.25W and those determined analytically by Newman? to interpolate for the required CMOD at 0.25W. Newman
calculated the crack-line displacements for a crack-line wedge-loaded specimen, the geometry of which
corresponds to the ASTM specimen, i.e., one for which 2H/W = 1.2, where 2H is the total specimen height and

W is the nominal width. Plane stress conditions and a Poisson’s ratio of 0.3 were assumed. The crack-line
displacements were calculated by Newman at several locaticns from the LL. Two of these distances are 0.25 and
0.1576W, where W is the nominal specimen width that corresponds to the distance from the LL to the back face of
the specimen. The 0.25W location is the front-face location corresponding to that prescribed in ASTM E 1221-88
Referring to Figure 4, the conical recesses of the clip-gage blocks are located at the distance, X,,, from the LL.

.C. W, Marschall, W. J. Zielenback, R. W, Tayloe, Jr., and A. R. Rosenfield, Effects of Fast Neutron Irraciation on the Mechanical Properties of an
SA 508 Class 3 Ring Forging, Battele, Columbus, Ohio, 1985.

TThe irradiation temperature and neutron exposure for each specimen will be given together with the measured crack-arrest toughness values ina
later section.
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Figure 1. Schematic of the irradiated crack-arrest specimens tested for ANPA. The dimensions
corresponding to the symbols for the two specimen sizes are given in Table 3.

Table 3. Nominal dimensions of the two sizes of irradiated crack-arrest specimens
from the ltalian Agenzia Nazionale per la Protezione dell'Ambiente
(symbols correspond to Figure 1)

Small specimen Large specimen
Dimensions
(mm) {(in.) (mm) (in.)
Nominal width, W - 80.0 3.150 160.0 6.299
Total width, Wit 100.0 3.937 200.0 7.874
Total height, 2H 96.0 3.780 192.0 7.559
Specimen thickness, B 12.5 0.492 25.0 0.984
Thickness between side grooves, 9.4 0.370 194 0.764
minimum, Bn
Thickness between side grooves, 9.8 0.386 19.7 0.776
average, Bn
Thickness between side grooves, 9.6 0.378 19.6 0.770
average, Bn
Initial crack depth, a0 28.0 1.102 56.0 2.205
Loading hole diameter, D 21.2 0.834 42.4 1.671
Notch width, N 8.0 0.315 16.0 0.630
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Figure 3. Perspective view of the clip gage attached to mounting blocks.

ORNL-DWG 94-13363

CRACK-TIP

VM Vo

0.425in.

-t T Jd w -

Figure 4. Locations M, 0, and 1 at which one-half the crack-line displacements
Vi Vo, and V,, respectively, were calculated.
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The point at which the CMODs were measured in the ANPA specimens is 3.2 mm (0.125 in.) from the front face of
the specimen, and results in CMODs measured at distances of 0.29 and 0.27W for the small and large specimens,
respectively, rather than the 0.25W prescribed in ASTM E 1221-88.

It is assumed that the crack-line displacements, at locations ranging from the LL to beyond the front face ot the
specimen, vary linearly with distance from the LL." Referring to Figure 4 and recalling that:

Xy

2 =025, )
X _ 01576, ©)
and
XM
'V
W @

Then, by using similar triangles, the following relation may be wiitten:

2V, -2V, 2V, -2V
M- 025 025 - 0.1576 ' ®)

and simplifying the denominator of the right-hand side, the above equation becomes:

2V, - 2V, 2V, - 2V,

. ©
M - 025 0.0924
where 2V,,, 2V, and 2V, are the relative crack-face displacements at locations M, 0, and 1, respectivély, as
indicated in Figure 4. Solving for the front-face displacement V,, see Equation (9), becomes:
0.0924(2v,) + (2V.)) (M - 0.25
2V, - @Vy) + @V, ( ) 10

0.0924 + (M - 0.25)

The crack-line displacements given by Newman are normalized with respect to the applied force, P, and are thus
the specimen compliances at the respective locations. These compliances, C, are of the form:

2VEB
C=T, (11)

.Thls is approximately true, as can be seen in Figure 11 of ref. 20, since this part of the specimen is not subjected to any loads.
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where B is the specimen thickness, and E is Young's Modulus. Solving for the relative crack-face displacement 2V
yields:

2V = -g% . (12)

Following the method used in ASTM 1221 to account for side grooves, the above expression can be muiltiplied by a
square-root term as follows:

v =2 | 2 (13)

where B, is the net specimen thickness at the root of the side grooves. The correction factor in Equation (13) can
also be of the form (B/B,) where B, is from ASTM Standard Test Method for Determining J-R Curves (E 1152-87):

B - By)?
B, =B -5 BW"

e = (14)

It should be noted that either form gives the same value for the adjusted CMOD, since the compliances are only
used to "calibrate” the measured CMOD, but the opening force, P, is about 10% higher when (B/B,) is used rather
than the ¥ (B/B)).

The specimen compliances at locations 0 and 1, excerpted from Newman’s reference, are given in Table 4. To
interpolate the compliances at crack lengths other than those tabulated, the following function was regression fit to
the tabulated values:

CO.S = A + B ,
2 (15)
w

where A and B are fitting parameters, and a is the crack length. The parameters A and B are given in Table 5, and
the resulting fits are shown in Figure 5. The form of Equation (15) was chosen as the simplest from a large number
of other trial candidate equations. The degree-of-freedom adjusted coefficient of determination (DOF-r?) was better
than 0.9999.

The opening force, P, applied at the LL, is not directly known from the experiment, since the load recorded during
the crack-arrest test is the wedge load and includes various friction forces, such as that between the wedge and the
split pins. For each initiation and arrested crack depth, a,/W and a, /W, respectively, the force P was previously
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Table 4. Normalized crack-line displacements (or compliances) at specimen
front face, x = 0.25W, and at x = 0.1576W as a function of crack length
(plane stress conditions and Poisson’s ratio = 0.3 were assumed)

. Normalized crack-line Normalized crack-line
Nonnlaglzetc:]crack displacement at displacement at
( :ﬁv) x = 0.25W x = 0.1576W
(2EBV,/P) (2EBV,/P)

0.20 1218 11.15

0.25 15.64 14.26

0.30 19.90 18.14

0.35 25.12 22.80

0.40 31.58 28.64

0.45 39.73 36.05

0.50 50.33 45.70

0.55 64.59 58.73

0.60 84.63 77.07

0.65 114.30 104.20

0.70 161.00 147.20

0.75 240.80 220.60

0.80 . 392.40 360.20
Source. Excerpted from Table lll, J. C. Newman, Jr., NASA Langley Research Center, Hampton, Virginia, Crack-
Opening Displacements in Center-Crack, Compact, and Crack-Line Wedge-Loaded Specimens, NASA TN D-8268, July
1976.

Table 5. Results of regression fitting Equation (7) to the compliances
at positions 0 and 1 for various crack lengths

|| Position A B ||
0 front face 0.977241836225 —4.195700426660
1 intermediate 0.888013907529 —4.029889833442

1
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calculated iteratively. However, it can be calculated in the following manner suggested by J. G. Merkle.”
Equation (9) can be rewritten in the following form:

0.0924 (2V,,) - 0.0924(2V,)) = (M - 0.25)(2V, - 2V,) . (16)
Let
1 B
o =—]|=, .
EB\ By (7

then Equation (12) may be written as

2V = CPa , (18)
or
2v
2 -cP,
» (19)

and Equation (16), expressed in terms of the measured CMOD, compliances, specimen geometry, and the force P,
becomes:

0.0924

2V, - 0.0924C,P = (M - 0.25)(C, - C)P, (20)

which may be solved for the force P in terms of known quantities:

0.0924(2V,)

P af(M - 0.25)(C, - C,) + 0.0924C] 1)

Using Equation (18), the front-face CMOD, 2V,, may now be expressed in terms of the compliances and the relative
distances from the LL as:

) 0.0924 C, (2V))
" (M - 0.25)(C, - C,) + 0.0924C]

2V, (22)

Note that the V(B/B,) correction term that accounts for the side grooves does not appear explicitly in Equation (22)
but is implicit in 2V,,. The results of the above calculations to adjust the initiation and arrested crack depths, a,/ W
and a, /W, respectively, are shown in Table 6. It may be seen that the relative difference between the measured
values and the adjusted ones is < 4% for the smaller and < 2% for the larger specimens. These adjustments could

'Memorandum, J. G. Merkle, Oak Ridge National Laboratory, to S. K. Iskander, Oak Ridge National Laboratory, August 2, 1995.
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also be estimated by assuming that the rotation point for the specimens is at the tip of the flaw and was
approximately the same as those obtained using the above procedure. However, the errors of the latter procedure
would have been unknown.

