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Abstract

The objective of the Heavy-Section SteelIrradiation irradiated :n the same capsules as the crack-arrest
Program Sixth irradiation Series is to determine the specimens were also tested, and a 41-J transition
effect of neutron irradiation on the shift and shape temperature shift was determined from these
of the lower-bound curve to crack-arrest toughness specimens. 'Mean' curves of the same form as the
data. Two submerged-arc welds with copper American Society of Mechanical Engineers (ASME)

K, curve were fit to the data with only thecontents of 0.23 and 0.31 wt % were commercially i

fabricated in 220-mm-thick plate. Crack-arrest ' reference temperature' as a parameter. The shift
specimens fabricated from these welds were between the mean curves agrees well with the 41-J
irradiated at a nominal temperature of 288*C to an transition temperature shift obtained from the CVN

2average fluence of 1.9 x 10'' neutrons /cm specimen tests. Moreover, the four data points
(>1 MeV). This is the second report giving the resulting from tests on the duplex crack-arrest
results of the tests on irradiated duplex-type specimens of the present study did not make a
crack-arrest specimens. A previous report gave significant change to mean curve fits to either the
results of tests on irradiated weld-embrittled-type previously obtained data or all the data combined.
specimens. Charpy V-notch (CVN) specimens

|
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Nomenclature

Acronyms
i

ASME
American Society of Mechanical EngineersASTM American Society for Testing and Materials

EB electron beam
CVN Charpy V-notch
dpa displacements per atom
EPRI

Electric Power Research Institute4340
a medium-carbon, low-alloy, ultrahigh-strength steelHAZ heat-affected zone

HSSI Heavy-Section Steel Irradiation
ORNL

Oak Ridge National Laboratory
NDT

nil-ductility-transition temperature, as determined by the drop-weight test according toASTM E 208
NRC U.S. Nuclear Regulatory Commission
RPVs reactor pressure vessels
RT,

reference nil-ductility-transition temperature, determined in accordance with Subarticle
NB-2330 of ASME Boiler and Pressure Vessel Code, Sect. IIISAWS submerged arc welds

UT
ultrasonic non-destructive examinationWE weld-embrittled

SYMBOLS

*C temperature in degrees Celsius *
ATT

shift in the 41-J CVN-impact energy level43a
4 fluence, neutrons /cm*
K,

value of the stress-intensity factor shortly after arrest **K,
value of the crack-arrest fracture toughness K, for a crack that arrests under conditions

i

of crack front plane-strain **
K

plane-strain fracture toughnessie
T test temperature
TT

temperature at the 41-J CVN-impact energy level
4y

Note that errors may arise because of the tradstional use of the same symbol for both the t
interval. The errors arise when converting a temperature irrterwd from the si system into themperature and for a temperature
conversion is 1*C = 1.8' F (without adding 32). e U.s. customary unrts. The correct

" Excerpted from ASTM E 1221-88.
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Crack-Arrest Tests on Two Irradiated High-Copper Wclds.
; Phase ll: Results of Duplex-Type Specimens *

i S. K. Iskander, W. R. Corwin, and R. K. Nanstad

i 1. Introduction

j lt is well known that irradiation of some reactor the weldment were tested, and the results are
pressure vessel (RPV) ferritic steels to fluences on given in refs. [4-6].
the order of 2 x 10'' neutrons /cm (>1 MeV) can

2
<

| cause changes in the shape of the Charpy V-notch Crack-arrest specimens fabricated from these
: (CVN) impact energy curve. To determine whether welds were irradiated at a nominal temperature
i similar changes in shape can occur in the fracture of 288*C to a nominal fluence of 1.9 x

toughness curves, particularly if such changes 10" neutrons /cm (>1 MeV). Complete details of
could lead to nonconservative determinations of the dosimetric calculations are given in ref. [7].
the irradiated fracture toughness, research Testing was performed according to the American

'

programs are sponsored by the U.S. Nuclear Society for Testing and Materials (ASTM) Test for
] Regulatory Commission (NRC) within the Heavy. Determining Plane-Strain Crack-Arrest Fracture

Section Steel Irradiation (HSSI) Program at Toughness, Ka, of Ferritic Steels (E 1221-88).~ Ins

j Oak Ridge National Laboratory (ORNL). ASTM E 1221, a distinction is made between K.,
the value of the stress-intensity factor shortly after

Two of these programs are the Heavy-Section arrest, and Kg, the value of the crack-arrest
Steel Irradiation (HSSI) Program Fifth and Sixth fracture toughness, K , for a crack that arrests
irradiation Series. The objective of the Fifth Series under conditions of crack front plane-strain?
was to determine the effect of neutron irradiation

| on the shift and shape of the K versus (T - RT ) This report gives the results of tests on 24 duplex-ie
curve, where K is the plane-strain fracture type crack-arrest specimens (Phase 11). A previous; ie

'

toughness, T is the temperature, and RT, is the detailed report [3] and a summary paper [8]
'

reference nil-ductility-transition (NDT) temperature, presented the results of Phase I of testing 36 weld.
Although the objective is similar, the Sixth Series embrittled crack-arrest specimens, and a summary

| investigates the effect on K., the plane-strain of these results is given below. A final report oni

crack-arrest fracture toughness. Both programs both phases of this program is planned, and the,

j investigate the effects of irradiation on the fracture conclusions presented here are preliminary.
toughness of welds, since some pressure vessels
in operation have welds with copper contents and,

end-of-life fluences that make them susceptible to 1.1 Summary of Previous Results
; severe degradation in toughness. The amount of

on the Weld-Embrittled Crack-; experimental data on the effects of irradiation on
crack-arrest fracture toughness is still rather Arrest Specimens

.! meager [1-3].

i Crack-arrest testing of high-copper SAWS was
Two submerged-arc welds (SAWS) with copper performed on 77 unirradiated and 36 irradiated

j contents of 0.23 and 0.31 wt % were commercially 25- and 33-mm-thick weld-embrittled specimens.
j fabricated in 220-mm-thick plate, in the Fifth

Most of the crack-arrest test results are either
irradiation Series, irradiated CVN impact, tensile, valid or only marginally invalid according to

4

drop-weight, and compact specimens made from ASTM E 1221-88. The 35 data pointst obtained

*All symbols and acronyms, in addition to their definition before
"Research sponsored by the Office of Nuclear Regulatory their first use. have also been given in the nomenclature table
Research. Division of Engineering. U.s. Nuclear Regulatory at the beginning of this report.
Commission under Interagency Agreement DOE 1886-810SSL

,'
with the U.s. Department of Energy under contract tone of the specimens exhibited tearing, and no data were
DE-AC05640R21400 with Martin Marietta Energy Systems, Inc. obtained.
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by testing the irradiated crack-arrest specimens without running out the back side of the specimen,
have approximately doubled the known data base breaking the specimen in two.
of irradiated crack-arrest toughness and extended
the data base coverage to higher levels of Furthermore, the range of temperatures for a weld-
crack-arrest toughness and temperature relative to embrittled crack arrest specimen in which a brittle-
RTuor. Preliminary observations are: mode crack can initiate and run is generally limited

to about 20*C above the drop-weight NDT,* At
1. Values of irradiated crack-arrest toughness, K , temperatures above this range, stable tearing

were obtained at temperatures 40*C above the occurs and, at times, is accompanied by a drop in
irradiated RTum of the welds.* This the maximum load. This drop in load distinguishes
accomplishment is experimentally significant stable tearing from crack blunting that often occurs
because a temperature of 20*C above RTum is near the upper limits of the possible test
generally considered to be the limit for temperature range,
obtaining useful results with the unirradiated
weld-embrittled type of crack-arrest specimen. In order to increase the range of temperature for

which a fast-running crack can initiate, duplex-type
2. The shifts of the lower-bound K, curves for the crack-arrest specimens are necessary. In the

,

| 72W and 73W welds are approximately the unirradiated crack-arrest tests on both 72W and
same as the corresponding 41-J CVN impact 73W welds, the highest test temperatures attained
energy level shifts, ATT y. with weld-embrittled crack-arrest specimens were4

| about 20 to 25*C above the NDT, By using
3. The ASME K, curve, when shifted by ATT y, is duplex-type specimens, values at 45 to 50*Ci 4

a conservative estimate of the irradiated crack- above the NDT have been obtained, as shown in
arrest toughness for the materials examined in Figures 1 and 2. Duplex crack-arrest specimens
this study (welds 72W and 73W) in the allow testing at higher temperatures because the
transition region 40*C above RTum. At higher yield strength of the crack-starter portion of
temperatures below RTuor, a smaller margin of the specimen minimizes yielding near the crack <

toughness is apparent between the lower- starter. Furthermore, the higher yield strengths
bound curves and the ASME K, curves. and the use of a crack-starter hole create higheri

driving forces than those possible with a notch in a
4. The shape of the lower-bound curves compared weld-embrittled crack-arrest specimen. These

to those of the ASME Kg curves was apparently attributes of the crack-starter material, in,

| unaltered by irradiation for the temperature combination with its resistance to slow, stable
'

range covered by the tests. tearing, result in a higher probability of obtaining a
fast-running, highly loaded crack-initiation event at
higher temperatures.

1.2 Reasons for Use of Duplex
Figure 3 is a schematic of a typical duplex crack-Crack-Arrest Specimens arrest specimen. A key feature of this specimen is
the crack-starter hole. The hole diameter, D, is

Crack-arrest toughness testing is intrinsically important since the crack-initiation force increases
difficult. It is complicated by the conflicting goals as the diameter increases in a non-linear manner.
of initiating a brittle mode (or fast-running crack), This topic will be discussed in more detail in

,

then the requirement of its arrest in a relatively Appendix F.
'

short distance. The initiation and arrest are
accomplished by applying a crack-driving force to
a brittle region using a wedge. The relatrvely stiff 1.3 Outline of Report I
wedge minimizes the elastic energy stored in the )
loading system; thus, after a crack starts to run, it '

I

relieves the load on the wedge. This limits the Chapter 2 of this report documents a very

crack-driving force to the elastic energy stored in significant effort undertaken to modify the

the specimen and, thus, the crack may stop

*
*Recent testing has indicated that the RTug7 may be somewhat For both welds 72W and 73W, the RTug7 was equal to the
higher than that estimated at the time of the previous report. NDT.

