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FOREWORD

The work reported here was performed at Oak Ridge National
Leboratory (ORNL) under the Heavy-Section Steel Irradistion (H881)
Program, W. R, Corwin, Program Manager, The program is sponsored by the
Office of Nuclear Regulatory Research of the U.§. Nuclear Regulatory
Commission (NRC). The technical menitor for the NRC is A. Taboads.

This report is designated HSS1 Report 3. Reports in this series are
listed below:

1. F. M. Haggag, W. R Corwin, and R. K. Nanstad, Martin Marietta
Energy Systems, Inc., Oak Ridge Natl. Lab., Oak Ridge, Tenn., Irradiation
E/fects on Strength and Toughness of Three-Wire Series-Arc Stalnless
Steel Weld Overlay Cladding, NUREG/CR-5511 (ORNL/TM-11439), December
1989.

2. L. F. Miller, C. D, Baldwin, F. W, Stallman, and F. B. K. Kom,
Martin Marietta Energy Systems, Inc., Oak Ridge Natl, Lab., Oak Ridge,
Tenn., Neutron Exposure Parameters for the Metallurgical Test Speclmens
in The Sixth HKeavy-Section Steel Irradiation Serles, NUREG/CR- 5409
(ORNL/TM-11267), May 1990,

3. This report.

The H8§1 Prograim includes both follow-on and the direct continuation
of work that was performed under the Heavy-Section Steel Technology
(HSST) Program. Previous HSST reports related to irradiation effects in
pressure vessel materials and those containing unirradiated properties of
materials used in HSS1 and HSST irradiation programs are tabulated below
4s & convenlence to reader.

¢. E. Childress, Union Carbide Corp. Nuclear Div., Oak Ridge Natl,
Lab., Oak Ridge, Tenn., Fabrication History of the First Two 12<4n.-Thick
A-533 Grade B, Class 1 Steel Plates of the Heavy Section Steel Technology
Program, ORNL-4313, February 1969.

T. R. Mager and F. 0. Thomas, Vestinghouse Electric Corperation, PWR
Systems Division, Pittsburgh, Pa., Evaluation by Linear Elastic Fracture
Mechanics of Radiation Damage to Pressure Vessel Steels, WCAP-7328
(Rev.), October 1969,

P. N. Randall, TRV Systems Croup, Redondo Beach, Calif., Gross
Strain Measure of Fracture Toughness of Steels, HSSTP-TR-3, Nov. 1, 1969,

L. ¥W. Loechel, Martin Marietta Corporation, Denver, Colo., The

Effect of Testing Varlables on the Transition Temperature in Steel,
MCR-69-189, Nov, 20, 1969.

xi



V. 0. Shabbite, W. H. Pryle, and E. T, Wessol, Westinghouse Electric

Corporation, PWR Systems Division, Pltteburgh, Pa., Neavy-Section
Fracture Toughness Properties of AS)) Grade B Class | Steel Plate and
Submerged Arc Weldment, WCAP-7414, December 1969,

C. E. Childress, Union Carbide Corp. Nuclear Div., Oak Ridge Natl.
Lab ., Oak Ridge, Tenn., Fabrication Nistory of the Third and Fourth ASTH
A:-5)3 Steel Plates of the Keavy Section Steel Technology Program,
ORNL 4313-2, February ° /70,

P. B. Crosley and E, J. Ripling, Materials Research Laboratory,
Ine., Glenvood, 111., Crack Arrest Fracture Toughness of A5)) Grade B
Class 1 Pressure Vessel Steel, WSSTP-TR.- B, March 19/0.

F. J. Loss, Naval Research laboratory, Washington, D.C., Dynamie
Tear Test Investigations of the Fracture Toughness of Thick-Sectlon
Steel, NRL-7056, May 14, 1970,

T. R. Mager, Vestinghouse Electric Corporation, PWR Systems Div.,
Pittsburgh, Pa., Post-Irradiation Testing of 2T Compact Tension
Speclmens, WCAP-7561, August 1970,

F. J. Witt and R. G, Berggren, Unfon Carbide Corp. Nuclear Div., Oak
Ridge National Laboratory, Oak Rlidge, Tenn , Size Effects and Energy
Disposition In Impact Specimen Tescing of ASTM A533 Grade B Steel,
ORNL/TM- 3030, August 1970,

D. A. Canonico, Union Carbide Corp. Nuclear Div., Oak Ridge National
Laboratory, Oak Ridge, Tenn., Transition Temperature Considerations for
Thick-Wall Nuclear Pressure Vessels, ORNL/TM-3114, October 1970,

T. R. Mager, Westinghouse Electric Corporation, PWR Systems Div,,
Pittsburgh, Pa., Fracture Toughness Characterization Study of A333, Grade
B, Class 1 Steel, WCAP-7578, October 1970,

W. 0. Shabbits, Westinghouse Electric Corp., PWR Systems Div.,
Pittsburgh, Pa., Dynamic Fracture Toughness Properties of Heavy Section
A533 Grade B Class 1 Steel Plate, WCAP-7623, December 1970,

C. E. Childress, Unlon Carbide Corp. Nuclear Div., Oak Ridge Natl,
Lab., Osk Ridge k Tenn., Fabrication Procedures and Acceptance Data for
ASTM A-533 Welds and a 10-in.-Thick ASTM A-543 Plate of the Heavy Sectlion
Steel Technology Program, ORNL-TM-4313-3, January 1971,

D. A. Canonico and R. G. Berggren, Union Carbide Corp. Nuclear Div.,
Oak Ridge Natl. Lab., Oak Ridge, Tenn., Tensile and lmpact Properties of
Thick-Section Plate and Keldments, ORNL/TM-3211, January 1971,

C, W. Hunter and J. A, Williams, Hanford Eng. Dev. Lab., Richland,

Wash., Fracture and Tensile Behavior of Neutron-Irradiated A533.-B
Pressure Vessel Steel, HEDL-TME-71-76, February 6, 1971,
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1. INTRODUCTION

In the fracture mechanics integrity analysis of reactor pressure
vessels (RPVs), the (nitfation and arrest fracture toughness curves as
described in Sect. XI of ASME Boller and Pressure Vessel Code are often
used. These curves are used also for the normal operation of RPVs., The
effects of neutron irradiation on toughness are accounted for by shifting
the curves upward in temperature without change in shape by an amount
equal to the temperature shift of the Charpy V-notch (CVN) flmpact encrgy
curve at the 41-J level (ATT,;.;). Such a procedure implies that the
shifts in the fracture toughness curves are the same as that of the
CVN ATT,.; and that irradiation does not change the shapes of the fracture
toughness curves.

It is well known that irradiation of some RPV ferritic steels to
fluences on the order of 2 x 10'* neutrons/cn® (>1 MeV) can cause changes
in the shape of the CVN impact energy curve. To determine whether
similar changes in shape can occur in the fracture toughness curves,
particularly 1f such changes could lead to non-conservative
determinations of the irradiated fracture toughness, research programs
are sponsored by the U.§. Nuclear Regulatory Commission (NRC) within the
Heavy-Section Steel Irradiation (HSS1) Program at Oak Ridge KNational
Laboratory (ORNL).

Two of these programs are the Fifth and Sixth Irradiation Series.
The objective of the Fifth Series was to determine the effect of neutron
irradiation on the shift and shepe of the K;, vs (T-RTyy) curve, where
Kic 18 the plane-strain fracture toughness, T {s the temperature, and RTwpr
Is the reference nil-ductility-transition temperature. Although the
objective is similar, the Sixth Series investigates the effect on K;,, the
plane-strain crack-arrest fracture toughness. Both programs investigate
the effects ol irradiation on the fracture toughness of welds, since some
pressure vessels in operation have welds with copper contents and end-of -
life fluences which make them susceptible to severe degradation in
toughness. The amount of experimental data on the effects of irradiation
on crack-arrest fracture toughness is rather meager (Refs. [1) and [2)).

Two submerged-arc welds with copper contents of 0,23 and 0.31 wt &
were commercially fabricated in 220-mm-thick plate. In the Fifth
Irradiation Series, irradiated CVN impact, tensile, drop-weight, and
compact specimens, made from the weldment were tested and the results are
given in Refs. (3] and (4],

Crack-arrest specimens fabricated from these welds were irradiated
at a nominal temperature of 288°C to an average fluence of 1.9 x 10
neutrong/cm® (>1 MeV). This report compares the results of crack-arrest
tests on 36 irradiated weld-embrittled-type specimens with those from
unirradiated control specimens. Since this is only the first phase of a
two-phase program, the conclusions presented here are preliminary.
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2. DESCRIPTION OF MATERIALS AND PROCEDURES

=

The weld wire for both programs was produced commercially in one
melt. The melt was split to allow for copper additions and resulted in
two weld wires that were comparable in chemical composition except for
copper. Several meters of weldment were commercially fabricated from
| each weld wire and were designated 72w (0.23 wt & Cu) and 73W (0.31 wt
| % Cu). The welds were commercially fabricated in A 533, grade B, class 2
| plate of 220-mm (8 5/8-in.) thickness by using the submerged-arc weld
| process with one lot of Linde 0124 flux. A macrograph of weld 72N 18

shown in Fig 1, and the chemical compositions of both welds are given in
| Table 1. The welde were given a postweld heat treatment of 607°C for
40 h, typical of that given commercial RFVs.

Two capsules, each containing 30 compact crack-arrest specimens of
the two weldments, have been irradiated at a nominal temperature of 288°C
to a fluence of approximately 1.9 x 10'* neutrons/cm® (>1 MeV) in the
Oak Ridge Research Reactor located at the ORNL. The irradiated specimen
complement is given in Table 2, which gives the overall specimen
dimensions. The complete nominal specimen dimensions are given in Fig. 2
and Table 3. For administrative purposes, the program was conducted in
two phases. This report presents results of Phase 1 which consisted of
erack-arrest tests on the 36 weld-embrittled-type specimens. In Phase 2,
the results from remaining 24 duplex-type crack-arrest specimens will be
reported.

2.1 Testing Procedures

Testing was performed according to the ASTM "Test for Determining
Plane-Strain Crack-Arrest Fracture Toughness, K;,, of Ferritic Steels"
(E 1221-88)., Crack-arrest testing of the irradiated specimens was
performed in & hot cell by using a servohydraulic machine and the test
chamber shown schematically in Fig. 3, and photcgraphically in Fig. 4.
This equipment allows specimens to be tested with the split pins in
either the so-called "normal" or "inverted" configuration at test
temperatures ranging from =100 to 260°C.¥ 1In the "normal" configuration,
the lateral surfaces of the specimen are in contact with the test-machine
platen and friction decreases the crack-driving force somewhat compared
with the "inverted" configuration in which the specimen sits on the
narrow shoulders of the split pin. The "inverted" configuration is used
at testing temperatures above NDT. For further information on the
"normal” and "inverted" test configuration in crack-arrest testing, see
Note 5 of ASTM E 1221-88.

*This temperature range was chosen during the design phase of the
test chamber on the basis of the anticipated test temperature.  The
maximum temperature is limited by the Teflon™ insert in the contact

} thermocouple.
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INTERCHANGEABLE

CONTACT
LOADING WEDGE THERMOCOUPLE
ASSEMBLY
SPECIMEN
HOLD-DOWN
PINS
TEST
SPECIMEN
SPECIMEN
HEATING AND
COOLING COILS
W INTERCHANGEABLE
HARDENED PLATE
SUPPORT

Fig. 3. Schematic drawing of equipment used to perform crack-arrest
testing of irradiated specimens before set-up in the hot-cell 500 kN
testing machine.
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Flgure 5 shows & closeup view of the environmental chamber used for
temperature conditloning of the crack-arrest specimens after it was
installed in the hot cell 500-kN tensile testing machine. Figure 6 gives
a general view of the test system as it is being prepared for a crack-
arrest test.

Teuperature conditioning belov ambient is obtained by venting cold
nitrogen gas into the chamber containing the crack-arrest specimen.
Above ambient, tempersture control is achieved by means of six heater
elemencs. FPour of these elements are cartridge type and are embedded in
the base of the fixture. Two U.ghaped heaisr elements can be moved into
place below or above the specimen. After the specimen is positioned in
the fixture, a contact thermocouple is low:red onto the specimen surface
near the midpoint of the crack path to measure the specimen temperature.