2.3 Crack-Arrest Toughness Values of Unirradiated and Irradiated
Specimens

The crack-arrest toughness (K,) of the unirradiated specimens, which were tested by ANPA from 1986 to 1987, are
given in Table 7. The thickness of the specimens used in these unirradiated tests ranged from 12.5 to 50 mm. The
test temperatures, which ranged from —20 to 40°C, were also normalized with respect to the reference
temperature, RTy,r, of —12.5°C (10°F); both are also given in Table 7. In accordance with Subarticle NB-2330 of
the 1986 Edition of ASME Boiler and Pressure Vessel Code, Sect. lll, RTyy is the highest of three temperatures:
Thorr Tewness — 33, and Tiggomm — 33, where Ty, is the drop weight nil-ductility-transition temperature (DWT-NDT),
Tewncay i the temperature at which the CVN impact energy is 68 J (50 ft-Ib), and T,¢.genm iS the temperature at which
the CVN lateral expansion (LE) is 0.89 mm (35 mils). The temperatures are in °C, and the CVN specimens must
be in the T-L orientation. The RT,,; was determined by Terni, the ltalian steel manufacturer that produced the
forging. The DWT and crack-arrest specimens were machined from the same region of the forging. The
DWT-NDT, Tyor, Was determined by Ternito be —-12.5°C. Two sets, each set consisting of three T-L orientation
CVN specimens, were tested at T,; + 33°C. The results indicated that the 68-J energy criterion was easily met.
The minimum CVN impact energy from all six tests was 124 J, and the average energy of each set was 141 and
132 J, respectively. The LE values for these six specimens are not available. In order to estimate the LE, the CVN
impact energy was plotted against the LE from the test results on specimens in the T-L orientation (see Figure 6).

It may be seen that at the 124-J energy level the LE is » 0.89 mm. Thus, the 0.89-mm criterion was also met,

and the RT,r is —=12.5°C, and was dictated by the DWT test resuits.

Table 7 also shows which of the five ASTM E 1221-88 validity criteria were fulfilled. These criteria are described in
Table 8, and a ratio > 1 in Table 7 indicates that the particular criterion is met. In cases were a criterion fails to meet
the ASTM requirements, its closeness to a value of one allows some judgment to be made about the margin with
which it failed to meet the respective criterion. This is the first edition of the crack-arrest standard, and the validity
criteria may be overly conservative; hence, it is of value to indicate the degree with which all five criteria are met. it
is possible that useful data be obtained for a specimen without all five criteria being met. Such was the case with
the results of the unirradiated and irradiated crack-arrest tests performed in the Sixth HSSI Series.*" The design of
large structural tests was successfully performed using "invalid data."! It is interesting to note that all 12 specimens
have met the crack-jJump length validity criteria D and E. This indicates that the ANPA crack-tip emburittling
technique is successful since other crack-starter preparation techniques often produce a tough heat-affected zone
that prevents the crack from propagating into the test section.?

The unirradiated specimen crack-arrest toughness values, (K,), have been plotted in Figure 7. In Figure 7, a
distinction has been made between K, data, which fulfill all five ASTM 1221 validity criteria, and K, data, which only
partially fulfill the validity criteria. It may be seen that no obvious differences between the two are apparent. Thisis
further evidence that the five ASTM E1221 criteria may be-overly conservative. The ASME K, curve, indexed to an
RTyor =—12.5°C, has also been plotted in Figure 7. The ASME K|, equation,” in Sl units, is:

K, = 29.4 + 13.675exp[ 0.0261(T - RT\y) 1, (23)

.The previous ASME equation was:
K, = 29.4 + 1344exp[ 0.0261(T - RTyppr + 89) ] .
The new ASME equation given in the December 31, 1992, addenda of the ASME Boiler Pressure and Vessel Code did not change the curve but

has simply factored out the constant "89" in the exponent. The equation is based on the one appearing in WRC Bulletin 175 (August 1972), with
NDT replacing RTypry,
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Table 8. Validity criteria (from ASTM E 1221-88) used to ensure that K, is a linear
elastic, plane-strain value (symbols and nomenclature of E 1221-88
have also been adopted)

Feature Criterion®
Unbroken ligament A W-a,>015W
Unbroken ligament B. W—a > 1.25 (KJ/o,»)?
Thickness C.B>1.0 (K./oy0)?
Crack jump length D.a,—a,22N
Crack jump length E. a,—a, 2 (KJoy,)/2n
“Where
W = nominal width of a crack-amrest specimen,
a, = amested crack length,
a, = forduplex specimens, distance from centerline of loading hole to furthest edge of crack-starter
hole, -
Oys =  aformal dynamic yield strength estimate for appropriate loading times at the test temperature [for
structural steels, it is assumed to be 205 MPa (30 ksi) greater than oyg],
oys =  static yield strength of the specimen material (or, in the case of a duplex specimen, of the
crack-starter section material),
B =  specimen thickness,
N = slotwidth,
K, = value of the stress-intensity factor shortly after arrest,
K, = value of the stress-intensity factor at crack initiation.
el o0 \M—c\ il
200 == -
UNIRRADIATED A508 CLASS 3 RING FORGING
€
~ - / 03¢ jr30¢
DEO“ 1 50 o fo) /7 / 7
~ / //
AN
c i /
5 7
2100 r / Lower—Bound K_ Curj
o | / A T, = —25.5°C
[ - P \
- 7
8 ASME K, Curve
o RTypr = —12.5°C
% 5
4 50+ -
5 I C—R Orientation ANPA Material ]
= Mean K Curve 4
© T, = —45.8°C O Nonvalid per ASTM
0 ® Valid per ASTM
O....l....l....l..,.u....l. .
-50 —-25 0 25 50 75 100

Test Temperature (°C)

Figure 7. Crack-arrest toughness values (K,) of unirradiated A 508 class 3 forging material with
an RTy,y =-12.5°C, together with the lower bound and the ASME K, curves. A
distinction is made between K, values that satisfy all five ASTM E 1221-88 validity
criteria that ensure plane-strain conditions are met, and K, values that do not meet
all five criteria.

NUREG/CR-6447 18



.3
where K,, is the crack-arrest toughness in MPavim, and T is the test temperature in °C. The second curve, labeled
as the "Mean K, Curve" on the same figure, is based on the ASME K,, curve and is of the following form:

K, .= 29.4 + 13.675exp[ 0.0261(T = Ty) ] . 24)

Here, T, is a parameter” obtained by nonlinear regression through all the data points. Thus, this curve may be

interpreted as a mean curve in the least-squares sense. This mean curve will be used to adjust the irradiated data
to a common irradiation temperature and fluence, as will be described below. The difference between the T, for the
irradiated and unirradiated curves may also be used as a measure of the average shift of the crack-arrest
toughness, and then compared to the shift at 41-J energy level for CVN specimens. The third curve in Figure 7 is a
lower-bound curve that is also based on the ASME K, curve and may be thought to be obtained by shifting the
ASME curve toward a lower temperature until it passes through the first data value thatis encountered. The T,
value for the curve is actually obtained by calculating it, using the temperature and K, values for the data point that
lies on the lowest bound curve in the following expression:

(K - 294
) 13675 (25)

Ty =
0.0261
As mentioned previously, the testing of the irradiated specimens was performed at ORNL and closely coordinated
with ANPA and Battelle. The testing of all nine irradiated specimens was performed in the inverted position. The
tests were conducted at a sufficiently high temperature that the results should be unaffected by the split-pin
configuration.? The results of the irradiated tests are given in Table 9 and are presented in the order in which they
were tested. Results have not been sorted with respect to test temperature because the test temperature will be
adjusted as described below. The toughness of the crack-arrest specimens is plotted in Figure 8 as a function of
test temperature. The ASME K|, curve was also plotted on Figure 8 for an RTy,; =—1.5°C that was obtained from
the shift at the 41-J energy level for CVN specimens irradiated to 3.2 x 10' neutrons/cm? (> 1 MeV) and an
irradiation temperature of 284°C. As may be seen in Table 7, there are significant differences in the irradiation
temperatures and fluences between the crack-arrest specimens, and in order to account for these differences and
to compare the CVN shift to that of the crack-arrest specimens due to irradiation, an adjustment was made as
explained below.

The difference between the test temperature of each specimen and that corresponding to the K, toughness value
on the unirradiated ASME K,, curve is the basis used to adjust the values of the test temperatures to account for the
variations in irradiation temperature and irradiation fluence. As may be seen in Figure 8, there are two K, points
either on or below the ASME curve. This is most likely due to the low irradiation temperature for these specimens.

