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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 out in close cooperation with the nuclear power industry.
This report covers HSST work performed in October 1987-March 1988. The
work performed by Oak Ridge National Laboratory (ORNL) and by subcontrac-
tors is managed by the Engineering Technology Division (ETD) of ORNL.
Major tasks at ORNL are carried out by the ETD 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-48lo, ORNL~4855, ORNL-4918, ORNL-4971, ORNL/TM=46535
(Vol. I11), ORNL/TM-4729 (Vol. 11), ORNL/TM-4805 (Vol. II1), ORNL/TM=4914
(Vol. I1), ORNL/TM-5021 (Vol. I1), 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 (ORNL/NUREG/TM=298), NUREG/CR-0818 (ORNL/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-214l, Vol. 1 (ORNL/TM-7822),
NUREG/CR=2141, Vol. 2 (ORNL/TM=7935), NUREG/CR-2141, Vol. 3 (ORNL/TM-
8145), NUREG/CR=214i, Vol., & (ORNL/TM-8252), NUREG/CR-2751, Vol. |
(ORNL/TM=8369/V1), NUREG/CR=2751, Vol. 2 /ORNL/TM-8369/V2), NUREG/CR~-
2751, Vol. 3 (ORNL/TM-8369/V3), NUREG/CR=2751, Vel. 4 (ORNL/TM=8369/V4),
NUREG/CR=3334, Vol. 1 (ORNL/TM=8737/V1), NURLG/CR-3334, Vol. 2 (ORNL/TM=-
8787/V2), NUREG/CR-3334, Vol. 3 (ORNL/TM-8787/V3), NUREG/CR-3744, Vol. |
(ORNL/TM=9154/V1), NUREG/CR=3744, Vol., 2 (ORNL/TM=9154/V2), NUREG/CR-
4219, Vol. 1 (ORNL/TM=9593/V1), NUREG/CR-4219, Vol. 2 (ORNL/TM-9593/V2),
NUREG/CR=4219, Vol. 3, No. | (ORNL/TM=9593/V3&N1), NUREG/CR=-4219, Vol. 3,
No. 2 (ORNL/TM=9593/V3I6N2), NUREG/CR-4219, Vel. 4, No. 1 (ORNL/TM=9593/
V4&N1), and NUREG/CR=42i9, Vol., 4, No. 2 (ORNL/TM=9593/V4&N2).
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SUMMARY
1. PROGRAM MANAGEMENT

The Heavy-Section Steel Technology (HSST) Program is arranged into
12 tasks: (1) program management, (2) fracture methodology and analysis,
(3) material characterization and properties, (4) special technical
assistance, (5) crack-arrest technology, (6) irradiation effects studies,
(7) stainless steel cladding evaluations, (8) intermediate vessel tests
and analyses, (9) thermal-shock technology, (10) pressurized-thermal~-
shock (PTS) technology, (l1) Pressure~Vessel-Research Users' Facility
(PVRUF), and (12) shipping cask material evaluations. Progress reports
are issued on a semiannual basis, and the report chapters correspond to
the tasks.

The work is performed by the Oak Ridge National Laboratory (ORNL)
and through a number of research and development (R&D) subcontracts.
During the report period, 32 program briefings, re-lews, or presentations
were made; 23 technical documents were published.

2. FRACTURE METHODOLOGY AND ANALYSIS

Analytical and experimental studies were performed to provide an
improved basis for establiching fracture criteria governing inelastic
crack ptopagation-arrest behavior ia reactor pressure vessel (RPV)
rtee's. Viscoplastic~dynamic fracture computer programs were modified
for improved efficiency and applied to analyses of large-scale (wide-
plate) and small-scale specimens to assess the impact of including visco-
plastic effects in computationa. models. Experimental efforts focused on
small-specimen testing techniques, including refinement of crack propaga-
tion time-length measurements, development of new stress wave loading
procedures for crack-arrest toughness deteraination, and establishment of
explosive and impact loading methods of measuring crack initiation tough-
nass in RPY steels. Cleavage~fibrous transition studise were carried out
on 72W weld mrtal specimens, und optical topography was used to study
regions of twe wide-plate fractures where cleavage arrest was followed Dy
a fibrous-tear reinitiation. Additional high strain-rate tests of A 533
grade B class | steel were performed for purposes of characterizing
viscoplastic constitutive models used In inelastic crack-arrest studies.

3. MATTRIAL CHARACTERIZATION AND PROPERTIES

Compact crack-arrist tests were conducted with the A 533 grade B
chemistry base metal used for the clad-plate studies. Specimens of three
different sizec v.re tested in the L-T orientation at temperatures from
~25 to 75°C; the nil ductility temperature (NDT) of the material is 36°C.
The results showed Kla/xll values ranging from 1.23 to 2.49.
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dosimeters are being analyzed. The second capsules should be completed
by the end of June., The remote hot cell fixture for crack-arrest testing
has been used to test unirradiated specimens in the laboratory. Several
enhancements to the fixture are under way, based on the results of those
tests before its installation in the hot cell.

In the Seventh Irradiation Series on cladding, Charpy and tensile
tests were completed for the three-wire, series-arc, stainless steel
cladding specimens irradiated to 2 and 5 x 101 neutrons/em? (>1 MeV).
At those fluences, the room temperature yleld strengti increased 20 and
16%, respectively; the Charpy 41-J transition temperature increased 13
and 28°C, respectively.

7. CLADDING EVALUATIONS

The work within the cladding evaluation task during this reporting
period included the completion of the second experimental study of the
effect of cladding on the propagation of small surface flaws using clad
plates. In addition, nondestructive examination of both the BWR and
pressurized-vater-reactor (PWR) clad vessel segments was completed.

8. INTERMEDIATE VESSEL TESTS AND ANALYSIS

There was no activity in the intermediate vessel tests and analysis
task for this period.

9. THERMAL-SHOCK TECHNOLOGY

Thece was no activity in the therwal=-shock techrology Lask for thuis
pericd.

10, PRESSURIZED=THERMAL=-SHOCK TECHNOLOGY

The feasibility and wtility of additional PTS experiments are being
investigated. Potential experiments with a :lad vessel and with a low=
upper-shelf weld are being considered, Fffects of cladding are pertinent
because it has not been demonstrated whether cladding is always a benefit
with respect to fractures, An experiment with a flaw in a low-upper-shelf
weld would clarify questions raised by experiments PTSE~l and =2 about
the analysis of stable and unstable ductile tearing.
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11, FIAW DENSITY STUDIES FOR PRESSURE-VESSEL-RESEARCH
USERS' FACILITY

ORNL undertook an initiative in concert with the NRC and Department
of Energy (DOE) to establish a Pressure-Vessel-Research Users' Facility.
The facility is to be centered around a complete PWR pressure vessel and
is to provide unique R&D opportunities for a number of organizations.

The overall research plan an. conceptual design of the facility to
house the vessel will begin when appropriate funding is arranged. Ini-
tial R&D activities, however, will proceed with the vessel in its tempo~-
rary location at the K-~25 Plant in Oak Ridge. One early HSST-funded task
will characterize the density, size, location, and orientation of flaws
in this vessel for use in probabilistic integrity assessment methods.

Detailed plans for the flaw detection were prepared and initiated
during this report period. The first activities included modification of
the facility to allow for nondestructive examination of the vessel in {ts
current location and horizontal position.

12, SHIPPING CASK MATERIAL EVALUATIONS

There was no reportable activity in the shipping cask material
evaluations task for this period.



HEAVY-SECTION STEEL TECHNOLCGY PROGRAM SEMIANNUAL
PROGRESS REPORT FOR OCTOBER 1987-MARCH 1988*

W. R. Corwin
ABSTRACT

The Heavy-Section Steel Technology (HSST) Program is
conducted for the Nuclear Regulatory Commission (NRC). The
studies relate to all areas of the technology of materials
fabricated into thick-section primary-coolant containment
systems of light-water-cooled nuclear power reactors. The
focus is on the behavior and structural integrity of steel
pressure vessels containing cracklike flaws. The program is
orgarlzed into 12 tasks: (1) program management, (2) frac-
ture methodology and analysis, (3) material characterization
and properties, (4) special technical assistance, (5) crack-
arrest technology, (6) irradiation effects studies, (7) clad-
ding evaluations, (8) i{ntermediate vessel tests and analysis,
(9) thermal-shock technology, (10) pressurized-thermal-shock
(PTS) technology, (11) Pressure-Vessel-Research Users' Facil-
‘ty (PVRUF), and (12) shipping cask material evaluations.
During this period, imorovements were made in the compute~
tional efficiencies of fracture-analysis codes, and enhance~-
ments were made in the constitutive models and inelastic
fracture criteria ia the dynamic-viscoplastic fracture ve:r-
gsion of the ADINA-ORMGIN=CRVIR® analysis codes at Oak Ridge
Nat.ional Lahoratory (GRNL). Elastudynamic analyses and
dev. lopmen: work on viscuplactic fracture-analysis techniques
were parformed by ORNL and the Southwest Research Institute
(SwR1) in support of Loth small specimen testing and the
widc~plate, crack-arrest tests that are taing performed by
the National Pireau of Standz~dy (NBS) for the HSST Program.
Three sew 2reas of NRC topical suprort were begun: (1) the
evaluation of porsible enhanced low-temperature, low=flux
irradiation s rittlenent of reactor pressure vessel
cupports: (2, an assessuwent of bolling~water-reacto’ vessel
integiity; and (?) a reevaluation of the applicability of
various fcraulatiors of the J-integral in assessing rela-
tively large amounts of crack extension, One additional
vide=plate, crack-arrest test was performed by NBS, bringing
to 1 the total of such tests. Crack-arrest and other frac~
ture characterization data were obtained for clad-plate test
materials., Testing of all specimens war completed in the
Fifth HSST Irradiation Series for the study of ch shifts for

*This report is written in terms of metric units., Conversions from
$1 to English units for all SI quantities are listed on a foldout page
at the end of this report.



welds with different copper contents. All irradiated Charpy
V-notch and tensile testing was completed for the second
phase of the Sevrnth HSST Irradiation Series on cladding.
Nondestructive examinations were completed on a segment of a
clad pressurized-water r.actor (PWR) vessel. The remainder
of the second series of the clad=-plate fracture tests of
reactor vessel steels were performed. The report on the
second PTS test (PTSE~2) was published. The detailed plan-
ning of the nondestructive flaw assessment of the PWR pres-~
sure vessel to be used in the ORNL PVRUF was completed and a
modification of the temporary facility begun.

l. PROGRAM MANAGEMENT

W. Rs Corwin

The Heavy-Section Steel Technology (HSST) Program, a major safety
program sponsored by the Nuclear Regulatory Commission (NRC) at Oak Ridge
National Lahoratory (ORNL), is concerned with the structural integrity of
the primary systems [particularly, the reactor pressure vessels (RPVs)|
of light-water=-cooled nuclear power reactors. The structural integrity
of these vessels is e¢nsured by (1) designing and fabricating KI'Vs accord~
ing to standards set by the code for nuclear pressure vessels, (2) detect-
ing flaws of significant size that cccur during fabrication and while in
service, and (3) developing methods of producing quantitative estimates
of conditions under which fracture could occur. The program is concerned
mainly with developing pertinent fracture technologv, 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 operating coanditions of
thie type of reactor plant.

The program is coordinated with other governmenc agencies and with
the manufacturing and utility sectors of the nuclear power industry in
the United States and abroad. The overall objective is a quantification
of safety aswessments for regulatory apencies, professional code-writing
bodies, and the nuclear power industry. Several activities are conducted
under subcontract by research facilities in the United States and through
an informal cooperative effort on an international basis. Seven research
and development suhcontracts are currently in force.

The program tasks are arranged according to the work breakdown
structure shown in Fig. l.l. Accordingly, the chapters of this progress
report correspond to these 12 tasks.

During this period, nine program briefings, reviews, or presentations
were made by the HSST staff during pco;rng reviews and visits with NRC
staff or others. Five topical rcportl." two foreign trip rcportt,"
and fourteen technical pcporl"z‘ were published. In addition twenty=-
three technical presentatious were made: ten??=3! at the Fifteenth Water
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Reactor Safety Information Meeting held at the National Bureau of Stan-
dards (NBS) in Gaithersburg, Maryland, on October 26~29, 1987; three32=34
at the ASME Pressure Vessel and Piping Division Fall Conference held in
Knoxville, Tennessee, on October 23, 1987; three3®=37 at the Society for
Experimental Mechanics Fall Conterence held in Savannah, Georgia, on
October 2628, 1987; one?® at the Conference of Materials for Nuclear
Applications held at the University of Missouri-Rolla on October 26,
1987; one?? at the Nordic Materials Research Seminar held in Copenhagen,
November 2526, 1987; one“? at the ASTM Mini-Symposium on Fracture Tough-
ness Shift held in Albuquerque, New Mexico, on January 28, 1988; one“! at
the First UTAM Symposium on Recent Advances in Nounlinear Fracture Mechan=-
ics held at California Institute of Technology on March lé—16, 1988;
two'2=%3 a4t the Engineering Technology Division Information Meeting held
at ORNL, Oak Ridge, Tennessee, on March 17=19, 1983; and one“" at the
Engineering College, Arkansas State University on March 31, 1988.
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2. FRACTURE METHODCLOGY AND ANALYSIS

Wide-Plat Tests

B. R, Rass* J, t.cnct-walhcr'
Cs Ws Schwartz

2.1.1 lntrodugtlgg

The role of ncnlinear rate-dependent effects in the interpretation
of crack run~arrest events in ductile materials is being investigated by
the Heavy-Section Stcel Technology (MSST) Progr.x through the development
and upplicaticn ot viscoplastic-~dynamic finite-element analysis tech~
niques. During chis report period, a draft version of a topical repor:
was prepare! to describe the studies in which various viscoplastic con=
stitutive nodels any several proposed nonlinear fracture criteria have
Leen install d {o general purpose (ADINA)? and special purpose (VISCRK)?
finitevelement computer programs. The constitutive models tlplonogtrn in
these computur programs include the Bodner=Partom" and the Perzyna® visco=-
plastic farwulations; the proposed fracture criteria include three parame=~
ters based on energy principles., The predictive capabilities of the non-
linear tecaniques are being evaliated partly through applications to ’
seriss of HSST wide-plate crack=arrest tests. In the topical report,
values of fracture parameters calculated in elastedynamic and visco=
plastic dynamic anulyses of the wide-plate tests are comparad with une
another to assess the effect of including viscoplastic effects in the
computat.onal modelss A summary of the results from tnese analyses
follows.

2.1.2 Summary of viscaplastic-dynamic fraciure
annlyses of rthe Wr-1 secies

Viscoplastic=dynamic fracture analyscs of ttdn-p;a§0 tenty Whel.l to
WP=1.7 (WP~l series)® were conducted with cbe ADINA/VPF' nrogram at ORNL.
Finite-element models having improved mesh refinement nesr the plane of
crack propagation sere genarated for these analyses, The finfte-element
model used to analyse tests WP=1,2 to 1.6 is shows in Fig. 2.1(a); the
sodel used for test WP=l,7 is shewn In Fige 2.1(D)s Boih modely cvazist
of 2198 nodes and 715 elght=noded iscpirauetric slemenis. For the two
models, Fige 2.2 depicts the viscoplastic element group (consiszing of
429 elements) adjacent to the plane of crack propagetion. The diminsions
of the elements along tue crack path in Fige 2.2 are 20 by 20 mm.

*Computing and Telecommunications Division, Martin Marietta Eneryy
Systems, lrc., Oak Ridge Natiomal Laboratory, Oak Ridge, Tennessee,

’Dopnrt-nnz of Civil Engiaeering, Usiversity of Maryland, College
Park.
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Fig. 2.1+ Finite-element models used in dynamic analyses of tests
WP=1.2 through WP=1,7. (a) Model of WP-1,2 through WP:1.,6, (}) model ol
UP‘1070

For each analysis, the measured fracture load (from Table 2.1) was
applied at the approximate location of the load-pin hule to determine the
initial conditions for the crack run-ariest event. For the dynumic
analyses, the applied load was fixed at the value that prevailed at ini-
tiations The in-plane thermal bending of the plate caused by the imposed
linear teamperature gradient in each test was ignored in these analyses.
The Gauss point rule selected for the integration of the finite-element
model was 2 x 2 for the stiffness matrix and 3 x 3 for the consistent
mass matrix., The time step was set at At = 2 us for the elastodynamic
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Fige 2.2. Crack=plane viscoplastic-element group of finite-element
models used in dynamic analyses of tests WP-1.2 through WP=1.74

analyses and at At = | us for the viscoplastic-dynamic analyses. The
Bodner-Partom constitutive model defined in Ref, B was used exclusively
for the viscoplastic analyses.

Generation-mode dynamic analyses of wide-plate tests WP-1,2 to 1.7
vere performed using the estimates of crack position vs time given in
Ref, 6. A summary of the six test results is presented in Figs. 2.3%2.9
and in Table 2.2, For each viscoplastic~dynamic analysis, the following
results are given as a function of time: crack-tip position; maximum
effective viscoplastic strain rate; and the fracture parameters T (from
Ref. 9), ) (from Ref. 10), and v (from Ref. 11) expressed as pseudo-
stress-intensity factors (11 - o Values of the fracture parameters
computed in elastodynamic analyses are also given for comparison with the
viscoplastic analyses.

Results from the analysis of wide-plate test WP-1,2 for the first
3 ms of the dynamic event are presented in Fig. 2.3, Th» interval of
crack arrest beginning at time t = | ms [Fig., 2.3(a)] coincides with a
sharp drop in the maximum effective viscoplastic strain rate [Fig.
2.3(3)). (For the analyses preseanted in this section, the maximum effec~
tive viscoplastic strain rate is plotted as a function of time from the
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Fig. 2.3, Tiwme histories of crack=depth ratio, maximum effective
viscoplastic strain rate, and fracture parameters from analysis of wide-
plate test WP=1.2. (@) Crack-depth ratio, (b) maximum eflective visco-
plastic strain rate, (@) fracture parameters.
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plate test WP-l.4. (a) Crack-depth ratio, (D) maximum effective visco-
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viscoplastic strain rate, and fracture parameters from analysis of wide~-
plate test WP=1.7. (a) Crack-depth ratio, (b) maximum effective visco=

plastic strain rate, (@) fracture parameters.
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placed in the specimen notch was pressurized to produce crack initiation,
The tensile load was low enough to achieve a completely stable arrest at
t = 0,57 ms and at a crack depth ratio of a/w = Q.44 [see Fig. 2.5(a)].
The relatively low crack-driving force in the first run-arrest event
leads to very limited viscoplastic effects for the results frou analyses
presented in Fig. 2.5(b) and (e).

Tests WP=1.5 and WP=1.6 both exhibited multisle cleavage run-arrest
events before the onset of unstable ductile tearing. Results from analy-
ses of the first event are presented in Fig: 2.6 for test WP-1.5 and in
Fige 247 four test WP-l.6, The first crack arrest occurred in test WP-1,5
at t = 0,72 ms and a/w = 0,52 [Fige 2.6(a)] and in test WP=1.6 at t = 0,62
ms and a/w = 0,49 [Figs 2.7(a))s A higher initiation load was achievec
in test WP=1.6 (F;, = 14,5 MN) as compared with test WP=1.5 (F,, = 11,03
MN) by increasing the initial crack-tip temperature of WP=1.6 lycr =
=19°C) above that of WP=1.5 (Top = =30°C)s The higher tensile loads led
to increased viscoplastic effects in the analysis of test WP~1.6 as con=-
pared wit!, that of test wP=l.5. For both tests, subsequent cleavage
events began ~8 ms after the first crack arrest.® Viscoplastic dynamic
analyses of these late cleavage events will be performed in futur: crack=
arrest studies.

Results from analyses of test WP-l.7 (Ref. 12) are given in Figs. 2.8
and 2.9, Test WP=1.7 used a 152-ma-thick specimen and an alternate set of
pull plates; one-half of the assembly is represented in the finite-element
model given in Fig. 2.1(b). During test WP=1,7, the wide-plate assembly
was subjected to two loading cycles that are represented (approximately)
by Fige 2.8. The second loading cycle became necessary when the crack
failed to initiate before reaching the tensile load capacity of the test~-
ing machine, 26,7 MN: The fracture initiated in the second loading cycle
at a tensile load of 26.2 MN, causing two cleavage crack run-arrest
events (see Table 2.1)s In the finite-element analysis of the test, the
model was loaded according to the two cycles of Fig. 2.8 to determine the
initial conditions of the dynamic event. Results from analyzing the
first cleavage-fracture event are presented in Fig. 2.9. Figuoe 2.9(a)
indicates that crack arrest occurred at t = 0,68 ms and at a crack depth
ratio of a/w = 0.53. As indicated in Fig. 2.9(}») and (¢), the relatively
high tensile load on the specimen produced significant viscoplastic
effects in the dynamic analysis of the first event.

Additional generation-mode analyses of test WP=1,7 were performed
using data from the first 8 ms of the dynamic event described in Ref. 12,
Included in this time interval is a cleavage-reinitiation event at t =
7.4 ms, followed by crack arrest at t = 7,7 ms and a/w = O.64, A visco-
plastic-dynamic analysis (not shown here) produced effective plastic
strain values >10% i{n the region near the crack plane during the second
cleavage arrest (t = 7,7 ms). Since these strain values violate the
small=strain assumption upon which the analysis was based, results for
the latter portion of the time interval are not valids The above results
indicate that a viscoplastic-dynamic fracture formulation incorporating a
large strain option is required to perform a valid inelastic analysis of
the late cleavage event in WP-1.7; such a formulation is not now avail-
able in ADINA/VPF.

These fracture analyses of portions ol the dynamic events recorded
in the six wide-plate tests WP-1,2 to =l.7 indicate that the effects of
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including viscoplasticity in the fracture-parameter calculations are
significant, Dissipative processes that occur in the developing plastic
zone lead to reduced energy flow to the crack=tip region and, hence, to
lower values for the fracture parameters (compared with elastodynamic
values), However, a more definitive evaluation of the utility of these
fracture parameters in predicting crack run-arrest behavior in wide
plates must await results from other numerical studies. As described in
Ref. 13, a comparison of results from wide-plate analyses performed by
Oak Ridge National Laboratory (ORNL), Swedish Plant Inspectorate, and
Southwest Research Institute (SwRl) revealed that values of the inelastic
fracture parzmeters (such as TW) decrease as the mesh is refined along
the crack plane (for ratios of element width-to-plate width as low as
1/80). Not yet established is the degree of mesh refinement necessary to
get convergence of the fracture parameters or whether the parameters will
converge to nonzero values, Development plans include mesh-refinement
studies to determine whether the proposed fracture parameters (such as
T*) converge to nonzero values in viscoplastic-dynamic analyses or
whether they are controlled by the element length used along the path of
crack propagation.