Considerable effort wvas made to ensure temperature vniformity and
accuracy in each crack-arrest specimen, Specimens of A 5338 steel and of
the same three sizes as those to be tested wetre instiumented with
thermocouples and *i. rmally conditioned in the fixture over the relevant
temperature range in both normal and inverted configurations, The
uniformity and accuracy of the temperature throughout the specimen were
within #1°C when compared to the values measured by the contact
thermocouple used during testing.

The ¢lip gage used for the irradiated specimen tests was specially
designed and fabricated at ORNL. Long clip-gage arms were incorporated
in the design to measure the crack mouth opening displacement (CMOD) from
putside the temperature condltioning chamber. The arms are instrumented
with temperature-compensated electrical resistance straln gages.
Moreover, tests outside the hot cell have shown that the clip-gage
temperature is < 35°C when the specimen temperature® is 350°C, Since the
maximum test temperrture for this series of tests 1s under 150°C, the
¢lip-page 1s calibrated at room temperature with no significant loss in
acecracy, The ¢lip-gage was calibrated in the hot cell with a Boekler
micrometer before and after every test since the CMOD (not the load)
measured during the test is central to the determination of the crack-
arvest toughness K,. The error in K, due to errors in the measurement of
CMOD {8 estimated to be less than 2%,

An irradiated specimen to be tested is placed in the conditioning
chamber, and special “knives" are used to center the specimen beneath the
loading wedge. The sides of the loading wedge were covered with a
veplaceable strip of Teflon™ to reduce the friction between the wedge and
the split pins. The testing machine ram was then raised until the
loading wedge just touches the split pins (a load of about 40 N); then
the ram is lowered until no-load is indicated, The centering “knives"
were then removed since the proper position of the specimen is mainvained
by the inserted load wedge. The c¢lip-gage is then seated in conical
grooves of gage blocks welded (prior to irradiation) to the crack-arrest

*For the purposes of this test, thermocouples were tack-welded to the
test specimen,

e i e e e e e e e e o e . o
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By = specimen thickness at crack plane,
6§ = CMOD,

1f all other values are unchanged the ervor in K {s directly pro,srtional
to the error in 6 (given above). The error in X due to errors in crack
length is estimated as described below.

In Bq. (1), if all other values are constant, the error in K is
equal to that of f(x) due to the error in the fractional crack length x.
Table 4 shows various estimates of the errors in f(x) resulting from the
measurement of the Initial slot length a, and arrested crack length a, and
for the various specimen slzes. A plot of f(x) vs fractional crack
length %, r.aown in Fig, 9, is nearly linear in x. However, because f(x)
decreases as x Increases, the absolute value of the average relative
error in f(x) increases as X increases. The average relative error is
defined as:

£{(1+e) x] - f[(l-e) x]
f(x)

Two relevant values of x are 0.33 for the initial slot length and 0.85
for the final crack length, The former is the minimum value for the
crack-arrest specimens manufactured for the Sixth Series prograa, and the
latter is the maximum valid value allowed by ASTM E 1221-88. A %1%
change for x = 0.33 results in a ¥0,5% change n f(x}, while the samo +1%
change for x = 0,85 results in an approxims vy ¥3% change in f(x).

The determination of a, is performe with a digital measuring
microscope, and the error is estimated to e < 0.2 mm, irrespective of
the specimen size. Hence the maximum ervor in f(x) (and K,) for the
initial slot length is #0.5% for a small specimen and even less for a
large specimen. In both cases, the initial slot length is used to
estimate K, which gives an estimate of K at the onset of rapid fracture,
It is an estimate at best because the crack at inftiation is not a sharp
one &.d has a finite root radius. Moreover, K, is of interest to the
exper: onter only.

As mentioned, the measurement of the final crack length a, is
performed according to ASTM E 1221.88 by an averaging procedure. Since
it is rave that the arrested crack front is square or straight (Fig. 8),
it is difficult to estimate the error in such a determination. From the
expression for K, given in ASTM E 1221-88, estimates of the error were
made by using different value. of the arrested crack length to obtain
bounds on the error. A maximum value of a, {s 54 mm for a small 25 x 76
x 76 mm specimen since this is the maximum length permitted in E 1221-88
for this specimen size. Errors of 1 or #2 mm in a, for this case result
in errors of ¥6.5% or ¥#13%, respectively, in K,. A similar procedure was
followed for the large (33 % 152 x 152 mm) specimen. The error estimates
are summarized in Table 4. The total maximum errvoer in K, from all sources
is estimated to be approximately #10% for the small specimens and t5% for
the large ones.
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3. RESULTS AND DISCUSSION

The temperature control fus the two {rradiation capsules, each
containing 30 specimens, was excellent. The temperature most of both
weld-embrittled and duplex-type specimens (22 in one capsule and 23 in
the other) ranged from 286 to 290°C, while the few remaining specimens
were irradiated at temperatures ranging from 280 to 286°C. The average
irradiation temperature of the weld-embrittled-type crack-arrest
specimens is 286 and 285°C for the 72W and 73W specimens, respe tively.
For both 72W and 73W specimens, the fluences to which t. . weld-
embrittled-type crack-arrest specimens were {rradiated ranged from
approximately 1.4 to 2.4 x 10' neutrons/cm® (>1 MeV), and the average
fluence and standard deviation is approximately 1.9 and 0.3 x 10
neutrons/cm® (>1 MeV), respectively, Bar charts showing the distribution
of fluence of the specimens successfully tested, 18 and 17 from the 72W
and 73W weldments, respectively, are given In Figs. 10 and 11,
respectively. The average irradiation temperature and the exposure
values of each specimen are given later in this report. A summary of the
irradiation data for the weld-embrittled specimens tested in Phase 1 is
given in Table 5. Detailed reports on the dosimetry and operating
history of the two capsules will be published separately.

The yield strength and Young's modulus of the test material are
required in crack-arrest testing. Young's modulus is calculated from the
following expriession, from Ref. [5): E = 207.2 - 0.0371T, where E
= Young's modulus in GPa, and T = temperature in *C (discussed also in
Appendix C) The unirradiated and irradiated tensile strengths have been
reproduced from Ref. [3] in Figs. 12 and 13 for welds 72W and 73V,
respectively. The average fluence of the tensile samples, approximately
1.6 x 10° neutrons/em® (>1 MeV), is about 15% less than that for the
crack-arrest specimens. This difference will not affect the values of
the crack-arrest toughnesses K, but gould have a small effect on the
validity of each specimen as it is prescribed in ASTM E 1221-88. The
observations in this report are preliminary.

The RTypr values for both weldments in the wunirradiated and
{rradiated conditions are given in Table 6 (from Refs. (3] and (4]). The
initial RTypy values were deterwined in accordance with Subarticle NB-2330
of ASME Boliler and Pressure Vessel Code, Sect. 111, and are the same as
the drop-weight NDT values. The "adjusted" RTyy values were determined
according to paragraph 10.2.2 of ASTM E 185-82 by adding the CVN ATT,,.;
values to the initial RTyyy values. The CVN ATT,;., shifts have been
determined from a relatively large number of specimens, as shown in
Fig. 14 (also from Refs. [3] and [4]). Approximately 84 and 56
unirradiated and irradiated CVN specimens were tested from each c¢f the
72W and 73W welds respectivelv. The average fluence of CVN-impact energy
specimens for both the 72W and 73W weldments is 1.5) x 10'® neutrons/cm?,



19

ORNLDOWG 001 1088

1E18

DEVIATION OF FLUENCE FROM MEAN

NEUTRONS /OMT ()1 MoV )

MINIMUM = 1 42E18

DEVIATION OF FLUENCE *ROM MEAN FOR 72W
MAXIMUMS 2 34619

STANDARD DEVIATION = 0.30E19

-1E19

Fig. 10.

Distribution of fluence in the 18 irradiated

weld-embrittled-type crack specimens tested from the 72W weld,

1E18

ORNL-DWG 90-11004R

DEVIATION OF FLUENCE FROM MEAN
o
T

-1E£18

f——

MINIMUM = 1 46E19

DEVIATION OF FLUENCE FROM MEAN FOR 73W
NEUTRONS /M2 ()1 MoV )

MAXIMUM= 2. 39E18

STANDARD DEVIATION = 0.32E16

Fig. 11.

Distribution of fluence in the 17 irradiated

crack specimens of the 73W weld that were tested successfully,

Table 5. Summary of the irradiation temperature and fluence
for Serles 7i¢W and 73W crack-arrest specimens
72W (18 specimens) 73W (17 specimens)
Temperature Fluence® Temperature Fluence®
(*c) (*c)

Mean 286 1.88 283 1.93
Standard Deviation 3 2.30 3 0.32
Minimum 281 1.42 280 1.646
Max imum 289 2.34 289 2.39

1n units of 10* neutrons/ca® (>»1 MeV)
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Fig. 12. Yield and ultimate strengths vs test temperature
for weld 72W (a) unirradiated and (b) irradiated at a nominal
temperature of 288°C to 1.57 x 10'* neutrons/cm® (>1 MeV),






Table 6. Initial, adjusted, and normalized reference temperatures (RTy.)
for the 72V and 73V weldments

Charpy impact? Crack-arrest
Initial observed results Adjusted® normalized results Normalized?
(") F ) F -
(10*® n/cn?) ATT -5 (10*® n/cw?) ATT,y. 5 (°C)
(>1 MeV) (*) (>1 MeV) (K)
72 -23 1.51 72 49 1.88 80 57
13w -34 ELO% 82 48 1.93 93 59

2Source: Data from R. K. Nanstad et al., "Effects of Irradiation on K;. curves for High-
Copper Welds," pp. 214-33 in Effects of Radiation on Materials, l4th Internitional Symposium,
ASTM STP 1046, Vol. 11, ed. N. H. Packan, R. E. Stoller, and A. S. Kumar, Arerican Society for
Testing and Materials, Philadelphia, 1990.

bNormalization: (ATT,,-y)(F* /F)® 3. Source: Adopted with permission from G. R. Odette and
G. E. lLucas, "Irradiation Embrittlement of Reactour Pressure Vessel Steels: Mechanisms, Models,
and Data Correlations,”™ pp. 206-41 in Radiation Embritclement of Nuclear Pressure Vessel Steels:
An International Review (Second Volume), ASTM STP 909, ed. L. E. Steel, American Society for
Testing and Materials, Philadelphia.

NOTE:
F = fluence for Charpy V-notch impact specimens.
F* = filuence for crack-arrest specimens.
n = neutrons.

8TT,,.; = shift i~ 41.3 Charpy V-notch impact energy level.

44
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Fig. 14. Charpy V-notch-impact energy vs test temperature
for welds 72W and 73W (a) unirradiated (b) irradiated at a nominal
temperature of 288°C to 1.51 » 10" neutrons/cm®* (>1 MeV).
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while that for the crack-arrest specimens i{s approximetely 1.9 x 10'*
neutrons/em?. To normalize the RTyy shift, an average trend curve
applicable to the behavior of test reactor data and having a slope of 0.5
was used (Ref. [6]). It is of the form:

Normalized &.T,;.; = (ATT..;)(¢'/8)%% ,

where ¢' and ¢ are tha average fluences for the crack-arrest and the CUN.
impact sp imens, respectively, 1In neutrons per square centimeter
(>1 MeV). Both shifts for each weldment are given in Table 6. The
normalized RTypy values were used to shift the ASME K;, curves shown later
in this report,

Tables 7 and 8 give the results of testing the unirradiated crack-
arrest specimens of the 72W and 73W Serles, respectively, and Tables 9
and 10 give data for the irradiated specimens of these two series. These
tables also give for each specimen the irradiation temperature and the
exposure value [fluence for energies > 1 MeV and > 0.1 MeV as well as
displacements per atom (dpa)). The K, valuee have not been normalized
to & single average fluence to account for ti.e varlation of fluence from
one specimen to another.

In testing of one specimen, A73W17 (listed in Table 10), the crack
failed to initiate in a cleavage mode and exhibited tearing. It was
retested at 30°C, but the crack did not arrest, and the specimen broke,
The K, value fr m specimen A73W37 (tested at -25°C) s recognized as too
low because th arrested crack length a, is 96% of the nominal specimen
width W. The expression in ASTM E 1221-88 used to calculate K, is limited
te a,/W s 0.85., While other specimens may be slightly invalid and leence
may or may not necessarily represent plane-strain behavior, the authors
believe this specimen to be so far beyond the validity limits as to be
clearly nonrepresentative of plane-strain crack-arrest toughness of the
weld. Hence, its position below the ASME K;, curve is of no significance.
In general, even though some of the other individual specimens may not
strictly meet all of the ASTM validity criteria, the authore believe the
data to be representative of the arrest toughness that would exist within
a thick-walled RPV.