Complete details of the specimen dimensions and pretest and post-test data are given in Appendix C. The X-Y
plotter output from these tests and the fracture surfaces of the irradiated specimens are given in Appendix D. The
uneven crack front of the arrested crack, as well as the unbroken ligaments, is probably the largest source of error
in the calculation of the crack-arrest toughness values. It has been estimated that an error of approximately +1 to
2% in ’the9 measurement of the length of the arrested crack length can lead to an error of 5 to 10% in the calculated
K, value.

.Thls T, should not be confused with the reference temperature used in the ASTM Test Practice (Method) for Fracture Toughness in the Transition
Range, Draft 9, May 2, 1995.
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2.4 Adjustment to Account for Differences in Irradiation Temperature and
Exposure

To account for the different exposure parameters of each specimen, the test data have been referenced to the
fluence and irradiation temperature of the CVN specimens irradiated in the same capsule as the crack-arrest
specimens, thus reducing spectrum effects. The fluence for these CVN data is 3.2 x 10" neutrons/cm? (> 1 MeV),
and the irradiation temperature is 284°C. The data were "adjusted” using observations from Odette.?* The test
temperatuie was decreased by 1°C for every 1°C of irradiation temperature less than the reference temperature
and vice versa, i.e., an adjustment of £1°C to the test temperature per +1°C difference in irradiation temperature.

Cdette's observations were also used to adjust the actual fluence to the reference fluence by first determining the
temperature shift at the measured K, level, ATK,, between the test temperature and the mean unirradiated K, curve
as given in Equation (24). An adjusted shift was then calculated as follows:

] ¢
ATK, = ATK, (3)"'5 : (26)
where
ATK', shift adjusted to the reference fluence, ¢,
ATK, shift between the test temperature and the mean unirradiated curve,

Ol
o

the reference fluence, 3.2 x 10" neutrons/cm? (> 1 MeV),
the fluence of the specimen.

it wnn

The adjusted test temperature, T, was then calculated as follows:

T =T+ (ATK, - ATK,) + (T - Trer) (27)
where
T, = adjusted testtemperéture,
T = actual test temperature,
T, = temperature at which the specimen was irradiated,
T = reference temperature, 284°C.

The details of the test temperature adjustment calculations are given in Table 10, and the effect of the above
adjustments on the distribution of the crack-arrest values with respect to the ASME K|, curve may be seenin

Figure 9. In all cases, the adjusted temperature is less than the actual test temperature. In particular, the two
points that were close to or below the ASME K, curve are now at about the same relative distance from the curve as
the rest of the data. The results of the tests on the nine irradiated crack-arrest specimens have been summarized in
Table 11, which shows the adjusted temperature and the crack-arrest fracture toughness K..

The fit of a mean curve, see Equation (24), to the ten irradiated and test temperature-adjusted specimen crack-
arrest toughness values using the same computer-based method used to fit the unirradiated specimen data was not
satisfactory, probably due to the scatter of the data. A fit was 6btained by first choosing a trial T, then calculating
the algebraic sum of the differences in K, between the specimen toughness and that of the trial mean curve. From
tl.2 trial T,s, the value of —37.6°C was chosen since it gave a sum of approximately zero to the desired precision.”

.This is the same process performed by computer codes that implement least-squares regression fitting.
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Table 11.

Results of testing irradiated crack-arrest specimens
machined from A 508 class 3 forging material

Adjusted Crack-arrest ASTM 1221-88
. test Tay—RTyor toughness, validity
Specimen temperature (C) Ka criteria
(°C) (MPavm) not met®
12.5-mm-thick specimens
BK7 16.9 184 107.7 c
BK8 10.9 124 103.2 c
BK9 26.9 284 1025 c
BK10 421 4386 116.9 b,c
BK11 36.2 37.7 90.4 c
BK12 229 244 85.6 c
25-mm-thick specimens

BK13 retest 226 241 137.8 b,c
BK16 pop-in 47.9 494 1244 c
BK16 final -3.8 23 77.8 a
BK18 432 447 134.8 c
*For description of ASTM 1221-88 validity criteria, see Table 8.

The irradiated specimen crack-arrest toughness values plotted as a function of the adjusfed test temperature,
together with the lower-bound, mean curve, and the ASME K, curves are shown in Figure 10. The ASME K,
curve RTy,r has been adjusted by adding to the unirradiated specimen value of RT\,; the amount of the CVN 41-J
temperature shift (ATT,,,) due to neutron irradiation. A lower-bound curve is also included that was derived in the
same way as that for the unirradiated specimen curve [see the explanation just before Equation (25)]. It may be
seen that the specimen crack-arrest toughness values are now in a reasonable relationship to the ASME K, curve
than that shown for the unadjusted test temperatures in Figure 8.

The crack-arrest toughness values of the unirradiated and irradiated specimens, as well as the mean and ASME K,
curves, are given in Figure 11, and show the small shift due to neutron irradiation. The mean, lower-bound, and
ASME K, curves for the unirradiated and irradiated specimen crack-arrest toughness have been plotted in

Figure 12 to show the relationships between the various unirradiated and irradiated specimen curves. The
experimental data have been omitted from Figure 12 for purposes of clarity, since they were given in detail in
previous figures. A summary of the various T, and RTy,, values for the unirradiated and irradiated specimen
crack-arrest toughness results is given in Table 12. The shift between the unirradiated and irradiated specimen
ASME K, curves corresponds to that of the ATT,,, due to neutron irradiation. It may be seen that the shifts of the
lower-bound and mean curves due to neutron irradiation are about the same as the ATT,,,. This agrees with the
results obtained from the HSSI Sixth Irradiation Series.>'° A different perspective on the shifts may also be obtained
by plotting the unirradiated and irradiated specimen crack-arrest toughness values as a function of (T — RTy,y); see
Figure 13. The unirradiated and irradiated specimen crack-arrest toughness values seem to form similar sets of
data; thus, the CVN ATT,,, shift seems to agree with the experimental crack-arrest toughness data. [tis not
possible to draw final conclusion about potential shape changes of the crack-arrest toughness curve from the small
amount of data available for the irradiated ANPA material.
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Table 12. Mean and lower-bound T, and RT),;; values derived from unirradiated and
irradiated crack-arrest toughness resuits of ANPA A 508 class 3 forging
material (shift of 41-J Charpy V-notch impact energy level was 11 C)

Unirradiated Irradiated s('(':';t
Lower-bound values:
Temperature (°C) 40.0 36.2
K, (MPavm) 105.0 90.4
Lower-bound T, (°C)* -25.5 =211 4.4
Mean T, (°C) -45.8 -37.6 8.2
ASME RTy,;r (°C) -12.5 -1.5 11.0
Difference between mean and data 20.3 16.5
lower-bound curves
Difference between data lower-bound and 13.0 19.6
ASME K|, curves
*Calculated by substituting the lower-bound values of T and K, in
n K, - 29.9)
T,=7T- 13675
0.0261
29 NUREG/CR-6447
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3. Summary and Conclusions

A special fixture was designed, fabricated, and used successfully for testing nine irradiated crack-arrest specimens
fabricated from A 508 class 3 forging material irradiated at 243 to 280°C to a fluence of 1.7 to 2.7 x 10"
neutrons/cm? (> 1 MeV). Special mounting blocks to receive the ORNL clip gage were designed, and the greater-
than-standard CMODs were accounted for. The test temperatures were adjusted to account for the variations in
irradiation temperature and fluence in the crack-arrest specimens with respect to the toughness reference values
that correspond to those of CVN specimens irradiated at 284°C to a fluence of 3.2 x 10" neutrons/cm? (> 1 MeV)
in the same capsule as the crack-arrest specimens. This adjustment resulted in a shift to lower effective test
temperatures of all the data and, in particular, moved two data points that appeared to lie close to or below the
ASME K, curve to positions that seemed more reasonable with respect to the remaining data. The shifts of the
lower-bound and mean curves due to neutron irradiation are approximately the same as the CVN 41-J temperature
shift. Itis significant to note that the small (averaging approximately 10°C) shifts in the mean and lower-bound
crack-arrest toughness curves confirm that a low copper content in A 508 class 3 forging material can be expected
to result in small shifts of the transition toughness curve.

4. References

1. R. K. Nanstad and R. G. Berggren, Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab., Oak Ridge,
Tennessee, Irradiation Effects on Charpy Impact and Tensile Properties of Low Upper-Shelf Welds,
HSSI Series 2 and 3, USNRC Report NUREG/CR-5696 (ORNL/TM-11804), August 1991.”

