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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 indus-
try. This report covers HSST work performed in October 1984-March 1985.
The work performed by Oak Ridge National Laboratory (ORNL) and by sub-
contractors is managed by the Engineering Technology Division. Major
tasks at ORNL are carried out by the Engineering Technology Division and
the Metals and Ceramics Division. Prior progress reports on this program
are ORNL-4176, ORNL-4315, ORNL-4377, ORNL 4463, ORNL-4512, ORNL-4590,
ORNL~4653, ORNL-4681, ORNL-4764, ORNL-4816, ORNL-4855, ORNL-4918, ORNL-
4971, ORNL/TM-4655 (Vol. II), ORNL/TM-4729 (Vol. II), ORNL/TM-4805
(Vol. II), ORNL/TM-4914 (Vol. II), 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-2141,
Vol. 1 (ORNL/TM-7822), NUREG/CR-2141, Vol. 2 (ORNL/TM-7955), NUREG/
CR-2141, Vol. 3 (ORNL/TM-8145), NUREG/CR-2141, Vol. 4 (ORNL/TM-8252),
NUREG/CR-2751, Vol. 1 (ORNL/TM-8369/V1), NUREG/CR-2751, Vol. 2 (ORNL/
TM-8369/V2), NUREG/CR-2751, Vol. 3 (ORNL/TM-8369/V3), NUREG/CR-2751,
Vol. 4 (ORNL/TM-8369/V4), NUREG/CR-3334, Vol. 1 (ORNL/TM-8787/V1),
NUREG/CR-3334, Vol. 2 (ORNL/TM-8787/V2), NUREG/CR-3334, Vol. 3 (ORNL/
TM-8787/V3), NUREG/CR-3744, Vol. 1 (ORNL/TM-9154/V1), and NUREG/CR-3744,
Vol. 2 (ORNL/TM-9154/V2).
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SUMMARY
1. PROGRAM MANAGEMENT

The total program is arranged into ten tasks: (1) program manage-
ment, (2) fracture methodology and analysis, (3) material characteriza-
tion and properties, (4) environmentally assisted crack-growth studies,
(5) crack-arrest technology, (6) irradiation effects studies, (7) stain-
less steel cladding evaluations, (8) intermediate vessel tests and aunaly-
ses, (9) thermal-shock technology, and (10) pressurized-thermal-shock
technology. Progress reports are issued on a semiannual basis, and the
chapters of those reports correspond to the ten tasks.

The work performed at Oak Ridge National Laboratory (ORNL) and under
existing research and development subcontracts is included in this re-
port. During the report period, 43 program briefings, reviews, or pre-
sentations were made, and 9 technical documents were published. Program
subcontracts were monitored and coordinated.

2. FRACTURE METHODOLOGY AND ANALYSIS

Developments were made to the ORNL fracture codes to permit improved
finite-element modeling of nozzle-corner crack regions. The resulting
mesh generation code was labeled ORNOZL. The ORNL codes ORMGEN and
ORVIRT were distributed to two organizations. Further dynamic-fracture
analyses were performed on a laboratory-sized panel specimen that shows
promise for being useful in providing high K;, data in the presence of a
rising K field.

A preliminary investigation of existing precracked Charpy V-notch
data revealed a possible relation between dynamic-initiation toughness
and time to fracture, which might be useful as an aid in estimating the
crack-arrest toughness.

Integrated fracture-mechanics experimentation and finite-element
analyses are being conducted at the Southwest Research Institute (SwRI)
to develop improved predictions for crack arrest in high-upper-shelf tough-
ness conditions. Viscoplastic material characterization experiments were
performed to enable use of the Bodner-Partom model in the finite-element
fracture analyses. A 2-D finite-element computer code was developed for
performing viscoplastic analyses. Cleavage-fibrous transition studies
continued at the University of Maryland (UM) with emphasis on local varia-
tions of carbon content and size effects in fracture morphology.