2.2 Elastodynamic and Viscoplastic=Dynamic
Fracture Mechanics
M. F. Kanninent* €. 2, Polech!
S+ Jo Hudak, Jr.# Pe Es O'DOM‘NU:.
Re Jo Dexter® Js D, Achenbach
He Couque* C« He Popelar

2.2.1 Introduction and summary

The HSST program (s directed toward the development of fundamentally
based procedures needed for the prediction of crack arrest at the high
upper-shelf toughness conditions involved in postulated pressurized
thermal=shock (PTS) events. The objective of the SwRl contribution to
the overall HMSST effort i{s to provide analysis methods for pressure-
vessel integrity assessments that are derived from small-scale test
specimens, These methods include the dynamic effects and large-scale
inelastic and time-dependent material deformation that could arise in
both of these tests and in PTS conditions. The objective is therefore

*Engineering and Materials Sciences Division, Southwest Research
Institute, San Antonio, Texas.

'For-crly Southwest Research Institute; presently at Digital Equip~-
ment Co.poration, Colorado Springs, Colorado.

‘Departnont of Civil Engineering, Northwestern ULniversity, Evanston,
Illinois.

‘Engineering Mechanics Department, Ohio State University, Columbus,
Uhios.
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An appendix containing complete instructions on how to use the pro-
gram has also been prepared and is included in the topical report: This
topical report will be submitted soon.

Analyses of NBS wide-plate tests and SwRl small duplex experiments
have continued. Typical results obtained from an analysis of the small~-
duplex (SD) experiment SD6 (13AKBO3) are shown in Fig. 2.11. As shown in
Fige 2412, the mesh for these analyses was composed of elements having
linear dimensions of about 12 mm.

100 ] TTRAL S B

(STATIC Ky » 112 MPa V)

Q‘iL L L,' 2

00 o 02 03 ce s
TIME (ms)

P — —

Fige 2.11s Results from duplex specimen SD6 showing estimation of
lg. (@) Polynomial-least-squares fit to crack extension history,
()

pseudo~stress~intensity factor history (v = 127 mm, 33 mm thick).
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Fige 24124 Coarse finite-element mesh for analysis of duplex
specimen,

Figure 2.11(a) shows the polynouial fit to the crack-extension als~
torys The crack-extension historles in the 4340 steel and the A 533
grade B class | steel have been fitted separately over their individual
rangus of crack extension. This procedure clearly reflects the change in
velocity evident (n the experimental records as the crack traverses the
electron-beam (EB) welds At the same time, this procedure retains the
desirable averaging effects of the polynomial fit.

Earlier analyses have shown that the computed K values are not sig=-
nificantly affected by changes in the fit to the experimental crack-
extension history, provided that the average velocity remains the same,l®
Thus, the computed pseudo-stress~intensity factor history shown in Fig.
2,11(B) should be reliable,

In Fige 2.11(a), a sharp increase occurs in K at the same time that
the crack traverses the EB weld:, This finding corresponds to the time of
the observed crack acceleration, an increase that can be correlated with
the arrival time of the reflection (tensile) of the unloading wave from
the crack-initiation svent.

Although the crack=extension history shown in Fige 2.11(a) continues
out to several hundred microseconds, the latter portion is apparently very
slow crack extensions, The choice has been made to determine the dynamic
Ky value at the end of rapid crack “~pagation but belore the complete
arrest. This point is indicated in Jell{a)e The latter stages of
¢rack extension may not be continuous . id crack extension, but rather
may consist of a series of swall reinitiation, propagation, and arrest
events. Note that, with the large gradient of the K history at the
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Fig. 2.14. Praudo-stress | tensity factor at the instant of crack
arrest determined from SwRl viscoplastic-dynamic Staito-oxoanut analyses
[results include sidegroove correction of (/N2

and the ASME K;g curve., Similarly, the K, values for all SwRI analyses
of the first crack-extension event in the NBS wide-plate experiments are
shown {n Fig. 2,14, The latter figure, which constitutes a key result of
this work, shows that results equivalent to those obtained with wide~-
plate specimens can be obtained with specimens that are several orders of
magnitude sealler,

2.2.) Dynamic crack propagation experimentation

The experimental research is directed toward obtaining dynamic crack-
propagation data in A 533 grade B class | steel using small-scale speci~
mens. For this puspose, a series of duplex A 533 grade B class 1/4380
steel speclmens of effective width, w = 127 sm, were instrumented and
tested at 23°C. As noted in Fig. 2,10, these specimens were supplied by
ORNL. Crack growth was monitored on both surfaces of each specimen using
crack gages, whereas a crack=line displacement <as measured using an
eddy-current transducer., Dynsmic-strain mias rements were also obtained
and used to examine the detailed interaction betweun stress-vave provaga=
tion and crack-growth response.

The crack-gage response on one side of the specimen vas recorded
w#ith the Nicolet digital recovder. Tre higi-speed counter developed at
fvRl was used to record the responss on the other side, Both recorders
were calibrated simultaneously by J4sing @ jrinted circuit to simulate the
response of the crack gage. Fasr switches having 10 ns response were
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used to represent the breaking of the crack gage. A delay of 5 us be~-
tween switches was monitored using resistance capacitors. The responses
of both recorders were in agreement at 0.1 us. Such excellent resolution
impiles that crack-velocity measurements in duplex speciwens can be per~
formed with either the high-speed counter or the Nicolet digital recorder.

The correspondsnce between the crack-gage response and the actual
crack position has been investigated with duplex specimens SD6 and SD7.
The duplex specimen SD7 was instrumented with three strain gages located
above crack gages 6, 7, and 8 at a distance of 6.5 mm from the side
groove, as shown in Fig. 2.15. The time difference between the succes=
sive strain peaks and between the failure times of the crack gages are
similar.

The peak strain occurs at an earlier time than does the failure of
the c¢rack gage. As indicated from the results of the experiments SD6 and

ORNLOWG BB 434 ETD

1l us)

Fige 2415, DUynamic strain record of the axial strain gages located
at the level of crack gages 6, 7, and 8.




29

SU7 in Table 2.3, this delay corresponds with a strain peak ahead of the
crack tip with an angle of ~73°. This angle is similar to the peak-
strain angle of 70° for the elastostatic-plane stress {ield. Based on
this estimate, the failure of the crack gage occurs 2 us before the crack
reaches the crack-gage location.

Table 2.3, Comparison of strain gage
and crack=gage data

Strain gage Crack-gage

a=a, strain peak failure ty =t ’
(am) time t, time t, ?m
(us) (us)
Duplex SD-€
20 18.8 25.0 6.2 7345
23 36.8 43.5 6.7 72.8
Duplez SD-?
20 48.8 52.5 3.7 71.4
3 53.8 57.3 3.5 72.5 i
26 79.8 81.8 4.0 79.0 "6.,0

Such an angle cannot be measured with precision when large crack=
velocity variations occur, such as for the specimen SD7 at crack gage 8
(see Fige 2415). However, this measurement can be lmproved by using
crack gages with smaller spacings. Strains up to 12% were recorded with
a strain gage located on the crack path betveen crack gages 7 and 8, a
finding that is shown in Fig. 2.15. This strain level, reached at
10.9 us before the failure of crack gage 8, corresponds with the strain
limit of the adhesive of tha strain gage. Using VISCRK, this measurement
will be compared with the straln measurement from the analysis when
results obtained with suitably refined meshes become available (see Sect.
2.2:2)

A new technique developed at SwRl enables two relatively small
specimens to be tested simultaneously using stress-vave loading from
Hopkinson-type pressure bars, Trial experiments were conducted by pre=
loading the pressure bars, connected through a starter specimen, to about
100 kipss The test specimens were then inserted into slots in the bars
and secured with wedges. Next, fracture of the starter specimen was
initiated by introducing a sharp cut into the circumferential notch,
which then released in the bars on unloading wave that imparted a rapid
crack=opening=displacement rate to the test speciwens. The test confijgu-
ration is shown in Fig. 2.16.
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Fige 2416, Schematic dlagrae of the coupled pressure bar experi-
ment .

Precracked compact~type A 533 grade B class | steel specimens,
vithout side-grooves and having an effect!ve width w = &4 mm, have been
tested at 2) and 37°C., Crack grovth of ~15 mm vas achieved. Two A 53}
grade B class | specimens with side-grooves and a modifled fastening
wechonism to the pressure bars are being prepared for testing at tewpera-
tures ranging from 37 te 50°C. Under such conditions, complete failure
of the specimens is expected.

Figure 2.17 compares the A 533 grade B class | steel specimens from
the coupled pressure bar experiment with larger specimens that were
tested previously at SwRl of the same heat of material., The accomplish~
ment is a significant one. Note that previous tests using the large
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W. Le lourao" Ge Re Irwin!

D. B, Barker Ju W, Dally'
Ce W. Schwarte® X.=J. Zhang'

Work at the University of Maryland (UM) over the past 6 months in~
cludes (1) cleavage~fibrous transition studies, (1) optical examinations
of selected wide-plate tests, (3) dynamic crack-initiation testing, and
(4) dynamic computational support of crack-arrest testing.

231 Cleavage-fibrous transition sodel studies

At the October 1987 ASM International meeting in Cincinnati, a paper
by X.=Js Zhang, R, W, Armstrong, and G. R, lrvin was presented on "Cleav~
age Behavior in the Upper Transition Temperature Range for Pressure Ves~
sel Steels.," (The paper was not published.) In it, the main cleavage
behavior characteristics reported in Refs. 17 and |8 were reviewed. Also,
measurements of the change in cleavage orientation, with the passage of
cleavage through ferrite grain boundaries, were reported and discussed.

The change of cleavage orientation can be represented by three
angles (total, twist, and tilt), as shown in Fig. 2.18, For nuclear
vessel steels, even at low testing temperature, the surface orientation
changes in "swmooth curve" fashion across the graln boundary. A sharp in-
dication of the grain boundary, as depicted in Fig, 2.18, i{s not visible.
In the UM work, twist and tilt angles were calculated as though the grain
boundary line were normal to the apparent direction of cleavage advance~
men. before grain boundary passage. For this reason, the UM-calculated
angles of twist and tilt are less significant than the orientation
changes in terms of the total angle.

The measurement results shown in Table 2.4 and Fig. 2.19 were ob-
tained using specimens of 72W weld metal., Typical isolated cleavage
regions (ICRs) of substantial size were used for the higher temperaturc
results, The lov-temperature fracture surface was all cleavage, Mea~
suresents pertaining to the low teaperature were done using selected
reglons of similar size, within which directions of fracturing and the
transit of cleavage through grain boundaries were most clearly indi-
cated, Although this measurement-region selection process might be
thought to reduce the observed changes of cleavage orientation, the
sctual results for total angle change, shown in Fig. 2.19, indi ate

*Work sponsored by the HSST Jrogram under Subcontract No. 7778
between Martin Marieita Energy Sy.tems, Inc., and the University of
Maryland,

'Doportnnnt of Mechanical Englaeering, University of Maryland,
College Park.

- ‘!.part-nt f Civil Engineering, University of Maryland, College
ark.
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Fige 2.18. Change of cleavage orientati'n represented by three
angles (total, twist, and tilt). The river murkings shown here are not
typical of those seen in the transition tempetrature range. Source:

He L. Ewalds and R, J. H. Wanhill, Practure m’mm. pe 239,

nearly random changes of total angle between zere and 75°. In contrast,
at the higher temperature, all of the total angle hanges were <30°%,

These results indicate a pronounced change (n the resistance to the
passage of cleavage through grain boundaries with a temperature increase
such that the spread of cleavage across grain boundaries is further
limited to a smaller degree of crystallographic sissateh., The expected
result is & decreasing ability of & spreading unit of cleavage to adjust
to changes in tensile stress direction, leading to larger late-breaking
connections, As noted in Ref, 19, the increasing density and size of
late~breaking connections between regions of cleavage with increasing
temperature contrisute ifmportantly to the elevation of fracture toughness
in the transition temperature range.
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Fige 2419. Frequency graphs of varlous tilt, twist, and total
angles across grain boundary passages of M-CVN specimens of 72W weld
setal ot temperatures of 81 and —196°C. (@) Tilt angle (81°C), (B) twist
| angle (81°C), (@) total angle (81°C), (d) tilt angle (=~196°C), (@) twist
angle (=196°C), (d) total angle (~196°C).
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Table 2.4, Tilt, twist, and total angle measurements
for two M=CVN specimens of 72W weld metal tested
at ~196°C and 81°C, respectively

Specimen A (=196°C) Specinen B (81°C)
Measurement (deg) (deg)
e Tilt Twist  Total  Tilt Twist  Total
angle angle angle angle angle angle
1 36 39 4l 5 18 19
2 67 42 68 B 12 13
3 17 52 52 5 " "
4 12 28 29 14 2 15
b] 50 9 50 3 1 )
6 1 » 37 16 ? 18
? 28 | 8 2 19 19
" 48 a8 55 2 14 6
Kl 3 33 33 ¥ i3 16
10 13 13 3a “ 12 13
1 11 6 13 2 22 22
12 3 2 3
13 4 6 7
14 1 “ “
15 5 1 5
L] 13 " 15
Average 26 30 4l ! 9 13

laproved scanning electron aicroscopy (SEM) equipment is now avail-
able at the University of Maryland and has been used to obtain photo-
graphs of cieavage-initiation regions at higher magnification., Figure
2,20 shows a cleavage-origin region in "2V weld metal that is adjacent to
a broken silicate particle. Figure 2,21 shows a cleavage origin in A 508
steel that is near & particle clump, Very small (~0.l-um) particles are
present within the region where the development of & cleavage eabryo of
adequate size must have occurred., Requiring further study is Che issue
of whether or not the indicated density of such particles is unusually
high in cleavage-initiation reglons.

During recent years, topographic analysis of fracture surfaces using
stereo~-SEM and relative helght measurements has received increasing
attention. An optical stereographic technique has been used successfully
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Fige 2,22+ Area of the fracture surface of WP-CE~l specinmen
selected for optical topographic analysis.

Lines Al, A, and Al w.re estimated cr-ack={ront contours in the cleavage
region. Lines Bl, B2, and B3} were "estimated f rward-crack~extension
lines crossing the crack arrest. Line Cl was an estimated crack=front
contour iine in the region of fibruus tearing. For each of the mating
{racture surfaces, one surface point was selected for reference. All
height measurewents were wmade relative to the surfac height at that
point.

Figure 2.23 shows measurement results on lines Al, A2, and Al. [The
results are arranged as if the upper and lower fracture surfaces were
held a small distance apart. The ordinate scale measures the separation
of medrurement points from a flat surface (the middle line) held above it
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along lines Bl, B2, and B3.
crack extension.
fibrous tearing.

direction of crack extension).
.3"'30

40

points, distances between measurement points were measured parallel to
the line and summed.

Similarly, Fig. 2.24 shows separations between the fracture surfaces

CLEAVAGE »|«  FIBROUS

The abscissa increases in the direction of
Figure 2.25 shows results for line Cl in the region of
For line Cl, the increase of separation away from the
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Figs 2,24, Relative height measureuents along lines Bl, B2, and

B) showing separations between surfaces (the abscissa increases in the
(a) Line Bl-Bl, (b) line B2-B2, (@) line
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Fige 2,25, Relative height measurement along line Cl within the
fibrous region,

midregion of the plate suggests that the crack front was leading in these
regions by an amount larger than that indicated by the curvature of the
assumed crack-front line.

Large fracture-surface irregularities, introduced by midplane im-
purities, assisted the development of a pronounced inverse curvature of
the crack front. In the cleavage portion of the fracture, where plastic
strain i{s too small to produce lamination-type midplane separations, the
crack=front and -surface irregularities are much less affected by mid-
plane effects.

For lines Bl, B2, and B3}, a method somewhat like that used for JIC
determinations seemed reasonable and was used. For each measurement
line, Fig. 2.26 shows estimates of residual crack-opening displacement
(RCOD) for positions of the crack front within the fibrous region. These
estimates were obtained by subtracting each measured opening separation
in the fibrous region from the opening measured in the cleavage region
very close to the crack-arrest position. The result was a graph of RCOD
(at the cleavage edge position) as a function of apparent forward motion
of the fibrous tear. Assuming that RCOD was proportional to J, the graph
is similar to those of J vs Aa used ia both J,. and J=R testing. Use of
a blunting line, from the equation RCOD equals twice Aa, in place of the
zero abscissa line had little influence on the results. Large fracture-
surface {rregularities introduced substantial irregularities into the
measurement results., Lacking evidence for curving trends in RCOD in-
crease with crack extension, it was assumed that a uniform rate of RCOD
increase was a reasonavle choice for on-average behavior. "Least
squares" strafight lines through the fibrous region data points resulted
in estimates of crack-tip-opening displacement (CTOD) for the three
lines -~ Bl, B2, and B3 —~ of 0,00, 2,03, and 1,78 am, respectively, for an
average of 1.19 mm.

In future trials of this nature, a larger number of height measure=
wents should be used to compensate for the influence of fracture-surface
irregularities. However, the above-average value of CTOD can be shown in
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Fig. 2.26. RCOD vs distance from crack-arrest line for specimen
WP-CE~l. (a) Line Bl, (b) line B2, (o) line B3,
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several ways to be a plausible rough approximaiion. The equation relat-
ing CTOD to K is

K2 = E o CTOD, (2.1)

vwhere
CTOD = 1.19 x 1073 m,
E = 206 x 103 MpPa,
o = 517 MPa (75 ksi).

Tensile test results for this wide plate are not yet currently available.
From other A 533 grade B class | plate data, 517 MPa was selected as an
intermediate value between the slow-load values for yield and ultimate
strength., The resulting estimnte of K is 356 MPa*/m. Reference 22 pro-~
vides two dynamic-calculation estimates of K at crack arrest: 170 and
159 MPas/m. No dynamic-program calculations of the reinitiation K are
now available for this test., The large elevation of the reinitiation K
above the K at crack arrest coiresponds well to the elevation of the
reinitiation K obtained in other tests by means of dynamic calculations
that have provided both results.

A second comparison feature is provided by measurements after the
test of plate-thickness reduction, as shown in Fig. 2.27. Here again,
some averaging is necessary. The arrested crack-front curves across the
plate thickness from a position (at 38 cm) where thickness reduction was
~0.5% to a position at 42 cm where thickness reduction was 2%. The aver-
age thickness reduction was assumed to be 1.5 mms Unpublished experi-
ments* in the 1960s at the Welding Institute in England (Ref. 23) and at
Frankfurt Arsenal in Philadelphia indicated a direct proportionality
between thickness reduction at the tip of a stationary crack and either
measured values of CTOD or values of CTOD derived from the equation for
k2, The proportionality factor indicated that the thickness reduction
and CTOD were of similar magnitude. Using the thickness reduction of
1.5 mm in place of CTOD in the K2 equation gives a K-value for reinitia-
tion of 400 MPa</m. Although the uncertainties of both the topographic
estimate of CTOD and the thickness-reduction estimates are large, the two
estimates of reinitiation K have some value. They support other indica-
tions that a high K-value {s necessary for the start of fibrous tearing
from an arrested cleavage crack in the upper transition temperature
range.

2.3.2.,2 Specimen WP-1.7. A 152-mm-thick plate of A 533 grade B
class | steel from ORNL was used for this test, The initial run-arrest
event ended near the middle of the plate, where the plate temperature was
61°C. This event was followed immediately (7-ms pause) by a short

*Unpublished data on CTOD measurements in comparison with thickness
reduction at the crack tip were obtained by F. M. Burdekin in 1963,
These results suggest that CTOD would nearly equal thickness reduction.
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Fige 2.28. Fracture surface of WP=1.7 specimen. Lines 1-6 show
the location where relative height measurements were performed.

each side of midthickness were positioned to avoid the most pronounced
midthickness surface irregularities.

Figure 2.29 shows the change of separation of the fracture surtaces
in the same manner as shown for plate WP-CE~1l. Determinations of RCOD
values at cleavage positions very close to the start of fibrous tearing
are shown in Fig. 2.30. Using the method of "least squares," straight
lines through the fibrous separation positions gave CTOD values of 2.30,
0.81, 0427, 0466, 0,27, and 2.30 mm for lines 1 through 6, respectively.
The average CTOD was 1.10 mme Using Eqe (2.1), with Oy = 517 MPa + 138
MPa = 655 MPa and E = 206 = 107 MPa, the CTOD for fibrous tear reinitia-
tion corresponds to a K-value of 385 MPas/m. Values of 592 and 456
MPas/m were the dynamic-analysis estimates for this reinitiation provided
in Ref. 24.

Comparing the thickness-reduction measurements, as shown in Fig.
2.31, reveals that they differed considerably on the top and bottom
halves of the plate at this crack=arrest location, ranging from slightly
»2% to <1%: Using a rough average value of ).25%, the thickness reduc~

tion was 1.9! mam. Setting CTOD equal to 1.9] mm in Eq. (2+41) results in
" \ ’ '
a K-value of 5U8 MPa*/m. (Note that 138 MPa was added tu the slow-load

value of o, as an adjustment for rapid loading.)
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Figs 2.29. Fracture surface contours along lines 1-6 in Fig. 2.28
for specimen WP=1.7, (a) Line 1=1, (b) line 2-2, (o) line 3=3, (d) line
4=4, (@) line 5=5, (f) line 6-6.
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Fig. 2.30. RCOD vs distance from crack-arrest line within the
fibrous region for specimen WP=1.7. (a) Line 1, (b) line 2, (@) line 3,
(d) line 4, (@) line 5, (f) line 6.
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Fig. 2.31. Thickness reduction measurements for WP=1,7 specimen,
(Measurements provided by R. Fields, NBS.)

Obviously, large uncertainties exist in the topographic estimates of
K for cleavage reinitiation in this test plate, as they did for plate
WP-CE~1. However, the uncertainty can be reduced substantially by im=
proving the topographic mapping of the regions of interest. In addition,
eliminating out-of-plane bending of specimens through electroslag welding
can be expected to result in improved uniformity of the crack front. The
possibility of obtaining useful estimates of K from plate=thickness re=-
duction is also of special interest and deserves continued attention.

243.3 Dynamic crack initiation

Efforts to establish new methods of measuring crack-initiation
toughness in reactor steels have followed two differen: lines of study,
including explosively loaded notched short bars and {mpact=loaded notched
round bars. A description of the status of both series of experiments
follows.