2. Title 10, Code of Federal Regulations, Part 50, U.S. Government Printing Office, Washington, D.C. (revised
annually).t

3. S. T.Rolfe and J. M. Barsom, Fracture and Fatigue Control in Structures, Applications of Fracture Mechanics,
p. 180, Prentice-Hall, New Jersey, 1977.

4. R. K. Nanstad, F. M. Haggag, D. E. McCabe, S. K. Iskander, K. O. Bowman, and B. H. Menke, Martin Marietta
Energy Systems, Inc., Oak Ridge Natl. Lab., Oak Ridge, Tennessee, Irradiation Effects on Fracture Toughrass of
Two High-Copper Submerged-Arc Welds, HSSI Series 5, USNRC Report NUREG/CR-5913, Vol. 1
(ORNL/TM-12156/V/1), October 1992.°

5. C.W. Marschall and A. R. Rosenfield, "Crack-Arrest Tests of Irradiated High-Copper ASTM A508 Submerged-
Arc Weld Metal," pp. 2467-2475 in Advances in Fracture Research, Vol. 5, Proceedings of the Sth International
Conference on Fracture (ICF5), D. A. Francosi et al., Eds., Pergamon Press, Oxford, England, April 1981.

6. T.R. Mager and C. W. Marschall, Development of a Crack-Arrest Toughness Data Bank for Irradiated Reactor
Pressure Vessel Materials, EPRI NP-3616, Electric Power Research Institute, Palo Alto, California, July 1984.

7. C. W. Marschall, A. R. Rosenfield, M. P. Landow, T. R. Mager, R. G. Lott, and S. W. Tagart, Jr., "Crack-Arrest
Behavior of Pressure Vessel Plates and Weldments as Influenced by Radiation and Copper Content,”

pp. 1059-1083 in Effects of Radiation on Materials: Twelfth International Symposium, ASTM STP 870, F. A. Garner
and J. S. Perrin, Eds., American Society for Testing and Materials, Philadelphia, 1985.

8. J. J. McGowan, R. K. Nanstad, and K. R. Thoms, Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab.,
Oak Ridge, Tennessee, Characterization of Irradiated Current-Practice Welds and A 533 Grade B Class 1 Plate for
Nuclear Pressure Vessel Service, USNRC Report NUREG/CR-4880, Vol. 1 (ORNL/TM-6484/V1), July 1988.°

9. S. K. Iskander, W. R. Corwin, and R. K. Nanstad, Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab.,

Oak Ridge, Tennessee, Results of Crack-Arrest Tests on Two Irradiated High-Copper Welds, USNRC Report
NUREG/CR-5584 (ORNL/TM-11575), December 1990."

3 NUREG/CR-6447



10. S. K. Iskander, W. R. Corwin, and R. K. Nanstad, Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab.,
Oak Ridge, Tennessee, Crack-Arrest Tests on Two Irradiated High-Copper Welds. Phase ll: Results of
Duplex-Type Specimens, USNRC Report NUREG/CR-6139 (ORNL/TM-12513), March 1994.

11. F. M. Haggag, W. R. Corwin, and R. K. Nanstad, Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab.,
Oak Ridge, Tennessee, Irradiation Effects on Strength and Toughness of Three-Wire Series-Arc Stainless Steel
Weld Overlay Cladding, USNRC Report NUREG/CR-5511 (ORNL/TM-11439), February 1990.

12. P.P. Milella, A. Pini, and C. W. Marschall, "Radiation Effects on the Mechanical Properties of SA 508 Cl. 3
Forging,” pp. 227-237 in Radiation Embritflement of Nuclear Pressure Vessel Steels: An International Review
(Fourth Volume), ASTM STP 1170, L. E. Steele, Ed., American Society for Testing and Materials, Philadelphia,
19931

13. P. P. Milella, A. Pini, S. K. Iskander, C. W. Marschall, and A. R. Rosenfield, "Effects of Radiation on Crack-
Initiation and Crack-Arrest Toughness for SA508 Cl. 3 Steel,” pp. 237-245 in Fatigue and Fracture Mechanics in
Pressure Vessels and Piping, PVP-Vol. 304, H. S. Mehta et al., Eds., American Society of Mechanical Engineers,
New York, 1995.1

14. W. L. Server, J. W. Sheckherd, and R. A. Wullaert, Fracture Toughness Data for Ferritic Nuclear Pressure
Vessel Materials, EPRI NP-119, Electric Power Research Institute, Palo Alto, California, April 1976.%

15. C. W. Marschall, P. N. Mincer, and A. R. Rosenfield, "Subsize Specimens for Crack-Arrest Testing,
pp. I1-295-11-318 in Fracture Mechanics: Fourteenth Symposium - Volume ll, ASTM STP 791, J. C. Lewis and
G. Sines, Eds., American Society for Testing and Materials, Philadelphia, 1983.1

16. D. E. McCabe, R. K. Nanstad, S. K. Iskander, and R. L. Swain, Martin Marietta Energy Systems, Inc.,
Oak Ridge Natl. Lab., Oak Ridge, Tennessee, Unirradiated Material Properties of Midland Weld WF-70, USNRC
Report NUREG/CR-6249 (ORNL/TM-12777), October 1994,

17. W. L. Fourney, Union Carbide Corp., Nucl. Div., Oak Ridge Natl. Lab., Oak Ridge, Tennessee, "Investigation
of Damping and of Cleavage-Fibrous Transition in Reactor-Grade Steel,” pp. 21-46 in Heavy-Section Steel
Technology Program Quarterly Progress Report for October-December 1981, NUREG/CR-2141, Vol. 4
(ORNL/TM-8251), April 1982,

18. A. R. Rosenfield, P. N. Mincer, and C. W. Marschall, "High-Temperature Crack-Arrest Testing Using Compact
Specimens," pp. 73-85 in Fracture Mechanics: Eighteenth Symposium, ASTM STP 945, D. T. Read and
R. P. Reed, Eds., American Society for Testing and Materials, Philadelphia, 1988.

19. P. P. Milella, A. Pini, and M. Bara Caracciolo, "Assessment of Crack-Arrest Properties of Nuclear Pressure
Vessel Steels by Means of Small Specimens,” pp. 125-130 in Transactions of the 10th International Conference on
Structural Mechanics in Reactor Technology, Vol. G, A. S. Hadjian, Ed., American Association for Structural
Mechanics in Reactor Technology, Los Angeles, 1989.

20. J. C. Newman, Jr., Crack-Opening Displacements in Center-Crack, Compact, and Crack-Line Wedge-Loaded
Specimens, NASA TN D-8268, NASA Langley Research Center, Hampton, Virginia, July 1976.

21. R.H. Bryan et al., Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab., Oak Ridge, Tennessee,
Pressurized-Thermal-Shock Test of 6-in.-Thick Pressure Vessels. PTSE-2: Investigation of Low Tearing
Resistance and Warm Prestressing, USNRC Report NUREG/CR-4888 (ORNL-6377), December 1987.

22. D. E.McCabe, R. K. Nanstad, S. K. Iskander, and R. L. Swain, Martin Marietta Energy Systems, Inc.,

Oak Ridge Natl. Lab., Oak Ridge, Tennessee, Unirradiated Material Properties of Midland Weld WF-70, USNRC
Report NUREG/CR-6249 (ORNL/TM-2777), October 1994.’

NUREG/CR-6447 32



23. D. B. Barker, R. Chona, W. R. Corwin, W. L. Fourney, G. R. Irwin, C. W. Marschall, A. R. Rosenfield, and
E.T. Wessel, "A Methad for Determining the Crack-Arrest Toughness of Ferritic Materials,” pp. 569-593 in
Fracture Mechanics: Nineteenth Symposium, ASTM STP 969, T. A. Cruse, Ed., American Society for Testing and
Materials, Philadelphia, 1988.

24. G.R. Odette and G. E. Lucas, "lrradiation Embrittlement of Reactor Pressure Vessel Steels: Mechanisms,
Models, and Data Correlations,” pp. 206-241 in Radiation Embrittlement of Nuclear Pressure Vessel Steels: An
International Review (Second Volume), ASTM STP 909, L. E. Steele, Ed., American Society for Testing and
Materials, Philadelphia, 1986.

*Avallable for purchase from National Technical Information Service, Springfield, VA 22161.

tAvallable in public technical libraries.