The task group responsible for crack-arrest test procecure
ASTM E 1221-88 recognized the need for the data to represent plain-strain
conditions. Conservative validity criteria were selected on the basis of
existing analytical and experimental results (Ref. [7]) te ensure that
specimens meeting those criteria would indeed be representative of plane-
strain conditions, Even at the time ASTM E 1221.88 was written, however,
it was rccognized that those criteria might be overly restrictive; they
were, nonetheless, chosen to be used until more evidence justifying their
relaxation could be amassed. More data are now available; for example,
Ref. (8] shows crack-arrest test results clearly violating the size
criteria of ASTM E 1221-88, that still accurately predict the arrest
behavior of a thick-walled pressure vessel under simulated pressurized-
thermal-shock loading. On the bases of these and other considerations,
the ASTM task group will be asked to reconsider relaxaticen of the
validity criteria.
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Table 7. Unirradiated crack-arrest toughness
dats obtained from testing weldment 72W
(RTypy = -23°C)

Specimen Test K, Validity4
temperatuie
(*¢) (MPa+/m)

Weld-embrittied 25 x 76 x 76 mm specimens

A72W37 61 66

A72W3% <60 53

A72W38 +59 57

AT2W36 47 71

AT2W34 ~45 73

A72W24 -30 61

A72W28 -30 60

A72W25 +30 79 B
AT2W31 -15 108 b,E

Weld-embrittled 25 x 152 x 152 mm specimens

AT2W44 <60 76
A72W39 =60 45 A
A72W20 47 67
A72W41 <45 74
A72W4E ~45 92
AT2W43 -32 92
A72W08 -30 104
A72W05 -30 107
AT2W48 =30 98
A72W01 -16 97
A72W03 <14 128 C

Weld-embrittled 33 x 152 x 152 mm specimens

AT2W45 ~45 76
A72W47 =30 91
A72W07 -15 103
AT72W04 =15 e
A72W19 <15 94
A72W02 0 93
AT2W12 0 114

A72W40 0 114 B
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Table 7. (continued)

Specimen Test Ke Validity®
temperature
(*C) (MPa+/m)

Duplex 33 x 152 x 152 mm specimens

A72W71 -14 a1
AT2W66 -2 103
AT2W63 -1 125
A72W64 1 108
AT2W6S & 125
A72V68 5 115
AT2W73 5 142 c.,D
AT2W62 10 136 B.C
A72W57 21 146 c,D

Weld-embrittled 51 x 203 x 203 mm specimens

A72W83 +30 RS
AT2W85 ~15 95
AT2WB4 0 107

40ne or more letters for & specimen

indicate that the results did not meet one of
the minimum lengths of the ASTM E 1221-88
validity criteria, The letters correspond to
those in Table 2 of ASTM E 1221-88, which can
be paraphrased as:

A,B = unbroken ligament too short,
C = gpecimen too thin,
D,E = insufficient crack-jump length.

NOTE ;

Ks = value of stress intensity factor
shortly after arrest.
RTypy = reference nil-ductility-transition
temperature.



Table 8 Unirradiated crack-arrest toughness
data obtained from testing weldment 73V
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Table 8, (continued)
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Table 9. Irradiated crack-arrest tongimess data for the weld-embrittled type specimens
from weldment 72W (normalized RTyy; = 57°C). The average fluence and irradiation
temperatures were 1.88 x 10" neutrons/em? (>1 MeV) and 286°C, respectively

Spec imen Test Ky Irradiation Exposure values Displacements Validiry®
temperature (MPa-/m) temperature per atom
{*C) {7E) Fluences (>1 MeV) Fluences (>0.1 MeV)
(neutrons/cx?) (neutrons/cet)
2% x 76 % 76 mm specimens
AT2U26 -25 e 285 2.01E+19 1.24E+20 06.0470
AT2U30 -25 43 283 2.0LE+19 1.26E+20 0.0478
AT2u27 29 61 282 2 _06E+19 1.28E+20 ©.0483
AT2UZ1 30 53 281 2 _34E+19 1.41E+20 0.0538
AT2U3Z 32 66 285 2 31E+19 1.39E+20 0.0536 D
AT2U22 60 62 284 2_03E»19 1.26E+20 0.0475 A
AJ2€23 60 74 282 2.32E+19 1.39E+20 0.0532 4]
AT2u29 60 70 286 2 _33E+19 1 41E+20 0.0536
2% x 152 x 152 mm specimens
A72413 60 8l 287 1.68E+19 1.11E+20 0.0615 g
AT2W10 75 101 289 1. 64E+19 1.12E+20 ¢.0610
AT2U11 75 133 286 1.52E+19 1.01E+20 0.0376
AT2WE1S 75 114 289 1.54E+19 1.03E+20 0.037%
AT2616 76 102 289 1.53E+19 1.02E+20 0.0377
AT2W06 90 160 289 1.65E+19 1.13E+20 0.6413 c.p
AT2v18 90 132 287 1.42E+19 9.21E+19 ©.0345
33 x 152 x 152 mm specimens
AT2UO0S 90 120 289 1 678419 1.14E+20 0.0618
AT2W14 100 164 289 1 BSE+1% 1.26E+20 0.0662
AT2U17 100 118 289 1.85€+19 1 26E+420 0.0463

30ne or more letters for a specimen indicate that the test results did not meeT one of the minimum lengrhs
of the ASTM E 1221-88 validity criteria. The letters correspond to those in Table 2 of ASTM E 1221-88, which
can be paraphrased as:

A,B = unbroken ligament too short.
C = specimen too thin.
D,E =~ insufficient crack-jump length.
NOTE:
K, = value of stress intensiry factor shortly after arrvest.

reference ni)-ducrility-transition temperature.

o
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Table 10. Irradiated crack-arrest toughness data for the weld-embrittled type specimens
from weldment 73W (normalized RTyyy = 59°C). The average fluence and irradiation
temperatures were 1.93 x 10™ neutrons/ca? (>1 MeV) and 285°C, 1 ~spectively

Specimen Test K, Irradiation Exposure values Displacements Validicy®
temperature (MPa-/m) temperature — per arom
{°c) ("c) Fluences (>1 MeV) Fluences (>0 1 MeV)
(neutrons/cn’) (neutyons /ea?)

25 ¥ 76 x 76 mm specimens

ar3unt -25 29 220 2.38E+19 1.46E420 0.0548 A
A73W39 -25 41 282 2.13E+19 1.31E+20 6.0497
AT3W31 29 57 283 2 10E+19 1.29E+20 0.0490 D
ATIW3L 29 60 283 2 08E+19 1.28E+20 0.0484 D
ATIWIS 29 67 283 2 3TE+19 1.42E+20 0.0%4 D
A73W33 60 74 282 2 39E+19 1._64E+20 00550 D
A73WL0 60 81 280 2.36E+19 1 .42E+20 0.0542 D
ATIWG] €0 79 284 2.11E+19 1._30E+20 00492 D
25 » 152 x 152 me specimens
ATIWLS 60 g1 289 1 6BE+19 1. 15E+20 0.0421
ATIV13 75 150 289 1.69E+19 1.16E4+20 0.0&24 c.p
a73w1e 15 131 287 1.56E+19 1.04E+20 00385
A73W21 75 107 289 1.73E+19 1. 14E+20 0.0426
ATIN26 75 88 288 1.58E+19 1 0SE+20 0.0387
A73W23 20 180 288 1.58E+19 1 05E+20 0.0389 B.C
ATIWLS 90 114 287 1.46E+19 9 _45E+19 0.035
33 x 152 x 152 smm specimens
AT3V14 90 i59 289 1.71E+19 1.17E+20 0.04629 B.C
ATIWLTC 100 289 1 _S0E+19 1.29E+20 0. 04674
A73US1 100 184 289 1 90E+19 1.308420 00675 B.C

%0ne or more letters for a specimen indicate that the test results did not meet one of the minimum lengths
of the ASTM E 1221-88 validity criteria, The letters correspond to those in Table 2 of ASTM E 1221-88, which
can be paraphrased as:

A8 = unbroken ligament too shert.
€C = specimen too thin.
DE = insufficient crack-jump length.

PYalue of Ky is unrealistically low because remaining ligament i{s too small.

“Specimen exhibited tearing behavior when tested at this temperature, then broke without arresting when

retested at 30°C.

NOTE:
¥y, = value of stress intensity facror shortly after arrest
BTt - rveference nil-ductility-transition temperature.

0¢
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CRNL- DWG 8O~ (5043

S UNIRRADIATED WELD 72W (0.23% Cu)

O WE 2B 76 mm
160 O WE 25 x 152 mm

o O W 35 x182 mm » v
VDX 33 x 152 mm A v v v
O WE 81 x 203 mm v
100 } & & ‘
@]
g o
o

a
0
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Flg. 15, Detailed crack-arrest toughness K, vs test
temperature for the unirradiated 72V weld showing the
different specimen sizes and types used,

ORNL-DWG 90~ 15044

= 200 . . .
£ UNIRRADIATED WELD 73w (0.31% Cu)
° O WE 25 x 76 mm
& 150 | O WE 25 x 152 mm
0 we 33 x 152 mm A 1
© 0X 33 x 182 mm vy v
O DX 81 x 203 mm gﬂ g
100 } 0 v "
& a oafp o
L 8 4 °
) S . S ASME Kiq
- 4
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T Bl el UG |
-75 =50 -25 0 25
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Fig. 16. Detailed crack-arrest toughness K, vs test
temperature for the unirradiated 73W weld showing the
different specimen sizes and types used.
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4. COMPARISON VITH OTHER DATA

Reference (2], which describes an Electric Power Research Institute
(EPR1) project, contains almost all the published data on the effect of
frradiation on crack-arrest toughness. Four steels were tested in the
EPRI1 project: two welds and two plate materials. Both the plates and the
welds included a low-copper as well as a high-copper steel. The total
number of irradiated data points from all materials is 34. The results
of the {rradiated crack-arrest toughness tests were compared with the
unirradiated data by shifting the {rradiated data downward in temperature
to achieve an approximate data coincidence. The EPRI downward shift is
approximately comparable to the lower-bound shift that we used (obtained
by shifting the ASME K;, curve downwards in temperature until the first
data point was encountered), The EPRI shift in K;, due to {irradiation for
high-copper materials is less than ATT,,.;, whereas the shift In K;, for
the low-copper materials is slightly greater or equal to ATT,,.;, (in the
EPRI program, the CVN shifts were also evaluated in several other ways).
A similar trend is obtained in this study, although the range of copper
contents is quite different. 1In the EPRI program, the copper contents
ranged from approximately 0.03 to 0.23 % by weight. In our study, the
copper contents for the two materials were 0.23 and 0.31% and the
normalized ATT,,.; values were 80 and 93 K, the shifts of the lower-bound
K, curves were 88 and 82 K for the 72W and 73W welds respectively. We
also increased the maximum values of {rradiated crack-arrest toughness
obtained when compared with those of the EPRI program from approximately
130 to 185 MPa:/m. Irradiated crack-arrest toughness data for both welds
in our study were also obtained at higher temperatures with respect to
the normalized adjusted RTypy (up to 40 K above RTypyy) than were the EPRI
data for the high-copper weld (up to approximately the adjusted RTypy).
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During the processing of the data, it was not clear hov the
information will be eventually presented. To maintain some flexibility,
the data are maintalned In the relational deta base computer code
PARADOX . Such a data base allows any of the information stored in it to
be selected, sorted, and formatted for presentation. All data (including
that from the Hewlett Packard Series 200/300 computers) are maintained in
PARADOX on an 1BM-compatible computer. The tables In this report have
been prepared by using a RDB computer code. The RDB code has als~. proven
useful In the evaluation of the data. When the data are examined from
different viewpoints, input data errors are often noticed,
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Table A-1. Measured dimensions in millimeters of the unirradisced crack-arrest specimen: from the