3. MATERIAL CHARACTERIZATION

Mechanical and fracture properties characterization of the wide-
plate crack-arrest material was performed. A subcontract was let for the
purchase of stainless steel clad plate A 533 grade B class 1 steel with
properties in each region conducive to allowing brittle crack propagation
in the base plate while the cladding remains tough.
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4. ENVIRONMENTALLY ASSISTED CRACK-GROWTH TECHNOLOGY

Both fatigue crack-growth rate and fractography results are pre-
sented for the recently begun matrix of tests on a high-sulfur steel.
Effects of frequency, R ratio, temperature, and environment are being .
studied; results are consistent with existing data and show increasing
growth rates with higher R ratio and temperature. Static-load cracking
tests are under way for base, weld, and heat-affected zone materials, and
no further cracking was observed during this period. Study was under-
taken of the manganese sulfide inclusion distribution within the test
steel being used in this task.

5« CRAX-ARREST TECHNOLOGY

The task to perform wide-plate crack-arrest tests at the National

Bureau of Standards (NBS) continued. Heavy-Section Steel Technology

(HSST) plate 13A was the test material, and ORNL designed, machined, and

shipped four additional specimens to NBS. The first test, WP-1l.1, was

performed at the end of last report period. ORNL, SwRI, and UM performed

posttest dynamic-fracture analyses using the computer codes SWIDAC and

SAMCR. The NBS made preparations for the second test, WP-1.2, which was

performed on January 17. Detailed pretest and posttest (static and dy-

namic) analyses were performed for WP-1.2. *
In other areas, UM continued to administer the ASTM E24.01.06 round

robin on crack-arrest testing. In addition, Battelle Columbus Laborato-

ries (BCL) drafted a report on their compilation of a crack-arrest data

base that contains 478 data points at temperatures from RTypT - 114°C to .

RTypr *+ 102°C. BCL also instrumented the wide-plate specimens to monitor
crack speeds Iin tests WP-1.l and W°-1.2.

6. TIRRADIATION EFFECTS STUDIES

The Fifth Irradiation Series addresses irradiation effects on the
initiation toughness of two high-copper welds. Irradiation of 6 of the
12 planned capsules has been completed. These capsules included Charpy
V-notch, tensile, drop-weight, IT compact, and 4T compact specimens.
Irradiation of capsules 7 and 8 was started in early March and will be
completed early next report period. The target fluence for this series
of irradiations was raised from 1.5 to 1.75 x 1023 neutrons/m?. The
Sixth Series will examine the shift in the crack-arrest toughness of
these same two weldments. Preliminary specimen complement and capsule
design was completed. The Seventh Series is evaluating irradiation ef-
fects on stainless steel cladding. Phase | study was completed on an ir- o
radiated one-wire submerged-arc clad material. Fracture characteristics
were examined in terms of microstructure and irradiation effects. Plans
were made for the phase 2 study of a commercially produced three-wire
cladding representative of that used in the fabrication of early reactor s
vessels.
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7. CLADDING EVALUATIONS

Preparation of a topical report on the ORNL clad-beam tests that
were performed in earlier report periods was completed, and the report
was sent to reproduction. Two segments of a BWR pressure vessel were ob-
tained for flaw and properties characterization. This material has been
clad, and segments of both longitudinal and circumferential welds were
included. A nondestructive examination plan was developed for the study
of this material.

8. INTERMEDIATE VESSEL TESTS AND ANALYSIS

Work continued on preparation of a topical report on the intermedi-
ate vessel test ITV-8A, which involved a low-upper-shelf weld.

9. THERMAL-SHOCK TECHNOLOGY

As a part of the Integrated Pressurized Thermal-Shock Program,
probabilistic fracture-mechanics calculations were made for the H.B.
Robinson-2 (HBR-2) reactor pressure vessel to obtain a best estimate of
the conditional probability of vessel failure [P(F|E)] associated with
numerous postulated transients. Those studies indicated that P(F|E) for
HBR-2 was very small because of low concentrations of nickel and low
values of RTyprp »

o

Studies pertaining to an evaluation of the behavior of subclad flaws
under thermal-shock loading conditions were continued. Calculations were
made for three test facilities to determine which one would be most suit-
able for thermal-shock experiments with clad cylinders having subclad
flaws. The results indicate that the existing thermal-shock test fa-
cility would be appropriate for the first experiment.

10. PRESSURIZED-THERMAL-SHOCK TECHNOLOGY

Extensive static and dynamic posttest fracture analyses were per-
formed for PTSE~1, the first pressurized-thermal-shock test. A topical
report covering PTSE-1 was completed and is in reproduction. PTSE-2 will
be a study of warm prestressing and upper-shelf instability. For this
test, the vessel (V-8) used in PTSE-1 will be repaired with a low-upper-
shelf insert in the region to be flawed. Parametric fracture analyses
were performed to confirm the test feasibility and to determine the
ranges of material properties required for an optimum test. Efforts to
procure suitable test material and appropriate thermocouple systems for
PTSE-2 were pursued with contracts being let in each case.



