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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 April-September 1987. The
work performed by Oak Ridge National Laboratory (ORNL) and by subcontrac-

'

tors is managed by the Engineering Technology Division (ETD). 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-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/IM-5021 (Vol. II), ORNL/TM-5170, ORNL/NUREG/TM-3, ORNL/
NUREG/TM-28, OLNL/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/IM-194, !

ORNL/NUREG/TM-209, ORNL/NUREG/TM-239, NUREG/CR-0476 (0RNL/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),

i

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-1751, Vol. 4 (ORNL/TM-8369/V4),
NUREG/CR-3334, Vol.1 (ORNL/IM-87dl,71), NUREG/CR-3334, Vol. 2 (ORNL/TM-
8787/V2), NUREG/CR-3334, Vol. 3 (ORNL/TM-8787/V3), NUREG/CR-3744, Vol.1
(ORNL/IM-9154/V1), FUREG/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. 1 (ORNL/TM-9593/V3&N1), NUREG/CR-4219 Vol. 3,
No. 2 (ORNL/TM-9593/V3&N2), and NUREG/CR-4219, Vol. 4, No. 2 (ORNL/TM-
9593/V4&N1).

|

,
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SUMMARY

1. PROGRAM MANAGEMENT

The Heavy-Section Steel Technology (HSST) Program is arranged into
12 tasks (1) program management, (2) f racture methodology and analysis, ;

(3) material characterization and properties, (4) environmentally
assisted crack-growth studies, (5) crack-arrest technology, (6) irradia-
tion effects studies, (7) stainless steel cladding evaluations, (8) in- |

termediate vessel tests and analyses, (9) thermal-shock technology, !
(10) pressurized-thermal-shock (PTS) technology (11) Pressure-Vessel-
Research Users' Facility (PVRUF), and (12) shipping cask material evalua-
tions. 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 rc: catch and development (k&D) subcontracts.
During the report period, 47 program briefings, reviews, or presentations
were made; 8 technical documents were published.

2. FRACTURE MECHANICS AND ANALYSIS

Experimental and analytical studies were carried out to provide an
improved basis for establishing transferable fracture criteria governing
inelastic crack propagation-arrest behavior in pressure vessel steels.
These studies included developments and applications of viscoplastic-
dynamic finite-element techniques, small-scale fracture experiments, and
viscoplastic material characterization testing. Intensive metallographic
and f ractographic studies of various heats of steels were conducted to
investigate the transition from purely ductile fracture at high tempera-
ture to brittle cleavage at lower temperature.

3. MATERIAL CHARACTERIZATION AND PROPERTIES

Posttest properties-characterization studies were completed for the
low-upper-shelf material used in the second pressurized thermal-shock ex-
periment (PTSE-2). Tests included drop-weight, tensile, Charpy V-notch
(CVN) impact, fracture toughness, and crack-arrest toughness. Comparison
of results shows the posttest vessel insert to be stronger than the pre-
test characterization material, and the four types of toughness tests
showed transition temperatures f rom 15 to 30 K higher for the posttest
material. Analyses of all the data resulted in a conclusion that the
differences were largely a result of strain hardening during the vessel
experiment and that the material properties of the vessel insert prior to
PTSE-2 are reasonably well represented by the pretest characterization
block. Fractographic evaluations of the PTSE-2 fracture surface were
also completed and confirmed the existence of an intermediate arrest at a
depth of about 70 mm.

- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Material characterization and fracture surf ace evaluations were per-
formed for the clad-plate materials. Tensile, drop-weight, CVN impact,
and microhardness tests were completed. The Charpy results from speci-
mens with a TL orientation, as required by the ASVF Coda, resulted in an
RT of 72'C, as opposed to the previously determined value of 36*CNDI
using LT-oriented specimens.

4. ENVIRONMENTALLY ASSISTED CRACK-CROVIH TECHNOLOGY

Fatigue crack-growth rate and static-load cracking studies at West-
inghouse have been completed. The goal of the task has been to generate
data and to propose, as appropriate, revisions to the ASNE Cods reference
crack-growth curves with environmental considerations. The report sum- |
marizing the program f rom its inception was received f rom Westinghouse
and is being edited.

5. CRACK-ARREST TECHNOLOGY

Twelve wide plate crack-arrest tests have been completed to date
(three during this reporting period). When combined with other large
specimen test results, the wide-plate crack-arrest toughness values form
a consistent trend, showing that arrest can and does occur at tempera-
tures up to and above that which corresponds to the onset of Charpy
upper-shelf behavior. Also, the measured K values extend above they3
limit in Sect. XI of the ASVE Code.

i

6. IRRADIATION EFFECTS STUDIES

In the Fif th Irradiation Series, tests of irradiated 2TCS and 4TCS

were completed by Materials Engineering Associates (MEA). Testing of
irradiated ITCS and unirradiated 4TCS were completed by ORNL. The re-

values in the scatter bandsults show that the irradiated 4TCS gave Kyc
of data f rom ITCS and 2TCS specimens tested at the same temperatures; in
fact, at the highest test temperature, the 4TC5 results were quite high
relative to those f rom the smaller specimens. Prelimiaary analyses indi-
cate that the shift of f racture toughness K for 73W, the higher copper
weld, is somewhat greater than that determid0d f rom Charpy impact testing.

In the Seventh Irradiation Series, irradiated Charpy impact speci- ,

mens were tested and showed upper-shelf energy decreases of 15 and 20%
for fluences of 2 and 5 x 1019 neutrons /cm2, respectively. The 41-J
transition teuperatures were 13 and 28'C, respectively. Fracture tough-

ness and tensile testing will be performed during the next reporting ;

period.

l
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7. CLADDING EVALUATIONS
t.

!