724 and 730 weldments?®

Specimen B 2y bl ¥, Pr [ B Tu Tv L

A72W01 25 640 19.25 152.37 152 45 6.35 10.72 40 18 28 9% 900 1.5
AT2W02 33.05 2.73 152.37 15245 635 10 69 &0 24 28 89 0 .00 12 o8
AT2403 25 .40 17 86 152 &0 152 45 6.35 10.77 &0 26 29 43 000 11 61
AT2904 313,05 26 9% 152.37 152 45 6.35 10.73 &0 26 28 %0 0. 00 1153
AT2u0S 25.4%0 17 86 152 40 152.45 635 10.73 4018 29 3% 0.00 11 .51
A72607 33.02 25.12 152.37 152 43 635 10 67 %0 33 2e 91 0.00 11 52
AT2U08 25 .43 17.96 152 &0 152 43 635 10 66 %0 19 30.28 © .00 114k
AT2912 31 05 25.07 152 40 152 43 635 10 &8 &6 37 78.77 0 0o 11 .45
AT2619 33 07 25 04 152 37 152.43 635 10 59 40 26 29.37 0.00 115«
AT2U20 25.37 18 15 152.43 152.43 6.35 1€ 47 4052 28 68 0 06 11 49
AT2WZ6 25.35 19 13 76.17 76.20 318 3.95 21.861 11.75 o.00 1149
AT2625 25.35 19 15 76.17 76.1 118 3.77 21.54 11.58 0.00 11 &6
A7T2628 25.27 19.10 76.17 7617 318 3.95 21.58 11 86 0 00 1153
A72631 25.27 19 20 76.17 76 .17 518 3.95 21.60 11.80 0 .00 .41
AT2W3s 25.40 19 1% 76.15 76 .20 318 3. 89 21.64 12.37 G U6 11.61
AT263S 25_40 19 08 76 .20 76.23 318 3.93 2: 66 11 86 6 .00 11.57
AT2u3s 25 .40 19 15 76.17 76.23 318 3 8% 21 .62 12.12 0 00 11 53
AT2W37 25 40 19 02 76.17 76.23 318 & 00 21 68 17 03 0 .00 11.52
A72ue 25 .37 19 05 76.20 76.2¢ 3.18 40 21 48 12.22 6 90 1.5
A72339 25 40 19 00 152 37 152 &0 £.35 10 62 &0 44 28 54 0.00 11 53
AT2U40 32.%9 2.7 152.37 152.40 6.35 1073 40 56 29 66 0. 00 11 60
AT2u61 25.46 19 00 152.37 152 &3 635 10 74 40 50 28 .39 0 00 1i.55

N—
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Table A-1 {(continued)

Spec imen ) By b2 ¥, Pr #s Re T Tv %
AT2W4 25.43 19.00 15240 152.37 6.35 10 62 40 44 28 42 0.00 11.%0
AT2USS 25 .40 19.02 152.37 i52.37 6.35 10 63 40 38 28 52 0 00 11 .47
A7206S 32.99 2.74 152 .40 152.40 635 1056 &0 60 28 89 0.00 1461
AT 266 25 .43 18.92 152.37 152.37 6.35 10.57 40 50 28 43 0.00 11 .69
AT2WAT 13,02 26.76 152.37 152.60 635 10.79 %051 28 %52 000 11 50
A7 2948 25.40 18 87 152.37 152.40 635 10 69 6055 2% 13 ) 1138
AT2UST 32 .97 26.79 152.40 152.640 635 9.40 &1.13 27 .07 &2 .67 1.63
AT2U62 32.99 2 82 152 .40 152.60 6.35 °.53 21.3% 26 76 &2.67 1.15
A72u63 32.99 26484 152.35 152.37 6.35 9.55 &1.39 26.50 &2 67 1.06
AT2U64 33 .02 26.79 152.45 152.35  6.35 9.48 6116 2670 42 .67 108
AT2U6S 33.05 26.79 152 40 152.40  6.35 9.53 a1 38 26 89 42.67 1.7
AT2WES 31 02 2.7 152 .40 152.43  6.35 9 .49 oz 3% 26.55 6267 1.06
AT7W6S 32 99 26.79 152.40 152.60 .35 945 «1.33 27.22 &2 67 1.10
A72UT1 13.02 26.79 152.43 152.63  6.35 953 “1.25 27.06 &2.67 1.06
AT2uT3 33.05 26.82 152.43 152.640 6.35 9 46 41.20 30 19 «2.67 112
A72WS 50.85 4699 203 23 197.76 14.29 7.%0 48 66 40 .18 000 1.3
AT2UBG 50.90 46 99 203.20 197.71 16.29 7.7% 48 7% 40 19 0.00 1.3
A72u8S S0_86 38 .13 20331 197.76  16.27 7.87 50 30 5635 0 00 11.86
A73601 25.45 19.02 76.15 76.15 318 3.65 2165 11.82 0.00 11.52
ATIWOZ 25.65 19.02 76.17 76.12 3.18 3.57 21.86 11.52 0.00 1160
A7I903 25.45 19.10 76.15 76.12 3.18 3.70 21.58 1.7 0.00 11.52
ATIW04 25 .45 19.00 76.17 76.12 3.18 376 21.26 12.38 0.00 11.52
ATIWOS 2545 19.13 76.17 76.10 118 3 84 21 44 1170 0. 00 11 51
ATIN06 25 .45 19.02 76 17 % 02 118 3.79 21 64 11 €9 0.00 11.56
ATINOY 32.97 24.93 152.35 152.27 6 35 9. 54 61.12 2674 6318 2.37
ATINO8 32 .97 2497 152.37 152.37 635 9.60 &1.15 2% 83 4318 2 .45
A7IW09 32.94 24.96 15235 152.37 6.35 9.57 1.1 27.00 4118 2.3
ATIW10 32.99 26 88 152.37 152 .40 6.35 1041 40 .29 3% 39 0.00 1152

8"
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Table A.L (contirued)

Spec imen 8 By 28 2, Pr 2s Be Ta Tv »
A7IW1L 25.43 18.97 152 43 15263 .35 10.58 0 16 36 65 0 00 11.59
ATINE 25 40 '8.95 152.35 152.37 6.35 10.50 4030 3459 e 00 1 .56
A73u20 25 40 18.92 152.3% 15260 635 10.41 &0 29 3% 03 0.00 11 &0
ATIN22 33.95 2678 152.40 152.37 6.35 1037 40 14 3% 60 0 00 11.52
A7IW26 32 .99 2680 152.37 152.37 .35 10 138 0. 39 3% 62 000 11.45
A7IW2S 25.40 19.02 152.35 15260  6.35 10.52 &0 45 3% 19 © 00 11.57
A7I27 32.99 %.77 152.37 152 40 6.35 10 45 4019 % .28 0.00 11.53
ATIE28 25 .40 18.97 152.35 152.40 635 10 43 &0 43 3% 38 0.00 11 58
A73u29 31 .02 26.77 152.37 152.40 635 1030 &0 33 % 0.00 1151
AT3RI0 25.40 18 95 152.43 152.45 6.35 1051 40 30 3% 48 0 60 11.59
AT32 25 80 19.10 76.17 76.23 318 3.83 71 60 12.13 c.00 11.53
AT 25 40 19.02 76.17 7% 23 318 &.m 21 56 s 0.00 13 .49
ATINIS 25 .40 19.15 76.17 76 23 318 3183 21.53 12.11 0 00 11.49
A7IWS2 25.40 19 08 7620 76.23 3.18 3.85 21 .46 12.17 0.00 1.5
A7IWE) 25 40 19 02 15237 15240 635 10 61 40 39 28 61 ¢.00 11.51
ATIUGES 313 .05 26 79 152 40 152.40  6.35 1061 40 46 29 62 0 oe 11.52
ATIW66 33.02 26.82 152 37 152.40 6135 1662 &0 1 28 67 0. 90 1170
ATIWGT 25 43 18 95 152.60 152.80 6.35 107 40 &1 28 65 0.00 11 &8
ATIGE 25 .40 18 87 152.37 152.37 6.35 10.59 50 &6 28 7% 0.00 11,57
A73U49 33,02 2674 152.32 152.37  6.35 10.59 40 a3 28.52 0.00 1.3y
ATS0 25 43 19 08 152.37 152,40 635 10.71 0. 37 28 74 0.00 11.57
ATIWS2 75.43 19.05 152 40 152.37 6.35 1076 0. 28 64 o 00 11.5%
ATIWTS 42.53 37.26 203.23 203.28 0.8 8.43 55.1%6 37.10 66 06 1.50
ATIUES 33.05 26 .87 152.32 152.63 6.27 9 s &1.30 27.97 &2.57 1.%
A73uSS 33.02 26 89 15243 152.65 6.27 9.51 61.27 27 .84 «2.77 1.39
ATIUST 32.99 26.89 152 45 152.63  6.27 9.53 &1.26 28 69 46,39 1.38
ATIUBS 32.97 26.99 152.50 152.45 6.27 9. 46 61.25 28.72 &7 42 1.37

35ee Fig. 2.1 for definitions of momenclature used in this table.
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Table A«3. Posttest values measured for unirrediated crack-arrest specimens
from the 72V ind 73 weldments
Speeimen ¥i W wh Pi r2 Pl P S Fand
ATZWOL  13.00 0.9  33.66 005  D.463  1.3%1 1 369 52 ‘
AT2NO02 W6k 11,5 9.2 0.038 0. la? 1368 1 4k "
A72903 W67 w2.M2 42.70 0.0%1 0165 | 408 1,488 Y
A72V04 T80 25.6% 1n.22 0.02% h.122 1.36? | hbS 8 ,
ATIW0S .73 36,13 4l .57 0.0kt 0.168 1,265 L. 326 S i
ALNO? SUT R TR 34463 0.061 0.16) 1.367 1.6d3 i v
ATIN08 15 86 364 3% .81 0. 030 0,148 1.203 1. 346 52
ATIWIZ 33.03 ¥ . 23 AR | 0.038 0,312 1.600 1,651 n 1
ATINLY 313,09 .3 33,54 0,081 0. 142 1.224 1.326 0
ATIWR0 910 159 42 & 0 000 0000 0.714 0.767 29 0
ATIN24 10.58 1037 10.25% 0.020 Y 0.742 0 815 0 0
ATV 12.50  11.65% 14.60 0. 0646 0.109 0By 0.932 1Y ?
AT2N28 982  10.5 9 4s 0 018 0.079 0.762 0.828 1 0
ATV 13,26 13.46 15.78 0.020 0.208 1.168 219 51 i
ATIN34 14,17 13,69 15,98 0.013 0.043 0.732 0.737 ] R
ATOWDS 12.02 12.96 12.14 0.008 0.020 0 5854 n.630 28 b
AT2W36 13.67 14,84 1182 0.010 0 069 0,73 0 80U 1 ]
LAY 14.20  Va.47 14.18 0.008 0.01% 0 610 0,709 i 0
AT2WIB 11.65 11.7% 11.15 0.020 0,028 0620 0 699 i 0
ATINI0 13.8? 14 46 13.79 0.030 0.030 0 879 1.095 ) ¥
AT2W40 26,79 2118 2.1 0.0%, 0320 I TH | .95 8§
AW Sa 88 3419 B2 0 056 0.0%6 0.927 1.016 10 )
INFITS! 3.3 R ¥ .07 0.02% 0. 066 L1k 1,248 a9 o
AT WG4 .18 .2 13, 3% 0.018 0.043 0.928 1.019 ik 2
ATWGY W20 9 N ) 0.058 0.058 0 By 0.980 1 2
ATIVGE 4b.4e 48T 4219 0.056 0.0% 0 958 RTT) % 8
AT2WAT 1.3 B8 29.52 0. 061 0.097 1189 1.28% 56 2
ATV .87 3519 33 .04 0.038 0.076 1.2 1306 53 1
ATINST 54,48 54.04 56 69 0.018 0.000 .28 1316 bl i
ATaN6? ST I0 & IR T 1 1683 0000 0.000 1.577 L 659 (07 8
AT2V6) W8l 40.04 41,37 0.00% 0.600 1.361 1,487 14) 1
AT 2WGG LTI TR 5 39 64 0 036 0 000 1.27% 1.306 ) 19
AT2VES .33 Jaas 3815 0 010 0. 000 1 509 | 554 84 8
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Table A-3. (continued)

Specimen VI ve ¥ " 2 r 4 [ Pt
AT2WEE n.a» . 10 64 0 018 0,000 HO T 1 4o 87 }
ATEVES 3517 15,53 3828 0.020 0000 1.3%¢ 1 4k) 8 0
ATV n.n 22.16 $B.1 0.02% 0,000 L 392 | 504 106 0
ATONTY ab 18 5045 AW 3] 0. 0kb o 000 1.41% I k4B "

