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Abstract

The objective of the Heavy-Section Steel Irradiation
Program Sixth lrradiation Series is to determine the
effect of neutron irradiatior: on the shift and shape
of the lower-bound curve to crack-arrest toughness
data. Two submerged-arc welds with copper
contents of 0.23 and 0.31 wt % were commercially
fabricated in 220-mm-thick plate. 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" neutrons/cm®

(>1 MeV). This is the second report giving the
results of the tests on irradiated duplex-type
crack-arrest specimens. A previous report gave
resuits of tests on irradiated weld-embrittled-type
specimens. Charpy V-notch (CVN) specimens

irradiated 'n the same capsules as the crack-arrest
specimens were also tested, and a 41-J transition
temperature shift was determined from these
specimens. *Mean' curves of the same form as the
American Society of Mechanical Engineers (ASME)
K,s Ccurve were fit to the data with only the
‘reference temperature® as a parameter. The shift
between the mean curves agrees weill with the 41.J
transition temperature shift obtained from the CVN
specimen tests. Moreover, the four data points
resulting from tests on the dupiex crack-arrest
specimens of the present study did not make a
significant change to mean curve fits to either the
previously obtained data or all the data combined.
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Crack-Arrest Tests on Two Irradiated High-Copper Welds.
Phase Il: Results of Duplex-Type Specimens*

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

1. Introduction

It is well known that irradiation of some reactor
pressure vessel (RPV) ferritic steels to fluences on
the order of 2 x 10" neutrons/cm® (>1 MeV) can
cause changes in the shape of the Charpy V-notch
(CVN) impact energy curve. To determine whether
similar changes in shape can occur in the fracture
toughness curves, particularly if such changes
could lead to nonconservative determinations of
the irradiated fracture toughness, research
programs are sponsored by the U.S. Nuclear
Regulatory Commission (NRC) within the Heavy-
Section Steel Irradiation (HSS!) Program at

Oak Ridge National Laboratory (ORNL).

Two of these programs are the Heavy-Section
Steel Irradiation (HSSI) Program Fifth and Sixth
irradiation Series. The objective of the Fifth Series
was to determine the effect of neutron irradiation
on the shift and shape of the K. versus (T - RT,.,)
curve, where K. is the plane-strain fracture
toughness, T is the temperature, and RT,,, is the
reference nil-ductiiity-transition (NDT) 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 of irradiation on the fracture
toughness of welds, since some pressure vessels
in operation have welds with copper contents and
end-of-life fluences that make them susceptible to
severe degradation in toughness. The amount of
experimental data on the effects of irradiation on
crack-arrest fracture toughness ‘s still rather
meager [1-3].

Two submerged-arc welds (SAWSs) 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

*Research sponsored by the Office of Nuclear Regulatory
Research, Division of Engineering, U 8. Nuciear Regulatory
Commission, under interagency Agreement DOE 1886-8109-8L
with the U.S. Department of Energy under contract
DE-ACO5-840R21400 with Martin Marietta Energy Systems, Inc

the weldment were tested, and the results are
given in refs. [4-6].

Crack-arrest specirens fabricated from these
welds were irradiated at a nominal temperature

of 288°C to a nominal fluence of 1.9 x

10" neutrons/cm’® (>1 MeV). Complete details of
the dosimetric calculations are given in ref. [7).
Testing was performed according to the American
Society for Testing and Materials (ASTM) Test for
Determining Plane-Strain Crack-Arrest Fracture
Toughness, K, of Ferritic Steels (E 1221-88). In
ASTM E 1221, a distinction is made between K,
the value of the stress-intensity factor shortly after
arrest, and K, the value of the crack-arrest
fracture toughness, K,, for a crack that arrests
under conditions of crack front plane-strain.

This repor: gives the results of tests on 24 duplex-
type crack-arrest specimens (Phase Il). A previous
detailed repornt [3] and a summary paper [8]
presented the resuits of Phase | of testing 36 weld-
embrittied crack-arrest specimens, and a summary
of these results is giver: below. A final report on
both phases of this program is planned, and the
conclusions presented here are preliminary.

1.1 Summary of Previous Results
on the Weld-Embrittled Crack-
Arrest Specimens

Crack-arrest testing of high-copper SAWs was
performed on 77 unirradiated and 36 irradiated
25- and 33-mm-thick weld-embrittied specimens.
Most of the crack-arrest test results are either
valid or only marginally invalid according to
ASTM E 1221-88. The 35 data pointst obtained

*All symbols and acronyms, in addition to their definition before
their first use, have also been given in the nomenclature table
at the beginning of this repont

tOne of the specimens exhibited tearing, and no data were
obtained
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by testing the irradiated crack-arrest specimens
have approximately doubled the known data base
of irradiated crack-arrest toughness and extended
the data base coverage to higher levels of
crack-arrest toughness and temperature relative to
RT,r. Preliminary observations are:

1. Values of irradiated crack-arrest toughness, K,
were obtained at temperatures 40°C above the
iradiated RT, ., of the welds.” This
accomplishment is experimentally significant
because a temperature of 20°C above RT,, is
generally considered to be the limit for
obtaining useful resuits with the unirradiated
weld-embrittied type of crack-arrest specimen.

2. The shifts of the lower-bound K, curves for the
72W and 73W welds are approximately the
same as the corresponding 41-J CVN impact
energy level shifts, ATT,,

3. The ASME K, curve, when shifted by ATT,, , is
a conservative estimate of the irradiated crack-
arrest toughness for the materials examined in
this study (welds 72W and 73W) in the
transition region 40°C above RT,.,. At
temperatures below RT,.., a smaller margin of
toughness is apparent between the lower-
bound curves and the ASME K, curves.

4. The shape of the lower-bound curves compared
to those of the ASME K, curves was apparently
unaltered by irradiation for the temperature
range covered by the tests.

1.2 Reasons for Use of Duplex
Crack-Arrest Specimens

Crack-arrest toughness testing is intrinsically
difficutt. It is complicated by the conflicting goals
of initiating a brittle mode (or fast-running crack),
then the requirement of its arrest in a relatively
short distance. The intiation and arrest are
accomplished by applying a crack-driving force to
a brittle region using a wedge. The relatively stiff
wedge minimizes the elastic energy stored in the
loading system; thus, after a crack starts to run, it
relieves the load on the wedge. This limits the
crack-driving force to the elastic energy stored in
the specimen and, thus, the crack may stop

*Recent testing has indicated that the HT .. may be somewhat
higher than that estimated at the time of the previous repon
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without running out the back side of the specimen,
breaking the specimen in two.

Furthermore, the range of temperatures for a weld-
embrittled crack-arrest specimen in which a brittle-
mode crack can intiate and run is generally imited
to about 20°C above the drop-weight NDT." At
temperatures above this range, stable tearing
occurs and, at times, is accompanied by a drop in
the maximum load. This drop in load distinguishes
stable tearing from crack blunting that often occurs
near the upper limits of the possible test
temperature range.

In order to increase the range of temperature tor
which a fast-running crack can initiate, dupiex-type
crack-arrest specimens are necessary. In the
unirradiated crack-arrest tests on both 72W and
73W welds, the highest test temperatures attained
with weld-embrittied crack-arrest specimens were
about 20 to 25°C above the NDT. By using
duplex-type specimens, values at 45 to 50°C
above the NDT have been obtained, as shown in
Figures 1 and 2. Duplex crack-arrest specimens
allow testing at higher temperatures because the
higher yield strength of the crack-starner portion of
the specimen minimizes yielding near the crack
starter. Furthermore, the higher yield strengths
and the use of a crack-starter hole create higher
driving forces than those possible with a notch in a
weld-embrittled crack-arrest specimen. These
attributes of the crack-starter material, in
combination with its resistance to slow, stable
tearing, result in a higher probability of obtaining a
fast-running, highly loaded crack-initiation event at
higher temperatures,

Figure 3 is a schematic of a typical duplex crack-
arrest specimen. A key feature of this specimen is
the crack-starter hole. The hole diameter, D, is
important since the crack-inttiation force increases
as the diameter increases in a non-linear manner
This topic will be discussed in more detail in

Appendix F.

1.3 Outline of Report

Chapter 2 of this report documerits a very
significant effort undertaken to modify the

*For both welds 72W and 73W, the AT, was equal to the
NOT
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iradiated duplex specimens because of a lack of
fusion between the weld metal test section and the
hardened 4340 crack-starter section that was
discovered after the specimens were irradiated.

The modifications were complicated by the
geometry of the specimen and the hardened and
irradiated condition of the specimens themselves.
During irradiation, the diameter of the crack-starter
hole for the irradiated specimens was
approximately 4 mm. For the reasons given in
Chapter 2, the diameter of the hole was increased
to either 16 or 19 mm.

Chapter 3 is limited to details of the test results
since much of the description of the test
equipment and method, as well as error analysis
and a summary of other investigators' results, were
given in the Phase | report [3].

Chapter 4 is a discussion of the results and some
preliminary conclusions, since a final report on the
results of Phases | and |l is planned that will
include detailed analyses. Also included are
several appendices that document various details.

A great deal of valuable experience has been
gained in this program, and many important
details have been documented in the appendices.
Appendix A gives strip charts and photographs of
the fracture surfaces of all 24 irradiated duplex
crack-arrest specimens tested. Appendix B gives
similar information as Appendix A for the
unirradiated trial specimens that were used to
verify the modification contemplated for the
irradiated specimens. One of the difficult phases
in this program was the actual modification of the
irradiated duplex crack-arrest specimens, and
Appendix C documents the equipment used. The
detailed results of the successful tests on the
irradiated duplex crack-arrest specimens, the
mathematical expressions used to calculate the
stress-intensity factors, and the evaluation of the
validity criteria are given in Appendix D.

Correlating the transition temperature shift of
irradiated crack-arrest specimens to that of CVN
specimens is one of the objectives of the Sixth
Irradiation Series. A large number of CVN
specimens from the same welds have already
been tested in the Fifth Series; their shift can be
adjusted to the slightly larger fluence to which the
crack-arrest specimens were irradgiated. However,
a smaller number of CVN specimens were
irradiated in the same capsules as the crack-arrest
specimens, and their 41-J impact energy level
transition temperature shift should be taken into

account in the final analysis of the results of this
program. Appendix E presents the detailed results
of tests recently completed on these Sixth Series
CVN specimens.

Increasing the crack-driving force by increasing the
diameter of the crack-starter hole was the reason
for modifying the duplex crack-arrest specimens.
Appendix F compares the increase in the force
indicated at the instant of crack initiation with the
increase in crack-starter hole diameter.
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2. Modification of the Irradiated Duplex Crack-Arrest Specimens

At the conclusion of tests on the weld-embrittled
type crack-arrest specimens for Phase | of this
program, four duplex-type crack-arrest specimens
were tested. In all four specimens, the crack did
inmiate but arrested in the fusion zone between
the hard 4340 crack-starter section and the weld
metal test section. Figure 4 shows a photograph”
of the fracture surface of one of these four
irradiated specimens. Photographs of the fracture
surfaces of all the specimens are included in
Appendix A. The most likely cause of the arrest is
the lack of fusion between the two sections. The
gap between the two regions acts like an arrester
hole that is sometimes introduced in structures to
stop a growing crack

Prior to irradiation, all the duplex crack-arrest
specimens were examined using X-ray radi-
ography. The examination did not reveal the
presence of any discontinuities. Furthermore, the
area of interest is one whose morphology is
complicated by the presence of several materials
of different properties; see Figure 3. On one side
of the fusion zone is a hardened 4340 (a medium-
carbon, low-alloy, ultrahigh-strength steei), and on
the other side is the section that contains the weld
metal to be tested. The manufacture of duplex
crack-arrest specimens of weld metal has
traditionally been more difficult than that of base
metal. The region of the weld metal test section
destined to be joined to the 4340 is "buttered” by
melting a thin layer of weld metal to minimize the
entrapped slag, gases, etc., then remachined
before it is electron-beam (EB) welded to the 4340
Al the present time, ORNL is using newly acquired
equipment that uses the recently deveioped
"B-scanning® ultrasonic technique in order to
examine the interface region for flaws that other
techniques have failed to reveal. This is performed
before the side grooves are machined. If lack of
fusion is discovered, it can be reweided. !t is
anticipated that B-scan method will enhance the
capabilty to detect such flaws in duplex crack
arrest specimens