HEAVY-SECTION STEEL TECHNOLOGY PROGRAM SEMIANNUAL
PROGRESS REPORT FOR OCTOBER 1984-MARCH 1985%*

C. E. Pugh
ABSTRACT

The Heavy-Section Steel Technology (HSST) Program is con-
ducted for the Nuclear Regulatory Commission. The studies are
related 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 ves-
sels containing cracklike flaws. Starting with FY 1984, the
program is organized into ten tasks: (1) program management,
(2) fracture methodology and analysis, (3) material character-
ization and properties, (4) environmentally assisted crack-
growth studies, (5) crack-arrest technology, (6) irradiation
effects studies, (7) cladding evaluations, (8) intermediate
vessel tests and analysis, (9) thermal-shock technology, and
(10) pressurized-thermal-shock technology. During this pe-
riod, extensions were made to the fracture analysis codes by
developing an improved nozzle-corner crack model. Copies of
the ADINA-ORMGEN-ORVIRT analysis codes were distributed to nu-
merous organizations outside Oak Ridge National Laboratory
(ORNL)., Elastodynamic analyses were performed by ORNL and
Southwest Research Institute in support of the wide-plate
crack-arrest tests that the National Bureau of Standards are
performing for the HSST Program. Characterization studies in-
cluded deformation and fracture properties tests of wide-plate
material and crack-growth rate tests of high-sulfur vessel
steels. Analytical assessments were made of laboratory speci-
mens with potential for use in obtaining high crack-arrest
toughness data. Further results from K;, tests were received
for the AST™ round robin. Four series of irradiations were
continued for the study of K;. shifts for welds with differeut
copper contents, and test plars proceeded for the Sixth and
Seventh Irradiation Series. Work was completed on the report
covering ORNL clad-beam tests. Work on the report on ITV-8A
that contained a low-upper-shelf weldment was continued. Ex-
ploratory analytical fracture studies were carried out for
clad cylinders undergoing thermal-shock loadings, and fracture
assessments continued for the Integrated Pressurized Thermal-
Shock Program. Posttest analyses were completed for the first
pressurized thermal-shock test (PTSE-1), and preparation of

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



the topical report on PTSE-1 was completed. Contracts were
let for procurement of low-upper-shelf energy test material
and thermocouple thimbles for use in PTSE-2,

1. PROGRAM MANAGEMENT

C. E. Pugh

The Heavy-Section Steel Technology (HSST) Program, a major safety
program sponsored by the Nuclear Regulatory Commission (NRC) at the Oak
Ridge National Laboratory (ORNL), is concerned with the structural integ-
rity of the primary systems [particularly the reactor pressure vessels
(RPVs)] of light-water-cooled nuclear power reactors. The structural
integrity of these vessels is ensured by (1) designing and fabricating
RPVs according to standards set by the code for nuclear pressure vessels,
(2) detecting flaws of significant size that occur during fabrication and
in service, and (3) developing methods of producing quantitative esti-
mates of conditions under which fracture could occur. The program is
concerned mainly with developing pertinent fracture technology, including
knowledge of (1) the material used in these thick-walled vessels, (2) the
flaw-growth rate, and (3) the combination of flaw size and load that
would cause fracture and thus limit the life and/or operating conditions
of this type of reactor plant.

The program is coordinated with other government 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 assessments for regulatory agencies, 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. Five research
and development subcontracts are currently in force.

The program tasks are arranged according to the work breakdown
structure shown in Fig. l.1. Accordingly, the chapters of this progress
report correspond to these ten tasks. During this report period, the
S-year program plan! was updated to be applicable to FY 1984—1988 and was
distributed to the NRC for comment. It will be issued as a NUREG report
early next period.

Two foreign technical specialists were at ORNL on temporary assign-
ments to the HSST Program during this period. Dr. Hermann Stamm of the
Institute fur Reaktorbauelemente, Kernforschungszentrum Karlsruhe, Fed-
eral Republic of Germany, completed a 9-month assignment at the end of
January 1985, Mr. Robert Wanner of the Swiss Federal Institute for Reac-
tor Research is at ORNL for 1 year, through June 1985. Mr, Stefan Brosi,
of the same institute, reported to ORNL on March 18 for an assignment
through June to work on nozzle-cracking analyses for Project Heiss Damph
Reaktor experimental/analytical studies.