A three-pronged ef fort on cladding evaluations has included -
(1) study of the crack-arrest behavior of clad plates by the testing of
one 'unciad and five clad specimens (second series of tests), (2) a ,

!development of analysis techniques to permit the evaluation of the clad-
plate tests, and (3) a study of flaw density of nuclear vessels by con-
tinued nondestructive evaluations of segments of the shells from can-

,

celled boiling-water reactor (BWR) and pressurized-water reactor (PWR) '

power plants. A comparison of the achieved arrest loads of the clad ,

'specimens to that of the unciad specimen, which was loaded to yield
stress and then failed, shows a remarkable flaw-arresting capability for ;

this series of clad specimens. . Two notable complications were discovered
in these tests: (1) the apparent overriding influence of the heat-
affected zone (RAZ) on the flaw-arrest capability of the cladding (i.e.,
cladding /HAZ combined layer) and (2) the propensity for tunneling of the

,

flaw at arrest. The first discovery indicates that this test series ;

represents conditions of only limited radiation damage of the HAZ region.
The deeply tunneled flaw profiles pres >,nt a difficult analytical problem. |
The results to date using finite-element analyses of pseudo flaws have i

been informative but have not quantitatively defined stress intensities
I;

at arrest. Nondestructive and destructive examinations of the plate
segments from the salvaged nuclear pressure vessels, although not sig-
nificant statistically, have revealed defect / size distributions departing
f rom those used in the UKAEE 1982 Marshalt Report and the Octavia func-
tion developed by the U.S. Nuclear Regulatory Commission (NRC) for proba-
bilistic studies of failure. The implication of the examinations is that

these previous estimates may be ncnconservative to some degree for small '

flaws.
,

1

8. INTERMEDIATE VESSEL TESTS AND ANALYSIS
I

A topical report was issued on the test of the HSST intermediate
test vessel V-8A containing low-upper-shelf steel. This test was the {;

twelfth fracture test of a 150-mm-thick steel vessel in the HSST Program.
,

This series of tests is a set of experiments on a scale large enough to ;

simulate realistically important aspects of fracture behavior of reactor .

'

preasure vessels. Such experiments are the means by which theoretical
models of fracture behavior can be evaluated for possible application to

fracture analysis of vessels in nuclear plants.'

This experiment demonstrated that the V-8A vessel, pressurized in a
ductile state with a large flaw in a region of low tearing resistance,'

I withstood a pressure twice the nominal ASME Code design pressure. The !
istudy also indicated that accurate prediction of instability pressures of

a ductile vessel requires (1) methods of analysis that account for plas- !
lticity and (2) good representations of the properties of the material

with respect to tearing resistance and stress-strain behavior. j

1 !
I

i
|

1 :

I i

| !

I !
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9. THERMAL-SHOCK TECHNOLOGY

'There was no activity in the thermal-shock technology task for this'
period.

10. PRESSURIZED-THERMAL-SHOCK TECHNOLOGY

During this reporting period, the results of the second pressurized- ,

thermal-shock experiment PTSE-2 were evaluated, posttest properties of |
the vessel insert containing the flaw were determined, and a topical re- '

port on the experiment was written. The PTSE-2 experiment was concerned, j

.primarily, with the behavior of a crack in material with low tearing re-
sistance, and, secondarily, with warm prestressing. The PTSE-2 experi-
ment employed a steel that had low toughness in the ductile fracture
regime, so that f racture behavior representative of irradiated low-upper-
shelf steel could be observed under conditions relevant to a flawed
nuclear reactor pressure vessel (RPV) undergoing an overcooling transi-
ent. The insert of material. containing the flaw in the vessel was
characterized before the PTSE-2 experiment by testing specimens cut from
a piece of the plate f rom which the insert was made. Af ter the experi-
ment, material from the insert was tested to evaluate its tensile and
toughness properties.

This experiment produced, for the first time with stress ar.d tough-
ness states representative of RPVs, (1) the arrest of a brittle fracture
with an immediate tearing instability and (2) brittle fracture following
warm prestressing. Principal conclusions are that (1) low-upper-shelf
material can exhibit very high arrest toughness, (2) ductile tearing
promotes more severe f ractures in low-upper-shelf material, (3) warm
prestressing inhibits brittle fracture to some degree even when crack-
driving forces are increasing with time, (4) benefits of warm prestress-
ing are diminished by ductile tearing, (5) a simple theoretical analysis
of warm prestressing represented f racture conditions reasonably well, and
(6) calculations of ductile tearing based on resistance curve test data
did not consistently predict the observed tearing. Warm prestressing
elevated the fracture initiation toughness significantly above the level

of the pristine KIc, even with the complications of preeleavage tearing.

11. ESTABLISHMENT OF A PRESSURE VESSEL RESEARCH
USERS' FACILITY

<

The ORNL undertook an initiative .a concert with the NRC and Depart-
ment of Energy (DOE) to establish a Pressure Vessel Research Users'
Facility (PVRUF). The f acility is to be centered around a complete PWR,

pressure vessel and is to provide unique R&D opportunities for a number'

of organizations. Internal ORNL funds were used to procure the PVRUF
vessel from Combustion Engineering, who had fabricated it for use in a
four-loop 1100-MW(e) PWR plant. The vessel, the head, and supportive
stands were delivered to Oak Ridge in late September.

L _
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The overall research plan and conceptual design of the facility to
house the vessel will begin as appropriate funding is arranged. Initial
R&D activities, however, will proceed with the vessel in its temporary
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. It is
anticipated that domestic and foreign organizations will supplement their
pressure vessel integrity research programs by conducting PVRUF studies
in several technical areas through cooperative or independent programming.
In addition to the NRC and DOE, the domestic interests are anticipated to
include the Electric Power Research Institute, light-water reactor (LWR)
component vendors, and utilities.