33 NUREG/CR-6447



Appendix A

Results of Temperature Survey

A1 NUREG/CR-6447



Appendix A
Results of Temperature Survey

This appendix contains the detailed results of the temperature survey conducted to ensure that the reading of the
removable thermocouple (TC) reflects that of the specimen. The TCs were tack-welded at various locations,
designated 1, 2, 3, etc. The TC locations are shown in Figure A-1. The temperature conditioning medium is liquid
nitrogen vapor for temperatures below room temperature (RT). At higher than RT, the specimen was heated by
both electrically heated cartridges embedded in the fixture and heater elements below and above the specimen.
The general procedure was to (1) turn on the heating or cooling medium, (2) take the reading of the removable TC
labeled “Probe” in Tables A-1 through A-8, (3) record the various TC readings, and (4) re-record the probe
temperature. If the probe temperature had changed significantly from the first reading, then the conditioning
medium was turned on again. The time at which the conditoning was started was also recorded as a guide to the
time required for the specimen to achieve the recorded temperature distribution.

In general, if the probe temperature remained steady, within 1 or 2°, for about 2 min, this was a good indication that
a steady state of temperature was achieved in the specimen. Each of the tables in this appendix gives the results of
a temperature distribution in a specimen for a particular nominal temperature and for specimens in both the so-
called "normal” and "inverted" positions.
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Table A-1.
CA Fix. N Eval -50°/wedge

Crack Arrest Fixture Temperature Gradient

Thermocouple locations (TEMP PROB RESEATED)
1=Top Front 2=Top Middle 3=Top Rear  4=Bottom front Room Temp. 77°F
Target Temp. -50°C / -58°F R=reseat of probe \

OATemp] Probe Thermocouples °F Probe

& W1 Temp 1 2 3 4 5 6 7 8 | Time| Temp

-80 476 | -25 | -31 | -34 | -23 | -31 | -35 |-21.8] NA | 37 -41.8

-100 -62.0 -41 | -46 | -50 | -39 | -47 | -50 |-38.9] 2.3 41 -60.2

-100 -65.4 -47 | -51 | -55 | -45 | -52 | -55 |-45.3| 1.7 44 -62.2

-90 -64.0 51 | -55 | -58 | -49 | -56 | -59 |-49.8] 1.2 47 -62.2

-70 637 | -53 | -57 } -60 | -51 | -58 | -60 |-52.8] 0.7 49 -62.2

-65 -63.0 -55 | 58 | -60 | -52 | -59 | -61 |-546]|.4 R| 51 -62.8

-65 -63.6 -56 | -59 | 60 | -54 | -60 | -61 |-55.8] 0.3 35 -62.9

-65 -63.5 56 | -59 | 60 | -54 | -60 | -62 |-56.9|.2 R} 55 -63.3

-65 -63.8 57 | 59| 61 | -55 | -60 | -62 |-57.9| - 57 -61.4
Wi -61.9 -56 | -58 | -59 | -54 | -60 | -60 |-57.4f - 58 -63.1
-65 -63.9 -57 | 59 | -60 | -55 | -60 | -61 |-68.4] - 60 -61.1

W1 -61.7 56 | -58 | -59 | -54 | 59 | -60 |-57.8] -0.2 | 62 -60.6

-62 -61.1 -56 | -57 | -58 | -63 | -59 | -69 |-57.4| -0.1 63 -60.5

-62 -61.0 55| 57 | -58 | -63 | -58 | -69 |-57.2| -0.1 65 -60.4

-62 -61.0 | -55 | -57 | -58 [ -63 | -58 | -59 |-56.9] - 67 -62.9
-65 -63.0 | -57 | -58 | -59 | -54 | -59 | 60 }-582] R | 69 -63.3
-65 | -639 | -57 [ -59 | -60 | -55 | 60 | -60 |-58.9] - N -63.3
-65 638 | 57 | 59 | -60 | -55 | -60 | -61 {-59.3] R | 73 -63.4
65 | 640 | -58 | -59 | -60 | -55 | -60 | -61 {-59.7| - 75 -61.3

-63 618 | 57| 58 | -58 | -54 | 59 | -59 |-58.9| -0.1 | 77 -61.7

-63 -62.1 56 | -58 | -58 | -54 | -59 | -69 |-568.8| -0.1 79 -61.1

-63 -61.5 -56 | -57 | -58 | -53 | -58 | -59 |-68.4] R 81 -61.0

-63 -60.6 -56 | -57 | -58 | -53 | -58 | -69 |-58.2] NA 83 -60.6

-63 -62.1 -56 | -57 | -58 | -53 | -68 | -59 |-58.2| NA 84 60.6

Comments: OA Temp & W1 - SPECIMEN IN NORMAL POSITION

OA = Off At, the temperature the LN was turned off. Each time the nitrogen was turned off, temperature
readings were not taken until 1 minute had elapsed.

W1=Wait 1 minute before recording temperatures. After the first temps. were recorded and before the
nitrogen was turned back on another recording was made 60 seconds after the first.

Test wedge WAS In the specimen during temperature evaluations.
Readings were taken from left to right starting and finishing with the "control" thermocouple.
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Tablé A-2.
CA Fix. N Eval 50°wedge

Crack Arrest Fixture Temperature Gradient

Test Wedge Inserted Thermocouple locations  (Temp PRoB RESEATED)
1=Top Front 2=Top Middle 3=Top Rear 4=Bottomn front

Target Temp. 50°C / 122°F

% OA Temp. | Probe herm les °F Probe
POWER | &Wwi1 Temp | 1 2 3 4 5 6 7 | 8 | Time| Temp
80 90 Wi 99.9] 93| 101} 104{ 96| 102| 108] 93.6] NA 5/ 103.0
OFF W5 105.6f 101 106} 109] 102] 105 109] 99.1] NA 10| 105.3
OFF W1 105.0f 101 105f 108| 101| 105{ 108] 99.2] NA 11| 104.6
30 W20 110.7] 109 111] 113] 109] 111| 113} 107.4] NA 33 110.8
50 115 W1 | 118.7] 115 119] 121] 116} 120| 123] 114.0{ NA 37{ 119.5
OFF W5 119.2) 117] 120] 121 117} 120} 122] 115.3] NA 421 119.0
OFF Wi1 118.7) 117] 119] 121] 117] 119 121] 115.0f NA 43} 118.4
30 Wi 117.8] 116] 119] 120| 117| 119 121] 114.6| NA 44 117.8
30 W3 119.4] 118] 120] 122 119] 121] 123]| 116.6] NA 47 119.8
20 W3 122.4] 121] 124} 125( 121] 124] 126} 119.1] NA 51 1224
OFF W3 122.4] 121| 123] 125| 122] 123| 125] 119.3] NA 55| 122.1
OFF Wi 121.71 121] 123] 124 121| 123| 125] 119.0{ NA 56| 121.5
15 Wi1 121.0] 121| 122] 123]{ 121] 122| 124} 118.7| NA 57| 120.9
15 Wi1 120.7] 120 122] 123] 121] 122| 124} 118.5| NA 58| 120.6
15 W1 120.5] 120 122} 123| 122] 122| 123} 118.5] NA 59| 120.5
15 W2 120.6] 120{ 122| 123] 121] 122| 123} 118.8] NA 611 120.8
15 W2 121.2) 120| 122] 123] 121} 122| 123 119.0) NA 63] 121.2
15 W3 121.5) 121 122} 123| 121] 122} 123} 119.3| NA 66| 1215
15 W5 122.0] 121| 123| 124 121] 122] 124} 119.7] NA 71 122.0
10 W15 122.1] 120 121] 121; 120| 121] 121]| 118.8| NA 86 122.1
10 W1 219.9] 120| 121} 121} 120] 121| 121] 118.6] NA 87| 1199
Comments: OA Temp & W1 - SPECIMEN [N NORMAL POSITION

temperature readings were not taken until 1 minute had elapsed.

nitrogen was turned back on another recording was made 60 seconds after the first.
Readings were taken from left to right starting and finishing with the "Probe" thermocouple.