NUREG/CR-6139 2
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Figure 1. The crack-arrest toughness for unitradiated 72W weld-embrittled
specimens.
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Figure 2. The crack-arrest toughness for unirradiated 73W weld-embrittled
specimens.
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j /
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Electron Beam Weld

Figure 3. Schematic of the duplex-type crack-arrest specimen used
in the Sixth irradiation Series for welds 72W and 73W.
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1
irradiated duplex specimens bec"use of a lack of recount in the final analysis of the results of this !
fusion between the weld metal test section and the program. Appendix E presents the detailed results I
hardened 4340 crack-starter section that was of tests recently completed on these Sixth Series
discovered after the specimens were irradiated. CVN specimens.

The modifications were complicated by the increasing the crack-driving force by increasing the ;

geometry of the specimen and the hardened and diameter of the crack-starter hole was the reason |
irradiated condition of the specimens themseh/es. for modifying the duplex crack-arrest specimens.
During irradiation, the diameter of the crack-starter Appendix F compares the increase in the force
hole for the irradiated specimens was indicated at the instant of crack initiation with the
approximately 4 mm. For the reasons given in increase in crack-starter hole diameter,
Chapter 2, the diameter of the hole was increased
to either 16 or 19 mm.
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2. Modification of the Irradiated Duplex Crack-Arrest Specimens

At the conclusion of tests on the weld-embrittled- it should be noted that the heat-affected zone
type crack-arrest specimens for Phase 1 of this (HAZ) is generally tougher than the surrounding
program, four duplex-type crack-arrest specimens material, and thus it is not uncommon for it to
were tested. In all four specimens, the crack did arrest a running flaw in duplex-type specimens.
initiate but arrested in the fusion zone between The test section is EB wolded to the 4340 crack-
th) hard 4340 crack-starter section and the weld starter section from one side, then tumed to
metal test section. Figure 4 shows a photograph * complete the weld from the other side. The
of the fracture surface of one of these four specimens are 33 mm thick, and the EB equipment
irradiated specimens. Photographs of the fracture has enough power to weld up to 100-mm-thick
surfaces of all the specimens are included in sections. The welding is performed from both
Appendix A. The most likely cause of the arrest is sides to minimize the heat input and to reduce the
the lack of fusion between the two sections. The width of the HAZ. In the case of the subject
gap between the two regions acts like an arrester irradiated duplex crack-arrest specimens,
hole that is sometimes introduced in structures to unexpected changes in the welding procedure
stop a growing crack. produced EB welds that did not penetrate to the

desired 60% of the specimen thickness obtained in
Prior to irradiation, all the duplex crack-arrest previous specimen fabrication.
specimens were examined using X-ray radi-
ography. The examination did not reveal the From the tests of the first four specimens, it
presence of any discontinuities. Furthermore, the seemed highly probable that this lack of fusion
ar:a of interest is one whose morphology is existed in all the remaining specimens. In
complicated by the presence of several materials retrospect, this was indeed the case. In order to
of different properties; see Figure 3. On one side utilize these specimens, various options were
of the fusion zone is a hardened 4340 (a medium- considered. One was to store the specimens until
carbon, low-alloy, ultrahigh-strength steef), and on such time that the irradiated weld metal could be
the other side is the section that contains the weld used for some other task, as yet unknown. It was
metal to be tested. The manufacture of duplex worthwhile to try to obtain data from these
cr ck-arrest specimens of weld metal has specimens, even at the risk of a large percentage
traditionally been more difficult than that of base of unsuccessful tests, always a possibility in crack-
metal. The region of the weld metal test section arrest testing. Another option was to reweld the
destined to be joined to the 4340 is ' buttered" by specimens, but this did not appear feasible
melting a thin layer of weld metal to minimize the because of the difficulty of locating EB equipment
entrapped slag, gases, etc., then remachined capable of handling irradiated specimens. Even if
before it is electron-beam (EB) welded to the 4340. such equipment was located, the presence of the
At the present time, ORNL is using newly acquired side grooves would make it difficult to focus the EB
equipment that uses the recently developed to the precise location of the interface. Previous
'B-scanning' ultrasonic technique in order to experience of rewelding unirrr.diated specimens
cxtrnine the interface region for flaws that other shows that this may be successful before the
techniques have failed to reveal. This is performed side grooves are machined.
before the side grooves are machined if lack of
fusion is discovered, it can be rewelded. It is The only option that seemed feasible was to
anticipated that B-scan method will enhance the

increase the crack-starter hole diameter. The
capability to detect such flaws in duplex crack- theory behind t1is modification is that a suffi-
arrest specimens. ciently large crack-driving force may cause the

propagating flaw to ' jump' through the sound
material on either side of the unfused zone.
Appendix B gives details of the trial tests made to
verify this option using unirradiated specimens with

, Photographs of irradiated materials are necessarily taken
an intentionally unfused zone. The tests indicated

through the many lenses and mirrors of a Kollmorgen viewer that such a process Could be suCCOssful provided
cnd are not as sharp as normal ones taken directly of that the unfused re9 ion is no lar9er than
unirradiated specimens; see for example, the photographs of approximately one-third of the net specimen
unirradiated specimens shown in Appendix B. thickness.
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Based on this limited success, a method had to be initiation force increases with diameter in a non.
developed to increase the diameter of an existing linear manner. The diameter of the hole in the !
hole with an adjoining slot. The problem of irradiated duplex specimens was approximately !

modifying this geometry in a hardened irradiated 4 mm. Specimens with two different hole
steel had to be addressed. The new hole must be diameters,16 and 19 mm (5/8 and 3/4 in.), were
tangential to the old one to preserve the initial manufactured to determine the optimum hole
crack length-to-width ratio. As is well known, it is diameter. The dummy specimens were machined
not possible to use a drill, since the existing hole from A 533 grade B base metal whose crack-arrest
would have the tendency to force the centerline of behavior was already known.
the new hole to be concentric with the old one.
The flutes of the drill would also catch on the Only 5 of the 10 specimens with 16-mm-diam
edges of the slot, possibly stalling the equipment. crack-starter holes were successfully tested. In the
The problem was solved by using a carbide-tipped unsuccessful tests, the unfused region was too
end mill hole-trepanning cutter. Appendix C gives large to allow the crack to jump across it,
more details about this cutter and details about the However, in the five successful tests, a fast-
lathe that was ' configured' into a milling machine running crack propagated across the unfused EB
in order to perform this modification. weld region and well into the test section. It was

I concluded that if the unfused region is no larger
Following development of a technique to make an than about one-third of the net section at the root
EB weld with a predetermined " defective zone,' of the side grooves,* increasing the crack-starting
about ten unirradiated duplex crack-arrest hole diameter to 16 or 19 mm would increase the
specimens (' dummy specimens') were probability of obtaining useful data from the
manufactured with an intentionally unfused 20 irradiated crack-arrest specimens. The detailed
EB weld zone, an approximate duplication of the results of these tests are given in Appendix B.
duplex specimens previously tested. The crack-

*Which is indeed the case in some of the four irradiated 72W
and 73W specimens already tested and mentioned above.

9 NUREG/CR-6139
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3. Results of Testing the Modified Duplex
Crack-Arrest Specimens

Twelve each of HSSI welds 72W and 73W duplex The figure also shows two curves based on the
crack-arrest specimens were irradiated in HSSI ASME K equation *, which in SI units is:
Capsules 6-1 and 6-2, respectively. Four were
tested before the unfused EB weld region problem Ka = 29.4 + 1.344exp[0.0261(T- T + 89)], (1)o

was discovered. Because all four specimens
showed lack of fusion, it was considered to be a where K, is the crack-arrest toughness in MPahi;
likely condition in all the specimens. The T is the test temperature in *C; and T is ao

r:maining 20 wero eventually modified and tested, parameter, in *C The crack-arrest toughness data
and this chapter presents the test results. were fit to the above equation with Te as the

unknown parameter. The process was performed
Of the ten specimens from each of welds 72W and once with the 18 weld-embrittled crack-arrest
73W, there were four successful tests, all with toughness values cbtained previously, [1] then a
specimens from weld 72W.* The crack-arrest second time with thec results of both the
toughness values, K, the irradiation exposures; 18 weld-embrittled anci four duplex crack-arrest
and the validtty criteria according to the ASTM Test specimens. The T s ware 14 and 12*C for theo

for Determining Plane-Strain Crack-Arrest Fracture weld-embrittled and both specimen types,
Toughnet.3, K,,, of Ferritic Steels (E 1221 - 88) are respectively. The smaller T value reflects theo

given in Toba 1. The K, values for the duplex influence of the higher K, values of the duplex
crack-arrest specimens have been plotted, crack-arrest specimens compared to those of the
together with those of the weld-embrittled weld-embrittled specimens.
specimens previously obtained, [1] against the test
temperature in Figure 5. It may be seen that the The experimentally obtained crack-arrest
K, values of the duplex crack-arrest specimen all toughness values for both unirradiated and
fall near the upper end of the scatter band of the irradiated 72W weld metal and for weld-embrittled
K, values of the previously tested 18 weld- and duplex-type specimens are plotted in Figure 6.
embrittled crack-arrest specimens. It should be Also shown on the same figure are two 'mean't
noted, however, that the average fluence of these American Society of Mechanical Engineers (ASME)
four duplex crack-arrest specimens,1.56 x curves with a T determined by fitting the ASMEo

10'' neutrons /cm (>1 MeV), is somewhat lower equation to the K, data for the 72W weld. The shift2

than that of the weld-embrittled crack-arrest between the two curves is 84*C, within 1* of that
specimens,1.88 x 10'' neutrons /cm' (>1 MeV). or the CVN specimens irradiated to 1.8 x
Thus, the toughness values obtained from these 10'' neutrons /cm' (>1 MeV). The shift of the TT,,a
specimens being somewhat higher than those of obtained frorn testing the CVN specimens of the
the weld-embrittled specimens seems reasonable. Sixth Series and their scatter is discussed below.