2.3.3.1 Explosively loaded notched short-bar experiments. After
using dynamic photoelasticity to establish the feasibility of explosively
loading a short bar dog-bone specimen with four symmetric charges deto=
nated siwultaneously, the method was applied to steel specimens. The
first specimens were made from 4340 steel that was heat treated to Rc of
51« 1In the first .est, the amouat of explosive used was excessive, and
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fracture occurred at the ends of the specimen as well as at the center.
In the second test, the amount of explosive was reduced to about 8 g (2 g
on each corner of the specimen). Strain-gage records were obtained, as
indicated in Fig. 2.32. These records indicated that K;, was 53.0 MPas/m
and that failure began within 2 us after the arrival of the strain wave.
This value of dynamic-initiation toughness is about the same as that mea-
sured by Zehnder and Rosaskis?® for 4340 steel with about the same hard-
ness.

With progress made in developing the testing parameters for 4340
steel, attention was directed to specimens made from A 533 grade B class
1 steel., The material available was in blocks ~50 x 200 x 200 mm. The
dog-bone specimen was redesigned to be made from three pleces cut from
those blocks and included two identical end pieces and a center piece.
These pieces were metal inert gas (MIG) welded together with series 70
wire to produce an extended bar, as shown in Fig. 2.33. The bar was
extended to a length of 400 mm in the straight bar region to move the
strain gages away from the explosive charges and to allow more time for
the wave to propagate to the center notchs The additional time and
distance is also beneficial in shielding the instrumentation from
electrical noise at detonation and from the blast wave.

ORNL DWG 884326 ETD
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Figs 2.32. Strain-time trace for the explosively loaded dog=bone
specimen,
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The center notch will be fatigue sharpened, and testing of the A 533
grade B class | steel under very high rates of loading will begin during
the next report period.

2.3.3.2 Impaci~loaded notched round-bar experiments. The impact-
loading device used with the notched round-bar specimens can introduce
nominal strains of 0.0014 into the large-diameter region of the bar. The
nominal strain rate approaches 20/s. The actual strains an'/ strain rates
st the notch are much higher because of the 4/]1 area ratio and because of
the large strain concentration that occurs at the tip of the r ot radius.
Initial tests indicated that the notched bar would not fail with a fall
height drop of 1.78 m when the root radius was 0.13 mme No attempt was

made to machine a sharper radius; instead, the notch was sharpened by
loading the bar in axial compression. Loads of 55 x 10% ky were imposed
n the A 508 specimens, causing the center region of the bar to yield and
the walls of the notch in the local region of the root radius to closs
together. The localized yielding action produced a pseudocrack abourt

0s3 mm deep, as indicated in Fig. 2.34.

Five specimens made from the A 508 steel with compression-formed
pseudocracks were tested in axial impact. In all of the tests, loading
was accomplished by dropping the 58.6 kg weight a distance of 1.78 m.

All five specimens failed, and data were obtained that permitted the
determination of Klni' The results obtained are shown in Table 2.5, The
values of K, , show remarkable consistency when compared with more conven-
tional forms of fracture=-initiation te stinge This finding was surprising
because data from the six strain gages mounted on the notched round bar
showed considerable deviation. However, when four to six gage readings
were averaged and this average strain at fracture initiation was used to
jetermine K, the results were repeatable. The laryest deviation was with
lest No. 4, which had a dynamic-initiation toughness of 66 MPa+*/m, The
train=gage records in this test were atypical and indicated that initia-
tion was followed by arrest rather than by a complete rupture of the re-
juced section. The fracture surface of this specimen will be analyzed in

ORMNL PHOTO 300788

0.2mm




54

Table 2.5, Dynamic initiation
toughness in A 508 steel
at 20°C

Test No.

VW N e
s
.
o

Average 53.9

more detail. Initial fracture examination at UM showed excessive notch
closure and transverse, rather than concentric, crack extension.

As these five specimens were tested over an extended period, i{mprove~-
ments were made in the instrumentation system used to record the strain-
gage signals. These improvements included installing better grounding to
reduce noise, providing a single gate to trigger all six channels of data
at the same instant, and reducing the time resolution to 100 ns. As
these ifmprovements were incorporated, some unusual dynamic behavior in
the strain-time trares was observed., Several of these records are being
examined to better understand the dynamice of the specimen just before
and immediately after crack initiation. Apparently, it is possible to
observe premature pop-ins and arrest before the main fracture initiation.
It is also possible to observe some effects of stress-wave propagation in
the specimen caused both by the loading wave and the unloading waves
produced by initiation.

2+3+3.3 Fractographic nnnl*olo. An extensive analysis of the frac-
ture surface of specimen DWIT-4 (Test No. 3) was performed to character-
fze the crack tip, the initiation site, and the degree of cleavage befor:
and after initiation, A typical strain~time record for this specimen,
shown in Fig. 2.35, indicates two premature pop~ins (at B and C) before
the major initiation leading to failure at D.

An optical fractograph of the fracture surfeces of the specimen {is
presented in Fig. 2.36, The fracture surface is planer and was contained
and controlled by the notchs A ridge near the center of the surface is
caused by intersecting cracks that have propagated along different planes.
Much better detail of the fracture-surface features can be observed in
the SEM fractograph presented in Fig. 2.37. A large number of cleavage~
initiation regions, ~50, are i{dentified by the small white dots located
about the periphery of the bar along the pseudocrack tip. Only a few of
these many initlation sites were of importance in developing the running
cracks The two main cleavage-initiation regions, indicated by the
letters A and B, are located 120° apart. The cracks formed at these two
sites propsgated in the directions shown by the small white arrows.
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Detail features of initiation region B are presented in Fig. 2.38
with two SEM fractographs. In Fig. 2.38(a), three dominant characteris~
tics are evident. The first of these is the precompressed zone that
formed the pseudocracks The second is a stretched and ductile fracture
zone ~50 um deep. The third is a cleavage zone t.at extends over the
remainder of the fracture surface. Where the stretched and ductile zone
meets the cleavage zone, initiation region B is identified within the
square. Figure 2.38(D) presents an enlargement of this square and
clearly locates the initiation site with its adjacent cleavage planes.
The surface features of the stretched and ductile fracture zone show
:vidence of plastic deformations in this localized region.

A similar set of SEM enlargements corresponding to fracture initia-
tion region A i{s presented in Fig. 2.39. The stretched and ductile frac-
ture zone is larger and more irregular for this region, as shown in Fig.
2.39(a). The ductility is achieved by void formation and hole coales~
cence. The initiation region, again located within the square, occurs
where the ductile fracture zone meets the cleavage zone. The cleavage-
{nftiation origin located at position x in Fig. 2.39(d) indicates that
the micromechanics of the initiation process is associated with particle
clump rupture.

2.3.3.4 Future plans., Twenty notched round=-bar specimens are now
being machined from A 533 grade B class | steel and will be tested under
impact loading. The temperature will be varied in these tests to deter-
mine the change in the initiation toughness from the lower to the upper
shelf.

Further work will charecterize the dynamic behavior of the specimen
and develop a systematic method to interpret the strain-time traces. A
formal paper describing the loading system, instrumentation method, data
analysis, specimen dynamics, and fractographic analysis will be prepared.

Experiments will be conducted with the explosively loaded dog-bone
specimens of A 533 grade B class | steel with the objective of achieving
failure in <10 us.

2+344 Nuwperical studies at UM

Numerical studies performed at UM during this reporting period have
continued to focus on two areas: (1) determining and validating appro-
priate crack=tip velocity vs dynamic stress-intensity factor vs tempera-
ture relations using measur~d data from the WP-l and other test series of
A 533 grade B class | steel, and (2) investigating triaxial constraint
and the transition from plane-stress to plane-strain-yielding conditions
in the crack=tip region.

2434441 QOynamic fracture-propagation relations for A 533 grade B
class | steel. Although often unknown or poorly defined for many mate-

rials, the relationship between instantaneous crack=tip velocity a,
dynamic stress-intensity factor K, and temperature T is a primary input
for predictive "application mode" dynamic-fracture finite-element codes.
An estimate of this relatifonship for A 533 grade B class | steel, as in-
ferred from posttest "generation mode" dynamic-fracture analyses of tests
WP=1.,2, WP=1.3, WP=1.5, and WP=1.,6, {s presented in Rel. 26, Application=
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Fig. 2.39, SEM fractographs of cleavage initifation region A
(indicated in Fig. 2.37). (a) SEM fractograph showing a narrow hole~
joining fracture band and a cleavage initiation region (box area),

(b) an enlargement of box area in (a) showing that the cleavage inftia~
tion origin (x) is adjacent to a particle clump.
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mode analyses of these same *tests using the inferred d v K vs T relation~
ship were found to produce results acceptably close to experimental and
generation-mode inalycical values.

Additional salidation of the proposed a vs K vs T relationship is
now in progress. Application-mode analyses using the proposed relation~-
ship have been compieted for the O.l5-m=thick WP-1.7 test, and the re-
sults are now being interpreted. Similar analyses will also be performed
for the recently completed WP-1.8 test (which was also 0.15 m thick).
Data from these two tests were not used to infer the a v K ve T rela-~
tionship and thus provide a fair test of the relationship, at least for
the wide-plate test geometry. Validation studies of other specimen
geometries are also planned; in particular, data from the small-scale
“"stub-panel" test specimens at ORNL will be analysed.

2.3.4.2 Investigation of triaxial constraint and yielding in the
‘i!i"!‘l region. Triaxial constraint effects and the transition from
plane-stress to plane-strain-ylelding conditions in the crack-tip region
are being investigated through a sevies of fine-mesh static nonlinear
three~dimensional (3-D) analyses of a single crack in an infinite plate.
The target element size for the analyses i{s 1/20 of the specimen thick~
ness.

Because of the enormous number of calculations in these fine-mesh
analyses, a computationally efficient combined boundary-element-~finite~
element formulation has been developed for these studies. Finite ele~
ments, which are advantageous for modeling nonlinear material behavior,
are used in the nonlinear near-crack-tip regions; boundary elements,
which are very ndvantageous for modeling linear infinite-boundary do=-
mains, are used to represent the far~-field conditions. This combined
formulation permics very fine mesh discretization in the crack-tip region
of interest without the over'wad of massive numbers of elements and
degrees of freedom in the far field. Details of the combined boundary~-
element—finite-element formulation are presented in Refs. 27 and 28.

Although the fundameutals of the combined boundary-element—finite~
element formulation are relatively straightforward, several difficulties
have been encountered in its application to the 3~D near-crack=tip frac~
ture problem:

l« The boundary-element formulation for the far~field region is for two~
dimensional (2-D) plane-stress conditions; this formulation must be
mated to the 3-D finite-element formulation for the near crack=tip
region. Inaccuracies caused by this dimension mismatch should be
negligible provided that the iInterface between the finite-element and
boundary-element regions is far enough from the crack=tip region.
Work by Parsons, Hall, and Rosakis (Ref. 29) for linearly elastic
conditions suggests that placing the interface at a distance of one
plate thickness from the crack tip should be sufficient; parametric
studies designed to verify this suggestion are under way.

2. The traction-free crack faces within the far-field region must be
discretized by boundary elements extending from the {nterface between
the finite-element=boundary-element reglons to the symmetry line (for
mode 1 fracture) at the center of the crack. However, the crack
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faces themselves lie along a symmetry line, creating serious numeri~-
cal instabilities for the boundary elements along this line. Solu-
tions under investigation for this problem include extending the
near-field finite-element region back to the center of the crack.

3. The boundary-element far-field furmulation complicates bandwidth
optimization for the global stiffness matrix., Modifications to the
bandwidth optimization algorithms are being investigated to minimize
this problem.

These difficulties with the combined boundary-element—finite-element
formulation are surmountable, and work on them is under way. Neverthe-
less, a parallel but separate approach to the problem has been initiated
based solely on a conventional finite-element formulation. This parallel
approach, which necessitates coarser meshes than desired and a finite-
specimen geometry, will be used to perform scoping analyses and to gener-
ate preliminary findings while the difficulties with the combined formu-
lation are resolved.
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of A 533 Grade B Class |
emperatures

A. Gilac*

2.4 High Strain Rate Testi

2.441 Introduction

The mechanical behavior of A 533 grade B class | steel at high rates
of deformation in pure shear is being studied. Tests have been conducted
at strain rates of ~800 and 5000 s=! and at temperatures of 20, =60, and
~150°C. The results summarized below show that both temperature and
strain rate have a significant effect on the material response.

2,442 Experimental procedure

The torsional split-Hopkinson bar technique is used for the tests.
In this technique, a short material specimen (thin-walled tube) is placed
between two bars, as shown schematically in Fig. 2.40, The specimen is
loaded by a torsional wave that is generated in the {nput ba-. To gener~-
ate the wave, a torque is stored in the section between the clanp and the

*Engineering Mechanics Department, Ohio State University, Columbus,
Ohio.
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Fige 2,40, Schematic diagram of torsional split-Hopkinson bar,
used in high-strain-rate tests of A 533 grade B class | steel.

loading wheel by first tightening the clamp and then turning the loading
vheel by a hydraulic system of cables and pulleys. When the clamp is
released, a torsional wave propagates toward the spocimen. Once the
specimen is loaded, part of the loading wave reflects back to the input
bar and the remainder i{s transmitted to the output bar. The history of
the load and deformation in the specimen is determined by wonitoring the
stress waves in the bars that remain elastic during the test. A drawing
of the specimen is shown in Fig. 2.41. The specimen itself {s the thin~
walled tube machined {n the middle section., The outside diameter of the
flanges on both sides of the specimen is selected so that the impedance
of the flanges will match that of the input and output bars. This match
ensures a smooth propagation of the waves witiout reflections. The
flanges are glued to the bars with TRA-CON 2106T epoxy. A detailled de~-
scription of the torsional split-l‘opkinson bar technique and the equa-
tions used in the analysis of a test are given, for example, in Ref. 30.

In the low-temperature tests, a small chamsber is placed around the
specimen, and liquid nitrogen is sprayed into the chamber. The tempera-
ture is measured with a thermocouple that touches the inner wall of the
specimen,

i

Fige 2.41. Specimen for the torsional split-Hopkinson bar tests of
A 533 grade B class | steel,
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2.4.3 Results and discussion

Details of 16 successful tests are summarized in Table 2.6. As an
example of data obtained in a test, the wave signals recorded at the
three gage locations shown in Fig. 2.40 for test OR-22 are shown in
Fig. 2.42. The recnrds show a rise time of <50 us in the input wave.
The history of the strain rate in the specimen, obtained by manipulating

the recorded signals,

is shown in Fig. 2.43.

For all of the tests listed

in Table 2.6, the stress-strain curves are shown in Figs. 2.44—2.49,

Tatle 2.6.

Summary of test conditirns

for high-strain-rate tests of
A 533 grade B class 1 steel

Shear strain

Exper (ment sate Tcnp:rlturc

No. (.- ) ( c)
OR=16 5000 20
OR=17 4900 20
OR-18 850 20
OR=-19 790 20
OR-20 900 20
OR=22 5000 20
OR=27 900 =60
OR-28 5100 —60
OR=29 5000 -60
OR=32 850 —60
OR=33 950 =150
OR=35 910 ~150
OR=-36 5000 =150
OR=37 5000 -~150
OR=-38 5000 ~150
0R=39 5000 —60

The effects of strain rate and

temperature on the flow stress are

shown in Figs. 2.50~2.53, 1In these figures, the data from all of the

tests are presented in shear-stress
effects of the temperature are also

2.55, which present the lower~yleld stress a
for tests at strain rates of 800 and 5000 s™%, respectively.
The following two major observations can be made from examinlug the

test results.

ve shear straine-rate diagrams., The
shown separately in Figs. 2.54 and

a function of temperature

l, The material response is affected by the straln rate, and the strain-
rate sensitivity increases as the strain rate increases. At room
tesperature, for example, the lower-yield stress increases by 45 MPa
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Fige 2,44, Shear stress-shear strain curves for specime of A 53}
grade B class | steel tested at nominal strain rate of 5000 &' and
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Fig. 2.45. Shear stress-shear strain curves for specimens of A 533
grade B class | steel tested at uominal strain rate of 800 ¢! and tem-
perature of 20°C (tests OR-18, =19, and =20 in Table 2.6).
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Fig, 2.46, Shear stress-shear strain curves for specimens of A 533
grade B class | steel tested at nouinal strain rate of 800 ¢! and tem-
perature of —60°C (tests OR-27 and =32 in Table 2.6).
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(124) when the strain rate increases from 900 to 5000 s"l.  In com-
parison, the data from SwRI show an tncrca’o of ~17 MPa (6%) when the
strain rate increases from 107 to 107! s=! and an increase of 48 MPa
(16%) when the strain rate increases from 1.7 to 900 8!, (The com-
parison 1. made by transforming the compression data of SwRl to shear
data.)

2., The temperature has a significant o({oct on the material response.
In tests at a strain rate of 5000 s™', for example, the lower yield
stress at —150°C is ~300 MPa higher than at room temperature. This
is an increase of 75%, Figures 2.54 and 2.55 also show that the
increase in stress with decreasing temperature is not linear. The
stress increases more rapidly as the temperature decreases. The tem~
perature also has a significant effect on hardening behavior follow-
ing ylelds A comparison of the stress-strain curves at room tempera-
ture with the curves at —60°C shows that the amount of hardening (the
difference between the yield stress and the ultimate stress) is
smaller at the lower temperature. The curves from tests at —150°C
show that at this temperature there is no hardening at all after
ylelding. Following ylelding, the material softens as the stress-
strain curves gradually decline. The reason for this behavior is not
yet clear. Possible explanations may be the formation of twins that
are likely to exist at low temperatures or localization of plastic
flow that will appear as softening on the macroscopic stress-strain
curve., Microscopic examination of the specimens is now being
conducted to better understand this observation,
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2,5 ORNL Unified Inelastic Deformation Model
S.=J. Chang

The unified inelastic deformation model formulated by Robinson?i=33
has been showr in other R&D programs to be capable of mathematically de-
scribing many aspects of the viscoplastic deformation behavior of several
structural alloys at high temperatures. Those stud.es have been aimed
primarily at providing equations for use in component design calculations
that included monotonic and cyclic loadings. In that formulation, creep
and plastic deformation have been represented indistinctively and inter-
actively., The model was first tested for 2 1/4 Cr=1 Mo steel and demon~
strated a high degree of success. ORNL has rocoat‘{ “tondod the basic
Robinson model for describing strain-aging effects” "+ *” as exhibited by
the phenonena of yield drop for Incomel 617 at 950°C and the reverse
strain-rate effect for type 304 stainless steel at 550°C. The model can
also describe creep-plasticity 1ntcracttonn’ such as creep-induced strain
hardening, described by Pugh and Robinson.?

In the present HSST study, the extended Robinson model is being
applied to represent the viscoplastic deformation behavior of A 53}
grade B class | steel for use in dynamic fracture analyses. The equa~
tions have effectively modeled similar phenomena of yield drop and
strain-rate sensitivity at 100°C, Some of the preliminary results are
shown in Fig. 2.56, which compares theoretical predictions with test
data. In general, note that the strain-rate depenience of tensile curves
is often influenced by the effect of strain-aging that can be defined as
tine~delayed effects caused by the {nteraction between dislocations and
solute atoms. Different alloys show different degrees of influence by
the strain-aging effect. This effect can lead to various rat. sensitivi-
ties, even reverse rate sensitivity,

Numerical implementation of a recent version of Robinson's model 32
into a finite-element program was made recently by lornb.rscr.’° The
current ORNL work will be combined with Hornberger's capabii.ties, while
Dr. Hornberger is on assignment to the HSST program from July to November
1988 from KfK, Karlshrue, Federal Republic of Germany.

The basic equations of the unified deformation model follow.

Flow equation for inelastic strain §:

-.0 ~ n ~ _— ~ -~
xTe|THxF « S=DM,, Fr0ad HFT+D >0

«0, F<Oor¥>0and $(§-2a) <o, (2.2)
where

P2eu /- k(T amed el @02, D)
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Fige 2.56, Unified constitutive equation's capability to represent
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100°C,)

Growth equation for kinematic variable &:

c'-i-zuu(ui‘n-i—nuoﬁni/fi, » 626, and ST 0
. . . ' (2.‘)
P x e aM(TD xFT-rx I, , GCG or BT <O

where

2 X2 . :
Gf = 1,/K] and 1, =T /2. (2.5)

O(|T|) =1 + C|¥|Y and K(|F|) are material tunctions to model yield
stress drop, strain-rate sensitivity, and creep-plasticity interaction.
These material functions and coefficients have been evaluated for the
data obtained earlier by SwRl for A 533 grade B class | steel at strain
rates of | and 550 s~! and at 100°C (see Table 2.7).



Table 2.7. Unified comstitutive equation material comstants
for A 533 grade B class | steel at T = 100°C

K €] " R/K
. .. P €o sy K (1/s) (n) W%, amy ¢ Y
0.01//3 100 0.4/3 1 2.226  14.916 2.5 = 10°% 1035 0.75
550  0.159  14.916 3.5 x 107 102-15 o.075

%!
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3. MATERIAL CHARACTERIZATION AND PROPLRTILS

R, K. Nanstad

Primarily for internal management and budgetary control, the Heavy=
Section Steel Technology (HSST) Program created a separate task (Task
H.3) for the work on material characterization and properties determina~
tions. MHowever, for the reader's convenience some contributions to this
report are placed within other chapters according to the larger tasks
that correspond to the particular material studies. For example, in
addition to the work reported here, refer to Sect. 7.1 for crack-arrest
studies in clad plates and Sect. 7.2 for nondestructive examination
studies in support of cladding evaluations.

3.1 Crack~Ar Toughness of Clad~P

S. K. Iskander Es T¢ Manneschmidt
Re Lo Swaln

The pretest and posttest material characterization periormed to date
has been reported in Refs. | and 2, respectively. All eight clad-plate
test specimens were machined from a single, specially heat-treated A 533
grade B chemistry plate. In this section, the results of crack-arrest
toughness tests performed on base metal of the clad plates are presented.

Pretest material characterization consisted of tensile and Charpy
venotch (CYN) tests of base metal, heat-affected zone (HAZ) and cladding,
and a4 JR curve at room temperature for the stainless steel cladding.
Posttest material characterizations reported in Ret. 2 included Young's
wodulus and stress-strain curves for all three metallurgical zones, as
wvell as results of room temperature tensile testing that had been per-
formed on the HAZ from one of the broken halves of the f[irst plate tested.
The reference nil-ductility-transition (RTy,,) temperature of the base
metal, the variation of hardness across the thickness of the plate, and
metallographic examinations have also been reported in Rets 2.

Crack-arrest specimens were machined from the base metal of clad
plate CP-18, with an L-T orientation, corresponding to the electron-beawm
(EB)~induced flaw propagating along the surface. The base metal is A 533
grude B with a special heat treatment to raise fes Rigpre Besides char~
acterizing the crack-arrest toughness properties, the specimens were also
used to check a special fixture that will be used in the hot cells. The
specimens to be tested in the hot cells are the Sixth Irradiation Series
and are in three sizes — 25 x 76 x 76 mm, 25 x 152 x 152 mm, and 33 x
152 % 152 mm., Special jigs will be used with each size, and thus crack
arrest specimens of each of these sizes were fabricated. The starting
notches were weld embrittled (WE).

