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NOTICE

This current report is the first Heavy-Section Steel
Technology Program Progress Report that will be issued on a
semiannual basis. Prior to FY 1984, the reports were issued
on a quarterly basis.
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PREFACE

The Heavy-Section Steel Technology (HSST) Program, which is spon-
sored by the Nuclear Regulatory Commission, is an engineering research
activity devoted to extending and developing the technology for assessing
the margin of safety against fracture of the thick-walled steel pressure
vessels used in light-water-cooled nuclear power reactors. The program
is being carried ou. in close cooperation with the nuclear power industry.
This report covers HSST work performed in October 1983-March 1984, The
work performed by Oak Ridge National Laboratory (ORNL) and by subcontrac-
tors is managed by the Engineering Technology Division. Major tasks at
ORNL are carried out by the Engineering Technology Division and the
Metals and Ceramics Division. Prior progress reports on this program are
ORNL-4176, ORNL-4315, ORNL-4377, ORNL-4463, ORNL-4512, ORNL-4590, ORNL-
4653, ORNL-4681, ORNL-4764, ORNL-4816, ORNL-4855, ORNL-4918, ORNL-4971,
ORNL/TM-4655 (Vol. II), CRNL/TM-4729 (Vol. II), ORNL/TM-4805 (Vol. II),
ORNL/TM-4914 (Vol. II), ORNI/TM-5021 (Vol. II), ORNL/TM-5170, ORNL/
NUREG/TM-3, ORNL/NUREG/TM-28, ORNL/NUREG/TM-49, ORNL/NUREG/TM-64, ORNL/
NUREG/TM-94, ORNL/NUREG/TM-120, ORNL/NUREG/TM-147, ORNL/NUREG/TM-166,
ORNL/NUREG/TM-194, ORNL/NUREG/TM-209, ORNL/NUREG/TM-239, NUREG/CR-0476
(ORNL/NUREG/TM-275), NUREG/CR-0656 (ORNI/NUREG/TM-298), NUREG/CR-0818
(GRNL/NUREG/TM-324), NUREG/CR-0980 (ORNL/NUREG/TM-347), NUREG/CR-1197
(ORNL/NUREG/TM-370), NUREG/CR-1305 (ORNL/NUREG/TM-380), NUREG/CR-1477
(ORNL/NUREG/TM-393), NUREG/CR-1627 (ORNL/NUREG/TM-401), NUREG/CR-1806
(ORNL/NUREG/TM-419), NUREG/CR-1941 (ORNL/NUREG/TM-437), NUREG/CR-2141/
Vol. 1 (ORNL/TM-7822), NUREG/CR-2141, Vol. 2 (ORNL/TM-7955), NUREG/CR-
2141, Vol. 3 (ORNL/TM-8145), NUREG/CR-2141, Vol. 4 (ORNL/TM-8252),
NUREG/CR-2751, Vol. 1 (ORNL/TM-8369/V1), NUREG/CR-2751, Vol. 2 (ORNL/
TM-8369/V2), NUREG/CR-2751, Vol. 3 (ORNL/TM-8369/V3), NI'REG/CR-2751,

Vol. 4 (ORNL/TM-8369/V4), NUREG/CR-3334, Vol. 1 (ORNL/TM-8787/V1),
NUREG/CR-3334, Vol. 2 (ORNL/TM-8787/V2), and NUREG/CR-3334, Vol. 3 (ORNL/
T™M-8787/V3).




l. PROGRAM MANAGEMENT

The total program tasks were slightly arranged during this period
into ten tasks: (1) program management, (2) fracture methodology and
analysis, (3) material characterization and properties, (4) environmen-
tally assisted crack-growth studies, (5) crack-arrest technology, (6) ir-
radiation effects studies, (7) stainless steel cladding evaluations,

(8) intermediate vessel tests and analyses, (9) thermal-shock technology,
and (10) pressurized-thermal-shock technoclogy. Starting with this issue,
progress reports will be issued on a semiannual basis, and the chapters
will correspond to the ten tasks. A detailed 5-year program plan was
completed during this period, and it addresses each of the ten tasks.

The work performed at Oak Ridge National Laboratory (ORNL) and under
existing research and development subcontracts is included in this re-
port. During the report period, 23 program briefings, reviews, or pre-
sentations were made, and four technical documents were published. The
meetings included the Eleventh Nuclear Regulatory Commission (NRC) Water
Reactor Safety Research Information Meeting, where this program made four
technical contributions.

FRACTURE METHODOLOGY AND ANALYSIS

Finite-element analyses were performed of pressurized-thermal-shock
loadings to confirm the superposition calculations of the OCA/USA com-
puter program, to ensure agreement between CRNL/IBM and ORNL/CYBER ver-
sions of the ORMGEN/ADINA/ORVIRT, and to compare sharp and blunt crack
models. Previous closed-form solutions were extended to cover deep, con-
tinuous, internal, longitudinal surface cracks subjected to pressure as
well as thermal loadings with complete ligament yielding.

At the University of Maryland, testing was begun on three-point-bend
specimens of AS508 steel to determine the loss-of-cleavage temperature for
this material. The presence of carbide clusters in the cavities observed
fractographically in regions of fibrous sepa-ation in A508 and A533B steel
was confirmed. A topical report was prepared on the two-dimensional dy-
namic finite-element program SAMCR, Further results were obtained using
photoelastic coatings on compact tension specimens regarding the recover-
ability of nonlinear crack-opening-displacements during crack-arrest
testing.

3. MATERIAL CHARACTERIZATTION AND PROPERTIES

Developmen. of crack-arrest testing technology continued at ORNL,
and scoping tests for the American Society for Testing and Materials
(ASTM) round robin were completed at RTypr + 29°C., Specimens for both




ORNL and University of Maryland round-robin testing were tabricated. A
prototype system was developed for performing fatigue crack-growth and
J-R testing using the potential drop technique.

4. [ENVIRONMENTALLY ASSISTED CRACK-GROWTH TECHNOLOGY

A new matrix of tests has been initiated for a heat of A533B steel
with high sulfur to study cyclic crack-growth rates as a function of tem-
perature and loading frequency 1in the light-water reactor (LWR) environ-
ment, Crack growth under sustained loads continued through the use of
bolt-loaded specimens. A second test of reference electrodes was ini-
tiated as a part of efforts to continuously monitor the environment by
measurement of electrochemlical potential.

5. CRACK-ARREST TECHNOLOGY

Preliminary plans were made for performing crack-arrest tests of
single-edge notch wide-plate specimens under tensile load and transverse
temperature gradient. An interagency agreement was established to permit
the National Bureau of Standards (NBS), Gaithersburg, to perform these
tests in their large tensile machine. Preliminary analyses were per-
formed to assess the range of capability of the NBS test system. The
University of Maryland developed sample wide-plate test scenarios and
also performed model tests to demonstrate the feasibility of using strain
gages to monitor crack behavior in fracture specimens such as the wide
plates. In connection with the AST™M round robin, blanks for all three
test materials were shipped to participants.

In the Battelle Columbus Laboratories support program, crack-arrest
tests were completed on pre¢ surized-thermal-shock test (PTSE-1) material
and low-upper-shelf weld material from intermediate vessel ITV-8A. K
values for PTSE-1 were slightly above the American Society of Mechanical
Engineers (ASME) K;p curve up *o a temperature just above the onset of
the Charpy upper shelf., The rauge of test temperatures for V-8A was more
limited, but this material also exhibited values close to K g+ The
crack-arrest data base was expanded to 344 points. StatiatIcaI analyses
of toughness vs temperature are presented; they result in simple expres-
sions for the mean and standard deviation for both Kio and Ki,.

6. TRRADIATION EFFECTS STUDIES

Tensile tests of the four low-upper-shelf weldments used in the
Third HSST Irradiation Series were completed, and the property values are
summarized for both unirradiated and irradiated conditions. Charpy
V-notch (CVN) tosts were completed for a Federal Republic of Germany
material that was included in the Fourth Irradiation Series. Cooperative
testing by Materials Engineering Associates and ORNL continued for the




xxi

first three capsules of the fourth series, with tensile testing being
completed along with all unirradiated ITCS tests. Scoping tests of the
irradiated 1TCS specimens were initiated. Concerning the Fifth Irradia-
tion Series, two-thirds of the 0.25% copper weldments and one-third of
the 0.35Z copper weldments were received from the fabricator. Specimens
of the high copper weldments are beinz assembled in the first two cap-
sules (each containing two 4TCS and twelve CVN specimens). Design of the
capsules for the 1TCS and 2TCS specimens were nearing completion.

To provide an initial evaluation of the potential degradation of
properties for weld-deposited stainless steel cladding, tensile, CVN, and
precracked Charg; specimens from a single-wire cladding were irradiated
to about 2 x 10%% neutrons/m? (E > 1 MeV) at 288°C. Tensile and CV¥
tests were completed, and the data were compared with unirradiated test
results.

7. CLADDING EVALUATIONS

The FY 1984 program plan deferred work in this tasl: until data are
available on the effects of irradiation on the fracture properties of
stainless steel cladding. However, a subcontract is in place with Com-
bustion Engineering to provide three-wire series-arc clad plates for fu-

ure studies, and delivery is now expected in the second half of FY 1984,

8. INTERMEDIATE VESSEL TESTS AND ANALYSES

During this reportirg period, as had been planned, no significant
work was done on this task. In the next reporting period, the posttest
evaluation and reporting on V-~8A will be performed.

9. THERMAL-SHOCK TECHNOLOGY

Preliminary exploratory fracture-mechanics (FM) calculations were
conducted for proposed thermal-shock experiment TSE-8, an objective of
which is to fnvestigate crack behavior in the upper-transition and upper-
shelf temperature regimes. The study suggests that the present liquid-
nitrogen test facility and associated experimental technique will not be
adequate; however, use of a higher initial temperature (~300°C), a long
axial initially blunted flaw, "instantaneous” sharpening of the flaw dur-
ing the transient, and spray application of liquid nitrogen to induce the
thermal shock will result in sarisfactory test conditions.

Modifications were made to the deterministic-probabilistic FM com-
puter code, OCA-P, to include crack arrest on the upper shelf, multiple
flaw zones, importance sampling, error analysis, and an increase in the
number of flaw depths simulated. The latter modification was made after
conductinyg a detailed study to determine the effect of the number and
relative values of the flaw depths simulated.
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Stress-intensity factor influence coefficients, which had previously
been calculated for 6/1 and 1.8-m-long semielliptical inner-surface flaws
in the absence of cladding, were calculated for the cladding effect for
the same two flaw geometries and were then added to OCA-P and OCA-II.

The probabilistic FM study for the Oconee-I vessel for the inte-
grated Pressurized-Thermal-Shock (IPTS) Program was completed, and a pre-
liminary feasibility study associated with the possibility of conducting
TSEs with the German HDR facility was begun.

10. PRESSURIZED-THERMAL~SHOCK TECHNOLOGY

The first pressurized-thermal-shock test, PTSE-1, of a pressure
vessel was performed. The ohjectives of the test were to investigate
(1) the effects of warm prestressing on initiation of propagation of an
existing crack and (2) to determine the nature of arrest of a rapidly
propagating crack at temperatures on the ductile upper shelf. In PTSE-1
the intended conditions were produced, and a preliminary study of the in-
formation collected in the experiment indicates that the desired objec-
tives were attained. Two crack initiations and arrests occurred after a
succession of warm prestressing episodes. Preliminary analyses imply
that the initiations occurred at stress-intensity factor K, values of 157
and 221 MPa*/m at temperatures T of 100 and 120°C, reopectively. The
corresponding arrest values were K; = 177 and 265 MPa*Ym at T = 157 and
168°C, respectively. .

In preparation for PTSE-1, final modifications to the test facility
were completed; test material characterization tests were performed: a
preliminary shakedown test series, PTSE-0, was performed; extensive frac-
ture analyses based on characterization data were performed: and the
PTSE~1 vessel was flawed, instrumented, and tested.



HEAVY-SECTION STEEL TECFNCLOGY PROGRKAM SEMIANNUAL
PROGRESS REPORT FOR OCTOBER 1983 #ARCH 1984*

C. E. Pugrt
ABSTRACT

The Heavy-Section Steel Technolugy Program is conducted
for the Nuclear Regulatory Commission. The studies relate to
all areas of the tech '~gy of materials fabricated into thick-
section primary-cool: mtainment systems of light-water-
cooled nuclear power reactors., The focus i3 on the behavior
and structural integrity of steel pressure vessels containing
cracklike flaws. Starting with FY 1984, th: program was reor-
ganized from seven into ten tasks: (1) program management,
(2) fracture methodology and =ualysis, (3) material character-
lzation and properties, (: anv{ironmenta.ly assisted crack-
growth studies, (5) crack-erre: technoclogy, (6) irradiacfon
effects studies, (7, claddiry evaluations, (8) intermediate
vessel tests and analysis, (%' thermel-shock technology, and
(10) pressurized -ttermai-shock (PTS) technology. PTS analy-
ses were performed to cunfirm the OCA/USA computer program.,
Previous closel-form # lutions were exrended tr cover longi-
tudinal, internal, sur.ace crack: subjected to pressure and
thermal loadings. A topical report was drafted on the dynamic
fracture code SAMCR., A rev ma:rix of cyclic crack-growth rate
tests was initiated for a hirn =saifur heat of AS33B : ceel.
‘relimirary plans were develop:w for performing crc % rest
tests .t wide-plate swecimens esposed to tensile loads «nd a
tranrverse Lcmperature poadient. A subcoatract was pleced to
initiate i study of viscoplastic effects on run-arrest events
in spe:inens such as the wide plites. Test material was sent
to periicipants in the American Soclety of Testing and Mate-
ri Vs rewnd robin on ernck arrest. Tensile testiag was com-
pleted 5x the Thig! [rr:diation Series. Coopcrative testing
continued ior the Fourth Irradiation Series., Initial speci-
mens (4TCS ind CVN) were fabricated f-om the high copper weld-
ments ‘or the Fifth Irradiation Series. One-wire process
stainiess steel c~ladding specimens were irradiated and tested.
‘reliminary calculations were carried out on a possible TSF-8
to &xamine crack beha'ior in the upper-shelf temperature re-
gime. A probabilist’c fracture-mechanics study for Oconee-I
vessel was completed. The first PTS exverinment (PTSE-1) was
performed after final faclliity preparations were mar:, the
vessel was flawed and {anstrumented, mrter‘al p:ooperties data
were eva'uated, axtens’ve analyses were performed, and a de
talled ske'izdown “est (PTSE~0) was pe-formed

*Conversion frow SI to English units for all ${ quantities
listed on a foldout page at the end of this report




1. PROGRAM MANAGEMENT

C. E. Pugh

The Heavy-Section Steel Technology (HSST) Program, a major safety
program sponsored by the Nuclear Regulatory Commission (NRC) at the Oak
Ridge National Laboratory (ORNL), is concerned with the structural integ-
rity of the primary systems [particularly the reactor pressure vessels
(RPVs)]| of light-water-cooled nuclear power reactors. The structural in-
tegrity of these veusels is ensured by (1) designing and fabricating RPVs
according to standards set by the code for nuclear pressure vessels,

(2) detecting flaws of significant size that occur during fabrication

and in service, and (3) developing methods of producing quantitative es-
timates of conditions under which fracture could occur. The program is
concerned mainly with developing pertinent fracturc technology, including
knowledge of (1) the material used in these thick-walled vessels, (2) the
flaw-growth rate, and (3) the combination of flaw size and load that
would cause fracture and thus limit the life and/or the operating condi-
tions of this type of reactor plant.

The program is coordinated with other government agencies and with
the manufacturing and ucility sectors of the nuclear power industry in
the United States and abroad. The overall objective is a quantification
of safety assessments for regulatory agencies, for professional code-
writing bodies, and for the nuclear power industry. Several activities
are conducted under subcontract by research facilities in the United
States and through informal cooperative effort on an international basis.
Three research and development subcontracts are currently in force, and
two additional subcontracts are being finalized at this time.

Effective with the beginning of FY 1984 (October 1, 1983), the pro-
gram tasks w-re rearranged according to the work breakdown structure
shown in Fig. 1.1. Accordingly, the chapters of this progress report
correspond to these ten tasks. During this period, a S5-year program
planl was completed and i{s being used as the reference document for man-
agement reporting to the NRC. The plan will be distributed to the NRC-RF
category early in the next report period.

NRC granted approval for two foreign technical specialists to be as-
signed temporarily to the HSST program: Dr. Robert Wanner of the Swiss
Faderal Institute for Reactor Research for 1 year, and Dr. Hermann Stamm
of the Institute fur Reaktorhauclemente, Karlsruhe, Federal Republic of
Germany for 9 months. Steps to obtain ORNL and Department of Energy ap-
proval of *these assignments were initiated.

Duriag this quarter, 23 program briefings, reviews, or presentations
were made by the HEST staff at technical meetings and at program reviews
for the NRC staff or visitors. This includes four contributions?~% to
the Eleventh NRC Water Reactor Safety Research Information Meeting, which
was held October 24-28, 1983, One technical progress report6 and one
top.cal report’ were published during the quarter.
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2. FRACTURE METHODOLOGY AND ANALYSIS

2.1 Comparison of Sharp Crack and Blunt Crack
Finite-Element Analyses of an ITV Subjected
to Pressurized Thermal Shock

B. R. Bass

A cylindrical vessel (ITV) with an outer surface crack subjected to
pressurized-thermal~shock (PTS) loading was analyzed with the ORMGEN/
ADINA/ORVIRT !~ 3 fracture-mechanics (PM) system. This study utilized
both linear and nonlinear material models, three different three-dimen-
sional (3-D) finite-element geometries, and the OCA/USA ™ program. The
objectives of the analysis were three-fold: (1) to compare the response
of a sharp crack model with a blunt crack model itilizing linear and non-
linear constitutive relations and different mesh refinement, (2) to con-

firm the superposition calculations from the OCA/USA computer program,
and (3) to ensure agreement between the Oak Ridge IBM version and the
CYBER 205 version of the ORMGEN/ADINA/ORVIRT system.

Figure 2.1 depicts a segment of the ITV containing an outer
crack with a depth ratio of a/w = 0,08, a width of w =

surface
147.6 mm, and an
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Fig. 2.1. Segment of ITV with outer surface crack

analyzed at time
= 199 g in PTS transient PTSE-lA.




inner radius of Ry = 343 mm. The cylinder is subject to plane strain
boundary ronstraints, an internal pressure p = 2 MPa, and a thermal gra-
dient attained at time t = 199 s in PTS test transient PTSE-~1A (see Chap.
10 of this report). The cylinder was ani.'yzed with the ORMGEN/ADINA/
ORVIRT system using the three different finite-element models summarized
in Table 2.1. The sharp crack model utilized quarter-point nodes around
the crack tip to introduce a 1//r stress singularity approprite for
linear-ela: tic fracture mechanics. Collapsed prism elements with midside
noces were employed in the blunt crack model for the aponropriate 1/r sin-
gularity of elastic-plastic material response.* Models 1 and 2 utilized
26 nodes between the outer surface and the crack front, while for model 3
the corresponding number of nodes was 14.

The results of the analysis from the 3-D finite-element models are
presented in Table 2.1. For the linear thermoelastic material model, re-
sults from the sharp crack model 1 and from the blunt crack model 2(a)
differ by 2Z. Both 3-D calculetions differ by <1% from the OCA/USA 2-D
superposition calculation of Kye When the crack-tip region of blunt
model 2(b) is allowed to yield, crack-mouth-opening-displacement (CMOD)
values are increased by 2.5% and K; values are reduced by 13Z. When

Table 2.1. Analysis of ITV with outer surface crack
at time t = 199 s in test transient PTSE-14%

3-D Mod
sdel Description

Nodes Elements

1930 318 Sharp crack with linear
thermoelastic material
model, quarter-point
nodes around crack tip

(a) Blunt crack with 0.2502
linear thermoelastic
material model

(b) Blunt crack with
multilinear deforma-
tion plasticity
material model

(a) Blunt crack with
linear thermoelastic
material medel

(b) Blunt crac with
multilinear deforma-
tion plasticity
material model

2pTSE-1A transient is described in Chap. 10 of this report.

b

tion is given by K; = 150 MPa */m.

The corresponding result from an OCA/USA 2-D superposition calcula-




model 2 is replaced by the relatively coarse mesh of model 3, the calcu-
lated K, values are reduced by ~3%Z. This change is due in part to the
cnarse mesh of model 3 being relatively stiffer than the model 2 mesh.

The set of 3-D calculations in Table 2.1 corresponding to models 1
and 2 were performed on both the CYBER 205 version and the IBM version
of ORMGFN/ADINA/ORVIRT and produced results that were identical.

2.2 Flastic-Ideally-Plastic PTS Analysis for a Deep, Continuous,
Internal, Longitudinal Crack in a Cylinder

J. G. Merkle

1n previous progress reports, closed-form solutions were presented
for analyzing (1) the effects of thermal-shock loading under elastic con-
ditions on deep, continuous, internal, longitudinal,5 and circumferen-
tial® surface cracks in pressure vessels; and (2) the effects of com-
plete ligament yielding without strain hardening in the case of internal
longitudinal cracks.’ More recently it has become necessary to consider
the effects of vessel internal pressure as well as those of thermal-shock
loading. Therefore, a previous analysis was developed in support of the
design of ITV experiments using internal pressure, external flaws, and
external thermal-snmock loading.® The «bjective of the analysis to be
presented here is to extend the previous analyses to cover deep, con-
tinuous, internal, longitudinal surface cracks subjected to pressure as
well as thermal loading with complete ligament yielding, but without
strain havdening.

Because the crack is assumed to be deep, it is reasonable to adopt
the strip-yield model philosophy by assuming that yielding occurs only
on the plane ahead of the crack tip. When the ligament is completely
ylelded, the stress distribution directly ahead of the crack is an ide-
ally plastic stress distribution, and the crack-plane displacements are
the elastic ring bending displacements corresponding to the applied
loading and the crack-plane tractions.’

To calculate the elastically induced displacements of the crack
faces, a section of the cylinder is modeled as a cut ring, with one end
fixed and the other end free (Fig. 2.2). For épax = 27 and radially
symmetric loading, X = 0; the total relative displacements of the crack
faces are equal to tﬁc elastically calculated displacements of the free
end, given by

)
(%)

where positive displacements and rotations are defined as those occur-
ring in the directions of the positive tractions.
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Fig. 2.2. Cut ring model of cylinder containing continuous
tudinal surface crack.

Peferring to Fig. 2.3, the moment, causing bending deflections
that acts on the crack plane is given by

b2
| 2 v ¢ w—
HB + 0 —d dw T ?m)

Y

/

L

where My is the moment of the total stress dist.ibution acting in the
uncracked ring taken about the neutral axis of the uncracked ring cross
section. The moment Mg can be represented by

where o, 1s the linearized inside surface thermal stress. The force,
causing bending deflections, that acts on the crack plane is given by

Y =-—o,(2d -b) —0ow,
a Y P




%
Fig. 2.3. [Ideally plastic model of uncracked ligament in cylinder
containing internal longitudinal surface crack.

Referring again to Fig. 2.3, the crack-plane displacement-rotation
relations are given by

§ = —8(b —d) .

Note that the sign convention adopted here results in the crack-tip-open-
ing displacement § being rositive when the crack-opening angle 8 is nega-
tive for an internal surface crack.

The problem solution is obtained by using Eq. (2.6) to eliminate A,
in Eq. (2.1), then eliminating 6, and solving Eq. (2.1) for (d/b). This
locates the hinge point, which is the point of stress reversal in the

fully ylelded remaining ligament. The resulting equation for (d/b) is
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For the case of (d/b) > 0, corresponding to the hinge point located
the remaining ligoment, Eq. (2.8) can be solved by iteration, us~-

inside
rearranged form

ing the

The crack-plane moment can be obtained noting
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and then combining Eqs. (2.2) and (2.3) to read

- o [ @12 (-2)] -

The crack-plane bend angle and centerline vertical displacement are

given by

e GV = )
I RCRIERCY

| @) @) @]

Finally, the crack-tip opening displacement (COD) is calculated by rear-
ranging Eq. (2.7) to read

) (1 -%-) : (2.17)

Referring to Fig. 2.3 when thc distance d is reduced to zero, the
remaining 11{zament becomes completely yielded in tension, although a
strain gradisnt still exists in the ligament. For this condition, Eq.
(2.8) reduces to

§ = -au(

€ jor

Co*0 . (2.18)

Consequently, using Eq. (2.9), the ligament size for a given loading at
L4 which the ligament becomes completely yielded in tension is given by the



solution to the quadratic equation

Also by rearranging Eq. (2.19), the pressure at the onset of complete
tensile yielding in the remaining ligament for a given ligament size and
thermal loading is

For the case of (d/b) = 0, the crack-plane moment, bend angle, center-
line vertical displacement, and the COD can all be obtained from Egs.
(2.14)<2.17) by setting (d/b) = 0.