AT2WED 5.9 605 5 .02 n.079 0.0 1.209 | 226 ok 20
AT2VBA $3.72 55.41 60 47 0 08¢ 0.178 1.870 1.651 121 !
ATINES 1298 3089 20,27 0.102 0.163 1,748 1.816 ? 0
ATINOL 10,14 10.87 .47 0.0%1 0.038 0.650 0699 8 0
ATIV02 14,24 12 5 15.76 0.02% G038 0.732 0 808 3 0
ATINO3 7.76 189 608 0.0%0 0 W 0 919 0 998 W 0
A7 INOA 10,36 4 00 1143 0.030 0.102 0 838 0 909 £1] 0
AT3NO0S ¥ 0k 9 48 .29 0.038 0.193 1.021 1,125 " 0
A73N06 12.9% 13,00 12,67 0.0 0.2% 0 996 1.052 1 0
A7 W07 .21 3 74 1151 0 02% 0,000 1 636 1.783 19 0
ATINOB 19.08 1.9 40 81 0.02% &, 000 1,313 1.417 B8 |
ATIN09 1.2 19 62 V7,08 0.02% 0,000 1.200 1.372 4y G
ATINLO 16 62 16 62 16.31 0.030 0 229 1.60% 1.671 m 0
ATV 1 9% 3.7 6. 70 0.051 0.079 1,085 1.107 i 12
AZINLE 12,89 ST T 31 .80 0.013 0.081 1.14) 1oike ) 0
A73W20 W03 W0 56 39 40 D 051 ¢ 262 1 542 1.565 W §
ATIN22 27,4 26 .80 9 .91 0.013 0.173 1.651 1,671 5 0
ATINZ4 14,07 14,66 1.9 0.038 0.361 7108 2200 08 0]
ATIN2S 15.5) 5.9 19 16 0.038 0,229 L. 7eL 1.819 Wl 12
ATIN2? 3%.23 .29 3% .82 0.02% 0.1 1.407 143 61 0
A73W78 20 54 30,73 28 66 0,051 0.08} 0 968 1.00) 30 2
ATINZY .26 26,88 402 0,064 0099 1,402 1,43 i 0
ATINI0 560 28,82 23,98 0.02% 0083 |.067 1118 1 o
ATIVI2 6 60 6 91 6.9) 0013 0 088 0.841 0.927 3 0
ATINYL 13.84 13.7% 12.90 0.013 0.04) 0.716 0.792 i i
ATINIE b 98 68 6 Bl 0.020 0068 0 699 0.876 23 0
ATINGD & 80 09 936 0.025 0 083 0.726 0 8% i1 0
A2ING) 3.1 3616 36 . 54 0.056 0,08 0. 892 0 968 W) 0
A7INGG 81,77 47 4%, 9% 0 064 0.1% 1.372 143 % I8
A73V4E Al 28 19.1% w2, 24 0.030 01 1433 147 1 0
ATINGY 9.5 ul.03 19.26 0 056 0.05%6 0 968 1.031 8 8
A73W4B .22 26 48 29.5) 0.051 0.091 1.090 1.166 4“0 )
AJIVaD 3109 13.42 18.65 0.0%0 0.206 1.516 1.539 b 0




Table A-3 (continued
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r Table A-5. Values measured during crack-arrest testing of
the unirradiated veldment 72V and 73W
Lpucimon Tvpe L e 1 ¥a Yo A 1 G b b Naliddiy
' alawol vt ¥ 12 ST SR T TN 5 TR SN SR S
I 3 § ] 73 L
ATENOT wi " 57 o Wy (3 2 & 11 W% 'y
v {1 i’ ik J6
ATZNOD i F3 153 i N ] ik %) 4l 75 40 #l
19 ) b 23 bl
ATINDG vE 13 152 15 Uty e '8 " N uh 5%
ity 3| 1! b3 b
AT2W05 vi 25 142 R ¥ 191 (L] 19 25 “wh i
19 VR I Fh ) v
ATNOY vi 1 152 1% Wl 701 1% (1] 33 o Wl
1% 26 & b3 L)
ATRWGN Wi 25 152 TR L2 1Y 1 » 9% 47 wl
It 25 )] 3 1
ATV1E HE 1 152 (LA B L 2% i i) 13 0 40
L] b H] N 23 il ]
AIVL0 vE 3] 152 15 WA 1RO i e 11 “h Ay
L] | ) 23 0
ATINTD wE % 152 wi 4 124 1) Vi b3 Gl W
) 19 1 ¥ 5 i
| ALIV2G Vi 25 " A S T TR TR T T TRt TR
, 1o " : 23 16
NS wE % b i ' 142 1 13 25 0 i
. 10 1% 12 23 #
AT2NIR vE 8 16 Wi W Lk 10 10 hEl 1) 1)
10 " ¢ 2 [
ATRNY) Wk 24 16 1 1G8 £ 1 i i FL] i v
1Y /8 L3 13 1
AT wi 748 h “h 3 i ) 15 15 1] td ] ]
0 12 in HE § 11N
ATINYS vE 4 h uh) 9 142 12 12 ? 1 il
IO L 1 ?’ |
ATWYE wE 9 4 i il L il i3 { ra Pl M
X H i " 3 14
] AldNY? v 3] ey ul ih in? i 14 a5 8 A
10 “ L ] a3 1l
ALIWIR wE F 1 th W v b 1 12 H i 1
10 ! h | 8]
ATZNID wE 25 159 W 4] 144 I In 2% 6 "y
: 4 - B
| AldweD ¥t n a2 R R I L AR T ¢ R
) L N
h ATaVa1 wE 5 182 an 1 149 Vi A FL 50 ST\
‘ w2 1B W
3 ATING) <k N T R T [ T ¢ S S TR S
1 19 0 It 0 .
Al dNah wE W 1% W h 151 I Vi 2 0 i
1% 1 10 A 12
ACINGY wi 1) 192 ah " 14l " i 1 “h o
o 19 13 ! 3 il
N deak «b 2% 142 a’ i 154 wh b 5 L] i
il 1 e 13 g B
f Aldwar wE 31 152 M0 &l 186 i W g5 S0 M
10 20 16 2 ]
ATJWaK wE % 152 1} 'nu 194 Ve Ya 3 Wa o)
19 ' i ] 2] o2
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Table A-5. (continued)
Spec imor Type L] ¥ 1 ¥a Yo A ® b b i Vbl vy
AlRvS? ox M 152 P3N ) R8T 4% FL) " 13 i b
1% B (Y] 3
ALNO? bX 1) 152 [T S 17 N ) Vi 5] i il bt
| 9 b 3! H
i AEUGY X 1 152 B ] Mm 40 ] 1 ) ]
19 19 1 2
ATIWGG X " 152 1108 17 " W 13 1 1
" 20 2 b1
ATIVGY X n 152 6 128 156 6 1 1) »n 1)
19 19 3 2%
AIIW6E DX n 152 210 29 1" M 13 M ¥
1 ib 21 7
ATIVER DX 11 152 5 LIS % 3% A 13 » i
19 N b1} F4]
AT ox n 152 s 4l mw» i 7h 1 “h s
19 20 16 25
ATZNTY (0 " 152 5 14l O [ I | 0 M 1 i b
i 40 %) 2%
ATINED 3 81 203 0 RS 1he L] W 4} 50 W0
H) ? I 2 12
ATIVRG wE Y] 200 0 107 178 §7 52 51 92 492
a7 8 ) 41 20
AIRNES vk 51 3 As uY 194 Y h 1| 0] Wi
i b ¥ i i3
| ATONO) wE 2% b HY W 151 10 10 2% ¥} i
! 10 % { ) i3
1 A7IN07 v 25 /6 4% 7% A7 M ik & 9 %
] (TR TR | TR ) S 1 |
AVIN0) vE 3] / “h I 03 ] ’ i 1 1) &R
(o 9 ! 2 |
A7 W0k vE b h 10 (3 181 o i 2 i 12
10 i % e 14
ATINOSY vE 75 h 0 0 2 u A " " 5 Al
W |3 “ n h
AT INOR wE 2% Y 18 (& Lk R 13 26 10 10 I
(] h 1 1) 19
AT IWOT (0] 1 142 L ¥l ] mn ”n 12 1 " " "
| 9 42 W 25
‘ A15408 DX 1 12 5 119 mn2 «0 ab 1 bl ] 8
19 i il 1%
AL INOY DX 1 152 5 12 Rt 18 1] 12 10 17}
19 12 25 v
ATWIO vE 1) 152 16 " 6 i7 it 1 sl &1 A
it 1% 12 2 Pl
ALY i 7 152 ‘N LH) 159 1% 1% % ) a)
1% 17 1 3 1%
AIWLE wi 25 152 29 3] 112 19 N % “h ah
19 19 1% 3 17
ATW20 Ve 31 152 A6 129 200 Wb W 7% 1] "W )
19 i 1 1) 5
AN wE N 152 6 110 b8 )} i M ] i8] 40 %0
\9 i S 1 &
ATINDA wi n 152 13 L1 FES | I 1 i hi hh AR
19 L] I 23 ab
ATINDS Wi i) 152 Ay lal Py | 1? (8] b3 “1 al Bt
14 u9 m 3 "

T T AR ST S e T e T SR = (= Do il | ) = v B S

{

B ——
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Table A-5. (coutinued)

-4 g

Lpenimen Type 3 wy 1 L8 ho A L3 t U ¥ Saladily
ATONE vE 3 14 VIR o2 " " 13 “? &t
19 10 i i 7%
ATINTS Vi b 152 A ] Tk 10 H 2 ot ] ak
19 o 3 23 i
ATIWIY wE 13 152 W10 0% ] 11 1 & &7
" 24 19 2 25
ATINN0 vE 2% 152 “h M 141 i 6 % Y] 52
% 12 u '3 14
1 i 2% % Sl ) 192 ! ] 25 1 3 A
AT 10 ! 5 23 W0
ATINIG v 3 3 a1 1 it8 4 i 2% H 25
10 1 9 b3 ] 1%
ATINIE Wi % 16 L 50 160 1 ! 2% 11 b1% A
10 L 4 2 13
ATIVGD wE 5 w G0 "8 Lhé U 4 2 Y 1
10 I [ 23 14
ATINLD, wE 5 152 il n 142 16 i1 5 ! LY
10 132 10 2 1
AV IVGG i 33 1492 S S § | L W) ) 13 1 3
14 2 W 73 %
ATINGE i 1 158 Ih 124 19 il al 13 W) Wl
19 W 10 b2} &
ATIVGT vE 5 15 -hh 85 156 Al AT 2 ] 41 u)
10 W 13 3 1h
ATIVGE vi 1Y 192 i % 120 /8 i | F3 5% 3
L] 1 il 3] \?
K ANGY i 13 152 4% A 292 W i 13 ] i
19 13 ¢ 3 0
ATINSG vE 2% (B} 0 LI i 20 0 25 fiie (m
L] 1% 12 23 24
AIIWSD wE 24 152 Y 17 219 1] i) 2% [ 64
] 14 i 3 N
AT X i 03 G |5 0w ) ik 50 nl 4l
" L Ky 1
ATINRY nx & 152 5 19 e 40 s 1 8 i (6 )
19 Wt i PE
ATIVEG DX " 152 5 1ol 09 b i 19 7 Ve
i 3 0 %
ATINB] ux n 5% S0 Wy {1 3 1N % W
19 1’ 26 H
AIVER DX A} in? 15 132 20 Ik ol n 29 25
19 I 3 4]
NOTES
Tvpe  « elither WE (weld-embritticd) o UX (dupiex)
B, ¥+ nominel overail srecimen vize, o owmiliimeters, wow Fig. 0
T = test tempersture in *C
Kpibg = stress lotensity lactor ot crovk arrest and ut crook Initiation,

respectively . in MPes/m

The Letters A, B, . K are the Letters uvod in the ASTH K 1221 B8 validoty eriteris, The top
row ol numbers are the messurod values for pach criterion, antd those below are the winimuns
specified in vhe standard.  The remaining |lgament has to Fulfil] iwe or:ioria, wnd thus the
same vilue (x repeated for A and B The some (& trae Lor the crach jump,

AB = Length ol remalving Ligamenc, willlscters
£ = specimen width, wililmeters.
DB« crack Jusp. millimeters.  For duplex specimens. ouiv D (v applicabile

Valldity » On er more letters in this colume indicetes that the spocimen did not meet the
vallgley celtoria aof £ L22188  To ailow LoF the unerriaingy in the seasuremEnt ol
the crany (ront, the measured values were increased by |08 before comparing them
with the eriteria In the standard