During this period, 43 program briefings, reviews, or presentations
were made by the HSST staff at technical meetings and at program reviews
for NRC staff or visitors. There were nine publications that include one



work breakdown structures for HSST Program.

technical progress report,“ six topical reports,” ™ ° and two technical
papers.”  *

In addition, the following eight papers were presented at the NRC
Twelfth Water Reactor Safety Research Information Meeting, October 23-25,
1984, Gaithersburg, Maryland; a summary of each is given in Ref. 1l.

W. H. Bamford, "Environmentally Assisted Crack-Growth Studies.’
R. G. Berggren, J. J. McGowan, B. H. Menke, R. K. Nanstad, and K. R.
Thoms, "Irradiation Effects in Low-Alloy Reactor Pressure Vessel
Steels.”

R. H. Bryan, "Results and Conclusions from the First Pressurized-
Thermal-Shock Experiment.”

R. D. Cheverton, "PTS Fracturt ~hanics Methodology and Conclu-
gsions.”

W. R. Corwin, R. G. P nd R. K. Nanstad, "Fracture Proper-
ties of a Neutron-Irr 'L 1inless Steel Submerged-Arc Weld
Cladding Overlay.”

R. J. Fields, "Wide-Plate Crack-Arrest Tests."

M. F. Kanninen, J. Ahmed, B. R. Bass, aud V. Papaspyropoulos, "Wide-
Plate Crack-Arrest Analysis.”

M. F. Kanninen and J. Strosnider, "EPFM Analysis and Blind Test of
Cracked Pipe to Validate IWB-3640 N
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2. FRACTURE METHODOLOGY AND ANALYSIS

2.1 Development of the ORNOZL Finite-Element Mesh
Generating Code for Nozzle Corner Cracks

B. R. Bass J. K. Walker

During this report period, a prototype version of the ORNOZL finite-
element mesh generating code was developed for nozzle-corner crack analy-
sis. Program ORNOZL automatically generates a fully three-dimensional
(3-D) finite-element model of a nozzle-cylinder intersection containing
a mathematically or user-defined corner crack. As few as five input
cards are required to execute the program. Output from ORNOZL consists
of files containing nodal point coordinates and element connectivities
that completely define the 3-D finite-element model. These files are
written in formats ihat are compatible with the ADINA structural analysis
finite-element program.l Fracture-mechanics parameters for the finite-
element model are determined from the ORVIRTZ? program, which functions
as a postprocessor of the conventional solution obtained from ADINA. In
applications, the energy release rate is evaluated pointwise by ORVIRT
from solution data written to the nodal point and element portholes of
ADINA and from a virtual extension of the crack front produced by ORNOZL.

Features of the ORNOZL code include a crack-tip modeling scheme iden-
tical to that used in the ORMGEN-3D code3 for cylinder and plate geome-
tries. Special wedge or collapsed-prism crack-tip elements are employed
along the crack front to model the appropriate singularity in the stress
field. One-eighth, one-quarter, or one-half of the complete structure is
modeled, depending on the number of symmetry planes in the nozzle-crack
configuration. The program contains a clad option that allows for either
an embedded or a penetrating corner crack in the clad material. Future
development of the ORNOZL code will include user-selected options for two
different types of nozzle reinforcement and for expanded flexibility of
admissible crack configurations.

Figure 2.1 depicts an ORNOZL-generated, 3-D, finite-element model
of an Oak Ridge National Laboratory—intermediate test vessel (ORNL-ITV)
nozzle-vessel configuration containing two corner cracks. One-quarter
of the geometry is modeled, implying the presence of two symmetric corner
cracks in the longitudinal plane of the vessel. The finite-element model
consists of 2616 nodes, 456 20-node isoparametric brick elements, 48
crack-tip wedge elements, and 218 3-D internal pressure elements. Five
input cards were required to generate the model. The corresponding
single-coiner crack model (one plane of symmetry) (Fig. 2.2) is defined
by 3306 nodes, 591 20-node isoparametric elements, 48 crack-tip wedge ele-
ments, and 284 3-D internal pressure elements.
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Fig. 2.1. Finite-element model of ITV with two symmetric corner
cracks in longitudinal plane of vessel.