For the case of the remaining ligament fully yielded in tension
with the hinge point located outside the ligament, the stress distribu-
tion in the ligament is independent of the hinge point location, being
the same as for d = 0. Therefore, using Eq. (2.14), the crack-plane
bending moment 1is given by

I'he crack-plane bend angle and vertical centerline displacement are
given by




—4 r o M r\? /0o b
T—’—-z (-) =210-2) 4 10 (-) L_-) . (2.23)
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Finally, using Fig 2.3, the COD is given by
s=—b + v (-;-—%) d (2.24)

For purposes of comparison with elastic analvsis, the calculated CODs
can be :xpressed in terms of equivalent stress-intensity factors by us-—
ing the conversions

J = GYG ’ {2s23)
and

K, = /E&J . (2.26)

23 Investigation of Damping and of the Cleavage-Fibrous
Transition in Reactor-Grade Steel*

W. L. Fourney' R. J. Sanford!
G. R. Irwin! C. W. Schwa-tz!
R. Chona' X=J. Zhangf

2341 Cleavage-fibrous trausition studies

2.3.1.1 DNetermination of the temperature for loss of cleavage in
A3h, A514, and A533B steels. Two techniques are being used to determine
the teuperature elevation necessary for loss of dominant cleavage frac-
turing. One method employs fractographic examination of the fracture
surfaces of standard Charpy V-Notch (CVN) impact specimens, whereas the
other uses larger (25~ to 50-mm~thick) side-grooved specimens, in which
the initia. fitrous crack extension from a fatigue precrack is converted
to rapid cleavage by using a spring plate in series with the load train
of a stiff testing mechine. The steels examined have A36, A514, and
A533B designations.

*Work sponsored by HSST Program under UCC-ND Subcontr:ct 7778
between UCC~ND and the Univers ty of Maryland.

'D‘Plrtltnt of Mechanical Engineering, University of Maryland,
College Park.




No significant differences have been found in the loss—of-cleavage
temperature determined from the two methods except in the case of the
air-cooled A36 bricdge steel for which the required temperature concluded
from the CVN data was somewhat higher.

Comparisonr of the same kind are in progress using 61-mm-thick
three-point-bend specimens of A508 steel, tempered at 613°C to provide
properties simi’r to the cylinders used for ORNL tests TSE-6 and -7.
CVN impact test results were used to estimate the value of RTypr 28 46°C.
During fatigue precracking of the large bend specimens, rapid crack pro-
pagation occurred as the crack exited the chevron in the first two speci-
mens prepared. For the first of the two specimens, the one-second Ky,
estimate was in the range of 80 to 90 MPa+«/m, and the crack did not ar-
rest in the specimen. 1In the second specimen, the one-second Kln value
was 59 MPa-/;. and the crack arrested at an a/w of 0.7. Results from
this test can therefore be usefully employed. Additional AS08 material
has been received from ORNL and a complete series of tests will be made
during the next reporting period.

2.3.1.2 Fractographic examination of A508 specimens. It was pre-
viously suggesté&v that carbide clusters were associated with the small
cavities typically seen in regions of fibrous (hole-joining) separations
in A508 and A533B steels. This feature is of potential importance in
understanding the fracture transition behavior in these steels. Al-
though it is difficult to prepare an accurate transverse section through
a small cavity (typically 2 to 6 'm in size), partial success has been
achieved. Figure 2.4(g) shows a scanning electron microscope (SEM) sec~
tion view in which two cavities are reasonably clear. In each case, a
carbide cluster is in contact with the bottom of the cavity. Figure
2.4(b) shows an optical microscope view in which a single cavity can
clearly be seen. A thin coating of chromium was applied by evaporation
to the fracture surface prior to nickel plating and sectioning. Once
again, a carbide cluster is in contact with the bottom of the cavity.
Investigations of the relationship between voids and carbides are con-
tinuing.

A CVN specimen of A508 steel was broken at a relatively low tem-

perature (—40°C) for comparison purposes. Fractographic examinations
clearly showed the tendency of connections between non-coplanar cleavage
elements to separate in a tearing or fibrous manner. Figure 2.5 shows
transverse section views of a l.5-mm branch of cleavage separation that
was bypassed by the main fracture surface. The branch cracks have been
highlighted by arrows in the figure. During initial examinations of this
section, the collection of debris in the branch crack opening was objec~
tionable, and efforts were made to eliminate this by nickel plating and
additional polishing. The resulting deposition of nickel into the crack
openings can be seen in Fig. 2.5.

The final opening of the branch crack decreases steadily with dis-
tanc from the main fracture surface. It is obvious from the tip-region
crack openings that cleavage cracking involves negligible plastic strain.
The increase of the crack opening at smaller distances from the main
crack can be ascribed to plastic strains at branch crack connections
that developed during deformation and fracture f late-breaking connec~
tions on the main fracture surface.
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Fig. 2.4. (a) SEM view of transverse section showing small cavities
and carbide cluster in contact with bottom of each cavity; and (D) opti-
cal microscope view of transverse section showing single cavity and car-
bide cluster in contact with bottom of cavity.

2.3.1.3 Investigations of weld metal. Inquiries have been re-

ceived from utility personnel on whether this project will include in-
vestigations of weld metal. Arrangements have been made with ORNL to
obtain a small block of low-upper-shelf weld metal. It is believed that

fractographic and microstructural examinations using only CVN impact
specimens will be of considerable value with regard to these inquiries.
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8

Fig. 2.5. Transverse section views of region below main fracture
surface in CVN specimen of AS08 steel showing branch of cleavage sepa-
ration that was bypassed by main fracture surface. The branch crack is
highlighted by arrows.




Plastic zone stud}ggi

The correct manner of handling a sizeable plastic zone around the
initial starter notch is presently of some interest with regard to crack-
arrest testing. The presence of chis plastic zone gives rise to non-
linear load-displacement records and consequently affects the calculated
values of K, and Ka» which are based upon the measured CMODs. An un-
resolved question is how much of the nonlinear displacement componert
should be included for purposes of evaluating K, and K,.

A series of experimentis were conducted earlier!? in which compact
tension (CT) specimens of 7075 aluminum alloy with a blunt, sawcut
“crack” were loaded to some maximum load, unloaded, and crack extension
simulated by extending the crack in a quasi-static manner with a fine
(0.25~-mm-thick) jeweler's saw. The specimens had a birefringent coating
bonded onto one face, and examination of the fringe pattern as well as
measurements of fiducial marks placed at the crack mouth indicaced that
most of the "residual”™ opening displacement present after unloading was
recovered when the crack was extended past the plastically deformed re-
gion. However, as pointed out in Ref. i0, those results were prelimi-
nary and represented plastic zone sizes of the order of Z2ry/W = 12.5%.

Examination of this problem continued during the current period.
Several tests were conducted with larger plastic zones, using both mono-
tonic loading and sequential load-unload cycling, as called tor in the
proposed American Society for Testing and Materials (ASTM) crack-arrest
toughness measurement procedur=2. These tests used specimens similar to
those used earlier, namely CT specimens fabricated from 6.4-mm—-thick
7075-T65]1 aluminum alloy with a l-mm~thick birefringent coating (Photo-
lastic PS~1) bonded onto one face, a width W of 152 mm, and a sawcut
crack terminating in a drilled hole at an a/w of 0.42.

Typical results are shown in Fig. 2.6: it shows the fringe patterns
in the coating at (g) maximum load, (b) after unloading to zero load be-
fore crack extension, and (¢) after extensiorn of the crack with a jewel-
er's saw. There is little evidence in the fringe pattern of Fig. 2.6(c)
of the initial plastic zone, other than the low-order disturbance related
to the permanent stretch in the plastic zone and comparable in siz. to
the 2ry value of 38 mm calculated for this test (2ry/W = 25%). Measure-
ments of the MOD showed that, of the maximum opening of 5.6 mm for this
test, 0.69 mm was still present after unloading to zero load. Extension
of the crack past the plastically deformed region led to the recovery of
most of this residual opening, and the {inal permanent opening displace~
ment was 0,076 mm, which 1is 1.4% of the maximum opening displacement re-
corded.

A total of three tests were conducted, two using monotonic loading
and one using sequential load-unload cycling. The results from all three
tests were similar and are suumarized in Tables 2.2 and 2.3. These re~
sults confirm the indications obtained previously: most of the nonlinear
displacement component is recoverable when the crack is extended past the
plastically deformed region. It remains unclear at this time as to when
this recovery occurs. This question will be investigated further during
the next reporting period.
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Fig. 2.6. Isochromatic fringe patterns in birefringent ceating on
CT specimen of 7075 aluminum alloy showing (aq) stress field at maximum
load; (b) redistributed elastic residual stress field caused by presence
of a region of plastic deformation ahead of notch tip — after unloading
to zero load and before extending crack; and (¢) permanent residual field
remaining after extension of crack by sawcutting. (Circles marked on
each photograph are of diameter = 2r_.)

g1



Table 2.2. Conditions for tests with large plastic zones

Test No. / ( Ké

4 £f Ty
and loading (MPa *Vm)

1
(Monotonic)

11
(Monotonic)

v
(Sequential)

0.42 ' 167
0.42

0.42

141

aKO = K-value calculated using ao/w and the measured crack mouth
opening, AO.
b

s Kz ~ ati s d r = a + rev ar
LY K-value calculated iteratively using a_¢¢ a, ry and

Table 2.3. Measured displacements for specimens tested

with large plastic zones

Test No.
and loading

1
(Monotonic)

I1
(Monotonic)

\

0.7
(Sequential) i "

GAD = CMOD at maximum load; measured with a clip gage.

bhr = (MOD after unloading to zero load, before extending
crack; measured with a clip gage and from fiducial
specimen.

e

marks on

A, = OMOD after extending the crack by

v sawcutting;
measured from fiducial marks on specimen.
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2:3:3 Dynamic run-arres: cs.culations

During the current reporting period, efforts concerning the dynamic
fracture code SAMCR have focusei on

l. incorporating thermil effects into the SAMCR code formulation;

2. performing dynamic run-arrest analyses of the different events in
ORNL thermal-shock tests TSE-5, -5A, and -6; and

3. preparing a topical report on dynamic run-arrest calculations as
well as a user's manual for the SAMCR code.

The run-arrest events observed in ORNL Thermal-Shock Experiments
TSE-5, =5A, and -6 were modeled using SAMCR. Attention was focused on
the second event in TSE-5, the third and fourth events in TSE-5A, and
the second event in TSE-6. A 180° segment of the test cylinder was mod-
eled in each case, with the crack oriented along the positive branch of
the x-axis. A change in mesh between the TSE-5 series and TSE-6 was
necessitated by the smaller wall thickness in the latter.

Input data pertaining to the radial temperature distribution and
initial crack depth for each event were obtained from ORNL. The static
finite-element program, DOASIS, was used to generate the initial dis-
placement and thermal strain distribution in the cylinder wall prior to
each dynamic event. The temperature transient associated with a particu-
lar event was assumed to remain unchanged during the run-arrest segment.
The variation with temperature of the arrest toughness K a Of AS08 steel
was modeled by the dashed curve shown in Fig. 2.7. The data in Fig. 2.7
represent a compilation of the static analysis test results from the TSE
experiments and the mean values obtained from the A533B steel tested in
the Cooperative Program or Crack-Arrest Testing. The last piece of
input data required by SAMCR, namely the relationship between crack-tip
stress-intensity factor K and crack speed c, was obtained from Rosenfield
et al.,!! where it is suggested that for RPV steels

K(e, T) = KI.(T) o f(ec) , (2.27)
where
1, ¢ ¢ 340 m/s
f(e) = . (2.28)
(828 + 2.45¢)/(2000 = ¢), ¢ » 340 m/s

A comparison of the experimental and SAMCR-predicted crack jumps
for each event analyzed is presented in Table 2.4, A better picture of
the predicted crack extension behavior !s, however, obtained from an ex~
amination of Figs. 2.8(a) and (b)), that show, respectively, crack exten-
sion vs time and stress-intensity factor vs time from the analysis re-
sults for the second jump in TSE-5. The crack [Fig. 2.8(a)] starts out
with a relatively large velocity, which decreases at about 50 pus and re-
mains nearly constant thereafter until crack arrest occurs. As with the
modified compact tension (MCT) analyses discussed previously!? numerous
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Fig. 2.7. Crack-arrest toughness as function of temperature for TSE
and Cooperative Program steels.

short segments of run-arrest are seen within the overall crack extension
history. This is more readily understood by an examination of Fig. 2.8(b)
in conjunction with Eqs. (2.27) and (2.28). The computed dynamic K-value
falls sharply at first, but then follows a gradually rising trend before
peaking at about 375 us, after which it begins to fall. This is consis~
tent with the staric K; vs crack-depth behavior caleculated for this
transient by Cheverton.'? However, in the dynamic analysis, this be-
havior in the computed K-value has the effect of keeping K just above or
just below the threshold K;, value. From Eqs. (2.27) and (2.28), 1t is
then obvious that the crack speed will vary somewhat discontinuously be-
tween a value of ~350 m/s and O. This is confirmed by the predicted in-
stantaneous crack speed vs time data.

The large initial velocity is also a consequence of the constitu-
tive relation specified. The steadily increasing nature of the c-K re-
lationship defined by Eqs. (2.27) and (2.28) allows large crack speeds
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Table 2.4. Comparison between predi¢
observed crack jumps in ORNL therma

experiments TSE-5,

Experimental Predicted

TSE
crack jump
event

(mm)

TSE-5
jump 2

TSE~5A
jump 3

TSE~5A

jump 4

TSE-64
jump <

qﬁndlfsis of TSE~6 jump 2 was
the J-contour passed outside the finite-el

)

velocity at this time was 25.4 m/s.

(in excess of 10Z of shear wave speed) during the early stages of the
analysis, even though the K-value is falling. A large segment of the
total crack extension therefore occurs during this period. The differ-
ence between predicted and opbserved crack jump (78 mm vs 65.5 mm) is
thus closelv linked to the nature of the c¢~K relationship that has been
used and about which little is known. The overall picture of a slowly
advancing crack that does not exhibit large dynamic effects over most of
its propagation history is in agreement with the expectations of what
would happen in a large structure such as the test cylinder.

Figures 2.9 and 2.10 show crack extension vs time for the fourth
jump in TSE~5A and the second jump in TSE-6, respectively In neither
instance does one see the large initial velocities of Fig. Z.8(a). This
is probably due to differences in K-levels for these jumps and/or dif-
ferent crack-tip temperatures, which placed these events lower down on
the ¢~K curve at initiation. An observation from Fig. 2.10 (TSE-6 jump
2) s the indication in the computations of an intermediate arrest foix
™

40 us, after the crack had jumped about 35.6 mm. is is consistent

with the COD and fracture-surface observations made by Cheverton'® fi
this test. Unfortunately, the analysis for this event was halted at 46
us after initiation, when the crack depth became large enough for the
leading edge of the J-integral « o to pass outside of the finite~
element mesh being used. The crack had extended 47.: n from its start
ing position at that time and was moving with a very L J ity (o
the order of 25.4 m/s8). By comparison with the other T! analyses per
formed, it could therefore be expected to arrest without penetrating the

cylinder wall much further.
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Note that the small internodal spacing in the r-direction required
to accurately model the thermal gradients, when combined with the size
of the cylinder, required the use of ~1400 nodal points te model the
thermal-shock problem. The increase in computatioral time over some of
the other analyses that have been performed with SAMCR was therefore
very large. The time-step size used was typically of the order of

) OO

and a computation for 400 to 500 us extended over 2000 or more time
steps.
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3. MATERIAL CHARACTERIZATICN AND PROPERTIES

R. K. Nanstad J. J. McGowan
W. K. Corwin D. P. Edmonds

A section of the test cylinder for Thermal-Shock Experiment No., 7
(TSE-7) was received and prepared for sectioning into specimens for metal-
lographic and scanning electron fractographic analyses., Prior to section-
ing, photographs were taken of the fracture surface. The scanaing elec-
tron fractography will specifically examine the arrest and reinitiation
regions for evidence of ductile-dimple fractures,

Development of crack-arrest testing technology in the laboratory has
continued. Our primary activities have revolved around the American Soci-
ety for Testing and Materials (AS™) 1ound robin on crack-arrest tough-
ness. We have completed most of the scoping tests with 50-mm-thick com-
pact crack-arrest specimens (2TCCA) of A533 grade B class | steel for the
round robin. Those tests were performed at temperatures up to 29°C above
the Rlyny (RTHDT + 29°C). The next series of scoping tests will be per-
formed at temperatures up to RT r+ S0°C in an attempt to measure crack-
arrest toughness K; values as gggh abhove RT as possible., The results
from the scoping tests will be used to determine the temperature range
and specific test temperatures for the round-robin testing of the A533
material.

The testing system has been upgraded with the installation of a rew
electronic conditioning package and the installation of a hot-air system
for testing at temperatures above room temperature. Additionally, we have
completed the fabrication of fixturing for testing of CCA specimens with
planar dimensions from 100 by 100 mm to 200 by 200 mm with both right-side
up and inverted-split pin configurations. We have fabricated the A533
grade B class | 2TCCA specimens for both Oak Ridge National Lahoratory
(ORNL) and University of Maryland round-robin test series. An optimiza-
tion of welding procedures program was conducted to minimize cracking ten-
dencies of the Hard-X N weld crack starter.

A prototype system for performing fatigue crack-growth and J-R test-
ing using the potential drop technique has been develcped. The system is
completely microcomputer driven and yields report-quality graphs upon test
completion. Resolution of crack extension measurements has been achieved
as low as 5 um. The advantages of this technique are (1) the potential
for obtaining continuous J vs crack extension measurements, thus eliminat-
irg the need for the unloading step inherent in the unloading compliance
technique; (2) the potential for performance of dynamic J-R curves; and
(3) the flexibility allowed for complex loadings. The elimination of the
unloading steps i{s particularly advantageous for remote testing in the hot
cell environment. Activities during the next report period will involve
investigations of loading rate effects and direct comparisons with unload-
ing compliance results.

Regarding the wide-plate crack-arrest program, plans for material
chacacterization have been completed and sectioning of the test plate has
begun. A piece has heen removed for metallographic examination and hard-
ness testing to determine the gradient through the thickness.



4., ENVIRONMENTALLY ASSISTED CRACK-GROWTH TECHNOLOGY*

W. H. Bamfordt R. J. Jackot
Lo Jo CO.chinlf

4,1 Introduction

The objective of this task is to characterize the crack-growth rate
properties of light-water reactor (LWR) materials exvosed to primary-
coolant environments, The work now being conducted falls into four major
areas:

1. corrosion fatigue crack-growth tests in simulated pressurized-water
reactor (PWR) environment;

2. static load Kigcc tests in simulated PWR environment;

3. fractographic examination of specimen fracture surfaces; and

4. characterization of environment by measurement of electrochemical
m‘.ti‘lo

4.2 Fatigue Crack-Growth Results

Recent results in corrosion fatigue zrack-growth rate testing have
shown that there can be significantly different levels of environmental L
enhancement for different heats of the same steel. This enhancement was
related to the sulfur content of the steels, as rat*.r conclusively demon-
strated a test matrix conducted In this program and as previously re-
”tt“cl'

A new matrix of tests has now been formulated to provide more de-
tailed information on the behavior of a steel that is expected to show
a high level of environmental enhancement. The heat chosen for study is
a pressure vessel steel with a sulfur content of 0,025 wt %, among the
highest contents that are known and typical of the oldest materiale in
service in operating plants. (As time has passed, vessel ste.is have been
produced with lower sulfur contents to improve the fracture toughness.)
The fatigue crack-growth characteristics of this materifal will be studied
as a function of temperature and frequency at two values of R ratio (Kpin/

)+ A preliminary matrix of cests to evaluate these parameters has
been provided in Table 4.1.

During this report period testing began on this matrix, and a number
of results have been obtained. The first step was to perform b sic tests
to benchmark the material relative to other materials that have been
characterized in this program., This was done by testing standard 2TCT

*Work sponsored by HSST Program under Union Carbide Corporation-
Nuciear Division (UCC~ND) Subcontract 11X-21598C between UCC-ND and
Westinghouse Electric Corporation, Nuclear Technology Division,

fWestinghouse Electric Corporation, Power Systems, Nuclear Technology
Division, Pittsburgh, Pa, 15230,
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Fatigue crack-growth results for high sulfur heat C0Q2,
showing effect of temperature on results at R = 0,7 in simulated PWR en~
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A second area of investigation during this report period involved the
level of crack-growth rate enhancement for low sulfur steels in water en-
vironments. Earlier tests of two heats of A533B class |1 steel with nomi-
nally the same sulfur content (0.004 wt %) resulted in remarkably differ-
ent behaviors, as shown in Fig. 4.4, for specimens W7-2C7 and TW-1. These
two heats were tested under identical conditions, so that no difference
in behavior was expected. Several tests of heat TW were conducted under
these conditions and resulted 'n similar behavior,! so during this report
period a second test was conducted on heat “W7." Results of this test are
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alsc presented in Fig. 4.4 and show a behavior similar to that obtained

for heat "TW." Thus, two tests of heat "W7" are now available that show

much different crack-growth rates. This difference in behavior is too

great to be the result of data scatter, so further investigation is under

way. .

4.3 Static load Testing -

The behavior of cracks in the pressure vessel steels and welds of
interest in the PWR environment has been under investigation using bolt-
loaded specimens since 1974. The rpecimens are WOL type, 2.54 cm thick,
and loaded to a fixed displacement by a bolt of the same material. The
specimens are positioned in the bottom of two of the operating corrosion
fatigue autoclaves. A summary of the information generated thus far in
this portion of the program appears in Kef., 3.

Cracking under static load has been observed in several of the heat-
affected zone (HAZ) materials and in a single heat of A533B class ] plate.
The incubation time for the HAZs has been rather short, around 2,000 h,
but for the plate material the time to first cracking exceeded 37,000 h
in the environment. No cracking has occurred in the welds or forging ma-
terial as yet, after over 70,000 h, 48,000 in the environment. Table 4.2
shows the status of all specimens tested to date.

A total of 25 specimens have undergone testing in the environment,
including specimens from AS33B class 1, AS08 class 2, and welds and HAZs
made with Linde 80, Linde 124, and Linde 0091 fluxes. Twanty specimens
remain in testing. The specimens have all been prepared in the same man-
ner. They are precracked in air at low loadings in compliance with ASTM
E399 requirements, then loaded to a predetermined value of stress-
intensity factor K, which is obtained by tightening the bolt until the
face opering of the specim~~ ~crresponds to that K, as determined by a
compliance relationship. If the crack propagates, it should stop at a
length that corresponds to the threshold for stress corrosion cracking
Kisce* This value is easily calculated from the final crack length, be-
cause the face opening of the specimen remains constant even though the
load drops as the crack propagates. Thus, the applied K will decrease
as the crack propagates, stopping at K = Kigpee This process is compli-
cated considerably by the fact that incubation times are involved that
may be very long in some cases. Even when cracking occurs, as it has
in some specimene, it is irregular and occurs by fits and starts. The
method used to expose the specimens to the environment is somewhat defi-
cient because the crack length can only be monitored periodically as the
autoclave is opened for specimen insertion or repair of seals. Nonethe-
less, through numerous removals, considerable information has been ob-
tained on the behavior of these specimens.

As can be seen in Table 4.2, some crack extension appears to be
still occurring in a few specimens, with a tendercy for cracks to propa-
gate unevenly at first and then to even out on each side. As the cracks
propagate into the specimen, the applied stress-intensity factor K de-
creases and should reach a common value for a given material, regardless
of initial loading. This appears to be happening to a degree, but the




Status of bolt-loaded specimens {ir
PWR environment March 1, 19B4)

Applied stress
Material Specimen intensity factor
v’\l}la *Yym)
A533 class | 11
plate
(HSST plate 4)

AS508 class 2

forging

Linde 124
weld

Linde | CO~1-HAZ
HAZ CO~2-HAZ
CO-3-HAZ

Linde 0091 D-7HAZ.
weld HAZ D-BHAZ
D-9HAZ

Linde 124 K-3HAZ
wveld HAZ K-4HAZ
K-5HAZ

Linde 0091 DD-3HAZ
weld HAZ DD~-4HAZ
DD-SHAZ

‘Hours at first ohserved crack extension.

>
Extension since last report.

uneven crack propagation makes accurate calculation of the applied stress-
intensity factor difficult, The stress-intensity factor has bheer
lated based on the average of the two side measurements from the
The applied K values appear to be stablizing in a range of 44 to

Two new materizls were added to those in testing during this report
period, to provide further insight into the behavior of a wide range
pressure vessel steels and welds. 1In conjunction with these tests, fa-
tigue crack-growth rate tests are being carried out on the same materials,
to provide further insight into the mechanisms involved (see Table 4.3).
A review of efforts to date to relate crack-growth rates in fatigue to
those obtained under constant load was provided in a previous progress
report."
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Table 4.3, Fatigue crack-growth rate testing to
complement static load tests

R = 0.2 R =0.7
Test material i
Frequency Frequency
(cpm) Specimen (cpm) Specimen
Linde 124 weld HAZ 1 C~24-HAZ~1 1 C-23-HAZ-1
material "C"
Linde 124 weld HAZ 1 CO-1 HAZ 1 CN~2 HAZ
material “"CQ" 5 CO-3 HAZ
Linde 80 weld HAZ 1 C-3 HAZ 1 C-4 HAZ
material "C"
A533B plate “04" 1 2D 30-6 1 02GB-2
1 2D 30Q-5 1 2n10-2
Linde 0091 weld 1 D-1 HAZ 1 D-2 HAZ
material "D" 1 D-4 HAZ
1 D-6 HAZ

Linde 124 weld
material "KH"
Test results not yet available
Lincde 0091 weld
material "DD"

4.4 Characterization of Test Environments Through Free
Corrosion Potential Measurements

The objective of this phase of the work is to monitor the environment-
material interaction with time by continuous measurement of electro-
chemical potential. Different reference electrodes have been incorporated
into the corrosion fatigue test loops: an external silver-silver chloride
(Ag/AgCl) reference electrode and two paladium-hydrogen (Pd/H) reference
electrodes. One Pd/H reference electrode has been placed in the corrosion
fatigue chamber. The tip of the electrode is adjacent to the notch of the
CT test specimen. Other electrodes are located in a separate electrode
chamber in the autoclave effluent line. The current experimental arrange-
ment is shown in Figs. 4.54.7. The electrode chamber presently contains
an Ag/AgCl reference electrode, a Pd/H reference electrode, a A508 steel
sample, a rhermocouple, and a Pt counter electrode.