It should be recalled that the four duplex

*In the 1992 Addenda (issued December 31,1992) of the AsME
Boiler Pressure and Vessel Code, the following equation
(converted to SI ur.its) for K is given in Article A-4000 ofg

section XI :

Kh = 29.4 + 13.675exp[ 0.0261(T- RTer) l-

The equation appears to be the simplification of the one given
in WRC Bulletin 175 (August 1972) and not that of the Kg

*There was a single successful crack-initiation and run event in
a specimen from weld 73W. Unfortunately, there is sufficient Tall curve-fitting methods rely on minimizing the residual
rssson to question the accuracy of temperature indicated, and between the fitted curve and the data in some manner, in this
the result has not been used in this report. This particular report. such curves are e,ometimes referred to as "mean'
specimen is shown in Appendix A. curves.

NUREG/CR-6139 10
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Table 1. Irradmed crack-arrest toughness data for four duplex W,wa from weed 72w. The average noence and !

irradiation tempermures were 1.se x 10" neutrons /cm' (>1 mev) and 2ss*c.
|
f

Exposure values
Test Irradiationspecimen .

(yp)j,) tmpe ate Rence (mwons/cm') Displacementstemperature -'

(>1 MeV) (>0.1 MeV) per atom

N A72W50 50 82.2 288 1.53E+19 1.020E+20 0.0379
A72W51 75 133.0 289 1.67E+ 19 1.150E+20 0.0419
A72W61 91 137.4 287 1.56E+ 19 1.040E+20 0.0385
A72W72 75' 152.8 287 1.49E+19 0.978E+20 0.0363 C,D

'K, = value of stress intensity shortly after arrest.

"One or more letters for a specimen indicate that the test reeutts 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; in particular. C = specimen too thin . the standard prescribes (based on plastle zone size considerations) 37 mm (1 A6 in), and the actual
thickness was 33 mm (1.3 in.); and D - InsufFcient crack-jump length - the standard prescribes (based on twice the crack-starter hole diameted 38 mm (1.5 in.), and the actual
jump was 31 mm (123 in ).
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Figure 5. Crack-arrest toughness, K , fx ;aadiated HSSI weld 72W
showing the results of both weldembrittled and duplex-
type specimens.
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Figure 6. Crack arrer toughness values for both unirradiated and
irradiated 72W weld metal and for weld-embrittled and
duplex-type specimens.
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crack-arrest specimens w:re irradiat:d to analyzed using two approaches. One approach,

1.6 x 10'' neutrons /cm' (>1 MeV) compared to was to fit a hyperbolic tangent equation to the CVN
1.9 x 10'' neutrons /cm* (>1 MeV) for the weld impact energy values using non-linear regression.
embrittled specimens. No adjustment was made Since a straight line has already been used to
wh:n they were considered as one set with the analyze the high fluence resul;s, it was of interest
weld-embrittled specimens. Such adjustments to use it also on a subset of the ' low fluence'
may be made in the final report on the Sixth group. Thus, the second approach was to fit a
Series. The calculation of stress-intensity factor, straight line to the CVN impact energy values
K,, is performed according to ASTM E 1221-88. chosen at two temperatures that bracket the TTu a.
The exact specimen dimensions, intermediate The TT.,as from the straight-line fit for uoth 72W.

; calculations, and outcome of calculations of the and 73W welds could then be compared to those
validity criteria according to ASTM E 1221-88, etc., obtained from the hyperbolic tangent equation.
are given in Appendix D.

A summary of the analysis of the CVN test results
is given in Tables 2(a) and (b). Also included

! 3.1 The Shift in TT and Scatter of in Table 2(a) is the TTua for the CVN specimensm'

Sixth Series CVN Specimens from the Fifth Irradiation Series capsules
and whose average fluence is approximately
1.5 x 10'' rautrons/cm* (>1 MeV). A comparison

Correlating the transition temperature shift of of the TTua at the three fluence levels shows that
irradiated crack-arrest specimens to that of CVN the TTua from the Sixth Irradiation Series
specimens is one of the important objectives of the capsules is higher than the TTua from the Fifth
Sixth irradiation Series. The determination of irradiation Series capsules. For the higher fluence
RT , TTua, and its shift is based on a large specimens, this was to be expected but not for the
number of drop-weight and CVN specimens that lower fluence ones. As may be seen from
were tested as part of the Fifth irradiation Series. Table 2(b), the use of a straight-line or a
in order to make somt, judgment about the hyperbolic fit did not have a significant change to
possible differences in shift between the Fifth and the value of TTua.
Sixth Series, 22 CVN specimens were included in
each of the two Sixth irradiation Series capsules. In order to determine whether scatter or the,

These 44 CVN specimens were recently tested, smaller number of specimens in the Sixth Series
and the detailed results are given in Appendix E. could account for this discrepancy (56 specimens
The exposures of CVN specimens were such that were tested in the Fifth Series), a statistical
they were tested in two groups from each of the analysis was performed. As a measure of scatter,
72W and 73W welds. A 'high fluence' group two intervals are used: the confidence and
consisted of 7 specimens with an average fluence prediction. As described in the user's manual for
of approximately 1.8 to 1.9 x 10'' neutrons /cm* TableCurve [2] (the computer software that was
(>1 MeV), while a " low fluence' group consisted used to perform the statistical analysis), confidence
of 15 specirnens with an average fluence of intervals 'are a measure of how accurately the

|approximately 1.2 to 1.3 x 10'' neutrons /cm' average curve for repeated experiments is
(>1 MeV). determined.' Reference 2 also Cives the following

|explanation of confidence intervals. The
|

The seven specimens from the "high fluence' 95% confidence limits give the limits in which i

group from each of HSSI welds 72W and 73W 95 out of 100 average curves would fall if the |were insufficient to obtain a full CVN impact energy experiment were repeated a large number of times,
curve, so they were divided into two subgroups of say 100 times. On the other hand, the ' prediction
three and four specimens. One subgroup was limits define the confidence intervals for an
tested at a temperature estimated to be lower than individual curve fit ' (also quoted from the
TT and the other at a temperature higher than TableCurve manual),ua
the estimated TTua. A straight line was fit to the
CVN impcct energy values using linear regression The confidence and prediction intervals for all
rad the TTuy calculated from the equation of the six sets of data are shown in Table 3. The
straight line. values shown in Table 3 for the fluence of

1.5 x 10'' neutrons /cm' agree with those in
in the case of the 15 specimens from the ' low Table 10, p. 58 of ref. [3), which were generated
fluence' group of each weld, a full CVN impact with a different software package. The mean Tina
energy curve was obtained, and the results were and temperature span of the 95% confidence

13 NUREG/CR-6139
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Table 2(a). Transihon temperatures at the 41-J impact energy level (TT ,J,
the TT ,a shilts, the temperature e the 684 impact energy level, p i iisters4
of the hyperbolic tangent aryinhnn used to O the Charpy V-notch (CVN) test

results, and the number of CVN specunens tested for the Fifth and
Sixth irr2finhnn Senes.

Transition temperature Tanh fit parameters' Number
UIMaterial 41 J Shift 68 J USE MTT TZW

(*C) (* C) (*C) (J) (*C) (*C)
speamens

72W unirradiated and irradiated at 288'O to values shown (neutrons /cm', >1 MeV)

Unirradiated -28 -6 136.3 -4.5 103.6 84

Irradiated:
1.2 x 10'' 59 87 88 92.0 65.4 88.5 15

1.5 x 10'' 44 72 77 95.9 53.7 110.0 56
61.8 x 10'' 55 83 80 * * * 7

273W unirradiated and irradiated at 288'C to values shown (neutrons /cm , >1 MeV)

Unirradiated -40 -18 134.6 -17.0 101.1 83

Irradiated:
1.3 x 10'' 56 96 104 98.4 72.9 162.5 15

1.5 x 10'' 42 82 87 90.7 51.1 135.1 56

1.9 x 10'' 63 103 108* 7* * *

'The following equation was used to fit the data: Energy = (uSE + 2.7)/2 + [(usE - 2.7)/2] Tanh (T - MTT)/(TZW/2), where
uSE = upper-shelf energy,2.7 = lower shelf energy, MTT = mid-transition temperature, and TZW = transition zone width. The 2.7 J is the
lower-shelf energy and was determined experimentally from five tests conducted at liquid nitrogen temperature, -196*C, on a
submerged-arc weld from the Midland reactor pressure vessel.

6Extrapolated from available data. ;

l

I"Not enough specimens to generate a complete curve in order to fit a hyperbolic tangerit equation A straight line was fit, and the
parameters are given in Table 2(b) .

|

|
|

NUREG/CR-6139 14
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Table 2(b). Cuispi.On of the TT a obtamed from fitung eaher a straght line or a
-

u
hyperbolic tangent to the Charpy V-notch 'unpact energy test results of the Sixth

Senes specwnens. The parameters for the straght-line fit are also given. At
the lower fluence, the sr.aight line was fit to the test ram h at only the

two temp.waures that bracketed the TTua.

TTuy (*C) obtained using Parameters for a + bT

Material Hyperbolic a bS rsg ne
tangent (*C) (J/* C)

72W irradiated at 288'C to values shown (neutrons /cm', >1 MeV)

1.2 x 10'' 60 59 -37.3 1.304
1.8 x 10'' 55 * -18.4 1.078

73W irradiated at 288*C to values shown (neutrons /cm , >i MeV)

1.3 x 10'' 53 56 19.99 0.394
1.9 x 10'' 63 2.90 0.603*

"Insufhcient data for a hyperbolic tangent fit.