12. SHIPPING CASK MATERIAL EVALUATIONS

In June 1987, a f act-finding team traveled to the Federal Republic
of Germany to attend a seminar on nodular cast iron (NCI) held at the
Bundesanstalt fur MaterialprUfung (BAM) and to visit other sites doing
related work. An overall impression was that, for static loading, NCI
is probably i more ductile material than has previously been believed
but the material's resistance to crack propagation needs considerable
further study. The only existing measurements of crack arrest for NCI
were made during this reporting period. The first meeting of the HSST
Expert Panel on Shipping Casks was held at ORNL September 24-25, 1987,
to consider the proposed use of NCI as a primary structural material for
nuclear spent-fuel shipping casks. Within the information available, it
was determined that there were no overriding reasons for NCI to be
disqualified as a candidate structural material for spent-fuel shipping
casks at this time, but that several factors pertaining to its use need
substantially more study before a fully supported regulatory decision
can be made.
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HEAVY-SECTION STEEL TECHNOLOGY PROGRAM SEMIANNUAL
PROGRESS REPORT FOR APRIb-SEPTEMBER 1987*

W. R. Corwin

ABSTRACT

The Heavy-Section Steel Technology (HSST) Program is con-
ducted for the Nuclear Regulatory Commission (NRC). The stud-
ies relate to all areas of the technology of materials fabri-
cated 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. The program is organized
into 12 tasks: (1) program management, (2) fracture method-
ology and analysis, (3) material characterization and proper-
ties, (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, (10) pressurized-
thermal-shock (PTS) technology, (11) Pressure Vessel Research
Users' Facility (PVRUF), and (12) shipping cask material
evaluations. During this period, extensions were made to
f racture-analysis codes , including the addition of more
constitutive models and inelastic f racture criteria in the
dynamic viscoplastic fracture version of the ADINA-ORMGEN-
ORVIRI analysis codes at Oak Ridge National Laboratory (ORNL).
Elastodynamic analyses and development work on viscoplastic
f racture-analysis techniques were performed by ORNL and the
Southwest Research Institute (SwRI) in support of the wide-
plate crack-arrest tests that are being performed by the
National Bureau of Standards (NBS) for the HSST Program.
Three additional wide-plate crack-arrest tests were performed
by NBS, bringing to 12 the total of such tests. Crack-arrest

and other fracture characterization data were obtained for
wide-plate and pressurized-thermal-shock (PTS) test materials.
The draft of the final report on the crack-growth-rate task
with vessel steels was prepared. Testing of irradiated 1TCT,
2TCT, and 4TCT specimens was completed in the Fif th HSST
Trradiation Series for the study of K shifts for welds withyc
different copper contents. Nondestructive examinations were ,

begun on a segment of a clad pressurized-water reactor (PWR) |
;vessel, and the results of similar examinations on a segment

of a boiling-water reactor vessel to determine flaw density

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

_ _ _ _ _ _ _
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were published. The report covering a test of ITV-8A (which
contained a low-upper-shelf weldment) was published. Six 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 draf ted. The delivery of the PRR pressure
vessel to be used in the ORNL PVRUF was completed. The use of
NCI as a primary material in spent-fuel shipping casks was |

'

evaluated by the HSST expert panel.

1. PROGRAM MANAGEMENT

W. R. Corwin

The Heavy-Section Steel Technology (HSST) Program, a major saf ety
program sponsored by the Nuclear Regulatory Commission (NRC) at Oak Ridge
National Laboratory (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 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 cembination of flaw size and load that
would cause fracture and, thus, limit the life and/or operating condi-
tions of this type of reactor plant.

The program is coordinated with other government agencies and with
the manuf acturing and utility sectors of the nuclear power industry in
the United States and abroad. The overall objective is a quantification
of saf ety 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 inf ormal cooperative ef fort on an international basis. Six research
and development subcontracts are currently in force.

The program tasks are arranged according to the work breakdown
structure shown in Fig. 1.1. Accordingly, the chapters of this progress

report correspond to these 12 tasks. During this report period, the
l5-year program plan applicable to FY 198&-1990 was published.

During this period, 18 program briefings, reviews, or presentations
were made by the HSST staff during program reviews and visits with NRC
staff or others. Five technical documents, including one technical prog-

ress report and four topical reports,3-6 were published, as well as two2

technical papers.7,8 In addition 29 technical presentations were made:
twenty -28 at the Third Annual Workshop on Dynamic Fracture and Crack-9

Arrest Technology, organized on behalf of NRC by the HSST program, held
at the National Bureau of Standards (NBS) in Gaithersburg on May 1}-15,

29 at the Fif th National Congress on Pressure Vessels and Piping1987; one
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30Technology held in San Diego, California, on June 28-July 2,1987; one
at the Plant Lifetime' Improvement Materials Workshop held in Albuquerque,

31',32 at the NRC Workshop on Modi-New Mexico, on Sept. 15-16, 1987; two
fled J-Integral held at the U.S. Naval Ship Research and Development Com-
mand in ' Annapolis, Maryland, on August 5, 1987; two33,34 at the MPC Work-
shop on Scatter of Fracture Toughness Data in the Transition Temperature
Regime held at the National Bureau of Standards in Boulder, Colorado, on i

July 16, 1987; two35,36 at the ASTM-IAEA Specialists Meeting on Irradia- )
tion Embrittlement and Aging of Reactor Pressure Vessel Steels held in |
Philadelphia, Pennsylvania, on May 27-29, 1987; and one37 at the 9th ;

International Conference on Structural Mechanics in Reactor Technology |
Iheld in Lausanne, Switzerland, on August 17-21, 1987.
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2. FRACTURE METHODOLOGY AND ANALYSIS

Oak Ridge National Laboratory (ORNL) performed additional static and
-dynamic fracture-mechanics analyses to evaluate the usefulness for crack-
arrest experiments of a relatively small panel specimen intermediate in
size between conventional crack-arrest specimens and the wide-plate
specimens. The ORNL'viscoplastic-dynamic fracture analysis program
ADINA/VPF was extended by the addition of the Robinson viscoplastic con-
stitutive model and an improved crack-propagation algorithm. Benchmark
viscoplastic-dynamic fracture-mechanics analyses of a wide-plate test
were performed with the ADINA/VPF program to compare results with those
obtained from applications of the VISCRK program to the same problem at
the Southwest Research Institute (SwRI).