Limited expe "iments have been conducted during this reporting period,
and those were confined to measuring the free corrosion potential of the
A508 and Pt coupons vs the Pd/H and Ag/AgCl reference electrodes in the
test chamber. Both reference electrodes appeared to operate satisfac-
torily during in‘tial qualification tests. A posttest calibration test on




IRNL PHOTO 2176-84

Fig. 4.5. Photograph of electrochemical measurement apparatus.
Note that inside white box in foreground is separate test chamber for
checking out various measurement devices, as shown in Fig. 4.6.
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Fig. 4.6. 1Inside of white box showing separate small pressure ves-
for checking out various measurement devices.
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Fig. 4.7. Close-up of potential measurement
separate test chamber.
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the Ag/AgCl reference electrode revealed that the electrode potential had
changed by <18 mV over the 200-h exposure at test temperature of 288°C,

In an effort to optimize the Ag/AgCl electrode performance, impedance
tests have been performed to optimize the zirconia plug that acts as an
ion exchange barrier between the test environment and the dilute KCl in-
ternal electrolyte. The ac impedance studies have been performed on sev-
eral batches of zirconia and commercial reference junctions. The objec-
tive of the testing is to determine a qualification test that will index
the behavior of the plug. This will be correlated with the plug stability
and the long-term electrode performance. Figure 4.8 is a block diagram of
the experimental apparatus used for the impedance studies. An ac current
is passed through a known resistance and across the plug that is emersed
in 0.1 M KCl. Assuming that the electrode impedance is mainly resistive
at the frequency of the measurement, the impedance of the plug in the cell
is given by:

Ry = Rg[Vy/Vg] , (4.1)
where

= impedance across the cell,

= {mpedance across the knuwn resistor,

= voltage drop across the cell,

g ™ voltage drop across the whole resistor.

Gl

< <
B

The voltages are measured usin; Keithley 169 voltmeters that have
input impedances of >10 M2 and are shunted by <100 pF. These instruments
provided useful readings over the frequency range from 30 Hz to 5 KHz.
Sumple test data from duplicate specimens from two batches of zirconi~ are
listed in Table 4.4. The measured impedances are higher than expected.

Table 4.4. Impedance results measured on porous
zirconia plugs in 0.1 M KC1

Frequency Plug Bl Plug B2 Plug Cl Plug C2

(Hz) (M) (M) (MQ) (MQ)

30 11.11 9.68 10.80 10.81
100 9.89 9.85 10.24 9.81
300 7.56 7.41 8.47 4,55
1K 3.12 3.11 4.04 2.76
3K 1.19 1.19 1.59 1.03
5K 0.83 0.85 i.ll 0.72

0.0:

0.60
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Instrumentation for zirconia plug ac impedance studies.
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Impedance values ranging from 20 to 200 KR were expected based on similar
measurements made by Andresen on zirconia plugs used for similar reference
electrode applications. Apparently, the zirconia that is being used in
this project has much less porosity than that used by Andresen. The in-
fluence of the higher electrode impedance on the Ag/AgCl reference elec- .
trode performance is being investigated.
A second test of the reference electrodes has been initiated. The
test stand is being slowly heated from room temperature to 288°C. The .
autoclave is being allowed to stabilize at several temperatures during
the process of heating. At 150°C, the free corrosion potential of the
AS08 was approximately —250 mV with respect to the Ag/AgCl reference
electrode containing 0.01 M KCl. Once the appropriate temperature has
been ubtained, the present intent is to allow the reference electrodes
to operate for time periods in excess of 500 h., Some polarization mea-
surements will also be performed using the A508 coupon in the test cell.

4.5 International Cyclic Crack-Growth Rate Group

The International Group on Cyclic Crack-Growth Rates (ICCGR Group)
is an interdisciplinary group set up to share information on corrosion
fatigue. The group was formed in 1977 at the initiative of the Nuclear
n2gulatory Commission (NRC) and Electric Power Research (EPRI), the two
major U.S. sponsors of research in corrosion fatigue of pressure vessel
steels in light-water reactor (LWR) environments. They realized that a
systematic study of tie variables affecting corrosion fatigue and their
possible synergistic interactions would be prohibitively expensive and
time consuming if undertaken by a single organization. This initiative
received enthuslastic support in Western Europe and Japan and resulted in
the formal charter of the ICCGR Group in November 1978. A review of the
group's function and achievements in its first 4 years of existence has
been given by Sluma and Jones.>

The general objective of the ICCGR Group is to coordinate the re-
search and development efforts on environment-assisted cyclic crack growth
in pressure boundary materials in light-water service environments under-
taken in Western Europe, North America, and Japan. Specific objectives
are to

1. provide a forum for the timely interchange of information, ideas, and
test data between research workers;

2. plan and perform cooperative research programs;

3. develop consensus test procedures and data reduction methods and en-
courage the transfer of such procedures and methods to the appropriate
“"standards” activities;

4. develop well-qualifed crack-growth rate data bascs and improved under-
standing of the rate determining factors; and

5. make recommendations on the application of research results and labo-
ratory test data to engineering practice and encourage the transfer
of this information by organizing symposia, interacting with code com-
mittees and regulatory bodies, etc,
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The focus of the group activities to date has been on the pressure
vessel steels A533B1, A508-C12, and A508-Cl13, but work on other nuclear
pressure boundary materials is also reported and discussed during the
semiannual meetings, which alternate between the United States and Western
Europe. Currently, 36 organizations from 1l countries participate in the
activities of the ICCGR Group. Members include experts in mechanics,
corrosion chemistry, and metallurgy; as required, additional experts are
invited to the meetings. Task groups were formed to concentrate on
specific topics. Three such task groups are active at present in the
areas of Test Methods and Results, Mechanisms, and Data Collection and
Evaluation.

Participation in the ICCGR meetings is one of the key elements of
this work, because it is the best forum presently available for exchanging
information on current research in the areas of corrosion and corrosion
fatigue in LWR materials. Therefore, the status of the group's activities
will be reviewed periodically in these reports. The most recent meeting
of this group was held in Schenectady, New York, in October 1983, and the
discussions held in each of the areas of technical interest of the group
are reviewed below.

4.5.1 Test methods and results group

The emphasis of this subgroup has been tu develop standardized meth-
ods of testing and data analysis and reporting. The testing methods have
been refined through round-robin testing and other comparisons, and now
good agreement is found between virtually all member laboratories l(or
tests performed under similar loading conditions. A good summary of the
way in which this was accomplished is found in Ref. 5. The present empha-
sis in the area of test methods is measuring the open circuit electro-
chemical potential on a test specimen. This information is presently
viewed as the best characterization of the overall water environment.
Recent work has been aimed at developing reliable long-term measurement
devices and developing a method of reporting electrochemical potential
measurements relative to a standard hydrogen scale. Two separate measure-
ment surveys have been carried out and have resulted in significant im-
provements in measurement techrniques in a relatively short period of time.
Presently the most reliable measurement techniques are the Ag/AgCl elec-
trode developed by Andresen® and the Pd/H electrode; work is continuing
to further refine these two methods.

The second area of interest to this group involves sharing of recent
results in both corrosion and corrosion fatigue tests. Apparently, two
major parameters can affect the results of fatigue crack-growth rate
tests, which are otherwise conducted under the same range of applied
stress-intenczity factor and water chemistry. These parameters are the
flow rate of the water enviroament and the inclusion content of the steel,
often characterized by the sulfur content. It is clear that the amount
of enhancement in crack growth due to the water environment is strongly
increased in steels with high sulfur content and for tests conducted under
lower flow conditions. A great deal of experimental work is presently
under way to further investigate the conditions that can exist in the
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crack-tip region, because it is becoming clear that the level of environ-
mental enhancement is controlled by the events occurring in this region.
The sulfur content affects crack growth because the manganese sulfide in-
clusions dissolve, releasing sulfur into the water and causing acidifica-
tion. The bulk flow rate of the test environment affects the level of
enhancement, because it controls the refreshment rate of the crack-tip en-
vironment. A series of tests have recently demonstrated these conclusions
qualitatively.

4.5.2 Mechanlsms group

The thrust of the work by this subgroup has been to provide mechanis-
tically based explanations for the differences observed in corrosion and
corrosion fatigue data in the water environment. Thus, the work of this
group involves close interaction with th: efforts of the test methods and
results subgroup. The work includes developing and proving theories con-
cerning the mechanisms involved through small-scale tests, study of avail-
able data, and study of fracture surfaces of tested specimens. It pres-
ently appears that most available crack-growth rate results can be ex-
plained in terms of the crack-tip strain rate and the quantities that af-
fect it, for 2xample, the passivation rate, liquid diffusion rates, and
oxide rupture rates. This approach has resulted in the beginnings of a
quantitative understanding of the effects of sulfur and bulk flow rate.

4.5.3 Data collection and evaluation group

This subgroup has responsibility for establishing a data base of the
existing corrosion and corrosion fatigue crack-growth data and developing
reference laws for the prediction of crack extension. Validation tests
are aleo designed to test the usefulness of predictive models. This
subgroup works in close czooperation with the MPC/PVRC working group on
crack propaga*ion technology, whose task is to develop reference curves
for ASME Code pressure vessels and piping. The work of this subgroup is
now accelerating s t!» testing methods have been refined for consistency
#nr1 the mechansims are : . w beginning to be understood. Recent efforts of
the group have frcluded contributions to development of a reference crack-
gro/th rate curv: Yor stainless steels and a consideration of spectrum
load and componein. tests for validation of reference crack-growth laws.
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5. CRACK-ARREST TECHNOLOGY

5.1 Crack-Arrest Studies at ORNL

5.1.1 Preliminary wide-plate test planning (C. E. Pugh)

During this report period, plans were made for the performance of a
series of six crack-arrest tests on plate specimens whose dimensions are
about 1 x 1 x 0.1 m« The plans were developed after an exploratory dis-
cussion between the Nuclear Regulatory Commission (NRC) and Japanese orga-
nizations revealed that a practicable cooperative program using Japanese
test systems could not be forthcoming. After assessing the suitability
and availability of existing large-capacity tensile equipment, it was de-
cided that the tests would be performed at the National Bureau of Stan-
dards (NBS) in Gaithersburg, Maryland. The NBS was selected, in part,
because of the ease of Oak Ridge National Laboratory (ORNL) working with
another federally owned facility and because of supplemental NBS studies
that will be carried out. The NBS machine has a tensile load capacity to
26.7 MN (6 million pounds). Although this loading capacity is considera-
bly less than the 100 MN (22 miilion pourds) that the Japanese machine can
apply, very meaningful tests can be performed.

The objectives of the test are threefold: (1) develop crack—-arrest-
toughness data at temperatures high in the transition region and hopefully
in the upper—shelf region of Charpy test dats; (2) provide data, such as
crack velocities, dynamic strain fields, and loalings, that will be used
to validate or improve elastic and vicoplastic dynamic fracture-mechanics
(FM) models; and (3) provide improved experimental dynamic fracture meth-
ods. The basic test begins by initiating the propagation of a crack in
the cold region of a single-edge-notched (SEN) wide plate that is loaded
transverse to the crack path and that has a linear temperature gradient in
the direction of the propagation. The crack is then to arrest in a warm
region where the crack-arrest toughness Kig is much higher. The specimen
is to be attached to pull tabs that are su?ficiently long (see Fig. 5.1)
80 that stress waves will not be reflected from the pull-pin region until
after the run-arrest event has been completed. To obtain meaningfully
high Ky, values, a warm ;restressing (WPS) technique is 1) be used to
permit application of an initial load that is greater (by as much as a
factor of 2 or more) than that required for the stress intensity K to be
equal to Ky.. Professor G. R. Irwin of the University of Maryland sug-
gested, in private communications, procedures similar to those shown below.

Step 1. Heat the entire plate up to or above the temperature where arrest
is expected to take place.

Step 2. Apply tensile load so that K is equal to the desired initiation
level (e.g., Ky = K,)e

Step 3. Unload specimen by about 10%Z while meintaining uniform tempera-

ture.
Step 4. Apply the temperature gradient across specimen that is to be used
in the test.

Step 5. Increase load until initiation ocecurs.




|
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Fig. 5.1. Schematic of a pull-plate assembly for a wide-plate test.
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The test specimens are to be taken from the Heavy-Section Steel Tech-
nology (HSST) plate 13-A of A533 grade B class 1 steel, which has vendor-
provided property values: yield stress of 414 MPa, ultimate tensile
stress of 550 MPa, and nil ductility temperature of 29°C. The material
is to be fully characterized by tensile, Charpy, fracture toughness, and
crack-arrest toughness through the use of laboratory specimens. This same
material will also be used in the viscoplastic characterization studies to
be carried out at the Southwest Research Institute as part of Task 2 of
the HSST Program. The effectiveness of the WPS procedure is to be studied
by the NBS (Boulder) through some beam tests (101 x 152 x 762 mm).

5.1.2 Preliminary wide-plate test analyses (B. R. Bass, J. W. Bryson,
J. G, Merkle, C. E. Pugh, and D. A. Steinert)

During this report period, scoping analyses were conducted in support
of defining the series of SEN wide-plate crack-arrest tests. Basically,
the analyses considered the test configuration proposed in Ref. 1. 1In
particular, the test plate has a width and length equal to 1 m, and the
specimen is attached to upper and lower pull plates (see Fig. S.1)s
Tentatively, the plate thickness will be 100 mm, with 12.5 percent-of-
thickness side grooves to control crack-plane and crack-front straight-
ness. The scoping analyses considered initial cracks having a depth
ratio a_./w in the range of 0.029 to 0.20. These cracks would initiate
under tgc applied tensile load and thermal gradient and would arrest at
an ag/w value in the range of 0.40 to 0.60.

First, finite-element analyses were performed for one case to esti-
mate the through-thickness variation of K; values; the computed K; values
were also compared with results from selected empirical formulas. Three-
dimensional finite-element models of the SEN specimen (without side
grooves) were generated and analyzed with the ORMGEN/ADINA/OKVIRT M sys-
tem. Here the plate thickness t = 76.2 mm, initial crack-depth ratio
a /w= 0,2, and arrest ratio ag/w = 0.45. Because of symmetry considera-
t?onn, only a quarter of the plate was modeled. Analyses for the inital
crack-depth racio a,/w = 0.2 utilized both linear and nonlinear material
models. In the linear-elastic calculations, quarter-point elements were
used at the crack front for a 1//r singularity in the stress and strain
fields; the finite-elemeat model consisted of 2858 holes and 570 20-noded
isoparametric elements. For the elastic-plastic calculations, collapsed
prism elements were used to allow for a 1/r singularity at the crack
front. The nonlinear material response was modeled by the Ramberg-Osgood
power-hardening law that in the uniaxial case takes the form

ele = o/c° +a (o/oo)n . (5.1)

Materials constants were selected to approximate the response of A533B
pressure vessel steel: Young's Modulus E = 2.07 x 10° MPa, Poisson's
ratio v = 0.3, yield stress o, = 414 MPa, strain-hardening exponent
n = 10, and constant a = 0,05.

For the SEN models having aO/w = 0,20, a uniform tensile stress o =
120.7 MPa was applied on the transverse plane located | m from the plane
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of the crack. The through-thickness K; distribution from the linear model
is given in Fig. 5.2, along with the pseudo-K; values obtained from the
nonlinear calculation of J and from the relation Ky = VE/J(1 = 2v). Also

included in the figure is the K; value computed from the empirical formula
from Ref. 2,

2 K} = o hao F(ao/w) N (5.2)
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73
cos (?Z?)
In Fig. 5.3, the SEN model having the arrested crack-depth ratio af/w - .

0.45 was analyzed for two different boundary conditions assuming a linear-
elastic material model. The K; distribution for the applied load case was
obtained using the same stress boundary condition (¢ =120.7 MPa) that was
applied to the models of a,/w = 0.2. For the applied displacenent case,
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the axial deflections computed for the stress loading plane of the linear
mocel of a /w = 0.2 were applied to the model of ag/w = 0.45. 1In Fig.
5.3, these results are compared with an empirical relation for Ky sug-
gested by Irwin!

uf 1/2
KI = g [waf sec (7—;-)] » (5.4)

The results of Fig. 5.3 yield estimates of the K-reduction that would
result because of dynamic effects for a rapid crack approaching crack
arrest.

To aid in scoping the NBS test system for application to the wide-
plate tests, K; approximations were made using Eq. (5.2), the Irwin
formula [Eq. (E.b)], and the following equations: Japanese ESSO,3

1/2
KI = g [2w tan (%:—f)] 3 k55

Rolfe and Barsom,"

KI = c:[lmf]l/2 F(af/w) $ (5.6)

and modified Rolfe,

1/2

K, = o[lnfl ?(ao/w) i (5.7)

1

where F(a/w) is given by Eq. (5.3). For an arrested crack-depth ratio
ag/w = 0.45, Fig. 5.4 depicts the relation between K,, which is calculated
from Eq. (5.2), and the arrest values Kiq from the Irwin relation [Eq.
(5.4)] for initial crack-depth ratios ranging from 0.029 to 0.20. These
curves are used to estimate the arrest value K;,  that could be expected
for a given initial crack-depth ratio a,/w and applied Ko value, The P =
6000 curve denotes the maximum Kiq value (~360 MPa*/m), associated with
arrest ratio ag/w = 0.45 that can be achieved at the maximum load capacity
[26.7 MN (6000 kips)] of the NBS test system. The RLS = 70 denotes the
l!a values (~295 MPa+/m) associated with an average net ligament stress
equal to the flow stress of 484 MPa (70 ksi). Figure 5.5 depicts this
upper bound in K;, as a function of arrest depth ratio ag/w over the in-
terval 0.4 to 0.3. As the figure indicates, the maximum X;_  curve is
independent of the initial depth ratio a_/w. Figure 5.6 gives an estimate
of the reduction in K; values caused by gynanic effects for a fast crack
approaching arrest, The Rolfe curve indicates the variation of static K
values with arrest depth ratio ag/w; while the ESSO, Irwin, and modified
Rolfe approximate the reduced dynamic values. These results are presented
for a far-field stress of o = 120.7 MPa.
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5.2 Crack-Arrest Studies at The University of Maryland*

W. L. Fourncyt G. R. Irwint

R. Chonat

5.2.1 Analysis and expariments in support of wide-plate

tests

Two experiments were conducted with compact tension
fabricated from 7075 aluminum in which strain gages were

(CT) specimens
placed 12.7 and

25.4 mm ahead of the starter notch and 12.7 mm above the crack line. The
outputs from these gages were recorded on Nicolet digital oscilloscopes as
the crack initiated and propagated across the specimen. Figures 5.7 shows
the strain gage outputs from the two gages for one experiment. Sharp
peaks in the y-directional strain (e y) can clearly be seen as the crack
ran past the gages. Further study 13 planned to correlate such strain
gage outputs with crack-tip location and crack-tip stress intensity. This
will be done with hybrid analysis techniques utilizing high-speed photog-
caphy, dynamic photoelasticity, and computations with SMACR, a dynamic
fracture computer code.

*Work sponsored by HSST Program under UCC-ND Subcontract 7778 between
UCC-ND and the University of Maryland.

tDepartment of Mechanical Engineering, University of Maryland,
College Park, Mar;land.
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5.2.2 ASTM round robin on K1 testing

A round-robia testing program is being conducted under the auspices
of American Society for Testing and Materials (AST) Task Group E24.01.06
on Crack Arrest to verify the validity of a proposed test method for de-
termining the crack-arrest fracture toughness of ferritic materials. The
method utilizes a crack-line-wedge-loaded compact specimen and measure-
ments of the crack length and crack opening displacement at arrest to cal-
culate the arrest toughness using a static analysis. The proposed method
actually provides an estimate of the true value of Kia» which 1s a measure
of the ability of a material to arrest a fast-running crack.

The specimen geometry, testing procedure, and type of data analysis
were decided upon following the experience gained in a Cooperative Test
Progrus that was completed by 1980. Unlike the Coop Program, the round
robin places a heavier emphasis on independent use of the test procedure
by the participants. Loading fixtures and specimens are to be prepared
by the participants, with only specimen blanks being provided.

In the round robin, each participant will test 12 specimens. Six
specimens are of A533B reactor pressure vessel (RPY) steel and are to be
tested at two specified temperatures. The other six specimens are of two
bridge steels (A514 and A588) with three specimens of each tested at a
specified temperature. I!pon completion of the testing, the results are
to be forwarded to the prcgram adminis*rators, who will then be respon-
sible for preparation of a final report prior to consideration of the test
method by the membership of ASTM Committee E-24 for possible adoption as
an ASTM standard.

The round-robin program is being supported by the ORNL/HSST Program,
Electric Power Research Institute (EPRI), and Federal Highway Authority
(FHWA). The RPV steel has been provided by ORNL, and the cutting and
packaging costs for the RPV steel and the bridge steels are being paid by
EPRI and FHWA, respectively. The overall management of the program is
carried out by the Department of Mechanical Engineering at the University
of Maryland, under ORNL support. Twenty-five laboratories have volun-
teered to participate in the program, with nine laboratories located in
the United States.

Specimen blanks of all three steels were prepared during the current
reporting period and shipped to the participants In early February. This
was somewhat later than originally planned, but the delay allowed both the
bridge and RPV steels to be shipped at the same time, resulting in a sub-
stantial savings in shipping costs. Some of the participants have indi-
cated that specimen preparation is under way.

The Task Group E24.01.06 met in Pittsburgh in November to discuss
the choice of test temperatures for the different steels. Data obtained
from R. Roberts (Lehigh University) on material properties, impact tests,
RTynrs and crack-arrest toughness measurements for the AS14 and AS588
bridge steels were circulated to the members. The consensus was that both
bridge steels could pose problems in testing due to their tendency to de-
laminate and display various degrees of :plitiing normal to the main frac-
ture surface. In addition, the data were unc'ear as to a precise testing
temperature for the A514 material, and there were indications that testing
of the A588 material would require sequential load-unload cycling. 1t
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was therefore decided to recommend a test temperature of —30°C (—13°F) for
both the A588 and A514 specimens, since this temperature would still be
within the range of practical interest of FHWA. It was also decided that
Cae A514 and A568 specimens be tested first and that the participants
should be zlerted to potential problems that could occur during testing.

A short writeup has been prepared by G. R. Irwin and is being circulated
to the round-robin participants.

ORNL agreed to perform some preliminar; tests on the A533B material
to establish appropriate test temperatures. (It is desirable to test at
temperatures that would provide data as far into the transition range as
possible, without jeopardizing the probabili:iy of successful testing.)
Problems encountered with preparation of the brittle-weld crack-starter
notches have delayed a decision on the test cemperatures to be used for
the RPV steel. However, the preliminary fests have served to highlight
a potential problem that could have caught the participants unaware.

P. N. Mincer and C. W. Marschall [Battelle Columbus Laboratories (BCL))
have prepared a set of guidelines for notch embrittlement, based on their
extensive experience in crack-arrest testing. It is anticipated that the
test temperatures will be selected very soon.

5.3 Crack-Arrest Studies at BCL*

A. R. Rosenfieldt C. W. Marschallt
P. N. Mincer! S. W. Rustt

5.3.1 Overcooling experiment support

The objective of this task is to provide crack-arrest characteriza-
tica data in support of overcooling experiments carried out at ORNL. Dur-
ing this reporting period, experiments were completed on the PTSE-1 mate-
rial and a section from the low-upper-shelf-energy weld of vessel V-8A.

Concerning PTSE-1 steel, results from brittle-weld specimens were
given in the previous report,® and the data we:: for temperatures from 25
to 93°C. Attempts to initiate rapid cracks at higher temperatures were
unsuccessful, even when inverted split pins were used. Because the goal
was to provide K, values up to a temperature of 150°C and/or a Kya value
of 150 HP.°/:, duplex specimens were fabricated. Some of these specimens
were provided with contoured side grooves. However, even use of duplex
specimens with contoured side grooves and inrerted split pins resulted in
some cracks arresting at the interface between the starter section and the
test section. 1In those cases, data were obtalned by reinitiating the
arrested cracks.

The new results are shown in Table 5.1, for which the notations are
(efined in Table 5.2. Unstable fracture and crack arrest were obtained
successfully up to 150°C. This temperature is slightly above the onset

*Work sponsored by HSST Program under UCC-ND Subcontract B5X-17624C
between UCC-ND and BCL.

tBattelle Columbus Laboratories, Columbus, Onhic.
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Table 5.1. Crack-arrest toughness of steel from PTSE-1 material?

Yield

8.;;1. 3;;25‘ Teng:z;ture (MP&QJEB K,/Kjg strength Comments .
(MPa)

P1OR-1 1 79,0 78.0 1.974 609.0 .

PIOR-1a 12 67.0 149,0° 4,049 612.0

P1OR-2 1 93.0 73.0 1.661 606.0

P1OR-2a 12 51.0 33.0 0.963 616.0

P10R-3 1 51.0 53.0 1.546 616.0

PLOR-3s 12 25.0 46.0° 1.442 622.0

PLOR-4 1 79.0 89.0 2.253 609.0

P10R-4a 12 52.0 47.0° 1.366 616.0

P1OR-8a 13 67.0 147.0° 3.995 612.0

P1OR-5 1 66.0 53.0 1.448 613.0

P1OR-5a 12 29.0 39.0° 1.213 621.0

P1OR-10 9 150.0 140.,0° 1.494 593.0

PIOR-11 14 53.0 70.0° 2.026 616.0

PIOR-12 9 107.0 90.0° 1.787 603.0

P1OR-15 11 66.0 92.0 2.513 613.0 d

PIOR-16 9 121.0 106.0° 1.779 559.0

PINR=17 11 81.0 117.0 2.921 610.0 d, e

PIOR-18 14 68.0 73.0° 1.973 612.0 d

P1OR-13 9 122.0 117.0° 1.937 599.0 .