R R —




Table A-6. Values measured during crack-arrest testing of
irradiated weldment 72V and 73V

Specimen Type ] Wy T Ky Ky A ] ¢ 4 £ validity
ATINO06 Vi 28 152 90 160 182 67 67 2% 18 15 €D
19 50 40 23 18
ATINO9 Vi i} 152 90 120 176 k8 &8 ) M N
T At D & I 1)
AT2V10 vE 25 152 75 101 188 &9 4 2% M M
19 20 16 23 1
' AT2V1 vE 2% 152 7 133 163 61 61 2 22
19 3% 2y 12
ATV vE 28 152 60 81 130 bk ee 25 38 20
19 13 10 23 1.
AT2V14 vi £} 152 100 16k 177 62 62 M 212 n
19 &l 33 ) e
AT2V18 vE 25 152 78 114 177 &7 47 2% % 3
19 2% 20 2l
AT2V16 vE 2% 152 % 102 138 5% 85 25
19 20 16 23 8.5
ATV Y vE 3 152 100 118 168 Sk 56 33 29 29
19 20 22 2 1
AT2VLE Vi 2% 152 90 132 188 87 8T 2% 26 26
19 34 7 23 16
AT2W21 vE 2% 7% 0 5 98 20 20 28 ¥
9.6 5.2 42 23 &
ATIN22 vi 25 6 60 62 289 1.1 7.1 2% 3% 36 A
9.5 1.4 6 23
AT2N2) wE 25 % 60 7% 129 22 2 2 A un »
9.5 10 8.3 23 1
AT2V26 vt 2% 7% 25 38 81 15 15 25 28 28
9.5 2.% 2 23 2.4
AT2627 vE 28 % 29 61 121 18 w28 2% 28
¢es /7 58 2 s
AT2W29 vE 2% % 60 70 129 2 2 ¢ n
9.6 9.5 7.6 23 1.3
AT2V30 vE 28 % ST 97 1% 18 25 28 20
9.8 3.1 2.5 23 A%
AT2VY2 Vi 28 % 32 66 108 2% 25 25 18 18 D
9.6 8.2 6.5 23 4.6
ATINLY Vi 28 152 95 150 168 66 66 25 12 12 ¢
19 &1 M 23 12
A7TINL4 vE 1 152 90 159 225 29 29 3 4B 48 BC
19 &b 3 2
ATINLS vE 2 152 60 61 128 46 46 28 N N
19 12 %46 23 6
ATIN1? Vi 1 152 100
ATIVIE vE 2% 152 15 131 182  S1 st 2% 26 26
19 3N 2% 3
ATIV2) vE 25 152 1 107 16k Y. S 2% 24 2
19 21 17 23 8.4
ATINZY vE 2% 152 90 180 263 48 :: i; :: 32 B¢
e “
ATIN26 vE is 152 7% 8B 118 85 58 28 22 :3 .
19 W 11 23 s
ATV vE 28 7% FCI Y 9% 22 325 337 21‘ 21 D
d a6 23 A7
ATINI) vE 2% % 60 % 10 :75 357 16 16 D
: ; 7.8 23 4.8
ATINIG vE 25 6 29 60 100 22 22 3 21 21 0
9.5 6.2 5 23 38

P I —
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iable A .6 (continued)

Specimen Type B Ch T Ke Ko A B ¢ [ £ Valldity
ATINIS wE 25 76 29 6? 90 8 28 25 15 15 4
9.5 1:80 8.8 2 3.7
ATINYY wE 25 76 25 29 in 2.8 2.8 25 40 40 A
.5 146 13 B 10
ATIN3G i i 76 <25 4l L1 14 14 25 29 29
9.3 2.7 3.3 2 5
A73VG0 vE 25 76 60 Bl 121 26 26 2% 16 16 b
9.5 12 2.3 23 5.8
AT3VG] wE 25 76 60 79 103 n n 28 12 12 b
23 1 9 23 b.2
ATIVGS vE 25 152 90 114 158 5% 55 25 28 28
19 24 19 23 10
ATIWS wE 3 152 100 184 2% 47 47 33 36 16 B.C
19 63 50 23 n
NOTES
Type: = either VE (weld-embrittled) or DX (duplex)
B, ¥ = nominal overall specimen size, in willimeters, sece Flg. ¢
T = test temporavure in *C
KoK = stress intensity tactor ac ciack errest eno at crack (nitiation,
respectively, in MPar s
The letters A, B, ... E are the letters used in the ASTM £ 122188 validity cilverfa. The top

rov of nusbers are the measured values for each criterion, and those below are the winimuss
specified in the standard. The remaining ligament has to fulfill two criteria, and thus the
vame value s repeated for A and B, The same is true for the crack jump.

AB = length of remaining ligament, millimeters.
€« specimen width, millimeters.
DE = crack jusp, millimeters. For duplex specimens, only D ls applicable

Valldity « On or more letters in this column indicates that the specimen did not meet the
validity criteria of £ 1221-8. To allov for the uncertainty in the messurement of
the crack front, hte measured values vere increased by 10% before compacing them
with the criteria in the standard,
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AFPENDIX B
LISTING OF BASIC COMPUTER CODE CA TEST
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| Documentation of Computer Code CA TEST

The listing of the computer code CA_TEST has been included solely
for purposes of QA. It details {n a concise manner the computational
: details that were performed with the crack arrest data. Moreover, the
| methodology in crack-arrest testing is still evolving. The standard test
] method used in this work, ASTM Test for Determining Plane-Strain Crack-

Arrest Fracture Toughness, K;,, of Ferritic Steels (E 1221-88), {s in its
| first lssue and will probably be modified. It is therefore important
| that the precise details of the algorithms used to caleulate K, as well

as the validity criteria be documented. 1f crack-arrest methodology does
: change, that data can be re-evaluated using the new methodology.

s I, T = WS P - Sy S~ K-Sy DYR Wy Sy o -~ o e L N Naipan R p——



10 ' THE NA»“ GF THIS PROGRAM 18 CA TLST

w 1]

W DIM Banners| 40

40 Bannerd = “Vermon § | Revied February 14 1990)"

’o L]

w '

0 UTHIS PROGEAM PERFORMS CRACK ARREST TEST COMPUTATIONS
.o L

w 1

100 INTEGER Cyole, Nrss Nhytes Nvar

1o !

120 !

130 VINITIALIZATION OF VARIABLES

140 !

150 ! Dats_stored » O (FALSE) (DEFAULT) dute tor specimen _ave NOT hoon stored
160 ! o | CTRUE) data lor this spec. heve hoen store previously
1 ! This s set in subprogram Load alivr succesfu inpa
180 !

190 1 For DUPLEX specimens, Ty = mwasured vilue, 1 for

200 ' WELD EMBRITTLED specimens Ty = O

0 !

220 ' Yaoow Dynamic yield strength incremoent s set ul 208 MPy

! por ASTM 122188 Pars.

W0 !

250 ON ERROR QOTO Errer_sub

w0 !

170 Yso=208

280 Data_stored » 0

290 Msus$="' 700.1°

00 PRINTER IS |

Mo !

120 PRINT "CRACK ARREST CALCULATIONS & Bannerd

330 PRINT *THIS PROGRAM LOADS DATA PREVIOUSLY STORED ON 3.8** DISKS*
30! WAIT 2

350 !

%0 !

]‘)o L] Rl L L) &". EELL L)

380 Begin: !

390 M§='Y*

00 INPUT *LOAD DATA FROM DISKETTE? (Y/N) Y* . M$

410 IF M§="Y* THEN

420 PRINTER IS |

430 DISP "INSERT DATA SOURCE AND PRESS CONTINUE®

W0 PAUSE

450  GOSUB Lowd

40 GOTO Print_dua

470 ENDIF

m ]

L

500 ! Stant

S$10 1 Starts datw input lrom Keyboard

520 Saart: !

S3C PRINTER IS |

540 PRINT USING "@"

550 INPUT * ENTER SPECIMEN NO.* . Fik$

560 PRINT USING ***SPECIMEN NO = "* 10A" Filul

$70 PRINT

580 INPUT "ENTER TEST TEMPERATURE IN C*.Tp

590 INPUT *ENTER YIELD STRENGTH AT TEST TEMPERATURE IN MPe" Y5
600 INPUT *ENTER TEST DATE IN THE FORM 072089 (6 CHARACTERS MAX)* . Tuat_date
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610 PRINT USING *IX **TEST DATE = "" IX 62" Test_date

620 PRINT USING ***YS = *' 10D 22X 9ASD A Yo "MPMe @ Tp,"C*
630 INPUT *ENTER E IN MW"

640 PRINT USING ***C = " 10D 2XA4A"E MM

640 PRINT

660 INPUT "ENTER B IN INCHES" B

670 FRINT USING ***B « ** 3D 3D2X4A" B "ineh’

INPUT "ENTER EN IN INCHES® B

PRINT USING **"BN = D30 2INAA" B ik’

INPUT "ENTER 20 IV s W 1]

PRINT USING * O ADIX AN inch’
INPUT "ENTER W < a8t W

PRINT USING ***W DD X AT WL inch*
PRINT

INPUT "ENTER PR IN mm' Py
PRINT USING ***PR = **3D.20 3X 4A" Pt *mm *
INPUT *ENTER RS IN mm* Ry
PRINT USING ***RS = **3D.2DIX 4A" Re."mm *
INPUT "ENTER RT IN mm* Rt
PRINT USING ***RT = **3D2DIX4A" Rt "mm *

BEE3gZEEESEEe

810 INPUT “ENTER TU IN mm* Ty
820 PRINT USING ***TU « ** 3D 2DIX AA" Tu"mm *
8§30 PRINT
840 INPUT *ENTER N IN mm* N
z PRINT USING ***N « **3D2DIX AN ‘mm *

!
270 INPUT *ENTER TV IN men, (= 0 for WELD EMBRITTLED 110" Ty
£80 PRINT USING */ K.3D 2D 2X.2A TV = “Tv."mm’
LU
oo ! 888 Chprpc () Seee
010 Con e O L
920 Co gy’
930 IN 'UT "CORRECTIONS? (Y/N) Y* .Cines

G40 IF JPCS(Cori=*Y* THEN GOTO Swn

950 !

M |

070 Sun $e'Y*

080 NPT "STORE DATA ON DISKETTE? (Y/N) Y* Store$
990 IF L PO (Swres )= "Y* THEN GOSUB Siore

e

1ai0 !

1020 !

.ow ! LAl Ll P"m‘du R
1040 Print dia !

1050 ' Prints input dat if recuired

1060 GOSUR Hardenpy

1070 !

1080 !

1090 | READ LABEL Labelt FROM Msusd

1100 !

e !

1120 GOSUB Specimen

136 !

1140 !

118C PRINT USING /. 9X,""YIELD STRENGTH = ** 5D IXJA ¥ Yo "MPy'
1160 PRINT USING *EX. " YOUNG'S MODULLUS = “* DX JA N L *MPy
1170 PRINT USING ***  INCR. TO YIELD (DYNI (Yso) » " dDIX 3A" Yo, "MPy*
1180 !

1190 !

1200 PRINT USING */.* *Pre-test specimen dimension measurements”**
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120!

1220 !

1230 PRINT USING */9X."'0 = " ADADIX 44" B "inch'

1240 PRINT USING *OX.*"BN = " 3D 3DIX 4A" B "k’

1250 PRINT USING "X **2H o “* 303D 2IX 4A" M "k’

1260 PRINT USING "0X.**WT « ** 3D 3D 2N.MA" WL inh'

1270 PRINT

1280 PRINT USING "9X **PR « ““ 3D 2D2XN4A" Pr 'mm’

1200 PRINT USING "9X **RE « ** 3D 2DIX A" Rs.'mm’

1300 PRINT USING *9X BT « "D 2DIX 4A" Ri"mm’

1310 PRINT USING *OX.**TU » *“3D2D2X 4A* Ty 'mm’

1330 PRINT USING *9X.*'N « " 2D ID2IX"A DDA N ‘mm
1330 1

1340 PRINT USING */ 0% KADZD2X 2AYTY = " Tv."mm’

1380 !

1360 !

1370 PRINT USING */ *“Pre-tast specimen dimension caleulations’ "’

1280 !

1390 W Wie2s d(Ras RIVZ

1400 Ao Tus (RERDD

110 Ro= An/W

1420 |

1430 PRINT USING */0X,"'W = AX 6D 2D AXIAN W 'mm’
1440 PRINT USING *0X%."* A0 T AX D 2D X A A fmmt
1480 PRINT USING *9X . **Av/w ="' 4X D 3D* Ro

1460 !