The material drop-weight nil-ductility transition (NDT) temperature
is 36°C. The RIypy determined according to NB=2331 of the ASME Boiler
and Pressure Vesse! Code, Sect. 111 (wnich specifies the use of T-L
orientation CVN specimens) is 72°C. Thus, it is the T-L orientation that
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controlled the 'TNDT determination, However, the orientation for surface
crack propagation in the clad plates is L-T (which incidently fulfills
both the 68+J and 0.89-mu requirements)., Accordingly, the results of the
crack-arrest tests have been normalized using the NDT temperature rather
than “NDTO

The crack-arrest toughness Klu was measured according to American
Society for Testing and Materials (ASTM) Standard Test Method for Deter=
mining the Plane-Strain Crack Arrest Toughness (E1221-88). The results
are shown in Table 3.1, Figure 3.1 shows K; plotted vs the test tem-
perature T. Also plotted on the same figure is the ASME Sect. IIl K R
curve, plotted relative to the NDT of this material., All three results
at =25°C, as well as one of the results at room temperature for the

Table 3.l. Crack-arrest test results from L-T
orientation specimens fabricated from base
material of clad plate CP~18

Nominal

Test K
specimen Specimen la
size No. “'?2;;‘“" (MPasva)  F1a’%r
(mm)
33 % 152 x 152 cPs 23 66 1,69
cP9 23 73 1,86
cP? 50 81 1.65
CP10 75 83 1.2)
cPll 7% 86 1.28
33 % 152 = 152 Kia/Kig (mean) & lo = 1.5 & 0,27
2% = 152 * 182 CcPl 23 80 2.04
cP2 23 87 2.22
cPd -25 80 2,49
cPa -25 5298 1/62%
25 % 76 x 76 cP13 -25 za: 0.75%
CPIS -25 23 0.71
CP18 23 794 2,02

For all valid specimens: K  /K;o (mean) & lo = 1.8]1 & 0.40

lnvalid according to ASTM E1221-88 [rewaining ligament too
small, but used in analysis of data, not included in calculation
of Klsllll (mean) ).

Invalid [resaining ligament does not meet ASTM E~1221-88,
not included in calculation of Kx.lll‘ (mean) ).
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Fige 341. Results of crack-arrest tests on special heat-treated
clad plate A 533 grade B base material compared to ASME K,  curve. Open
symbols are invalid according to ASTM Method E1221-88,

smallest specimen size, were invalid according to ASTM Method E£1221-88
because the rem>ining ligament was too small. 1In earlier tests, also at
~25°C, using the smalles' size specimens, the crack ran almost the entire
ligament, It therefore appears that the WE starter notch induces too
large a driving force lo. To reduce the driving force, a machined, sharp
starter notch with no brittle weld, perhaps fatigue precracked and/or
varm prestressed (WPS), will be used to obtain data at low temperatures.
Table 3.1 gives the ratio of K; /K;p, the mean and standard devia-
tion for the two groups of specimen sizes, as well as for all usable
results. The results below the K, curve are obviously outliers and have
been disregarded in the analysis of the data, Two "invalid" values were
included in the computations because previous studies have shown that the
validity criteria of E1221-88 may be tuo restrictive.? Although the nua-
ber of test results in this case are too small to enable definite conclu-
sions, it is instructive to compare these averages to those obtained in
the characterization of the A 533 grade B class | steel (HSST Plate 13A)
used in Series | of the wide-plate tests., The averages and standard
deviation from earlier Oak Ridge National Ladoratory (ORNL) tests" are
lo46 and 0.20, respectively; while the corresponding values from a
Battelle Columbus Laboratory (BCL) nLJst on the same HSST Plate 13A are
1.55 and 0,20, respectivelys In the latter study, unusually high Ky /Ko
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ratios were not included in the averages as they were considered outliers.
Thus, the mean of the Kl /K(‘ ratio and standard deviation from the
present study (1.8 and 8.60. respectively) seem to be higher than those
obtained in the two previous investigations on the same material. How=
ever, the scatter of values from each specimen size group in the present
investigation, as measured by the standard deviation, is smaller. The
higher K /Kl ratio from the present study may result from the unusual
heat ttl}tl.l that the clad-plate base material has been subjected to in
order to raise {ts 'THDT’ On the basis of the limited number of results,
it seems that K, for this material and in the temperature range -25 to
75°C is only mi :ly dependent on temperature. These results will be used
in the analysis of the tests on clad plates (see Sect, 7.1 for a descrip~
tion of the tests).

3.2 Development of 50-mm-Thick Duplex Crack-Arrest Specimens

S. Ks lskander E. T. Manneschmidt
Re L. Swain Js Fu King

Successful crack-arrest testing at temperatures 20 to 40 K above the
NDT is difficult to achieve with WE specimens. Duplex specimens 25 to 35
mm thick, with A 533 ‘{lt. Band 2 1/4 Cr=]l Mo test sections, have been
used for this purpose. '+’ Also successfully tested were 50-mm-thick
2 1/4 Cr~]l Mo lpoct-.nl.’o‘ However, thus far, the number of successful
tests on S5S0-mu-~thick A 533 grade B or weldments at temperatures 20 to
40 K above NUT has been small, In general, unsuccessful tests on duplex
specimens are characterized by the r~unning flaw either arresting or
making a right-angle turn and propagating along the HAZ of the 4340 steel.

To increase the number of successful tests on 50-mm=-thick specimens,
the EB~welding parameters have been optimized to reduce the width of the
fusion region as well as its porosity to increase the probability of the
crack jumping across the tough HAZ.

Figure 3.2 shows micrographs of a typical EB-weld of 4340 steel to
the test section, The plane of the picture is parallel to the crack
plane. The specimen (No. PI300) from which this micrograph was prepared
is one of several successful 50-mm-thick specimens tested.® The test
section is 2 1/4 Cr=]l Mo material used in the second pressurized thermal
shock test (PTSE~2) as well as in the second series of wide=plate tests.
Figure 3.3 shows a closeup of the midthickness and the porosity that is
common in specimens of this thickness caused by the two EB-weld passes,
one from either side. The crack-arrest tes¢ was successful, and the lack
of fusion apparently did not hinder the crack propagation in this case.

Figure 3.4 shows the variation of microhardness across the fusion
gone at three locations, each characterizing about a third of the speci~
men thickness (see Fige 3.2): Hardness “"peaks" {n A 533 grade B HAZ are
kuown to be associated with higher toughness than its base wetal? and
have indeed arrested propagating flaws in the clad-plate tests (see
Sects 7)s It is not known whether the hardness peaks observed here are
also associated with higher toughness than those of 4340 base metal. The
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Fige 3.5. Varlation of hardoess across midthickness of unsuccess~
ful SO-mm-thick A 533 grade B base and weld setal duplex specimens
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arrested completely and/or was diver: ‘roection norwal to its
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The potential gains to be made by optimizing the EB~weld are diain-
fshing:, There is probably more to be gained by optimizing the specimen
geometry. One approach to be explored is the side-groove geometry, for
example, reducing its sharpness so that crack initiation is moved from
the edges toward the center. The initiation site for duplex specimens
generally seems to be at the intersection of the side grooves and the
crack starter hole in the 4340 material, Afrer initiation, the crack
tends toward midthickness and arrests upon reaching the porous midthick-
nesns, If the effective toughness of the material towards the surface is
smaller than that at midthickness (conditions similar to those of speci=
wens with no side grooves), the available energy could be used in "tun~
nelling" across the fusion zone. This may increase the chances for a
successtul test,
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SPECIAL TECHNICAL ASSISTANCE

4.1 LWR Vessel Supports

R. D. Cheverton F, B. Kam
Re XK. Nanstad Gse Cs Robinson

belol l.&fO‘us‘soa

Late in 1986, n reevaluation of the integrity of the High Flux Iso~
so

pressure vessel (Fig. 4.1) was begun in an effort
Vessel surveillance data,

G

tope Reactor (WFIR)!
extend the permissible life of this vessel.
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which had not been carefully exauined since 1974, indicated that the
embrittlement rate was significanily greater than had been anticipated on
the basis of data obtained from miterials testing reactors (MTRs) in the
early 1960s. The neutron energy s ectra and the irradiation temperatures
for the HFIR surveillance specimrn. and for specimens in the MTRs were
believed to be essentially the <ame, and the materials were very similar;
however, the fast-neutron flvx (4) in the MTRs was about 10“ times that
in the HFIR specimens. Thus, it appeared that the lower flux in HFIR was
responsible for the relzcively large amount of embrittlement per neutre ;
that is, there appeared to be a negative fluence-rate effect ("rate"
effect): the lower the fluence rate (¢), the greater the embrittle .ent
per neutron.

Soon after “ais discovery, it was realized that the rate effect might
significant)y 1mpact the life expectancy for some light-water-reactor
(LWR) ~essel supports because the temperatures and fast fluxes associated
with supports, which are located in the cavity between the vessel wall
and blological shield (Fig. 4.2), are about the same as for the HFIR
viesels Thus, a study was initiated at the Oak Ridge National Laboratory
(ORNL), as a part of the Nuclear Regulatory Commission's (NRC's) Heavy-
Section Steel Technology (HSST) Program, to evaluate the {mpact.
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Fig: 4.2. Schematic of PWR vessel indicating location of one type
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The portion of the HF - 4 that (s subjected to the highest
fast-neutron fluxes is close to the beam tubes (Fig, 4.1) because the
beam tubes displace beryllium and water that otherwise constitute shield-
ing for the vessel wall, Thus, both shell material (A 212 grade B) and
nozzle materials (A 105 grade 11 and A 350 grade LF}) were included in
the HFIR vessel materials surveillance program, and the surveillance cap~
sules, each containing three Charpy Ve-notch (CVN) specimens and a flux
monitor, were located close to the beam tubes (keys 1=7, Fig. 4.1).

The design of the HFIR vessel considered radiation embrittlement to
the extent that the vessel and nozzle diameters were large enough and the
nozele materials initially tough enough that a vessel life of 20 equiva~-
lent full=power years (EFPY) could be achieved. The criterion that had
to be satisfied was

NDTT ¢ 33°C <1,

where NDTT is the nil ductility transition temperature (a measure of the
extent of embrittlement), ana T is the temperature of the vessel. The
minimum value of T was 21°C, which was specified as the minimum permis~
sible value for pressurization (normal operating temperature for the
vessel {s ~49°C). The available embrittlement data used in the design of
the vessel were obtained from MTRs, included data for A 212 grade 8
steel, and cotronzouﬁoﬂ to appropriate irradiation temperatures, that is,
93°C (Fig. 4.3).

HFIR surveillance specimens of A 212 grade B vere removed for test~
ing after 15,0 and 17.5 EFPY, and A 105 and A 350 specimens were removed
after 2.3, 6,5, 15.0, and 17,5 EFPY, The results, in the form of ANDIT
ve fluence (®), for neutron energy (E) > | MeV, are compared with the MIR
data 14 Fige 4,4, 1f it is assumed that svectrum and chemistry effects
are not responsible for the incongruity of the three sets of data, the
comparison indicates a rate effect, To evaluate the possible effects of
the chemistry and spectrum, HFIR archive A 212 grade B material was
recently irradiated in the Oak Ridge Research Reactor (ORR), a typlcal
MIR, and the HFIR and ORR A 212 jrade B data were plotted as a function
of displacements per atom (dpa) for E > 0.1 MeV (Fig., 4.5).* Although
the HFIR spectrum i{s somewhat harder, the incongruity still exists.
Furthermore, the ORR data point for the HFIR A 212 grade B archive mate-
rial falls in the scatter band of the MTR data (Fig. 4.4), and surveil~-
lance data from army reactors PM=1 and PM=lA (Fig. 4.6) (Ref, 5) indicate
no significant differences in sensitivity between A 212 grade B and A 350
grade F3, These iater data also indicate that for the relatively high
fluxes in the M-Il rncc;oro. the increase in NDIT for A 21 grade B at a
fluence of 1 ¢~ 2 * 10}7 neutrons/ce’ is much less than that obtained
from WFIR, T us, it appears that the rate effect indicated in Fig. 4.4
is a real phevomenon,

*To obtain the MIR curve, it was assumed that the calculated
spectrus for the ORR was appropriate for the MIR data.
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4.1.3 Application of rate effect to LWK vessel supports

A preliminary evaluation of the ispact of the rate effect on life
expectancy of LWR vessel supports was conducted by estimating the
increase in NDTT, at 32 EFPY, corresponding to the cavity fluxes i(a spe-
cific Babcock and Wilcox (BAW), Combustion Engineering (CE), Westinghouse
(W), and General Electric (Glz ;onctoro for which caleculated multigroup
cavity fluxes were available,™: Displacements per atom (E > 0,0 MeV)
wvas used in lieu of f.uence to account for the different neutron spectra
in HFIR, ORR, and LWR cavities.,*® As indicacted in Figs, 4.4 and 4.5, 1t
was assumed that curves drawn through the HFIR data points corresponding
to different flux values were parallel to the MTR curve and that they
adequately represent vessel support materials. Furthersore, it was
assused that for a given value of ANDTT, there is & linear relationship

*The lower limit for E of 0,! MeV was considered to be adequate for
the purpose of this study.
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Ref. 5.

between log dpa and log (dpa rate) over & limited range (Fig. &.7).*

Based on these assumptions, the results presented in Table 4.] wvere

obtained.

In terms of ANDIT, the impact of the rate effect 15 quite large,

except for the GE reactors, wvhich have more water shielding and thus a

such lower flur in the cavity., Howvever, it is not intended to imply that
| all pressurized-vater-reactor (PWR) vessel supports will experience these

large shitts, Many of the supports do not extend vertically into the

‘rt‘uro 4.7 was odtained by cross~plotting data in Fig. 4.5 for ¢ =
2.4 = 10% and 1.2 = 10® neutrons/cafea. The extent of extrapolation

required {s evident from Fig., 4.5,
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Table 4.1, Eatimats  of J2-EFPY ANDTT values
corresponding to cavity flumes at core
aldhetight for “typlcal™ LWR plants

NSSS dpa rate ‘-."‘
$ooignos (u:s(:v:.:/. zu @01 mn 0 —
. ﬁ
(type resctor) (dpa'n) Wi win’
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ORL 2,0 = 10* NEE Tl e
CRLY 5.0 = 100 30 = jomil? (N T %0 240
o () 18 = 0 MR Ul MR " 20

“appiies ealy to plants with wessel supporte that extead vertically to
sidbeight of core.

.-l ourve in Fig. &5,

"See Pig. 440,

"hu(wu resctor,

®No sttespt made to extrapolate to dpa <1 * JO7Y,
f'muuu‘-vonr resctor,
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high-flux region opposite the core. For example, all but one of the ves=-
sels in B&W plants are supported by skirts at the bottom of the vessel,
well away from the core (vessels in GE plants are suppurted on skirts,
also). © > other hand, shield-tank and long-column~type supports
(Fige 4.2) do extend the full length of the core, and some others extend
to and below the top of tha core.

The concern over embrittlement is that the probability of support
failure as a result of propagation of sharp, cracklike defects (flaws)
increases with in~reasing embr’ttlement {increasing NDTT). Most supports
are nominally loaded in compression. znd this tends to minimize the
chances of flaw propagation. However, some supports are in ovending, at
least under some loading conditions; some are exposed to thermal gradi~-
ents that induce significant thermal tensile stresses; and some contain
welds that introduce residual tensile stresses. Thus, assuming flaws to
exist, presumably the ingredients (flaws, tensile stress, and low tough-
ness) do exist in some supports for flaw prepagation. Therefore, it
appears that the embrittlement rate effect deduced from the HFIR surveil=-
lance program may significantly impact the life expectancy of some PWR
vessel supports.

4,.+4 Summary and conclusions

Data from the HFIR pressure vessel surveillance program indicate an
embrittlement rate eifect that may have a significant impact on the life
expectancy of some PWR vessel supports. However, the necessity for ex-
tensive extrapolation of the HFIR data and the correlation of data with
neutron energies caly above 0.1 MeV introduce substantial uncertainties.
Furthermore, it is premature to state what the effect of embrittlement is
on the life expectancy of the vessel supports. There is, however, suffi-
cient evidence of an embrittlement rate effect to justify a continuing
effort to obtain more definitive answers, This effort is under way at
tiie request of the NRC.

4,2 BWR Vesse! Integrity Assessment

R+ D+ Cheverton D. G. Ball

Ia November 1987 the NRC requested that ORNL begin to evaluate the
integrity of BWR vessels when subjected to pressurized-thermal-shock
(PTS) loading. Two specific reasons for concern are that (1) surveil=-
lance data from BWRs indicate that the embrittlement rate may be greater
than expected and (2) the iO-year inspection for flaws specified by the
ASME code i{s not required by the NRC for boiling-water-reactor (BWR)
vessels., Previously it was believed that radiation-induced embrittle-
ment of BWR vessels and thus the potential for propagation of flaws in
the belt-line region of these vessels were essentially negligible.

The approach selected for the present evaluation involves the cal-
culation of the conditional probability of vessel fa'lure in accordance
with the methodologies developed for the Integrated Pressurized-Thermal



95

shock (IPTS) Progruu.' This approach permits consideration of the in-
fluence of in-service inspectfor. on the calculacted proubability of failure,
because it is necessary to specify flaw dersity and flaw size distribu~
tion. For the analyses conducted thus far, values of these parameters
are consistent with r> in-service inspection. Details of the method of
analysis for estimating the conditional probability of vessel "failure"
(P(F|E)] and of the parameters simulated are discussed in Refs. 8-10.
Accident scenarios were discussed with S. Hodge (ORNL) and W. Hodges
(NRC), and a more specific transient, the design basis accident (DBA), is
described in Ref. 1l1. This latter transient involves complete circumfer-
ential failure of one of the recirculation loops (Fig. 4.8) while the
reactor is at full power. As indicated in Fiy. 4.9, the vessel will
depressurize in ~30 s. The low pressure activates the core spray systems
and the low-pressure coolant injection (LPCI) system. Cold water is in-
jected through the core spray system onto the top of the core and through
the LPCl system to the bottowm of the core (Fig. 4.10). Within 85 s, the
LPCI cold water, which enters through half of the jet pumps, spills over
the top of the jet pumps, coming in contact with the vessel wall. Thus,
the vessel wall {s exposed to a low-temperature coolant, and the vessel
pressure and bhulk coolant temperatures are further reduced (Figs. 4.1l
and 4.12). Table 4.2 shows the "conservative" estimates of the bulk
coolant temperatures and heat transfer coefficient adjacent to the vessel
wall.!! As indicated, within 30 s the coolant temperature is down to 138
from 288°C, and during this time the heat transfer coefficient is very

Table 4.2, Bulk-fluild temperatures and fluild-film
heat transfer coefficient at inner surface
of vessel wall for DBAll

Bulk~fluld temperatures Heat transfer coefficients
"':‘.:“" u;;on 11 h;i;n 1 !cu:n 11 u;t:n 111
¥ ¥ ,
T reem veem G Melve e

0 228 (350) 288 (550) 5,68 = 10" (10,000) 5.68 = 10" (10,000)

10 260 (500) 260 (500) 2468 x 10% (10,000) 5.68 = 10% (10,000)

20 199 (390) 199 (390) $.68 = 0% (10,000) 5.68 x |0% (10,000)

3 149 (300) 156 ()10) S.68 x 10Y (10,000) S.68 = 10% (10,000)
0 138 (280) 1)& (280) S.68 (10) 5.8 (10)
40 132 (270) 132 (270) 5.68 (10) 56,8 (10)
80 132 (270) 132 270) 5.68 (10) 56,8 (10)
B  (70) 132 (270) 2.84 = 10 (500) 56.8 (10)
175 21 () 127 (260) 2.84 = 07 (%00) 56,8 (10)
500 21 (70) 121 (2%0) 2,86 = 107 (500) 56,8 (10)
100 2l (20) 116 (240) 2.84 = 10Y (500) S6.8 (10)
1000 21 (70) 110 (230) 2.96 = j0Y (500) 56,8 (10)
2000 2l (70) 107 (22%) 2.84 = 10} (S0 S6.8 (10)
3000 21 () 107 {22¢) 284 « [0? (%00) $6.8 (10)
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Fig. 4.8, Schematic of BWR pressure vessel internals and recircu~-
lating asystem. Source: Ref. 1l.

large., There is a brief poriod of steam blanketing (~50 s); at 85 s tho
coollnt temperature is 21°C, and the heat transfer coefficient 2.84 x 103
W/mlsoC,

On the basis of the discussions with Hodge and Hodges and the previ-
ous descriptior of the DBA, it was tentatively concluded that BWR vessels
may be subjected to thermal-shock loading as a result of sudden loss of
pressure, but presumably thers is no means for rapid repressucization.
Thus, the conditional probability of failure (P(F|E)) w's calculated for
thermal~shock loading conditions only. An exponential decrease in cool~-
ant temperature of the form T, = Ty + (288 — Ty)e ™A' was considered, and
calculations were made for p = = (ltcp change !n temperature from 288°C
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Fig. 4.9, Vessel pressure and mass fraction following DBA.
Source: Ref. ll.

to Tg), B = 0415 min=! (AT = 167°C for t = 13 min), and Tp = 93 and
121°C.  For all cases, the pres=ure was assumed to be essentially atmos~
pheric. Two values of the fluid-film, heat~transfer coefficient were
used (1.70 x 10% and 3.41 x 10° V/I2°.C). the lower value representing
natural convection and the higher value moderate forced convection,

Thus far, two sets of calculations have been made. For the first
set, radiation embrittlement was deduced from the PTS embrittlement trend
curve used for the IPTS studies;® fluence data'? vere taken from a very
early compilation (Table 4.3); copper (Cu) and nickle (Ni) concentrations
of 0.35 and 0.80% were used; and the initial value of RT was 18°C.

For both sets of calculations the flaws were axially oriented and two
dimensional (2 D), and the vessel dimensions were 6.50-m inside diameter,
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Fig. 4.12. Bulk fluid temperature after DBA. Source: Ref. ll.