P1OR-6 10 137.0 128,0° 1.701 596.0

PIOR-7 14 137.0 88.0 1.170 596.0

A complete printout of the raw data and subsidiary calculations is
available from the authors upon request.

bSoc Table 5.2 for key to notation.

®Dimensions are too small to satisfy the tentative ASTM require-
wents.

dCrack ran badly out of side grooves.

‘Very irregular crack front.

of the Charpy upper shelf (~140°C), consistent with past experience’ that
the upper-shelf-onset temperature is about the limit for obtaining crack-
arrest data using current BCL procedures. However, despite the Charpy
specimen behavior, low-power fractographic examination (30x) revealed that
the compact-specimen crack-jump mechanism at 150°C was cleavage.
It also should be pointed out that the 150°C specimen does not
satisfy the tentative ASTM size requirements. The main concerns are the
length of the remaining ligament, which is only 70%Z of the minimum allowed N
value, and the thickness, which is only 80% of the minimum allowed value.
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f
Table 5.2. Sample types
Type Specimen Starter Split-pin : R A
L No. guo-etrya notch geometryc e et Ohine
1 Compact BW N 0
2 Contoured DCB 2 Ma~hine loaded
. 3 Cylinder H Thermal shock
4 DCB D
5 Compact D N 0 Test after 1/1/80
6 ESSO
7 Compact BW I 0
8 Compact ) N o4 Tested after 12/31/79
9 Conpact D I 0
10 Compact D I n Contoured side grooves
11 Cowmpact D N R
12 Compact BW N R
il Compact BW I R
14 Compact D I R Contoured side grooves
15 Comp«ct F Machine loaded
ANCB = doubla-cantilever bYeam
PBW = britrle wola
i D = duplex specimen
H = hydrogen-charged brittle weld
F = fatigue precrack

®N = normal (shoulder up)

| 4y = tnftial crack jump
R = reinitiation

Based ra evidence that departures of this magnitude do not affect the re-
ported arrest toughness,8 the K;, value at 150°C is considered representa-
tive of l.rge-specimen behavior. The same conclusion holds true for all
of the othar Table 5.1 specimens that apparently were of insufficient
size.

The complete PTSE-~1 crack-arrest data are plotted in Fig. 5.8. The
bulk of the points are a fair fit to a straight line (correlation coeffi-
cient, R = 0.85):

‘Ia = 21.9 + C.7i2T , (5.8)

where the uaits are MPa+/m and degrees celsius. Note that Eq. (5.8) does

not include the two very high points for specimens that exhibited very

irvegular crack geometries and that are cunsidered nonrepresent:tive (dis-
5 cussed further in Sect. 5.3.4 cn crack-arrest data base). Figure 5.8 also

compares the PTSE-1 data with the ASME K;p curve (for RTypy = 70°C) .*

This cur-e is seen to provide a useful lower bound to the compact-specimen

*A determination of RTy,. is reported in Chap. 10 as 91.3°C.
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data. However, the K, data appear to be represented by Kigr at the upper
and lower ends of the temperature scale.

5.3.2 Low-upper-shelf-energy weld from vessel V-8A

A low-upper-shelf-energy ITV-84 weld from ITV-8A has been 1included
to gain experience i1 testing a material of this type in preparation for
future PTS tests.

Because the amount of weld metal available for specimens in piece
V-8A-D was appreciably less than was originally thought, only eight com-
pact crack-arrest specimens were fabricated. Specimens numbtered 17, 18,
and 19 were for testing at temperatures near RTyp (estimated to be
~25°C), and they were ~100 mm square by 10 mm thick. Specimens 12—16
were fabricated for testing at somewhat higher temperatures, and they
were ~150 mm square by 35 mm thick. In each specimen, the crack plane
coincided with the plane of the weld, and the crack extended in the thick-
ness direction from top to bottom.” All were duplex specimens in which
a hardened AIST 4340 steel crack-starter was electron-beam welded to the
test section. The duplex design was selected for the larger specimens to
ensure initiation of an unstable fracture at the higier test temper tures.
It was selected also for the smaller specimens to conserve the scarce test
material and permit several more specimens to be fabricated than would be
possible if brittle-weld specimens were used,
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In the past, fabrication of duplex specimens from weld metal samples
has proven difficult because of gas evolution in the molten zone of the
electron-beam weld, resulting in pnrvsity." As was noted in earlier
reports,b'g trial electron-beam welds made on blanks cut from the charac-
terization weld of vessel V-872 revealed that oscillating the electron
beam parallel to the weld path reduced the porosity significantly. Based
on those trials, all duplex specimens fabricated in this task employed the
beam-oscillation procedure,

At the time of this report, testing of all specimens fabricated from
piece V-8A-D had been completed, with the exception of specimen 13, which
contained obvious cracks in the electron-beam weld. The highest test tem—
perature investigated (66°C) was only about 40°C greater than the esti-
mated RTypr+ Although it was planned originally to test at temperatures
somewhat higher than 66°C, this was not done because of difficulties en-

countered in getting the crack to penetrate into the test section even at
temperatures as low as 42°C,

Results of the crack-arrest experiments are given in Table 5.3 and
Fig. 5.9. In only one of the seven specimens tested (specimen 19) did the
rapid crack, which was initiated in the hardened starter section, pene- '
trate into the test section prior to arrest. As was reported previously,®

TEMPERATURE

Fig, 5.9. Results of crack-arrest tests on submerged-arc
vessel V-8A.




Specimen
No.

Crack—-arrest

Test
temperature

was

ised to ¢

rack stopped at

Reinitiation

rack ’ ) 1l §

ra

Displacement

rac

Estimated

ﬂ\.[

De(

Ve wWas

rack
for

k did not

k length
upper

corrected for

unusual in that
tlculate
\

rlectron
arrested
the

Ause

growth

plasticity by

shown
shown
bound of K

pronounced

tests of duplex compact specimens fabricated from piece V-dA-D,

Specimen Displacement Crack length

dimensions
(om)

(mm)

By

3

the

.y the

displacement after arres

-
result was 64 MPa «/m.

beam we'd.
rack.

side grooves and hsrd large unbroken ligaments at the specimen

racks detected in the electron—beam weld.

mtoured from a depth of 5% at the notch tip and b“eyond

was not initiated.

the use of Fig. | in

arres?t

is 1.1 times the initfation displacement.

is 0.95 W,

assuming that the crack arrested at a = 0.95 W.

‘a s

plasticity that was observed during the test.

the

low-toughness weld

Stress intensity
(MPa «/m)

Initiation, Arrest,

K K
o K

mrfaces.

electron~beam weld.




63

specimen 19 exhibited unusual behavior; namely, the displacement after ar-
rest was nearly twice that at initiation rather than 5 to 10% greater as
is usually observed. 1In the six remaining specimens, tested at 42 to
66°C, the rapid fracture arrested at the electron-beam weld at K-levels
greate* than 200 MPa*Ym. Contoured side grooves, which have had some pre-
vious success in promoting crack penetration through the electron-beam
weld,” were used without success on specimens 14 and 16. The results for
the six specimens in which the crack arrested at the electron-beam weld
are shown in Fig. 5.9 for information ourposes only; they are not believed
to be representative of the crack-arrest toughness of the submerged-arc
weld. Each K, value for specimens that exhibited arrest at the electron-
beam weld was more than 1.5 Kyg: as discussed below, statistical analysis
of data in Battelle's crack-arrest data bank (see Sect. 5.3.4) suggests
that K, values in excess of 2.5 Kigr are unrepresentative,

Each of the six specimens that displayed arrest at the electron-beam
weld line was retested at the same or a lower temperature, In two in-
stances, specimens 15B and 188, the rapid crack either did not arrest or
it arrested ~0.99W, thus precluding calculation of K.. An estimate of an
upper-bound K, value was obtained by assuming that tge crack had arrested
at 0.95W and that the arrest displacement was 10% greater than that at
initiation. Notice in Fig. 5.9 that the K, value calculated in this
manner for specimen 15B falls on the ASME Kyg curve,

The results (Fig. 5.9) suggest that K, values for this submerged-arc
weldment lie only slighily above the Kig curve at temperatures above RTwpT
and may lie below the Kig curve at lower temperatures. Several of the
values shown were for specimens in which the crack ran out of the plane
of the side grooves (specimens 14C, 14D, 16B, and 17B); this condition
usually causes some elevation of the apparent K, value. The results
obtained for piece V-8A-D will be compared with results obtained on other
submerged-arc weldments in the next progress report,

With respect to future crack-arrest testing of submerged-arc welds,
the work performed in the task reported here has been helpful from several

standpoints. First it suggests that brittle-weld crack starters may be
nreferable to duplex specimens at temperaiures near and somewhat above
RTNDT' Second, at higher temperatures where rapid crack initiation
becomes difficult in brittle-weld specimens, merely switching to duplex
specimens may not suffice, owing both to porosity problems from electron-
beam welding and to difficulties in penetrating the electron-beam weld
line with the rapid crack. Third, the porosity problem encountered in
passing an electron-beam through submerged-arc weld metal can be reduced
greatly by oscillating the beam along the weld path. rourth, contouring
the side grooves from 25% depth at the notch tip to 407 at the electron-
beam weld line to achieve a greater K value at the latter location may not
be sufficient to achieve crack penetration of the test section; additional
deepening of the side grooves at the electron-beam weld line may be neces-
sary. Finally, cracks that airest at the electron-beam weld line often
can be reinitiated by testing at the same nr a lower temperature. When
retesting is done, appreciabls: plastic deformation may occur prior to
reinitistion because the crac tip is adjacent to the lower strength test
material. A suitable method of accounting for this plastic deformation is
required to avoild overestimation of K, values. Uce of sequential load-
unload cycles,!!s!? peasurement of displacement at two locations, !3 or
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estimating the plastic component of displacement from Fig. 1 in Ref. 1l
appears to be satisfactory.

5.3}3 Crack-arrest test refinement

An objective of this task s to examine alternative methods for in-
strumenting crack-arrest test specimens in order to answer unresolved
questions concerning plasticity and dynamic effects. During this period,
preliminary experiments on both topics were performed.

Plasticity. A problem with crack-arrest testing is that the load
must be inferred from the displacement. Two experiments were undertaken
Lo estimate arrest loads from direct postarrest measurements. Conven-
tional weld-embrittled specimens (150 x 150 x 25 or 37 mm) were provided
with two added loading holes positioned as for crack-initiation compact
specimens. The specimens were first wedge-loaded in the manner prescribed
by the draft ASTM Crack-Arrest Standard!? using the cyclic technique.!!
Residual displacements due to plasticity were recorded. Following rapid
crack propagation and arrest, the specimens were unloaded and some reverse
displacements occurred. Pin-loading fixtures were then attached, and the
specimens were reloaded until the total displacements reached those at-
tained prior to the unloading but subsequent to crack arrest.

The arrest loads had been inferred previously from Ripling's compli-
ance relationl“ using both the elastic displacement on the final wedge-
loading cycle and the total displacemeni (elastic plus plastic) just after
crack arrest. A comparison of the different arrest-load calculations 1is
shown in Table 5.4. As was anticipated, the estimated arrest load was
lower when only elastic displacements were used in the calculations than
when plasticity was included However, the direct-reload values are in-
consistent, one being higher and the other lower than both displacement-
based values.

5.4. Estimation of crack-arrest load

Arrest load, KN

(1b)
Test e
Specimen K Estimated
a
No. te-?fé;ture (MPa +V/m) from elastic Estimated Estimated
displacement from total from reload
on final displacement experiment
cycle
7-0R-64 38 66 7.1 (1600) 8.0 (1860) 12.1 (2720)
Pl-Ol-9b 79 64 18.6 (4170) 20.5 (4€20) 14,6 (3280)

ASteel from TSE-7; earlier crack-arrest data were reported in Ref. 1.
bStcel from PTSE-1l; additional crack-arrest data reported in Table 1.

®Calculated using electric displacement at arrest on final loading cycle.
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Insight into the sources of the problem was obtained from closer
examination of the reload-displacement curves. As shown in Fig. 5.10,
these curves were nonlinear and exhibited hysteresis and lack of closure.
(Subsequent reloadings to the same displacement still resulted in open
curves; however, peak loads were slightly lower, and there was no residual
displacement at zero load). In addition to load data, an additional clip
gage had been located at the 0,30W location to provide effective crack-
length data.!3 Figure 5.11 shows the results from these experiments,
Although the two specimens behaved differently, both results indicated
that the effective crack length was less than the actual crack length.

The most likely explanation of such a discrepancy would be the presence of
undbroken ligaments generated during the run-arrest event. 1In support of
this suggestion, a lack of closure due to the presence of ligaments is
consistent with the fracture-topography studies of Kobayashi et al.!S

These results, pointing to a significant contribution of ligaments to
the experimental record, clearly present a problem in evaluating the plas-
ticity contribution. Experimentally, it will be difficult to separate
ligament and plasticity effocts., Furthermore, any analytical model would
have to be extremely complex, given the three-dimensional nature of liga-
mented cracks.!® Finally, such questions as predicting the size and loca-
tion of ligaments have not been resolved. Further experimental techniques
will be needed, and several are under evaluation.

Dynamics. It is important to determine the extent to which dynamic
effects influence both the test specimen record and the behavior of a
crack in a vessel undergoing a thermal transient. A review of the litera-
ture reveals several points.

1. Predictions of crack-jump length obtained from fully dynamic
analyses of thermally shocked cglinders differ only slightly from those
obtained from static analyses,!”’,!®
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2. Although dynamic effects may be significant in the early stages
of crack propagation in a wedge-loaded compact specimen, they do not play
an important role in crack deceleration and arrest. ,2b

3. Statically calculated stress intensities at arrest in compact
specimens provide good, conservative estimates of the results of thermal-
shock experiments at ORNL.2!

From all of these considerations, we can conclude that dynamic ef-
fects should be minimized in crack-arrest property testing. The best way
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to accomplish this is to adhere as closely as possible to fixed-grip con-
ditions.

Dynamic effects may be introduced into the compact specimen, particu-
larly when inverted split pins are used to facilitate rapid crack initia-
tion at relatively high cest temperature.““ These effects probably are
minimized by the formation and rupture of ligaments, which have been shown
to effectively damo specimen vibrations.““ Nevertheless the question of
the influence of dynamic effects on crack-arrest toughness measurements
still needs to be investigated.

Experiments are planned in which arm motion and crack length will
both be measured as functions of time during propagation and up to a few
milliseconds after arrest. Crack position will be monftored by strain
gages bonded to the specimen surface and oriented normal to the crack
plane.

A calibration experiment was carr’ 4 out to determine the
gage locations. Gages were located at various distances from
centerline, and their responses to a given displacement were
The starting notch was then extended by sawing,
measured. The procedure was repeated until the
the specimen width. Figure 5.12 shows one such
peak strain response is reached before the sawcut reached
that the curve is asymmetric: the falloff after peak str
sharper thau the rise before it.

It 7as found that the height of the strain-response pe
enced surprisingly by the side grooves. From elastic analy
response would be expected to decrease sharply with increasf
of the strain gage from the centerline. Figure 5.13 shows
grooves perturb this response so that the maximum response
by the gages located 19 mm from the centerline. At the same
falloff in strain as the crack approached and passed the str
sharper the closer the gage was to the centerline. Despite
tion, it has been decided to use the maximum response location
dynamic experiments, because the less severe falloff
gages to be used and still obtain useful information
gages.

Finally, note that the gages can provide semiquantitative information
about crack-rip stress intensities and may be helpful in sorting out the
ligament-plasticity question.

5.3.4 Data base

The objectives of this task are to maintain and expand the comput-
erized data base and to issue an FY 84 inventory repo During the re-
porting period, 231 crack-arrest (KI‘) point have | 1 added, making
total of 344 points. Currently all of the dat: ' unirradiated base
plate.

Crack arrest. Table 5.5 summarizes tl data bas ; About

one~half of the specimens were teste in reasonable con m » with pro-

cedures being considered by the AST las i n I A § s1ightly

over one-half (198) were tested at
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Table 5.5. Classification of data-base contents

. 3 Number of .
Specimen design . Laboratories

specimens

Wedge loaded

Compact ) ) BCL, MRL, Kawasaki
Double-cantilever beam 3 BCL

Machine loaded

’.:')."J;‘.lz‘l West "L:]'F::uvu e

Contoured double-cantilever beam 4t MRL

ESSO L/ Kawasaki ,
Mitsubishi

Thermal shock

Lylinder 13¢ JRNL, Framatome

Total 44 (170)4

The numbers in parentheses indicate the specimens for which raw
data are available and for which results were computer—-calculated at
BCL.

}
The number listed is the total number of jumps from five

cylinders.

The statistical analysis was performed by assuming that the ratio
Kl;i/KIH obeys a temperature-dependent Weibull distribution,® where Kig 1s
the ASME Boiler and Pressure-'essel Code Sect. XI lower-bound toughness
curve. Fifteen points (4.47 of the data) fell below Kigrs but most of

i
€

these points fell within 5% of Kigs» were tested at temperatures below
RTypts» or both. This observation is consistent with past estimates; !
although K“, represents a small, but finite, cumulative probability

were

it can be considered an acceptable lower-bound estimate. There

points for K;_ /K;p values between 2.5 and 3.0, but nine points (2

’
above 3.0. While these very high values are suspect, they were included

in the analysis because their effect on the final result was minimal. [

median value of '\'1! was found to be well represented by the equation

! A !

Kig = 30.0 + 48.176 exp (0.0146 AT

where AT is T - l”\'l)] and the units are MPa+/m and degrees celsius. The
spread of the data increases with increasing temperature so that the

coefficient of variation (standard-deviation/me: ils approximately con-
utant, varying between 0.26 and 0O.3l. This observation, which means that

the KI;q/k'R ratio is essentially temperature independent over the range
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considered, has been used in the analysis of crack initiation that
follows.

Crack initiation. A simplified statistical aualysis was applied to
the Battelle crack-initiation data and *o the licerature thermal-shock
data with two objectives: (1) judging how well methods using compact
specimens represent large-specimen data, and (2) developing a preliminary
Ki. distribution function.

The analysis used the assumption that the quantity Ki./K, (K, = the
ASME Boiler and Pressure Vessel Code Ki. curve) forms a temperature-
independent population. To calculate the individual points, the following
equation was fitted to the ASME plot:

K, = 29,43 + 31.50 exp(0.0321AT] , (5.10)

where AT = test temperature minus reference temperature and the units are
MPa+/n and degrees celsius. The data were obtained from large thermally
shocked cylinders,z""z6 compact specimens in which arrested cracks were
roinitinted.5'7’9’13 and conventional compact tpecincna.2"3° The last
group was corrected for plasticity using the available energy tech-
nique.zavao The reinitiation data were separated into cleavage-precrack
and ductile-precrack subsets, with the ductile-precrack data being elimi-
nated to provide a set of points with equivalent crack-tip morphologies.
As shown in Fig. 5.14, the remaining data were fitted to Weibull distribu-
tion of slope equal to four. This procedure resulted in fairly good de-
scriptions of the two methods of analyzing fatigue-precracked compact
specimens but was not adequate for either the reinitiation or the cylinder
data. However, the agreement between these latter two sets suggests that
they are members of the same population. Accordingly, both sets were com-
bined and replotted as shown in Figure 5.15. The combined distribution

is satisfactorily described by a Weibull plot of slope equal to three.

The characteristics of the Weibull distributions from Figs. 5.14
and 5.15 are listed in Table 5.6. Because the values of m are in a range
where the Weibull distribution is very close to the Gaussian distribution,
the means and standard deviations in the table can be used with a Gaussian
distribution. Whichever distribution is used, it is recommended that the
combined cylinder-reinitiation data be used in any evaluation that re-
quires lower-bound toughness values. Also, the data are limited to tem—
peratures less than (RTypy + 30°C). Above this temperature, the distribu-
Lion may not apply.

The most interesting point of the analysis concerns the agreement be-
tween reinitiation and thermal-shock data. The common points between the
specimens in those two types of experiments are that neither employs a
fatigue precrack and neither experiences stable crack growth prior to
cleavage. To the extent that the BCL data are representative of the be-
havior of steel within the ductile-brittle transition region in general,
it appears that fatigue does not provide the sharpest possible crack tip,
contrary to the underlying assumption of ASTM E399. 1In contrast to the
reinitiation data, the fatigue-precrack results were significantly higher
than the cylinder values, even when adjusted for plasticity prior to
cleavage initiation. However, there was sufficient overlap between the
adjusted fatigue-precrack data and the cylinder data to confirm the proven
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Table 5.6. Distribution functions for Kie

Weibull?

Ky /K
parameters Ic’' ™o
Test method Busher of
specimens
A & o Standard
deviation
Thermally shocked 13 ]
cylinders
Compact specimens b 2.15 3 1.92 0.70
Rzinitiacion of 27
an arrested
cleavage crack ]
Fatigue precrack? 41 3.06 4 2,77 0.78
Fatigue precrack® 30 4.06 4 3.68 1.03

AThe cumulative Weibull distribution is
F = 1 — expl—(Ky./AK,)"].

bavailable energy.

®Equivalent energy.

success of the available energy method (and the Merkle B  correction).?!)
Thus, these latter procedures are considered acceptable, albeit less effi-
clent, predictors of cylinder behavior.
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6. IRRADIATION EFFECTS STUDIES

R. K. Nanetad

6.1 Third HSST Irradiation Series

J. J. McGowan R. G. Berggren
T. N. Jones R. K, Nanstad

The third 4TCS irradiation experiment contained miniature tensile
specimens of four low-upper-gshelf weldments. The irradiation conditions
were reported in Ref. 1, and the results from Charpy V-notch (CVN) speci-
mens tested in this eeries have been reported in Ref. 2. The chemical
composition of these swbmerged-arc welds is shown in Table 6.1. The final
item to be completed in this series was the tensile testing, which has now
been completed and is reported below.

The two types of miniature tensile specimens used in this study are
shown in Fig. 6.1. The sizes were selected because of the space available
in the irradiation capsule. The diameters of both long and short speci-
mens were 4.52 mm with the total lengths of the long and the short speci-
men being 5.5 and 5.0 cm, respectively. The tensile strength properties
of the welds are summarized in Tables 6.2 and 6.3 for the unirradiated and
irradiated condition, respectively. The unirradiated strengths of the
welds are similar with weld 66W showing slightly higher (10% to 15%) val-
ues than the other three welds. Irradiation at 252 to 290°C to a fluence
in the range of 2 to 10 x 1022 neutrons/m? (E > 1 MeV) produced a signifi-
cant increase in the strength of the four welds. (Figure 6.2 shows the
behavior of weld 65W.) The yield strength of all four weld: was more sen-
sitive (10%) to irradiation than the ultimate strength as shown in Table
6.4. The strength of welds 64W and 67W was generally more sensitive (10%)
to irradiation than welds 65W and GOW.

The elongation provertiec of the welds are listed in Tables 6.2 and
6.3 for the unirradiated and irradiated condition, respectively. The
total elongation changed up to 2% with irradiation as shown in Table 6.5.

6.2 Fourth HSST Irradiation Series

J. Je. McGowan R. G. Berggren
T. N. Jones R. K. Nanstad
R. L. Swain

The fourth capsule of the Fourth HSST Irradiation Series contained
materials supplied by the Federal Republic of Germany (FRG)., The CVN im-
pact tests were completed on both irradiated and unirradiated specimens,
and posttest measurements are in progress. The cooperative testing
progr¢-3 on specimens from the first three capsules of the Fourth HSST
Irradiation Series is continuing. Tensile testing has been completed.
Testing of all unirradiated 1TCS specimens has been completed, and the
scoping tests of the irradiated 1TCS specimens have been initiated. The



Table 6.1. Chemical composition of submerged-arc welds
for Third HSST Irradiation Series

Average? composition

Material (wt %)
c Mn P S Si Cr Ni Mo Cu v
64W 0.085 1.59 0.014 0.015 0.520 0.092 0.660 0.420 0.350 0.007
0.070 1.54 0.012 0.014 0.445 0.074 0.600 0.410 0.310 0.006
0.10 1.64 0.017 0.016 0.600 0.110 0.720 0.430 0.390 0.008
65W 0.080 1.45 0.015 0.015 0.480 0.088 0.597 0.385 0.215 0.006
0.07¢ 1.42 0.014 0.013 0.450 0.076 0.585 0.370 0.180 0.005
0.090 1.49 ©0.017 0.017 0.610 0.100 0.610 0.400 0.250 0.008
66W 0.092 1.63 0.018 0.009 0.540 0.105 0.595 0.400 0.420 0.009
0.075 1.59 0.017 0.009 0.480 0.090 0.580 0.380 0.350 0.007
0.110 1.67 0.020 0.010 0.600 0.120 0.610 0.420 0.490 0.012
67w 0.082 1.44 0.011 0.012 0.500 0.089 0.590 0.390 0.265 0.007

0.070 1.40 0.010 0.012 0.410 0.067 0.580 0.370 0.220 0.005
0.095 1.48 0.013 0.013 0.590 0.110 0.600 0.410 0.310 0.010

INumbers shown below each entry indicate range of corposition measurements.

L



Table 6.2.