1470 !

1480 Faowe (2.24%(1 72- 9%Rus Ro*2)%(1-Ro)" 509 85 17*Ro+ | 1*Ra*2)
1490 PRINT USING *9X ““FiAo/W) =" dX D.aD" Faow

1500 !

1510 FlwPes(RisPa?

1520 Floverws FI'W

1530 PRINT USING */.0X,*"Clip gage s locuted ot (FF/W) = ** 4X.D.2D" Floverw
1840 |

1550 Flow corm 28

1360 1F (Floverw > GK*Ffow _cur) AND (F foverw € | 02¢Ffow_car) THEN
1570 GOTO Procesd

1580 ELSE

(590  PRINT “WARNING ''' Do not procesd (0 test this specimen’

1600 PRINT *Check input data, particulatly PR, RS, and RT*

1610 PRINT “Clip gage locution bleoks are NOT located at FF'W = (.28 1
1620  DISP *INCORRECT (FF/W)! 1F POSSIBLE CORRECT DATA BEFORE PROCEEDING®
1630 Ques="Y"'

1640  INPUT *DO YOU WANT TO CORRECT INPUT DATA? (Y/N) Y*.Qued
1650 1P UPCS(Quedi»"Y* THEN OCTO Swn

1660  Quess"Y"

1670 INPUT *Do you want 1o QUIT now ! (Y/N) Y*,Ques

1680 IF UPCS(Quedi="Y" THEN GOTO Finish

1690 END 1P

1700 |

1710 !

1720 Procesud: !

1730 IF Tve 20 THEN

1740 Ebelw (Ri-R&)2 4 Ty

1780 PRINT USING */9X *""EBCL«"" 10X 4D 2D 4A" Ebel." mm*
1780 END IF

1 !

1780 !

1790 PRINT USING */ K, /" "Pre-test londing caloutations”

(R0 !
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TRID 1 Pt o in mude, Wik in mm

1820 Faciom | B+ I50YSOW2S 4%Bn'B)" S E* e

(B30 Doltannit = 69%Fact

1840 !

1ESO Num cycles= 10

1860 IF Tve 20 THEN

B Num cycles s |

IAB0  PRINT USING */ K./ This i o DUPLEX spocimen, anly one bomding ¢yl
nooded

090 END ¥

1900 FOR Cyclew | TO Num cycles

1910 Dul mwa w1+ 25%Cyole 1)*Dyhacinit

920 !

1930 1100 muls = 10 volis

1940 Volw 1*Del ma

1980  PRINT USING *1IX,“*FOR CYCLE No. = ** 5D.*", manmwum COD « " SD.D.** m
Ut ISD 2D Vol ** Cycle, Dyl man, Vol

1960 NEXT Cycle

1970 Delimomar » | 5*Fact

1940 !

1990 1F Tvw0 THEN PRINT USING */ 11X, Probable swtimuin COD b usotl moalis’
AD DY M Deltaomex

2000 !

2010 Corge'y*

2020 INPUT *DO YOU WANT TO MAKE CORRECTIONS IN THE STORED DATA' (Y/N) Y Cuud
2000 IF Cord="%" THEN GOTO Siant

2040 !

2080 Pani$="Y*

2060 INPUT *DO YOU WANT TO PRINT OUT DATA (SCREEN/PRINTER) 7 (YN Y® Pt
2070 1F UPCS(Print$) = *Y* THEN GOTO Prmt s

2080 !

2090 Pred=y*

2100 INPUT *DO YOU WANT TO DO POST TEST CALCULATIONS? (Y/N) Y s
2110 1F UPCS(Pies) = " Y* THEN Post_tcake

2120 GOSUB Hurdoopy

2130 Qued='Y"*

2140 INPUT *DO YOU WANT TO DO MORE PRE TEST CALCULATIONS! (Y/N) V" O
2150 1F UPCS(Ques) = "Y* THEN Begin

2160 Quel = 'N*

2170 INPUT *DO YOU WANT TO STORE THE DATA (Y/N) K Quwd

2180 1F UPCSIQued) » *Y* THEN GOSUB Store

2090 Qued="Y*

2200 INPUT "DO YOU WANT TO DO MORE? (YN Y* Qued

2210 IF UPCS(Ques) = “Y* THEN GOTO Begin

2220 GOTO Finish

2230 SsTOP

M0 ¢

2250 !

2260 ! seneee Poy Lale  teee

2270 Post tcale: !

2280 PRINTER IS |

2290 ! Check 1f only pre-test date was stored. but no post-iest dale

2300 Psisdia$ = 'Y*

2310 INPUT "HAS POST TEST DATA FOR TS TEST BEEN PREVIOUSLY STORED (YN Y 0
ssddiad

2320 1F UPCS(Pusiuas) = *Y"* THEN

20 !

2MO 1 CODs have hoen storedd in inchos. Iniishize vanables K1 RY P4 & PS

2350 ! for panting oun in mls.

2360 !
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A0 Re Dliapsh it 4o )
JAR0 KD = Sueltap®) £+ )
290 P Do £ )
W00 PSS e okisat) E o)
M0 GOTO Pe dad
430 END IF
' 2430 1
2440 ! e e | PeRe
2450 ' Puiowst dete i Lrom ey board
2480 Corrge 10!
90 INPUT "ENTER W As AT« BN N mm' Waat
2480 PRINT USING *** WoAs AT s BNA  » 7" 4X 3D 2D 2X A" Wl “mim *
2490 INPUT "ENTER W-Ag AT MIDLINE IN mun’ Waam
2500 PRINT USING *** W As AT MIDLINE =" 4X. 3D 2D IX 4A° Waam “nun -
2500 INPUT “ENTER W-Ax AT BNA IN mm’ Waah
2520 PRINT USING *** W.As AT BNA  « " 4X 0D 2D 2X 4A* Wash "mm °
5% PRINT
1540 PRINT
2550 INPUT “ENTEHR R IN muls® RI
2560 PRINT USING ***R1 =" 2X 4D 0" mib""* ki
2570 INPUT "ENTER K) IN muls® R
2580 PRINT USING ***RY <" 22X 4D D " mids™" " kY
2590 INPUT "ENTER P4 IN muls® P4
2600 PRINT USING ***P4 «**2X4D D,** mils*** M
2610 INPUT "ENTER PS IN mila* PS
2620 PRINT USING ***PS =« 2K 4D D."" auin™** 08

2630 PRINT

1640 INPUT "ENTER Prmax IN pounds’ P

2650 PRINT USING *** P W TLAX D IX AT Prrar i
2060 INPUT “ENTER Pmin IN pounds® Praine

2070 PRINT USING ***  Poun = U AN 6D 2X AAC Pmin, i
2080 CorgeY"

600 INPUT “CORRECTIONS" (Y/N) Y* Cord

2700 1F Cor$ = "Y' THEN

2710 PRINT USING ‘@"

110 GOTO Correc |

M0 END ¥

40 !

7% |

2760 ' For sompatibility with previous daia stord on disketies, ¢ Oy

2770 1 are stowed (0 inches

2780 Debtapsh| = R1*) £

2790 Sdolwap = R3*) £

2800 Duliwo = P4*1 F)

2810 Delisa=Ps*1 £

| w0 !

| 230 !

' 2840 Stored = *Y*

» 2850 INPUT *STORE DATA ON DISKETTE! (Y /Ny ¥* Stored
2860 1F Stored = "Y* THEN GOSUR Store

| w0

| 80 ! eanes Py iu) teee

, 2890 Pr_dwd: !
2900 GOSUB Hardeopy

| 2910 1

| 2920 JOSUB Specimen

I 2130 !

W40 !
2050 PRINT USING "/ *"Postdest crack arrest measurements”**
2060 PRINT USING */ 90X, ""W.Ag AT +BNM  « " aX 3D ID . mm'** Waat

— — - R—— p— e e e
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270 PRINT URING “OX "*WoAs AT MIDLINE  » " X030 30 " mm"* " Wesm
20RO FRINT USING "0X ""W.As AT ENM =" X 2D 30" mm" " Weah
090

000 |

MU0 PRINT USING "/ 9X * " Zaro lowdl disp. offeet wt ond of crede 1| () «°
CADD nulttt R

020 PRINT USING “OX_““Towl dowp offsel wt ond of ovele no | (RY) =%,
‘o D.l' “.'..w“

ORI PRINT USING *0X.**Diaplacament st onsel of unsishle cruck yrowih (P4) < **
‘D Dlln .htlt.n

SO0 PRINT USING "OX " Displacement approx |« alier arrest PS5 =,
ADD milntPs

3050 !

Moh0 !

W0 FRINT USING */ 0K, "*Prsa » "' 6D 2IX IA" Pmex, “ths”

J0R0 PRINT USING * OX,""Parun = ** 6D, 2X 3A" Poun. *lbw *

AOB0 Rp e PawsProun )/ Prse

1100 PRINT USING “0X,**(Powa Pmin) Pawes = 5D 20" Rp

DL10 IF Rp» § THEN

J120  PRINT USING "OX,**Losd drop guideline mot"**

M ELSE

140 FRINT “eesssscens| oud drop guideline NOT mur®
3180 ENDiF

3160 !

3170 |

Jino !

1190 PRINT USING */ " *Post-test orack arrest caleulstions***

nw |

D200 W e wvgs (Wanm + Waat + Waahi/)

1220 PRINT USING */. 9. **Length of remaining |igament WoAntaverage) »** 4D D "
mm W e evg

123 1!

3240 1 An = arrestod orack lengih por ASTM Paragr & 6

1250 ApmWoW m avg

1260 Crakjmp = As-Ao

1270 PRINT USING */ 80X, **Crack jump Aa - Ao™* 24X*" < 4D D iX 2A" Crakimp,*'m
.t

3280 !

329 |

300 1 Do wnd Dy are “net* CODs por ASTM (in m)

IMO0 Do=(Deliao-Sdelap)*25 4 | E-)

3320 | For duplex apeciment, there is only one unload cycle

3330 1§ Deliapsbi (K1) is equal w Sdcliap (R3)

M0

3350 D S%(Deiao + Deltan:Deltapab | Sdeltap)*2S 4% )

0 RieAw'W

070 Fabw o (2.24%1.72 9°RIC RF2IMRNT 8109 B8 170K1 ¢ 1 1*RI%2)

3380 Facw E“B/(Rn*W* 001))* §

190 Kow Do*Faow*Fac

30 Kf=Da*Fafu*Fac

Mot

20 !

3430 PRINT USING */ 89X, "Net COD st initiation per ASTM « ** IN ID IDE** m*** D

o

3440 PRINT USING "0X.**Nat COD ot arrent pur ASTM = ** IX, 1D 3DE " w*** D
380 !

60 !

M0 PRINT USING */.0X. " Arrested crack length (Aa) " 5D.D.*" mm
0..‘~

A0 PRINT USING 90X, *"Fractional arrested crack length (Aa/w) = ** 4X.D D" RS
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HEN

RINT ***eREMAIN

Smm=hE*lS
SIN "USpertann w

Bmm
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4020 ELSE

4030  PRINT *o**THICKNESS CRITERION **C** NOT MET*ee*
A0 END IV
4050 ¢

4000 !

4070 ¢

4080 !

o U Crack jump length critens (0 and (D) 4

4100 ! B e L e

4110 !

4120 !

4130 !

4i40 !

4.5 !

4160 IF Ty~ D THEN

4170 PRINT USING */ 10X, *Crack jump Aa - Ao'* 20X, < IXJD DX 2AN Cra
kymp.“mm’

4180  PRINT USING 17X "*ASTM IN""36X """ 3D D IX2A" Nvali “mm*

4190 IF Crakymp » Nvalii THEN

4200 PRINT USING “11X.K* *WELD EMBRITTLED SPLC. CRACK JUMP-LENGTH CRITERI
ON .lb'l N'ET.

4210 ELSE

4220 PRINT “seeWELD EMBRITTLED SPEC. CRACK JUMF-LENGTH CRITERION "*D** NO
'r Mw.‘.‘

2% [HDwW

4240 !

4250 !