!

|
|

|
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Table 3. Temperatures at the 41-J Charpy V-notch snpact energy level for mean, conhdence, and predicbon
intervais for specimens rcwe.mi from HSSI welds 72W and 73W and irradened in the FiRh and Skth Senes'

i

95% confidence intewal- 95% prediction intemalFluence' Number
10" neutrons /cm TTua ('c) (*c)2

og
(*C)

- '

(>1 MeV) specimens Lower Upper Span Lower Upper Span

HSSI weld 72W
E2

1.2 15 59 54 65 11 41 76 35

1.5 56 44 39 49 10 15 68 53

1.8 7 55 46 80 L 34 24 102 78 i

HSSI weld 73W

1.3 15 56 35 69 34 3 94 91 ,

1.5 56 42 35 48 13 -1 78 79 j

1.9 7 63 54 83 29 35 102 67
i

l

!

,
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intervals have been plotted in Figura 7. The References ;
overlap of the 95% confidence intervals on the j
means (which were used to calculate the TT.,y) of
th3 low fluence results of the 73W weld could 1. S. K lskander, W. R. Corwin, and

explain the reason that the TT ,a at a fluence level R. K Nanstad, Martin Marietta Energy Systems,
4

of 1.3 x 10" neutrons /cm (>1 MeV) is greater Inc., Oak Ridge Natl. Lab., Results of Crack-Arrest
on Two /tradiated High-Copper Welds, USNRCthan the TT.,a for 1.5 x 10" neutrons /cma

However, this is not the case for the low fluence Report NUREG/CR-5584 (ORNLfrM-11575),

results of the 72W weld. This matter will be December 1990.

investigated further and, if resolved, the reasons
2. User's Manual for TableCurve for Windows,

for this anomaly given in the final report on the Version 1.0, Jandel Scientific, San Rafael,
1 Sixth trradiation Series on crack-arrest specimens. Califomia,1992, pp. 4-126.t

Noteworthy are the relatively large temperature
3. R. K Nanstad, F. M. Haggag, D. E. McCabe,spans (given in Table 3) for the i95% prediction S. K lskander, K O. Bowman, and B. H. Menke,

| intervals at the 41-J energy level for the two welds.
Martin Marietta Energy Systems, Inc., Oak RidgeThese results are surprising, particularly since the Natl. Lab., Irradiation Effects on Fracture

fabrication of HSSI 72W and 7_3W welds was very Toughness of Two High-Copper Submerged-Arccar: fully controlled in the sense that the copper
Welds, HSSI Series 5, USNRC Report NUREG/CR-was added to the melt prior to drawing of the weld
5913, Vol.1 (ORNL/TM-12156/V1), August 1992.*wiro and did not originate from a dip coating.

!

ORNL-DWG 93-11680
. . . , ,

Mean & Span of 95% Confidence Limits
Charpy V-Notch 41-J Transition Temperature

73W 1.9 x 10" n/c n':

73W 1.5 x 10" n/cm*:

73W 1.3 x 10" n/cm*:

72W 1.8 x 10" n/cm*'0

^

72W 1.5 x 10" n/cm*

72W 1.2 x 10" n/cm*:

. . . , ,

| 40 60 80 100 120
Temperature (*C)

Figure 7. The mean TT a and temperature span of 95%4i
confidence intervals on the mean for irradiated*
72W and 73W welds.

l

*Available for purchase from National Technical Information
service, springfield, VA 22161.

tAvailable for purchase from the publisher.
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4. Discussion I

|

Twenty-four duplex crack-arrest specimens were The average fluence of the four duplex crack-arrest
tested. Lack of fusion was discovered after testing specimens for weld 72W is slightly smaller than
the first four specimens, and considerable efforts that of the weldembrittled specimens. Thus, the
were made to obtain data from the remaining toughness values obtained from these four duplex
spacimens. By increasing the crack-driving force, crack-arrest specimens being somewhat higher
a propagating crack was able in five instances to than those of the weld-embrittled specimens
bridge the gap created by the lack of fusion. Four seems reasonable. However, data from CVN

of these specimens were of HSSI weld 72W, and specimens irradiated to two different fluences with
the results of the tests have been incorporated into the crack-arrest specimens give results that require
the data base on irradiated crack-arrest toughness. further analyses. The data from the Sixth
This brings the number of irradiated toughness Irradiation Series capsules will be reexamined for

values to 39 for welds 72W and 73W and more the final report on the Sixth Series.
than doubles the previously known values of
irradiated crack-arrest toughness. Unfortunately, Preliminary analyses seem to indicate that the shift
the temperature measurement of the only duplex between the mean curves of the 72W weld metal
crack-arrest specimen from weld 73W in which a for the unirradiated and irradiated crack-arrest
crack was successfully initiated is suspect, and it toughness values agree well with the
was not included in the preliminary analysis 414 energy level shift from the CVN specimens
performed. irradiated together with the crack-arrest specimens.

|

!

t
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Appendix A

Load Displacement Records and Fracture Surfaces

This appendix gives the fracture surface and load load prior to crack propagation. A rule of thumb is
displacement output (from X-Y recorder charts) of that if this ratio is about 0.40 or less, then the

,

every specimen tested, whether it was successful crack has propagated sufficiently for a successful'

or not (4 of the 24 duplex specimens tested were test. A useful area of future investigation would be

| successful *). It is still believed that crack-arrest the development of a simple and more reliable

i testing can yield valuable * valid * lower-bound method of judging the amount of crack extension

l toughness data in the transition and lower without breaking open the specimen.
mid-transition regions for reactor pressure vessel
steels. This may be accomplished by using both Much of the experience gained during crack-arrest
dimensionally smaller specimens and a smaller testing is obtained by examining the X-Y plotter
number of specimens than would be otherwise output and relating it to features on the fracture
possible using K, specimens of sufficient capacity surface, information that is important to document.

to give valid values according to American Society All photographs lose some resolution after they are
for Testing and Materials (ASTM) E 399. It is also printed. Photographs of fracture surfaces of
believed that the so-called validity criteria in the irradiated specimens are often made through a
ASTM Test for Determining Plane-Strain Crack- Kollmorgen periscope whose optical system

|
|

Arrest Fracture Toughness, K., of Ferritic Steels deteriorates with time because of the radiation to

| (E 122-88) may be overly conservative because which it is subjected. Hence, the fracture surfaces
they do not take into account the time dependence of irradiated specimens are not as detailed as
of plastic flow. Most of the plastic flow that occurs those of unirradiated specimens.* A special video

; in crack-arrest specimens develops after the crack camera was recently iravestigated for use in the hot

| has arrested. Thus, some of the validity criteria on cell, and the results were not much better.

|
specimen thickness and length of remaining
ligament may be overly conservative. Following are five subsections (Tables A-1 through!

A-5) with the fracture surfaces and X-Y charts for
|

One of the problems of crack-arrest testing arises the following groups of specimens: (1) the first
from the difficulties in making a judgment about four specimens tested, with original approximately
the extent of crack propagation after a sudden 4-mm-diam crack-starter hole, followed by the
load drop has occurred. In the case where the fracture surfaces and X-Y charts after crack-hole
crack has arrested in the heat-affected zone (HAZ) modification; (2) successful tests on 72W weld
[particularly duplex-type crack-arrest specimensj, metal; (3) the only 73W weld metal specimen with
and it is decided to discontinue the test, the likely a crack to have run into the test section;
result will be the loss of a specimen. However, if it (4) unsuccessful tests on 72W weld metal; and
was decided that the observed crack jump was (5) unsuccessful tests on 73W weld metal. Since

| just to the HAZ, it may still be possible to obtain storage of irradiated materials is becoming difficult,
useful data by testing at a lower temperature.1 most of the specimen halves will eventually be

| Unirradiated weld-emorittled specimens can be disposed of. These tables also document the
reused by removing the bnttle bead and some of present status of the specimen remains, that is,|

the adjoining area, rewelding, remachining, and whether they will be stored or disposed of.t
retesting the specimen. One method available for

j judging the extent of crack propagation is the ratio
of the minimum load just after arrest to maximum

o
Compare the photos of the irradiated specimens shown in this
appendix with those of unirradiated ones in Appendix B.

n Phase 1 of this program,35 of the 36 specimens tested were .

from other institutions for specimen halves. This is particularly
true for materials such as the 72W and 73W weld metal becausetsee. for example, test on specimen A72W50 whose fracture
of the very significant amount of characterization performed on

surfaces and test charts are shown in Table A-2 of this ese wo matenals.
appendix.

| NUREG/CR-6139 A-2

|

. . . _ _



_ . . _ . _.

Table A-1. First four specimens tested with original 3- to 4-mm crack-starter hole diameter

Hole Test

| Specimen diameter temperature g'.'"'
Remarks and status

mm (in.) (*C),

A72W59 3.56 (0.14) 120 A.1 Both halves of these four specimens have been marked
A72W67 4.32 (0.17) 120 A.2 for disposal.
A73W67 3.56 (0.14) 120 A.3
A73W71 4.32 (0.17) 120 A.4

*There are two figures for each of these numbers, except where indicated; a = fracture surface and b = output from X-Y recorder.

{ Table A-2. Successful tests on 72W weld metal after crack-starter hole modification

Hole Test Fi ureSpecimen diameter temperature Remarks and statusNo'.
mm (in.) (*C)

A72W50 16 (5/8) 50 A.5 Successfu!!y retested at 50*C.
120 A.5c This is the chart for first test at 120*C. Only one-half of

A72W51 19 (3/4) 75 A.6 all these specimens will be stored until the final report is
A72W61 19 (3/4) 91 A.7 published. They will then be disposed of. The other
A72W72 19 (3/4) 75 A.8 half has already been marked for disposal.

*There are two figures for each of these numbers, except where indicated; a = fracture surface and b = output from X-Y recorder.

b
al
o
D
D

b
8
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Table A-3. Successful crack-run event on 73W weld metal after crack-starter hole modificatkxiz
E
8
a Hole Testp Fi e Remarks and status
9 Specimen diameter temperature No*.
8 mm (in.) (*C)

A73W53 19 (3/4) Temperature A.9 Only one-half of this specimen will be kept until the final
indicator report is published. It will then be disposed of. The
malfunction other half has already been marked for disposal.