Tensile properties of unirradiated welds
Third HSST Irradiation Series

Specinen Test Yield Ultimate Reduction Toula
No. temperature strength strength in area elongation
(") (MPa) (MPa) (%) (%)
s4w10® 27 467 583 9.9 65.8 19.5
1nd 27 469 581 9.6 64.5 18.8
120 151 426 539 9.0 65.5 17.2
13 151 418 533 9.9 67.4 18.9
140 286 398 547 8.4 60.0 16.0
152 288 398 549 9.6 52.7 15.8
162 27 458 575 10.1 64.1 18.4
170 151 407 519 9.0 66.7 17.4
182 286 398 533 8.6 51.5 14.4
65W10° 27 461 572 10.1 63.9 19.6
112 27 460 571 9.5 64,4 17.2
122 151 425 535 7.7 62.9 15.4
13% 150 428 538 8.0 63.6 15.2
142 288 423 550 7.5 55.5 13.3
152 288 414 548 7.8 57.3 14.3
162 27 451 571 9.5 67.2 17.6
170 150 416 526 7.4 66.0 15.2
18 288 398 550 9,7 61.1 16.9
66W1 27 533 639 8.4 63.3 17.1
2 150 507 599 7.2 64.9 14,7
6 287 496 610 6.8 46.3 12.7
7 27 534 639 6.8 63.4 14.8
- 149 506 595 6.2 63.5 13.5
10 288 500 607 6.4 47.0 11.7
67W1 27 445 569 8.2 65.8 16.2
2 27 461 581 8.5 67.7 17.2
3 150 424 538 6.5 67.9 14.3
5 149 429 543 6.5 63.9 13.7
. 288 431 565 7.3 61.0 13.9
7 288 43 567 7.7 5.1 13.8
8 27 479 600 11.4 66.1 20.2
10 148 433 Shé 2.3 64.6 15.0
11 288 427 554 7.3 57.7 12.8

"Elongation for 31.75-mm gage length.

PShort specimens, all others are long specimens.



Table 6.3 Tensile properties of irradiated welds
Third HSST Irradiation Series

Fluence Irradiation Test Yield Ultimate Uniform Reduction Total?
temperature temperature strength strength strain in area elongation

LIPS oy

neutrons/m*) (*C) (*C) {(MPa) (MPa) (%)

{0 0 ®® W
w O w

’)
»
P
>
.
-

length

whers long specimens.




LONG SPECIMEN
SHORT SPECIMEN 2924

Fig. 6.1. Tensile specimen configurations.
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Fig. 6.2. Tensile strength of irradiated and unirradiated weld 65W.

Table 6.5. Average total elongation

Third HSST Irradiation

Series?

€p y = @verage unirradiated total elongation from 22 to 288°C
»

Material “r,u 1,1
(%) (%) (%)
64w 17 15 -2
65W 16 17 1
66W 14 14 0
67w 15 14 -1
Igtere

"t’ { * average irradiated total elongation from 22 to 288°C
’
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CVN resulrs for the first three capsules have been reported previously in
Ref. 4. A summary of the CVN results is shown in Table 6.6. Plate 02 was
the most sensitive to irradiation, whereas welds 68W and 71W were the
least sensitive. The chemical composition of these materials is shown in
Table 6.7.

The long-type miniature tensile specimen shown in Fig. 6.1 was used
in this study. The diameter was 4.52 mm, and the overall length was
5.5 em. The tensile strength properties of the materials are summarized
in Tables 6.8 and €.9 for the unirradiated and irradiated condition, re-
spectively. The unirradiated strengths differ considerably with weld 69W
being the strongest; welds 70W and 71W were the we ‘kest, Irradiation at
288°C to a fluence of 11 to 23 x 1022 peutrons/m? (E > 1 MeV) produced
varied responses in the uaterials. The behavior of welds 70W and 71W is
shown in Figs. 6.3 and 6.4, respectively. The yield strength was gener-
ally affected more than the ultimate strength as shown in Table 6.10.

The strength of plate 02 was more affected by irradiation (10%) than the
welds.

The elongation properties of the materia's are listed in Tables 6.8
and 6.9 for the unirradiated and irradiated condition, respectively. The
total elongation changed +#1% with irradiation as shown in Table 6.11.

All testing of unirradiated 1TCS specimens at Oak Ridge National
Laboratory (ORNL) has been completed, and only limited testing of unir-
radiated 1TCS specimens remains at Materials Engineering Associates (MEA).
Some preliminary tests of irradiated 1TCS specimens have been performed
at ORNL. Both laboratories used unloading compliance to measure crack
length, and all specimens uad razor blades mounted at the load line. The
ORNL testing system used an iiP-9836 microcomputer to control the test and
acquire data; as a result, the crack length could be determined within
0.02 mm during each unloading. The specimen was loaded under load-line
displacement control at a rate of 0.2 mm/min. A l-min hold at constant
load-line displacement was performed prior to each unloading to minimize
hysteresis problems. Smooth-sided specimens were used in the transition
region, whereas 20% side-grooved specimens were used in the upper-shelf
region. When applicable, K;. according to ASTM E399 (Ref. 5) was deter-
mined; otherwise, the Modified-Ernst J-Integral® was used to infer Ky =
YEJ, where E(GPa) = 207.2 — 0.57 T(°C). If there was no significant crack
growth (the J, vs Aa curve did not intersect the 0.15-mm exclusion line),
J to maximum load was used to determine K,. If there was significant
crack growth (the Jy vs Aa curve did intersect the 0.15-mm exclusion
line), Jio was used to determine K,;. A typical J-R curve is shown in
Fig. 6.5. Note that Jio 18 determined both with the power law and AST™
E813 (Ref. 7) procedure. A summary of results from all the unirradiated
tests with nonsignificant crack growth is shown in Tables 6.12 and 6.13
for ORNL and MEA, respectively. A summary for all unirradisted tests with
significant crack growth is shown in Tables 6.14 and 6,15 for ORNL and
MEA, respectively. A summary for a1l ORNL irradiated tests with nonsig-
nificant crack growth is shown in Table 6.16. A summary for all ORNL ir-
radiated tests with significant crack growth i{s shown in Table 6.17. A
comparison of the fracture-toughness data for the two laboratories is
shown in Figs. 6.6-6.10. Note that there is no significant variation
between the two laboratories. The welds shew substantially more scatter
in the fracture toughness (450 MPa+/m) because of their relative
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Table 6.6. Charpy property degradation of low-copper welds and plate
produced by irradiation to 2.0 x 1023 peutrons/m? (288°C)
Content
(wt %) Observed transition Observed upper-shelf
Material
temperature shift energy change
Cu Ni (°c) %)

Plate 02 0.14 0.67 78 * 4 -14 £ 2 ®
Wweld 68W 0.040 0.13 14 + 3 -3t 4 -
Weld 69W 0.120 0.10 S1 = 4 0té6

Weld 70W 0.056 0.63 37 £ 6 +0.5 t 3

Weld 71W 0.046 0.063 15 27 +12 t 4




Table 6.7.

Chemical composition of plate 02 and submerged-arc welds
for Fourth HSST Irradiation Series

Average composition

Material (m %)

c Mn P S Si Cr Ni Mo Cu v
Plate 02 0.23 1.55 0.009 0.014 0.20 0.04 0.67 0.53 0.14 0.003
Weld 68w 0.15 1.38 0.008 0.009 0.16 0.04 0.13 0.60 0.04 0.007
Weld 69w 0.14 1.19 0.010 0.009 0.19 0.09 0.10 0.54 0.12 0.005
Weld 708 0.10 1.48 0.011 0.011 0.44 0.13 0.63 0.47 0.056 0.004
Weld 71w 0.124 1.58 0.011 0.011 0.54 0.12 0.63 0.45 0.046 0.005

"8
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Tabhle 6.2, Tenslle properties of unirradiated welds and plates
Fourth HSST Irradiation Series
\‘nclm Test Yield Ultimate Uniform Reduction Total
A . temperature strength streagth stralin in area elongation

X (o) {MPa) (MPa) %) ) x)
hBW1L =140 172 821 9.3 69.0 1.9
4 +140 816 847 11.6 67.0 20.3
8 -40 588 693 9.7 78.7 20.5
12 126 519 599 3.5 17.1 13.6
13 287 497 624 7.4 AN 15.9
14 287 493 618 6.9 72.8 15.2
691 ~140 873 927 12.4 65.8 21.5
2 -90 737 838 10,1 66.2 20,3
3 =40 678 780 9.2 69.9 17.3
- 27 642 723 7.6 68.3 16.2
5 123 600 688 6.5 68.0 13.9
7 204 5N 696 7.3 67.4 14,8
L] 287 572 714 9.1 59.2 16.3
10 -140 849 920 9.8 67.2 18.3
11 ~&0 679 79 8.4 67.9 16.8
16 27 635 721 6.8 1.1 15.4
19 122 601 681 5.9 70.5 13.6
20 287 582 708 6.8 60.5 13.4
Tom1 ~140 686 RO9 18.4 57.1 26.C
2 -90 574 715 11.8 64.2 23.3
3 ~40 524 658 11.5 68.0 22.4
B 27 480 593 1.3 68.1 19.8
5 122 453 558 8.3 68.8 16.1
6 203 436 561 1.3 66.7 15.8
9 287 436 5718 8.1 65.5 15.4
11 ~140 664 784 12.7 62.7 22.9
12 -40 525 655 12.0 67.2 21.2
15 27 476 594 9.1 69.4 18.2
17 124 452 556 8.3 67.8 16.9
18 288 429 573 8.4 64.1 16.3
71§l =140 w69 795 13.7 60.8 21.9
2 -91 566 718 13.4 62,1 22.2
4 -40 506 659 12.5 64.2 20.9
5 27 469 600 9.3 67.3 18.2
? 122 447 557 8.7 66.1 16.0
8 203 429 557 8.3 64.2 15.9
10 289 430 581 8.2 59.6 14.6
12 ~140 681 806 13.9 58,7 23.5
1 =40 511 658 12.4 65.2 20.5
14 27 469 598 10.0 68.3 19.4
16 122 442 558 8.7 64.9 16.0
18 289 428 568 8.7 60.9 15.1
02GA510 28 456 621 9.1 68.2 17.8
511 28 468 623 9.1 69.4 18.9
514 -40 517 687 12.2 67.2 20,0
518 40 505 683 1.1 LU 19.9
516 =90 559 746 1.8 62.6 20,7
s17 -90 569 755 12.2 55.8 18.8
518 122 448 569 7.5 68.1 15.2
519 123 461 584 7.3 65.7 15.2
520 203 426 586 7.9 66.9 15.5
521 203 42) 582 1.7 65.5 15.3
523 289 4 622 9.6 56.8 18.0
524 ~140 CLEY LAL 12.9 8.3 2.4
525 =140 678 LI 12.8 55.4 20.1
532 89 4n 621 9.0 59.5 16.5
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Table 6.9. Tensile properties of irradiated welds and plates
Fourth HSST Irradiation Series

Irradiation Test Yield Ultimate Uniform Reduction Total
s’;:f.“(lozz :::::::nluz) tan,:toturc temperature streagth strength strain in area elongation

’c) (*c) (MPa) (MPa) ) %) )
68u2 7.5 288 36 555 634 6.1 72.5 15.0
6 13.0 288 122 537 612 5.7 77.0 14.0
7 14.6 288 36 573 656 6.9 69.6 16.0
9 16.9 288 287 575 641 6.3 76.9 16.1
15 12.8 288 289 521 633 6.8 70.2 15.3
69W6 8.0 288 35 704 776 8.4 65.0 17.4
12 13.6 288 121 674 747 7.0 66.8 14.4
14 16.6 288 288 652 755 7.4 59.2 14.2
15 15.8 288 122 675 749 6.5 68.9 14.1
17 13.8 288 34 7z 792 7.1 65.7 15.3

18 10.5 288 287 653 756 6.8 59.5 14.0 &
T0u7 10.4 288 288 467 615 9.1 62.0 16.9
8 16.5 288 28 534 649 10.3 64.6 19.0
10 i5.8 288 121 499 607 9.1 60.8 17.1
13 21.1 288 288 472 615 9.2 48.8 15.7
16 14.0 288 122 495 597 10.1 68.7 18.0
7143 10.2 288 288 461 592 7.9 60.1 14.5
9 19.5 288 122 498 604 10.1 60.3 18.90
11 20.8 288 288 470 608 8.3 48.5 13.6
‘5 18.6 288 29 539 549 10.3 62.2 18.8
17 13.7 288 121 487 592 9.2 63.8 17.0
02GAS503 17.6 288 34 609 749 10.4 61.1 18.1
504 22.5 288 288 533 706 8.5 50.3 14.7
505 22.0 288 121 581 712 8.2 54.4 15.4
506 21.4 288 31 617 753 9.4 2.9 16.8
S08 13.9 288 121 566 699 9.5 62.5 16.1
509 13.6 288 288 519 696 9.3 61.3 15.3
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Table 6.10. Average tensile strength
Fourth HSST Irradiation Series?

o, ,~0
" 5 Y,I_ Y,U d 2 v,1 U,u
Material Y,u Y,I ——— u,u u,1
(MPa) (MPa) oY.U (MPa) (MPa) OU.U
(%) (%)
Plate 02 432 564 : 31 590 707 20
Weld 68W 496 590 19 604 620 3
Weld 69w 584 672 15 692 752 9
Weld 704 440 493 12 562 608 8
Weld 71w 430 489 14 563 602 7
Oynere
6' y = average unirradiated yield strengih from 22 to 288°C
,
c' { ™ average irradiated yield strength from 22 to 288°C
»
9.y = @verage unirradiated ultimate strergth from 22 to 288°C
»
du { = average irradiated ultimate strength from 22 to 288°C
»
Table 6.11. Average total elongation
Pourth HSST Irradiation Series?
Material ‘1,0 1.1 “r,1°%1,0
(%) (%) (%)
Plate 02 15 16 +1
Weld 68w 16 15 -1
Weld 69w 15 15 0
Weld 70W 17 17 0
Weld 71w 16 17 +1
Ahere
€p y = Average unirradiated total elongation from 22 to 288°C
»

s X

average irradiated total elongation from 22 to 288°C




Table 6.12. ORNL transition region test data summary
unirradiated 1TCS specimens

Test Yield
Sp;:f-en temperature (a/W)y J"*z Ks Kre Kge strese

(°c) (kJ/m?)  (MPa*/m)  (MPas/m)  (MPa*/m) (MPa)
02GA283 =95 0.619 57.3 593.1
02GA296 -40 0.617 22.81 69.1 59.6 529.4
02GA30° =40 0.621 26.60 74.7 62.6 529.4
02GA312 -29 C.612 42.0 593.1
02GA350 -80 0.622 13.36 53.2 50.1 574.3
02GA36] 0 0.622 75.50 125.1 79.5 492.0
02GA415 -100 0.614 44.4 579.6
02GA417 0 0.606 76.04 125.5 79.6 492.0
68WCB -80 0.601 59.5 683.7 ®
68WDD -30 0.616 216.82 212.8 113.4 614.7 >
68WEB 135 0.597 40.2 775.6
68WKD -80 0.604 70.87 122.5 92.9 683.7
69W103 =100 0.595 42.4 778.8
69W109 -100 0.597 40.7 778.8
699124 =20 0.605 58.31 110.2 87.4 679.9
697128 -3 0.599 44.31 95.9 79.7 664.8
69W136 -60 0.596 60.8 725.5
69W140 -60 0.587 56.1 725.5
69W151 20 0.600 118.25 156.1 101.6 642.0
70W103 «135 0.550 35.9 652.1
704120 =40 0.552 59.23 111.4 78.9 540.0
70W127 -135 0.549 47.3 652.1
70W143 -65 0.546 58.12 110.7 80.5 565.8
71W105 -90 0.547 47.8 587.0
71W107 =50 0.544 35.07 85.8 68.6 540.7

71Wll4 ~10 0.553 61.02 112.6 76.4 501.6




Table 6.13., MEA transition region test data summary
unirradiated ITCS specimens

Test J-u K Je KIc ‘Bc Yield
SP:d.en temperature (a/w); (kJ/m?) (MPa+/m) (MPa+/m) (MPa+/m) stress
0. °
(°c) (MPa)

02G-292 -95 0.617 8.8 43,2 44 .4 42.1 593
02G-300 —95 0.623 15.6 57 .6 58.7 53.8 593
02G-308 -95 0.620 9.1 44,1 45,2 42.8 59
62G-297 -9 0.619 74.2 124,1 79.5 496
02G-304 -5 0.619 90.6 137.2 83.2 496
02G-313 -5 0.619 81.8 130.3 81.3 496
68W~-JE —-125 0.603 29.4 79.4 72.9 757
68W-HA -120 0.599 16.2 58.9 5.8 56.9 749 e |
68W-JC -95 0.597 40.2 92.5 79.6 707
68W~-HE —80 0.608 107.3 159.8 103.3 684
69W-135 —-100 0.592 9.6 45.1 46 .6 44 .6 779
69W-104 —60 0.597 30.6 80.3 72.7 725
69W-111 -5 0.604 39.4 90.5 76.8 665
69W-158 -5 0.600 84.4 132.4 95.5 665
70W-102 -115 0.544 21.5 67 .8 61.7 625
70W-109 -115 0.54%6 8.3 42.0 44,1 41.2 625
70W-121 —65 0.546 32.8 83.2 68.6 566
70W-122 —65 0.548 73.0 124.1 85.2 566
TOW~-141 —-35 0.566 89.5 136.9 86.7 525
71W-132 -—95 0.550 16.8 59.8 55.4 593
71W-113 95 0.548 17.7 61.4 56.5 593



Specimen

temperature
(*c)

(a/W)y

Sag

(ma)

e

am)

J1e

Kie

Power

law
(ki/m?) (ki/m?)

Power AST™
law
(MPa/m) (MPa-/a)

stress
(MPa)

(ia

Validicy

02CA299
026A303
0L5A321
02GA325
02GA326
J2GA327
02GA3S7

68WAA
68WHB
68WKA

69117
69W125
69141
690145
69W154
69W161
. 69W169

70W114
ToN116
T0W135
Tow144
Tow147
Tow1 50
T0M152

71w103
Tiwi2ée
Tw125
727

02GA293
02GA309
02GA374

69W132

7iWl130
716130

121
121

288
288
121

3
121
121

288

121
288
121
204
204
288
121

204
288

23
23

2

-10

o coo SEEE ZIZISZ3 IS I3 ISE8ES

(==

0.620
0.620
0.626
0.622
0.623
0.632
0.627

0.598
0.607
0.604

0.5%8
0.591
0.595
0.603
0.598
0.598
0.609

0.552
0.553
0.548
0.5%)
0.553
0.54)
0.545

0.556
0.5%
0.5%3
0.5%3

0.619
0.617
0.623
0.592

0.547
0.551

3.091
3.063
3.089
4.107
5.728
6.007
3.729

3.20%
3.126
2.784

3.178
2.ns
3.200
3.658
3.307
3.929
2.891

3.274
3.800
2.9m7
2.879
3.010
2.995
3.053

3.33%
3.012
3.19%
3.868

1.059
0.559
3.838
0.942

3.686
0.455

0.086
-0.215
0.166
0.15%
0.042
-0.140
~-0.082

~0.610
-0.23)
0.292

0.297
0.318
0.400
0.255
~0.069
-0.058
0.437

0.251
0.017
0.119
0.23%
0.2
0.33%0
0.033

0.252
0.338
~0.288
0.058

=0.240
~0.165%
~0.94%
~0.228

-0.3:5
~0.074

264.1
182.°
158.9
145.7
139.7
141.7
137.4

268.5
234.2
213.9

172.9
175.8
180.1
144.9
126.13
148.8
102.3

130.4
121.4
114.3
1471
126.5
146.5
117.7

112.5
98.2
113.6
72.9

208.9
258.1
259.6

95.0

247.2
187.2
154.1
138.6
137.7
140.3
136.0

256.8
178.6
146.7

169.4
168.5
188.6
144.5
123.5
148.0
103.1

116.4
118.8

90.4
126.5
125.4
115.4
112.4

108.8
78.6
113.2
73.4
166.4
192.2
47.0

56.4

223.4
191.0
176.3
1/0.8
165.3
164.4
161.9

226.3
216.6

186.1
189.6
189.9
168.3
155.2
168.5
141.5

i6l.6
152.2
151.3
169.6
157.3
173.0
149.8

150.1
141.7
149.1
117.9

207.4
2%.5
230.7
139.9

139.7
182.6

2247
193.6
173.6
166.6
164.1
163.6
161.1

221.)3
189.1
173.8

184.2
185.6
194.4
168.1
153.5
168.0
142.0

152.7
150.6
13.5
157.3
156.6
153.6
146.5

147.6
126.8
146.8
118.3
185.1
198.5

98.3

107.7

132.7
142.2
110.2
146.7
102.7

65.3

9.9

122.6
203.4
211.6

85.8
74.6
82.2
59.7
49.9
50.3
62.0

151.2

83.5
171.0
124.9
108.0
168.1

92.1

17.7
160.2
86.6
65.0

164.7
124.6
251.1
101.0

204.2
146.8

129.4
135.6
112.9
197
103.6

68.9

95.3

128.3
221.2
226.7

85.0
7.3
79.5
62.1
51.6
52.4
62.6

156.1

86.2
179.4
135.2
108.4
179.8

95.4

118.1
162.8

88.0

64.6
194.5
274.7
12¢.8

203.6

531.2
500.3
498.5
500.3
498.5
534.0
534.0

Sel.6
542.5
600.1

630.5
664.1
630.5
623.1
650.9
650.9
623.1

4944
s11.2
494.4
436.6
486.6
526.2
511.2

493
524.5
482.1
508.2

549.9
549.9
537.7
684 .4

534.8
567.3

2148.1
1251.4
949.8
1291.0
903.8
S74.6
826.3

1078.9
1789.9
1862.1

755.0
656.5
723.4
525.4
439.1
442.6
545.6

1330.6
73.8
1504.8
10%9.1
950.4
1479.3
810.5

1035.8
1409.8
762.1
$72.0

1473.1
1096.5
2209.7

R83.8

1797.n
1291.8

Valtd
Valid
Valid
Valid
Valid
Valid
Valid

Valid
Valid

Valid
Valid
Valid
Valid
Valtd
Valid

Valid
Valid
Valid
Valid
Valid
Valid
Valid

Valid
Valtid
Valid
Valtd
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Table 6.16.

irradiated ITCS specimens (preliminary data)

Trradiated

22 J L8
ST (nestronsia?) "TPITUTT (W) TR owerde)

288 0.615 83.10 129.8
288 0.606 18.12 60.9
288 0.599 51.80 103.2
288 0.597
288 0.535 56.11 108.0
288 0.527

ORNL transition region test data summary

£6



Table 6.17. ORNL upper-shelf J-R curve data summary
trradiated ITCS specimens (preliminary data)

Je ‘ch f".
P — Teat Fluence Side Irradiation ———— Flow J=8.8T
';o temperature 1022 groove temperature (a/W)y Mv Power AST™ Power AST™ Power ASTM stress (U;J)
= (*c) (neutrons/u’) (%) (*c) (mm) law law law (MPa)
(k3/w?)  (kJ/u?) (MPa+/3) (MPa-/m)
69116 52 14.0 0 288 0.588 1.124 80.31 57.6 128.1 108.4 61.9 69.3 738.5 S44.7
71Wl40 16 2.2 0 288 0.535 0.392 140.5 170.2 81.6 603.3 718.1
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Fig. 6.5. Typical J-R curve from ORNL microcomputer testing system.
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Fig. 6.6. Fracture toughness of irradiated and u-irradiated plate 0.2.
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' Fig. 6.7. Fracture toughness of unirradiated weld 68W.
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Fig. 6.8. Fracture toughness of irradiated and unirradiated weld A9W.
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inhomogeneity. The Kg. values were calculated using the Merkle method 8
to estimate lower-bound fractura toughness in the transition region.

A svmmary of the fracture-toughness parameters for the five materials
is shown in Table 6.18. Weld 68 had the lowest trausition temperature,
and weld 69W had the highest. The estimated irradiation-induced transi-
tion temperature shift is within 15°C of that predicted from CVN results
(Table 6.6). Weld 68W had the highest upper-shelf toughness, whereas weld
71W had the lowest. Testing should be completed shortly with the final
draft report being completed in the next 6 months.

Table 6.18. Fracture toughness parameters summary
Fourth HSST Irradiation Series@

Material TT,U TT,I ATT KI.US
(°c) (°c) (°c) (MPa+/m)
Plate 02 -10 80 90 171
Weld 68W o NA NA 205
Weld 69w 10 50 40 166
Weld 70w -45 NA NA 155
Weld 71w ~15 10 25 140
Twhere
Tr y " estimated unirradiated 125 MPa+/m transition temperature
»
TT R estimated irradiated 125 MPa*/m transition temperature
»
ATT = estimated transition temperature shift, TT,I —'TT,U
K

I,US = estimated average upper-shelf toughness from 121 to 288°C

NA = not available

6.3 Irradiation-Induced KIc Curve Shift

R. G. Berggren K. R. Thoms
R. K. Nanstad F. B. Kam

This ltud; (Fifth HSST Irradiation Series) has been described in pre-
vious reports. »10 Eight of the twelve required 1.22-m-long (4-ft) weld-
ments of the lower copper (Cu) composition (HSST 72W; 0.25% Cu) and four
of the twelve required 1.22-m-long weldmerts of the higher copper composi-
tion (HSST 73W; 0.35% Cu) have been received from Combustion Engineering,
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Inc. (CE, Inc.), Chattanooga, Tennessee. Fabrication of the remaining
weldments is in progress.

The base plate for these weldments is a 220-mm-thick plate of SA533
grade B class 2 steel. The welding wires are from two special heats of
AWS A5.23, type EF-2, with copper added to the melts to achieve two levels
of copper content. One lot of Linde 124 flux is used for all the welds.
The submerged-arc welding is done with a tandem-arc, alternating current
procedure using a 0° bevel (constant-width) weld groove. The width of the
completed welds ranges from 28 to 32 mm. Postweld heat treatment is per-
formed at 607°C for 40 h. A cross section of one of these welds is shown
in Pig. §:11.