'f"a;;zg,gvuphs of irradiated materials are necessarily taken
through the many lenses and mirrors of a Kolimorgen viewer
and are not as sharp as normal ones taken directly of
unirradiated specimens; see, for example, the photographs of
mnirradiated specimens shown in Appendix B

it should be noted that the heat-affected zone
(HAZ) is generally tougher than the surrounding
material, and thus it is not uncommeon for it to
arrest a running flaw in duplex-type specimens
The test section is EB welded to the 4340 crack
starter section from one side, then turned to
complete the weld from the other side. The
specimens are 33 mm thick, and the EB equipment
has enough power to weld up to 100-mm-thick
sections. The welding is performed from both
sides to minimize the heat input and to reduce the
width of the HAZ. In the case of the subject
irradiated duplex crack-arrest specimens
unexpected changes in the welding procedure
produced EB welds that did not penetrate to the
desired 60% of the specimen thickness obtained in
previous specimen fabrication

From the tests of the first four specimens, it
seemed highly probable that this lack of fusion
existed in all the remaining specimens. In
retrospect, this was indeed the case. In order to
utilize these specimens, various options were
considered. One was to store the specimens until
such time that the irradiated weld metal could be
used for some other task, as yet unknown. It was
worthwhile to try to obtain data from these
specimens, even at the risk of a large percentage
of unsuccessful tests, aiways a possibility in crack
arrest testing. Another option was to reweld the
specimens, but this did not appear feasible
because of the difficulty of locating EB equipment
capable of handling irradiated specimens. Even if
such equipment was located, the presence of the
side grooves would make it difficult to focus the EB
to the precise location of the interface. Previous
experience of rewelding unirrcdiated specimens
shows that this may be successful before the
side grooves are machined

The only option that seemed feasible was to
increase the crack-starter hole diameter. The
theory behind tis modification is that a suffi
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
an intentionally unfused zone. The tests indicated
that such a process could be successtul provided
that the unfused region is no larger than
approximately one-third of the net specimen
thickness
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Based on this limited success, a method had to be
developed to increase the diameter of an existing
hole with an adjoining siot. The problem of
modifying this geometry in a hardened irradiated
steel had to be addressed. The new hole must be
tangential to the old one to preserve the inftial
crack length-to-width ratio. As is well known, it is
not possible to use a drill, since the existing hole
would have the tendency to force the centerline of
the new hole to be concentric with the old one.
The flutes of the drill would also catch on the
edges of the slot, possibly stalling the equipment.
The problem was solved by using a carbide-tipped
end mill hole-trepanning cutter. Appendix C gives
more details about this cutter and details about the
lathe that was *configured® into a milling machine
in order to perform this modification.

Following development of a technique to make an
EB weid with a predetermined *defective zone,*
about ten unirradiated duplex crack-arrest
specimens ("dummy specimens®) were
manufactured with an intentionally unfused

EB weld zone, an approximate duplication of the
duplex specimens previously tested. The crack-

initiation force increases with diameter in a non-
linear manner. The diameter of the hole in the
iradiatcd guplex specimens was approximately

4 rim. Specimens with two different hole
diameters, 16 and 19 mm (5/8 and 3/4 in.), were
manufactured to determine the optimum hole
diameter. The dummy specimens were machined
from A 533 grade B base metal whose crack-arrest
behavior was already known.

Only 5 of the 10 specimens with 16-mm-diam
crack-starter holes were successfuily tested. In the
unsuccessful tests, the unfused region was 100
large to allow the crack to jump across it
However, in the five successful tests, a fast-
running crack propagated across the unfused EB
weld region and well into the test section, It was
concluded that if the unfused region is no larger
than about one-third of the net section at the root
of the side grooves,” increasing the crack-starting
hole diameter to 16 or 18 mm would increase the
probability of obtaining useful data from the

20 irradiated crack-arrest specimens. The detailed
results of these tests are given in Appendix B.

"Which is indeed the case in some of the four irradiated 72W
and 73W specimens already tested and mentioned above.
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3. Results of Testing the Modified Duplex
Crack-Arrest Specimens

Twelve each of HSS! welds 72W and 73W duplex
crack-arrest specimens were irradiated in HSSI
Capsules 6-1 and 6-2, respectively. Four were
tested before the unfused EB weld region problem
was discovered. Because all four specimens
showed lack of fusion, it was considered to be a
likely condition in all the specimens. The
remaining 20 were eventually modified and tested,
and this chapter presents the test results.

Of the ten specimens from each of welds 72W and
73W, there were four successful tests, all with
specimens from weld 72W." The crack-arrest
toughness values, K, the irradiation exposures.
and the validity criteria according to the ASTM Test
for Determining Plane-Strain Crack-Arrest Fracture
Toughne<s, K,, of Ferritic Steels (E 1221 - 88) are
given ir, “al.2 1. The K values for the duplex
crack-arrest specimens have been piotted,
together with those of the weld-embrittied
specimens previously obtained, [1] against the test
temperature in Figure 5. It may be seen that the
K, values of the duplex crack-arrest specimen all
fall near the upper end of the scatter band of the
K, values of the previously tested 18 weld-
embrittled crack-arrest specimens. It should be
noted, however, that the average fluence of these
four duplex crack-arrest specimens, 1.56 x

10" neutrons/cm’ (>1 MeV), is somewhat lower
than that of the weld-embrittled crack-arrest
specimens, 1.88 x 10" neutrons/cm® (>1 MeV).
Thus, the toughness values obtained from these
specimens being somewhat higher than those of
the weld-embrittied specimens seems reasonabie.

*There was a single successtul crack-initiation and run event in
8 specimen from weld 73W. Unfortunately, there is sufficient
reason to question the accuracy of temperature indicated, and
the result has not been used in this report. This particular
specimen is shown in Appendix A

NUREG/CR-6139

The figure also shows two curves based on the
ASME K, equation”, which in SI units is:

Kg = 20.4 + 1.344exp[0.0261(T - T,+ 89)), (1)

where K, is the crack-arrest toughness in MPa/m,
T is the test temperature in °C; and 7, is a
parameter, in “C. The crack-arrest toughness data
were fit 10 the above equation with T, as the
unknown parameter. The process was performed
once with the 18 weld-embrittied crack-arrest
toughness values ¢ btained previously, [1] then a
second time with the results of boih the

18 weld-embrittied an1 four duplex crack-arrest
specimens. The T,s ware 14 and 12°C for the
weld-embrittied and both specimen types,
respectively. The smaller 7, value reflects the
influence of the higher K, values of the duplex
crack-arrest specimens compared to those of the
weld-embrittied specimens.

The experimentally obtained crack-arrest
toughness values for both unirradiated and
irradiated 72W weld metal and for weld-embrittied
and duplex-type specimens are plotted in Figure 6.
Also shown on the same figure are two *mean*t
American Society of Mechanical Engineers (ASME)
curves with a T, determined by fitting the ASME
equation to the K, data for the 72W weid. The shift
between the two curves is 84°C, within 1° of that
or the CVN specimens irradiated to 1.8 »

10" neutrons/cm® (>1 MeV). The shift of the TT,,
obtained from testing the CVN specimers of the
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 foilowing equation
{converted to Sl units) for K, is given in Article A-4000 of
Section X!

Kig = 29.4 + 13.675exp| 0.0261(T - RTyp) |

The equation appears 1o be the simplification of the one given
in WRC Bulletin 175 (August 1972) and not that of the K,
equation given in Article G-2000 of Section Il

Tal curve-fitting methods rely on minimizing the residual
between the fitted curve and the data in some manner. In this
report, such curves are sometimes referred to as ‘mean’
curves
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Table 1. lradiated crack-arrest toughness data for four duplex specimer:s from weld 72W. The average fluence and
iradiation temperatures were 1.56 x 10" neutrons/cny’ (>1 Me') and 288°C.

o " Exposure values
Specimen Test . Irradiation Validity*
temperature (MPAVm) temperature Fluence {neutrons/cm’) Displacements
(°C) (*C) per atom
(>1 MeV) (>0.1 MeV)
A72W50 50 822 288 1.53E+19 1.020E+20 0.0379
A72W51 75 133.0} 289 1.67E+19 1.150E+20 0.0419
A72W61 g1 137.4 287 1.56E+19 1.040E+20 0.0385
A72W72 75 152.8 287 1.49E+19 0.978E+ 20 0.0363 CD

*K, = value of stress intensity shortly after arrest

"Onoormonmn'ovlmchwonMcdoMﬂnMvmbdidnotmdomdﬁnmmmdﬂnASTME122160%&&.#- The letters correspond to
thooo‘mTathdASTME1221-08;hpu16cuw.c=WMM-MMWMMmMmﬁncMM3?mm(1.46in.),-ndtho.dua3
thickness was 33 mm (1.3 inj; and O = insufficient crack-jump length - the standard prescribes (based on twice the crack-starter hole diametert 38 mm (1.5 in}, and the actual
jump was 31 mm (1.23 in)
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Figure 5.  Crack-arrest toughness, K,, ic: nadiated HSSI weld 72W
showing the results of both weld-embrittied and duplex-
type specimens.
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Figure 6. Crack arres tovgyhness values for both unirradiated and

irradiated 72W weld metal and for weld-embrittied and
dupiex-typ” specimens.
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crack-arrest specimens were irradiated to

1.6 x 10" neutrons/cm® (>1 MeV) compared to
1.9 x 10" neutrons/cm® (>1 MeV) for the weid
embrittied specimens. No adjustment was made
when they were considered as one set with the
weld-embrittled specimens. Such adjustments
may be made in the final report on the Sixth
Series. The calculation of stress-intensity tactor,
K, is performed according to ASTM E 1221-88,
The exact specimen dimensions, intermediate
caiculations, and outcome of calculations of the
validity criteria according to ASTM E 1221-88, etc,
are given in Appendix D.

3.1 The Shift in TT,, , and Scaiter of
Sixth Series CVN Specimens

Correlating the transition temperature shift of
irradiated crack-arrest specimens 1o that of CVN
specimens is one of the important objectives of the
Sixth irradiation Series. The determinatior: of
RTyorn TT,,.,. and its shift is based on a large
number of drop-weight and CVN specimens that
were tested as part of the Fifth Irradiation Series.
in order to make some judgment about the
possible diff2rences in shift between the Fifth and
Sixth Series, 22 CVN specimens were included in
each of the two Sixth Irradiation Series capsules.
These 44 CVN specimens were recently tested,
and the detailed results are given in Appendix E.
The exposures of CVN specimens were such that
they were tested in two groups from each of the
72W and 73W welds. A *high fluence* group
consisted of 7 specimens with an average fiuence
of approximately 1.8 to 1.9 x 10" neutrons/cm?
(>1 MeV), while a "low fluence* group consisted
of 15 specimens with an average fluence of
approximately 1.2 to 1.3 x 10" neutrons/cm®

(:»1 MeV).

The seven specimens from the *high fluence*
group from each of HSS! welds 72W and 73W
were insufficient 1o obtain a full CVN impact energy
curve, so they were divided into two subgrouns of
three and four specimens. One subgroup was
tested at a temperature estimaied to be lower than
TT,,, and the other at a temperature higher than
the estimated TT,, . A straight line was fit to the
CVN impact energy values using linear regression
wnd the TT,, | calculated from the equation of the
straight line.

In the case of the 15 specimens from the *low
fluence* group of each weld, a full CVN impact
energy curve was obtained, and the results were

analyzed using two approaches. One approach
was to fit a hyperbolic tangent equation to the CVN
impact energy values using non-livear regression.
Since a straight line has already been used to
analyze the high fluence resulis, t was of interest
to use it aleo on a subset of the *low fluence*
group. Thus, the second approach was 1o fit a
straight line to the CVN impact energy values
chosen at two temperatures that bracket the TT,, |
The TT,, s from the straight-line fit for voth 72W
and 73W welds could then be compared to those
obtained from the hyperbolic tangent equation.

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

in Table 2(a) is the TT,, , for the CVN specimens
from the Fifth Irradiation Series capsules

and whose average fluence is approximately

1.5 x 10" r.autrons/cm® (>1 MeV). A comparison
of the TT,, , at the thrac fluence levels shows that
the TT,,, from the Sixth Irradiation Series
capsules is higher than the TT,, ; from the Fift.)
Irradiation Series capsules. For the higher fluence
specimens, this was to be expected but not for the
lower fluence ones. As may be seen from

Table 2(b), the use of a straight-line or a
hyperboilic fit did not have a significant change to
the value of TT,, .

In order to determine whether scatter or the
smaller number of specimens in the Sixth Series
could account for this discrepancy (56 spe.imens
were tested in the Fifth Series), a statistical
analysis was performed. As a measure of scatter,
two intervals are used: the confidence and
prediction. As described in the user's manual for
TableCurve [2] (the computer software that was
used to perform the statistical anaiysis), confidence
intervals "are a measure of how accurately the
average curve for repeated experiments is
determined." Reference 2 also gives the following
explanation of confidence intervals. The

95% confidence fimits give the limits in which

95 out of 100 average curves would fall if the
experiment were repeated a large number of times,
say 100 times. On the other hand, the *prediction
limits define the confidence intervals for an
individual curve fit - (also guoted from the
TableCurve manual).