*There are two figures for each of these numbers, except where indicated; a = fracture surface and b = output from X-Y recorder.

Table A-4. Unsuccessful tests on 72W weld metal

The crack-initiation force drops very rapidly during propagation from the crack-starter hole to the electron beam (EB) weld. Thus, an attempt was>
made to warm prestress specimen A72W49 by allowing the crack to propagate to the EB weld at 150*C, then reloading it at 95'C. By blunting theE
crack, the crack-initiation force would also be increased. This was not successful in forcing the flaw to jump over the unfused region. This specimen
was then heat tinted, chilled, and broken open as usual, but the specimen did not break along the side grooves as usual. Rather, it broke into 1/4
and 3/4 pieces as shown below. This particular specimen reveals very clearly the unfused region running along the entire specimen height.

Hole Test *e Remarks and statusSpecimen diameter temperature g'.
mm (in.) (*C)

A72W49 16 (5/8) 150 and 95 A-10 Only one-half of specimen A72W55 will be kept until the

A72W52 19 (3/4) 112 A-11 final report is published. It will then be disposed of. All

A72W53 19 (3/4) 90 A-12 others have been marked for disposal.

A72W54 19 (3/4) 90 A-13

A72W55 19 (3/4) 95 A-14

A72W58 19 (3/4) 100 A-15

"There are two figures for each of these numbers, except where indicated; a = fracture surface and b = output from X-Y recorder.

_ . . - _ _ _ - - _ _ _ - _ - _ _ _ - .
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|
.

Table A-5. UrnWI tests on 73W weld metal-

Hole Test
F ure

Specimen diameter temperature Remarks and status
mm (in.) ('C)

'

A73W54 16 (5/8) 92 A-16 Only one-half of specimens A73W53, A73W59, and
A73W55 19 (3/4) 100 A-17 A73W66 will be kept until the final report is published.y

in A73W56 19 (3/4) 75 A-18 They will then be disposed of. All others have been
A73W59 19 (3/4) 60 and 30 A-19 marked for disposal.
A73W61 19 (3/4) 100 A-20
A73W63 19 (3/4) 60 A-21
A73W66 19 (3/4) 110 and 60 A-22
A73W69 19 (3/4) 101 A-23
A73W72 16 (5/8) 80 A-24

'There are two figures for each of these numbers, except where indicated; a = fracture surface and b = output from X-Y recorder.

Z

b
8
â
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Appendix B

Trial Tests on Duplex-Type Crack-Arrest Specimens With
Intentionally Unfused Electron-Beam Weld Mid-Region

The first four irradiated duplex-type crack-arrest irradiated specimens. This is not an easy
specimens tested, two each from the 72W and proposition, but as the photos of the fracture
73W welds, were unsuccessful, in all four surfaces show later, this was partially successful.

specimens, the firw arrested in the fusion zone The test section of these " trial * specimens was

between the 4340 crack-starter material and the machined from A 533 grade B plate whose crack-
w:Id metal test section. There was significant lack arrest behavior is already known. This material
of fusion, which was probably the major reason for was used in the Clad Plate Program [1] and is a

the crack arresting in that region (the heat affected specially heat-treated A 533 grade B plate with a ;

zone in unirradiated duplex specimens sometimes nil-ductility transition temperature (NDT) of 36*C. I

arrests the flaw). It was judged at the time, and
this was justified later, that this lack of fusion Five of these ten specimens tested were

probably existed in the remaining 20 specimens. successful, and a fast-running crack propagated

That would preclude successful testing in their beyond the unfused EB weld region and into the

present form at temperatures higher than those test section. The crack-arrest toughness values

chosen for Phase 1. The specimens could have from these successful tests are shown as filled
been tested at tempeiatures that are low with points in Figure B.1. The values of the crack-arrest
respect to RT , but that would not have yielded toughness are given in Table B-1. The open
very useful information. In order to utilize these points are from previous tests on weld-embrittled
specimens, various modifications to the duplex crack-arrest specimens, [1] (at the end of this
specimens have been considered and were appendix). This is another illustration that duplex
described in the main body of the text. This specimens can give crack-arrest toughness values

,

appendix describes the tests made on unirradiated at temperatures as much as 65*C above the NDT
specimens to verify that increasing the crack- temperature.
starter hole diameter, if made to the remaining
20 irradiated specimens, would increase the These results show that, by increasing the crack-
chances of obtaining useful data. statter hole, the crack-driving force could be

increased sufficierrtly for the crack to juinp across
increasing the diameter of the crack-starter hole a partially unfused EB zone provided that the size
also increases the crack-driving force. Originally, of the unfused region is not greater than one-third
the diameter of the hole in the 24 irradiated duplex the net section. Although the test sections of the
specimens was approximately 4 mm. The idea dummy duplex crack-arrest specimens were base
behind this modification is that a sufficiently large metal, the results were encouraging enough that it
crack-driving force may cause the propagating flaw was believed that the same modification could be
to jump across the unfused zone. About ten used successfully with the remaining 20 Irradiated
unirradiated duplex crack-arrest specimens with 72W and 73W weld metal duplex crack-arrest

16- and 19-mm (5/8- and 3/4 in.) crack-starter specimens. It should be noted that all the
holes were manufactured to determine the successful trial tests were with specimens that had

optimum hole diameter.' An attempt was made to 16-mm-diam crack-starter holes. Because the
fabricate duplev crack-arrest specimens with extent of the unfused region is difficult to control, it

approximateh *a middle me-third of the net varied from specimen to specimen.
remaining sphmen thick:64ss unfused. The
electron-beam (EB) weld was purposely made The remaining frve specimens were unsuccessful

' defective" to simulate the condition found in the because of various defects in the EB weld. It is
difficult to make a successful duplex crack-arrest
specimen. To intentionally make a defective one
to specifications is even more difficult. The
fracture surfaces of the successful and

TheoreticaHy, increasing the hole diameter fourfold increases unsuccessful specimens are shown in Figures B.2*

the force required for crecieinitiation by approximately twofoid. and B.3, respectively. It may be seen that in some

NUREG/CR-6t39 B-2
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$ electron-beam weld regions cf varying extent.
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_ _ _ - _ - _ . . _ . - _ _ . . . _ _ . _

Table B-1. Crack-arrest toughness values r**=ned from teshng A 533 grade B material with a id-ductility
transabon temperature of 36*C. The crack-starter hole diameter is 16 mm, and the specunens were

fabncated with intenbonaNy defectwe alar *on beam weld regeons

Test temperature Crack-arrest toughness, K,
Specimen

('C) (MPa/m)

CP33 60 111

CP36 80 133

D10 85 108

D9 95 132

CP43 100 159

.
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of these specimens, the unfused region cxtended
over almost two-thirds of the net section, and
presumably this arrested the flaw in the weld 55,000o - 395 + (2) |fusion zone. The crack did propagate, however, F *

t + 273
some distance across the fused portion into the
test section.

However, in cases such as this one in which the
it is of interest to note that various ultrasonic yield strength is known at various temperatures,* it
(UT) examinations of the duplex crack-arrest may be preferable to fit an equation of the form:

;

specimens have revealed the presence of an '

unfused zone but failed to accurately determine its B
siza. The anisotropy of the materials in the o =A+ (3)p
EB weld fusion zone seems to scatter the UT t + 273
signal so that this type of test cannot be used to
screen duplex-type crack-arrest specimens as a This gives the following equation:
quality control technique. A new UT examination

42,400method, the B scan method, is being evaluated at o" = 442 + g,

this time. t + 273

There were several unirradiated duplex crack-arrest Equation (4) was used in the analysis of the crack-
[ specimens made from the 73W weld that were arrest data.
'

previously rejected because the lack of fusion
between the 4340 and the test section was readily it was of interest to determine the degree of
discemable on the sides of the specimen. They approximation in cases were the yield strength of
w:ra remachined with 16- and 19-mm holes, but this class material is known only at one,

! none of these specimens were tested successfully, temperature. Figure B.4 shows Equations (2) and
| probably because the size of the unfused region (4) plotted together with the available data at
| was too large, various temperatures, which shows that the

agreement is reasonable. Thus, expressions of the
| Experimentalvalues of the yield strengths of the form of Equation (1) give reasonable estimates if
| material at the temperatures needed for the crack- the yield strength is required as a function of
| arrest testing were not known but were estimated temperature and the yield strength is only known

using an expression developed by Irwin. For at one temperature. On the other hand, if the yieldt

'

loading rates approximately equal to those strength is already known at various temperatures,
i customarily used in ' static * tensile testing, the the two-parameter Equation (3) may fit the data
| following equation gives the yield strength at any more effectively than a three or more parameter |

t:mperature (t) if the yield strength is known at polynomial. !

another temperature (which can be room
| t:mperature for convenience):
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Appendix C

Equipment for Modifying the Irradiated
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Appendix C

Equipment for Modifying the Irradiated Duplex
Crack-Arrest Specimens

The end mill used to modify the irradiated duplex minimize plastic deformation. On the other hand, it
crack-arrest specimens is commercially known as a was believed that as large a crack-driving force as