Chemical compositions are being determined for each drum of welding
wire, weld test coupons, weld runouts from each weldment, and cross sec-
tions from the weldments. Table 6.19 lists chemical analysis results for
the plate materials, weld wires, weld test coupons, and weld metal from
the runout tabs for the weldments received to date. All values are aver-
ages of a number of determinations. Compositions for the sections taken
from the main weldments are not yet available. The compositional varia-
tions in this table are those usually found as a result of segregation
in the ingot and dilution in the weld nugget. The two weldments are of
nearly the same composition with the exception of the desired difference
of copper content. The copper contents, 0.23% for HSST 72W and 0.32% for
HSST 73W, are close to our desired 0.10%Z Cu difference.

Mechanical properties tests were conducted by CE, Inc., and resul*s
from the weld test coupons are presented in Tahle 6.20. Both welds meet
our specifications. We have also conducted CVN impact tests on specimens
from a 1.22-m weldment of HSST 73W, and our results agree with the CE,
Inc. results.

Fabrication of specimens from the weldments row on hand is in prog-
ress. Specimens for the first two irradiation capsules are being assem~
bled in the capsules. These first two capsules will esch contain 2 4TCS
specimens and 12 CVN specimens of the higher copper composition (HSST
73W). Design of the capsules for 4TCS specimens was completed; capsule
designs for 1TCS and 2TCS specimens are nearing completion.

6.4 Irradiated Crack-Arrest Studies

W. R. Corwin R. K. Nanstad

Weldment materials for this future irradiation study (Sixth HSST Ir-
radiation Series) will be from the same weldments being fabricated for the
Fifth HSST Irradiation Series. The irradiations are tentatively scheduled
to begin near the beginning of FY 1986,

Preparations for this study involve participation in the ASTM Crack-
Arrest Round Robin and continuing involvement in the development of an
optimum crack-arrest-toughness specimen and test procedures.
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Table 6.19. Average chemical compositions of materials for the Fifth HSST Irradiation Series

Composition?
(wt %)
c Mn P S Si Ni Cr Mo \ Co Cu Al As Sn
Base metal for test welde and runout tabs
0.21 l.41 0.007 0.004 0.21 0.62 0.04 0.50 0.002 0.014 0.04 0.020 C.016 0.003
Base plate for main welds (midthickness)

Ingot top end 0.19 1.22 0,008 0.004 0.23 0.65 0.12 0.53 0.003 0.015 0.11 0.042 0.007 0.008
Ingot bottom end 0.24 1.26 0.008 0.003 0.23 0.68 0.12 0.56 0.003 0.015 0.12 0.038 0.007 0.009
HSST-72W (low copper)

We d wire 0.11 2,15 0.004 0.002 0.06 0.64 0.31 0.57 0.003 0.032 0.25 0.002 0.002 0.003
Test weld coupon 0.083 1.52 0.006 0.006 0.48 0.62 0.28 0.58 0.004 0.032 0.24 0.006 0.002 0.003
Runout tabs 0.085 1.53 0.006 0.005 0.45 0.60 0.26 0.56 0.003 0.030 0.23 0.006 0.002 0.003

(weld metal)
HSST-73W (high copper)
Weld wire 0.12 2.03 0.004 0.002 0.07 0.62 0.28 0.56 0.003 0.032 02.35 0.005 0.004 0.002
Test weld coupon 0.097 1.46 0.006 0.005 0.38 0.61 0.23 0.55 0.003 0.030 0.30 0.006 0.004 0.002
Runout tabs 0.089 1.50 0.006 0.005 0.43 0.61 0.25 0.56 0.003 0.030 0.32 0.006 0.002 0.003
(weld metal)
For all materials, the following additional elements were determined: Cb/Ta < 0.01, Ti < 0.01,

B < 0.001, W < 0.01, and Zr < 0.001.

101
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Table 6.20. Mechanical properties of

HSST welds 72W and 73W

(Weld test coupons)

72w 730

Yield strength (MPa) 517 500
Tensile strength (KPa) 624 607
Elongation in 50 mm (%)  24.5 26.0
Reduction of area (%) 65.4 65.8
Drop-weight NDT (°C) -50 50
Charpy-V transition ~30 45

temperature (41 J),

(°C)
Charpy-V upper-shelf 133 142

energy (J)

6.5 Irradiated Stainless Steel Cladding

W. R. Corwin R. G. Berggren

R. K. Hanstad

6.5.1 Introduction

It has been proposed that the existence of a tough surface layer of

weld-deposited stainless steel cladding has potential to keep a short sur-

face flaw from becoming long either by impeding the initiation of exten-

sion of a static flaw and/or by arresting a running flaw.

To obtain pre-

liminary material properties typical of those needed to make such an
evaluation, a program has been established to obtain data on the degrada-
tion (or lack thereof) on the fracture properties of stainless steel weld
overlay cladding. A recent review of the literature!! has indicated the
possibility for significant degradation of fracture properties of stain-

less steel weld metal under irradiation conditions relevant to light-water

reactors (LWRs). To evaluate this potential degradation, tensile, CVN,
and precracked Charpy specimens of stainless steel weld overlay cladding
were irradiated to ~2 x 1023 neutrons/m? (E > 1 MeV) at 288°C. The
results of the tensile and CVN tests will be reported here and comgargd
with data from unirradiated specimens. Previous quarterly reports 2=14

provide additional details in this area.
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6.5.2 Materials

The specimens were all taken from a single laboratory weldment!® fab-
ricated using the single-wire oscillating submerged-arc procedure for a
. companion program investigating structural effects cf stainless steel
cladding on composite specimens. The weldment consisted of a lower layer
of type 309 stainless steel deposited on A533 grade B class 1 plate, fol-
. lowed by two upper layers of type 308 stainless steel cladding. This was
done to provide adequate cladding thickness to obtain specimens. Sub-
sequent metallographic examination'® ghowed that the upper two layers ap-
peared typical of LWR stainless steel clad overlay, whereas the lower
layer had incurred excessive dilution of base metal during welding. Two
sets of specimens were carefully fabricated to be contained as fully as
possible within either the upper two layers (nominally type 308 specimens)
or the lower layer (nominally type 309 specimens). The specimens from the
lower layer with excess base metal dilution are more tgpica] of examples
of cladding that have been shown to exist in LWRs,'’s!® where off-normal
welding conditions occurred.
All specimens were fabricated such that the specimen axis was paral-
lel to the welding direction. The notch of the Charpy specimens was
parallel to the plate surface in all cases.

6.5.3 Irradiation history

The specimens were irradiated by MEA in the core of the 2-MW pool
reactor (UBR) at the Nuclear Science and Technology Facility, Buffalo, New
York. Two separate capsules were used, one each for the types 308 and 309
specimens, respectively. The capsules were instrumented with thermocou-
ples and dosimeters and were rotated 180° once during the irradiation for
fluence balancing. Capsule UBR 51-A, containing the type 308 specimens,
reached a fluence of 2.09 x 1023 neutrons/m? (E > 1 MeV) +10%Z during 679 h
of irradiation. Capsule UBR 51-B, containing the type 309 specimens,
reached a fluence of 2.02 x 1023 peutrons/m? (E > 1 MeV) #5% in 508 h.
Temperatures were maintained at 288 + 14°C except for the initial week of
irradiation, During that time, temperatures as low as 263°C were recorded
for the type 308 specimens.

6.5.4 Results and discussion

Tensile testing was conducted at room temperature, 149, and 288°C.
Irradiation increased the yield strength of the type 309 specimens by 302
to 402, whereas the increase of the tyre 308 specimens was only 5% to
25%. Surprisingly, the total elongation and reduction of areas of both
materials tended to increase following irradiation (see Table 6.21).
While transition type behavior was observed in the Charpy impact
s properties of both materials, the effect of iiradiation on the type 308
weld metal microstructurally typical of good practice weld overlay clad-
ding was minimal (Fig. 6.12). Only a very slight shift in tramsition
temperature and drop in upper shelf were observed. Fracture surfaces
of selected specimens were examined in the lower-transition and upper-
shelf regions. Macrographs of the irradiated type 308 specimens tested




Table 6.21. Tensile properties of stainless steel cladding before and after irradiation

Temperature Strength
Fluence, ° Total Reduction

s”;:?'“ '“t;;:},‘l E>1 lzhv g el ) elongation® of area

(neutrome/a® x 10%%) 4 cadtstion® Tost Tield Ulrimets (%) (%)
CPL-80 309 0 27 299 593 28.4 3G.0
CPL-83 309 0 27 273 586 49.5 35:5
CpPC-72 308 0 27 268 589 40.0 55.0
CpPC-73 308 0 27 276 568 42.4 58.0
CPL-81 309 2.0 288 29 388 606 39.4 48.0
CPL-85 309 2,0 288 29 364 624 45.4 58.0
CPC-70 308 21 288 29 289 505 51.5 62.3
CPC-75 308 2:1 288 29 300 589 60.1 67.1
CPL-86 309 0 149 213 448 31.9 55.5
CPL-89 309 0 149 236 450 30.4 63.4
CPC-77 308 0 149 221 445 3.3 44.0
CPC~78 308 0 149 213 444 32.4 52.0
CPL~-82 309 2.0 288 149 297 508 57.2 57.9
CPL-87 309 2.0 283 149 345 526 48,6 60.4
CpPC-71 308 2.1 268 149 290 501 56.3 59.3
CPC-76 308 2.1 288 149 262 485 53.8 58.1
CPL-90 309 0 288 195 429 3.7 51:5
CPL-91 309 0 288 207 423 32.4 o Y
CPC-79 308 0 288 205 393 28.5 51.4
CPC-80 308 0 288 205 402 27.6 $3.3
CPL-84 309 2.0 288 288 277 475 52.9 56.6
CPL-88 309 2.0 288 288 290 501 56.3 59.3
CPC-74 308 v A | 288 288 198 422 51.9 55.0
CPC-81 308 5 | 288 288 232 427 49.5 59.8

AType 309 consists primarily of the first metal pass, type 308 primarily the third (last pass).
bs14°c,
®Gage length/diameter = 7.

%01
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Fig. 6.12, Effect of irradiation on Charpy impact energy of type
308 stainless steel cladding.

at temperatures low in the transition show flat fracture with clear defi-
nition of some of the large grains produced during welding (Fig. 6.13).

By comparison, specimens at upper-shelf temperatures produced fracture
surfaces more typical of wrought stainless with deep shear lips and a dull
appearance. Scanning electron microscopy (SEM) of unirradiated specimens
tested in the lower-transition and upper-shelf regions clearly show the
transition from a cleavage to a fibrous-fracture mode (Fig. 6.14).

By comparison, the interpretation of the type 309 specimens is more
complicated. Since the type 309 weld pass was not thick enough to obtain
specimens composed entirely of type 309 weld metal, a portion of all the
specimens nomirally called type 309 is indeed type 308, Macrographs of
the irradiated specimen fracture surfaces show that over the range of the
full Charpy curve, the portion made up of type 309 weld metal remains
bright and faceted (Fig. 6.15). The remainder of the fracture surface,
composed of upper cladding layers of type 308 weld metal, exhibits the
same behavior seen in the fully type 208 specimens.

Examining a lower-transition range unirradiated specimen in the SEM
(Fig. 6.16" illustrates the very different fracture morphology of the type
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Fig. 6.14. SEMs of fracture surfaces of nonirradiated type 308
stainless steel cladding Charpy impact specimens. (a) Specimen CPC-283
tested at —100°C on lower shelf showing brittle fracture (500x) and
(b) specimen CPC-298 tested at 150°C on upper shelf showing fibrous
fracture (500x),
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Fig. 6.15. Fracture surfaces of irradiated stainless steel cladding

Charpy impact specimens (nominally type 309) clearly showing bright,
. 0K

faceted type 309 weld metal pass directly below notch and duller type 3
weld metal comprising rest of specimen. (a) Specimen CPL-515 tested at
0°C in very low-transition CPL-518 tested at

250°C on upper shelf,

region and (b) specimen
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Fig. 6.16. ST of fracture face of unirradiated Charpy specimen CPL-
516 (nominally type 309) tested at —32°C in transition region. Dimpled
area at left is specimen notch, central flat portion is type 309 weld
metal, and rough portion at right is first type 308 weld pass (30x).

309 weld metal just below the notch and rest of the fracture surface com-
posed of type 308 weld metal. The type 309 is very flat and forrmed pre-
dominately by cleavage (Fig. 6.17) at a temperature (—32°C) at which the
type 308 weld metal is still mixed mode (Fig. 6.18). Although the type
309 and 308 weld metals can still be distinguished in the SEM at upper-
shelf temperatures, both fail in a fibrous manner (Fig. 6.19).

In the nominally type 302 specimens, interpreting the Charpy impact
curves demands that the dual fracture properties of the type 308 and 309
portions of the material be taken into consideration. Examining the im-
pact data reveais a bimodal population depending on the amount of the
tougher type 308 weld metal present in the sample. The compilation of the
unirradiated and irradiated impact data in Tables 6.22 and 6.23, respec-
tively, includes the percentage of type 308 weld metal measured visually
on each fracture surface. Using this percentage as a yardstick, the im-
pact data were divided into low- and high-energy populations. The most
appropriate criterion for separating the low-energy populations appeared
to be less than 70% and 80% type 308 weld metal for the unirradiated and
irradiated data sets, respectively (Figs. 6.2C and 5.21).

Once these populations were established, the effect of irradiation
was seen to be quite appreciable (Fig. 6.22), with both populations ex-
periencing large drops In upper-shelf energy and shifts in transition tem-
perature.
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Fig. 6.17. Detailed views of type 309 weld metal fracture surface
of specimen CPL-516 showing predominantly flat fracture with islands of
fibrous tearing. (a) 100x and (A) 500x,



Fig. 6.18. Detailed views of type 308 weld metal fracture surface
of specimen CPL-516 showing mixed mode fracture. (a) 100x and (b) 500x,
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Fig. 6.19. SEM of fracture surface of unirradiated nominally type |
309 Charpy specimen CPL-524 tested at 177°C on upper shelf. (a) Low-
magnification view of notch, type 309 weld layer, and type 308 weld layer
each comprising roughly one-third of micrograph from left to right, re-
spectively (30x); and (b») detail of type 309 weld layer showing fibrous
fracture.



Table 6.22. Charpy impact energy of
unirradiated nominally type 309
stainless steel cladding

Amourt of
Test Impact

Spe;ifen tenpirature energy w:{genzggla

(°c) ) e
Low-energy populati omb
CPL-516 -32 9.5 65
CPL~-530 =30 12,7 65
CPL-534 10 33.4 60
CPL-514 20 28,5 65
CPL-545 50 36.2 60
CPL-542 66 34.6 55
CPL-517 93 67.1 60
CPL-524 177 80.3 60
CPL-522 260 72.3 40
45 High-energy population®

CPL-519 -100 5.4 85
CPL-539 -713 6.9 75
- CPL~520 40 12,9 75
CPL-540 =30 11.5 75
CPL~529 - 44,7 95
CPL~-532 - 54.2 95
CPL-547 —4 30.5 70
CPL-544 10 65.1 100
CPL~527 20 63.0 80
CPL-535 50 83.9 80
CPL-525 66 69.2 80
CPL-537 150 93.3 70
CPL~-549 150 94.9 70

@As measured on the fracture surface.
bless than 70% type 308 weld metal.

®Greater than or equal to 70%
type 308 weld metal.




Table 6.23.
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Charpy impact energy of

nominally type 309 stainless steel

cladding irradiated to
2 x 1043 neutrons/m?
(E > 1 MeV)
at 288°C
Amount of
Test Impact
Specimen type 308
e R weid mealt
(°c) (5
(%)
Low-energy populationb
CPL-515 0 10.8 60
CPL~-543 40 17.0 75
CPL~-541 65 25.1 65
CPL~-548 85 15.6 40
CPL-521 100 25.1 60
CPL-523 150 40.7 65
CPL-518 250 42.7 70
CPL-528 288 36.6 75
High-energy population®
CPL-533 -20 12.0 80
CPL-538 0 21.7 90
CPL~-526 28 40.7 100
CPL~531 80 54.2 95
CPL~-546 120 51.5 80
CPL-536 130 56.9 85

@As measured on the fracture surface.

Dless than 80% type 308 weld metal.

CGreater than or equal to 80%
type 308 weld metal.

16

6.5.5 Conclusions and recommendations for future work

On the hasis of irradiation of one weldment of stainless steel
lay under ccvuditions similar to those at end-of-life for an LWR, it
that very little degradation of good quality cladding would occur.
must be stressed, however, that this is only a single case and that

The extensive degradation seen in the type 309 material as compared
with very little degradation in the type 308 is probably a resuit of the
higher fraction of ferritic phases in the type 309 resulting from the
cxcessive base metal dilution.

over-
seems
It
no
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Fig. 6.20. Charpy impact energy of unirradiated nominally type 309
cladding divided into low- and high-energy populations based on fraction

of type 308 weld metal composing specimen ligament.

corclusions, positive or negative, can be drawn regarding welding proce-
dures or material chemistries producing material appreciably differcnt

than that studied here.

It would be very valuable to repeat this type of experiment on clad
overlay produced in a manner similar to existing cladding in LWR reactor

pressure vessels (e.g., multiple wire or strip cladding).

Results from the highly diluted type 309 weld metal do show appirecia-
ble radiation-induced degradation. 1In the few cases where out ~of-specifi-

2ation welding has produced cladding with excessive dilution, tiis may bpe

cause for concern.
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7. CLADDING EVALUATIONS

The FY 1984 program plan deferred work in this task until data are
available on the effects of irradiation on the fracture properties of r
stainless steel cladding. However, a subcontract is in place with Com-
bustion Engineering to provide three-wire series-arc clad plates for fu-
ture studies, and delivery is now expected in the second half of FY 1984. y
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8. INTERMEDIATE VESSEL TESTS AND ANALYSES

During this reporting period, as had been planned, no significant
vork was done on this task. In the next reporting period, the posttest |
evaluation and reporting on V-8A will be performed. |

1
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9. THERMAL-SHOCK TECHNOLOGY

R. D. Cheverton

9.1 ummary

Susn

Pre!iminary explcratory fracture-mechanics (FM) calculations were
conducted for the proposed thermal-shock experiment TSE-8, an objective
of which {s to i{nvestigate crack behavior in ihe upper-transition and
upper-shelf temperature regimes. It appears that the present liquid-
nitrogen test facility and associated experimental technique will not be
adequate; however, use of a higher initial temperature (~300°C), a long
axial initially blunted flaw, "instantaneous” sharpening of the flaw du:i
ing the transient, and spray application of liquid nitrogen (LNy) to in-
duce the thermal shock will result in satisfactory test conditions.

Modifications were made to our deterministic-probabilistic FM com-
puter code, OCA-P,! to include crack arrest on the upper shelf, multiple
flaw zones, importance sampling, error analysis, and an increase in the
number of flaw depths simulated. The latter modification was made after
conducting a detailed study to determine the effect of the number and
relative vaiues of the flaw depths simulated.

Stress-intensity factor influence coefficients, which had previously
been calculated for 6/1 and 1.8-m-long semielliptical inner-surface flaws
in the absence of cladding, were calculated for the cladding effect for
the same two flaw geometries and were then added to OCA-P and OCA-ITI.?

The probabilistic PM study for the Oconee-I vessel for the Inte-
grated Pressurized-Thermal-Shock (IPTS) program was completed, and a pre-
liminary feasibility study associated with the possibility of conducting
thermal-shock experiments with the German HDR facility was begun.

9.2 Thermal-Shock Experiment TSE-8

R. D. Cheverton Keith Reading

The objective of TSE-8, a proposed thermal-shock experiment, is to
investigate crack-arrest behavior in a rising K, field at temperatures
corresponding to the upper-transition and upper-shelf portions of the
fracture-toughness curve. Temperatures for arrest events in previous
thermal-shock experiments have been limited to midtransition; proposed
wide-plate tests that have the same objective as TSE-8 may lack adequate
crack-tip restrafat; and the HSST pressurized-thermal-shock (PTS) experi-
ment, which also has the capabil !ty for investigating crack arrest at
elevated temperatures, tends to be more expensive and introduces the risk
of through-wall cracking.

The present thermal-shock facility, which uses a 1iquid nitrogen
heat sink, a rubber-cement coating on the inner surface of the test cyl-
inder to enhance heat transfer, and a maximum initial test cylinder tem-
perature of ~100°C, does not have the capability of achieving the TSE-8
objective because of the limitation on initial temperature.
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The maximum permissible temperature in the present thermal-chocl fa-
cility is limited by the properties of the rubber-cement coating. It is
possible that higher-temperature coatings could be developed. However,
an attractive alternative is to spray the liquid nitrogen against the
surface, allowing liquid droplets to penetrate the vapor barrier and con-
tinwously strike the surface. In principle, this technique will result
in an effectively higher heat transfer coefficient and thus a more severe
thermal transient than achieved with the surface coating of rubber cement
in combination with complete submergence of the test cylinder in LN;.
Development of the spray technique is scheduled for the immediate future.

An exploratory FM analysis tor TSE-8 indicates that a combination of
frangible crack initiation, long crack jump, and arrest (?) at elevated
temperatures can be achieved by using the LN; spray technique in combina-
tion with an initial temperature of ~300°C and an initially blunted,
long, axial flaw to postpone initiation until late in tne transient. A
parametric study indicates that ~ombinations of temperature, Ky, and the
depth at which specific pairs of these values occur can be controlled
over a reasonably wide range by proper selection of time of induced-crack
initiation, initial temperature, heat transfer coefficient, wall thick-
ness, and RTynr. A set of critical-crack-depth curves for a typical com-
bination of conditions is {llustrated in Fig. 9.1; the corresponding test
conditione are given in Table 9.1, and a conceptual schematic of the tert

Table 9.1. TSE-8 test conditins
corresponding to Fig. 9.1

Test parameter Specification

Cylinder dimensions, mm

Outside diameter 991
Wall thickness 152

Material
Type A508 Class 2
le, °C —18

Flaw
Type Long, axial, blunted
Method of generation Machined
Depth, ma ~8

Thermal shock
Quench medium LN,
Application technique Spray
Heat-transfer coefficient, 5700%
W/m?+°C

“Assumed for analysis.
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facility is shown in Fig. 9.2.
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Critical-crack-depth curves for TSE-8 indicating flow

Note that fully tempered material can be

As indicated in Fig. 9.1, the specified time for crack initiation
and an initial flaw depth of 8 mm results in (1) a very low temperature

(=100°C) and a high value of K

event and (2) Ky values up to
of upper-shelf temperature for crack arrest.
The specified time for initiating the flaw is well past the time of

warm prestressing (WPS).

(190 MPa*Ym) for the crack-initiation

550 MPa*/m and *temperatures above the onset

The delay is made possible by using a blunted
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Fig. 9.2. Conceptual schematic of LN;-spray thermal-shock test
facility.

flaw. It is believed that this flaw can be made to propagate at a speci-
fied time by suddenly and locally sharpening the tip mechanically, ex-
tending the sharpened tip beyond the compressive plastic zone, thus over-
coming WPS. This crack sharpening operation would be done near midlength
of the fiew and presumably would be accompanied by axial as well as ra-
dial extension of the flaw, with axial extension being confined to the
path defined by the initial full-length blunted flaw, The mechanical
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sharpening of the flaw might be accomplished by firing a projectile at a

chisel point located in the crack opening as shown in Fig. 9.2. Also,

because at the specified time KI/K ¢ »> 1, the plastic zone size is very

small and the temperature is very {ow at the tip of the flaw, a machining

process such as milling or broaching might be used to sharpen the blunted .
flaw. A development effort will soon be under way to explore these pos-—

sibilities.

9.3 Modifications to OCA-P

R. D. Cheverton D. G. Ball

OCA-P is a deterministic-probabilistic PM code designed specifically
for analysis of PWR reactor pressure vessels under transient thermal and
pressure loadingu.1 The code is under development at ORNL under the aus-
pices of the Heavy-Section Steel Technology (HSST) and (IPTS) programs
and has ben operational since May 1983. Since OCA-P is rather new and
complex, it is undergoing almost continuous change. Recent modifications
to OCA-P and features that have not been discussed in previous progress
reports are discussed in the following paragraphs.

9.3.1 Crack arrest on the upper shelf

A provision is made in OCA-P for limiting K,, to some maximum 3
value, (K; ) . . One way to select a value of (éla)ma is to use a K,
value corresponding to the upper portion of an approprfate J vs Aa curve
(J-resistance curve), as illustrated in Fig. 9.3. This figure shows the =
radial distribution of fracture toughness through the wall of the vessel
at some time during a typical postulated overcooling accident (OCA). At
temperatures less than T, it is assumed that the flaw will behave in a
frangible manner, and above Tj only ductile tearing will take place. In
accord:once with this model, it is not likely that the load line will in-
tersect rhe steeply rising portion of the J vs Aa curve. Thus, it is
sufficient to extend (K )nax across the T, line as shown. It is then
possible in the analysis for crack arrest to take place on the upper
shelf, if the load line rises steeply enough to miss the knee of the K,
curve and then drops back down again, as it does for some of the postu-
lated OCAs.

A particular J vs Aa curve of interest corresponds to a specific
low-upper-shelf weld [referred to as 61W (Ref. 3)], which was irradiated
to a fluence of ~1.2 x 10!? neutrons/cm? at a temperature of ~290°C and
was tested at ~200°C. The upper portion of the curve is essentially ho-
rizontal and equivalent to a K, value of ~220 MPa*Vm. This value has
been used for (Kla)nax in the &CA studies, but the user may specify a

different value.