SwRI made improvements to the viscoplastic-dynamic fracture-
mechanics program VISCRK by identifying and resolving a problem arising
in the treatment of out-of-plane strain in plane stress conditions.
Other improvements to increase the officiency and generality of VISCRK
were made and verified through the benchmark wide-plate analyses per-
formed in concert with ORNL and the ADINA/VPF program. A detailed study
of the temperature field at the tip of a rapidly propagating crack in a
viscoplastic material was also developed for eventual incorporation into
VISCRK. A series of crack-arrest experiments were conducted with duplex
compact specimens to demonstrate the veracity of crack-length vs time
measurements and other key experimental observations.

The University of Maryland (UM) began a study of triaxial constraint
ef fects and the transition from plane stress to plane strain yielding
conditions in the crack-tip region through a series of fine-mesh, static,
nonlinear, three-dimensional analyses of a cracked plate. Cleavage-
fibrous transition studies continued with an investigation of the influ-
ence of nonuniformities of microstructure produced by carbide banding on
cleavage initiation and loss-of-cleavage behavior. Work continued on the
development of two dynamic crack-initiation expcriments involving a
notched short bar with integral dog-bone ends and a notched round-bar
configuration.

SRI International performed 15 split Hopkinson torsion bar experi-
ments on A 533 grade B steel at engineering shear-strain rates varying
from 400 to 3000 s-1 to provide additional data for characterizing visco-
plastic constitutive models at higher strain rates. A final report docu-
menting these experiments was prepared by SRI and transmitted to ORNL.

2.1 Analysis of a Stub-Panel Crack-Arrest Specimen

J. Keeney-Walker B. R. Bass

2.1.1 Introduction

The role of nonlinear rate-dependent effects in the interpretation
of crack run-arrest events in ductile materials is being investigated by
the Heavy-Section Steel Technology (HSST) Program through analytical and
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experimental studies. Research efforts at ORNL and at several subcon-
tracting groups are developing viscoplastic-dynamic analysis techniques
and validating their utility through the analysis of carefully performed

. crack-arrest experiments. Portions of the crack-arrest data used in
these studies are being provided by the HSST Program through tests of
several types of large specimens.1 6 In particular, tests of wide
plates -6 are under way to allow a significant number of data points to4

be generated at affordable cost. These tests are extending the crack-
arrest data base for ductile steels to temperatures that are higher than
those generally Laposed in conventional small specimen tests. It is
within the range of this higher temperature data that crack arrest is
most likely to occur in a pressurized-thermal-shock (PTS) scenario.

Studies -9 have been conducted by the HSST Program at ORNL to7

evaluate the usefulness for crack-arrest experiments of a relatively
small panel specimen intermediate in size between conventional crack-
arrest specimens and the wide-plate specimens. For the design of the
specimen geemetry, the following requirements were adopted:

1. measurement of crack-arrest toughness values >200 HPa dn,
2. measurements of toughness values in a rising field of stress-

intensity factor, and
3. a limit capacitf of 2.5 MN for the available testing machines.

In Ref. 8 a panel specimen with a stub similar to that depicted in
Fig. 2.1 (but having different dimensions) was proposed to meet the above
requirements. A gradient ?n fracture toughness is achieved by cooling
the stub region and heating the panel edge to produce a nonuniform
steady-state temperature distribution across the plate. A tensile load
is applied to the panel to produce a rising driving force. The stub is
mechanically loaded to provide K levels that are high enough for initia-y
tion of the chilled crack in cleavage. Arrest of the fast-running crack
then occurs in the ductile high-temperature region of the panel. Static
and dynamic analyses 8.9 were carried out for the stub-panel configuration
of Ref. 8 to assess its utility for producing K , data in the temperatureg
regime of upper-shelf material behavior. These analyses indicated that
crack-arrest toughness values >200 MPa./m could be measured in a rising
K field by using available testing machines and appropriate thermal

7
boundary conditions.

During this reporting period, plans were formulated at ORNL for
fabricating, instrumenting, and testing the 45.1 x 99.1 x 3.39 cm stub-
panel specimen shown in Fig. 2 1. Some dimensions of the specimen in
Fig. 2.1 have been modified from those of Ref. 8 to accommodate mechani-
cal and thermal loading equipment at ORNL. The plate is side-grooved to
a depth of 12.5% of the thickness, resulting in a net thickness of 2.54
cm at the crack plane. The first specimen will be fabricated from the
same plate (13-A) of A 533 grade B class I steel as that used in the WP-1

series of wide-plate tests. Material properties for these plates have
been described previously in Ref s. 9-.10. To record pertinent data during
the test, the specimen will be instrumented with thermocouples, strain
gages, and displacement gages, using a placement configuration and in-
strumentation chain similar to that employed for the wide-plate specimens
(described in Sect. 5 of this report). An improved ladder-type crack

, - __ _. - - - _ . .. . .
_
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llgage developed at SwRI will be attached to the specimen to provide
crack velocity data that can be compared with analogous data derived f rom
the crack-line strain-gage output. Steps taken during this report. period
to transfer the ladder-gage technology to ORNL include training sessions
conducted at SwRI for ORNL personnel in techniques for applying the gages
and for. interpreting output signals from the gages.

As part of the pretest planning, the stub-panel specimen of Fig. 2.1
was subjected to further static and dynamic f racture analyses. These

12 forstudies were carried out using the finite-element programs ADINAT
temperature analysis and ADINA/VPF13-15 for static and dynamic fracture
analyses. Material properties for the analyses are those for A 533 grade
B class 1 steel described in Refs. 8 and 9. Results from these analyses
are summarized in Sect. 2.1.2.