The confidence and prediction intervals for all

six sets of data are shown in Table 3. The

values shown in Table 3 for the fluence of

1.5 x 10" neutrons/cm® agree with those in

Table 10, p. 58 of ref. [3], which were generated
with a different software package. The mean T1,,
and temperature span of the 95% confidence

NUREG/CR-6139



Table 2(a). Transition temperatures at the 41-J impact energy level (TT,, ),

the TT,, , shifts, the temperature at the 68-J impact energy level, parameters

of the hyperbolic tangent equation used to fit the Charpy V-notch (CVN) test
results, and the number of CVN specimens tested for the Fifth and

Soah Irradiation Senes.
Transition temperature Tanh fit parameters’ Number
Material 41 Shift 68 J USE MTT W | pdmens
(°C) (°C) (°C) W) (°C) (¢C) adl
72W unirradiated and irradiated at 288°C to values shown (neutrons/cm’, >1 MeV)
Unirradiated -28 -6 136.3 -4 .5 103.6 84
Irradiated:
1.2x 10" 59 87 88 82.0 65.4 88.5 15
1.5x 10™ 44 72 77 959 53.7 110.0 56
1.8 x 10" 55 83 80° e e e 7
73W unirradiated and irradiated at 288°C to values shown (neutrons/cm®, >1 MeV)
Unirradiated -40 -18 1346 -17.0 1011 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
1.9x 10" 63 103 108° ¢ e ¢ 7

*The foliowing equation was used 1o fit the data: Energy = (USE + 27)/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 experimentaily from five test. conducted at liquid nitrogen temperature, ~196°C, on a
submerged-arc weld from the Midland reactor pressure vessel

PExtrapolated from available data.

“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 Tabie 2(b)

NUREG/CR-6139
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Table 2(b). Comparison of the TT,, , obtained from fitting either a straight line or a
hyperbolic tangent to the Charpy vV-notch impact energy test results of the Sixth

Series specimens. The pararoeters for the straight-line fit are also given. Al
the lower fluence, the st .aight line was fit 10 the test results at only the

two temp ratures that bracketed the TT,, .

TT,,., (°C) obtained using

Parameters for a + bT

e Straight fine H{mm (.ac) % /?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’®, > MeV)
1.3 x 10" 53 56 19.99 0.394
1.9 x 10" 63 1 2.90 0.603
“insufficient data for a hyperbolic tangent fit.
15 NUREG/CR-6139
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Table 3. Temneratures at the 41-1 Charpy V-notch
intervals for specimens machined from HSSI welds

mmmummmm
72W and 73W and imadiated in the Fifth and Sbah Series

Fluence, Number 95% confidence interval 95% prediction interval
10' neutrons/cm’ a Ty » (°C) {°C)
(>1 MeV) : (°C) 5
specimens Lower Upper Span Lower Upper Span
HSSI weld 72W
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 8C 34 24 102 78
HSSI weld 73W
13 15 56 35 69 34 3 Ga a1
1.5 56 42 35 48 13 -1 78 79
19 7 63 54 83 29 35 102 67




intervals have been piotted in Figure 7. The
overiap of the 85% confidence intervais on the
means (which were used to calculate the TT,, ) of
the low fluance results of the 73W weld could
explain the reason that the TT,,  at a fluence level
of 1.3 x 10" neutrons/cm® (>1 MeV) is greater
than the TT,, , for 1.5 x 10" neutrons/cm®.
However, this is not the case for the low fluence
results of the 72W weld. This matter will be
investigated further and, if resolved, the reasons

for this anomaly given in the final report on the
Sixth Irrachation Series on crack-arrest specimens.

Noteworthy are the relatively large temperature
spans (given in Table 3) for the +95% prediction
intervals at the 41-J energy level for the two welds.
These results are surprising, particularly since the
fabrication of HSSI 72W and 73W welds was very
carefully controlied in the sense that the copper
was added to the meh prior to drawing of the weld
wire and did not originate from a dip coating.
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72W and 73W welds.
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4. Discussion

Twenty-four duplex crack-arrest specimens were
tested. Lack of fusion was discovered after testing
the first four specimens, and considerable efforts
were made to obtain data from the remaining
specimens. By increasing the crack-driving force,
a propagating crack was able in five instances to
bridge the gap created by the lack of fusion. Four
of these specimens were of HSS!| weld 72W, and
the results of the tests have been incorporated into
the data base on irradiated crack-arrest toughness.
This brings the number of irradiated toughness
values to 39 for welds 72W and 73W and more
than doubles the previously known values of
irradiated crack-arrest toughness. Unfortunately,
the temperature measurement of the only duplex
crack-arrest specimen from weld 73W in which a
crack was successfuily initiated is suspect, and it
was not included in the preliminary analysis
performed.

NUREG/CR-6139
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The average fluence of the four duplex crack-arrest
specimens for weld 72W is slightly smaller than
that of the weld-embrittied specimens. Thus, the
toughness values obtained from these four duplex
crack-arrest specimens being somewhat higher
than those of the weld-embrittled specimens
seems reasonable. However, data from CVN
specimens irradiated to two different fluences with
the crack-arrest specimens give rescits that require
further analyses. The data from the Sixth
irradiation Series capsules will be reexamined fcr
the final report on the Sixth Series.

Preliminary analyses seem to indicate that the shift
between the mean curves of the 72W weld metal
for the unirradiated and irradiated crack-arrest
toughness values agree well with the

41-J energy level shift from the CVN specimens
irradiated together with the crack-arrest specimens.
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Appendix A
Load Displacement Records and Fracture Surfaces

This appendix gives the fracture surface and load
displacement output (from X-Y recorder charts) of
every specimen tested, whether it was successful
or not (4 of the 24 duplex specimens tested were
successful”). It is still believed that crack-arrest
testing can yield valuable *valid”® lower-bound
toughness data in the transition and lower
mid-transition regions for reactor pressure vessel
steels. This may be accomplished by using both
dimensionally smaller specimens and a smaller
number of specimens than would be otherwise
possible using K, specimens of sufficient capacity
to give valid values according to American Society
for Testing and Materials (ASTM) E 399. It is also
believed that the so-called validity criteria in the
ASTM Test for Determining Plane-Strain Crack-
Arrest Fracture Toughness, K,,, of Ferritic Steels

(E 122-88) may be overly conservative because
they do not take into account the time dependence
of plastic flow. Most of the plastic flow that occurs
in crack-arrest specimens develops after the crack
has arrested. Thus, some of the validity criteria on
specimen thickness and length of remaining
ligament may be overly conservative.

One of the problems of crack-arrest testing anses
from the difficulties in making a judgment about
the extent of crack propagation after a sudden
load drop has occurred. In the case where the
crack has arrested in the heat-affected zone (HAZ)
[particularly duplex-type crack-arrest specimens],
and it is decided to discontinue the test, the likely
result will be the loss of a specimen. However, if it
was decided that the observed crack jump was
just to the HAZ, it may still be possible to obtain
useful data by testing at a lower temperature.t
Unirradiated weld-emorittled specimens can be
reused by removing the brittle bead and some of
the adjoining area, reweiding, remachining, and
retesting the specimen. One method available for
judging the extent of crack propagation is the ratio
of the minimum load just after arrest to maximum

"in Phase 1 of this program, 35 of the 36 specimens tested were
successiul.

tSee, for example, test on specimen A72W50 whose fracture

surfaces and test charts are shown in Table A-2 of this
appendix
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load prior to crack propagation. A rule of thumb s
that if this ratio is about 0.40 or less, then the
crack has propagated sufficiently for a successful
test. A useful area of future investigation would be
the development of a simple and more reliable
method of judging the amount of crack extension
without breaking open the specimen.

Much of the experience gained during crack-arrest
testing is obtained by examining the X-Y plotter
output and relating it to features on the fracture
surface, information that is important to document.
All photographs lose some resolution after they are
printed. Photographs of fracture surfaces of
irradiated specimens are often made through a
Kolimorgen periscope whose optical system
deteriorates with time because of the radiation to
which it is subjected. Hence, the fracture surfaces
of irradiated specimens are not as detailed as
those of unirradiated specimens.” A special video
camera was recently irvestigated for use in the hot
cell, and the results were not much better.

Following are five subsections (Tables A-1 through
A-5) with the fracture surfaces and X-Y charts for
the following groups of specimens: (1) the first
four specimens tested, with original approximately
4-mm-diam crack-starter hole, followed by the
fracture surfaces and X-Y charts after crack-hole
modification; (2) successful tests on 72W weld
metal; (3) the only 73W weld metal specimen with
a crack to have run into the test section;

(4) unsuccessful tests on 72W weld metal, and

(5) unsuccessful tests on 73W weld metal. Since
storage of irradiated materials is becoming difficult,
most of the specimen halves will eventually be
disposed of. These tables also document the
present status of the specimen remains, that is,
whether they will be stored or disposed of.'

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

*The Oak Ridge National Laboratory has often received requests
from other institutions for specimen halves. This is particularly
true for materiais such as the 72W and 73W weld metal because
of the very significant amount of characterization performed on

these two materials



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

Hole

Test

| Specimen diameter temperature FS:? Remarks and status
| mm (in.) (°C) '
AT72W59 3.56 (0.14) 120 A1 Both haives of these four specimens have been marked
AT2WE7 432 (0.17) 120 A2 for disposal.
A73W6E7 3.56 (0.14) 120 A3
A73W71 432 (0.17) 120 A4

*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
Specimen diameter temperature 3;{8 Remarks and status
mm (in.) (*C) '

A72W50 16 (5/8) 50 AS Successfully retested at 50°C.

120 A.5c | This is the chart for first test at 120°C. Oniy cne-half of
A72W51 19 (3/4) 75 A6 all these specimens will be stored until the final report is
A72W61 19 (3/4) 91 A7 published. They will then be disposed of. The other
A72W72 19 (3/4) 75 A8 haif has already been marked for disposal.

*There are two figures for each of these numbars, except where indicated; a = fracture surface and b = output from X-Y recorder.
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Tabie A-3. &muaummnmmmmmmmmm

Hole Test -
Specimen diameter temperature 3:: Remarks and status
mm (in.} (°C) )
A73Ws3 19 (3/4) Temperature A9 Onily one-half of this specimen will be kept until the final
indicator feportispublished.ltwilmenbedisposedd.m
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 A4. Unsuccessfui tests on 72W weld metal

The crack-initiation force drops very rapidly during propagation from the crack-starter hole to the electron beam (EB) weid. Thus, an attempt was
made to warm presiress specimen A72W49 by allowing the crack to propagate to the EB weld at 150°C, then reloading it at 95°C. By biunting the
crack. the crack-initiation force would aiso be increased. This was not successtul 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 Eiqure

Specimen diameter temperature 3: a Remarks and status
mm (in.) *C) '

A72Wa9 16 (5/8) 150 and 95 A-10 Only one-half of specimen A72WSS5 will be kept untit the
A72WS52 19 (3/4) 112 A-11 final report is published. It wiil then be disposed of. All
A72WS3 19 (3/4) 90 A-12 others have been marked for disposal.
A72W54 19 (3/4) 90 A-13
A72WS55 19 (3/4) 95 A-14
A72W58 19 (3/4) 100 A-15

’Therearetwoﬁgmesloreachdthesenm‘bers.exoeptmekdcaed;a=fractureswfaoemdb=ocnpufromx-vrecorder.
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Table A-5. Unsuccessful tests on 73W weld metal

Hole Test Figure

Specimen diameter temperature No.* 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 finai report is published.
A73W56 19 (3/4) 75 A-18 | They will then be disposed of. All others have been
A73WS59 19 (3/4) 60 and 30 A-18 | marked for disposal.
AT3W61 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) 161 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.



« freTeyE

T b ai

| 9

L ]

izt

143

W

:53

J

¢ 1

‘M‘N‘nﬁ.vas....(1,/. o

tw,‘,:? ¥

D

A-

D

P ]

3/CR-61

C

NURE



STIW
o5 oL o9 s op of a2 o 0

R R S e S e e [, SEBIR SIS TS - - -
3 ii

1RUE RN CHE SR 01 [T AR A b e
R R B e S e B ,LN@MIA S il e ..uN.u‘.lNI-.:o.. R RS DU A, BN B .