Table 4.3. Fast-neutron fluence t%{ several
BWR vessels at end of life
(preliminary data)

Thermal power Reactor life Fluence (E > 1 MeV)

Beseter (MW) (years) (neutrons/cm?)
Big Rock Point 157 40 4 x 10l®
La Crosse 165 20 1 x 109
Oyster Creek 1600 40 9 x 1017
Nine-Mile Point 1500 40 7 % 1017
Dresden-2 2300 40 2 = 1017
Millstone Point 1700 40 4 x 1017
Browns Ferry 3300 40 4 x 1047
Dresden=3 2500 40 2 = 1017
Quad Cities-1 2500 40 2 = 107
Monticello 1700 40 5 x 1017
Vermont Yankee 1600 40 1 = 1047

9pata taken from Ref. 12. Fluences for BWRs not listed are
reported in FSARs to be <10'? neutrons/ca?,
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0s156-m wall, and 3.8] mm of cladding. Also, for both sets of calcula~-
tions, the flaw density was assumed to be 0.1 flaws/vessel, consistent
with what was considered to be reasonabie for the IPTS studies.®

Results for the first set of calculations atc presented in Table
4.4, As indicated for a flu » (®) of 1 x 1019 nautrona/cnz. the condi-
tional Brobability of crack iu.tiation [P(I|E)] ranges from 4 x 10-®
8 x 107", and the conditional probability of a flaw initiating and not
arresting vithtn the inner 95% of the wall [P(F|E)] ranges from 2 x 10~7
to 7 x 10°9, [0f (ourse, the slower the thermal transient and the
smaller the value of the surface heat transfer cocfflctcnt (h), the lovcr
the probability of "fallure."] For fluences of 3 x 10'® and 1 x 1018
neutrons/cm?, the probabilities are about 2 and 5 orders of magnitude
less, respectively.

Table 4.4, Calculated values of P(I|E) and P(F|E) corresponding
to two postulated transients and a flaw
density of 0.1 flaw/vessel

Fluence (E > 1 MeV)

» (neutrons/cm?)
a h

Transient™  (y/m2esc) p(1]E)° p(F|E)]
1 x 1018 3 x 1018 1 x 1019 1 x 10!9

1 1.70 x 103 4 x 10=° 2 x 10~®

1 3.41 x 1072 5 x 10~? 5 x 10~8 g x 10=" 7 % 10=°

2 1.70 » 10°? 4 % 10~8 2 % 107

2 3e41 % 103 4 x 10~5 5 x 106

@Transient 1: step change in coolant temperature from 288 to
93°C and in pressure from normal opecating pressure to essentially
atmospheric.,

Trancient 2! expon(ntlal decrease in coolant temperature (T =
93°C + 194e~Bt, 8 » 0,15 min~!, T in °C) and step change in pressure
to essentially atmospheric,

bSutflce heat transfer coefficlent,
®Conditional probability of crack initiation.

dCondttional probability of crack initiation without crack arrest
within the inner 955 of the wall.

Preliminary information from the NRC (W4, Hodges) indicates that ~50
depressurization transients have occurred at BWR plants. There are ~30
BWR plants, and they have an average operating time of ~l10 years. Thus,
the frequency of "failure" assoclated with the depressurization tran-
sients is about a factor of 5 less than the values of P(F|E). 1t is
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Figs 4+15. Distribution for ARTyny based on Regulatory Guide 1.99
Rev. 2.

function of the mean value of the fluence. For this second set of czal-
culations of P(F|E), a normal distribution w.th a standard deviation of
16% of the mean was used for ARTNDT‘

Thus far, calculated values of P(F|E) and P(I1|E), based on Regula-
tory Guide 1.99 Rev. 2 and using ARTy,; as the independent varialle, have
been obtained for step changes in coolant temperature from 288 to 93°C
and from 288 to 121°C, a fluid-film heat transfer coefficleut of 3.4 x 103
H/|2°‘C. and three valves of RTNDTO (=40, —18, 4°C)., The results are

presented in Figs. 4.16 and 4.17 for P(F|E) and Figs. 4.18 and 4.19 for

P(L|E).

The results in Figs. 4.16-4.19 are based on one flaw per vessel. As
mentioned previously, based on the studies in Ref. 8, a flaw density of
0.1 flaw/vessel is more realistic. Thus, the values in Figs. 4.16~4,19

can be multiplied by 10-4,
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Fig. 4.16. P(F|E) vs RTy,, for step change in coolant temperature
from 288 to 93°C and for one yYaw per vessel.

Based on the recent compilation of chemistry, ‘TNDTO and 32-EFPY

fluences for all BWR vessels!? and the information in Figs. 4.164.19, 1t
appears that the most susceptible BWR vessel is one with RTyor * 157°C
and 'TNDTO = 44°C. VFor this vessel and a step change in cocfznt tempera-

ture of 194°C, P(F|E) < 1 x 10°%, and P(L|E) = 1 x 10*7; for a step change
of 167°C, P(F|E) < 1 x 10™%, and P(1|E) < 1 x 10°%,

If the actual time dependence of the coolant temperature were in-
cluded, the results would not be significantly different because the
‘aitial decrease in temperature (Figs. 4.9 and 4.12) {s so rapid. How=-

~*y Af the lower value of T, indicated in Table 4.2 were vsed (21°C),
P(» |E) would be substantially greater.



P [tailure (1 tlaw/vessel)]

Lrom

105

ORNL-DWG 88C-4489 ETD

10!

10-2 RTnpry = -40°C

- - - - - lT T -‘oc
10-3 NOTo

‘o.‘

108

108

100 150 200 250
nnoyi"ﬂ

Fige 4417+ P(FIE) vs RT for step change in ccolant temperature
288 to 121°C and for oune ?¥nw per vessel.



106

ORNL-DWG 8BC-4470 ETD
10!

—_— mllofo - .40°C

10-3

104

10°%

P limtiation (1 flaw/vessel)]

10+8

‘o-,

wd Bl | | L | I ! I
40 60 60 70 80 %0 100 1O 120
ATnpr(oC)
b S G L R R | RS S U N S A U U U N AN 0 N
100 150 200 260
Atwor(oF)

Vigs 4o18. P(I|E) ve l‘i“. for step change in coolant temperature
from 288 to 93°C and for one [iaw per vessel,



107

ORNL-DWG 88C-4471ETD

10!
RTnory = -40°C
- - - - - 'TNDYO-‘°C
10°3
2
®
§ 104
2
<
2 10
-
e
£
a
10-¢
107

00 Ll 1 W, 1 | L !

40 50 80 70 80 90 100 110 120

MuprieC
sl o e b AlA‘JLALLLJl.LLAALLLJ_AA_J
100 160 200 150
nnpf("ﬂ

Fige 4.19. P(I|E) for step change in coolant temperature from 288
to 121°C and for one flaw per vessel.

A decrease in P(F|E) can be achieved by using a more realistic flaw
shape [three dimensional (3 D) as opposed to 2 D], However, results of
the IPTS studies® indicated that the effect was not large. Perhaps the
greatest reduction in the calrulated frequency of failure can be achieved
by thoroughly examining the frequency of events.
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4,3 Evaluation of J-R Curve Validity Requirements

R« K. Nanstad Je C. Merkle
S. Druce

T e specific problem concerns the corntinued operation of PWRs with
low-upper-shelf weld toughness. Already, 2 plants have fallen below the
legal screening limit of 68 J, and it is anticipated that an additional
15 plants will do so before reaching the end of their original design
lives. It is intended that continued operation below the 68-J limit can
be justified using an instability (J-T) analysis demonstrating that
unstable crack propagation will not occur. A draft ASME document using
this approach suggests that crack extensions up to 0.7 in. (18 mm) may be
required. Furthermore, it is proposed that JlOd should be used rather
than the conventional deformation J (J). However, the use of J ., may
be premature, because some J-delta a data are known to exhibit an upward
curvature that is physically unacceptable. Further doubts arise from an
analysis of the HSST intermediate test vessel V-B8A where the experimen=-
tally observed instability is predicted using Jp but not using J_ 4«

A series of ad hoc working group meetings have been held to pursue
informal discussion with two objectives:

l. examine which J parameter is the more correct and define ranges of
validity, in particular, the allowable amount of crack extension; and

2. determine how small specimen (ata may be extrapolated and applied to
structures,

Means for extrapolation of data are required as surveillance speci~-
mens, even when available, are generally either 0.,5T or IT compacts. A
specimen size effect program is being conducted at Marerials Engineering
Associates using a plate of A 302 grade B steel with homogeneous proper-
ties and a low-upper-shelf energy of ~68 J. The tests are to be con-
trolled to the highest capability of modern unloading compliance tech~-
niques to provide an accurate data set on appropriate material for the
evaluation of the previous two issues.

Apart from the specific problem that requires some progress on a
short time scale, the ques_ions being addressed are generic to most
structural integrity problems. In particular, the questions are germane
to leak~before~break situations. Conclusions from the discussions to
date are summarized as follows.

le« There remains con.iderable uncectainty regarding which J-like
parameter i{s fundamentally more correct and its range of applica~
bility.

2+ At present, for conservatism, it would appear prudent to continue
with deformation theory J, although with further advances in defining
limits of applicability J ., may be preferred.

3. For many materials, cxtuttﬁ; crack growth (delta a) limits in testing
standards now appear unduly conservative: 30% of the remaining liga-
ment appears more appropriate.
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In testing high-toughness materials, it is more difficult to obtain
"valid" data covering a fixed amount of crack extension. For these
materials, J limitations are likely to be more restrictive than crack
extension limits; thus, it is unlikely that any increase in allowable
crack extension would be of particular benefit. This is likely to be
the case with modern high-purity reactor pressure vessel steels and
austenitic stainless steels.

There is a continuing need for development of elastic-plastic
fracture-mechanics (EPFM) testing techniques to assist in the evalua-
tion of different EPFM parameters, their ranges of applicability, and
means of extrapolation to larger crack extensions.

Current approaches to defining allowable J and delta a limits are
incomplete because they do not include 2 material sensitivity factor
relating crack growth to changes in crack-tip constraint,

During the next report period, participation in the working group will
continue, and a summary report will be compiled on the current state-of=-
the-art assessment methods for low-upper-shelf welds in general.

le
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5. CRACK-ARREST TECHNOLOGY

D. J« Naus

5.1 Background

The primary objective of the crack-arrest studies under the Heavy-
Section Steel Technology (HSST) Program is to generate data for under~-
standing the crack-arrest behavior of prototypical pressure-vessel steels
at temperatures near and above the onset of the Charpy upper-shelf region.
Program goals include (1) extending the existing K, data bases beyond
those associsted with the upper limit in the Ancrisan Soetety of Mechani-
cal Engineere Boiler and Preseure Vessel Code (ASME B&PVC); (2) clearly
establishing that crack arrest occurs before fracture-mode conversion;
(3) observing the relationship between arrest data and machine/specimen
compliance behavior; and (4) validating the predictability of crack
arrest, stable tearing, or unstable tearing sequences for ductile mate-
rials. Also, the tests and analyses provide bases for obtaining and
interpreting dynamic fracture data (with relatively long crack runs) and
for validating viscoplastic fracture models and analysis methods. During
this report period, the program objectives and goals were investigated
for a prototypical pressure-vessel material, A 533 grade B class | steel.

The wide-plate tests are being conducted at the National Bureau of
Standards (NBS), Gaithersburg, Maryland, under an interagency agreement.
The tests are designed to provide fracture-toughness measurements at tem~
peratures approsching or above the onset of t.ue Charpy upper~-shelf regime
{n a rising tough'ess region and with an increasing driving force. In
addition to providing crack-arrest data, the wide-plate tests provide
{nformation on dynamic fracture (run and arrest) processes that are being
used by researchers at Oak Ridge National Laboratory (ORNL), Southwest
Research Institute (SwRI), and the Univereiiy of Maryland (UM) to develop
and evaluate improved fracture-analysis methods (see Chap. 2).

Crack-arrest work is also being conducted a2t ORNL to develop the
capabilities to perform sma.l-specimen high-!(Ia tests. These activities
are reported In Sects 5.5,

5.2 Wide-Plate Crack-Arrest Testing*

R, dewWit! S. R, Low!
Re Jc rleldﬂ'

5¢241 Introduction

The HSST wide-plate crack-arrest tests are being perforwed with the
27-MN-capacity testing machine at NBS. The first series of six tests

*Work sponsored by the HSST Program under Interagency Agreement
No. DE=Al05-840R21432 between the U.S. Department of Energy and the
National Bureau of Standards.

Fracture and Deformaiion Division, National Bureau of Standards,
Gaithersburg, Maryland.
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(WP=1.1 through WP-1.6) has been completed using specimens made from HSST
plate 13A of A 533 grade B class | steel, The first four tests using a
low-upper-shelf base material (WP=-2.4, WP-2.1, WP-2.5, and WP-2.3) have
also been completed. During this report period, analyses were completed
for two additional tests that used A 533 grade B class | materials
(WP~1.7 and WP-CE~1). Each test used a single-edge notched (SEN) plate
specimen that was subjected to a thermal gradient along the plane of
crack propagation. The linear thermal gradient, which provides a rising
toughness field, was achieved by cooling the notched edge of the plate
and heating the other edge. During each test, strain ar)] temperature
were obtained as functions of time and position. Also, load, crack-
opening-displacement (COD), acoustic-emission (AE), and accelerometer
data were obtained during each test as functions of time. Figure 5.1
presents a schematic of a wide-plate crack-arrest specimen, and Fig. 5.2
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Fig: 5«1+ Schematic of HSST wide-plate crack-arrest specimen,
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shows a specimen positioned in the NBS testing machine., More details ou
the specimen assembly are included in Ref. 1.

Tests WP-1.7 and WP-CE~l were conducted on July 23, 1987, and
September 14, 1987, respectively. The 1 x |1 x 0,15 m specimens (0.1 m
for specimen WP-CE~1) were provided by ORNL. The specimens had been pre-
cracked by hydrogen charging an electron-beam (EB) weld located at the
base of a prewachined notch in the plate (Fig. 5.1). The crack front of
specimens WP-1.7 and WP-CE-l had also been cut into the chevron configu-
ration shown schematically in Fig. 5.3. Table 5.1 presents specific
dimensions for each of the plate specimens.

Table 5.1. Detailed dimensions of wide-plate
crack-arrest specimens

Dimension
Specimen feature Sy-boI‘ (ua)
WP=-1.7 WP-CE~-1
Initial crack length a, 202 200
Th!l kness B 152.4 101,7
Notch thickness By 114.3 76.3
Chevron thickness B 61.0 40,0
(thickness a )
Width - 1000 1000
Pop=in crack length a NA NA

4300 Fig. 5¢3.

5¢2,2 Instrumentation and testing procedure

NBS welded the plate specimen to pull plates; the overall specimen
dimensions for WP-l.7 and WP-CE-l are presented in Fig. 5.4, (The length
of pull plates changed from test to test because of the cutting procedure
used to remove a specimen before the welding of the next specimen.) The
specimens were then instrumented with 40 thermocouples positioned as
shown in Fig. 5.5 Biaxial and uniaxial strain gages were placed on the
specimen and pull plates as shown in Fig. 5.6, Additional instrumenta~-
tion included (1) two COD gages installed on the front (F-COD) and back
(B=COD) plate faces at a/w = 0,150 (the gages measured the displacement
between points 30 mm above and 30 mm below the crack plane), (2) an AE
transducer located on the lower pull tab, and (3) two accelerometers
mounted at the top and bottom pull plates near the pull tabs. A measure-
ment of tensile load applied to the specimen was obtained from the test=
ing machine load cell,
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meus and pull-plates for (a) specimen WP=1.7 and (D) specimen WP-CE-l,

After being instrumented, the specimen was placed into the testing
machine and insulated. A Lemperature gradient was then imposed across
the plate by cooling the notched edye with liquid nitrogen while the
other edge was heated. Liquid nitrogen flow and power to the heaters
were continuously adjusted to obtain the desired thermal gradient. Final
calibrations of the strain gages, CODs, and load were completed just
betfore specimen loading. The specimen was then loaded until crack propa=
gation occurred,
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loading rate was increased by a factor of ~5, Approximately 4700 s after
the beginning of the first load cycle, specimen loading was reinitiated

at a rate of 90 kN/s. At a load of 26.2 MN (Fig. 5.10), the crack run=
arrest events and ductile tearing {nitiated and lasted ~27.5 ms. Examin~-
ing the strain-gaoge records and fracture surface indicated that two cleav-
age crack run-arrest events occurred.

5624342 Test WP-CE~l. Test WP-CE~l was the twelfth wide-pl te
crack-arrest test and the first that used the A 533 grale B cla+ | mate-
rial provided by Combustion Engineering, Ince? After obtainin: u satis=
factory thermal gradient (Fige. 5.11), the specimen was loades’ 't an aver=-
age rate of 24 kN/s. At a load of 10.14 MN, cleavage crac! -r.pagation
inftlated with a stable arrest occurring at a/w = 0,37 on the plate front
face and at a/w = 0.42 on the plate back face. After holdirg the load
constant for 150 s, loading was reinitiated at 24 kN/s. Al a load of
15,26 MN, fibrous crack propagation began and was then fecllowed by a
rapid drop in load to about 4.4 MN (Fig. 5.12). After vaintaining the
load at this value for about 30 s, .oading was reinitiuted at 24 kN/s
until at a load of 6,34 MN, couplete separation of the plate occurred.
Examining the fracture surface and strain-gage records indicated that one
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Fige 5.104 Load vs time relationship during second load cycle:
Test WP~1,7.
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Fige 5412+ Load vs time relationship: Test WP-CE-l.

12
X 10%

cleavage crack run-arrest event occurred before the onset of ductile
tearing.

5:2.4 Test result summary

"+244s]1 Test WP-l.7, The entire fracture surface of WP=1,7 {is
shown in Fig. §.13(a), and a close-up of the cleavage and loss-of~
cleavage regions is presented in Fig. 5.13(b). As noted in the figure,
two cleavage crack run-arrest events occurred during the test, A region
of fibrous fracture averaging 10 mm in width separates the two events.
Also, there is a significant island of cleavage beyond the second arrest.
It {s about 30 mm in diameter and extends to a point 673 sm from the cold
edge of the plate (i.e., to a point where the plate temperature was about
97°C)s The cleavege crack started in the plane of the side grooves;
however, as it progressed, it deviated from this planes. 7' maximum

deviation was 15 mm below the plane of the side grooves . Ye lower half
of the plate at a position corresponding to the second .t point,
Figures 5.14-5.,17 present strain histories for con ' '~ on crack-line

gages mounted on the front and back surfaces of the plav. specimen.



Fig. 5.13. Fracture surface for specimen WP-1.7. (a) Overall

fracture surface and (b) close-up of initlal crack, leavage run-—
arrests, and loss-of-cleavage region (the scale is at the specimen back

surlface ).
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Fig. 5.18. Strain histories (expanded time scale) duriang second
load cycle for companion crack-line gages showing reinitiation followed
by the second crack run-arrest event: Test WP-1.7. (Strain values from
first loading cycle have been subtracted.)
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Fig. 5.21. Strain histories at two time resolutions during second
load cycle for far-field gages:
loading cycle have been subtracted.)

Test WP-1.7. (Strain values from first
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Table 5.2 (continued)

Position Time VQlocttyb

a
Saiioater (mm) (ms) (m/s)

Back-face measuremente: WP-1.7

Initial crack 202 0
533
8$G13 218 0,030
741
$Gl4 258 0,084
444
$G15 298 0.174
444
$G16 338 0264
455
S§G17 378 0.352
571
SG18 418 0.422
541
SG19 458 0.496
333
$G20 498 0.616
417
Arrest 528 0.688 1.5
Some fibrous growth
Reinitiation 538 7.402 346
Arrest 635 7.682
Reinitiation 635 12.362
24
End of plate 1000 27.482

%Gage positions in the table are all reduced by 32 mm
from the actual gage position shown in Fig. 5.6 to account
for the fact that the peak strain occurs at an angle of 72°
in front of the crack tip.

h\hloctty is an average calculated velocity for crack
propagation between indicator points.






ORNL PHOTO 8240 88

Fig. 5.26. Fracture surface for specimen WP-CE-i. (a) Overall

fracture surface and (b) close-up of initial crack, cleavage run-arrest
evenl, and ws—of-~cleavage region. (The scale is at . he specimen [front
face.
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Figs 2437+ Plasticity and fibrous crack extension as detected by
front-face crack-line gages: Test WP-CE~l,
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Fig. 5.38. Strain histories for back-face crack-line gages during

period while ductile fracture was occurring: Test WP-CE-l.
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Fig. 5.40. load and far-field strain histories during thes same
time period: Test WP-CE-~l,
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Table 5.3. Crack position vs time and velocity

Position Time Vclocityb

a
Lastsater () () (n/8)

Pront-face measuremente: WP=(CE-1

Initial crack 200 0

853

SG1 229 0,034
741

8G2 269 0.088
690

SG3 309 04146
526

SG4 349 0,222
244

Cleavage arrest 370 0,308

Back-face measurements: WP-CE-1
Initial crack 200 0

853

SG13 229 0.034
1538

SGl4 269 0,060
952

8G15 309 0.102
513

SG16 349 0.180
435

$G17 389 0272
337

Cleavage arrest 420 0,364

A3prain gage positions in the table are all reduced
by 21 mm from the actual gage position shown in Fig. 5.6
to account for the fact that the peak strain occurs at an
angle of 72° in front of the crack tip.

bVoloclty {s an average calculated velocity for
crack propagation between indicator points.
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Fig. 5.41. Apparent crack-front position history: Test WP-CE-l.

Front= and back-face COD histories fo. both short (6 ms) and long
(60 ms) times are presented in Fig. 5.42. Longitudinal accelerations
recorded by "damped" accelerometers mounted on the specimen's centerline
at 3.714 m above (top) and 3.710 m below (bottom) the crack plane are
presented in Figs. 5.43 and 5.44, respectively, Dynamic displacement of
the specimen, relative to that of the large columns of the testing
machine, as measured 3.710 m below the crack plane, is presented in Fig.
5:45 for several time resolutions.

53 Properties of Prototypical Pressure Vessel Materials

5¢3.1 WP~l geries

The initial series of wide-plate crack-arrest specimens is taken
from the central portion of the 18.73-cm~thick HSST plate 13A of A 533
grade B class | steel that ‘s in a quenched and tempered condition.
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long- (60-ms) time periods:

Test WP-CE-1l.
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machine as measured 3.710 m below the crack plane: Test WP-CE-l.
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Properties of this plate include

l« Young's modulus E = 206.9 GPa,

2. Poisson's ratio v = 0.3,

3. coefficient of thermal expansion a = 1l x 10-6/°¢c, and
4, density p = 7850 kg/m?.

Temperature-dependent fracture-toughness relations for initiation and
arrest, based on small-specimen data, are given by

0+036(T—RT,,
Kie = 514276 + 51.897 e NoT . (5.1)

0,028738( T—RT
Kia = 49:957 + 16,878 e " NoT) " (5.2)

with units of K and T being megapascals times root meters and degrees
Celsius, respectively., Drop-weight and Charpy V-notch test data indicate
that RTyp. = =23°C and that the Charpy upper-shelf energy is 160 J with
its onset occurring at 55°C.