OA = Off At, the temperature the LN was turned off. Each time the nitrogen was turned off,

Wi=Wait 1 minute before recording temperatures. After the first temps. were recorded and before the
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Table A-3.
CA Fix. N Eval 100°/wedge

Crack Arrest Fixture Temperature Gradient
Test Wedge Inserted Thermocouple locations (TEMP PROB RESEATED)
1=Top Front 2=Top Middle 3=Top Rear 4=Bottom front
Target Temp. 100°C / 212°F

% OA Temp. | Probe Therm les ° Probe
POWER & W1 Temp| 1 2 3 4 5 6 7 8 | Time | Temp

100% 240

LN 212 W2[ 210.3] 207 213] 215] 208] 212| 215 206.7 44| 210.0
Wi1 209.5| 206| 212} 214| 208} 211| 214 ] 206.0 45| 209.1
20 Wi 207.8] 205 210] 212| 206} 208| 212 204.7 47| 207.4

W2 205.7| 204| 208} 210j 205] 207| 210]203.2| 0.3 49| 205.5
30 Wi 204.8] 202| 207| 209| 205] 206( 208 |202.2] R 50| 204.7
W2 204.3| 202| 206] 208| 203| 205| 208 | 201.5] 0.2 52| 204.3

W2 204.4| 202| 206} 208| 203} 205| 208 | 201.4 54| 204.5
50 W2 207.1] 203| 207} 211] 204} 207| 210} 202.8 57| 207.7
25 W3 210.4| 206| 211} 213| 207} 210{ 213} 205.3| -0.1 60f 210.6
W2 211.0} 207 211| 214| 208] 211| 214}1206.1] O 62| 211.0
W2 211.1] 207| 212| 214 208] 211| 2141206.7| O 64 2111
W2 211.0| 207§ 212} 214f 209| 211} 2141 206.8| O 66| 211.0

W2 210.9] 208| 212| 214| 209 211} 214 | 207.1] 0.1 68f 210.9
W20 210.2| 208| 211} 213| 209| 211| 213} 207.5] 0.1 88| 210.3

I

Thermocouple #8 shows the change in temp. reading when weight is
applied to the probe thermocouple. "R" indicates that the probe wa

—————eeed
——————
anm———————

reseated.
Comments: SPECIMEN IN NORMAL POSITION -
OA = Power Off At temperature. W1=Wait 1 minute before recording temperatures.
Readings were taken from left to right starting and finishing with the "control” thermocouple.
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Table A4.

CA Fix. N Eval 0°/wedge
Crack Arrest Fixture Temperature Gradient

Room Temp. Thermocouple locations (TEMP PROB RESEATED)

1=Top Front 2=Top Middle 3=Top Rear 4=Bottom front
Target Temp. 0°C / 32°F
OA Temp] Probe herm les ° Probe
& W1 Temp 1 2 3 4 5 6 7 8 |Time| Temp
32 w1 35.1 44 40 36 44 40 36 | 472 | NA 1 35.8
32 w1 33.8 41 38 35 41 38 35 ] 432 | NA 3 343
30 W1 31.5 38 35 33 38 35 33 | 39.7 | NA 5 32,0
30 Wi 315 36 34 32 37 34 32 | 380 | NA 7 315
w1 324 37 35 33 38 34 33 | 379 | NA 8 327
30 wi 329 35 34 32 37 33 32 | 364 | NA 10 31.3
30 W1 326 35 33 32 36 33 31 | 355 | NA 12 31.0
30 W1 328 34 33 32 36 33 31 } 352 | NA 14 31.0
29 W1 294 34 32 31 35 32 30 | 342 | NA 15 20.7
28 W1 28.4 33 31 30 34 31 29 | 332 | NA 17 28.7
w1 293 | 33 32 31 34 31 30 332 | NA 18 29.5
29 W1 2.5 33 32 31 34 31 30 | 331 ] NA 20 29.7
w1 30.2 33 32 32 35 32 31 | 332 | NA 21 30.4
29 Wi 29.5 33 32 31 34 31 31 | 328 | NA 22 29.8
Comments: OA Temp & W1 - E

OA = Off At, the temperature the LN was turned off. Each time the nitrogen was turned off, temperature
readings were not taken until 1 minute had elapsed.

W1=Wait 1 minute before recording temperatures. After the first temps. were recorded and before the
nitrogen was turned back on another recording was made 60 seconds after the first.
Test wedge WAS Inserted Into the specimen during temperature evaluations.
Readings were taken from left to right starting and finishing with the "control” thermocouple.

NUREG/CR-6447 A-8



Table A-5. -
CA Fix. | Eval 100°/wedge

Crack Arrest Fixture Temperature Gradient 2/13/95
Test Wedge Inserted Thermocouple locations (TEMP PROB RESEATED)
1=Top Front 2=Top Middle 3=Top Rear 4=Bottom front
Target Temp. 100°C / 212°F
%  OATemp.| Probe Thermocouples °F Probe
POWER & w1 Temp | 1 2 3 4 5 6 7 8 | Time | Temp
100-0 190 W1 | 212.6] 186| 206| 227| 187| 204{ NA | 180.0{ 152 18| 216.6
OFF W1 | 220.1} 199 217} 232} 201] 215] NA | 193.5| 167 20| 220.1
™ W1 219.7] 203| 218} 230| 204| 216{ NA | 197.0| 172 21| 2184
O W1 218.4] 210] 218| 228! 206} 217| NA | 200.1] 178 221 2179
g Wi1 217.2] 206| 217| 226| 207| 216| NA | 201.7| 182 23| 216.7
Wi 215.7] 207| 217]. 224] 208] 215 NA | 202.8 185 24| 2151
2 Wi 214.2] 207| 216| 222| 208| 215/ NA | 203.6]| 188 25| 213.7
W1 212.8] 207| 215| 220 208} 214] NA | 204.1{ 180 26| 2124
20% W1 | 211.1] 207| 213] 218| 208] 213] NA | 204.7{ 193 28| 210.8
o W1 211.4] 207| 213] 217| 208| 212 NA } 205.0] 194 29| 210.3
L W1 210.0] 207| 213| 216| 208] 212| NA | 205.5{ 195 30| 210.0
C;) Wi 209.9] 207| 212] 216{ 208| 212 NA | 205.6] 196 311 209.9
o. Wi 209.8| 208| 212] 216| 209] 212| NA | 205.9] 197 31| 209.9
g\; W1 209.9] 208| 212] 216 209] 212} NA | 206.2| 198 32| 209.9
N Wi 210.0] 208| 213} 216} 209] 212| NA |'206.7| 198 34 210.0
Wi1 210.2] 209| 213| 216| 209} 212{ NA | 207.2} 199 35| 210.3
15% W2 | 210.5] 209| 213| 216| 210] 213 NA | 207.8]| 200 38| 210.6
Wi 210.5] 209| 213] 216 200 213] NA | 207.9{ 200 391 210.5
ﬁ Wi 210.5] 209 213] 216| 200} 212| NA | 207.9| 200 40| 210.4
= Wi1. 210.3| 209| 213} 216| 200] 212] NA | 208.1] 201 41} 210.3
8 Wi 210.2] 209| 213] 215} 200} 212] NA | 208.1| 201 42| 210.1
2 W1 210.1] 209| 213| 215| 200] 212 NA | 208.1] 201 43| 210.0
0 W1 210.0] 209| 213] 215| 200] 212] NA | 208.1| 201 44| 209.9
W1 200.8] 209| 212| 215 200] 212| NA | 208.0{ 201 45| 209.7
W10 208.1] 208| 211} 213] 208] 210 NA | 206.9] 200 55| 208.0
17% W10 207.4] 207| 210] 212| 207] 209} NA | 206.0{ 199 65| 207.4
20% W15 210.1] 208| 212| 214| 209| 211| NA | 207.7| 200 80| 210.1
Comments: SPECIMEN (N INVERTED POSITION

OA = Power Off At temperature.

Readings were taken from left to right starting and finishing.with the “control” thermocouple.

W1=Wait 1 minute before recording temperatures.

A9
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Table A-6.
CA Fix. | Eval -50°

Crack Arrest Fixture Temperature Gradient

Room Temp. 77°F Thermocouple locations (TEMP PROB NOT RESEATED)
1=Top Front 2=Top Middle 3=Top Rear 4=Bottom front
Target Temp. -50°C / -58°F
OA Temp.|Control herm les ° Control
&Wi | Temp 1 2 3 4 5 6 7 8 | Time| Temp
-568 -54.7 -45 | -51 -54 | -43 | -51 NA | -46.1]| -34 9 -52.7

Wi -50.7 -44 | 49 | -B1 | -42 | -49 | NA |-44.9]| -35 10 -49.3

-58 -55.9 -48 | -52 | -55 | -46 | -53 | NA |-49.8| -40 12 -54.2

Wi -52.4 -48 | -51 | -52 | -46 | -51 | NA |-49.0| -41 13 -51.5
-59 -56.8 -561 | -564 | -56 | -49 | -55 | NA |-52.0] -45 15 -55.6
Wi -63.9 -50 | -63 | -53 | -48 | -53 | NA |-51.5| -45 16

-59 -57.6 -52 | 551 -56 | -50 | -56 | NA |-54.0| -48 18 -56.4
Wi -54.8 -62 | -63 | -54 | -49 | -54 | NA |-53.4| -47 19 -54