NUREG/CR-6139

A-7



A-8

5139

CR-¢

NUREG



GOj Ob 08 2L [ hdd 0% o ot G b 0

NUREG/CR-6139

A-9

| \ -
- P 3 pes S 2 \\\ A ﬁxw,.h
"1 \.\ .
e, PTG, =R AN il ol
2+
S/ ,
-4 . HEu W— \\ T S— 11‘17vw. S S——
} \
— 4 .41!: e T = +——+— | 3 i \1#0-.# e e
L — —~97 571 v
ISV L + 3 Ef A = = = i e £ o
. . NPT e e Rk S B o |
- s+| —— - sl = v.M\ el -
?\u ,\MhM\ ’QQ
o LI ool o g —
: rgrl=k | 0 [ 1
T
[ ! T T B | R X 1kre
| _ 52 = 3en npais :
w : %073 859 -
} T Toee Eean g B RS St 15 8 > Taowb# | |
| | 5 SDNIL | YA b0zl

| R (PO ) DN /| 0 ATV £97ZL FIATS)




Rt € HTHITHES f).,.L,zg; ’

NUREG/CR-6139



DOt oh o# ol o9 05 ov 0% ot ol 0

| |
)m.} * 1 ELEE Ras B : . i 7% 2 A,‘MMLOA A..O-.“
— Q
a—— — SE— e }— — - S— \\
AT e e
- Lvllulrl[v,l'.gl WeEH IS, et ey U
MW o€
Jt g4 | *
L8 Rt L R o CE T O ﬁ + ]
- e e e — e e e T
\ &¢
ooid— s s
by 741 et
—— — = e - 4
4
|

NUREG/CR-6139

A-11



]
<

A-1




NUREG/CR-6139

4

LD SEND Sy AR | 4 = SN S

wsp it 4
I B S g e SIS0 8IS TEEE P S OO O S G R N
/!

sad 3

e S S S e S e

- ..<r.. B e WU

= §

S SU Y—
B e S

b e h.

A-13




139

R-€

NUREG/C




= -  —— e S s e
» . . - e S — - - cll
. ' - - ~ e == - .4
' t + % i
- i 15 =g =
. : ! I SEESTERL = 4 .
! - et i
- — s T ey S B s—
+ - .Nr \\\\\\
. 4

T e e S T O ST S

Y ]
1 |
«- M ! -
H ! $
t - }
k ASCANE i ——— S “IH. i = i -
w : 2 o “
e —————t— = SRS
: ! 1
t + } —1
1 { 1 1
A ! ] ! i
-~ - b b - - - + — 1
' } 4 i T o -
! ! ; 1 {
: t t t i
T ] 1 _._
{ ] i 1
+ + i
; ! I b
f L + T
- -— ~— -—— — e _ ‘
1 4 | T |
{ ] e - !
' + H | +
1 { ‘ t+ .
: . |\ + +
i } i 4 - - — = !
et ] i e LW ll.v:AIIIv%‘- e Y —— —_—
; i t “ - = — - ﬂ
' t 1 + i 8 5 e ey
‘ ” 4. = s 7o Hu
i | -4 .
m ! e 3 ¥ i
e e . CEEEEE
s | u e T 3 e e
i | aen . I
' i . S5 !
1 1 ' . M i
{ i i
! i !
{ 1 i
‘‘‘‘‘ - — . e - oS =
! ! !
” i ~

L Ry - NWIDINMO3L
! YIAFIFET v 4IINONI

A mwtbmﬁ =@ 3348

NUREG/CR-6139

A-15




. , T e -
e, S T— T : ‘ $ T T : i
SR T— - * 3 1 «f T L ; - u
= Ly s fepedo il DI . $
& 4 B R 113 : 1
by et  FEETAE G ISEFENNRS REBART SR 13 1
- - — - B B T 1 } MG TT s 111 3 4«» 1
— e R T = NIL[ T3 1 .
- - 1t IS S EARS SRE] il -t ¥ s
e W e 355 4 Ty Tt % 3
. 2 T an 3
;i
=y b H;ﬂ t $E ¥ EwE! +
- 1 IR
SR ——4 T re .4
e EnmmwAsuassaans gEms: E
RS & e Tfi.w 11 e 1
B & bt : t T t
; ' e M 6 O & % TIiit 1 - -t T
| o PSS S WS IESEHR) T = s
e R 8 4.%4%44 - s It
- . - T ' T3 T : ++
-t ,)J'MJ—]_‘ Fs 5 ¥ 1 1 X B ¥
e EXA. 1 = = +
SO T T (e Ml O X S MBS UE & : 1 N L3 A 1 7 : 1 11
e + 1 Freras 131 T  EAEE + 3
M i = i 1 T T LTTY b et
t : L % ey FEI T L 0 R 1 e
TR S S A5 &R -  Em Y B8 0GR 1 1! N r PreETY SRR Y e s
b -~ +rt T = et T TYi i1t '] T ™I Ty ¥ I g
R -t 2 1Tt Pl
- e ——— i —
RS MR R BT 8 E S ] 4.|n,u.n|rﬁ4+HH 3 i e — =
s M 4 AR BN B A KR E R LA 54N : AR B e 1 5% 5 SNSRBH N ——
et et 4 ——— - b 1 et B NS ¢4 - T - . Lo el
CESCRACTESAE ¥ (i IR i M OONE ¥ W R AR TR Y S S REs e - LA 1oL e
R e SN S SS A SN . — W B ¢ + ™ t i y - __,YI«WIYWHL + 8 e ¥ \wl i
SRS TS ST N T s 82a - T T 1 T . : e —— == -
usilla‘AL = WCSFRY. S TRa 0 — - T 1 +M - -
S 4 T - 8 DR S s oS, S .
SR GEN T % O RN IS & SR S A 43 J..W..TJJ R i e - TR 19
= i % y -+ B - —gr— —
TS S P AT S A v i IEEASSRE S N N ST S
S——— PR a0 I o “r W 1 t - i + 11 17T T Onx.lnu.!ulol =
§ o e i & dEae i T RS SB R A N v —
SEALSAR L CEm 5 2 - s im C ey 11 T i S & ¥ 11 £ B S8 B £
e e SN IR =Y SR T 3 i Tr e Finad
P aa §iae Bmaeat SuNAanak s suew REBATY 5 EEL  Emean s an BELELEIiais i m—
St I AR 3| A : e
i HR RSP BA © sk B S P S 4k 0 HH e 83U S S K 3
PSS I S R A R S -4 T LB + i
) — T s S 71 + .vw = ,w Mﬁ 13 i gt
LR A 5 i R - emen e S + - . Tt rr TITIT T ool
T I 3 ! S5 SV E D S G0
- - — + - t T T TItTiii, = : e
. ST ll.ﬂAv B MG BT § G T 1t <'1LT0 T I 1 ,ﬂ\m» o T A
SSRGS SN S R0 b —ty- n g 3 3 ok =
e R ISES FENTENE TS SERTH SR 4 tdee b by 4y . + = : —
xluli.w.unl A WA&ﬁQﬂ.!!er-anfoftTaL - .m« > . BT | 3 .A.Isf._., Nt e
R T o RESISUIE Sra. nomH»I ,m.htvleuww..n 14 .Hw»ﬂjr‘«ﬁ. _H. T | W r ,414 l+ ;
PIRYESE DICBE SRR RE RS S B WS o +4 -t ‘ : » ¥ e e o] A
' : 3 1 113 1 " 1 I K i 254 il e =
s..T»f-L-ﬁl L1658 & SIS R 5 Y rrw.QnH... T Tt 5 ¥ W.ﬁw'- 3 AR
AL (P o A RS SH R £ S SRR U S L ANATD AR Ry ik sae i - gty -
llll e Ro s s s S0 Lal S EEARE TS NN S SRS BEEE =3 L 3 T 1 T ALY ok B
B e e e e . -y It 1 4 1 W § : i3 S
T T : B KOS $ + - | i e Shei ib Srlutim—r
P SRS SR SRS T s '3 K - <<1.# Ll Bt B MR S
: ; + T B T I : & B
: : : e R L e
SR EV A EE e =~ T
— .nﬁ.-lhhﬁh.u“.»p B2 e § B 1 Y . - + :HH T
- e B T t : ¢ Tt T+t
SRASESTERS 2 S & & K Srey T T b & LS LH
ST - W 1
BOETTE RN AT ES SRR SessuRRLE !.Aall -4~ ﬂ
et .|.I!.|+v|'|& gyt 11T SIS
00 DR B SN NG L Jwt_ T - |
3 s A i o s R 5 s MLTQL.\w =i
: RN I
= IR S
- R e, 5.0 % St ik 5 5 B R R R AR TR 8 ey .
3 D A e ] S WD WU AHLAho. b
—r e KW K EF W WA, ol I 1 L : wpeteg r
i S S SRR SPEFR & ‘Lw»+¢?.rr+w\>c.w, u 35 .l.uu..umn'!a. ok i % 8 B e 5 RS B
PO 5. AT SRS s P 5. 0 8 S 6 I 5 I BEEATe T ROPRCI R [ S 5L by v adry
Pl i Ao P U S e 45 B S D WSS o Mg IS (@ 0 it SN SREEE PR RN S35 S5 AN, 8 -
L - ISRy S WES, K e Sl
e e - r =l i I <H’)n,o
gyt - i FESEED SRR
<y, o e 5 QTH\H L B R ERN!
s o - —— - B .- b ool
S S S 3 P b R | S SDE.
! ! \,$‘.“\\f—.‘\‘&
- ke e e Cmrbhn B3 mi e S R

A-16

NUREG/CR-6139



9

3

a
©
)
w
@
=
<




ou/

o o

27

O oK oL o 35 2 2 T -
: 1 o : = 1 SR L TR B e SRS S s e -
i t s : &R BWE w..rr-.w-,.t,h...fi--f.1. : w2
L s } ; 1= T <=
= 4 -+  BERENSEEANBENRD 6o
1 BB 4411 :
et + - 8 § LA B
* .4 1
$ 5 4 BB AR
L] H
T 3
. :
L4 4444 +
T i 3
- - -
R
+ 1881 SH 523 EPC 40 SuAs SuRSEENSS!
; a1 suues A O e R
: £
+ — +4 3 i B A T 2
? 1 s jssaaseus: = 1T ES R R
- - - .-
~ IEREESRE] AR VRSN E VSET TS SR
t 485 BEAETEE ESSSSEILsERERNRES
: 8 o R S
-+ < A BRSNS BESE 5EETERS
I3 b 1y I LT M L B R A
+3+ ~+ -
+4- : ERS Su,
- r
T 3 V] i i
A b R BT i . 3 4
: 1| + it d -
+ . I s + —
t - - - =+
s S
= ~4 T -t
- e = & &
i fHI | 8 3
til " ! it 013
Tt L 8E SEs
T T 7% 1 T =71
EEN 5 i wa
1 ISEXE BEUNE BB,
3 & ] R IE
: 1T H.<FM~4
o : i A ]
e i ++ NS Su :!!
4 5 5 Llae fv_oufr +Ht »H:.f:;a.u
ﬁ. EEuEas e A8 RS R
] $ ; ? :
ISUSSS AERESFRSES ERRAEE B & {2 &
3 T e
kR Tl %m 3 ]
S SRR REL
i i i i
'
.
s - -
T b1
; IEEESS BN
r 1 )
SE S S B
1 s SCSigaaaa BRaREDI
T -
I 8 ;
1 ++ 44+ :
£ : H T gy
L . 1 1
| = sassqusasssassamea iuiass
s 3 - <+ o - : H
- s + | SEESE S 88 & T ] - e - -
} it LI
- 7 1 & Iy
= w0 » L . 3 '
- 11 = : JH + :
fxga += & - S - e
+ ham . :
— 1 ISRBE S
15 LI JEVRI X
= @ = et 3
- sSEas 4ee + LMu< +14 .1 .
PETht e byt v 44 4+ ~ s 3 T
] —r Lt R - -t eSS
i ¥ E . " 8w -
r 1 3 11 m s8 TERUARS FRREL e DR Sk s 2y 3
it 1 — jadss Sl aive = ‘9348

()

NUREG/CR-6139



A-19 NUREG/CR-6139



ST
20/ 3k o ° ) 25 o s at b <

T + - : B o o S e
t T % - 4 i e - AJ.H.thtklyu e o |
1 i i i Tt T 3 -—i -y = 5
T LT R EBE S L AGEY 50N SRR § s MW R
= - ».A.,wﬂ »1+4v44.1|Ul|< ik 3 ~
: 1t wt[»!ﬂ»l...,f.rn.un....ii» =Tt A5
It L e
4 =5 3
H\%
- 2 [
1 ;4 i1
T uE
an -
= R, — b e
- EESESES
It
+ Biid A_ . = /
W : 1 SR DS RGP SR S
14 - 4 it =+ — L =
i 11 EFEFEEE L HANE) L 4 4 L BN B
T 11 T O LA O AR O SR ]
- * T T
i 1
t T

4+ +

g

sdit m

B

N

e

S

‘HI

b

&

e
|3 8
i

3

-
.