4260  PRINT USING “/1X,**Crack jump Ag - Au"" 20X, =" IXID.DIX cAL " Cra

kjmp, “mm’

4270 PRINT USING *17X.**Min. crack jump (Ko/YS)*2201°* 12X - 3D DN,

A Minymp, ‘mm*

4280 IF Crakjmp > Minymp THEN

419 PRINT USING *1X K*,*WELD EMBRITTLED SPEC. CRACK JUMP LENG 1 CRITERIO
N DOEDO ME‘rl

0 ELSE

4310 PRINT ****CRACK JUMP LENGTH CRITERION **L"* NOT MET %"

4320 ENDIF

4130 !

4340 ELSE ! DUPLEX SPECIMEN CRITERION ‘D" s "E*
4150 !

4360 ! ("D* & "E* ARE REPLACED WITH A SINGLE ONE)

4370 Dpyymp = Aa-Ebel

4340  PRINT USING */ IX,""Crack jump beyond EB weld (Aa - EBCL) =" I1X,3D.D.2
XAA X Dpymp,‘mm*

4190 !

00 !

w10  Hamm=Ba*25 4

0 PRINT USING *14X, " "Specimen width at noth (Bn) =**. D3D."" iwhes = **
AD.D. mm® " Ba, Bamm

4430 IF Dpxymp > Bomm THEN

4440 PRINT *DUPLEX SPECIMEN CRACK JUMP CRITERION **D** + **[** MET"
4450 ELSE

60 PRINT ****DUPLEX SPEC, CRACK JUMP CRITERIGN **0** & ""L** NOT MET4se
4470 ENDIF

4480 END IF

4490 ' END OF CRITERIA D" & ‘E* DETERMINATIONS

g !

4310 ¢

4520 Cors="Y"

N R e——

TP TR TR SRR,
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S100 READ LABEL Label FROM Mausd

S110 ENTER @Puth i Foled Yy, Tp BB Test date Bn b0 ) imet, Wi Wimet W Pr Rs BT T
v N Waam Waal, Waah Deltapsh | Sdelan Doltao Dolias Paay Pioin
£120 ASSION @Pathi TO

SIW U dae input Trom storage was succesatul. then date s wotually
Sl ! there Incialize Date stored = | (TRUL)

S150 Data_stowedd = |

S160 DISP *DATA LOA™ FROM DISK “&Msusi&’ "& LateiS&* SUCCLSSIUL®
S170 WA}

SI80 RETURN

5190 !

5200 ! 0000 Aldvance *oeee
5210 Advance: !

5220 PS«"N*

S230 INPUT "ADVANCE PAPER? (Y/N) N P§

S240 IF UPCR(PS)="Y" THEN PR' T USING ‘@

§250 KETURN

5260 !

5270 !

5280 ! weeee |lankopy Seeee
S290 Hurdeopy: !

5300 H§="N*

5310 INPUT *NEED HARDCOPY? (Y/N) N* 11§

$320 IF UPCS(HS)="Y" THEN

5330 PRINTER IS 9

SMO  GOSUB Advance

5350  PRINT USING *K.2X KIX K2X K*,*CRACK ARREST CON . JTER CODE CA TEST “Xlia
nner$, “Time of this run: * DATES(TIMEDATE), TIMES(TIMEDATE)
5360 ELSE

5370 PRINTER IS |

5380 ENDIF

$390 RETURN

S400 !

5410 ! 888 [irror suh eeee

5420 Erroe_sub; !

5430 PRINT ERRMS

5440 PRINT *POSSIBLE INPUT DATA ERROR: CHECK INPUT®
5450 DISP "HIT CONTINUE®

§460 PAUSE

5470 GOTO Begin

s48C !

5490 ! 09 Specimen *0ee

§500 Specimen: !

5510 PRINT USING "2/ IX,"*SPECIMEN NO. **.7A. 7" File$
§520 IF Tve >0 THEN

5530 PRINT USING *** (DUPLEX)"* #*

5540 ELSE

5550  PRINT USING *** (WELD EMBRITTLED)* " #°

§360 END IF

5570 !

§580 !

5590 PRINT USING *9X.**TEST TEMPERATURE ="* 4D, IX A 8" Tp 'C*
5600 PRINT USING “IX. X #"." from disk "&Labei$

5610 PRINT USING *3X.*"TEST DATE ="" 1X.62", Test date

562" RETURN

5630 !

640 ! 2462 Dpx we sese

5650 ! Dpx we' ' This subprogam prints out whether specimen
5660 ' is a duplex or weld-embnittied tvpe and value ol Ty

5670 ! Note that Ty is set equal 10 zero for weld-embnttled
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5680 ! osnecimens, &ad i the measured value for Juples spocimans
5690! IF Dpaspm§ = "Y' THEN

$700! PRINT USING */ **This 1s a DUPLEX specimen’**

$710! ELSE

57200 PRINT USING /K" “This is a WELD EMBRITTLED specimen and TV is set = 0
by program’

§730! END IF

$740! PRINT USING */ 9X K 3D 2D, 2X 24" Ty =« *Tv.'mm’

§750! RETURN

5760 !

7% ! SER% [ inigh weee

$780 Fimish: ! End of Program

5790 PRINTER IS |

S800 DISP *Crack arrest program ended

$810 STOP

5820 END



AFPENDIX C

YOUNG'S MODULUS
USED IN THE EVALUATION OUF THE CRACK ARREST DATA
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Yourig's modulus is used to calculate the stress intensity factors
K, and K,, both of which are directly preportional to the value of E used
[see Eq. (C.1)). Young's modulus together with the yield strength are
used to calculate the load increment for the loading and unloading cycles
for weld-embrittled type specimens as well as the validity criteria,

The Young's modulus used to evaluate both unirradiated and
irradiated crack arrest data is calculated from the following expression

(111
E=«207.2 - 0,0571T , (C.1)

where E = Young's modulus in CPa, and T e« temperature in °C.
Reference (1) in turn cites Subsection NB 2300, ASME Boiler and Pressure
Vessel Code, Sect. 11l. The current version of NB 2300 does not give
this equation, so it is of interest to compare it with values in the
recent edition of the ASME Code [2). Figure C.1 and Table C.1 compare
Young's modulus calculated a® the tabular temperatures given in the
American Society of Mechanical Engineers Code. In the temperature range
used for testing both the unirradiated and {:radiated crack arrest
specimens, -75 to 100°C, Eq. (C.1) gives values that are about 2% higher
than those in Ref. [2]. It is planned to measure Young's modulus for the
weldments and reavalyze the crack-arrest data.

Table C.1. Comparison of Young's modulus calculated
using values given in the ASME Code and
Eq. (C.1)

Temperature Young's modulus (GPa) & Difference
(*C) [(E-A)/4)
ASME (A) EPRI (E)

<198 216.5 218.5 1
-129 212.4 2146 1
<73 208 .2 21i.4 2

21 203.4 206.0 1

83 198.6 201.9 2
149 195.1 198,7 2
204 191.0 195.8 2
260 188.2 192 .4 2
316 184.1 189.2 3
371 175.8 186.0 6
427 166.9 182.9 10

NOTE:

ASME = American Society of Mechanical Engineers
EPRI = Electric Power Research Institute
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REFERENCES FOR APPENDIX C

1. W. L. Server, J. W. Sheckherd, and R, A. Wullaert, Electric Power
Research Institute, Falo Alto, Calif., Fracture Toughness Data for
Ferritic Nuclear Pressure Vessel Materials, EPRI NP-119, April
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2. ASME Boller and Pressure Vessel Ccde, Sect. 111, Div. 1, Appendix 1,
Table 1-6.0, American Society of Mechanical Engineers, July 1, 1989,
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CRACA ARREST COMPUTER CODE CA_TEST Version 5.1 Revised Pubruaey (4, 1990) Time of this run: 12 Sep 1990 16,0109

sPECIMEN NO. A72W48 (WELD EMBRITTLED) TEST TEMPERATURE = 30 C  from disk CANOI TEST DATE « (00

Post-lest ceack arrest measurements

WAL AT +BN4 = 35192 mm
W.As AT MIDLINE = 34.57) mn.
W-Aa AT BN = 31037 mm

Zero omd dusp. offset at end of cycle | (R = 1.5 mils
Totl divp.ofiset at end of cycle n-| (RY) =« 3.0 nuls
Displacement at onsel of unstable crack growth (P4) = 47 8 muls

Displacement approx | s afler arrest (PS) = 51.4 mils
Pmax = 12000 lbs
Fmin = 750 Ibs
(Pmax-Poun)/Pmax = 64
Lowd drop guideline mei
Post-test crack arrest caleulations
Length of remaining Liganwent W-As(averuge) = 3.3 mm
Crack jump Ak - Ao = 492 mm

Net COD at instiation per ASTM = | [I8E-Q m
Net COD ot urrest per ASTM = 1 203E03 m

Arrested crack length (Aa) = 925 mm
Fractional arresied couck length (Aa/w) « 730
Geometry factor F(AL'W) = 119

* Ko= 194 MPam'0S *
* Ka= 98 MPam'0S ¢

VALIDITY CRITERIA PER ASTM 1221-88, PARA 9
ACTUAL VALUES ASTM CRITERIA MINIMUMS

Length of renaining Ligament (W - Aa) = 343 mm Remaming higament (0. 15W) = 19.0 mm
REMAINING LIGAMENT CRITERION *A* MET

of remaining ligament (W - Aa) = 343 mm Remaning hgament | 254 Ka/AYS £ YSa0]*2 = 215 mm
REMAINING LIGAMENT CRITERION *8* MET

Specimen width B = | 000 inches = 25 4 mm Specimuen widih (Ka/(YS + YSo)|"2 = 172 mm
THICKNESS CRITERION *C* MET

Crack jump Aa « A = 49.2 mm ASTM 2N = 22.8 mm
WELD EMBRITTLED SPEC. CRACK JUMP-LENGTH CRITERION *D* MET

Crack jump Aa - Ao = 49,2 mm Min. crack jump (Ko/YS$)1*272P1 = 207 mm
WELD EMBRITTLED SPEC. CRACK-JUMP LENGTH CRITERION *E* MET

s
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CRACK ARREST COMPUTLR CODE CA TUST Verwon 5.1 Rovised Fobruary b4 1990) Tomw of this run

SPECIMEN NO. AT2WS7 (DUPLEX)

YIBLD STRENGTH = a6 MPs

Preest specimen dimension messurements

B o= 1298 inch
BN = 9% inch
M = 6000 ¢
W = o000 in
PR = 635 mm
RS » G40 mm
RT = 4013 mm
TV = 27.07 mm
N = 43 mm

TV = 4266 mm

Pre-tost specimen dimension calculutions

w » 12714 mm
Ay - 42 94 mm
Aoiw = 3R

F(AWW) = 2828
Clip gage w located at (FF/W) =
EBCL ™ 5853 mm

Pretost loading culculations

85

TEST TEMPERATURE « 21 C

YOUNG'S MOBULUS +

This 11 DUPLEX specimen, only one lowding ¢ yele needed

FOR CYCLE No. » |, wanimum COD «

NS muls 285

106100 M Py

v S =R e —

12 Sep 1990 16 06:07

from disk  CANOD TEST DATE = (00000

INCR TO YIELD (DYN) (Ya) = 208 MPs

Vilts



FaCK AfTes! measurements

Ar AT +BNA
A AT M

An A BN4

L010 ol div fiset at end Of
Al Guap ofTset st end Of cycle n
Vispiacement at onset of unstahle ok gf . 3 muls

Jisplacement approa s aller a

i
frun
Pows -Pmin)/P

WA Grop guideiine me

angth of remar ing hgament W Aulaverage

ack lump A

Al Iniahon per A
al arrest per ASTiA

\rrested crack length (As

Fractional arrested creck length (Aa'w

eometry factor FlAa'W

LA AL LR LR L L] LA LR L L
¢ K 6 MPam > ®

* K 0 MPa w § +

T

RITERIA PER AST)

ASTM CRITERIA MIX

Langth of remaining higament (W - 13 .3 Remaiming higament
REMAINING LICGAMENT CRIT

engih of remaining ligament (W / \ v
REMAININ LICGAMENT RIT

maining higament

pecimen width B « 298 inches i) pecimen width [ Ka

ack yump beyond EB weld

sanly

Specimmen width at notch (B
PLEX RACK RITFR IR ¢ I METees
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(SPEC.# 473 14_DATE:5 255 [Iafemsl (Jnveried - Nasi - Izadiated
"~ T Rt
TESTTEMP, 70 - CLIPGAGE MACHINE SETTINGS <
#CAcas -y

m Le.dl.ge =T /0 K#s &C Je~n

Excitation - L 542 Strsin Range -~ 2203

During calibration- Strohe Rimge = = |
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