ORNL-DWG 85-4338 ETD

Fig. 2.2 Finite-element model of ITV with single-corner crack in
longitudinal plane of vessel.



2.2 Effects of lLoading Rate on Dynamic-Fracture-Toughness
Values Measured with Instrumented PCCV Specimens

J. G. Merkle

In reviewing the background for the dynamic-toughness data obtained
by several laboratories using instrumented precracked Charpy V-notch
(PCCV) specimens of TSE-5A material furnished by ORNL, an apparent effect
of time to maximum load on dynamic-fracture toughness at temperatures
above RTynr was noticed. The data for which this observation was made
are .- the TSE-5A data, but earlier data contained in reports published
by a joint Pressure Vessel Research Committee (PVRC)/Metal Properties
Council (MPC) task group and the Electric Power Research Institute
(EPRI).

Following an evaluation test series organized by the joint PVRC/MPC
task group,“ which used specimens of A 533 grade B class 1 steel (HSST
Plate 02), EPRI sponsored the development of improved test procedutessvG
and subsequently sponsored a round-robin test program using several heats
of pressure vessel steel.” The test procedures that were specified in-
cluded limits on the minimum time to maximum load to avoid early inertial
load peaks and excessive amplifier attenuation. These limits were ap-
plied in terms of upper limits on initial hammer energy, thus on the
velocity at the beginning of impact. A lower limit on initial hammer
energy was also established, in this case for the purpose of preserving
an approximately linear decrease in hammer velocity with time during the
impact event and also of preventing the hammer velocity from decreasing
more than 20% during impact. Although no experimental data were pub-
lished to show the basis for the lower limit on initial hammer energy, an
inquiry to Server® revealed that unpublished data did show toughness
increases apparently caused by velocity decreases exceeding 20% of the
velocity at the beginning of impact. In other words, observed loading
rate effects were the basis for the low r limit on initial hammer energy
specified in the EPRI-instrumented impaict testing procedures.

If loading rate effects had been observed at the beginning of the
EPRI program, they might be expected to be apparent in data preceding the
EPRI program, especially at temperatures above the RTypr at which strain-
rate effects are especially significant. Such data are available in the
PVRC/MPC report,“* which contains instrumented PCCV data, including time
to maximum load obtained by seven different laboratories for HSST Plate
02 at 48.89°C (120°F). These data, listed in Table 2.1, are expressed in
terms of Ky, having been converted from elastic-plastic Jy, values by
using the expression

Ky, = YEJ > (2.1)

where J;4 is calculated from the impact energy, according to analytical
procedures for estimating specimen displacement from hammer velocity.
The data in Table 2.1 are plotted in Fig. 2.3 and show a definite ten-
dency to decrease with decreasing time to maximum load tys thus with in-
creasing loading rate. Fitting a straight line to the data by eye and




Table 2.1. Dynamic-initiation fracture-
toughness values for HSST Plate 02 at
48.89°C (120°F) measured with instru-

mented PCCV spec mens (Ref. 4)

Specimen ty K14
Laboratory No. ius) (MPas/m)
1 95 390 181

73 144 153
65 168 162
76 168 164
2 90 355 193
102 300 190
112 460 233
3 36 360 173
140 390 185
157 390 188
168 212 175
4 58 398 211
45 272 194
30 505 248
5 160 500 259
119 400 176
138 400 209
6 80 340 195
78 469 246
91 328 215
7 114 364 207
89 286 213
83 428 222
94 396 225

extrapolating to ty = 0 gives a limiting high rate value of Kiq = 108
MPas/m. Comparing this value with the Materials Research Laboratory
(MRL) crack-arrest data® for HSST Plate 02 showa in Fig. 2.4 indicates
excellent agreement, implying at least a connection between high-rate
initiation toughness and crack-arrest toughness values.