13
a4
LELE

REE
»oi v s i

(Bau
1

gne

o
<

#vopf ..t.%

NUREG/CR-6139



ADY NUREG/CR-6139



: { ! =
1 ' i i
. . : s,
¢ + ' M-
. e F SE— - e S A—
4
i i 3 - 5%
} 1 }
» ¢ ) <
i t } e : A Sl
t + m~, =
{ 4 + . .
t 1 * 4
1 ” ¥ 1
== e ' 1
¥ e e A 5
i : +
1 t t
1 . +
: 4 e 2%
; | 7 00ve —»
+ } i +
. : 4 T
. - . - ’
- —— h & SN ST G
- 4 4
4 i -
{ +
I
: i
‘ ¥
e e =
$ i -
1 t 1
] { i
!
* +
+ b
= ——— W H
— + % t
‘ 4 =
. ¥ ! Amn
! ! :
H H
! : -
i ‘ +—
! f
3 H —y—
+ + ;o=
H 4 .
| | —7
i | 1
4 + + -
- o — - —
! +
4 4 *>
1§ 1 3
| : H
¢ : $
o + -
H : 1

&4~

g~ T

et s e

- ~ >

33

' W

S—
.

-

| g

B R S e SN,

8 E

i
]

ANENRRERA I
s

R e TRt TS,

:
i R S . =
+ 1 s
i ! 3
‘.ﬁ p -
W i 3
H -
i I :
4 H .
} ]
: e — b3
i $
4 i
i bi
4~ '
+
H
}
< + e -
+
3
+

+

B - & -1 L 1y
=T ST - dw3r 1S3

AN A

it DR R - NVIDINHOIL
FroWais] - EIIANIONS

A7TTY - a1 "234s

3iva

-
e

174

NUREG/CR-6139



a

NUREG/CR

6139



oeledeil | DoiBjDE

Paliaayy | IBWLLON

P « abuay asuis

- = #buey; ue e

vead A o= i = BOURY DR
TONTIIIS INIHOVW

3OVD

AN 3

i1}







S
BOWIIIS INHITN FONT

PRI parsiaRLAun

APBLIRALY-|

a— T VS S

- afuey UIENE

o Bliey paay

£ -@y 39vY0 'd
T € = EXE i o3l

———e T3

Sl ades by

iS4

LA

198

TEVET IR

e

Gub

-

wouR g Suung

UONEEOL,
TIBVINOX
JOVH aro
NVIDINND 3L
HIANIONG

a1l "J34s




B
i
o
®

A-27 NUREG/CR-6139



1+
=

}i

=

T

by

44

PR

-

e T

4y b

RS

R

oy

4t e
R R RS

St e

-4

i

H3
4»4.44- oy

g

.44

A

-4

1]

-+ 4

SR

bog bty b

bbby

B AR

R G

A-28

- i 2 s -
5 I wm -
13 1
: B !
L
+
} SEENT RTINS S -
s St e aneny
3 3 ISSSE SEREE SRR
% L EW
3 = =
+ : t 1
: " AT e N S B
: i
3 2 -
e
e .
5 3
4 -4
L -

Tl

b

e
™
" '
b
e
4~
4
3
5

F & SN SRS SR,

-y

p!

=

e

bo - -

e

e

NUREG/CR-6139



NUREG/CR-6139

A-29



-1r
4
4

-

1 13 B8 E Y ANR A N DA S R T Lo, Mool aiad e B e LSS,
B 8 @ 1 W 5 W R RO, S e e S P
{ ;s T % 20 8 B8 & KA W = T 5 SV = e T
1 ) L : i k.,w — = FEENESOReaNCY.
AGROEE " SR RS § T A |
Tt

T 1 Er= e

) T T : e 11
! b .
I FEssest I T
- T : SR —
: 1 ﬁ T R
1 3 1 el ————t
1 1 8 &
E §

S ——
e s ————— ~
- = -
S R
= R
L A e
-
S A
—
| B
e g
3 o PesrmeE
Sk sty i
e o iy &
3
3

TIFITL

1144
3

g

s Apsna-ndng)

e ]

4t b

—— —
bttt

& S BT CERE ) ST

mamach.: WY Fowe

1 v 13

2
++

3

+
e e

e

-j_r

-

i

b4

INERRENS

-ttt
AR & S S
-
L R A

v Mt

NUREG/CR-6139



A-31 NUREG/CR-6139



.._Z

0s

0

A-32

i O i W T1T11S L 1 —_—
o _.MJQ.H.E 3 1 T 4
i 1
F vig $ 1t +
s M‘ rJ
AM M H T3 T
1 =L 1
) i ?
T T
L - -
+
-
4 »
Fis o S
1 = B ; G R
T Pt e L
e :
: 1 =3 - e, Sl O i)
s wn CxsD ETma . R b =
i I ARG TEMNE TR . A e ACREe
it FuS SEE0E L TN RIS, OISR
i LA . - R TN 5 RN
s 4 1% FiEs AR CE A &k
:
! N S RS AT
| B i 7 L =
3 \\, ; Bl
I 8 X i +
S W e EBR —
i pa NN | BT 5 T R s
- ” 4 — e ————
7 1 ki RASSISERS. = Seiiin e
ne e
v ==y M S S e R e
su” 3 S | S NN i et
&
t ~A‘ b 4*4 - B
- -
i T3 + Yy () S SR, i
3 : 3 3 == ———
5w SE Y W SR , O DU L sesrat i s
s - + e e t
{ B W W 1Tt i T 2 G B i WS
T 1 ™7 ST
hm_J s T Tt v =t i
" - RS EREE K A WD S
i 1 EaEus 188 W RN RIS S 3 S e
1 - 1 1 F B R ekl e
:l;!,.‘wl.tl.'-..ﬁiu--,..!
4 3 i - i A SR I "
‘ - e
ERES BN E. = RS e s Gl ELERAE
: I ' ST TS AL B ST N 5
t .a4L\¢|.I.CIJ4‘J|0|J FOLINE S TEISEES & SR
b ir h 3 €N TR AT N, T T e
: ! O B IR B s
ERE R R SPUITENEE U SIS SN
LHN.M k ; Uﬁuulﬂlll\‘tk4+‘u|llr‘lvl -
+— ,ﬂJLlfnl‘Y?.lll..ilo\lr"fhi -
1 Bl RSB TE R N A U IS STl N e
i .3 —— . p——— = — -
B NS & 1 0 RSO N SELS ARAN i ima
3 T i 520 3 = =
+- - -ttt =1 Tirs r
er - B O 1 SENRREICERE (SR ——
- S SRR R e
TIt 1 i i 4 o ¥ IERNEN GhSvR——
H o EnARAAsuLS RS SRS EASE. LENE S SN S S——
s o ———
i
H 1 i
+
s
- s
. - N 44
R R R RS -
i ] i -
i 1 =
A T b
=
33
3 B z
7
T 1
T
T L 1 L 4 e oi Moty SR o
1 : : I

Yok

NUREG/CR-6139



s,
S

g

St | ESNRAR T Y S

R AR £ 1 i

¥

GL 8 B &

:
00

39

NUREG/CR-61

33

A-



pamiRELl . | DMEipRIHUN
- o ;
EER L VR

- sduey avunip

b VBN Wl b

e pupenss— - L Secs ! A = { > ¥ R
1§ o= = 3= EISVITOX
FONIIIIS SHIAOYE oN! 5 THVH g O

\11.... 2Ot IOV it : “~ NVYIOIN4D3L
n\)ry dwaL 1831 3 . 7 HIANTONS

Y LIS Y s A VP T a1 3348




A-35 NUREG/CR-6139



W
«
B F\ﬂ. .
v | . RS T g . TN M, B S Sk ol MRS TS (e R T S
e L 8 oG BT T e SR ST 5 S S EL, SEOP § LK S SR WES @ W
: 3 a T T3 SRS - I W ) B } B
- t+ =3 + T L TI+T TILT LN e i3
R 2 ; 5 ] ' ™17 5 & 1 T T “M BB
E R 2 T 13 3 4 4 T il
- AM 4 T 4% T . + mx.r —— 5 +14 + M
= j 4 T '] MJ‘ ¥
T b ' 4 + & ; 133
-4 1 : T i §
3 = L1
: I o
- = .
- -
t i L Tt 1
i - A = T i
- .44 + .1
: : 3 I s iz, T S
+ $ ma s t T 3 e S i St
$ - 3 - . 3 e e
A - o > = Spreio Spmeeme
it + T il et e
SagEs=sis . r
1 & ! RS e S
> & 5 B i oy T e e
i 4 L e - e e e 4. TS
: 1] R e st e il
- ~ i FENGRSENRE R SEEREINE S |
§ e e, e e
+ i & SERE UGN S TR wfll -
1 : i 3 3t D D L SRS
SEEE 14 a: 1 T e L S A= S E =
T 2 : : : = 2
W : 2 T 7 4 i (G R W R S . e S ===
i 3 , o g IS, et e et s e <s——
e —+ g - : Y i T . (8 SR TR E S e ] SRS A S
s LS ot -t i ddetd 1 B S s
) . : 1 L S LI EES VN WVRREE S
11 8 8 8 BETE 3 D T T e
+ } o 1 m FIPI IS I B B S — - ——
p s 2 Ly ettt . —t N SNCNISICS— S
) ; 3 I 4 Jw.. - #.rbH(‘-fv - el ot e it d et m
- Y L ¥ I e R -
-4 1 - 11 S = JepEgmiai
- T T i i . 1 + S, ) e -
Y a4 mw e TVl ¢ 1 .v e Sl ) = A
onas : = _ = 5 e : e
$444 3 33 etk =S FNREut + . b - S e e
<+ + Tt @ HEEFFERE SUFRLEBLLE IS S ST S —
et 1 + = T T i 5% 34 R XN EESS TEE SN Seata =
L. - 1 i 5 + ﬂ#,} + ¢ oW T E SR S e r
pauuss a T o . " e e aeans Emaas: ==
i T i : 1  § i I T B B b B e e
,»H»hﬁ T 4 - 3 1 .4~ p —i——r it — e s et
. ¥ 1 ™ 1 i + - (AR
s apan! - T e IS RAN uE e O R e I —————
T T 1 = g sasssTa SN R T
: - LR B A S e S SEi . S e -— -
+ T - § A B ARER’ AR S SN SRS S
i : = 5 T e e e
- 1 e i : .
3 b +— - e e e
- - £xas 3
SaasaEsssnaRazssausis 1 : : .
o WD 3
918518 B B ] 8 : L v 1 T
ERIeaEsuEATERESE -
& et 3 -
ol
b
5 b ¢ P
! W § S
1 - -
L b
-+ T
; aaes B
X btee .
HHE = 2
vy . .xlwf..‘u,. k.w. + ey E
ISESSEERAN RSN 444 - 2
b + I R B - 6
T | R ——
- -+ ¢ & @ S i . o
T - 38 Si &
+ A PRERES - b 6 SEEBEEL
+ IS SRR AW o T 08 N ¥l i = - G
- 22 w



EG/CR-6139

(>}
'

NU

A-37



gt} 4 4444

b |4

PN

i s S

EESEETa—

A-38

NUREG/CR-6139




NJRECL\ CR-61 39




+

4 -4 F

-4-f |

(1 ;
geEEu

.

B

poid 4 4

44

e

T T

s

bed g i

4

N -

nORuRaRSHE

R

o :_.1&

-4+

s

-

j,..