-60 -58.1 -54 | -56 | -57 | -61 | -57 | NA |-55.4] -49 22 -57.2

W1 -55.5 -63 | -55 ] -55 | -51 | -55 | NA |-54.7| -49 23

-60 -58.4 -54 | -56 | -57 | -52 | -57 | NA |-56.4] -51 25 -57.7

W1 -56.1 -64 | -65 | -55 | -51 | -56 | NA |-55.8| -50 26 -55.6

-61 -60.1 -56 | -68 | -59 | -54 | -59 | NA |-57.8| -52 28 -59.1
W1 -57.8 656 | 657 | -57 | -B3 | -57 | NA |-57.2| -52 29 -57.3
-61 -60 -56 | -58 | -58 | -54 | -59 | NA |-58.4| -53 | 31 -569.2
W1 -58 -85 | -57 | -57 | -63 | -57 | NA |-57.8| -53 | 32 -57.4
-61 -60.1 -56 | -68 | -58 | -54 | -59 | NA |-58.8( -54 | 34 -59.3
W1 -58 -56 | -67 | -57 | -53 | -57 | NA |-58.0| -53 | 35 -57.5

-62 -60.8 -58 | -68 | -9 | -56 | -60 | NA |-60.2| -55 | 38 -60.2

W1 -59.1 -7 | -57 | -57 | -54 | -58 | NA |-59.5| -54 | 39 -58.5

-62 -61.4 -57 | -59 | -59 | -55 | -60 | NA |-59.9| -55 42 -60.7

W1 -59.1 57 | 57 | -57 | -54 | -58 | NA }-59.4( -55 43 -58.5

-62 -61.4 -58 | -59 | -9 | -55 | -60 | NA |-60.4| -55 | 45 -60.7

Wi -59.1 -57 | -68 | -68 | -54 | -59 | NA |-59.8| -55 | 46 -59

Comments: OA Temp & W1 - SPECIMEN IN INVERTED POSITION

OA = Off At, the temperature the LN was turned off. Each time the nitrogen was turned off, temperature
readings were not taken until 1 minute had elapsed.

W1=Wait 1 minute before recording temperatures. After the first temps. were recorded and before the
nitrogen was turned back on another recording was made 60 seconds after the first.
Test wedge WAS NOT inserted Into the specimen during temperature evaluations.
Readings were taken from left to right starting and finishing with the "control" thermocouple.
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Table A-7.

CA Fix. | Eval 0°
Crack Arrest Fixture Temperature Gradient
Room Temp. 77°F Thermocouple locations (TEMP PROB NOT RESEATED)
1=Top Front 2=Top Middle 3=Top Rear 4=Bottom front
Target Temp. 0°C / 32°F
OA Temp|Control Thermocouples °F Control

&awt | Temp 1 2 3 4 5 6 7 8 | Time| Temp
31.5 31.9 35 33 32 36 33 | NA | 348 38 | 034 32.1
31.5 31.8 35 33 32 36 33 NA | 347 | 37 36 32.0
31.5 31.7 34 33 32 36 33 NA | 343 | 37 38 31.8
Wi 32.0 35 34 33 36 33 | NA | 344 37 39 32.2
31.5(W2) 31.9 35 34 33 36 33 NA | 342 36 42 32.0
31.0 31.7 34 32 32 35 32 NA | 332 36 44 30.9
Wi1 31.1 34 33 32 35 32 NA } 332 36 45 31.3
wi1 31.5 34 33 33 35 33 NA | 334 | 36 46 31.7
Wi1 31.9 34 34 34 36 33 NA ] 33.7| 36 47 32.0
30.0 31.3 33 32 32 35 32 NA | 325 35 51 30.5
Wi 31.7 33 32 32 35 32 NA | 32.7 | 35 52 30.9
30.0 31.4 33 32 32 35 32 NA | 324 34 54 30.4
W1 31.8 33 33 33 35 32 NA | 326 | 34 55 31.0
30.0 31.4 33 32 32 35 32 NA | 322 | 34 57 30.5
Wi1 31.8 33 33 33 35 32 NA } 325 34 58 30.9

Comments: OA Temp & W1 - SPECIMEN IN INVERTED POSITION

OA = Off At, the temperature the LN was turned off. Each time the nitrogen was turned off, temperature
readings were not taken until 1 minute had elapsed.

W1=Wait 1 minute before recording temperatures. After the first temps. were recorded and before the
nitrogen was turned back on another recording was made 60 seconds after the first.

Test wadge WAS NOT Inserted Irto the specimen during temperature evaluations.
Readings were taken from left to right starting and finishing with the "control" thermocouple.
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Table A-8.

CA Fix. | Eval -50°/wedge
Crack Arrest Fixture Temperature Gradient

Room Temp. 77°F Thermocouple locations (TEMP PROB RESEATED)

1=Top Front 2=Top Middle 3=Top Rear 4=Bottom front
Target Temp. -50°C / -58°F

OA Temp|Control Thermocouples °F Control

& W1 Temp 1 2 3 4 5 6 7 8 | Time| Temp

-62 -57.9 -56 | -59 | -60 | -54 | -69 | NA |-57.8| -50 52 -55.7

W1 -52.8 -56 | -57 | -57 | -53 | -68 | NA | 6.8 | -50 53 -51.3

-62 -58.1 -56 | -58 | -59 | -54 | -69 | NA | 79 | -51 55 -56.1

Wi -53.0 -85 | 67 | -57 | -63 ] -58 | NA | 7.1 | -51 56 -51.8

-62 -57.6 -56 | -58 | -59 | -54 | -59 | NA | 82 | -52 58 -565.7

W1 -563.2 65 | -57 | -57 | -63 | -58 | NA | 75 | -52 59 -51.8

-62 -58.9 57 | -59 | -59 | -65 | -60 | NA | 9.0 | -53 63 -56.7

Wi -55.0 -56 | -58 | -58 | -54 | -59 | NA | 8.6 | -53 64 -563.3

-62 -58.8 -58 | 69 | -59 | -5 | -60 | NA | 9.8 | -54 67 -56.4

W1 -63.4 -57 | -58 | -68 | -B5 | -59 | NA | 9.0 | -54 68 -52.0

-62 -59.1 -68 | 59 | -60 | -56 | -60 | NA | 60.4 | -55 70 -57.0

W1 -53.9 -57 | -58 | -68 | -566 | -59 | NA | 596 | -54 71 -52.7

-62 -58.9 -58 | -60 | -60 | -56 | -61 | NA | 60.7 | -56 74 -57.1

Wi -54.3 68 | -89 | -B9 | -55 | -60 | NA | 0.2 | -55 75 -53.2

Comments: OA Temp & W1 - SPECIMEN IN INVERTED POSITION

OA = Off At, the temperature the LN was turned off. Each time the nitrogen was turned off, temperature
readings were not taken until 1 minute had elapsed.

W1=Wait 1 minute before recording temperatures. After the first temps. were recorded and before the
nitrogen was turned back on another recording was made 60 seconds after the first.
Test wedge WAS in the specimen during temperature evaluations.
Readings were taken from left to right starting and finishing with the “control” thermocouple.
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Appendix B
Design Details of Clip-Gage Blocks

This appendix gives details about the clip-gage blocks that were designed to be attached remotely to the irradiated
crack-arrest specimens. Figures B-1 and B-2 show these blocks and their attachment screws for the small and
large specimens, respectively. In the case of the small specimen, the conical recess intended to receive the clip-
gage points had to be offset from the centerline of the specimen so as not to interfere with the hole for attaching the
block to the specimen. The reduced shank of the socket-head cap screw for the smaller block was also
necessitated by dimensional constraints, but it also considerably facilitated the assembly of the blocks. The cap
screws for both sizes of clip-gage blocks were made from a high-strength steel and then hardened to minimize the
possibility of inadvertently twisting off the head of such a small screw while it is being tightened by the manipulators.
After attaching the clip-gage blocks to the specimen and tightening the screws snugly, the assembly was placed
flat

on a plane surface and, if necessary, the gage blocks were tapped so that they were in proper alignment on the
specimen; then the final tightening of the screws of gage blocks was performed.

The gap between the faces containing the conical recesses on the installed clip-gage blocks is smaller that: the
distance over the completely compressed clip-gage points. To insert the clip-gage, it was first completely
compressed until both arms were in contact, then one of the conical points was inserted. This allowed the other
point to be inserted. The depth of the conical recesses and the dimension over the completely compressed clip-
gage points were such that even after a crack-mouth opening displacement of 2.5 mm (100 mils), the completely
compressed gage had to be manipulated for removal in the same manner used to insert the gage. The purpose of
this design is to minimize the probability of the clip-gage jumping out of the blocks during a sudden crack jump,
which would make the test useless.