To determine whether the same trend is evident in the later EPRI
round-robin data, additional PCCV dynamic-toughness values for HSST Plate
02 at 37.78 and 48.89°C were obtained from the summary of the EPRI data.l0
These values are listed in Table 2.2 along with values of ty calculated
from the relation

¢ w28 (2.2)

using the data given in Ref. 10. The two values for 48.89°C (120°F) have
been plotted in Fig. 2.3 and appear to be consistent with the PVRC/MPC
data. The data for 37.78°C (100°F) are plotted in Fig. 2.5, from which
it can be seen that the values of ty, for the EPRI data lie in a higher



ORNL--DWG B5-4339 ETD

I | 1 1 | 1 ¥
O PVRC/MPC DATA (Ref &) a
O EPRI DATA (Ref 7)
300 f— o
. (o]
o)
s
=3 ’
O
g (o] (s ]
° s 9
¥ 200 p— o 00 g
o o O
5
150 b -
100 | ] | L L ] |
0 100 200 300 400 500 600 700 800
M fus)

Fig. 2.3. Dynamic-initiation fracture-toughness values for HSST
Plate 02 at 48.89°C measured with instrumented PCCV specimens.
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Fig. 2.4. Crack-arrest toughness of HSST Plate 02 as a function of
temperature; data from tests where crack front was within 2.54 mm of
" minimum section (Ref. 9).
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Table 2.2. Dynamic-initiation fracture-toughness
values for HSST Plate 02 measured with instru-
mented PCCV specimens (Ref. 10)

Test l.( 10=6
Specimen K1d " ty
No. ‘“ffé‘)““" (Mpas/m) (M) (us)
s
9 48 .89 286,81 0.42 683
65 48.89 323.08 0.44 734
10 37.78 297 .80 0.34 876
11 37.78 301.10 0.34 886
10 37.78 295,60 0.34 869
11 37.78 270.33 0.40 676
22 37.78 302,20 0.54 560
26 37.78 270.33 0.35 772
23 37.78 314.29 0.38 827
24 37.78 289.01 0.46 628
48 37.78 229.67 0.46 499
5 37.78 237.36 0.42 565
38 37.78 246,15 0.44 559
1 37.78 256,04 0.45 569
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Fig. 2.5. Dynamic-initiation fracture~toughness values for HSST
Plate 02 at 37.78°C measured with instrumented PCCV specimens (Ref. 10).
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the data in Fig. 2.5 is not as easy as for the data in Fig. 2.3 partly
because, at the large values of ty (slower loading rates), cleavage may
have occurred after maximum load or not at all in some cases, thus
causing the toughness values (calculated at maximum load) to level off.
However, it is reasonable to assume that the data in Fig. 2.3 should form
an upper bound to the data in Fig. 2.5 because of the difference in test
temperatures. The implication of these observations is that considera~-
tion should be given to testing over a broad range of ty values, say 150
to 800 us, and then extrapolating to ty = 0 to estimate Ky,.

2.3 Fracture Analysis of a Small Panel Crack-Arrest Specimen

B. R. Bass H. K. Stamm
Co Eo Pugh

|
range than those of the PVRC/MPC data. Establishing a trend with ty for

Early laboratory studies of crack arrest have led to test specimens
that reduce the dynamic effects of the running crack. The appropriate-
ness of current specimen recommendations is being examined through a
round-robin test program.!! However, these specimens provide limited
constraint of deformation in the crack-plane region and a driving force
that decreases with crack extension. These factors have limited the
generation of valid data to low temperatures that are below those where
arrest is most likely to occur in a pressurized-thermal-shock (PTS) sce-
nario. The Heavy-Section Steel Technology (HSST) Program is providing
crack-arrest data over a greatly expanded temperature range through tests
of wide-plate specimens,!? thermally shocked cylinders,!3 and PTS tests. 1"
The wide-plate test series provides the opportunity to obtain significant
numbers of data points at affordable costs. The thermal-shock and PTS
tests provide validation data under multiaxial transient conditions.

Recent studies!® 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 designed
for measurement of K,;. values at temperatures approaching the upper shelf
of the material. Additional conditions are that crack arrest should take
place in a rising K, field and that the resultant load should not exceed
2447 kN (the capacity of the available testing machine). It is proposed
that crack arrest in a rising K; field be achieved by applying a tempera-
ture gradient across the specimen. Crack propagation must initiate at
lower-shelf temperatures and run into a region at high temperature with
high K;  levels. In Ref. 15, a panel specimen with a stub (Fig. 2.6) was
proposeg to meet the above requirements. The stub is cooled to serve as
a crack-starter region and is mechanically loaded to provide K; levels
that are high enough for initiation. An eccentric load is applied to the
panel to produce a rising K; field. Static analyses15 were carried out
for the specimen of Fig. Z.g to determine the maximum attainable stress-
intensity factor. For a resultant tensile load on the stub of Fs = 66.7 kN
and panel load of Fp = 2447 kN, which were uniformly applied over U <
Yg < 10.2 cm and 30.5 em < Yp < 40.6 cm (Y measured from left edge), re-
spectively, the K, field has a value of 60.4 MPae/m with the crack tip at
Y = 20.3 em and rises to a peak value of 220 MPas/m at Y = 20.3 cm.