Analytical studies have used a dynamic fracture-toughness relation
in the following form:

Kip = Kpy + A(D) a? , (5.3)
where K, {s given by Eq. (5.2) and either

ACT) = [329.7 + 16425 (T = RTypp) ) * 108, (5.4)
or
ACT) = [121.71 + 14296 (T = RTypp)) x 1078 (5.5)

{f (T = RTy,p) is greater or less than -13.9°C, respectively. Units for
Kips As a4, and T, respectively, are

l. megapascals times root meters,

2, megapascals times square seconds times meters to the —3/2,
3. meters per second, and

4, degrees Celsius.

The form of the K., expression in Eq. (5.3) and relations for A(T) [Egs.
(5+4) and (5.5)) are derived from Ref. & by estimating that RT .. = -6.1°C
for the material used in that study.
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5:.3.2 WP-CE series

The WP-CE specimens were male from a second heat of A 533 grade B
class | material that was provided to ORNL by Combustion Engineering
(CE), Inc., in the form of a plate 244 x 1016 x 1016 mms. The material was
characterized by CE, and the detailed results are presented in Ref. 5.
Pertinent material properties include

l. an ¢ltimate tensile strength ranging from ~580 MPa & room tempera=-
ture to ~560 MPa at 66°C to ~520 MPa at 120°C,

2., a nil=ductility transition temperature frow = —34°C to =~ —23°C,

3. a Charpy upper-shelf energy of =180 to ~203 J, and

4, the lieinuu temperature for fully ductile behavior occurring at =43
to =49°C.

Temperature-dependent fracture-toughness relations for the WP-CE material

used for pretest planning were the same as Eqs. (5.1) and (5.2) with the
lTNDT changed to the appropriate value for the WP-CE material.

5.4 Wide-Plate Analyses at ORNL

B. R, Bass J. Keeney-Walker

S«4.1 Posttest analyses of test WP=l,7

S.4.1.1 Posttest three-dimensional (3-D) static analyses. Three-
dimensional static finite-element analyses were performed on the WP=l.7
plate assembly to determine the static-stress intensity factor at the
time of crack initiation. These analyses were performed with the ORMGEN/
ORVIRT (Refs. 6, 7) fracture analysis system and the ADINA-84 (Ref. 8)
finite-element code. The 3-D finite-element model incorporated a segment
of the plate assembly that was 4.,4595 m in length measured from the crack
plane to the top of the load=pin hole. The crack~tip regzion of the wodel
included the chevron cutout, the side grooving, and the edge notch, the
dimensions of which are taken from Table 5.1« From symmetry conditions
neglecting out-of-plane eccentricity, one-quarter of the partial pull-
plate assembly was modeled using 3751 nodes and 720 20-noded isopara-
metric elements.

The thermal deformations computed from a posttest two-dimensional
(2-D) analysis were superposed on a 3=D finite-element model to account
for the in=plane thermal bending effect in the 3-D analyses. The bound=-
ary conditions of the 2-D thermoelastic analysis were based on the
assumption that the heated and cooled edges of the plate were fixed at
T = 182.7°C and Tats * ~74.7°C, respectively, along a 2.4=m length
(centered relative to the crack plane) and that the pull-tab edges were
maintained at T = 20,0°Cs The remaining surfaces of the assembly were
assumed to be insulated. The in-plane thermal bending produced a load=-
line eccentricity (through the top of the load=pin hole) of 1.83 cm rela-
tive to the geometric center of the plate.

In the 3=D analysis, thermal stress effects were neglected, and a
uniform line-load statically equivalent to the WP-l.7 test initiation
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load of 26.2 MN was applied at the location corresponding to the top of
the load-pin hole. This analysis resulted in a static stresc-intensity
factor of K, = 280.,6 MPas/m at the center plane of the plate. A ratio of
KI/K e 2.71 results from comparing this computed K; value with the
ltatlc initiation value of K x " 103.7 MPa*/m evaluated from Eq. (5.1)
using the crack-tip temperature of —22.7°C.

S.4s1.2 Posttest two-dimensional (2-D) static and
dynamic analyses

Static and stability analyses using Eq. (5.2) for Kia+ Posttest 2-D

analyses were done using computer codes based on both quasistatic and
elastodynamic techniques. For the quasistatic analyses, the ORNL com=-
puter code WPSTAT (Ref. 9) was used to perform both crack-arrest and
crack-stability analyses. As described in Ref. 9, the WPSTAT code evalu-
ates static stress-intensity factors as a function of crack length a and

temperature differential AT = T _ — T (. across the plate. These

factors are computed for fixed-force conditions K: (a, AT) and for fixed
load=pin displacement conditions K?SP (a, AT) by superposing contribu=-

tions from tension and bending finite-element and handbook solutions.
Also, WPSTAT categorizes arrested crack lengths in terms of three types
of instability limits that are enumerated below.

For test WP=1.7, the proposed temperature profile was defined by
specifying a crack-tip temperature of Top = ~19°C at x = 0,20 m and a
midplate temperature of THP = 57°C at x = 0.5 w, implying that T, . =
~69.7°C and T, = 183.7°C. As indicated in Fig. 5.9(b), the temperature
gradient actually achieved at the time of the run-arrest event deviated

somewhat from the proposed profile in the region of 0.2 € x < 0.6, Con~

sequently, the posttest WPSTAT calculations of the static factors Ki

(a, AT) and K?SP (a, AT) used the actual temperature profile provided in

'180 Sc’(b) (to.o. TCT » ~22,7°C and T.id - 54.0)0 For this 'P.Cified
temperature profile, the dependence of the arrested crack length and
crack stability on the applied initiation load '1n was investigated with
WPSTAT, and the results are presented in Fig., 5.46. Figure 5.46 includes
the statically calculated final crack length ag., as well as the insta-
bility=limit crack lengths for (1) reinitiation a . . (rin)’ (2) tensile
instability ag, (F;.), and (3) tearing instability aj (Fin)e The ten-
sile instability calculation is based on the average stress in the
remaining ligament equal to an ultimate stress of o, " 550 MPa, which
represents the lowest value for the temperature range of interest. For
the tearing instability calculation, the material tearing resistance is
assused to be represented by a power-law J-resistance curve J, = C(aa)®,
where C = 0.3539, m < 0,4708, and the units Jg and Aa are MJ/m? and am,
respectively. 1In Fige. 5.46, the statically computed arrest length corre=
sponding to the measured (nitiation load F; = 2642 MN is given by ag. =
0,635 m« The computed arrest point is above the tensile instability
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Fig. 5.46, Statically calculated crack lengths [Eq. (5.2)]): Test
WP=1. 7 .

curve ap), implying an unstable condition. The measured initial arrest
point a, = 0.528 m is below the tensile instability curve bit above the

tearing instability curve ayz. Figure 5.46 indicates that tearing insta-
bility is expected when the crack length exceeds ~0.43 m, which occurs
before the first measured arrest position (see Table 5.2).

In Figs 5.47, the K; function presented in Eq. (5.2) 18 evaluated
on the arrest crack-length curve ag(F), on the incipient tearing-insta-
bility curve ay2(F), and on the cleavage-reinitiation curve 'rcin(')‘

The K;. function presented in Eq. (5.1) is evaluated on the curve
‘teln(F)‘ Evaluation of the KI.(lf) curve at the initiation load F =
26,2 MN yields an arrest toughness of K; = 457 MPas/m at the comput ed
arrest point of a,. = 04635 m where the crack=tip temperature would be
T = 87.7°C.

The complete static fracture mechanics and stability analyses are
depicted in Fig. 5.48 for the initiation load of F = 26,2 MN. Included
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in the figure are curves for initiation toughness ch' arrest toughness

Kia’ displacement controlled stress~intensity factor K, , and force-

1

controlled stress-intensity factor K'. The regions of tearing and ten-

i
sile instability and the computed cleavage arrest point ag. are also
identified in Fig. 5.48,

Static and stability analyses using Schwartz function for Kia® The

analysis was repeated using the Schwartz function for Kia® that 1is,

0.03988( T—RTypy)

K, = 63.130 + 9.21le

= (5.6)

In Fige. 5.49, the statically computed arrest length corresponding to the
measured initiation load F; = 26.2 MN is given by ac = 0.562 m, which

is closer to the measured initial arrest point of ag, = 0.528 m than the
results presented in Fig. 5.46, Both the computed arrest poin. and the
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first measured arrest point are now between the tensile instability curve
and the tearing instability curve.

In Fig. 5.50, the K;, function in Eq. (5.6) is evaluated on the
(1) arrest crack-length curve ag(F), (2) incipient tearing instability
curve ay2, and (3) cleavage reinitiation curve ’rein(F)' Evaluation of
the Kla('f) curve at the initiation load of F, = 26,2 MN yields an
arrest toughness of Kla = 433 MPa*/m at the computed arrest point of
ag. = 0562 m, where the crack=tip temperature would be T = 69.4°C. The
complete static fracture mechanics and stability analyses are presented
in Fig. 5.51 for the initiation load of Fy, = 26.2 MN.

S5¢4.1.3 Application-mode dynamic analysis (fixed-load boundary
condition) Elastodynamic analyses of wide-plate test WP-l.7 were carried
out with the ADINA/VPF (Ref. 10) dynamic crack-analysis code. The 2-D
plane stress finite-element model of the wide-plate configuration used in
the analyses consists of 938 nodes and 277 eight-noded isoparametric
elements., A total of 34 spring elements were used in the crack plane to
model propagation of the crack tip. Side grooves were taken into account
by adjusting the resulting stress-intensity factor calculated in each
time-step of the analysis. The in-plane bending of the plate assembly
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Fig. 5.50. Determination of arrest toughness at initiation load of
26,2 MN (Eq. (5.6)]: Test WP=1.7.
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Fig. 5.5l Complete static and stability analyses for initiation

load of 2602 MN (Eq. (506))3 Test WP=1.7.

caused by the thermal gradient across the plate was also incorporated
into the analyses.

A posttest application-mode analysis of WP-1.7 was performed using
the temperature gradient of Fig. 5.9(b) and the material properties given
in Sects 5.3.1s For the dynamic analysis, the locad point was fixed at
the value of the measured fracture load, 26.2 MN, as a prescribed concen~
trated load. The time step was set at At = 5 us,

Application-mode analysis using Eq. (5.2) for Kln' The calculated

crack-depth history from this analysis is presented in Fig. 5.52 and {(ndi~
cates a predicted arrest of agp * 04748 mse Figure 5.53 presents the

dynamic stress~intensity factor KI , the static toughness Kia» and the

crack velocity & as a function of instantaneous crack length. The crack
propagates into a rising K; field, followed by a predic.ed arrest at the
point where the crack=-tip temperature would have been T = 115.6°C. The
arrest toughness at the arrest-point temperature was determined to be
Kia = 863 MPa*/m. The computed arrest length exceeds the measured ini-
tial arrest length at .t'l » 0,528 m (arrest A, front face), where the
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Fig. 5.55. Dynamic factor, static toughness, quasi-static
displacement~controlled factor, and crack velocity vs instantaneous
crack length [Eq. (5.6)): Test WP-1.7.

S+4.1.4 Generation-mode dynamic analysis (fixed-load boundary con=
dition). From the output of the crack-line strain gages and from an in=-
spection of the fracture surface, estimates of the crack position as a
function of time were constructed and given in Table 5.2 for the front=~
face and back-face strain gages. Figure 5.55 incorporates the two mea-
sured crack arrests as determined from the front=-surface strain measure=-
ments in Table 5.2. For the dynamic analyses (front-face results), the
load point was fixed at the value of the initiation load, 26,2 MN, as a
prescribed concentrated load, and the time step was set at At = 10 us.
Frc_ these calculations, the stress=intensity factor as a function of
time is given in Fig. 5.57. The generation-mode analysis results for the
two arrest events are summarized in Table 5.4,

The computed strain histories from selected points close to the com=
panion crack=line strain gage Nos. =20 (see Fig. 5.6 for strain-gage
locations) are depicted in Figs. 5.58~5.60 for the generation-mode analy-
sis (fixed load) along with measured data from the gages. The sharply
defined strain peaks are associated with the fast-running crack passing
under a gage point, with the peak being transformed into a more blunted
curve as the crack=tip propagation slows down. The comparisons of strain
histories in these figures indicate generally good agreement between
measured and computed times for the occurrence of the peak-strain values.
The transition of the strain pulse from a sharp peak for strain gage Nos.
7 and B to a blunted curve for gage Nos. 9 and 10 in Fig. 5.6l reflects
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Table 5.4, Summary of computed
results for test WP-l.7

Time a -
Event (ms) (m) (MPa+/®)
Initiation 0.0 0,202 223,06
Arrest A 0.680 0.528 318.82

Reinitiation 7.442 0,538 591.51

Arrest B 7.722 04635 555.00
Reinitiation 12,342  0.635 960,55

QGeneration-mode, fixed-load
dynamic analysis.

b'ro. ADINA static analysis.
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Fig. 5.60, Actual and computed strain histories for front=face
crack=line gages: Test WP=1.7.
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Fige 5.61l. Actual and computed strain histories for front-face
crack~line gages showing the first crack run-arrest event between gage
Nos. 8 and 9 and reinitiation as detected by gage Nos., 7 and 8: Test
WP=1.7.

the arrest event (arrest A) between the front-side crack=line strain gage
Nos. 8 and 9. Figure 5.61 also reflects reinitiation of the arrested
crack (arrest A), as detected by gage Nos. 7 and 8 at ~7.,4 ms. This sane
occurrence also can be viewed for the second arrest and reinitiation
event (Fig. 5.60).

Finally, Fig. 5.62 presents a comparison of displacements that were
calculated using a generation-mode analysis at ~3.539 m below the crack
plane on the centerline of the plate with the measured data obtained from
the displacement gage installed on the plate. The gage measured the
displacement of this point on the plate relative to the large columns of
the testing machine. The output of the measured data was adjusted in the
figure from ~3.,]1 to 6.1 m for comparison with the finite-element model.
Calculated and seasured results did not give good agreement, as indicated
by the large oscillations (~3.7 mm) in the calculated displacements.
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at a point 3,539 m below the crack plane on the centerline of the plate:
Test WP=1.7.

54,2 Posttest analyses of test WP-CE~]

5¢44241 Posttest 3-D static analyses. The 3. finite-element model
for test WP-CE-l incorporated a segment of the plate assembly 4.6930 m
long measured from the crack plane to the top of the load-pin hole. The
crack~tip region of the model included the side grooving and the edge
notch, the dimensious of which were taken from Tadle 5.1« From symmetry
conditions neglecting out-of=-plane eccentricity, one-quarter of the par~-
tial pull=plate assembly was modeled using 3751 nodes and 720 20-noded
isoparametric elements,
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Thermal deformations to be superposed on che 3-D finite-element
model to account for the in-plane bending effect were coxputed from a 2-L
analysis, which assumed that the heated and cooled edges of the plate
were fixed at T . = 205.5°C and T, = =93.5°C, respectively. The in-
plane the mal bcnatn; produced a load-line (through the top of the load~
pin hole) eccentricicy of 2.26 cm relative to the geometric center f the
place.

In the 3-D snalysis, thermal stress effects were neglected, and a
uniform line~load statically equivalent to the WP-CE-l test initiation
load of 10.14 MN was applied at the location corresponding to the top of
the load-pin hole. This analysis produced a static stress-intensity
factor of K; = 166.2 MPas/m at the center plane of the plate. Comparing
this computed K; value with the static initiation value of K;. = 104,5
MPa+/m, evaluaced from the relationship presented in Eq. (5.l§ using the
crack=tip temperature «i =33.7°C, yields a ratio of Klllxc = 1.59. A
comparison of initiation stress-intensity factors obtained from this tert
and previous tests is presented in Table 5.3,

Table 5.5. Initiation stress-intensity factor comparisons

. Calculated Property
Test cs:;::a:::c static correlation K, /K
designation (*C) KI“ Kie I'"1e
(MPasv/m) (MPa*/m)

WP=1.2 -33 251.5 ar.sg 2.87
W-l-l -Sl 17305 700lb 20"
”‘lu‘ —62 213.0 630’b )n33
“'los "30 1’90‘ ’l-6b lc’\l
WP=1.6 -19 233.8 1.2y 2.10
WP=i.7 -22.7 280.6 103.7 2.71
WP=CE-1 33,7 1662 104,57 1.59
WP=2.4A , 45 123,0 93,9° 1.31
WP=2,48 60.8 143.3 135.7° 1,06
WP=2.1 59 126.4 117,6° 1,07
WP=2,5 06 119,5 155.5° 0477
WP=2,3 66 136.1 155.5° 0.88

AComputed from 3-D static analysis using ORMGEN/ADINA/ORVIRT.

0.036( T—RT

PCalculated from Ky, = 51,276 + 51.897 e nor? sing
crack~tip tewperature of ini.ial fluw and materia! RTgpre

a 04036( T=DWypr)

Calculated {rom K, = 39,53 + 93.47 e using

crack=tip temperature of initial flaw and material Wy e

dkfter crack pop~-in.
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5.4.242 rosttest 2-D static and dynami- analyses

Static and stability analysis. Posttest 2~D analyses for test
WP=CE~] were carried out in the same manner as for WP-1.7. Using a tem-
perature profile as defined by specifying the crack=-tip temperature of
Tep ™ ~33.7°C and midplate temperature Ty, = 56°C, implying that Tatn ®
-SJ.S‘C and T .. * 205.5°C, the dependence of arrested crack length and
crack stability on the applied initiation load Fin ® 1014 MN was inves-
tigated with WPSTAT; the results are presented in Fig. 5.63. Figure 5.64
prusents an evaluation of the X, function of Eqs (5.2) on the arrest
crack=length curve a‘(l). on the inciplient tearing=-instability curve
a'2(F), and ou the reinitiation curve ‘rolu(')' The Kie function of
Eqs (5+1) is also evaluated on the curve L n(l‘). Evaluation of the
Ky (n‘) curve at the initiation load Fin yictdu an arrest toughness ‘Ia -
123.1 MPa*/m at the computed arrest point ag. " 0e467 m, where the crack=
tip temperature would be T = 47,7°C. The complete static-fracture
mechanics and stability analyses are depicted in Fig. 5.65.

ORNL-DWG 88C 4281 ETD

1 o 5 i T 1
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09} Tin » *9386°C 8, COMPUTED FIRST ARKEST
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Tey » +33.7%C LIPS UNSTABLE TEARING
os } 5 " se 0% 4 8,,, INITIATION, K, = K,,
»id o o, CRACK ARREST .
¥ 8, INITIAL CRACK
07} -4
} 08} b ™ 0487 m
o
il L LI b
i —_—
03 ./ -'0",‘
b ‘/./‘
——“"
02} Voan P e @ e P @ e P e e @ e W e 0 o e @ e B e
V|3
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Fige S5.H3, Statically calculated crack lengths: Test WP-CE-l.
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Fige 5.64. Determination of arrest toughness at initiation load of
10.14 MN: Test WP-CE-~l.

Application-mode dynamic analyses (fixed-load boundary condition).
The 2-D plane-stress finita-element model of the wide-plate configuration
used in the analyses consisted of 863 nodes and 264 eight-uoded isopara~
metric elements. For the dynamic analysis, the load point was fixed at
the value of the measured fracture load, 10.14 MN, 28 a prescribed con-
centrated load. The time step was set at At = 5 us. Figure 5.66 pre-
sents the calculated crack-deptn history from this analysis and indicates
a predicted arrest, ap * 0.55 m« Figure 5.67 presents the dynamic

stress~intensity factor K?YN. the static toughness KI.. and the crack

velocity a as a function of instantaneous crack depth. The crack propa-
gates into a rising KI field, followed by a4 predicted arrest at a point
where the crack-tip temperature would have been T = 69.3°C. The arrest
toughness at the arrest-point temperature was determined to be Kla =
344.4 MPac/m. The computed arrest length exceeds the measured arrest
point agy = 0.370 (plate front face), where T = 22,3°C and Kia * 135.9
MPas/m. There also appears to be a predicted arresc, 'fp = 0.50 m, where
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Figs 5.65. Complete static and stability analyses for initiation

load of 10.14 MN: Test WP-CE~l.

the crack-tip temperature would have been T = 56,0°C and the arrest
toughness K, = 256.4 MPa*/m. This point is much closer to the measured
arrest length at the plate back face at ag, = 0+42 m, where the crack-tip
temperature T = 35,6°C and the corresponding arrest toughness lla -

176.2 MPa*/m., The analysis was terminated at time t = 3 ms.
5:4.2.3 Generation-mode dynamic anal
dition). Figure 5.68 depicts the apparent crack position vs time curve
that was used as input for the posttest generation-mode elastodynamic
analysis of test WP-CE~l, For these analyses, the load point was fixed
at the value of the initiation load, 10.14 MN, as a prescribed concen-
trated load, and the time step was set at At = 5 us. From these calcula~-
tions, the stress~intensity factor as a function of time is given in
Figs 5.69. Table 5.6 presents the generation-mode analysis results for
the two arrest events (one front face and one back face). Computed
strain histories from selected points close to the crack-line strain gage
Nos. =4, 5 and 1315, and 16—18 (see Fig. 5.6 for strain-gage locations)
are depicted in Figs. 5.70~5.72, respectively, for the generation-mode
analysis (fixed load) along with measured data from the gages.
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Fig. 5.69. Calculated stress-intensity factor vs time from the
generation-mode dynamic analysis (fixed-load case): Test WP~CE~l.

Table 5.6, Summary of computed
results for test WP-CE~l

T Time a k4
(ms) (m) (MPas/m)
Initiation 0.0 0.200 130?
Arrest
Front face 0.308 0.370 159
Back face 0.364 0.420 170

%Generation-mode, fixed-load dynamic
analysis.,

brro- ADINA static analysis,
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Se44) ck-arrest h determinations

Table 5.7 presents a summary of the general conditions for tests
W=, 7 and WP-CE~l, (Results for the previous tests in the WP-l and WP-2
test too were presented in the two previous semiannual progress
reports. Posttest analyses have been done for each of these tests
by using ho:h static- and dynamic-fracture analysis go‘oo. as well as by
applying handbook techniques. Some of these values'? are presented in
Table 5.8.
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Table 5.7, Summary of HSST wide-plate crack-arresc test conditions

for specimens WP-|.,7 and WP-CE~|

Test Crack Crack Initiation Arrest Arrest Arrest
No location  temperature load location tesperature T = RTyne
. (cm) (*c) (MN) (em) (*¢) (*c)
WP-1.7A  20.,2¢ -24 26.2 52.8 6l 84
"'ln" ’30‘ 6l 3.02 "c’ L 111
wP-CE-1  20.0% -3 10,14 .0° 2 57
42,0° i 10

ACrack front cut to truncated chevron configuration,
’!uu front-face arrest locatior,
“Plate back-fece arrest location.