The sequence for attaching the clip-gage block to the small specimens is as follows. The cap screw is first screwed
into the specimen until the threaded part is below the front face of the specimen. The U-shaped opening in the clip-
gage block is then slipped onto the reduced shank of the cap screw, which is then tightened.

The design of the clip-gage blocks for large specimens was slightly different from that for the small specimens. It
was believed that their relatively larger size would make them easier to handle, and two U-openings for the cap
screws were thought to be unnecessary. In hindsight, this was a mistake, and such openings would have made
their mounting much easier.

To minimize the amount of contaminated waste generated, only a minimum number of clip-gage blocks were
placed in the hot cell. This necessitated the removal of these blocks after the handling of the specimen was

completed. Incidentally, the blocks were also useful as pickup points for removing the specimen from the pan
containing liquid nitrogen and back-putting it into the test machine to break it open to measure the crack jump.
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NUMBER REQUIRED: 4

Figure B-1(a).
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FOR USE WITH 1” ENEA IRRADIATED CRACK-ARREST SPECIMEN CLIP GAGE BLOCKS

Figure B-1(b).
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SPECIAL 6-32 ALLEN SOCKET HEAD CAP SCREW

MATERIAL: HARDENED STEEL

NUMBER REQUIRED: 18
ALL DIMENSIONS IN INCHES

FOR USE WITH 1” ENEA IRRADIATED CRACK-ARREST SPECIMEN CLIP GAGE BLOCKS

Figure B-2(b).
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Appendix C
Pretest and Post-Test Calculations
According to ASTM E 1221-88

The specimen dimensions; the intermediate calculations of crack-mouth opening displacement (CMOD) at initiation
and arrest; and the outcome of calculations of the validity criteria according to ASTM E 1221-88, K,,, and K,,, etc.,
are shown in this appendix in Table C-1 in the form of a spreadsheet. The nomenclature used in the column
headings for the specimen dimensions is defined in Figure 1 in the main body of this report. The validity criteria
used in Table C-1 and excerpted from ASTM E 1221-88 were given in Table 8 of this report. The BASIC routines
for the formulae for calculating the yield strength, Young's modulus, the specimen compliance calibration function,
and the maximum CMOD during loading are shown in Table C-2. Tables C-3 and C-4 give other BASIC routines
used to adjust the measured CMOD and the test temperature, respectively.
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Table C-2. Basic routines to calculate yield strength, Young’s modulus, ASTM E 1221-88 compliance
function, stress-intensity factor, maximum crack-mouth opening displacements
during recycling, and temperature conversions

Function Yield(T)

' Calculates yield strenght for irradiated ANPA A508 Cl 3 forging steel

' Uses the straight line between the two data points

' (25,499) and (150,450), in (degr.C, MPa) after convertion to degr_F and ks
' as shown in Table 1 and Eq. (1) of this report

' Argument for this function is temperature (t) is in Degr. F,

' and returns yield in ksi

' Valid for 25 <= t <= 150

Yield = 74.83 - 0.03156 * T

End Function

Function E(T)

' Calculates Young's Modulus using an expression in an EPRI report by
' Server et al. See Eg. (3) of this report for more details.

' Temperature (t) is in Degr. F, and E is in ksi

E = 30200 - 4.6 * T

End Function

Function f(x)
' Function to calculate ASTM 1221-88 para. 9.2, Eq. (5) compliance
' functionf(x) where x is a/W
f=(2.24 * (1.72 - 0.9 * x + x ~ 2) * Sqr(l -~ x)) /
(9.85 - 0.17 * x + 11 * x ~ 2) -
End Function

Function K _(E, del, fx, Bn_B, W)

' Calculates K. the stress intensity factors Ko & Ka according

' to ASTM 1221-88 para. 9.2, using appropriate values for del & fx
' fx is compliance f(a/W), where a is either ao or aa

' Uses E in ksi, del in mils, returns K in ksi*sqr(in)

K_=E * del * 0.001 * fx * Sqr(l / (Bn B * W))

End Function -

Function CMOD_max(Sigy, W, Bn_B, E, fx)

' Calculate max. CMOD during recycling, according to ASTM-1221
' para. 8.4.6, Eqg. 1

CMOD max = 1000# * 0.69 * Sigy * W * Sqr(Bn B) / (E * fx)

End Function -

Function DegF_C(T)

' Converts temperature from Degr. F to Degr. C
Degf_ C = (T - 32) / 1.8

End Function

Function DegC_F(T)

' Converts temperature from Degr. C to Degr. F
DegC_ F =T * 1.8 + 32

End Function

10:48 AM 12/15/95 Page 1 of 1
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Table C-3. Basic routines to adjust measured crack-mouth opening displacement to front-face

Function Compliance(x, a, B)

Interpolates for Compliance, between tabluar values given by
Newman, (see main report), using a function whose parameters were
evaluated by non-linear regression.

L}
L
L}
L}
' % is a measured relative crack length a/W

' a, B, the parameters resulting from the regression fit.
Compliance = (a + B / Log(x)) ~ 2

End Function

Function V(C, P, E, B, Bn, Iflag)
! V is the "measured" CMOD Displacement, in mils,
' from Compliance [ CP/(EB) ] * Be. See Eg. (8) in the report
' N.B. Although the Function name is "V", but the value it returns is 2Vv!
! not one-half the CMOD V.
' where Be ig the effective thickness in the presence of side grooves
' If Iflag is 1, B_e is calculated using ASTM 1221-88 thickness correction
' used in Eq. 4 (para. 9.2)
If Iflag = 1 Then
B_ e = Sqr(B / Bn)
Elself Iflag = 2 Then
! If Iflag is 2, B_e is calculated using ASTM 1152-87 thickness correction
! in para. 9.2.1
Be=B/ (B~ (B~-Bn) ~ 2/ B)
End If
V= ((C*P) / (E* B)) * B_e* 1000#
End Function

Function P(V2m, E, B, Bn, C_0, C_1, M)

Calculates the crack opening force in kips

V2 is the relative crack-face displacement in mils

E = Young's modulus, B = spec. thickness, Bn = net spec. thickness, all in inche

s

' C_0 and C_1 compliances at the spec. face and at 0.1576W from LL

! M is XM/W, the normalized location at which the CMOD was measured

alpha = 1 / (E * B) * Sqr(B / Bn)

P = (0.0924 * V2m * 0.001) / (alpha * ((M - 0.25) * (C_O0 - C_1) + (0.0924 * C_0)))
End Function - - -

Function V0O(V2m, C_0, C_1, M)

! Calculates the crack face CMOD using closed form derived in report
' VO and V2m are the full relative crack-face displacements in mils

! at front face and measured locations, respectively

' C_0 and C_1 compliances at the spec. face and at 0.1576W from LL

! M is XM/W, the normalized location at which the CMOD was measured
VO = (0.0924 * C_0O * V2m) / ((M - 0.25) * (C_0 - C_1) + (0.0924 * C_0))
End Function

10:53 AM 12/15/95 Page 1 of 1
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Table C-4. Basic routines to adjust test temperature to the reference fluence and temperatures

Function Shift(Test_temp, Ka irr)

'Calculates the unirradiated "temperature" T _eq corresponding
! to the irradiated Ka_unirr from the mean curve

' TO is the mean value obtained by fitting the

' unirrad. crack-arrest test results

TO = -46

' Note that in Visual Basic, Log() is the natural logarithm

T eq = Log((Ka_irr - 29.4) / 13.675) / 0.0261 + TO
Shift = Test_temp - T eq

End Function

Function Flu_corr(DelT, Ref_ flu, Act_flu)
'Corrects for actual fluence irradiation conditons
Flu _corr = DelT * (Ref flu / Act_flu) ~ 0.5

End Function

Function Adj_flu(Shift_mean, Adj_shift, Actual flu, Ref flu)

'Calculates adjustment due to fluence correction

! In case the shift from mean curve is negative, then the corrected fluence is
also negative, see above Flu corr function, and reference fluence > actual,
then the adjustment must be positive

If Ref flu > Actual_ flu Then

Adj_flu = Abs(Adj_shift - Shift mean)
Else-
Adj_flu = Adj_shift - Shift mean

End If

End Function

Function Temp_corr(Ref Irr temp, Irr temp)
' Corrects for actual temperature irradiation conditons
Temp_corr = (Irr_temp - Ref Irr temp)

End Function

10:55 AM 12/15/95 Page 1 of 1
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Appendix D

X-Y Plotter Output and
Fracture Surfaces
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