9.3.2 Consideration of multiple flaw zones )

If the results of OCA~P are used in an absolute sense, the flaw den-
sity must be estimated. It is also necessary to estimate the fraction of
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vessels that have no flaws whatsoever, since these vessels are not ac-

counted for in the flaw-depth density function. The number of flaws in
a vessel at the time the vessel goes into service is

w
NV]; f(a)B(a)da , (9.1)
where
a = flaw depth,
N = flaw density,
V = volume of vessel area of concern,
w = wall thickness,
f(a) = flaw-depth density function prior to final preservice in-
spection and repair,
B(a) = probability of nondetection of flaws during final preservice

inspection.

If this number [Eq. (9.1)] is less than unity, more than one vessel must
be generated to have a vessel with a flaw; if each vessel that has a flaw
has only one flaw, then

nuang_pf vessels with flaws
total number of vessels

w
= NV ‘/ f(a)B(a)da . (9.2)
0
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OCA-P calculates (number of failures)/(number of vessels with flaws).
Therefore, if the number of flaws per vessel is less than one,

number of failures ;
’("‘) " (nu-bcr of vessels with flavc)

" (nu-ber of vessels with flaws
total number of vessels

), 9.

where P{F|E) is ihe condiiional probabiiity of vessel faiiure.

If there is more than one unique zone* of concern in a vessel and if
it is assumed that there is fewer than one flaw per zone, then P(F|E) can
be obtained as follows.

Let the flaw density be uniform throughout all areas of concern.

Then
e
N - N ’ (9-4)
miEny "
b
and
; Rfj w
P(F|E) -—-Z "vj ij_:vj /‘; f(a)B(a)da , (9.5)
b |
where

ll'j = number of vessels simulated with a flaw in the jth zone,
Vy = volume of the jth zone,

ij = number of vessels that fail as the result of a flaw in the jth
Zone,

The actual values of Ny4 used in the analysis often do not satisfy
Eq. (9.4). However, they ca% be included in Eq. (9.5) as follows:

3 c, n;j .
P(F|E) "éT‘rT‘""z v, [o f(a)B(a)da , (9.6)
3 % 3
J

*Uniqueness defined in terms of chenistry, initial reference tem-
perature, and fluence,




where

»~

ij = actual nuwber of failures calculated for vessels with a flaw
in the jth zone,

N;J = actual number of vessels simulated that contain a flaw in the
jth zone,

o

> . 9.7
I Vi Ny s

c

Equation (9.7) is obtained from Eq. (9.4) as follows:

Nyi V) NG1

e A . | S 9.8
o i DR R i
Substituting Eq. (9.7) into (9.6) yields
How [
P(F|E) = ?N;j VN ) f(a)B(a)da . (9.9)

Each term in Eq. (9.9) represents the probability of a flaw in the jth
zone resultin, in vessel failure. e

9.3.3 Methods for accelerating the convergence of P(F|E)

When P(F|E) is very small, the value of Nyj required to achieve rea-
sonable accuracy (see Sect. 9.3.4) becomes quite large. Under some cir-
cumstances, the value of N;j can be reduced by using importance sampling

of one eor more of the parameters simulated. Two provisions of this type
are included in OCA-P as optional methods for calculating P(F|E), and
both 4eal only with the simulation of flaw depth.

In many cases, particularly those that do not include cladding or
flaws in the cladding, the shallowest simulated flaw (3.2-mm depth) does
not contribute much to failure; however, ~70% of the flaws normally simu-
lated have this depth. If simulated vessels containing the 3.2-mm flaw
are counted but not calculated, the number of simulated vessels actually
calculated can be reduced significantly.

The other option makes use of a stratified sampling technique®* in
which a uniform distribution of flaw depths is assumed when simulating
flaw depths. The results of the subsequent analysis are then weighted
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by the actual flaw-depth density to obtain

N’ [;. f(a)B(a)da -
pele) = T ¥ ALt W, 4 £(a)B(a)da , (9.10)
2 kT [j: £(a)B(a)da

where

N; = number of vessels that fail with a flaw in the jth zone with
fij )L
depth in A‘i’

N‘ij = number of vessels simulated with a flaw in the jth zone with
depth in A't'

The stratified sampling procedure is useful for low-probability
transients that are characterized by high pressure and mild thermal
shock.,

9.3.4 Error analysis

When the number of vessels simulated is quite large, the central
limit theorem" can be used to estimate the uncertainty in calculated
values of the conditional probability of vessel failure as a function of
the number of veesels simulated. Using this approach and specifying a

95% confidence level yields

& w
P(F =P NV ‘I- f(a)B + 1.96 5 9.11
( l!)j s ™y A (a)B(a)da °j ( )
where
P(PIB)J = true value of the conditional probability of vessel fail-

ure for those vessels having flaws in the jth zone only,
°j = one standard deviation,

» W
Pj'izi—.

For the direct approach (no importance sampling)

; ]l = ; 1/2 w
' A [J’(?"“Jl] NV4 [ f(a)B(a)da . (9.12)
v} 0




When stratified sampling is used,

x NV : f(a)B(a)da , (9.13)

where

Neg

P, = A

i3 vij

The values of o corresponding to all of the vessels simulated, including
those without flaws, is

e o , 2
“p(r|E) §:°j ' (9.14)

and the error tj associated with the jth zone is

1.96 oJ
£, = . (9.15)

- W
Pj NVj [o f(a)B(a)da

The total error e, considering all zones of interest, is

1.96 o
e'h P(F|E) . (9.16)

e w
g:"j NV, fo f(a)B(a)da

Two criteria are used in OCA-P for limiting the value of N; + One
is to just achieve a user-specified value of ¢, in Eq. (9.15), a;\d the

~ other is simply a user-specified maximum valie of N\‘, « This latter cri-
terion is included because the former can result in in exorbitant value
of ';j'
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9.3.5 Simulation of the flaw depth

When simulatirg flaw depth in OCA-P, it is necessary to consider
ranges of flaw depths and then use the averages of these ranges for the
determinis*ic analysis. Thus, there is a question regarding the number
and sizes of the ranges that must be used to accurately represent flaw
behavior. For instance, the first increment, which extends from zero
crack depth upward, contains a cange of suberitical crack depths. How-
ever, if the average crack depth for that increment is critical, all
flaws in the first increment are considered cricical.

The original version of 0Ca-P included seven crack-depth increments
with averages of 3.2, 6.3, 12.7, 19.0, 25.4, 38.1, and 50.8 mm, extending
from the inner surface outward. Recently, comparative studies were con-
ducted with 7, 9, 11, and 13 Increments; for each of these four configu-
rations, the size of the first increment was the same (0—4.3 mm), and the
deepest increment had an extreme of 57.2 mm. The size of each increment,
other than the first, was established on the basis of a geometric pro-
gression.

The relative values of ’(I|E)* for the above four cases are depen-
dent to some exteni orn the severity of the transient. Thus, the compara-
tive studies were conducted for several transients characterized by an
exponential decay of the coolant temperature and a constant pressure of
15 MPa. The initial temperature of the cociant and vessel was 288°C, the
exponential decay constant was 0.15 min~!, and the heat transfer coeffi-
client was ~6000 W/m2+°C. The asymptotic coolant temperature, T., was
changed to vary the severity of the transient; values consideres ranged
from 66 to 149°C.

Results of the comparative study are presented in Table 9.2, which
shows the effect on P(I|E) of changing the nuwnber of crack-depth incre-
ments for four different transients. In terms of estimating the prob-
ability of vessel failure, the differences in P(I|E) were considered
small, and it was concluded that nine increments would be sufficient.

#The comparisons were made using the conditional probability of
erack initiation, P{I|E), rather than P(F|E).

Table 9.2. Influence of number of simulated
crack depths on P(I!E)

P(1IE) at T¢ (°C)

Number of
increments

66 93 121

(2.7 £ 0.1)E-1 (7.3 £ 0.3)E-2 (6.1 £ 0.4)E-3 (9
(2.6 # 0.1)E-1 (7.1 £ 0.3)E-2 (6.0 # 0.4)E-3 (9
(2.7 £ 0.1)E-1 (6.9 £ 0.3)E-2 (5.9 ¢+ 0.4)E-3 (8
(2.7 # 0.1)E-1 (6.9 +£ 0.3)E-2 (5.9 + 0.4)E-3 (8B
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The size of the first increment tends to have a particularly large
effect on P(I|E) because small flaws are more abundant and because, as
mentioned above, the shallower flaws in the first increment are subcriti-
cal. To investigate the effect of the size of the first increment, cal-
culations were made for the most severe of the above transients and also
for a large-break loss-of-coolant accident (LBLOCA), using nine incre-
ments and a range of sizes for the first increment. For the exponential
transient, the size of the first increment had to be reduced from 4.3 to
2,5 mm to effectively eliminate initiations in the first increment. ¥or
the LBLOCA, the range was reduced from 4.1 to 1.8 mm te effectively
eliminate initiations in the first incremeat. The corresponding reduc-
tions in P(I|E) were 20% and 44%, respectively. As expected, the effect
is greater for the more severe transients.

It was concluded that a Aa of 4.3 mm for the first increment and a
total of nine increments would be satisfactory for transients of interest
to the IPTS program.

9.4 Influence Coefficients for Cladding

R. D. Cheverton D. G. Ball

As discussed in Refs. 2, 5, and 6, stress-intensity-factor influence
coefficients can be used in conjunction with superposition techniques to
accurately calculate, at reasonable cost, stress-intensity factors for
both two- and three-dimensional (2- and 3-D) surface flaws in pressure
vessel walls containing arbitrary stress distributions. The coefficients
are calculated for specific sets of vessel dimensions, using a finite-
element annlyltl.7'° This cost is relatively high, but once the coeffi-
clents are available, they can be used for any stress distributions;
thus, the coefficients are particularly suitable for transient and para-
metric analyses.

Reference 2 describes the general method for calculating and apply-
ing 2-D flaw coefficients for a cylinder wall with or without cladding,
whereas Ref. 6 provides similar information for semielliptical surface
flaws without cladding. When using cocfficlents for 3-D flaws, it is
necessary to represent the stress distribution in the uncracked cylinder
with a third-order polynomial, and thus the discontinuity in the thermal
stress at the cladding-base material interface presents a problem. How-
ever, this problem is overcome by calculating influenca coefficients for
the cladding stresses alone and then in effect superposing the corre-
sponding K, value on the K{ value caused by stresses in the base mate-
rial. As indicated in Fig. 9.4, this is accomplished by first calculat-
ing a K; value for a continuous-function stress distribution obtained by
1 linear extrapolation of the stress distribution in the base material
into the cladding. Then a Ky value is calculated for a stress distribu-
tion in the cladding which is obcatned by subtracting the extrapolated
distribution from the actual distribution in the cladding, which is also
assumed to be linear. The total K, value is simply the sum of the two.
Since the stress distribution in the cladding is essentially linear, only
a first-order polynomial i¢ used for the cladding ccsfficients.
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Cladding coefficients were recently calculated for 1.8-m-long inner-
surfa~e semielliptical flaws with depths ranging from 20%Z to 90% of the
wall thickness of a clad cylinder that has an inner radius of 2184 mm, a
wall thickness of 216 mm, and a cladding thickness of 5.4 mm. These co-
efficients and the previously obtained coefficients have been incorpo-
rated in the PWR pressure-vessel PM computer codes OCA-I12 and OCA-P.!

9.5 Integrated Pressurized-Thermal-Shock
Program Studies

R. D. Cheverton D. G. Ball

The general purpose of the IPTS program is to estimate the frequency
of failure of specific PWR pressure vessels during overcooling accidents
that are postulated for the specific plant. The effort includes defining
transients, estimating the frequency of these transients, calculating the
corresponding primary-system pressure and downcomer coolant-temperature
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transients, and finally a probabilistic P analysis of the pressure ves-
sel. In addition, sensitivity and uncertainty analyses are performed,
and the effects of proposed remedial measures are investigated. Studies
of this type were recently completed for the Oconee-I nuclear plant and
are under way for the Calvert Cliffs and H. B. Robinson plants. FM as-
pects of these studies have been reported previously » 10 and are updated
in the following paragraphs.

9.5.1 Contribution to P(F|E) of flaws in the circumfereantial
welds and the base material

Flaws anywhere in the beltline region of the reactor vessel will
contribute to the conditional probability of vessel failure, P(F|E).
However, aside from the effect of flaw depth, some contribute more than
others because of differences in orientation, length, local chemistry of
the material, and local fluence. Axial flaws have the highest values of
Kz;nnnd in Oconee~I the axial welds have higher concentrations of copper
t the circumferential welds and the base material.

Because the difference in copper concentration between the axial
welds and base material is rather large in terms of radiation damage, the
extended surface length of an axial flaw in a weld tends to be limited to
the height of a shell course. For deep flaws, this limit on surface
length results in eignificantly lower K, values than for much longer
flaws. The surface length of extended flaws in the circumferential welds
and in the base material are not limited by this mechanism, although the
lengths of these flaws may be limited by gradients in fluence and coolant
temperature,

Thus far our ™M model has not been sophisticated to the point of
being able to consider gradients in fluence and coolant temperature along
the specified surface flaw path. 1In lieu of considering this sort of de-
tail, all flaws in the c!rcumferential welds and in the base material
were assumed to be 2-D. It was believed that even under these conserva-
tive conditions, flaws in the circumferential welds and in the base mate-
rial would not be dominant in terms of the calculated probability of ves-
sel failure.

To be certain that the above assumption was reasonable, a few com-
parison calculations were made for circumferential flaws in the clrcum-
ferential welds, for axial flaws in the base material, and for axial
flaws in the axial welds. The flaw density was assumed to be the same
for the three categories of flaws considered, and since the volume of the
base material is much greater than that of the welds, the base material
contributed many more flaws than the welds.

In an attempt to account for the azimuthal variation in fluence in
the base plate without dividing the plate region {nto several zones, each
with a different fluence, an average fluence was used. Also, the initial
values of RT for the base material were reduced by 14°C to account for
a lower rnleDIon damage rate in the base material than in the welds, !

The radiation-damage trend curve [ARTNDT = f(F, Cu, Ni)] in the PM model
corresponds to weld material only.

The comparison calculations were made for transient 44 and for 32
effective full-power years (EFPY). The results indicate that the circum-
ferential flaws add ~5% to P(F|E) and the base material ~30%. Since the
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contributions were small, flaws in the base material and the circumferen-
tial welds were not included in the remainder of the studies.

9.5.2 Sensitivity analysis

A sensitivity analysis was conducted by determining the change in
P(F|E) corresponding to « change in the mean value of each of several pa-
rameters. The mean value of only one parameter was changed at a time,
while all other parameters retained their original mean values. The pa-
rameters changed were ‘I ® KI RINDT' Cu, F, fluid-film heat-transfer
coefficient, downcomer coolant temperature, primary-system pressure, and
flaw density. The amount of the change for each parameter was one stan-
dard deviation; and for some parameters, both plus and minus changes were
made because of a suspected strong nonlinearity.

The values of 0 used in the sensitivity analysis for Kier ¥1a0 RTyprs
Cu, and F are listed in Table 9.3, and the values of the flaw density N,
corresponding to the application of #lo vere 102 and 107 times the origi-
nal mean value. “he lo change in the downcomer coolant temperature con-
stituted a linear change in temperature from zero at time zero to 28°C at
a time corresponding to the minimum point in the temperature vs time
curve. From that point on in time the change in temperature was a con-
stant value of 28°C. The lo change in the heat-transfer coefficient h
was 0.25 h, and for the pressure it was 0.34 MPa.

Table 9.3. Parameters simulated in OCA-P

Standard
Parameter deviation Truncation
(a)
Fluence (F) 0.3 u(F) F=20
Copper 0.025%
Nickel 0.0
et
RTypr, 9°c ’ b
ARTypr 13°C b
KIc 0.15 “(Ktc) +30
Kia 0.10 J(KIa) +30
aNornal distrib. ‘on used for each
parameter.
b ?

¢ 1/2
- +
?(RTypr) ["(m,,mo) O(ARTNDT)] '
truncated at +3o0.
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9.5.3 Summary of results for Oconee-1

A complete summary of results for the Oconee-1 studies is beyond the
scope of this report. FPurthermore, the full significance of the FM re-
sults cannot be appreciated without combining these results with esti-
mated frequencies of occurrence of the postulated transients, which 1is
also beyond the scope of this report. However, a few points of particu~-
lar interest will be discussed below.

Although a million or so end points of event trees were considered,
only 18 postulated transients were actually subjected to a probabilistic
MM analysis. For most of the others, it was apparent that either the
frequency or the conditional probability of vessel failure P(F|E) was in-
significant, or that some transients were very similar to others. A de-
tailed description of the transients calculated is included in Ref. 12.

Values of P(F|E) were calculated as a function of EFPY for the 18
transients, and the results are presented in Fig. 9.5. Note that at 32
EFPY (normal end of plant life), P(F|E) ranges from ~10~% to ~10-2,
Transients with P(F|E) < 10~® were not included in the detailed M stud-
les; and generally speaking, the transients with the higher values of
P(F|E) had the lower frequencies of occurrence.

Results of the sensitivity study indicate that aside from the sensi-
tivity to N, P(FlE) is most sensitive by far to the reduction in down-
comer coolant temperature and is about a factor of 6 less sensitive to a
reduction in Ki. and an increase in RTyppr+ The probability of failure is
least sensitive to variations in the heat transfer coefficlent and the
primary-system pressure.

For most of the Oconee-1 postulated transients, WPS could be a fac-
tor because the calculations lndh.:ate that K, does not become equal to
Ko until after the time of WPS (Ky = 0). The effects of WPS were not

included in the calculation of P(F|E) because in most cases the K, vs t
curves for the shallow flaws were very flat, making it difficult to de-
termine where the maximum was located. Furthermore, unforeseen perturba-
tions in pressure and coolant temperature might exist and defeat WPS.
Even so, it is of interest to see what the effect is for the idealized
transients. The results of this study are presented in Table 9.4, As
indicated, WPS reduces P(F|E) substantially for most >f the transients.

9.6 Thermal-Shock Investigations Related
to HDR Reactor Vessel

R. D. Cheverton

Some consideration has been given to the idea of conducting pressur-
ized thermal-shock experiments with the reactor pressure vessel at the
German HDR facility. Presumably, this would be a cooperative effort be-
tween ORNL-HSST and Staatliche Materialpriifungsanstalt (MPA).

A number of thermal-hydraulic tests and nozzle-corner cyclic thermal-
slock experiments have already been conducted with the HDR vessel. Pre-
sumably, the particular experiment of interest now would involve an inner
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Table 9.4.
calculation of P(F|E) at 32 EFPY
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Effect of including WPS in

P(F|E)  Time of P(F|E)
Transient without WPS with

WPS (min) WPS
1 3 x 10~7 27 <10~7
1A, 5.7 5.2 x 1005 18
4, 9 2.0 x 1073 22 <10~®
6 1.7 x 10°% 28 <10~7
10 9.8 x 10°% 28 <10~/
14 1.3 x 1073 36 <10~6
21 9 x 10~7 40 <10~/
24 1.0 x 10°% 18 9 x 10~7
25 5.2 x 10°% 17 3 x 10-5
26, 27, 32 6.2 x 10°% 28 3 x 10~4
28, 30 4.0 x 10°% 18 4 x 10-5
29 3.0 x 1003 20 <2 x 10-6
33 6.5 x 10°% 18 3 x 1076
34 1.8 x 1073 12 5 x 10~5
41 1.8 x 1073 30 <10~6
44 5.4 x 1073 22 <10~
46 1.0 x 10°% 20 <10=7
57 1.5 x 100% 20 1 x 10™5
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surface axial flaw in the beltline region and a thermal shock similar to
that used in the HSST program.

The dimensions of the HDR vessel (1510-mm inner radius, 112-mm wall
thickness) and the thermal-shock capability of the HDR facility are such
that thermal-shock experiments of interest to the U.S. PWR safety studies
may not be practical.

For the purpose of conducting a preliminary FM analysis, it was as-
sumed tha. an initial temperature of iLhe vesrsel of 288°C, a pressure of
10.3 MPa, a coolant temperature of 21°C, and a fluid-film heat transfer
coefficient of 5700 W/m?2+°C could be achieved. To account for the ther-
mal effect of the cladding, the inner surface heat-transfer coefficient
was reduced froem 5700 to 1700 W/m?+°C. The stress effect of the clad-
ding, which will enhance K;, was neglected.

Assuming RTHY; = —]18, 66, and 93°C and using the ASME Sect. XI
toughness curves, the calculations indicated that WPS would prevent
crack initiation. Even if WPS were ignored, the minimum critical crack
depth for RTy,, = ~18°C was 45% of the wall thickness, indicating that
pressure stresses were controlling. ior RTy,, = 66 and 93°C, shallow
flaws would initiate, if [t were not for WPS,

To delay the time of WPS, various pressure ramps were used; however,
the delays were not long enough to permit crack initiation. Further
studies will be required to see if a more severe thermal shock will be of
benefit.
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10. PRESSURIZED-THERMAL~-SHOCK TECHNOLOGY

R. H. Bryan

During this reporting period, the first pressurized-thermal-shock
(PTS) test, PTSE-1, of a pressure vessel was performed. The objectives
of the test were to investigate (1) the effects of warm prestressing (WPS)
on initiaition of propagation of an existing crack and (2) to determine
the nature of arrest of z rapidly propagating crack at temperatures on
the ductile upper shelf. The intended conditions were produced in PTSE-1,
and a preliminary study of the information collected in the experiment
indicates that the desired objectives were attained. Two crack initia-
tions and arrests occurred after a succession of WPS episodes. Prelimi-
nary analyses imply that the Initiations occurred at stress-intensity fac-
tor K; values of 157 and 221 MPa+/m at temperatures T of 100 and 120°C,
respectively. The corresponding arrest values were Ky = 177 and 265
MPa*/m at T = 157 and 168°C, respectively.

During the reporting period, modifications to the test facility were
completed; characterization tests werz completed; the preliminary test
series, PTSE-0O, was performed; extensive fracture analyses based on
characterization data were performed; and the PTSE-]l vessel was flawed,
instrumented, and tested.

10.1 Experimental Planning

R. H. Brvan G. D. Whitman

PTSE~1 was planned to be conducted in two phases, as discussed in
detail in an earlier progress report.! The objective of the first phase
was to initiate the propagation of a shallow crack in the cleavage mode
and to achieve arrest in rhe transitional toughness regime prior to the
onset of WPS. During the WPS interlude, the s*ress-intensity factor of
the arrested crack would attain the critical value, Kies but the crack
would not propagate because of WPS. In the second phase of the test, the
crack would be forced to propagate again (by increasing the pressure
loading) with the objective of causing the crack to propagate into mate-
rial in the upper-shelf toughness regime. The conditions of the test were
selected to favor the arrest of the crack prior to penetration of the
wall of the vessel.

Definition of a suitable transient for PTSE~]1 involved the evalua-
tion of a large number of parameters that generally fall into two cate-
gories:

l. characteristics of the test vessel —
flaw size (length, depth)
fracture touphness (Ktc' Kiar» Jp ve T)
ductile~brittle transition temperature (Ty)
yleld strength
thermoelastic properties
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2. facility-related characteristics of transieuts —
pressure vs time (t)
convective heat transfer coefficient, h vs t
initial vessel temperatuve, T,
coolant teuperature, T.vs t

Prnlininarg fracture analyses of the type now being performed by the
OCA/USA program* were the basis for designing the test vessel and the
facility. Early material charscterization data confirmed that the de-
signed characteristics were probably satisfactory. The selection of test
transients depended or the actual characteristics of the vessel and the
facility as determined by preliminary tests. Material properties, except
for K a» vere determined by the Babcock & Wilcox Company,’® and Kpq deter-
minations were made by Battelle Columbus Laboratories, as presented else-
whe e 1. this report. The principal results of these two investigations
are shown in Figs. 10.1 and 19.2. OCA/USA and ADINA-ORVIRT analyses per-
formed prior to the first test were based on the vessel and material
characteristics given in Table 10.1 and Figs. 10.1-10.3.

The basic three-dimensional (3-D) analyses for the vessel with closed
ends and a flaw of finite length were performed by the ADINA-ORVIRT system
of programs. These analyses included the consideration of plasticity.
ADINA-CRVIRT was used to calculate the 3-D influence coefficients for the
OCA/USA code. Parameter studies were performed with the OCA/USA program
by which variations of many of the parameters identified in Table 10.!
were considered. These studies defined flaw depthe to be considered for
the PTSE-1 vessel and transients to be investigated experimentally in the
PTSE~0 series of tests. The initial flaw depth was selected prior to the
performance of thermal transient tests to maintain a reasonable schedule
for preparing tne PTSE-1 vessel for testing in January 1984,

The ideal plaa for PTSE-1 is illustrated in Fig. 10.4, which shows
the evolution of crack-tip conditions. K; and K;_. vs time curves are
shown for three crack depths: agp, the initial crack depth; a;, an inter-
mediate depth; and a;, the final depth. 1In the phase t < t;, the initial
erack is subcritical and should not propagate. If it does not propagate
at t), it may still propagate at some time prior to t,, at which time the
initial crack would become warm prestressed. In the interval t) < t < tj,
.I/K for the initial crack may become much greater than unity, but the
ing rate K, diminishes. A crack propagating at t = t; would arrest
lt a depth a;, for which K, = (point B). for the intermediate crack
would coatinue to rise untIl t - t3, at which t}me the intermediate crack
would be warm prestressed (point C). The crack would again become criti-
cal at t = t, (point D), but it would not propagate immediately because
of its warm prestressed state. When tg < t < t, (after point E), the
nominal WPS condition (k < 0) no longer obtains; and, since K; > K.,
the crack should again propagate. for example, at point F. Is running
crack should again arrest at a depth a; for which K, (point G).