Table 5.8, Computed crack-arrest toughness values
for WSST wide-plate crack-arrest specimens
WP=1.7 and WP-CE~l

Crack=arrest to?hacu values
(MPa+'m)

Test ade Fedderson  Dynamic n‘
static SEN
No. toroules alternate
ucnte Generation
Displacement Load 5 forouis Sobe
control control
Wh=1,7A 351 793 31l e
WP=1.78 385 1312 L1 555
wP-CE-1(F)*® 169 241 135 159
we-ce-1(8)" 180 293 148 170

“From Ref. 13 (ppe 2.10-2.11) while assuaing & * a, and
no further bending occurs caused by propagation of the crack.

Prrom Ref, 13 (pps 2.10-2.11) while assusing & = &, and
full bdending according to SEN formsula when the final crack
depth is used.

. ma)\| /2
Ky ® 0 |% sec (30 , with o = far-fleld tensile

nuut 8 ® 4y * final crack length, and v = full plate
widen, 14,18

"lll"l@.‘ condition,
®plate front-face arrest location,

!}lolo back~face arrest location.
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5.4.4 Comparison of wide-plate crack-arrest toughness data
with other large-scale test results

Fixed-load, generation-mode dynamic finite-element determinations of
crack-arrest toughness values for the wide-plate specimens tested so far
are shown in Fig., 5.73. This figure shows that the wide-plate K; test
data exhibit an increase in arrest-toughness values with increasing tem-
perature. The trend for K a values to extend consistently above the
limit provided in ASME Sect. XI is further substantiated in Fig. 5.74,
which presents data from several large-scale tests and from the wide~
plate test results, }®=21

5¢5 MWide-Plate Analyses at UM
Cs We Schwarte

A generation-mode analysis using the program SAMCR (Ref. 22) was
performed by UM for the wide-plate crack-arrest test WP-l.7. The UM
analysis used the same crack position vs time data and thermal eccentric~
ity as the ORNL analyses. Figures 5.75 and 5.76 compare UM and ORNL
results for stress intersity vs time and axial displacement vs time,
respectively. Both figures show the same general trends and magnitudes.
The K values differ slightly for the first event (5-8% higher for UM),
with the differences increasing for the second event. This is caused
primarily by a slight phase shift between the two sets of computations.
The results from the ORNL and UM elastodynamic analyses are summarized in
Table 5.9.

Table 5.9, Comparison of UM and
ORNL stress-intensity factor
determination

Stress intensity

factor

Event (MPa+*/m)
ORNL UM
Initiation 223 236
Arrest A 319 334
Reinitiation 592 456
Arrest B 555 465

Reinitiation 961 1155
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results for axial displacement ve time: Test WP-1.7.

5.6 Stub~Panel Crack-Arrest Tests

A. Pini Ce Bs Oland
Ge Cu Robinson

Recent studi2s®? have been conducted by the HSST Program to evaluate
the usefulness of a relatively small panel specimen (45.7 x 76,2 x
2.54 cm) for crack-arrest experiments. The goal is for the panel to be
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designed for measurement of K{q Values at temperatures apprcaching the
upper shelf of the material. xddttional conditions are that crack arrest
should take place in a rising Ky field and that the resultant load should
not exceed 2.5 MN (the capacity of the available testing machine). It is
proposed that crack arrest in a rising K1 field be achieved by applying a
temperature gradient across the specimen. Crack propagation must {niti-
ate at Charpy lower-shelf temperatures and run into a region of high tem-
perature with high K, levels. 1In Ref. 23, a panel specimen with a stud
(Fige 5.77) was proposed to meet those requirements, The stub is cooled
to serve as a crack-starter region and is mechanically loaded to provide
Kl levels that are high enough for {nitiation. An eccentric load i
applied to the panel to produce a rising K, field. Static analyses 3
were carried out for the specimen in Fig. §.77 to determine the maximum
attainable stress-intensity factor. For a resultant tensile load on the
stub of F_ = 66.7 kN and panel load of F, = 2447 kN, which were uniforaly
applied over 0 < Y < 10,2 cm and 30.5 c‘ <Y, € 40.6 cm, respectively
(with Y measured from left edge), the Ky field has a value of 60.4

MPa*/m with the crack tip at Y = 20,3 cm, rising to a peak value of 220
MPas/m at Y = 20,3 cm.

Having demonstrated the feasibility of using a stub-panel specimen
to meet the goals stated previously, work was reinitiated in late 1987 to
develop the required specimen geometry, instrumentsation, heating-cooling,
and loading systems,

5.6.1 Specimen geometry system

Final geometry of the specimen was based on meeting three general
requirements: (1) measurement of crack-arrest toughness values >200
MPas/m; (2) following initiation, crack propagation and arrest within a
rising K, field; and (3) not exceeding the 2.5-MN load capacity of the
testing machine., Figure 5.78 presents the geometry of a sjecimen that
meets those requirements. The specimen dimensions are 45.1 x 99,1 x 3,39
¢ms The specimen will be sidegrooved, with the depth of each groove
being 12.5% of the specimen thickness. Loadings (F_ and F_) will be
applied to the specimen through the load-pin holes ghovn in Fig. 5.78.
Load F_ is used to produce the rising Ky field and load F, to initiate
the crhck run-arrest event(s).

S.6,72 Instrumenia . ion systems

A series of steel specimens, Fig. 5.79, were tested to evaluate both
strain-gage parameters and potential data acquisition systems. The
specimens were loaded to failure in a hydraulic testing machine operated
in a stroke-control mode:. As the crack propagated, signals from strain
gages positioned adjacent to the crack=-propagation plane, as shown in
Fig. 5.79, were recorded using digital oscilloscopes, an FM recorder, or
a combination of uigital oscilloscopes and an FM recorder.

Three types of strain gages were evaluated: stacked rosettes, "Tee"
rosettes, and single element. The gages were placed at equal intervals
adjacent to the plane of crack propagation. The spacing between gages
and the spacing normal to the plane of crack propagation varied from test
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to test, Results from this series of tests are presently being analyzed
to select the type of strain gage and gage positioning for the stub-panel
crack-arrest tests.

Two types of dynamic data acquisition systems were investigated to
evaluate their unique capabilities as well as their limitations: an ¥
recorder and digital waveform recorders. Because the digital sysre - are
"mewory" limited, the development of a triggering system was reguirea.
Also, since a test required the use of more than one digital wvaveform
recorder, the triggering system that was developed was required to initi-
ate data collection in each waveform recorder such that the point repre-
senting zero time was uniform for all recorders. So far, 12 specimens
have been tested to fallure in this series of tests. Data frow these
tests are now being reduced for analysis and evaluation so that a dynamic
data acquisition system can be selected and a procurewent specification

developed.

5.6.3 MHeating-cooling system

Initial design and fabrication of a heatiag-cooling system to apply
the thermal gradient across the specimen has been completed. Specimen
heating is now provided by two 500~W and one 300-W electrical resistance
elements mounted on an aluminum bar that is attached to the back edge of
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heating=-cooling system installed. Temperature across the specimen is
monitored by the ten thermocouples positioned adjacent to the anticipated
plane of crack propagation. Software has been developed for providing a
“real-time" display of actual vs desired temperature distribution across
the specimen. The computer display will be used to assist in making
decisions on adjusting the heating and cooling inputs while the thermal
gradient {s being established, as well as providing a rapid means for
determining when the desired thermal gradient has been established.

5¢6.4 loading systes

Mechanical loading devices have been developed for providing eccen~-
tric load F_ to produce a rising Ky field and also for producing a load
(l‘) of luf'tciont magnitude for crack initiation. The load fixtures are
now being fabricated.
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6. IRRADIATION EFFECTS STUDIES

R. K. Nanstad

The Heavy-Section Steel Technology (HSST) Irradiation Effects Task
(Task H.6) consists of a number of projects concerned with the effects of
neutron irradiation on the fracture toughness and mechanical properties
of reactor pressure vessel (RPV) materials. The task currently involves
seven designated series of experiments, the first four completed. The
active series described here include (1) the Fifth and Sixth Series,
which will characterize the shifts and shapes of the irradiated K, and
K,, curves, respectively, and (2) the Seveuth Series, concerned vlﬁh tho
irradiation resistance of stainless steel cladding.

6.1 Fifth radiation ries

Ro ¥, Nanstad F. M. Haggag
R. L. Swain T« N. Jones

Fracture~toughness investigations continued with testing of irradi~-
ated ITCS and 2TCS. All planned irradiated testing for the Fifth Series
has now been comp.eted., All tests were conducted with a computer-inter~
active test system, using the single-specimen compliance technique. No
unloadings are performed before the PQ load defined in ASTM E}99., Tests
that do not satisfy the American Society of Testing and Materials (ASTM)
criteria for a valid K, are analyzed by computing the J-integral at the
onset of cleavage J . xn elastic~plastic fracture~toughness value ‘Jc is
calculated from the relationship

x}c- LS J (1)

where E § Young's wodulus in megapascals.

Irradiated ITCS and 2TCS were tested at Oak Ridge National Labora~-
tory (ORNL), while irradiated 2TCS were tested by Materials Engineering
Associates (MEA) at the University of Buffalo. For 72W, nine ITCS were
tested at 85°C, and five ITCS were tested at 95°C. For 73W, tem ITCS
were tested at 85°C, and four ITCS were tested at 105°C. Fatigue crack
lengths and ductile crack extensions have been measured, and the final
fracture~toughness analyses are under way. Additionally, photographs of
all fracture surfaces have been completed.

Of particular importance to the analysis procedures is the treatmeant
of specimens that exhibit small cleavage instabilities, pop~ins, before
the final cleavage instability that leads to specimen fracture. Some of
the irradiated ITCS, 2TCS, and 4TCS experienced pop-~ins of various
amounts. The tentative method chosen for treating those events follows
that of the AST™ Committee responsidle for development of the test method
for crack~tip-opening displacement (CTOD). That is, a line is drawn
parallel to the initial slope of the load~displacement record and that
passes through the crack initiation load point of the pop~in. A second
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line (secant line) that originates &t the same point as the parallel line
is then constructed but has a 5% reduced slope from that line. If the
secant line intersects the load-displacement trace before the arrest
point of the pop=~in, the pop=in is defined as significant. In Lhose
cases, the J is calculated at the point of pop~in initiation and K, is
calculated using Eq. (1)s Furthermore, a KJ value is also calculated
corresponding to the point of cleavage Xn'toglltty. leading to specimen
failure. Values of K; based on small but significant (as defined above)
pop=ins will be noted when the data are tabulated and plotted graphically.
Because of the relatively large data scatter, wide variations in
specimen sizes, and the need to use elastic-plastic fracture mechanics,
the use of statistical analyses is an important part of this program.
The use of Weibull failure statistics i{s incorporated in the program as
are standard statistics of varlance procedures. Additionally, the use of
empirical adjustment schemes and other statistical distributions are
being investigated, all aimed toward the development of a rational scheme
for constructing the irradiated ch curves.

6.2 Sixth Irradiation Series: Crack Arrest

S« K. Iskander R. K. Nanstad
E« Te Manneschmidt Rs Le¢ Swain

be2.1 Capsule disassembly

The first of two irradiation capsules containing compact crack=-
arrest specimens has been disassembled. The specimens have been re-
trieved and prepared for storage, and the dosimeters have been retrieved
for analysis. The second capsule will be disassembled by the end of
June.

6.2:.2 Remote hot 1 fixtur

The temperature-condicioning features of the remote hot cell fixture
for crack-arrest teeting have been exercised. Several thermocouples were
attached to the top and bottom of various sizes of specimens and their
readings compared with that registered by the fixture's thermocouple.

The uniformity of all temperatures, at low and high temperatures well in
excess of those envisioned for tests in the hot cell, was within #1°C.
The design of the thermocouple itself is similar to that being used in
the temperature-conditioning chamber of three Charpy V-notch (CVN) test~
ing machines, including that in the hot cell.

All three specimen sizes for which the fixture was designed were
tested (see Sect. 3.1). Several enhancements need to be implemented to
make its use in the hot cell as simple as possible. The Teflon strips
used between the wedge and the split pins for unirradiated tests would be
difficult to apply in the hot cell e vironment, Two kinds of lubricants
were tested, but after a single loading/unloading cycle it was clear from
the large force needed to extract the wedge that the lubricant had been
wiped off the smooth ground finish. A fine sandblast finish to provide
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reservoirs of lubricant {mproved mattern somewhat, but lubricant still
had to be applied frequently. This matter is still under study.

6.3 Seventh H3SI Irradiation Series

Fo M: Haggag R. K. Nanstad
T. N. Jones E« T. Manneschmidt
R. L. Swain

6.3.1 m_l

Stainless steel cladding applied by the single-wire oscillating
submerged-arc method was evaluated in the first phase of the Seventh
Irradiation lorto,. Most of the work of this phase was completed and
reported earlier.' It included results t‘ Charpy t-post and tensile
specimens that wer. irradiated to 2 x 10'Y neutrons/cm® (>1 MeV) at
288°C. However, eight irradiated 0.5TCS, each frow types 308 and 309
stainless steel cladding, remain to be test2d in the hot cell using the
single-specimen unloading compliance technique. Furthermore, six irre-
diated precracked Charpy V-notch (PCVN) specimens, each from types 308
and 309 stainless steel cladding, will be tested dynamically. Unirradi-
ated 0,57CS from both types 308 and 309 stainless steel cladding were
tested successfully., The results of these specimens will be reported
later when testing of the irradiated specimens is completed.

6.3.2 !!200 !

In the second phase, currently in progress, a commercially produced
three-wire series-arc cladding was evaluated under similar irradiation
and testing conditions as in the first phase. The three-vwire series-arc
procedure, developed by Combustion Engineering, Inc., Chattancoga,
Tennessee, produced & highly controlled weld chemistry, microstructure,
and fracture properties in all three layers of the weld., The three
layers of cladding were required to allow the fabrication of tensile,
CYN, and 0,5TCS from the c}tddtu.. The tensile and CVN specimens were
irradiated to 2 and 5 x 10 -autrons/sl (>1 MeV), while the eight
0,57CS were irradiated only to 2 x 10} neutrons/cm? (>1 MeV). Testing
of the unirradiated (control) and irradiated tensile and CVN specimens is
completed, and the results are presented below. Unirradiated (control)
0.,57CS were tested successfully using the single-specimen compliance
technique, but the results will be presented later following testing of
irradiated fracture-toughness specimens., Preparations have been made to
complete testing of all remaining irradiated specimens from the Seventh
Irradiation Series by the end of June 1988, Most of the Phase 2 results
are described in Ref, 2.

6.3.3 Results and discussion

Photomicrographs of the three-wire stainless steel cladding (Fig.
6.1) show a distribution of delta-ferrite in an austenite matrix quite
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Fig. 6.1, Microstructure of three-vwire stainless steel cladding
weld overlay typical of RPV cladding with delta~ferrite in austenitic
matrix, good-quality commercial cladding.

typical of microstructures seen in good practice, commercial-weld, over~
lay cladding in RPVs,

6.3.3.1 Irradiacion hlo*oti. The specimens were irradiated in two
capsules by MEA in the core of the 2-MW pool reactor (UBR) a¢ the Nuclear
Sclence and Technology Facility in Butfalo, New York. Each capsule con-
tained 20 CVN ard & minfature tensile specimens and vas instrumented with
thermocouples and dosimeters. Each capsule was rotated 180" at least
once during its frradiation exposure for side-to-side fluence balancing.
Irradiation temperatures were maintained at 288 & 11°C, The average
fluence for the first capsule was 2.14 x 101? neutrons/ca? (>] MeV) & 8%,
following 631.5 h of i{rradiation, The second capsule reached an average
fluence of 5.56 = 10'Y neutrons/ce® (31 MeV) & 5% in 1607 as These
fluences are for a calculated spectrum based on Fe, Ni, and Co dosimeter
wires.
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6.3.342 nsile pr + Tensile tests were conducted in the
temperature range of - to J88°C, The effect of specimen orientation
on tensile properties was insignificant (Fig. 6.2). Hence, only tensile
specimens with their axes oriented in the longitudinal (rolling and
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Fige 6.2 Eftect of specimen orientation on tensile properties of
three-wire stainless steel cladding. (a) Yield strength vs temperature,
(b)) ultimate strength vs temperature, and (&) total elongation vs tem~
perature,
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welding) direction were irradiated at 288°C to the two fluence levels
mentioned earlier, The cladding exhibits an extremely rapid rise in
tensile strength below about 0°C, as shown in Fig. 6.2, This figure also
shows that the ductility increases from high temperatures to about =50°C,
then decreases at lower temperatures.

6.3:3.3 ;.gigs go!itg‘ llgii'St!!. Charpy impact specimens were
aachined in the LT, LS, y and orientations., These four specimen
orientations were chosen to simulate the possibilities of crack extension
in the axial and circumferential orientations, both across and through
the cladding of a pressure vessel All three-wire stainless stecl clad-
ding specimens exhibited a behavior similar to the ductile-to-brittle
transition hohavtor of ferritic steels (alio similar to that of single~
wire cladding!) during impact testing, because of the dominance of delta~
ferrite failures at low temperatures. The test results also show rela-
tively small variations ot Charpy lmpact toughness in four orientations
(Fige 6.3)s Thus, CVN firadiated specimens were machired only from the
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cladding in the LS orientation because this orientation exhibited a
typical transition temperature as well as a slightly lower upper=-shelf
energye.

The fracture appearance macroscopically did not change significantly
from the upper to lower shelf as shown in Fig. 6.4. These CVN specimens
(unirradiated, LS orientation), shown in Fig. 6.4, were further examined
in the scanning electron microscope. The specimen tested at 100°C ab~-
sorbed 80 J and fractured in a fully ductile manner by microvoid coales~-
cence. The spherical particles that initiated the dimpies were readily
visible on the fracture surface. In contrast, the specimen tested at
-100°C absorbed only 20 J and fractured in a much more brittle mode. The
fracture surface of this specimen contained areas .f cleavage associated
with the fe~_ ite phase. Also present were smooth regions believed to be

ase~~{atec th the ferrite-austenite interfaces, indicating that frac=-
tu \r by interphase separation. Some isolated patches of dimples
and initiating particles were also present. In conclusion, scan-

ning .<.c.ron microscope examination (Fig. 6.5) demoustrated that the
fracture of scaliiless steel cladding is matrix controlled oa the upper
snelf and ferrite controlled at lower temperatures, as observed previ-
ously with the single-wire cladding.l

6.3.3.4 Effect of irradiation on tensile properties. The yield
strength of three-wire stainless steel cladding was increased because of
irradiation exposure. The effects were greater at room temperature and
below (Fig. 6.6); for example, at the fluence of 2 X 1019 neutrons/cm?
the yield strength increased by 9, 20, and 28% at test temperatures of
288°C, room temperature, and —i125°C, respectively. At the higher fluence

MAC PHOTO YPa&27
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Fig. 6.5, Scenning electron microscopic examination demonstrates
that fracture of stainless steel cladding is matrix controlled at upper
shelf and ferrite controlled at lower temderaturew.
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level of 5 x 1019 neutrons/cm?. the yield strength increased by 6, 16,
and 34% at the test temperatures of 288°C, room temperature, and —125°C,
respectively. Thus, most of the radiation damage occurred at the first
fluence level; increasing the fluence by a factor of 2.5 did result in a
relatively smaller radiation damage increase. The effects of irr.diation
on the ultimate strength and ductility were insignificant or very small
(Fige 647).

6.3.3.5 Effect of irradiation on Charpy impact properties. Irra-
diation of the three-wire series-arc stainless steel cladding specimens
at 288°C to fluence levels of 2 and 5 x 10!? neutrons/cm? (>1 MeV)
resulted in decreases of the CVN upper-shelf energy by 15 and 20% and
increases of the 41-=J) transition temperature by 13 and 28°C, respectively
(Fig. 6.8). Again, Fig. 6.9 shows that increasing irradiation from 2 to
5 x 1019 neutront/cm? further degraded the three-wire stainless steel
cladding. Irradiation also degraded the CVN lateral expansion signifi-
cantly (Fig. 6.10). The upper-shelf lateral expansion was reduced by 43
and 41% at the low and high fluences, respectively. Furthermore, the
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Table 6.1,

steel three-wire series~arc cladding

Charpy impact test results for stainless

Neutron Transition temperature

Shelf energy

Orientation® (ne::::::7cnz cr:gzgion ()
(>1 MeV)]) 413 68 J 0.38 = Upper  Lower
LS 0 -4l b -57 82 13
LS 2 x 1019 -28 56 —1b 70 9
LS 5 x 1019 -13 -11 68 12
LT 0 —-28 11 88 14
TL 0 40 4 46 16
T8 0 -55 83 12

Adith respect to the base metal where L is the

as the welding direction.

rolling as well
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7. CLADDING EVALUATIONS

7.1 Crack-Arrest Behavior in Clad Plates

S« K. Iskander G+ C. Robinson

Be C. Olana S. E. Bolt

D. J. Alexander E+. T+ Manneschmidt
K. V. Cook R. L. Swain

7.1.1 Introduction

The objective of the clad-plate experiments is to determine the
effect, if any, of stainless steel cladding upon the propagation of small
surface cracks subjected to stress states similar to those produced by
thermal shock conditions. 8ix platei nave been already tested, and a
detailed description of the experiments and ivesults has been given pre-
viouoly.x One clad and one unclad plate were tested recently and are
reported on in this section. The resuits of crack-arrest testing per-
formed on the clad-plate base metal are given in Chap. 3.

In previous reports, the test specimen was described? and pretest
materisl characterization ¢1ven.3 Posttest material characterizations
presented in the preceding semiannual progress teport“ included Young's
modulus and stress-strain curves for the base metal, heat-affected zone
(HAZ), and cladding, as well as results of room-temperature tensile
testing that had been performed on the HAZ from one of the broken halves
of the first plate tested. The RT DT of the base metal, the variation of
hardness across the thickness of the plate, results of metallographic
examinations, fractography, and scanning electron microscopy (SEM) on the
fracture surface of the first plate have also been reported in the pre-
vious semiannual report.l'

The general test procedure was described previously, but for the
sake of completeness, it will be repeated here to emphasize the similari~
ties and difterences between the tests on the previous six specimens and
the present two. The test procedure will be followed by a description of
the instrumentation and static and dynamic data acquisition systems
(DASs) used:. Then the tests and results will be presented, and some pre=
liminary conclusions inferred from all eight tests are given.

7+1+2 General description of the test

In all eight tests performed, the general test procedure was essen=
tially the same., The instrumented plate was mounted in a 1-MN Instron
testing machine. For tests at other than room temperature, the plate was
¢ooled to the specified temperature. The variation in temperature at
various locations was kept within 3°C. All eight plates had an electron-
beam (EB) weld in the base metal to serve as a flaw initiation site. The
plate was loaded in four-point bending to induce a pure bending moment in
the span including the EB weld region. For the previous six plates, the
loads were chosen to induce a specified strain level on the surface of
the base metal. The EB weld was then hydrogen-charged, while the load
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was maintained constant using stroke control, until a flaw initiates.
This portion of the experiment on an initially unflawed plate is thus
essentially an "arrest" experiment, the purpose of which {s to study the
effect of cladding on a running flaw.