2.1.2 Analyses to assess the stub-panel specimen capabilities

The geometry of the specimen proposed in Fig. 2.1 is based on design
calculations described in this report and in Refs. 7-9. Several static
and dynamic analyses for different loading conditions were performed to
assess the specimen capabilities f or providing dynamic f racture-toughness
data above 200 MPa*[m in the upper-shelf regime and to determine effects
of mechanical loading and thermal gradient on the run-arrest event. The
thermal boundary conditions used in the analyses are shown in Fig. 2.2.
The surf ace region denoted by Ti in Fig. 2.2 is cooled down to tempera-

so that the crack can be initiated inture Tmin, which is close to RTNDT
cleavage. The back surf ace of the panel (region T ) is heated to a tem-2

The surface region T3 is assumed to be at ambient tempera-
perature T,,Ne.ture; all ot r surfaces are insulated. The resulting (nondimensional)
steady-state temperature distribution in the crack plane (y = 0) is
depicted in Fig. 2.3. Because the initiation and arrest fracture tough-

ness relations are strongly temperature dependent, the length of the
crack jump can be adjusted by an appropriate choice of the temperatures
T and T ,,x.min Finite-element analyses of the stub panel specimen were perf ormed
using the two-dimensional (2-D) plane-stress model illustrated in Fig.4

2.4. Loading pin forces are approximated in the model by point loads F,
and F applied to nodes located at the top of the stub and panel pinp
holes, respectively; the pin holes are not included in the model. Assum-

ing crack initiation for a given combination of Fs" and F ", there isp

some uncertainty concerning the boundary conditions at the load points
during crack propagation. Both fixed-load and fixed-displacement bound-

ary conditions were used to determine upper and lower limits for the
dynamic response of the specimen. The fixed-displacement condition was
emphasized in the study under the assumption that during the short time
of the event, the testing machine cannot react to the change in specimen
compliance resulting f rom the increase in crack length.

theappliedstress-intensityfactorKf(a )For crack initiation,

must exceed the temperature-dependent plane strain initiation toughness
KIc(Tmin) at the crack tip located at x = af. Crack-tip temperatures of

Tmin = -55 and -23*C were selected for these analyses; for the A 533

- - , - - -. - -- . . .- . - . . - . . . _ - - _ - . _ - _ . . . - _ _ . - - _ - - .
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Fig. 2.2. Thermal boundary conditions of stub-panel crack-arrest
specimen.

,

grade B plate material, RTET = -23*C. From the initiation fracture-

toughness relation of Refs. 8 and 9, these temperatures correspond to KIc
values of 67.8 and 103 2 MPa.6, respectively. According to Figs. 2 5

and2.6,Kf(a)isalmost exclusively determined by the magnitude of thef
stub force F . The temperature T,,x of the heated edge is determined bys
specifying the location, gg (measured from the cold edge), in the crack
plane where the temperature is TUS, which defines the onset of Charpy
upper-shelf material. Charpy data ,9 for this material suggests that8

TUS = 55'C; the range of values specified in these analyses for crack-tip
temperature T and for XUS (f r m 0 3493 to 0.3620 m) required a varia-min
tion in T,,x from 119.5 to 173*C. The tensile load F applied to thep

__
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Fig. 2.3. Nondimensional steady-state temperature distribution
T(x, y = 0) in crack plane y = 0 of stub-panel specimen.

panel must be high enough to produce crack-arrest toughness data in the
range of interest but low enough to avoid general yielding in the crack
plane. Based on yield properties described in Refs. 8 and 9, a panel

load of Fp = 185 FN was used in all but one of these analyses.
Calculations are reported here for 11 different loading conditions

listed in Table 2.1. Results f rom the application-mode elastodynamic
analyses included in Table 2.1 are the crack-jump length Aa , the arrested
crack depth af, the arrested crack-depth ratio af/W, the temperature T
at the point of crack arrest, and the crack-arrest toughnesscalculatedrr
from ADINA/VPF and from a static crack-arrest toughness relation taken
f rom Ref s. 8 and 9. The ratio K /K specified for each load case in7 Ic
Table 2.1 is based on a probable elevation in apparent toughness from



Table 2.1. Analytical results for stub-panel crack-arrest specimen

K
* US *E Kf (ag)bmin T ,x g T (# }T Ic as af arr

"** (*C) (*C)- (MPa .6) (MPa.6) 1 Ic (g) (m) *f (*C) *
*

MN[ K
F F3 p fun ion

DCA 0.10 1.80 -55 173 0.3493 103.2 67.8 1.5 0.1302 0 3524 0.7817 58.8 213 5 226.9

DCB 0.10 1.85 -55 173 0.3493 103 7 67.8 15 0.1302 0.3524 0.7817 58.8 214.2 226.9

D 0.124 1.85 -23 119 5 0.3620 123 8 103 2 1.2 0.1461 0.3683 0.8169 59.6 224.0 231.2

D 0.124 1 85 -23 119.5 0 1620 123 8 103 2 1.2 0.1778 0.4000 0.8873 82.7 417.7 401 5

E 0.149 1.85 -23 119 5 0.3620 144.6 103 2 1.4 0.1493 0.3715 0.8239 61.9 235.9 243.6

E 0.149 1.85 -23 119 5 0.3620 144.6 103 2 1.4 0.1778 0.4000 0.8873 82.7 422.0 A01 5

F 0.0833 1 85 -55 146 0.3620 89.7 67.8 1.3 0.1429 0.3651 0.8099 58 3 214.4 224.7 .-.