-

bht b
v

-14
g

e

bt et 4 bt

+

Ab bt by

e

=
-

HH

2 IR o

— *’-L

44
ik o

&

R R E s R
et b
4ttt

R

KR

o

sty

-t
A4t
144

4

- 441 red 44

A
F 40 O

et

R

b4t
-

g

Tt
44

i

4

b

Bl s
e

4

LI 1T

L4 by

4

Q

A-40

NUREG/CR-6139



139

NUREG/CR-613

A-41



60,
1 - / Sk a3 1 o9 i 9 0
i i H« w S 1
-t
+
T
3
RS 3
i
TEY w
i 1
1
bad 1
1
Y
44 +
e
t T
Gt : ’ . 2%
8 T . i i L 11
T : i 152
i + Enas
. She 4
- 43 T IR ESSEE +
i it
i & 1 =3 s
s 4 I3 1
i 23
13 Y
aim L 13 —
1 b v T y |
T 4 1 i+ 113 4
5 IITT 58 4
: +
'
1 T -
FHE
- 3
) T
3 33
FEHEH =
*‘ﬁ It [ | 1
S 1
4Hurx + R . -t g +
Fa 1 T 1
eSS ana : 3
et : . : T
¥ t r
TR F H
-4 LHJﬁ rLT*, urAvA :
“+ + v
. t w % ‘b Lﬁ) 't + 1
T 3 ! :
Tt H-
& * + T
HH T :
+ R R b 44
i : =
4. -ttt
23l - ﬁ - 4 + 4 i
SES See! 4 Mt b
sEssessel o ege:
1 + +
o - 1 At Al 44 %« =
B8N H 3 P4 e att el - it IW
lﬁ.J ﬁv AwAvHH -4 bt + 4 e bt +1++ -+ byt +
et b bad -+ + 4 R ~—d .
434l Lhliess b4 -3 ESREBES 5 ¥ EE.
BESSes -+ = p At gtges 133l
MHM 8 58 e > #1144 r I nEas :ﬂl HE - 11 - 13 ae
IESRABANSE N iR 3 BESEESE R
. 4441 +Lwr+.r11? H - 31 3 SEASUREE aM.Qm«h; ,.Lﬂ 1 - WM 44+

A-42

NUREG/CR-6139



1P e
NUREG/CR-6139
A-43



T T T e ) e
. e SR BBS R ¥

| DRy GAng

e N ! 8 1
H e Q e gors

P — PG
w.#ww .y

H P H1t T FEHOVITOK
I TODNRESS KUV 8 1§ 1)1 VT AT
S PR - - NHDINRIZL

¥ H\hw?«\.ﬁ! { HRANIDNS

oy “J3ds




NUREG/CR-6139

A-45



N S [ b

m oL a3 Qs Of a2 o/
T mwae s rTuun s Seass S eSRee Sha e T asaszsussaam
5 L ANN FREASE N (RS & ~——t t *
: 1iita 11 Tl E
- Lloliaatiis = +
4y '...q =3 . 5 +117 w s
3 P t 17 & T i w
f. i11iil - ] ».f raw ‘
- ﬁ w
i
- S 8
11 bt e
y oo bd L 4 '
SESS . - 4 E &
» 1 TITT -
: H LA
7 ¥+
R 4 S
4 1 ! ;RN NEE § 11T
. 4 : 3
RS 4 3
s + 1 i
1 1 + + ¢ 7
+ T T T 1
i + Tpprry
Y y T + 1 s
I3 3 % — —
Sediadpidod r sy Tt a8,
+ - S 3
™ ¥ . B
Eaazaseails +HrbteH S - S U xvﬂ«...,ﬂw\_lx
- + B =B =+ .
e lol -4 Ba oy e 44t
- W Wy NJ;Mr [ 3 i cIOYH — EREE
ey 4 .y -t 5 Shied
- L + F NN -+ lv...« wﬂ + JmlJ.‘ +
- . s + Sl aged) 4 i $7
” T M ass. -
ol T it - B
g 5 s o ki Y : sug: s Tt T
Va7 W e 3 L D 3 i Tt T
SRS DEEETENE S S 1 - b . + e . -y 3 45 W
17 T T 1 1+ rT(J|THM- J.Mudlll.la
B A 18 | S v ™ 1 T 3
Siismusia; I N j35ssssanses sanyzaans
T % T T 14 3 b 13 '
> T | 1 ¥ | 33
1T T 1 + 1
. R e TLETELL
S R 1111t T
@ R W &
sun! ‘ - t
Sesasassas T I
IBEERA VSN S S WO
T B B 4
HB W) i : § fi & E & 3=
1 TIrT '] 1 (] b4 T [
3 M.Lw; L + 44 .
'wi i et gt i
88 88 SHRRNETE SAFWEE LN S50 2 FAS LD BEs -
T i 1
] -1 : 1+
wx : ﬂqﬁHF. __ - 4 Hw. ».% * ‘w v
5 + - 1
t 3 W Spus S8 & 84 i
1 3 i i i1l 1 i T
2. Lt 4+14 8 bw. il z Y T s :
(W SMRr S S L SN B bt ! i3 T
Auxu..vL ....N,Hl..»ﬂ 4.%..444.. - At et g . ;i - - -
PQ.“HQAITT%: I i ™1 !
S I ARNEEERE REREES 1 ; .
"y et i 1T 4 T
R WM RN SR N 1 b & Tt 1
CRRESESESTANESEADL S B 22 iEsEEE GRS :
S e, T[_oq. ) W saEs F
BENSREEZUE WREWE ST e
;i SR T 3 D0 O
EREEE BAAES LRSREYE 585 TS, S TH H
bpedog —aa g 43 ONA Tt I~¢4 R = +t
s 2= HENSS RS E NSRS . e
'l.-l».HP\n, “tt 5 2 T* = A
I S A BN NS S S S s & » s =71
PEEWENEESS W NSNS 26 L P =77 -
SRR PR R s, T a
.nf.ﬂfﬂ, T w:..«..ﬁu i R § [ ﬂ 11
BESBEEREE BE &4 TES SWH = - -
vuwk rﬂ“ﬁ e .v.olWWlH»ﬂH No‘ =l 4 VTﬁ\Jﬁ - + e + |
", ..H.4~7,,<.»v| =gbed _u.ﬁA ..ﬂL P i SR it ae wr ?yﬂ&. 1 ot
»u,.wwmn...n = Hu ERa -wﬁ, sEEE S S & Tw.ﬁ»lr :
et i 31 IR ERd SRS SEs RS s S e °
&l e | 7 Z]F - 3va
-t v

A-46

~-6139

o~

NUREC,



Mgt

A
=
73 !

\&fwa‘t vy;d

NUREG/CR-6139

A-47



3

05

2

-~

.S s & 9

Sotetpe gyt

ity b

-

st

1t
3

2310 i tisl d s 1111 1 L3 I8 -t $d
1Y 4.1».1H T leﬁﬂ « mwhi-f« m - mﬁ« ++ -
dod i X - . REDGBE eSS
3 1 1B 3 T T 1 + w,»wN PEFRISEREE
— : . = 1 3 1 T .x\fria.r
w.1: + i L1 PRAFRER
Y 5 i T = T m
8 ' Sh8 ==
+ uIMW.» H 4 - i Ty
> 3 3 e
T Faus : e ¥ I S S
. 1 T 1 !
ISEERERGES B 1 3 o AXT»
TESARELES + : nn
TR T + TR a8
yes —_—  : il
G > 14 8w ]

v - % : 41T
SEEmENEEE ; g et
AN RER EPELE NS T t + Hirh
X H« m« ,.» ot ¥ b%;i%?,fdvn

R s SR AR r - TTTL s
t 3 s v + A R
et Rk - T SEsuaEvEw
iy + - : = : :
7 t $ . -
SESSrLaees SUENGEs e EEEan oy rt ae ]
&: IREEEEE SR 3 3 ] 3 T -
e e + 5 % = $ : il
ESmesEasssensnta: 2 o Late = i s
AEFRAGREFE 25 I T i1l 1 - - ~t=
T T e 44 0 +1 S
. . Sl
- _qu t 4 T -t T + TL«%. S
SRS SRS N I . by b -+ ! D e S e SR
i — -t . - e d e 7 | .,qw - rwll'm. -
Al 5 = R b -t ) 131 T
S T W L 1 = o 2 e | LN
i R FE B s 1 = - e amns
(3 i Tl, 3 L B S SRR 4 e S 1 790 i i R
T S B T 53 S SRR I tr PR 0 T
R ' 1 T11 IARTE T 1 ..Fv & & RN
mg=— T ;s Y - 2 . -4t 1 :
13 ad i 11 L ) 3 1l 6 A
1 3 ,, 1 L ™1 T T T * 5 5 TR
*Om .TI» 7 T T 1 ws @ B § ob.nl(..v ot
EEERNRE SAE TN M u”c 44 - 4-.141054.1*
: & i = M 3 BERSSERS4
SEmeaERass Sn: % 3 1 81 SRESEEES
o 3 S 8 It GEE 8 P
BREDBRE G b1 ases ' =R 4 -4 H«1Y+§|»
. : - T Y T
e e -+ e et _.r+ 08 5 44 B S EREEEE BB T
Lg b p s . - - - + v — .
FELEMBEEUY RSN : z EEEREAS + & T SawnnSs:
[ -1 - 4= ol Shne by st - cravesen
ARDPEEEY AT S0 i } ++ 3 . 444 et 1 R
S e T e + et + * - . + Tty
wl‘.«lMIth,O& . L .ﬂ - h4». 11 +4 -4 . Tttt
1 : ] vt ? * T | ¥
SEasmEEs e s TEriTs 1 T s g ISR e
: 7 -
e 3 I 1=t 5 1 aers e G4 mERTES
HE BEMRSTRE-S &5 § 81 + o LRH e i Lk R I e aewt REAE S WA
MEREESEETE ¥ 13 L 1L by : b . + T } Pyt i+
Er e SR g 3 3 i a3 T 1t LR + e -
. - st dbbea W t | . A &
et P e e T g SRAERSEES U] = “
BuE : : 1 . 3 i b cedie
ISR SRS B [aanasss - T8 e i T SBEL TH
I EEESPE LS SHEESS IFEE SRPEY I FEE L E SESEE e S 3
LI S S ddm i dd + —tet
R P»L;u\ < .4
FRSETLETED FUE TS EREE 5 W
MEPESTENEE EXE NG ERE & B A it 4 ———t = R B R
s SR b D ,TﬂusL..PI . - f e . - s »
S WS . e o -t
wﬂllx‘O.'LLlJA-~|Q.I|1.. ;yﬂHk.o e e -1H y w;
FEENEENOER SERSERTEDIETHE S & A4S 208 8 B e . SRR S | -+ :
& ‘ - -
R A W S R R RN S SR S5 BRERSE EE H+L “wrn . 3
AT AR SN A LGSR AR LT SIS AT OR MR S it Tt ;
32 B S q.ﬂ.wrh»x,rh 3 b W =
i —— ,....¢Ivn..<+L - e 0 B -
i - Y :

2l

o
NUREG/CR-6139

A-48



139

NUREG/CR-6

A-49



¥

R R

RS
" et
1
4
1

i

o

e

F:E-

4t 4t
4-: 4444

+

-

y

44

-

-4:

H

™y

i

)
gt o pptb

e

1

LI S S
4t

R

rbe

i

bt

4

44
14
R R
1

1

v

i

4 i

s

'1L1vu

R

-+

RN

T

boadp 4

-

+
et b

4

T

dee

{

]

oy
T

$-4t bt

4 dgba

1
e

et b

ve
-

i

a4

bt -

PR -4~ +-

-

14

Ll

4+

e
T

T

b

FEEGREna.

-

+

'.+

|

-

-tq

3

+

T

<

s

8 1

e

At

-
T

-

1
3
3
s

et el
1

ey b

.

14

+

ddd

e s

-

:

-6-;4

e
6

BEASR

fi g

ISERESS

41

by

LL +
T
-
P
433

+4

i3

&

i

A-50

NUREG/CR-6139



NUREG/CR-6139

A-51



Ll IR SR L b i 3 3 s 1 1l 1ilrt i
13 + 5 3k T w T 1 4»~.<. Tt 31
: N * NS EE R W
Fi 1 - e
T
+ A e -t
1 : Sl
F H R i +
- 14 1 .y H Q
— + - ++
<+ % 1 3 1 -
oL - - T ilv 1]
1 LU :
¥ 3 1 :
it BN + 1
T TR
+- - Teeeefosls H2
- + '3 Tttty T
i 4 - KA B Ty
i L 1 1 T TSIl 1} i 12
T T i T cpeet oot . :
nwwns ¥ + s 7 LS USERRLANEY SN DRSNS N
B il 13 T i ;
. 5 - + 117
i1 — o+ : HH e
1 ' S . e
: It vy 3 1 1 $ et »
L ks e i 1 4 4 = . T NS S
L ) T ,r‘% TTHTT 13 T A_tklwl» Tt i 3 1 AHFH A.,J.MJ‘ 4.|H,|
i I LW LE CF T T r 0 td B 1 Hl.Hl...L.»}li.|.u|l
B RS SR EEA S S5 : wﬁ - $ wam + m L lw%.« et L
B B 8 R S 3 T rwt . 1 YD ELEE LY AN
A BB WA Tt 58 B : b 565 E SR s
— ,.J‘« 1% M $ ._ ~- 1 H =¥ _ﬂh T *.pwa 3 —=r=
oo S -t Fuas s A —t ?
If’vvv'ul.uultivl~ - - ENE P = & . 3 - 3 w.>+.<1. L e D L S
{ 11t 1L H ¥ + SRS
s B e £ S SE LR TS 1 N S T 1 7 B¢ W i S o o
FEN 3 SEeEE 8 & S ek o e B850 £ 528 A8 suy ==
t : - : $ ==
Ly, - - — + Tt & et 1 L8 P 5 D
; £ »_ =+ s rw e + A_ﬂ_. 4+ T ==
S 3 | 553 I I : L 1 Ty i
Ty i P BT 12 Ll A B —rd
1 I L B Ly 3 1 il i m
! U5 o : 3 Ea e 4
=it +—f-r I A e LB & + + bt X X 1 i S
e i EER T & E W B & : T
i 1 1 % 1]
L5 2 W B T < ' o 1 1
MR S T T B
e 13 ikl i 3 iy
i i I3 AE S 3 il 1 L& it - - 4 BN EEES
| 6 0 SU AN YRR S8R N 15 8 B H R £ 3 S
e e e ] T i i
N ES WA AR EL A FESER A4S SRR SRS ST RO k) 3 1 ® B 11 8 & e
.wx,o W A iTWl.lF .|.4|_14r>0_ ISR BENS 1 ..ap.lb ™I J_‘ L - L Ll q* W AT AT T \
T e =t 5 s : T3 T A 25 & e .
| R b 1 b'lﬂ»A%@ln\?& PAQFAJ poitgberten BT REEES 5 Tt T sSwwy ~4 4+ 1 3 v
SEE SURE RN X S5 S S ST ISS L EESINI FERN LS K 3RS S Y ; ? : !
1 } W : i i ] s k- - .
%S O WA RS aD o 1 - B '3 R - 1 e % T T Tt t
i et 3 IS S WS IR e -
by T PR A & et ¥ T . -
I S RS PWEE &S T - i m 1l uqr”» ¢ 8 : + .
3 3 { i1 i I e ) e - X 3
R + - T4t 13 3
- + L8 ad : . LEE W 3 > - + S NS St
& 5 s : !L.Fw:.?;lrpr _\_ t 1 s wm W«r + +4ef = :
| T s S
S - t % % adwq i3 Hftw PM + i + ;m 3 i S W . LT i ; et R L LE b
bt P S R £ & it : : I S
S T R R T T H— : —— —
R & i ‘i b &% $ ~. AL Ty : S ® 44»» »h"!
B 6 NN R B S A BAILE RS S TG L I
—ty e dddetl bl oy W‘ L3
—. : 3 R ms s RSN EEE !
53 i e e P L
- | et W, el B 2 T EN A L e L T BV
EAEDE S PITETEAVL I TS T A mawa
I A S A D SN S 1
B T £ e e B g S S
(SRR W — RESSREN 4 - e S taa S SU S SO
I)L.D,u..lel Mlvru.; ?!A..H“lm,rg } 4 -.!.H.»’ —bdbg el g
: "2
JOSSIPRLS. SOURMAL YD SR S WO WP SN A N 0 S
AL R A T N TREBRALES S e e R e
el PR RIS R SR Tk SET A I A T S S A N
e PR 7 Vo TS R WL S O 0 e U B T
Zoi. Ui TR AR S TRSEL T L ARSI TR RS E B A i
SRS SHNE NS S O + - ek
£ = % By 2 ERE LMD YRTT PSS N LS AN ST -
oL ] abetiunss i IO Sl 5 TR AR W T i
R R S ) LR W L8] TSN S Y g s P Q
) 5 ¥
S0~
.o (U ] g7 9 2o o

A-52

NUREG/CR-£139



TR

08 % O
Wt & i B TN

NUREG/CR-6139

A-53



-
1, 1F W § T -
: : . 111 L
m H - w + -+
Tortt + :
& + :
-+ M«:
$ 1
1
i : IS8
: .
: T
” = - 1 5
HH T o H i
3 H
it B : 4 T
3 + it
i : ¥ T ifse H
Mq 38 | : - ‘H
: 1 @
14 | : :
poss: ; a W *
1+ — - 4 it
™t 2 :

‘.w + -t ) 4 r.vﬁkLl

: . o5 R
Tt - = :
i : 44+
% & i 1 2 i
: ¥ ™ : ssass
HH t -t 8 4 T B

1
+ * 1311 Y ' M
. 5 |
MofT H w i + sndEss
+ +1 4+ 4
\_;”HH., 2 B ? 1 g S S am e
H : . H 411%
Tt t - : i
: | -

14 H i ] : -
JIOJHH w : m R ) YH.H.,
£ ? i : ﬂﬁﬂp

: . . i
% : - T
: - : 4ttt
—+ - : i
v e
I ! : f
. , 1 bielid
o -4 TT ~1s_.w
H
g
fl T !
i u:
Tt £
SE 1 * i
ot s o 0 : it
i : : P
i w 4 *t+r
15 . 1 1 1
| : : Y 1 11
. 1 11 L ,_.y : : i
s : A i
H : 5
T - - i :
i T L i1 % 8 o
H i : - R
i . S — - ——
i % £
T &1
+ ESERI NS :
LL. B + | 8 2
e 1] + ; a:
. = PM. Hﬁi - 4 M; p - - : «.MU —u
jesssssss BESssssstes T
13 -+ - 34 - P EEE . a8
assaaasiassasasatsanan: i HE H
MHM&.NTM.I Ht + H
+HHHhH 1 sses +3 B
4 5 1 +
3 ,m i " Y'ﬁ_q H_-.. Yv + 4 -4 M,f
M,., b & t“Am T S saases ' ) : H 5 ! m’" &
SRS TN RPEN FURSSERES + 4 L 3 1 :
tHEHE T SHH v i : :
1 1 —heiiily e sus 3 =
+ s by - + +
+ ——

A-54

NUREG/CR-6139



Appendix B

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

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

The first four irradiated duplex-type crack-arrest
specimens tested, two each from the 72W and
73W welds, were unsuccessful. In all four
specimens, the flew arrested in the fusion zone
between the 4340 crack-starter material and the
weld metal test section. There was significant lack
of fusion, which was probably the major reason for
the crack arresting in that region (the heat-affected
zone in unirradiated duplex specimens sometimes
arrests the flaw). It was judged at the time, and
this was justified later, that this lack of fusion
probably existed in the remaining 20 specimens.
That would preciude successful testing in their
present form at temperatures higher than those
chosen for Phase I. The specimens could have
been tested at ternperdtures that are low with
respect to RT,,,, but that would not have yielded
very useful information. In order to utilize these
specimens, various modifications to the duplex

_ specimens have been considered and were
described in the main body of the text. This
appendix describes the tests made on unirradiated
specimens 1o verify that increasing the crack-
starter hole diameter, if made to the remaining

20 irradiated specimens, would increase the
chances of obtaining useful data.

Increasing the diameter of the crack-starter hole
also increases the crack-driving force. Originally,
the diameter of the hole in the 24 irradiated duplex
specimens was approximately 4 mm. The idea
behind this modification is that a sufficiently large
crack-driving force may cause the propagating flaw
to jump across the unfused zone. About ten
unirradiated duplex crack-arrest specimens with
16- and 18-mm (5/8- and 3/4 in.) crack-starter
holes were manufactured to determine the
optimum hole diameter.” An attempt was made to
fabricate duplex crack-arrest specimens with
approximatet "2 middle one-third of the net
remaining spAamen thickiiess unfused. The
electron-beam (EB) weld was purposely made
‘defective® to simulate the condition found in the

-
Theoretically, increasing the hole diameter fourfold increases
the force required for crack-initiation by approximately twotold

NUREG/CR-6139

B-2

irradiated specimens. This is not an easy
proposition, but as the photos of the fracture
surfaces show later, this was partially successful.
The test section of these “trial* specimens was
machined from A 533 grade B plate whose crack-
arrest behavior is already known. This material
was used in the Clad Plate Program [1] and is a
specially heat-treated A 533 grade B plate with a
nil-ductility transition temperature (NDT) of 36°C.

Five of these ten specimens tested were
successful, and a fast-running crack propagated
beyond the unfused EB weid region and into the
test section. The crack-arrest toughness values
from these successful tests are shown as filled
points in Figure B.1. The values of the crack-arrest
toughness are given in Table B-1. The open
points are from previous tests on weid-embrittied
crack-arrest specimens, [1] (at the end of this
appendix). This is another illustration that duplex
specimens can give crack-arrest toughness values
at temperatures as much as 65°C above the NDT
temperature.

These results show that, by increasing the crack-
starter hole, the crack-driving force could be
increased sufficieitly for the crack to juinp across
a partially unfused EB zone provided that the size
of the unfused region is not greater than one-third
the net section. Although the test sections of the
dummy duplex crack-arrest specimens were base
metal, the results were encouraging enough that it
was believed that the same modification could be
used successfully with the remaining 20 irradiated
72W and 73W weld metal duplex crack-arrest
specimens. It should be noted that all the
successful trial tests were with specimens that had
16-mm-diam crack-starter holes. Because the
extent of the unfused region is difficult to control, it
varied from specimen to specimen.

The remaining five specimens were unsuccessful
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
unsuccessful specimens are shown in Figures B.2
and B.3, respectively. It may be seen that in some
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Figure B.1.
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> Duplex Specimens with Intentionally Unfused Portions
> ; of the Mid—Region of the Electron Beam Weld
O

o L
-

] 50 " O Weld—Embrittied Specimens -
((?] ; @ Duplex Specimens ® ° ]
)

C 1

s ® - 4
o " ol
O O
= o) o o) 8 }
e O
w0 O
® . ASME K,_

E 50 F .
| ' L—T Orientation
X
O ! ]
® | Material: A533B with Specicl Heat Treatment, NDT = 36°C (Clad Picte Base Material)
O )
QO O PRI G R PR Py T ST i A

ORNL-DWG 93-11681

-~} =23 1) 2o Ok CFs L TN 125 T
Temperature (°C)
Comparison of crack-arrest toughness values obtained from duplex specimens (with 16-mm crack-

starter holes) with those from weld-embrittled type specimens. The duplex specimens had *unfused”




Table B-1. MMWMMMWAWMBMMMM
transition temperature of 36°C. The crack-starter hole diameter is 16 mm, and the specimens were
fabricated with intentionally defective electron-beam weld regions

. Test temperature Crack-arrest toughness, K,
o (C) (MPavim)
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 extended
over aimost two-thirds of the net section, and
presumably this arrested the flaw in the weld
fusion zone. The crack did propagate, however,
some distance across the fused portion into the
test section,

It is of interest to note that various ultrasonic

(UT) examinations of the duplex crack-arrest
specimens have revealed the presence of an
urifused zone but failed to accurately determine its
size. The anisotropy of the materials in the

EB weld fusion zone seems to scatter the UT
signal so that this type of test cannot be used to
screen duplex-type crack-arrest specimens as a
quality control technique. A new UT examination
method, the B-scan method, is being evaluated at
this time,

There were several unirradiated duplex crack-arrest
specimens made from the 73W weld that were
previously rejected because the lack of fusion
between the 4340 and the test section was readily
discernable on the sides of the specimen. They
were remachined with 16- and 19-mm holes, but
none of these specimens were tested successfully,
probably because the size of the unfused region
was too large.

Experimental values of the yield strengths of the
material at the temperatures needed for the crack-
arrest testing were not known hut were estimated
using an expression developed by Irwin.? For
loading rates approximately equal to those
customarily used in *static* tensile testing, the
following equation gives the yield strength at any
temperature (f) if the yield strength is known at
another temperature (which can be room
temperature for convenience):

yield strength at temperature, t, in MPa,
temperature in °C,

the known yield strength at the
temperature, t,

a calibration constant equal to the
value of the term 55,000/(t + 273) at
the temperature at which the yield
strength is known.

....
nn

>
i

When the value of the yield strength at room
temperature is substituted, the equation becomes;

B-9

55,000

; 2
r+ 273 @

o,=395*

However, in cases such as this one in which the
yield strength is known at various temperatures,” it
may be preferable to fit an equation of the form:

= A ] 3
AT @)
This gives the following equation:
42,400
= 442 ! i 4
I Y e @

Equation (4) was used in the analysis of the crack-
arrest data,

it was of interest to determine the degree of
approximation in cases were the yield strength of
this class material is known only at one
temperature. Figure B.4 shows Equations (2) and
(4) plotted together with the available data at
various temperatures, which shows that the
agreement is reasonable. Thus, expressions of the
form of Equation (1) give reasonable estimates if
the yield strength is required as a function of
temperature and the yield strength is only known
at one temperature. On the other hand, if the yield
strength is aiready known at various temperatures,
the two-parameter Equation (3) may fit the data
more effectively than a three or more parameter
polynomial.
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Appendix C

Equipment for Modifying the Irradiated Duplex
Crack-Arrest Specimens

The end mill used to modify the irradiated duplex
crack-arrest specimens is commercially known as a
*Hawg Cutter* It is primarily used with portable
equipment” to cut holes in steel structures in the
field. The carbide-tipped end mill is actually a
trepanning cutter that minimizes the amount of
metal removed and, thus, is a very efficient means
of machining holes (see Figure C.1). Both the
cutter and a cenical chuck to hold it in a lathe had
to be modified by electrodischarge machining for
use in a lathe. A small hole was electrodiecharge-
machined in the cutter and a roll pin insented. The
conical chuck had two diametricaily opposite,
semicircular grooves electrodischarge machined to
act as a "key" to prevent the cutter from slipping
inside the chuck. The cutter was also cesigned for
materials less than 25 mm thick (1 in.), and the
length of the flutes of the cutter was increased by
machining the larger diameter of the cutter to

~ move back the shoulder fillet. The inside hole was
drilled the entire length of the cutter.