'Hawg Cutter.' It is primarily used with portable possible was desirable,
equipment * to cut holes in steel structures in the
field. The carbide-tipped end mill is actually a Lubrication and cooling of the cutter inside the hot
tr: panning cutter that minimizes the amount of cellis also a problem because of the severe
metal removed and, thus, is a very efficient means restrictions on the amount of liquid wastes that
of machining holes (see Figure C.1). Both the could be generated. A plastic squirt bottle with
cutter and a conical chuck to hold it in a lathe had TRIM' SOL worked well if the flow of coolant could
to be modified by electrodischarge machining for be aimed at the proper location. Coolant was
use in a lathe. A small hole was electrodischarge- critical and, until the operator had sufficient
machined in the cutter and a roll pin inserted. The experience in directing it on the tool by observing
conical chuck had two diametrically opposite, the area using a Kollmorgen periscope, the
semicircular grooves electrodischarge machined to carbide tips of the cutter would quickly become
act as a ' key * to prevent the cutter from slipping dull and would no longer advance into the
inside the chuck. The cutter was also designed for hardened material. The heat resulting from this
materials less than 25 mm thick (1 in.), and the dull tool rubbing against the 4340 steel hardened
length of the flutes of the cutter was increased by the area to the extent that it was very difficult for a
machining the larger diameter of the cutter to new tool to restart the operation. Of course, the

, move back the shoulder fillet. The inside hole was greatest of care was exercised to prevent this from
drilled the entire length of the cutter. happening. Until the coolant problem was

overcome, it took two or more cutters to complete
it should be recalled that the entire machining one hole. Once sufficient experience was gained,
operation had to be performed remotely in a hot one cutter was sufficient to machine the remaining
ctil with manipulators. A remotely operable lathe dozen or so specimens!
was converted into a horizontal milling machine to
modify the specimens. The cutter was gripped in Cutting speed and feed were also important. In
a horizontal position by the rotating lathe head. trepanning out the hole section in the hardened
On the lathe bed, a quick-acting vise was secured 4340, there was a tendency for the cutter to just
in place of the tool-cutter post. The quick-acting rub on the surface, it was necessary for the feed
vise contained a suitable jig so that all the operator to be sufficiently large that a chip be produced;
needed to do was drop the specimen into the jig, otherwise, the rubbing would locally harden the
and the specimen would be at the proper position hole bottom, as mentioned above. If the feed was
for the modification, too large, the lathe would stall. Considerable trial

and error were necessary on the irradiated
Provisions were made for machining either of two material. None of the parameters that were
crack-starter hole diameters: 16 or 19 mm (5/8 or developed on an unirradiated trial specimen of

3/4 in.). It was not known beforehand how much specially heat-treated 4340 were of use. The trial
of a crack-ddving force would be required to drive specimen was hardened to about HRC 50, rather
the crack across the unfused region. On one than the customary 42 to 45 HRC, to account for
hand, it was desired to limit the necessary hole the hardening due to irradiation.
diameter to the smallest possible in order to

*Both the cutter and the boring equipment, known as the
MILWAUKEE 4240 STEEL HAWG* Metal Boring System, are
manufactured by the Milwaukee Electric Tool corporation.
Brookfield. WI 53005.
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Appendix D

Detailed Output from Excel' Showing Method of )
Calculations According to ASTM E 1221-88
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Appendix D

Detailed Output from Excel" Showing Method of
Calculations According to ASTM E 1221-88

The specimen dimensions, the intermediate headings for the specimen dimansions is explained
calculations of crack-mouth opening displacement in Figure D.1. The macrosheet for the fccmulae for
at initiation and arrest, the outcome of calculations calculating the yield strength, Ywng's modulus,
of the validity criteria according to American the specimen compliance calibration function, and

Society for Testing and Materials (ASTM) the maximum crack-mouth opening displacement

E 1221-88, Ko, and K,, etc., are shown in this during loading is shown in Table D-2. The validity

appendix in Table D-1 in the form of output from criteria used in Table D-1 and excerpted from

Excel'. The nomenclature used in the column ASTM E 1221-88 are summarized in Table D-3.

ORNL-DWG 93-11682

Wt

- Rt Tv

Rs -- Tu --

EB Weld

"

[fh '

\
2H > <

{ + Bn +

D

e
_

a0- - - B -+Pr - -- =

- E'3CL -

- ff W

Figure D.1, Nomenclature used for the specimen dimensions and for column headings in
Table D-1.
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Table D-1. Detailed data on the duplex specimens, test results, and validity criteria

A | 8 | C | D | E | F | G | H | 1 | J K | L M,
1 Basic data on specimen f | | ! | | \ | Duples only

Spec Specimen 8 Bn 2H wt Pt Rs Rt Tu Tv 0 N
7 P' On) On) (in) (in) (mm) (mm) (mm) Imn') (mm) lin) Imm)

2 id V

3 A72A50 | DX | 1.3001 0975| 6 000! 6.0001 6 350i 9 597| 41.313| 27.034! 41 910! O625| 1 067
4 A7tA51 DX f 1.300| 0.975| 6 0001 6.000| 6 350 9.389| 41.089| 26 767| 45 212! 0.750! 1 067
5 A72W51 DX l 1.300| 0.976| 6 000! 6.000| 6.350 9.468 41.175| 26.702j 45 085i 0750: 1 067
6 A72W72 ox j 1.300| 0975| 6 000| 5.999I 6.350 9 444_ 41.166 27.048| 45.085! 0 750i 1.067
7 rest cond/flons A results | | | Length of Remaining Ligament | | | 1

8 Spec Test | Temperature | Position | On) | CODS (mN
9 id Oate | rF) | (C) | O!Lf) | eBn/4 | Mid | -Br44 | Anrage | R1 | R3 | P4 | P5
10 A72W50 114692| 122| 50| t | 1.161 | 1.138 1.142- 1.147 0 0| 45 3| 46 0
11 A72W51 125e32| 167| 751 1 | 1.6141 1.654 1.772 1.680 0 01 57.01 58 0
12 Armi 134$32| 196I 91| t f 1.457| 1.535 1.535| 1.509 0| -1 | 633! 644
13 A72W72 14fo921 167| 75| 1 | 2.0941 2.098 2 047J 2.080i 0; il 55.5! 57.2
14 Preliminary Calculatons | | | | | | !'

15 spec I Dist to ct Hole rad j w | ao I as ir ftw aorW | aaw j f(ao/w) | f(aaM) EBCL
16 id | Gn) | (in) I tin) | (in) | (in) On) i | 1 I On)
17 A72W50 | 1.002l 0.624| 4 998| 1.689| 3.851 1.252| 0.251 0.338| 0 771 0.2524I 0.1070: 2.274
18 A72W51 | 0994| 0624| 5 006| 1.678| 3 326 1.244 0.248 0.335| 0.664 0.2535| 01390| 2.404
19 A72ws1 ! 0997 0624i 5.003! 1.s75| 3.494_ 1.247 0.249 0.335| 0698 0 253e' O 1257; 2.399

1

20 A72w72 | 0 996 0 624l 5 003| 1.6891 2.923| 1.246| 0.249 0 338| 0 584l 0.2525! 01642| 2.399
21 Resultsetcalculations I | | | | | | i
22 | Yield | | suers intense Factors |
23 spec Static Dynamic | E do da KO | Ka i Tempera
24 id MPa 1 (kst) MPa | (ksi) | ksi (=Hs) (mits) (ksilin) | (MPalm) | (ksyin) | (KPa}m) (*C)
25 A72w50 607| 88 0j 814 118.01 296391 45.3 45.7 175.1 192.4| 74 8! 82.2 50
26 A72W51 586) 85.0| 793 115.0| 29432 $7.0 57.5 21 9.0 240.7| 121.0| 133.0 75

27 A72W61 5911 85.7| 798 115.7| 29299 64.3 64 4| 247.0 271.5| 125.0| 137.4 91

28 A72W72 5861 85.01 793 115.0| 29432 54 5| 55.9| 209.0 229.7 139.0| 1528 75
29 va:idity criteria j f I | | i

i |30 Unbroken Ligament Thickness j j

31 spec (a) | (b) ic) | i
32 id I W,na ! o.15W l W,na it.25Kalsigyd)*2 | e jt.07atsigydla2 | 1

33 A72W53 1 15} 0 75I OK 1 151 0 50i OK | 1.30! 0 40 OK |

34 A72w51 1 681 075| OK 1 68 138| OK 1 30 1.11 OK |
35 A72W61 151| 0 75 OK 1.51 1 461 OK 1 30 1.17 OK |
36 A72W72 2.06| 0 75 OK 2.08 1 83! OK 1 30 1.46 Fad |
37 Crack. jump length Fracture For::es
38 spec (d) | (e) Pmax | Pmm Pmrenax
39 nd aa40 2N or 2D aa40 (K0/sigys}a2 f(TPI) (bs)
40 A72W50 1 162 1 250 OK 1162 0 630 OK 5050 2000 0 40
4i A72w51 1.649| 1 500 OK | 1 649 1.056 OK 9300 2300 023|

42 A72w61 | 1.819} 1.500 OK | 1 819 1 321 OK 1 @ 00 1250 011|
43 472W72 ! 1 234l 1 500 Fad | 1234 09C2| OK | 14300 3000f 0 21l

D-3 NUREG/CR-6139
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Table D-2. Excel macrosheet used for mwd *ing yield strength, Young's modulus, compliarx:c,
crack-mouth opening displacement, corwermon from *C to 'F, and the stress-intensity factor

'A | B

1 AM verwee retsm. edin us cueromery sawte |

2 1

3 yield | Yield strength of irradiated 72W weld material

4 = RE SULT(1) 1

5 = ARGUMENT (* temp *,1) ITemperature in 'C

6 = 636 0.6989'temo + 0.0024 * temp 2

7 = RETURN (A6)

9

9 Youngs mod Young's modulus using the EPRI formula

10 = RESULT (1)

11 = ARGUMENT (* temp * 1)

12 =(30.2 0.0046* temp)*1000 IEPRI expression in US Customary units

13 = RETURNI A 12) IValue returnedin ksi

14 |

15 i

16 calib fune Crack-arrest specimen compliance calibration f unction

17 = RESULT (1)

18 = ARGUMENT (*x*,1)

19 (2.24*(1.72-0.S*r+r'2)*SQRT(1-x)y(9.85-0.17'x+11*r'2) |

20 = RETURN (A19)

21

22 K Stress intensity factor K

23 = RESULT (1)

24 = ARGUMENT (*E*.1) lYoung's Modulus is in ksi

25 = ARGUMENT (*d*.11 (CMOD is in mils

20 = ARGUMENT (*x* 1) |

27 = ARGUMENT (*B",1) I

28 - ARGUMENT (*Bn* 1) i

29 = ARGUMENT ("W*,1) i

30 =E*d*0.001*caEb_func(x)* SORT (B/(bn*W)) i

31 - RETURN ( A30) i

32 !