12

ORANL -DWG 84-6190A ETD

==

PANEL THICKNESS = 339
CRACK -PLANE THICKNESS = 254
(12.5% SIDE GROOVE)

¥
76.2

' o

o 254 - - 20.3 i

DIMENSIONS IN CENTIMETERS

Fig. 2.6. Recommended crack-arrest panel configuration.



13

During this report period, the panel specimen of Fig. 2.6 was sub-
jected to further static and dynamic analyses to assess its usefulness
for producing K;, data in the temperature regime of upper-shelf material
behavior. These analyses were carried out using the finite-element codes
ADINAT for temperature analy81516 and SWIDAC for static and dynamic-
elastic analyses.17 All finite-element calculations were based on a two-

dimensional (2-D) plane-stress model. The plate had a thickness of 3.39 cm

and was assumed side-grooved to a depth of 12.5% of the thickness, re-
sulting in a net thickness of 2,54 cm in the crack plane. The computa-
tions were based on a plate thickness of 3.39 cm, with the side grooves
taken inco account by adjustment of the resulting stress-intensity fac-
tor. Material properties for the panel were the same as those adopted
for the wide-plate study described in Sects. 5.1 and 5.3.

The thermal boundary conditions for the panel are illustrated in
Fig. 2.7. The two surfaces of the stub, denoted C} and C2, are cooled to
the temperature T , , while the back surface (surface H) of the panel
specimen is heate? to a temperature T All other surfaces of the
plate are assumed to be insulated. Ea finite—element results from
ADINAT for the steady state (dimensionless) temperature distribution in
the crack plane under these boundary conditions are also shown in the
figure. The values of the heating and cooling temperatures T and
Tain® respectively, are used in the analyses to adjust the length of the
crack jump in postulated run-arrest events.

The panel crack-arrest specimen was subjected to static and dynamic
analyses to determine the effects of loading and thermal gradient on the
predicted run-arrest event. To keep the stub force low and to produce a
driving force high enough to propagate the crack into the panel, a crack-
tip temperature of Top = -55°C, corresponding to Kic = 67.8 MPas/m from
Eq. (5.2), was selected for these analyses. Initiation is assumed to oc-
cur ~25% above Ki.» based on a probable elevation in apparent toughness

from prevailing plane-stress conditions. Two of the analyses utilized a
mechanical load combination denoted as the reference load case, with stub
load Fg = 0.111 MN (25 kips) and panel load Fp = 1,75 MN (393 kips). The
loads are applied as point loads (at the top of the pin holes) at the lo-
cations indicated in Fig. 2.8. Results of the stability analyses for the
reference load case are shown in Figs. 2.8 and 2.9 and in Table 2.3 for
the two temperature gtadients defined by the following boundary condi-
tions. case A — Ty, = —119°C, T, . = 190°C and case B — T4, = -99.6°C,
= 116°C. The location Xyg where the temperature equals the onset of
Caatpy upper shelf is shown in Table 2.3. Stability conditions of the
arrested crack are expressed in terms of the limit crack lengths for re-
initiation a , for tensile instability ay;, and for tearing insta-
bility agy. ?&gese limit crack lengths are discussed in more detail in
Sect. 5.2.) For cases A and B, the limit crack length beyond which ten-

sile instability of the arrested crack should be expected is ay; = 32.4

em. Tearing instability occurs if the arrested crack length exceeds ap; =

31.7 em. Therefore, the instability range is determined primarily by
fracture caused "y tensile instability. The limit crack length for re-
initiation in cleavage a_,;, is temperature dependent through the Ky,
function. If the crack-tip temperature remains fixed and the temperature
of the back surface T is reduced, the limit length a. is increased
as shown in Figs. 2.8 and 2.9. Thus, the interval in whicg the arrested
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