F 0.0833 1.85 -55 146 0.3620 89.7 67.8 1.3 0.1778 0.4000 0.8873 94.1 507.0 538.4

DCG 0.10 1.85 -55 146 0 3620 103 7 67.8 1.5 0.1461 0 3683 0.8169 61.6 227.4 241 9

H 0.0833 1 85 -55 146 0.3620 89.7 67.8 13 0.1429 0.3651 0.8099 58.3 213.9 224.7

1 0.091 1.85 -55 146 0 3620 83 3 67.8 1.2 1.1397 0.3619 0.8028 55.1 200.3 209.2
-

a C = displacement-controlled boundary condition; FC = force-controlled boundary condition.D

bStress-intensity factor from ADINA/VPF static analysis, where ag = 0.222 m.

0.036(T-itTnT)# racture toughness computed at crack-tip temperature: K 51 276 + 51.897 e ; RTNDT = -23*C.F =gg
knamic stress-intensity factor computed by ADINA/VPF using time step at = 1 ps.

0.28738(?-RTET)# oughness computed at arrest-point tamperature: K , = 49.957 + 16.878 eT ,g

[One fixed displacement at panel load point.
F oad pin moved on stub from 0.03175 to 0 0762 m (measured from stub edge to center of pin).l

_ _ _ _ _ _ - _
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Fig . 2.4. Mesh far static and dynamic finite-element analyses of
the stub-panel specimen.

prevailing plane-stress conditions; elevations ranging from 20 to 50%
above K were examined in these studies. For analyses D and E in Table

Ic2.1, ' fig . 2 7(a-d) shows the dynamically calculated stress-intensity
DYNfactor K the static crack-arrest toughness K and the crack
y 73,,

velocity a vs crack-depth ratio a/W. Figure 2 7 indicates that in both
cases, crack arrest takes place in a rising K field. A comparison ofy
cases D and E for displacement control indicates that increasing the stub

'

force sufficiently to elevate the K /K ratio from 1.2 to 1.4 onlyy yc
slightly increases the length of the crack jump. There was no dif ference

_ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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in final crack length for cases D and E when force-controlled conditions
were used. But when different boundary conditions for the same case
(D and E) were compared, the final crack length is ~8% longer using force
control than displacement control. The calculated K values for cases

#
D and E ranged from 224 to 422 MPa.6.

When cases D and I for displacement-controlled conditions were com-
pared, elevation of the crack-tip temperature with K /K at initiation7 Ic
held fixed results in a slightly larger crack jump and a higher K , valuey
at arrest. Also, a somewhat longer crack jump is obtained by shif ting
the onset of the upper shelf (XUS) further toward the back surf ace of the

value.specimen (analyses B and G), resulting in a slightly higher Kla
Analyses A and B, together with G, indicate that crack-jump length is
much more sensitive to temperature gradient than to changes in the panel
load F . fp

The analyses presented in this section demonstrate that if crack l

arrest in the tensile instability region is acceptable, then the stub-
panel specimen of Fig. 2.1 is compatible with measurements in the ORNL
testing machine of toughness values >200 MPa. 6 under fixed-displacement
conditions and >400 MPa.6 unde r fixed-load conditions.

2.2 Computational Methods Development for
Dynamic-Fracture Analysis

B. R. Bass * J. Keeney-Walker *
C. W. Schwartzi

In support of HSST crack-arrest studies, the viscoplastic constitu-
tive models and the proposed inelastic fracture criteria described in
Refs. 14 and 15 have been implemented for evaluation in finite-element
computer programs. At ORNL and UM a strategy was adopted to modify the
well-known ADINA13 general-purpose, finite-element structural analysis
program for inelastic dynamic fracture-mechanics applications. The

modified program (designated ADINA/VPF)1t*,15 is designed for 2-D elasto-
dynamic and viscoplastic-dynamic fracture-mechanics analysis of thermo-
mechanically loaded structures. The ADINA/VPF code was constructed
through modifications of existing ADINA subroutines (primarily the 2-D
element module) and through the addition of 37 new subroutines. In addi-

tion to the fracture capabilities, ADINA/VPF has available from the
standard ADINA program many options that are useful for applications in
crack-arrest studies. The ADINA code uses a displacement-based finite-
element formulation and includes the implicit Newmark and Wilson-Theta
methods and the explicit central dif ference method for time integration
of the equations of motion. Additional capabilities of ADINA that are

* Computing and Telecommunicatic,ns Division, Martin Marietta Energy
Systems, Inc. , Oak Ridge National Laboratory, Oak Ridge, Tennessee.

i epartment of Civil Engineering, University of Maryland, CollegeD

Park.
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relevant to fracture applications include one-dimensional (1-D), 2-D, and
three-dimensional (3-D) element libraries; a substructure option; an
equilibrium iteration option; an out-of-core equation solver; and a range
of other options for geometric and materially nonlinear analysis.

During this report period, the ADINA/VPF program was extended by the
additions of the Robinson 16,17 viscoplastic constitutive model and an im-
proved crack propagation algorithm. In addition, benchmark viscoplastic-
dynamic f racture-mechanics analyses were performed using the ADINA/VPF
and the SwRI VISCRK18 programs to compare the computational techniques
implemented in the two programs. These developments of ADINA/VPF and
applications of the program are summarized in Sects. 2.2.1 through 2.2.3.

2.2.1 Robinson constitutive model

The Robinson 16,17 viscoplastic constitutive model implemented in
ADINA/VPF makes use of the formulation for isotropic and kinematic hard-

I9 and summarized in Table 2.2.ening described by Robinson and Bartolotta
This formulation has been used in finite-element applications previously
by Hornberger et al.20 at Kernf orschungzentrum Karlsruhe (KfK); substan-
tial portions of the Robinson computational algorithm implemented in
ADINA/VPF were obtained f rom KfK during a recent site visit 21 there by
ORNL personnel. The equations in Table 2.2 are valid for small deforma-
tions and initially isotropic materials. The model employs an equilib-
rium (back) stress internal variable aij and a drag stress internal
variable e to represent kinematic and isotropic hardening, respectively.
A characteristic feature of Robinson's undel is the subdivision of the
state space defined by the stress oij and the internal variables aij and
e into regions with boundaries defined by stress-function inequalities.
Both the flow law and the evolutionary law for the kinematic internal
variable exhibit discontinuous changes at the transition between the
different regions of the state space. Ine form of the evolutionary law

for isotropic hardening (K in Table 2.2) was specified by Robinson and
Bartolotta19 to qualitatively account for thermomechanical hereditary
behavior in cyclic hardening with emphasis on that induced through
metallurgical changes (e.g. , through dynamic strain aging).