33 DegC F (Converts 'C to *F

34 = RESULT (1) i

35 = ARGUMENT ("T*,1) |

36 = T * 1.8 + 32 |

37 = RETURN (A36) i

38 1

IFunction to calculate crack mouth opening displacement39 cod _ max

40 = RESULT (1) used during loading and unload;ng

41 = ARGUMENT (* yield _ str* 1) Yield strength in MPa

42 = ARGUMENT (*W',1)

43 = ARGUMENT ("Bn*,1)

44 = ARGUMENT (*B*,1)

45 = ARGUMENT (*E*,1) Young's Modulus is in ksi

48 = ARGUMENT (*x*,1)

47 = 1000*0.69* yield _str*W"SQRT(Bn/B y(E*caib_func(r)) Returns max CMOD in mils

48 = RETURN ( A47)

NUREG/CR-6139 94
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|
| Table Da Summary of validay cntena (excerpted from ASTM E 1221-88) that are used to ensure

that K, is a knear alacte, plane-stram value. The symbols and nomenclature of ,

| E 1221-88 have also been adopted.
|

4

Feature Criterion
! - Unbroken ligament (A) W - a, a 0.15W

Unbroken ligament (B) W - a, a 1.25 (K/oya)8
Thickness (C) B = 1.0 (K/oy,)*

| Crack-jump length (D) a, - a, a 2N
'

Crack-jump length (E) a,- a, = (K/oya)*/2x

where

W nominal width of a crack-arrest specimen.=

arrested crack length.a, =

!
'

for duplex specimens, distance from centerline of loading hole toa, =

furthest edge of crack-starter hole.

a formal dynamic yield strength estiram Mr appropriate loading timesoy, =

at the test temperature. For structura hisels, it is assumed to be
205 MPa (30 ksi) greater than oys.

;

a y, static yield strength of the specimen material (or, in case of a duplex=

specimen, of the crack-starter section material).

B specimen thickness.=

N slot width.=

K, value of the stress-intensity factor shortly after arrest.=

K, value of the stress-intensity factor at crack initiation.=

I
!

|

|
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Appendix E

Results of Testing Charpy V-Notch Specimens of |
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Appendix E

Results of Testing Charpy V-Notch Specimens of Welds 72W and
73W Irradiated in the Sixth HSSI Series Capsule

IntrOduClion specimens, which were irradiated in the notches of
the Sixth Series crack-arrest specimens, are given
in Tables E-1 and E-2 for the 72W and 73W welds,

The preliminary analysis [1] of the irradiated respectively, and are from ref. [4]. The average,
weld-embrittled crack-arrest specimens that minimum, maximum, and standard deviations of
were previously tested in Phase I of this the irradiation temperatures and fluences
program was performed using an adjusted shift (>1 MeV) for the top, middle, and bottom banks of
at the Charpy V-notch (CVN) 41-J energy level specimens are shown in Table E-3. It may be
(ATTJ. This adjusted shift was calcu- noted that the average fluences of the top and
lated from tests performed for the Fifth bottom banks of specimens are 70 and 60%,
Irradiation Series [2] on CVN specimens whose respectively, less than that of the middle set of
average fluence was 1.51 x 10'' neutrons /cm' specimens. The middle set of specimens has
The average fluence of the crack-arrest average fluences that are close to those of the
sp3cimens is 1.88 x 10'' neutrons /cm' and crack-arrest specimens.
1.93 x 10'' neutrons /cm* for the 72W and 73W
wcld-embrittled crack-arrest specimens, As mentioned above, for purposes of testing, the
respectively. For purposes of adjusting the CVN specimens from each of the two welds were
ATTw to the higher fluence, the following grouped into two sets. The range of fluence of the
expression was used: [3] group of seven specimens is 1.8 to

1.9 x 10'' neutrons /cm and for the group of
*,

Adjusted A77ms = A 77ms (---)", (1) 15 specimens is 1.2 to 1.3 x 10'' neutrons /cm'.
. The average, minimum, maximum, and standard
l deviations of the irradiation temperatures and

fluences (>1 MeV) for the two groups of
where specimens are shown in Table E-4.

e = fluence for the CVN specimens,
c' = fluence for the adjusted 477m.

Twenty-two CVN specimens made from the 72W
and 73W welds were irradiated in each of the two
Sixth Series capsules together with the crack-arrest The test results for the CVN specimens are given

specimens. Seven CVN specimens from each of in Tables E-1 and E-2 for welds 72W and 73W,

these two welds have exposure levels comparable respectively. The CVN impact energy values of the
to that of the crack-arrest specimens. These seven 56 iiradiated specimens of the Fifth Series and the

CVN specimens, from each of the two welds, were 15 specimens were fitted with a three-parameter

tested in order to provide a better estimate of hyperbolic tangent curve. The lower-shelf energy
the adjusted reference temperature of the was prcac,-! bed at 2.7 J based on five specimens

irradiated crack-arrest specimens. The remaining from the submerged-arc weld of the Midland

15 specimens were tested in order to provide data reactor pressure vessel (RPV) tested at the liquid

at a lower fluence level. nitrogen temperature of -196*C. The results have
been summarized in Table 3 of Chapter 3 and are
all shown graphically in Figures E.1 and E.2 for

Specimen Complement * elds 72W and 73W, respectively.

The particular form of the hyperbolic taagent curve
The 72W and 73W weld metal used for the CVN selected has been used by many authors because
specimens was used for both the Fifth and Sixth the parameters are easily related to physical
HSSI Irradiation Series. The irradiation characteristics of the test, as ihustrated in
temperatures and exposure values for these Figure E.3. There were insufficient specimens to

NUREG/CR-6139 E-2
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Table E-1. Irradiathi exposures values and results of testing Cimrpy V-notch specimens of HSSI weld 72W
irradiated in the Sixth Senes Capsule 6-1

Irradiation Fluence, Fluence, Test Fracture
En2Specimen temperature n/cm n/cm dpa* temperature appearance

(*C) (>1 MeV) (>0.1 MeV) i (*C) (%)

Average Fluence = 1.84 nicm (>1 MeV)

72W373 289 1.88E+ 19 1.29E+20 0.0472 38 15 10
72W399 289 1.88E+ 19 1.29E + 20 0.0473 38 17 15
72W401 289 1.88E+19 1.28E+20 0.0471 38 25 10
72W369 287 1.75E+19 1.17E+20 0.0436 38 32 20
72W391 289 1.89E+ 19 1.30E+20 0.0475 63 35 20
72W368 286 1.72E+ 19 1.15E+ 20 0.0427 63 54 50
72W383 289 1.89E+ 19 1.29E+ 20 0.0474 63 59 50

Average Fluence = 1.22 nicm'(>1 MeV)

72W402 289 1.16E+ 19 7.53E+19 0.0280 23 13 5
m 72W351 289 1.33E+ 19 9.03E+ 19 0.0330 23 14 5
0 72W314 289 1.32E+ 19 9.01 E+ 19 0.0330 23 17 5

72W422 287 1.06E+ 19 6.69E+19 0.0252 23 29 5
72W353 289 1.32E+19 8.97E+19 0.0329 50 22 10
72W403 289 1.17E+ 19 7.58E+ 19 0.0281 50 25 10
72W313 289 1.32E+ 19 8.95E+19 0.0328 50 28 15
72W410 289 1.15E+ 19 7.44E+19 0.0277 50 37 25
72W346 289 1.33E+ 19 9.07E+ 19 0.0332 71 49 70
72W428 286 1.04E + 19 6.51 E+ 19 0.0247 71 57 45
72W366 287 1.23E+19 7.95E+ 19 0.0296 71 57 70
72W416 289 1.14E+ 19 7.35E+ 19 0.0274 71 59 55
72W367 286 1.18E+ 19 7.74E+ 19 0.0289 200 88 100
72W365 289 1.29E+ 19 8.74E+ 19 0.0321 200 89 100
72W363 289 1.30E+ 19 8.84E+ 19 0.0324 200 97 100

Z

@ *dpa = displacements per atom.

$
n
23

b
E8
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g Tablo E-2. irradiation exposures values and results of testing Charpy V-notch specimens of HSSI weld 73W
irradiated in the Sixth Senes Capsulo 6-2m

O
a
m
$1 Irradiation Fluence, Fluence, Test Fracture

"*[2 appearance
{$ Specimen temperature n/cm n/cm temperatured a.

(*C) (>1 MeV) (>0.1 MeV) (*C) (%)

Average Fluence = 1.89 n/cm (>1 MeV)

73W540 289 1.94E+ 19 1.33E+ 20 0.0486 35 17 10

73W537 289 1.81 E+ 19 1.21 E+ 20 0.0450 35 24 15

73W542 289 1.94E+19 1.33E+ 20 0.0487 35 31 10

73W543 289 1.94E+ 19 1.33E+20 0.0487 68 38 10

73W700 289 1.93E+ 19 1.32E+20 0.0484 68 43 20

73W461 288 1.78E+ 19 1.19E+20 0.0442 68 46 25

73W703 289 1.92E+19 1.31 E+20 0.0481 68 50 40

Average Flaence = 1.25 nicm (>1 MeV)

73W415 289 1.33E +19 8.96E+ 19 0.0330 50 34 35

m 73W428 286 1.21 E+ 19 7.94E+ 19 0.0297 50 37 20
b 73W317 289 1.35E+ 19 9.19E+19 0.0337 50 38 40

73W319 289 1.36E+19 9.25E+19 0.0339 50 50 55

73W713 288 1.17E+19 7.54E +19 0.0281 90 45 45

73W711 288 1.18E+ 19 7.63E+19 0.0284 90 49 45

73W719 286 1.07E+ 19 6.68E+19 0.0253 90 62 75

73W708 288 1.20E+ 19 7.78E+19 0.0289 90 66 75

73W425 287 1.24E+ 19 8.16E+19 0.0304 125 68 90

73W335 289 1.36E+19 9.26E+19 0.0339 125 82 90

73W347 289 1.35E+ 19 9.20E+19 0.0337 125 88 95

73W706 288 1.20E+ 19 7.73E+19 0.0287 125 90 95

73W333 289 1.37E+19 9.31E+19 0.0340 200 90 100

73W405 289 1.34E+ 19 9.0/E+ 19 0.0333 200 91 100

73W717 287 1.09E+19 6.86E+ 19 0.0259 200 97 100

*dpa = displacements per atom.