With the two plates recently tested, the EB weld was hydrogen-
charged until a flaw popped~-in before installing in the testing machine.
For brevity, this flaw will be referred to as the "EB flaw," and its
shape is shown later. The plates were then mounted in the testing
machine, and the load increased at a uniform rate under stroke control
until this preexisting flaw either popped-in and arrested or the entire
plate ruptured. Thus, the difference between the experiments on the two
plates reported here and the previous six is the presence of a flaw when
the plates were first mounted in the test machine.

In cases in which the flaw arrested, the plate is removed from the
testing machine and heat-tinted to define the arrested flaw shape. Some
nondestructive examination was performed to determine the extent of flaw
propagation., After partial reinstrumentation, the plate i{s put back into
the testing machine, and in some cases, cooled to a specified temperature.
The load is increased at a uniform rate until the plate either ruptures
or further pop=in occurs. In case of the latter event, the process is
repeated. The purpose of reloading the arrested flaw shapes is to obtain
data on the residual load-bearing capacity of flawed clad plates. This
portion of the experiment is designated an "initiation" one in contrast
with the "arrest" portion described above.

In all cases, the loading rate was chosen to be within the range
prescribed by ASTM E399, 0.55 to 2.75 MPasmes™!,

7.1.3 Instrumentation and DAS

Figure 7.1 shows the layout of the instrumentation used for the
tents on plates CP-16 and -22., Both plates were instrumei..*ed with four
thermocouples, TE~l through TE=4; one crack-opening-displaceme~t (COD)
gage 2E~1; and 12 strain gages, XE~l to XE~12. Plate CP-16 carried ext:a
instrumentation to capture the dynamic characteristics of crack propaga-
tion. The extra ‘nstrumentation consisted of strain gages XD-1 to XD-1l
and two additional trigger strain gayges. These were attached near the
crack tip and in the path of possible crack propagation to trigger the
DAS described below. Figure 7.2 shows a close~-up of the flaw area and
the strain gages in its vicinity. Load and stroke signals from the
hydraulic testing machine were also recorded.

To provide additional test data, the load and COD were recorded on
a strip=chart recorder. The load was plotted against the signal from
strain gage XE~1 (on the cladding) on an X-Y plotter. The loads reported
for infitiation and arrest were taken from these plots.

Both static and, for plate CP-16 only, dynamic DAS were used. The
gtatic DAS recorded data every 6 min during the loading of the specimen,
while the dynamic one recorded data from just before crack initiation to
just after crack arrest. The static DAS recorded data from the four
thermocouples; the COD gage; 12 strain gages, XE~1 to XE~12; the load
cell; and the stioke transducer.
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Fig. 7.1+ Layout of instrumentation used for tests on plates CP-16
and =22,

The dynamic DAS recorded signals from 1l strain gages, XD=l to
XD=11; the trigger gages; and the load cell, using four LeCroy and three
Nicolet digital oscilloscopes that were simultaneously triggered when the
crack initiated. A separate trigger circuit was used to ensure that the
oscilloscopes triggered simultaneously. This circuit, which consisted of
two trigger strain gages, & strain gage conditioner, and a pulse gener~
ator, supplied a voltage spike of ~10 V when one of the trigger strain
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main pop=-in at load of 703 kN and <1% drop in load to arrest point.
Note earlier pop=in.

The flaw in the EB-weld HAZ was now more easily discernible, Fig.
7.4, but no evidence of propagation along the surface could be seen.
However, dimpling that extended from the crack ends to the cladding (Fig.
7.4) indicated the presence of a subsurface flaw. The flaw area was
examined with dye penetrant (Fige 7.5), but no surface crack other than
that in the EB-weld HAZ could be detected. In Fig. 7.5, the two parallel
lines normal to the flaw were added to mark the start of the cladding.

After heat-tinting the plate, it was reinstalled in the test machine
and reloaded again at the same constant stroke rate and at room tempera-
ture. A second pop~in event occurred at a load of 890 kN, with an arrest
occurring aftsr a 17% load drop (Figs 7.6). From the dimple on the top
surface of the cladding, it was apparent that the second event flaw had
run beneath the entire width of the cladding to the edge of the plate. A
second heat-tint was performed, and the plate was reloaded at =25°C until
it broke in two halves at 689 kN.

The fracture surface of plate CP=16 is shown in Fig. 7.7. The HAZ
has arrested the flaw i{n both first and second events. Figure 7.8 shows
a close~-up of the EB flaw and its arrested shape at the end of the first
event, in which it tunneled slightly below the HAZ without penetrating
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Table 7.1+ 8t . ary of initiation and arrest
loads fou. plates CP-16 and =22

Test ?::g
Plate Condition temperature
o
°0) Pop=in Arrest
CP=-16 Clad 21 703 694
21 890 738
-23 698 Rupture
CpP=-22 Unclad 21 689 Rupture

Table 7.2. Target surface strains and corresponding
loads for the six plates tested

Load Target
o (kN) surface
Plate Condition temperature
(°C) 5 strain
Pop=in Arrest (%)
CP-15 Clad )T 676 654 0.31
-25 759 709
=100 600 R
Cp=17 Clad RT 890 823 0.45
Several pop=-ins -25 756/1725 R
occurred
before rupture
CP-19 Clad RT 987 689 0.65
=50 703 ®
cp-21 Unclad RT 676 R 0.27
CP-18 Clad -25 823 649 0.39
-23 698 R
Cp-20 Clad -25 868 3 0441

ART « room temperature, ~25°C.,

b

R = plate ruptured in two pleces.
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on surface of base metal) for the "arrest" test on plate CP-15., The
arrested crack shapes also are very similar.

Some of the data recorded by the static DAS during one scan just
before crack initiation and the one just after are shown in Table 7.3.
The strains in the base metal, gages XE-5 to XE-8, are slightly above the
yield strain before crack initiation and drop to slightly below yield
afterwards. Note that the large strain increase in gage XE-9, which is
directly in the path and near the base/clad interface reflects the fact
that the crack has propagated and arrested in its vicinity. The strain
{ncrease in gages XE~10, =11, and ~12 are less than those in XE-9,
reflecting their greater distance from the tip of the arrest flaw. The
strains shown will be used with the finite-element calculations of the
initiation and arrest events to analyze the test.

Table 7.3. Data recorded by the static DAS during
one scan just before crack initiation
and the one just after

Signal Just before initiation Just after arrest
Load 708 kN 703 kN
Stroke 9.2 mm S.4 mm
COD gage 0458 mm 0.,8] mm
XE~1 4055 microstrain 4240 microstrain
XE-2 3554 microstrain 3746 microstrain
XE~3 4020 microstrain 4202 microstrain
XE=4 38U5 microstrain 3970 microstrain
XE=5 2940 microstrain 2715 microstrain
XE~6 3059 microstrain 2759 microstrain
XE=7 2987 microstrain 2769 microstrain
XE-8 3094 microstrain 2802 microstrain
XE-9 4268 microstrain 540% microstrain
XE~10 3710 microstrain 439] microstrain
XE~11 3775 microstrain 4029 microstrain
XE-12 3634 microstrain 3809 microstrain

Figures 7.13 and 7,14 show data recorded by the dynamic DAS; the
former are the strain gages on the right of the flaw, while the latter
are on the left (see also Fig. 7.1). Time zero refers to the time the
trigger gage broke because of the large strain caused by the underlying
crack., Some of these figures were available immediately after the main
pop=in and were invaluable in aiding the interpretation of the load drop
as beiny a significant propagation event and not a pop=in of the EB weld.
As mentioned previously, the 1600-ue increase in gage XD-3 led to the
decision of discontinuing the test and hrat=tinting the flaw surface.

It may be observed from the response of gage XD-1 that the strain
peaked while the crack passed in its vicinity and then dropped about
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200 pe, indicating a relief of the surface strains, The behavior of gage
XD-2 {is similar, but the strains were slightly higher than their level
before pop-in because the crack arrested in its vicinity. This elevation
of strains after arrest is more apparent in gages XD-3 to XD-6. The
strain gages on the other side of the flaw have all registered an in-
crease in strain during the event. The cause of the dip in strain at
time zero is not known but may be an electric transient precipitated by
the triggering system.

The velocity of two events as registered by peaks of gages XD-1 and
XD~2 was estimated to be about 3150 m/s. Such high crack-propagation
velocities are improbable. It is more likely that these gages are regis~
tering the transverse wave precipitated by the first event. The trans~-
verse wave velocity v, in isotropic materials {s given by (values in
parentheses are average values for steel):

vt = /G/d ,

where G i{s shear modulus (79,200 MPa) and d is density (7850 kg/m?).
Thus, for steel v, is about 3180 w/s.

Preliminary conclusions from tests on the two plates are still the
same as those from the earlier six tests. The combined toughness of the
cladding and HAZ seemed to have contributed significantly to the load~-
bearing capacity of the plates by arresting flaws at loads and tempera-
tures that have ruptured unclad plates. This was observed in the present
two tests as well as in plates CP-15 and -2l tested pnviouuly.1

Moreover, the residual load-bearing capacity of flawed plates, as
measured bv the critical loads in initiation experiments with fairly
large flaws, was generally greater than that required to break the unclad
plate.

The tests indicate a propensity of propagating flaws to tunnel, even
without the aid of the tough surface layer composed of cladding/HAZ, as
has occurred in the base metal portion of the clad plates and in the
unclad plate. This potential for tunneling is related to the location of
the maximum stress=intensity factor for short flaws, occurring somewhat
balow the surface, when the flaw i{s in a stress gradient,

The ductility of cladding appears to have been a necessary ingredi-
ent in increasing the load-bearing capacity of clad plates. However, it
is not clear at this time whether cladding alone, without benefit of the
tough HAZ that played a pronounced role in arresting propagating flaws,
would have also elevated the load-bearing capacity. In case of radiation=-
embrittled reactor pressure vessels, the HAZ will most likely undergo
toughness degradation similar to that of base metal and would therefore
not play such a prominent role in arresting propagating flaws.
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¢lad) located by ultrasonics in Pilgrim block P=2.

7e243 Results und conclusions

The destructive exsaaination completed on the one indication of note
detected in Pllgrim “lock P-2 confirmed the presenc: of a small discon~
tinuity located under the clad at a clad-to-clad juints This partially
filled void contained relatively high values of silicon and calciums 1t
was located ~«4.! wmm (0416 ine) below the clad surface and had dimensions
of lel=mm (0,045~in.) maximum width and length of about 1.3 cm (0.5 in.).

The detection of this discontinuity was dependent on the surface
condition of the cladding: The misalignment of the dual-angle, dual~









task during this period.
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PTSE-2 if the tensile strengths had been the same, However, since the
fracture phenumena observed in PTSE-2 were complex, it would be prefer~-
able to use a weld deposit to represent welds in reactor pressure vessels.
Accordiagly, preliminary work has been initiated to develop specifications
for the p.ocurement of a low-upper-shelf weld insert for PTSE-4, as dis-
cussed in Sect. 10.2 of this chapter.

In PTSE-2, the finai fracture event (cleavage followed by imwmediate
unsteble tearing) caused the vessel wall to rupture. This rupture was !ot
unexpected because the final (earing instability had been deliberately
pianned. However, it is not known whether the instability was solely a
cunsequence of low tec-ing reslistance or principally a consequence of low
strength Furthermore, the stable tearing observed in PTSE-l (Ref. 6) and
PTS%=2 (Ref. 1) is inconsistent with analysis based on J-resisiance curve
data. An experiment with low-tearing-resistance material having normal
strength, as proposed for PTSE-4, is crucial for resolving these issues.

10,2 PTSE-4 Fabrication Feasibility
Gs Cs Robinson

An in.ormal inquiry was sent to several pror’ ctive vendors to
establish the technical feasibility of obtaining a high-transition-
temperature, low-upper-shelf Charpy submerged-arc weldment test material
(1) for incorporation into the ITV-8 intermediate test vessel (recently
used as the test vessel in the PTSE-2 experiment) and (2) for use in
wide-plate specirens and associatea characterization weldments. A pre-
liminary draft Jrocurement specification was the basis for technical
evaluation by the various vendors. Table 10.1, taken from the specifica-
tion, gives the strength and toughness properties now considered neces-
sary to perform a viable PTSE~4 experiment.

One of the prospective vendors believed that the objectives could be
achieved by using the standard weld wire ordinarily used in A 533 grade B
class | weldments and by using Linde 80 flux (evr perhaps Linde 60) with
{ncreased oxygen potential to schieve the required low-upper-shelf prop=
erties, The high-transition-temperature requirements would be achieved
by i{ncreasing the silicon content to ~I1%.

Two other vendors preferred 2 1/4 Cr=1 Mo weld wire, American Well-
ing Soclety classification EB-3., Tentative flux choices included Linue
60 and Linde 80, and possibly L nde 100. In addition, {f possible, a
"dirty" wire chemistry, consisting of high phosphorus, sulfur, and high
silicon would be chosen. However, the speculation was that {mprovements

in manu’ -uring practice would probably preclude such choices because of
materia. a ¢ 'aibilicy-

™ .nary p:~¢ rement specification depends on a two-phase
operatis’ 3 venu the first phase, the vendor would explore a
matrix vt e (. of flux, postweld heat treatment tempera-
ture, @ . ment cooling rate) to establish parameters
that w. ; i d objectives. -ith the first phase success~
fully o ap . + shase would consist of confirmatory tests and
the iucor: f ceferred weld into the vessel, the six wide~

place speci. :ns. Naracterization weldmenta, he specification
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Tabie 10.1. 1Impact and tensile property requirements

Acceptable values
Property Des{red

value Minimun Max{mum

Yield .tronlth.‘ MPa (psi) 600 (87,000) 520 (75,000) 740 (110,000)

Charpy~V_upprr-shelf bl (45) 54 (40) b8 (50)
energy, J (freld)
Temperature at which 100 (212)° 90 (194) 140 (284)

Charpy=V energy ic at
the midpoint of the
transition® (TT), *¢ (*F)

Lowest temperature at TT+30 (TT+54) TT+75 (TT+135)
which lU0% shear first
occurs, *C ('F)

15 be measured at room temperature.

bthc upper shelt energy shall be determined by averaging the fmpact

energy of the specimens exhibiting 1)0% shear.

®sidpoint energy shall be determined by adding 6.8 J (5 rrelb) to
the average of the values ubtained with 00L shear and dividing the
result by 2.

also depends on the finished thickness dimension of the wide-plate speci~
mens being 15.24 cm (6 in.)s The latter requiremeat may result in a
severely prolonged schedule because of the unavailability of heavy plate.
Only one of the potential vendors could identify a source of plate
(exclusive to that vendor) immediately available for the proposed work.
Estimates of 28 weeks or longer were presumed by vendors to represent a
typical delivery period of a contract for plate placed with Lukens Steel
Company, the only U.S. supplier. According to unconfirmed reports, plate
may ulso be available from Korean sources.

During the course of these inquiries, a source of old, relatively
dirty, 2 1/4 Cr=]1 Mo weld wire was lccated in sufficient quantity to do
the proposed work. A purchase order has been prepared for the procure-
ment of this material to permit an "in-house" feasibility evaluation of
the parameters required to achieve the properties given in Table 10.1.

10,3 Stress-I.tensity Factor lntguouc; Coefficients

or face Flaws in Pressure Vessels

Js Keeney-Walker Ds A. Steinart
Jeo S. Parrott

In the fracture-mechanics analysis of reactor pressure vessels,
stress-intensity~factor influence coefficients are used with superposi-
tion techniques to reduce the cost of calculating stress~intensity fac~-
tors., Using the ORMGEN/ADINA/ORVIRT analysis system, influence coeffi-
cients wer. generated for several axially oriented, semielliptical,
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outer-surface flaws in a cylinder for use in the OCA/USA computer program
to analyze PTSE~3 and -4. The ratio of surface length (2b) to wall
thickness (w) of the flaws ranged from 0.4 to 6,776, and the ratio of
depth (a) to wall thickness ratio ranged from O.1 to 0.9, The ratios are
summarized below.

25/! [V 046 1.0 14 1.8 3.0 4.0 5.0 6.0 6.776
./' 0.1 0.2 0.3 0.5 0.7 0.9

ORMGEN automatically generates a complete 3-D finite-element model
of the cracked structure with typically 5299 nodes and 1134 elements.
Figures 10.]1 and 10.2 illustrate a typical mesh design for a semiellipti~
cal surface flaw, with a/w = 0.3 and b/w = 0,3, The influence coeffi~-
cients generated for this flaw are shown in Fig. 10.3. The stress-
intensity factors obtained by superposition for a thermal transient load-
ing condition (see Fig. lu.4) were compared with values calculated by a
direct finite-element method and closely agreed, as shown in Fig. 10.5.
Figure 10.6 indicates that this similarity continues with the addition of
pressure loading.

The OCAUSA and OCAPLOT computer programs have been modified in
preparation for PTSE~3 and -4, The modifications a'low the codes to
calculate and plot stress-intensity factors for multiple crack lengths
and crack depths (the previous versions only allowed fur a fixed crack
length). The OCAUSA code creates a data set that {s read by a computer
program designed to calculate crack shapes. Several key subroutines in

the OCAUSA program were rewritten using Fortran 77 conventions. Other
modifications to the codes included restructuring the output tables, re-
formulating the 3-D K calculations, and separating 2-D and 3-D calcu~-
lations. Both the uclﬂ§l and OCAPLOT codes are compiled and executed on
the STC Vax 8600's at ORNL to allow for greater user interaction with the
codes during execution.

10,4 Mesh Convergence Study for PTSE-} and -4 Pretest

J. S8, Parrott Js Keeney-Walker
Ds A. Steinart

In the PTSE~) and =4 pretest analysis, a mesh convergence study was
conducteds This study consisted of determining the effect that mesh
refinement had on the Ky distribution along the crack front for a crack
1/10 the cylinder tiickness in depth and 1.4 times the cylincer thickness
in length:s The mesh generator used for the analysis was ORMGEN,

The mesh parameters are as follows. NZ is the number of elements
along the circumference of the cylinder in addition to the two elements
that the program automatically assigns. GCRADZ is the mesh expansion
factor fu the circumferential direction (i.e., considering only the se:
of elemunts along the clircumference the user defines, an element has an
arc length that differs from the arc length of the neighboring element
closest to the crack by a factor of GRADZ). NCRS is the number of ele~
ments along the crack front.
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The finite-element model used as the base for this study had the
following mesh parameter values: NZ = 6, GRADZ = 1.5, and NCRS = 8, A
complete view of the crack plane of this model is shown in Fig. 10.7. In
Figs., 10.8 and 10.9, closeups of the crack are presented. A circumferen-
tial view of the model is shown in Fig. 10.10.

For the second model, all of the mesh parameter values were kept the
same as those used for the base model except the value of NZ, which was
increased from 6 to 8., This change i{s shown in Fig. 10.11, which is the
circumferential view of the second model.

For the third model, NA and GRADZ were the only mesh parameters wich
values that were changed from those used for the base model. The value
of NZ was increased from 6 to 8, and the value of GRADZ was decreased
from 1.5 to l.ls These changes are shown in Fig. 10.12, which is the
circumferential view of the third model.

For the fourth model, the only mesh paramster with a value that was
changed from the one used in the base model was NCRS, The value of this
parameiLer was increased from 8 to 10. 1In Figs. 10,13 and 10.14, closeups
of the crack in the fourth model are presented to show this change.

After the develooment of the four odels, the ADINA finite-element
program was executed to calculate stress throughout the model. Note that
the same crack-face loading was used for each execution. The ORVIRT
finite-element program was then used to determine the K, distribution
influence coefficients along tne crack front. Each model's K, distribu~
tions, one for each load step, were superposed in Fig. 10.15. For the
scale used in this plot, each mesh refinement gave results that were only
negligibly different from the results given by the base mesh.

ORNL-DWG 88-4291 ETD
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Fige 10.7. Crack-plane view of base model.
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Il. FLAW DENSITY STUDIES FOR PRESSURE~
VESSEL-RESEARCH USERS' FACILITY

R. W. McClung Re As Cunningham, Jr.
Ks V. Cook

l1.1 Nondestructive Testing Plans

A preliminary plan for the nondestructive evaluation of the Pres~
sure~Vessel-Research User's Facility (PVRUF) vessel for flaw density was
drafted near the beginning of this reporting period. The PVRUF vessel is
located near the south end of Building K-702 at the Oak Ridge K-25 Plant.
It has an outside diameter (beltline) of 4.5 m (15 ft), weighs over
3.5 MN (400 tons), and is lying on its side (horizontal orientation on
supporting stands). The preliminary plan addressed complicatious for the
nondestructive examination because of the satellite (field) inspection
requirement and the vessel orientation. To meet the satellite inspection
requirement, support services and facilities have been added to the site.
Since the vessel will not be housed in an appropriate facility until
funding i{s arranged, we concluded that manual ultrasonic scanning rroce-
dures must be used or special scanning systems nust be purchased and used
while the PVRUF {s in the temporary location. Once the vessel is inside
and in a normal vertical position, it will be possible to apply commer~-
cial or advanced automated in-service inspection (ISI) equipment., These
inspection systems normally use a long vertical boom to center and locate
tooling from the inner diameter of the vessel. The cantilever action of
this boom for operation in the horizontal orientation would require
costly revision to a very expensive system. Also, immersion testing is
normally done with these systems, whereas the horizontal position of the
PVRUF would dictatn contact or squirter hardware, another expensive modi-
fication,

Our preliminary plan was discussec by personnel from the Nuclear
Regulatory Commission (NRC), the Oak Ridge National Laboratory (ORNL),
and Pacific Northwest Laboratory (PNL) at a meeting in Gaithersburg,
Maryland, in October 1987. A consensus draft plan was submitted for
consideration in March 1988, Background information for the Phase |
studies, which has been taken from the introductory material of the
current draft, follows.

The acquisition of a full-scale commercial nuclear re-
actor pressure vessel by the Oak Ridge National Laboratory
provides a unique facility for many studies of value to nu~-
clear reactors. Application and development ~f nondestruc~
tive examination (NDE) methods is one of the chnical disci~
plines of interest.

The initial planned studies (Phase 1) are a continuation
of earller studies to carefully determine the presence of
flaws in pressure vessel materials. The earlier work was
carried out on large sections of pressure vessels from can-
celed BWA and PWR plants. The purpose of the earlier work
and Phase | of this plan is to provide experimental flaw






Fig. 1l.1l. View of PVKUF vessel as positioned by subcontracter in

the vicinity of the K-700 bullding complex.
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