Applications to a problem from Ref. 19 of uniaxial isothermal
cycling over a fixed strain range and strain rate were performed to
validate the implementation of the Robinson model in ADINA/VPF. Figure

2.8 shows predicted isothermal stress-strain loops for cycling over a
strain range of Ac = *0.25% and a strain rate of c = 0.4%/m at tempera-
tures of 600, 700, and 800 K, using material properties for 2 1/4 Cr-1 Mo
steel from Refs. 17 and 19. The results for T = 600 K [ Fig. 2.8(a)] and
for T = 800 K [ Fig. 2.8(c)] are in good agreement with Ref. 19; the
solution for T = 700 K was verified through comparison with KfK results
for the same problem. Material constants for the Robinson model that are
applicable to strain rates and temperature regimes characteristic of
dynamic-f racture events in reactor pressure vessel (RPV) steels are cur-
rently under development by the HSST Program.'

.. - - - . - _ _ . - _ _ _ . .- -
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Table 2.2. Summary of relations for the Robinson model for
nonisothermal conditions

1. Flow law:

ij j+ j
"

|
| 7 n E

S if F > 0 and S E
.p ) G 13 13 > 0

29 c q=

13
,

0 if F < 0 or

F > 0 and S E <0

b
ij 'ij ~ 5 ij #kk '"

"ij "ij ~ ij "kk '"

"8
ij 1j ~ "ij '

1
J S S2"i ij g >

J 2
F=--1 .

2K

2. Evolution equation of kinematic hardening internal variable:

5 - a if G > G and S a >0g

"ij ) R G *~
"

$ a if G < G or S a
13 < 0

-

o

where

1 2
G=,

K
O

1 a .2=7afj gj

. _ . . ~ _ _ . _ . . . -. ._.._. _ . - _ - _ _ . - - - _ _ _ _ . .
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Table 2.2 (continued)
_

3. Evolution equation for isotropic hardening internal variable:

i = r(W ,T) 0 + e(W ,T) T ,
P P P

'

where

K=3K2 ,

K,(T) - K (T) -W/W (T)g oT(W ,T) = * '
p W (T)

P)(1/To - 1/T)0(W ,T) = e ,

P T2

p " 'ij j

(functional forms of K,, Kg, W , and Q are described in Ref.19).o

4. Material constants:

p, n, S, m, H, R, x2, G , and elastic constants

2.2.2 Modifications to the crack propagation algorithm

In the crack-growth modeling technique employed in ADINA/VPF, the
element immediately ahead of the crack tip is divided into N subelement
divisions. During propagation the tip is moved through these subelements
along the crack plane in discrete jumps. The position of the crack tip
relative to these subelement divisions is determined from restraining

forces placed on the crack-plane nodes of the element adjacent to the
crack tip; these forces are released incrementally as the tip propagates
through the element. Modifications were made to ADINA/VPF to vary the
restraining forces with the crack-tip location according to the relation

= [1 - a(t)/AX) (2.1),

Foi
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where F is the force at node "i," F is the force at node "i" just !
i oi

before node release, and a is the length of the crack in the element of
length AX. Before this modification, the exponent in Eq. (2.1) was
restricted to the value R = 1.0. Studies are described in Sect. 2.2.3
that examine the effects varying R in viscoplastic-dynamic analyses of
crack-run/-arrest events.

Additional modifications that relate to the method of calculating
the restraining forces F

Previously, oi placed on c;ack plate nodes were made toADINA/VPF. nodes were restrained normal to the crack plane
by 1-D truss elements that were assigned an appropriate stiffness. At
the time of release for a crack plane node, the associated truss element
was deactivated. In the current version of ADINA/VPF, the truss element
algorithm has been replaced with one in which the restraining forces are
calculated from virtual work principles. This modification has signifi-
cantly improved the ef ficiency of the program by reducing the memory
requirements for loading the program and by reducing the number of input /
output (I/0) operations required for a dynamic-f racture analysis.

|
2.2.3 Benchmark wide-plate analysis

Benchmark analyses of wide-plate test WP-1.2 (Ref. 22) were per-
formed using the ADINA/VPF and VISCRK computer programs to compare and
evaluate the . computational techniques implemented in the two codes.
Figure 2.9 shows the single-edge-notched (SEN) plate specimen (1 x 1x
0.1 m) that was cooled on the notched edge and heated on the other edge
to give a linear temperature gradient (T = 97'C, T = 207'C) along

1 max
the plane of crack propagation. Upon inItEating propagation of the crack
in cleavage, arrest was intended to occur in the higher-temperature
ductile region of the specimen. The specimen had an initial crack depth-
to plate width ratio (a/w) of 0.2. Each surface was side-grooved to a

depth equal to 12.5% of the plate thickness. The specimen was welded to
pull plates that have a pin-to pin length of 9.6 m to minimize stress
wave effects. Drop-weight and Charpy test data indicate that RTNDT "
-23*C for this material. Material properties of the wide-plate material

are described in Refs. 10 and 23. Previously reported elastodynamic and
viscoplastic-dynamic analyses of the WP-1.2 tests include those described
in Refs. 24 and 15, respectively.