It should be recalled that the entire machining
operation had to be performed remotely in a hot
cell with manipulators. A remotely operable lathe
was converted into a horizontal milling machine to
modify the specimens. The cutter was gripped in
a horizontal position by the rotating lathe head.
On the lathe bed, a quick-acting vise was secured
in place of the tool-cutter post. The quick-acting
vise contained a suitable jig so that all the operator
needed to do was drop the specimen into the jig,
and the specimen would be at the proper position
for the modification.

Provisions were made for machining either of two
crack-starter hole diameters: 16 or 19 mm (5/8 or
3/4 in.). It was not known beforehand how much
of a crack-ciiving force would be required to drive
the crack across the unfused region. On one
hand, it was desired to iimit the necessary hole
diameter to the smallest possible in order {0

*Both the cutter and the boring equipment, known as the
MILWAUKEE 4240 STEEL HAWG™ Metal Boring System, are
manutactured by the Milwaukee Electric Tool Corporation,
Brookfield, W! 53005,

NUREG/CR-6139

minimize plastic deformation. On the other hand, it
was believed that as large a crack-driving force as
possible was desirable.

Lubrication and cooling of the cutter inside the hot
cell is also a problem because of the severe
restrictions on the amount of liquid wastes that
could be generated. A plastic squirt bottle with
TRIM™SOL worked well if the flow Gi coolant could
be aimed at the proper location. Coolant was
critical and, until the operator had sufficient
experience in directing it on the tool by observing
the area using a Kollmorgen periscope, the
carbide tips of the cutter would quickly become
dull and would no longer advance into the
hardened material. The heat resulting from this
dull tool rubbing against the 4340 steel hardened
the area 1o the xtent that it was very difficult for a
new tool to restart the operation. Of course, the
greatest of care was exercised to prevent this from
happening. Until the coolant problem was
overcome, i 0ok two Or more cutters to compiete
one hole. Once sufficient experience was gained,
one cutter was sufficient to machine the remaining
dozen or s0 specimens!

Cutting speed and feed were also important. In
trepanning out the hole section in the hardened
4340, there was a tendency for the cutter 10 just
rub on the surface. It was necessary for the feed
to be sufficiently large that a chip be produced,
otherwise, the rubbing would locally harden the
hole bottom, as mentioned above. |f the feed was
too large, the lathe would stall. Considerable trial
and error were necessary on the irradiated
material. None of the parameters that were
developed on an unirradiated trial specimen of
specially heat-treated 4340 were of use. The trial
specimen was hardened to about HRC 50, rather
than the customary 42 to 45 HRC, to account for
the hardening due to irradiation.
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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
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Table D-2. Excel macrosheet used for calculating yield strength, Young's modulus, compliance
crack-mouth opening displacement, conversion from °C to °F, and the stress-imensity factor

F tion to calculate crack mouth oper

used during loading and unloading

Yield strength in MPa

-~
|
4
) |
—
|
-




Table D-3. Summary of validity criteria (excerpted from ASTM E 1221-88) that are used to ensure
that K, is a linear elastic, plane-strain value. The symbols and nomenciature of
E 1221-88 have aiso been adopted.

Feature Criterion
Unbroken ligament (A) W - a, > 0.15W
Unbroken ligament B)W - a, > 1.25 (K/o,.)°
Thickness (C) B 2 1.0 (K/o,)*
Crack-jump length () a,-a, 22N
Crack-jump length () a, - a, 2 (K/o,)/2x
where
= nominal width of a crack-arrest specimen.
=  arrested crack length.
a, = for duplex specimens, distance from centerline of loading hole to
furthest edge of crack-starter hole.
ey, = aformal dynamic yield strength estir .. r appropriate lcading times
at the test temperature. For structur:. w.wels, it is assumed to be
205 MPa (30 ksi) greater than o..
oys = 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 wicth,
K, = value of the stress-intensity factor shortly after arrest.
K, = value of the stress-intensity factor at crack initiation.
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Results of Testing Charpy V-Nctch Specimens of Welds 72W and
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6E19-HO/O3FHNN

imadiated in the Sixth Series Capsule 6-1

Table E-1. lmadiation exposures values and results of testing Charpy V-noich specimens of HSSI weld 72W

irradiation Fluence, Fluence, Test Ener Fracture
Sperimen temperature n/em’ n/emy’ dpa* t ( J)gy appearance
(*0) (>1MeV) | (>0.1 MeV) (°C) (%)
Average Fluence = 1.84 njcny’ (>1 MeV)
72W373 289 1.88E+19 1.29E+20 0.0472 38 15 10
72W399 288 1.88E+19 1.28E+20 0.0473 38 17 15
72W401 289 1.8B8E+19 1.28E+20 0.0471 38 25 10
72W369 287 1.75E+19 1.17E420 0.0436 38 32 20
72W391 289 1.80E+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 1.28E420 0.0474 63 56 50
Average Fiuence = 1.22 njcm” (>1 MeV)

72W402 289 1.16E+19 7.53E+19 0.0280 23 13 5
72W351 289 1.33E+ 19 9.03E+19 0.0330 23 14 5
72W314 289 1.32E+19 901E+19 0.0330 23 17 5
72W422 287 106E+19 6.69E+19 0.0252 23 29 -3
72W353 289 1.32E+19 897E+19 0.032¢9 50 22 10
72W403 289 117E+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 S07E+19 0.0332 71 49 70
72W428 286 1.04E+19 6.51E+19 0.0247 71 57 45
72W366 287 1.20E+1% 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 g7 100

*dpa = displacements per atom.
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Table E-2. irvadiation exposures values and results of testing Charpy V-notch specimens of HSS! weld 73W
iradiated in the Sixth Series Capsule 6-2

lrradiation Fluence, Fluence, Test T Fracture

Specimen temperature n/cm’® n/em’ . temperature Y gy appearance

C) (>1Mev) | (>01Mev) | “? (°C) “) (%)

Average Fluence = 1.89 njcm® (>1 MeV)
73W540 289 1.94E+19 1.33E+20 0.0486 35 7 10
73W537 289 1.B1E+19 1.21E+420 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 1.31E420 0.0481 68 50 40
Average Fluence = 1.25 nfcm® (>1 MeV)

73W415 289 1.33E+19 896E+18 0.0330 50 34 35
73w428 286 1.21E+19 7.94E+19 0.0297 50 37 20
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 S5
73W713 288 1.17E+19 7.54E+19 0.0281 90 45 45
7IWT711 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
73WT708 288 1.20E+19 7.7BE+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 80
73W347 289 1.35E+19 920E+19 0.0337 125 88 a5
73W706 288 1.20E+19 7.73E+19 0.0287 125 90 95
73W333 289 1.37E+19 93E+19 0.0340 200 90 100
73W405 289 1.34E+19 QuU/E+19 0.0333 200 g1 100
T3W717 287 1.09E+19 6.86E+19 0.0258 200 97 100

‘dpa = displacements per atom.
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Table E-3. The average, minimum, maximum, and standard deviation of the iradiation temperatures and fluences (> 1 MeV) for the

top, middle, and botiom banks of specimens of the Sixth Series capsules 6-1 and 62

Capsule top Capsule middie Capsule bottom Entire capsule
(9 specimens) {7 specimens) (6 specimens) (22 specimens)
Irradiation Irradiation Irradiation irradiation
Fluence Fluence Fluerce Fluence
temp:erature (>1 MeV) temperala ure (>1 MeV) tempor' ature (>1 MeV) !emperat° ure (>1 MeV)
(°C) ("C) ("C) (°C)
Capsule 6-1 with HSSI weld 72W
Average 2884 1.28E+19 288.3 1.84E+19 288.2 1.12E+19 288.3 1.42E+19
Minimum 2886 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 117E+19 289 1.89E+19
Standard deviation 13 539E+17 1.2 6.79E+17 1.2 507E+17 1. 3.03E+18
Capsule 6-2 with HSSI weld 72W
Average 288.4 1.32E+19 288.9 1.89E+19 2875 1.15E+19 288.3 1. 46E+19
Minimum 286 121E+ 18 288 1. 78E+19 286 1.07E+4+ 19 286 1.07E+ 16
Maximum 289 1.37E+19 289 1.94E+ 19 288 1.20E+19 286 1.94E+19
Standard deviation 1.1 542E+17 6.3 637TE+17 08 521E+17 1.0 3.11E+18
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Table E4. mmmmwmﬂmammwmwmmumma
Charpy V-notch specimens tested from the Sixth Series capsules 6-1 and 6-2.

Group of 7 spacimens Group of 15 specimens
Fluence (neutrons/cm’) Fluence (neutrons/cm?)
irradiation
irradiation dpa temperature dpa
(°C) g

HSSI weld 72W
Average 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 189E+19 1.30E+20 0.0475 289.0 1.33E+19 907E+19 0.0332
Standard deviation 1.3 7.34E+17 6.40E+18 0.0020 1.2 1.01E+17 S.00E+18 0.0030

HSSI weld 73W
Average 288.9 1.89E +19 1.29E+4 20 0.0474 288.1 1.25E+19 8.30E+19 0.0307
Minimum 288.0 1.78E+19 1.18E+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 137E+419 S 31E+19 0.0340
Standard deviation 04 6.88E+17 6.12E+18 0.001¢ 1.1 1.03E+17 924E+18 0.0031
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generate a complete CVN curve for the high
fluence data, and the specimens were all tested at
two temperatures that were estimated to bracket
the 41-J energy level. The TT,, A was estimated
from a straight-line fit between the data at the two
temperatures. The 68-J energy level was
extrapolated from the straight-line fit and should be
ireated as a rough estimate only. The 95%
confidence and prediction intervals on the mean
and on the data were also generated. The
resulting fits are shown in Figures E.4 through E.9,
and the width of the confidence bands is
summarized in Table 3 nf Chapter 3.
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Appendix F
Variation of Crack-Driving Force With Hole Diameter

The maximum stresses near the crack-starter hole
of duplex crack-arrest specimens just before crack-
initiation may be estimated by assuming that the
specimen is a curved flexural member subjected to
in-plane bending and tensile loads. Such stresses
may be estimated using e.g., the Winkier-Bach
formula [1]. An expression relating the crack-
initiation force to some critical stress may then be
derived. Such an expression would indicate that
the crack-initiation force increases with crack-
starter hole diameter in a non-linear manner. It
may also be shown that this force is sensitive to
the friction between the various components that
are in contact with crack-arrest specimen during
the loading.

It i3 of interest to determine the variation of
measured fracture loads (which include friction), as
a function of the crack-starter hole diameter. The
experimertally indicated loads at the instant of
crack initiation for various crack-starter hole
diameters are given in Table F.1 and plotted in
Fig. 1. The variation of friction from one
experiment to another may have contributed
significantly to the scatter shown. It should be
recalled that neglecting the effects of friction, the
wedge” generates two equal and opposite loads,

*The included angle of the wedge is 5°

NUREG/CR-6139

F-2

acting through the "split pin,* on the specimen
each approximately 10 times the experimentally
indicated load. The data were fitted with
approximately 3250 different *tnal® equations using
TableCurve [2], and the one with the smallest
‘residual® chosen. It's form is:

Force - a + bD" )

where a, b, and n are parameters to be
determined. The best fit was obtained with a value
of n=3 but, because of scatter, n could have been
taken to equal 1 with no significant increase in
error.
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Table F-1. Experimentally indicated loads a crack
initiation for the various specimens tested
for this report

o

Crack-starter hole Force at crack
Specimen | diameter intiation
(mm) (kN)

A72W59 30
A73W67 | 3.6 36.(
A7IWTH ‘ 43 28.9
A72WE7 4. 34
CP45 | - ol .k
CP43 |

D5

D9
A72W49
AT2WED
A73W7Z

CP33
A73W54
D10
CP36
-[" ;' 'L)"N‘ :‘ll.’

D4
A72W58

D1
AT3W55
A73W6E1

D2
A72W53
A73WE9
A7T3IW56
A73IW6BE
AT2W51
A7T2W5E

A,—"Vj“,fl\';
A72W61
A72W54
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f
A
A 7NN
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