In any persistent transient, there is general]y a t}me t; beyond
which an arrested crack in the upper-shelf regime would not be stable,
either because of a tearing instability or a net ligament tensile insta-
bility. Since it is essential to the interpretation of the experiment to
preserve evidence of the arrested crack geometry, it is necessary that ty
be predictable and that the transient be terminated at some time t; < ty
(point H).
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Fig. 10.3.
ADINA-ORVIRT pretest analysis of PTSE-l.
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Table 10.1. Characteristics of the PTSE-1 vessel used in
OCA/USA pretest analysis

Parameter Value .
Toughness i
Kie Curve A, Fig. 10.1
K Curve, Fig. 10.2

U;;¢t~lh‘1f tgre-hold temperature TD, °C 175
Jg parameters

c 2.60
n 0.359

Elastic-plastic parameters

Yield strength, o, for OCA/USA, MPa 600
Stress-strain rethionohip for Fig. 10.3
ADINA-ORVIRT
Thermoelastic parameters
Young's modulus E, MPa -1 209,600 -5
Coefficient of thermal expansion, a (K™') 1.445 x 10
Poisson's ratio, v 0.3
Conductivity k, Wem~lek~l 41.54
Heat capacity C, Jekg~l.x-1 502 .4 -
Density p, kg/m? 7833
Geometry of vessel
Inside radius ry, mm 343
Wall thickness w, mm 147.6
Flaw length 2b, mm 1000
Flaw depth a, mm Various
a.l’l - c(aa)"; Jpin MJ/m?, Aa in m.

After the PTSE-0 tests were completed, it was recognized that a sin-
gle thermal shock might not be the best means of attaining the PTSE~1 ob-
jective. It was decided, therefore, to plan three tests (PTSE~1A, -1B,
and ~1C), the first of which would be designed to provide the best oppor-
tunitiecs to be a complete test. For this to be the case, an initial crack
propagation would have to o~cur promptly (when K1 * Kio), and arrest would
have to take place at an optimum depth for initiation in the second phase

of the transient. If the object!ves were not fulfilled by the PTSE-12

test, then one or two additional transients (starting with high initial .
temperatures) would be conducted. The strategy for the B and C tests was

to produce conditions in the B test that would have a high probability of

causing the crack to propagate to an intermediate depth and in the C test .

to produce conditions that would drive the intermediate crack to the upper
ehelf,
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10.2 PTSE Test Facility and Vessel Preparation

R. H. Bryan
G. C. Robinson

Most of the construction and modification activi

S. E.

Bolt

ties were completed,

and the PTSE-O series of tests was initiated during the preceding report-

ing period.“
the facility tests above
flawed PTSE-0 vessel.

In the current period all modifi

cations were completed, and
ambient temperature were performed with the un-
Four thermal transient tests, designated PTSE-0A,

-0B, -0C, and -0OD, were performed under conditions specified in Table

10.2.

In addition tc the thermal transients, many pressurization tests

were conducted while the vessel was at high, nearly isothermal tempera-

ture,

Operating characteristics of the heating, refrigeration, pressuriza-

tion, and main coolant systems were determined.

Table 10.2.

PTSE-0 test conditions

Several problems were

Test
Parameter
A B C D

Date 11/2/83 1:/8/83 11/16/83 11/17/83
Initial vessel temperature, 285 278 283 284
nominal, °C

Initial coolant temperature, °C 7.5 725 23 75
Flow control valve openings, %

Main loop 100 28.6 28.6 34.2
Bypass loop 100 100 100 100
Main loop flow, nominal, m3/s 0.1100 0.0685 0.0661 0.0880

Heat transfer coefficient? 10,000 6,700 6,000 6,500

nominal, Wem~2.K~!

Pressure transient nominal
Pos MPa 1 20 0.4 0.7
Pmax: MPa 25 20, 497
P, MPa/s 0.43

aThele values were calculated on the basis of indirectly estimated
bulk coolant temperature and are, therefore, considered imprecise.

Transient consisted of two positive pressure ramps, each followed

by a depressurization.
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experienced, some of which limit operating ranges that are currently
practicable: high compliance of the test vessel ballast; asymmetric
temperatures during heatup, evidently associated with the large access
nozzle at the beltline of the outer test vessel; and instability of the
main flow control valve near the 352 position.

A crack 1000 mm long and 11.4 mm deep was placed in a radial-axial
plane of the vessel in the plug of specially tempered material, as i1-
lustrated in Fig. 10.5. This flaw was generated by the electrun-beam
welding, hydrogen-charging technique used in flawing many other HSST test
vessels and cylinders.5

The PTSE-1 test vessel was instrumented to measure transient tem-
perature profiles in the wall of the vessel, surface strain, crack-mouth-
opening displacement (CMOD), and internal pressure (Fig. 10.6). A data
acquisition system samples and records the output of sensors at the rate
of 10,000 points/s. Values of pressure, temperatures, and CMOD are dis-
played in the control room during the PTSE transients by digital and
graphic displays to permit proper coordination of the thermal and pres-
sure transients.
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10.3 Analysis of PTSE-I

R. H. Bryan B. R. Bass
J. W. Bryso: J. G. Merkle
D. A. Steinert

The final pretest analysis of PTSE-1 was based on the results of the A
PTSE~0 series in conjunction with the known vessel characteristics. The
initial flaw depth of 11.4 mm had been measured ultrasonically, and all
material characterization tests had been completed. Upon consideration
of the operating characteristics observed in PTSE-O, the PTSE-OB (thim-
ble 3) thermal transient was selected as the prototype for PTSE-l.

The PTSE-0OB temperature vs time and position data were used in 0OCA/
USA analyses directly. This was accomplished by means of a series of
data processing programs developed to facilitate the evaluatiou of per-
formance of instrumentation and equipment and to produce data sets of
experimental temperature profiles for OCA/USA input.

Each thermocouple thimble contains 12 thermocouples distributed at
various depths in the outer 100 mm of the 147.6-mm-thick vessel wall.®
Transiert tests of individual thimbles showed that thimble temperatures
deviate significantly from wall temperatures late in a transient.’ Ac-
cordingly, a mapping procedure was used to extend the domain of the tem-
perature profiles from the depth of the thimbles to the full thickness
of the vessel wall.

In the OCA/USA analyses discussed in this report, the K; values have
been adj.sted for a plastic zone size based on oy = 600 MPa {Table 10.1).
K, values were computed from both two-dilenaionaf (2-D) and 3-D influence
coefficients; values presented are 3-D, center-of-crack values unless it
is specified otherwise. Generally for a/w < 0.1, OCA/USA calculates Ky
only from 2-D influence coefficents. This approximation is convenient
and acceptable, since full 3-D ADINA/ORVIRT analyses have shown that for
a/w = 0.1, OCA/USA 2-D K; values are very close to the 3-D K; values at

2
the ceiwter of a long flaw.

10.3.1 PTSE-1A pretest analysis by OCA/USA

The first test, PTSE-1A, was planned as a complete experiment, con-
sisting of a thermal shock with two phases of increasing pressure {curve
A, Fig. 10.7). The input for the OCA/USA analysis is defined in Table 10.l
and Fig. 10.7, and the results are presented in Figs. 10.8 and 10.9.
According to this analysis, crack propagation and arrest would have oc-
curred twice during the first pressurization phase with a third initia-
tion during the anti-WPS phase of the test.

In addition to this particular analysis, other analyses were per-
formed to show the effects of deviations of the vessel and tramsient from
the assumed characteristics. An analysis of the type required by Sect.
XI of the ASME Boiler and Pressure Vessel Jode was also performed. The
drop-weight and Charpy V-notch impact test results indicated that the
material in which the flaw resides has an RTypr = 91.3°C. On that basis,
an (”A/USA analysis of the proposed PTSE-1A transient implied that the
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crack would penetrate the wall of the vessel at ~100 s in the transient,
which 18 a time at which the pressure is low.

10.3.2 Crack-depth analyses for the PTSE-1 test series

In preparation for the PTSE-1A, -1B, and -1C series, extensive pre-
test analyses were performed with the ORMGEN/ADINA/ORVIRT fracture-
mechanics eystem and the CYBER 205 computer of CYBERNET Services.
Results from these analyses were used to correlate incremental changes in
crack depth with measured changes in CMOD during a PTS transient. This
was accomplished by employing a superposition techniocue that combines
midplane OMOD values for pressure loading with those values for thermal
eifects over a range of crack-depth ratios and selected times in the
transient.

For test PTSE~1A, 3-D finite-element aralyses were conducted for a
series of crack depths in the test vessel subjected to uait internal pres-
sure loading only. Each finite-element model in this series consisted of
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450

l

500

analysie, Initiation and arrest loci are computed from 3-D influence

coefficients,

3496 nodes and 688 isoparametric elements. Material properties were
taken to be Young's modulus E = 2,00 x 10% MPa, Poisson's ratioc v = 0.3,

and thermal expansion coefficient a = 13,0 x 10°% x~!,

The selected

crack depths (ail 1 m in length) and the midplane CMOD corresponding to

internal pressure, p = 1 MPa, are given in Table 10.3.

For the same

series of finite-element models, a second set of 3-D analyses was per-
formed with the vessel subjected only to thermal loading.
ture distributions for these computations were selected from the PTSE-0OB
test data (thermocouple thimble 3) at times In the transient given in

Table 10.4. The selected time intervals 55 < t < 155 and 240 < t < 280
define the periods in which crack initiation events were anticipated in

The tempera-



ORNL -DWG 84 4513 €TD

l

CASE E281 K, (2-D)

CRACK
TRAJECTORY

A CLEAVAGE ARREST
() UPPER-SHELF STABILITY

| l

100 200

TIME (s)

Fig. 10.9. Ky vs time and a/w from the PTSE-1A pretest analysis,
based on 2-D analysis.

Table 10.3. Calculated midplane
CMOD for selected crack-depth
ratios a/w in test vessel
PTSE~1 (internal pressure

p = 1 MPa)

CMOD
(rm)

0.0592 x
0.0761 x
0.1213 x
0.1726 =
0.3022
0.7308
1.0690
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Table 10.4. Calculated midplane CMOD for selected
crack-depth ratios a/w and times t in test trans-
ient PTSE-OB (irternal pressure p = 0)

Time

(s)
alw

55 85 115 240 260 280

0.08 0.242 0.233 0.218
0.10 0.236 0.231 0,225
0.20 0.544 0.549 0.537
0.30 0.779 0.814 0.812 0.755 0.741 0.726
0.50 1.395 1.374 1.352
0.80 1.763 1.738 1.713

test PTSE~]IA. T'ncluded in the same table are the calculated midplane
CMOD values for tuerial-only loading.

A computer program was then developed that utilized the prescribed
pressure transient of the test and the unit pressure CMOD values of Table
10.3 to estimate O:0_ because of pressure only during prescribed time in-
tervals. These results were superimposed with thermal CMOD values from
Table 10.4 to produc: OMOD estimates for a range of crack-depth ratios
and prescribed time intervals. These estimates of crack-depth ratio as
a function cf OMOD are displayed in Fig. 10.10 for time interval 55 < t <
115 and the prescribed PTSE-1A pressure transient of Fig. 10.7.

For test PTSE-1A, the initial crack-depth ratio was assumed to be
a/w = 0,08, To correlate measured changes in CMOD with arrested crack-
depth values during the proposed PTSE-1A transient, the curves of Fig.
10.10 were offset by the QMOD values for a/w = 0.08. These offset curves,
displayed in Fig. 10.11, express a/w as a function of ACMOD with time t
as a parameter. Because crack initiation was not achieved in the PTSE-1A
test, no ertimates of arrested a/w were made with these curves.

For cest PTSE-1B, the above procedure for estimating a/w as a func-
tion of ACMOD and t was repeated, but revised thermal loading calcula-
tions were performed to replace thoge of Table 10.4. This revision was
necessary because of changes in the nominal heat transfer coefficient u
on the vessel outer surface. The shift in h resulted from a change of
the bulk coolant fluid from water to methanol to permit a lower initial
coolant temperature and, consequently, a more severe thermal shock. Be-
cause measured temperature data were not available for the new bulk cool-
ant, it was necessary to repeat the thermal calculation using a range of
values for h, of which two are given in Table 10.5. The h values of
Table 10.5 were used in OCA/USA calculations to estimate the thermal
gradient as a functioa of time. The computed thermal gradients at times
t =508 and t = 130 s (which define the interval of anticipated crack
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Fig. 10.10. a/w vs CMOD for proposed PTSE-1A transient, 55 < t < 115 s.

Table 10.5. Calculated OMOD for crack-
depth ratios a/w = 0.08 and 0,30
in two proposed PTSE-1B
test transients

Heat transfer a/w
::;. coefficient
(Wem=2ek~1)  0.08 0.30
k- 50 4545 0.225 0.726
50 6250 0.246 0.779
. 130 4545 0.211 0.799

130 6250 0.220 0.835
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Fig. 10.11. a/w vs ACMOD for proposed PTSE-1A transient, 55 < t < .
115 s, offset by CMOD for a/w = 0.08,

initiation) were employed in the ORMGEN/ADINA analyses to produce the
CMOD values of Table 10.5. Figure 10.12 depicts the variation of a/w
with ACMOD and time obtained from ou?erpoﬂtion of values from Tables
10.3 and 10.5 (for h = 6250 Wem~2+K~!), again offset by CMOD values for
a/w = 0,08, Included in the figure ‘s the measured change A = 0.175 mm
that accompanied crack initiation at ~67 s in the PTSE-1B transient.
The graphical result from Fig. 10.12 indicates that crack arrest occurred
at a crack-depth ratio of a/w = 0.144, The high h curves are used here
because it was observed from measured temperature data early in the
transient that the higher h value more accurately reflected surface con-
ditions for the vessel.
For PTSE-1C, the superposition procedure was repeated using values
from Table 10.3 for pressurc loading, the proposed pressure transient of
Fig. 10.7, and values from Table 10.5 (h = 6250 Wem™2+K~!} for thermal
loading. The resultant curves of Fig. 10.13 are offset by CMOD values
for a/w = 0.15, the approximate arrested depth ratio of test PTSE-1B. In
PTSE~IC, crack initiation was achieved at t = 124 s in the transient with 5 |
a measured change in CMOD of 0.353 mm. This implies crack arrest at a |
depth ratio of a/w = 0.25, as indicated in Fig. 10.13.
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10.4 Results and Analyses of PTSE-1

R. H. Bryan B. R, Bass

8. E. Bolt J. W, Bryzzsn

J. G. Merkle G. €. Robinson
G. D. Whitman

Results reported are tentative at this time because quantitative in-

formation from the test is still being evaluated, adjusted from calibra-
tion data, and analyzed.

10.4.1 Results of PTSE-1A

The conditions actually experienced in the test are presented in
Figs. 10.14-10.16. The crack did not propagate. Figure 10.15 indicates
that the crack was in a warm prestressed state in the time intervals 54
8 <t <71 s and 111 8 <t < 235 s. The first period of WPS was inadver-
tent.
Tentatively, the PTSE-1A results imply the following.
1. The assumed toughness relationship (curve A, Fig. 10.1) is too
I low at the crack temperature at the time of inftifal WPS (t = 54 s). Ac-
! cordingly, the K;. expression used for the posttest OCA/USA analysis and
for subsequent pretest analyses was adjusted (as in curve B, Fig. 10.1)
to make Ky = Xy, = 132 MPa*/m at t = 54 s and T = 100.4°C.

2 - ORNL-DWG 84-4307A ETD
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' o . 002408,
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=
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=
~

e

L G e e
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T 1
ood Fig. 10.14, Actual PTSE~1A pressure transient and other test

T

parameters.
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Fig. 10.15. Results (parameters vs time) of posttest OCA/USA analy-
sis of PTSE-1A. Values are computed from measured temperatures (thimble
5) and pressures. K; values are based on 2-D calculations.
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Fig. 10.16. Results (parameters vs T) of posttest OCA/USA analysis
of PTSE-1A. K; values are 2-D.
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2. During the initial period of WPS the ratio Ky/Ky. reached a
value of ~1.24,

3. During the first anti-WPS period, 71 s < t < 111 s, Ky increased
to ~136 MPa*Ym and K{/Ky. to ~1.65.

4. During the last anti-WPS period, 235 s < t < 280 s, K; reached a
peak of ~122 MPa*Ym and Ky/Ky. of ~1.85,

Since the crack did not propagate in PTSE-1A, the methods of analy-
8is and the parameters used in the OCA/USA and ADINA-ORVIRT calculations
were reevaluated. Consequently, the values for E and a were reduced from
the values shown in Table 10.1 to 200,000 MPa and 1.3 x 1075 K=}, re-
spectivelv., This adjustment of parameters reduces all parameters propor-
tional to Ky by ~14%Z. All OCA/USA analyses performed subsequent to the
PTSE~1A test used the lower values of E and a as well as the revised Kie
expression in Curve B of Fig. 10.1.

10.4.2 Test PTCE~IB

The initial flaw having been warm prestressed at a K; level of ~136
HPav/;. it was necessary to plan the PTSE-1B test so as to exceed that
level, Also, to keep the predicted initiation event in a temperature
range for which the K;. cuvve is credible, the coolant temperature had to
be decreased.

The strategy for tests PTSE-1B and -1C was to prodice conditions in
the B test that would have a high probability of causing the crack to
propagate to an intermediate depth and in the C test that would drive the
intermediate crack to the upper shelf. Contingency plans were made for
the B test to add a secondary pressure transient, if during the test it
appeared that conditions would be conducive to attaining the upper-shelf
crack depth.

The coolant was changed to a methanol-water mixture so that tempera-
tures at the crack tip would be generally lower without diminishing the
attainable K; level. The pressure transient planned for the test is
shown in Fig. 10.7 (curve B). Since a preliminary t“ermal-hydraulic test
was not feasible, the pretest analysis was based entirely on estimated
heat transfer parameters, shown in Table 1C.6. The effects of variations
from the nominal performances were considered in selecting the transient
and in making contingency plans for a secondary pressure transient.

The pretest predictions for the nominal h(t) case (see Table 10.6)
are shown in Figs. 10.17 and 10.18. Two successive crack jumps to a/w =
0.14 and 0.20 were predicted. The actual thermal transient was more
severe than in the nominal pretest case, the actuai value of h being
possibly 402 higher. In any case, the crack propagated in PTSE-IB to a
depth of 22.1 mm (a/w = 0.15), estimated by 3-D analysis from the mea-
sured CMOD. The results of posttest analysis, based on measured tempera-
tures and pressures, are shown in Figs. 10.19-10.22. The fracture me-
chanics parameters in the posttest analysis are identical to the pretest
parameters. K; values at initiation and arrest were ~157 and 177 MPa*ﬁ;,
respectiveiy. Before the end of the transient, the K; of the arrested
crack reached ~215 MPa*/m. The values for a/w > 0.l were calculated from
the OCA/USA 3-D influence coefficients.




Table 10.6. Basis for planned transients for PTSE-1A, -1B, and -IC and pretest analyses

Test
PTSE-1A PTSE-1B PTSE-1C
Thermal transient T data from thimble 3, T data from thimble &,
PTSE-OB PTSE-1B
Equivalent parameters

Initial vessel temperature, °C 284 290 293.3
Coolant temperature T(t), °C 10 to 34 -25 to -l ~22 to O
h(t), Wem 2.x"1 8000 to 6000 4550 to 3700 5500 to 6500

Pressure transient (planned)

Material properties

K
I
ke

¢, n (note a)
9y (MPa)

" (MPa)

a (K1)

Initial flaw depth

a, mm
al/w

Ia
Upper-shelf temperature Ty, b

Curve A, Fig. 10.7

Curve A, Fig. 10.1
Curve, Fig. 10.2
175

2.60, 0.359

600

209,600

14,45 x 1078

11.4
0.077

Curve B, Fig. 10.7

Curve B, Fig. 10.1
Curve, Fig. 10.2
175

2,60, 0.359

600

200,000

13 x 1076

11.4
0.077

Curve C, Fig. 10.7

Curve B, Fig. 10.1
Curve, Fig. 10.2
175

2,60, 0.359

600

200,000

13 x 1076

22.1
0.15

@Jp = c(sa)”, where

Jg is in MJ/m? and Aa is in m.

291
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Fig. 10.17. Critical-crack-depth loci from PTSE-1B pretest analy-
sis. Initiation and arrest loci are computed from 3-D influence coeffi-
cients. Note that two crack jumps were predicted.

In a posttest analysis of PTSE-1B, 3-D finite-element analyses were
performed for crack-depth ratios a/w = 0.08 and 0.143 for the measured
pressure and temperatures at the time of the initiation-arrest event.

The crack length was held constant at 1 m, and a semielliptical shape was
assumed. The computed ACMOD for these two analyses is plotted in Fig.
10.23 as a function of the axial position along the crack. Also included
in the figure are measurea aCMOD values. The distribution of these
measured values suggests an asymmetric configuration for the shape of the
arrested crack.

s
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Fig. 10.20. Results (parameters vs time) of the posttest OCA/USA
analysis of PTSE-1B. Values are computed from measured temperatures
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lations.
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Fig. 10.22. Results (critical-crack-depth loci) of posttest OCA/USA
analysis of PTSE-1B. Initiation and arrest loci are computed from 3-D
influence coefficients. Note that an arrested crack with a/w = 0.15
should have reinitiated by a small margin, but crack-tip temperature is
high in transition (~120°C when K; = K;.).

10.‘ 03 T“t PTSE-IC

The plans for PTSE-1C were made on the basis of heat transfer per-
formance demonstrated in PTSE~1B. The thermal transient in the B test
was satisfactory for promoting crack propagation in the C test to the
upper-shelf temperature range (T > 150°C). However, the intermediate
crack was warm prestressed to a K; level of ~215 MPa'/;, which neces-
sitated that a higher value be attainable in PTSE-1C. Accordingly, a
pressure transient to 90 MPa (~1.3 x design pressure) was planned (Fig.
10.7, curve C). As indicated in Fig. 10.24, the pretest analysis pre-
dicted a single crack jump to an a/w = 0.23 at t = 105 s.
Results of the actual transient are shown in Figs. 10.25-10.28. The :
crack jumped at t = 125 s to a depth of 36.9 mm (a/w = 0.25). K; values
at initiation and arrest were ~221 and 265 MPa+/m, respectively. The
crack-tip temperature at the time of arrest was 168°C, which is ~20 K g
above the onset of the Charpy upper shelf as indicated by 100%Z shear frac-
ture appearance.
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10.5 Conclusions

Three PTS sequences were imposed on the flawed PTSE-1 vessel. 1In
the first, PTSE-1A, the l—n—long initial crack experienced three periods
of WPS (in the sense that KI < 0) and two periods of anti-WPS (K, > 0),
whereas K; was greater than x, In the subsequent sequence (PTSE-13),
before the crack propagated, tﬁe K, level was raised about 13% above the
maximum K, attained previously. Tﬁis seems tc imply that, after WPS has
occurred, the ccaditions K; > K;. and K; > 0 are not sufficient to {niti-
ate cloavage crack propagation.

PTSE-1B and -1C produced two pairs of Kie and Kia values. Both ar-
rest events occurred in a positive K; gradient. The values apperr to be
reascnably close tc K, _ and Kia curves based on small specimen data;
however, the values inﬁicated in this report are subject to adjustments
for sensor calibrations, 3-D analysis, and actual crack depth.

An arrest in the Charpy upper-shelf temperature range — cne of the
principal objectives of the test — was achieved. If posttest examination
of the fracture surface confirms the final arreeted crack depth inferred
from test data, the determination of K;_ 6 from this event would be a rare
measurement of crack-arrest toughness, perhaps the only one at a Charpy
upper-shelf temperature.

The K;, and K, values inferred from PTSE-l1 are summarized in Fig.
10.29 and compared with the curves from Figs. 10.1 and 10.2 based on
small specimer data and with the ASMF Code Sect. XI values. Although Ky
at the time of crack arrest in PTSE-IB was below the Sect. XI limit
(220 MPa+/m), the crack arrestad in PTSE-1C at ~265 MPa+/m.

The Sect. XI curves are for an RTypr = 91.3°C, which is the value
determined from the PTSE-1 Charpy and drop-weight data in accordance with
a strict interpretation of Sect. III of the Code.

Visual inspection of the vessel shows that the initial flaw grew
axially at each end by ~120 mm. The extension near the hemiepherical
head of the vessel was bffurcated at the end of the initial flaw. Test
data show that all axial extensions were concurrent with the crack jump
in the PTSE~1B test. A posttest ultrasonic scan of the flaw indicates
that the flaw i{s 30 to 40 mm deep over ~80%Z of the leagth and shallower
(~20 mm) nearest the hemispherical head. The flaw is being excised for
fractographic examination.
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CONVERSION FACTORS?

SI unit English unit Factor
™ in. 0.0393701
cm 1in. 0.393701
- ft 3.28084
m/s ft/s 3.28084
kN 1bg 224 .809
kPa psi 0.145038
MPa ksi 0.145034
MPa+/m ksi/in. 0.910048
J frelh 0.737562
v °F or °R 1.8
kJ/m? in.-1b/1n.2 5.71015
wem 2o”! Btu/b-£t2-°F  0.176110
kg ) 2..70462
kg/m? 1b/1n.? 1.61273 x 10”°
mm/N tn./1bg 0.175127

T(°F) = 1.8 T(°C) + 32

anultipiy SI quantity by given factor
to obtain English quantity,
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