. _ - - _ _ - _ - _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _
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Table E,3. The average, momum, maximum, and standard deviahon of tne irradiation tusipaaiores and fluences (>1 MeV) for the
top, middle, and bottom banks of spenaniam of the Sixth Senes capsules 6-1 and 6-2

Capsule top Capsule middle Capsule bottom Entire capsule
(9 specimens) (7 specimens) (6 specimens) - (22 specimens)

Irradiation Irradiation Irradiation irradiationFluence Fluence FlueNe Fluencetem e atum tem tum tem e ature tem eratum
(>1 MeV) (>1 MeV) (>1 MeV) (>1 MeV). . .

$ Capsule 6-1 with HSSI weld 72W

Average 288.4 1.29E+19 288.3 1.84E+19 288.2 1.12E+19 288.3 1.42E+19
Minimum 286 1.18E+19 286 1.72E+19 286 1.04E+ 19 286- 1.04E+ 19
Maximum 289 1.33E+19 289' 1.89E+19 289 1.17E+19 289 1.89E+ 19
Standard deviation 1.1 5.39E+17 1.2 6.79E+17 1.2 5.07E+17 1.1 3.03E+ 18 i

Capsule 6-2 with HSSI weld 72W

Average 288.4 1.32E+ 19 288.9 1.89E+19 287.5 1.15E+19 288.3 1.46E+ 19
Minimum 286 1.21E+ 19 288 1.78E+ 19 286 1.07E+ 19 286 1.07E+19
Maximum 289 1.37E+ 19 289 1.94E+19 288 1.20E+ 19 289 1.94E+19
Standard deviation 1.1 5.42E+17 0.3 6.37E+ 17 0.8 5.21 E+ 17 1.0 3.11 E+ 18

b
al
O
25
x
b
8

_ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ - - _ - - _ _ .



b
in
O
23
x
$2
8

Table E-4. The average, minimum, maximum, and standard deviation of the irradiation temperatures and exposure values for the two groups of
Charpy V-notch specimens tested from the Sixth Senes capsules 6-1 and 6-2.

Group of 7 specimens Group of 15 specimens

Fluence (neutrons /cm') Fluence (neutrons /cm')
Irradiation

Irradiation dpa dpa
emure

tem ture (>1 MeV) (>0.1 MeV) (.C) (>1 MeV) (>0.1 MeV)

$ HSSI weld 72W

5verage 288.3 1.84E+19 1.25E+20 0.0461 288.3 1.22E+19 8.09E+19 0.0299

Minimum 286.0 1.72E+19 1.15E+20 0.0427 286.0 1.04E+19 6.51E+19 0.0247

Maximum 289.0 1.89E+ 19 1.30E +20 0.0475 289.0 1.33E+19 9.07E+ 19 0.0332

Standard deviation 1.3 7.34E+ 17 6.40E+ 18 0.0020 1.2 1.01E+17 9.00E+ 18 0.0030

HSSI weld 73W

Average 288.9 1.89E + 19 1.29E+20 0.0474 288.1 1.25E+19 8.30E+ 19 0.0307

Minimum 288.0 1.78E+ 19 1.19E+20 0.0442 286.0 1.07E+ 19 6.68E+ 19 0.0253

Maximum 289.0 1.94E+19 1.33E+20 0.0487 289.0 1.37E+19 9.31E+ 19 0.0340

Standard deviation 0.4 6.88E+ 17 6.12E+18 0.0019 1.1 1.03E+17 9.24E+18 0.0031

_ _ _ _ _ _ _ _ -
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Figure E.1 Charpy V-notch impact energy of irradiated specimens from the
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generats a complete CVN curve for the high 2. R. K Nrnstad, F. M. Haggag, D. E. McCabe, I
fluence data, and the specimens were all tested at S. K lskander, K O. Bowman, and B. H. Menke,
two temperatures that were estimated to bracket Martin Marietta Energy Systems, Inc., Oak Ridge
th) 41-J energy level. The TT was estimated Natl. Lab., Irradiation Effects on Fracturem
from a straight-line fit between the data at the two Toughness of Two High-Cnoper Submerged-Arc
temperatures. The 68-J energy level was Welds, HSSI Series 5, USNRC Report
extrapolated from the straight-line fit and should be NUREG/CR-5913, Vol.1 (ORNt/TM-12156/V1),
tr:ated as a rough estimate only. The 95% August 1992.t
confidence and prediction intervals on the mean i
and on the data were also generated. The 3. G. R. Odette and G. E. Lucas, *lrradiation
resulting fits are shown in Figures E.4 through E.9, Embrittlement of Reactor Pressure Vessel Steels:
and the width of the confidence bands is Mechanisms, Models, and Data Correlations,'
summarized in Table 3 of Chapter 3. pp. 206-41 in Radiation Embrittlement of Nuclear

Pressure Vessel Steels: An Intemational Review
(Second Volume), ASTM STP 909, ed. L E. Steele,

Referer1ces Amen n Society for Testing and Materiais,
Philadelphia,1986.

1. S. K lskander, W. R. Corwin, and 4. L F Miller, C. A. Baldwin, F. W. Stallmann,
R. K Nanstad, ' Effects of Irradiation on Crack- and F. B. K. Kam, Martin Marietta Energy Systems,
Arrest Toughness of Two High-Copper Welds,' inc., Oak Ridge Natl. Lab., Neutron Exposure
pp. 251-69 in Effects of Radiation on Materials: 15th Parameters for the Metallurgical Test Specimens
laternational Symposium, ASTM STP 1125, ed. in the Sixth Heavy-Section SteelIrradiation
R. E. Stoller, A. S. Kumar, and D. S. Gelles, Series, USNRC Report NUREG/CR-5409
American Society for Testing and Materials, (ORNl/TM-11267), May 1990.i

,

Philadelphia,1992.*

|

|

l
i
|

|

iAvailable for purchase frorn National Technical inforrnation
service, springfield, VA 22161.

*
Available in public technical libraries. *Available in public technical libraries.
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Appendix F

Variation of Crack-Driving Force With Hole Diameter

The maximum stresses near the crack-starter hole acting through the ' split pin,' on the specimen
of duplex crack-arrest specimens just before crack- each approximately 10 times the experimentally
initiation may be estimated by assuming that the indicated load. The data were fitted with
specimen is a curved flexural member subjected to approximately 3250 different ' trial' equations using
in-plane bending and tensile loads. Such stresses TableCurve [2], and the one with the smallest

.

'may be estimated using e.g., the Winkler-Bach . residual' chosen. It's form is:
formula [1]. An expression relating the crack-
initiation force to some critical stress may then be go7a, , , . 3p n

{1)derived. Such an expression would indicate that
the crack-initiation force increases with crack-
starter hole diameter in a non-linear manner, it where a, b, and n are parameters to be
may also be shown that this force is sensitive to determined. The best fit was obtained with a value
the friction between the various components that of n=3 but, because of scatter, n could have been
are in contact with crack-arrest specimen during taken to equal 1 with no significant increase in
the loading. error.

It is of interest to determine the variation of References- ,

!measured fracture loads (which include friction), as
a function of the crack-starter hole diameter. The
experimentally indicated loads at the instant of 1. F.B. Seely, and J.O. Smith, ' Advanced

Sons, Inc., New York, pp.139, August 1967.,&
Mechanics of Materials,' 2nd. ed. John Wileycrack initiation for various crack-starter hole

diameters are given in Table F.1 and plotted in
Fig.1. The variation of friction from one

2. User's Manual for TableCurve for Windows,
experiment to another may have contributed-

Version 1.0, Jandel Scientific, San Rafael,significantly to the scatter shown. It should be
Califomia,1992.t .recalled that neglecting the effects of friction, the

wedge * generates two equal and opposite loads,

i

a

1

*The included angle of the wedge is S* Available in public technot liSraries.
TAvailable from the pubbsher
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Table F-1. ExpenmentaNy indicated loads g3 crack
inmahon for the vanous specimens tested

for this report

Crack-starter hole Force at crack
Specimen diameter initiation

(mm) (kN)

A72W59 3.6 30.7
A73W67 3.6 36.0
/s73W71 4.3 28.9
A72W67 4.3 34.4

CP45 15.9 27.8
CP43 15.9 28.0

DS 15.9 35.6
D9 15.9 36.7

A72W49 15.9 36.8

A72W50 15.9 37.8

| A73W72 15.9 38.4
CP33 15.9 38.9

A73W54 15.9 39.7

| D10 15.9 40.0

| CP36 15.9 50.3
A72W52 19.1 30.2

D4 19.1 34.5
A72W58 19.1 37,3

D1 19.1 37.8
A73W55 19.1 38.0
A73W61 19.1 38.2

D2 19.1 38.3
A72W53 19.1 38.6
A73W69 19.1 42.5
A73W56 19.1 43.4
A73W66 19.1 43.4
A72W51 19.1 44.0
A72W55 19.1 46.4
A73W63 19.1 46.5
A72W61 19.1 48.5
A72W54 19.1 50.0
A73W60 19.1 50.7
A73W59 19.1 52.0
A73W53 19.1 53.3
A72W72 19.1 63.6

NUREG/CR-6139 F-4
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