The 2-D plane-stress finite-element model (Fig. 2.10) used in the
benchmark analyses was generated by R. J. Dexter of SwRI. The model
consists of 2040 nodes and 637 eight-noded isoparametric elements.
Figure 2.11 depicts the viscoplastic element group (consisting of 399
elements) adjacent to the crack plane and the fixed contours used in one
of the analyses to evaluate the f racture parameters. The elements along
the crack path have dimensions of 37.5 by 45 mm. The mesh configuration
of .ae benchmark model was selected by SwRI to conform with criteria
derived f rom wave propagation studies conducted by SwRI and by Ull.25

Generation-mode viscoplastic-dynamic analyses of the benchmark model
were perf ormed with ADINA/VPF at ORNL and with VISCRK at Swal, using the
estimate of crack position vs time f rom Fig. 2.12 and the Bodner-Partom
model from Refs. 26 and 27. Figure 2.12 shows the two measured crack

0. 55 m and at afm2 = 0.65 m, which occurred at timesarrests at agm =

, . ._., . ___ ._ .__
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Fig . 2.9. Wide-plate sssembly and crack-arrest specimen. (a) Pull-
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wide-plate test WP-1 2.

tag = 0.96 ms and at tm2 = 2.7 ms, respectively, af ter crack initiation.
The in-plane thermal bending of the plate as a result of the imposed
linear temperature gradient was ignored in the analyset.. For these
analyses, the applied load was fixed at the value that prevailed at '

initiation (Fin = 18.9 MN). A 3 x 3 Gauss point rule was selected for
both the stiffness matrix and the consistent mass matrix; the time step
was set at At = 1 us. The ADINA/VPF analysis used the Wilson-Theta
(Theta = 1.4) scheme for time integration of the equations of motion;
VISCRK employed the fourth-order accurate Runge-Kutta scheme. Time
integration of the Bodner-Partom equations was performed in ADINA/VPF by
using the Euler forward one-step explicit m : hod and in VISCRK by using ae

mixed implicit scheme.18 For the ADINA/VPF analysis, the exponent in the
node release function (Eq. (2.1)) was set at R = 1.5. Results from these
two analyses are compared in Fig. 2.13 for the first 3 ms of the event,

28where the time-history of the T*-integral is expressed in terms of
pseudo-K7 values (Ky (T*) = /ET*, E = 206.9 GPa}. Values computed by
ADINA/VPF for the rate of work function y (Refs. 14 and 29) are also
included in Fig. 2.13. The ADINA/VPF and VISCRK codes were found to be
in good agreement for the benchmark problem despite the significant
differences in finite-element formulation, time-stepping routines, and
the algorithms for integration of the viscoplastic equations. The run

_ -__
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times for the two codes were approximately the sana, requiring about 16 h
of central processer unit (CPU) time on the Oak Ridge CRAY X-MP computer.

Additional viscoplastic-dynamic analyses of test WP-1.2 were per-
formed with ADINA/VPF to compare solutions for different values of the
exponent R in the node-release function (Eq. 2.1). The analyses were
carried out using the benchmark model as described above, except that a
2 x 2 Gauss point rule was used for the stiffness matrix calculation.
Results for values of the exponent R = 0.5,1.0, and 1.5 expressed in
terms of the pseudo-stress-intensity f actor K (T*) are compared iny
Fig. 2.14 up to time t = 1 ms. The sharp "cusps" in the solution for
R = 0.5 coincide with the crack tip located instantaneously at an inter-
element boundary and are an artifact of the node-release function; they
are least evident in the solution for R = 1.5. Results from these
analyses expressed in terms of K (Y) are shown in Fig. 2.15.y

Figure 2.16 compares results from generation-mode viscoplastic
analyses of wide plate test WP-1.2 obtained from models having different
mesh refinements along the crack plane. The results are expressed in
terms of pseudo-K values computed from the rate-of-work function y and7
plotted vs crack length for the first run/ arrest event. The character-
istic mesh size is defined as the ratio of the crack path element width
to the plate width. The ORNL results shown in Fig. 2.16 for mesh sizes
1/22 and 1/40 were obtained from the ADINA/VPF benchmark analysis de-
scribed in this aection and from the Perzyna model analysis of Ref s. 14
and 15, respectively. Also shown in Fig. 2.16 are results obtained by
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Brickstad30 at the Swedish Plant Inspectorate (SA) using mesh sizes 1/40
and 1/80 and the Perzyna viscoplastic model described in Refs. 14 and 15.
The results in Fig. 2.16 reported by Brickstad30 were obtained using
finite-element models constructed from four-noded linear elements and an
SA-developed computer program employing the explicit central dif ference
time integration scheme. These combined results indicate that the
viscoplastic-dynamic solutions of the wide plate tests expressed in terms
of the inelastic f racture parameters (T* and Y) have not yet converged
for the mesh refinements employed thus far in these studies (f or ratios
of element width-to-plate width as low as 1/80). It has not yet been

established what degree of mesh refinement is necessary to get conver-
gence of the f racture parameters or whether the parameters will converge
to nonzero values (see Moran and Shih31 for further discussion of this
topic).

The finite-element calculations carried out for the wide-plate tests

thus f ar have assumed plane-stress conditions over the entire plate.
Recent discussions among participants in these studies (e.g. , comments by
Freund32 and by Hutchinson33) indicate that a plane-stress elastic field
is expected to prevail in the specimen during rapid crack propagation at
distances greater than one plate thickness (approximately) f rom the
crack. However, in the vicinity of the crack tip, there must be a tran-
sition f rom this plane-stress field to a zone dominated by 3-D ef f ects.
Within this region, the most significant of the 3-D ef fects may be trans-
verse constraint. Insight into the importance of the plane-stress vs

32plane-strain issue is found in results reported by Freund and Hutchinson
for the extension of the asymptotic analysis of Ref. 34 to plane stress.
In that study, the plastic dissipation under plane stress was found to be

I
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about two times that under plane strain, all other factors being equal.
Thus, the development of valid inelastic f racture criteria f rom applica-
tions of 2-D finite-element formulations will require that techniques be
implemented to model this transition f rom f ar-field plane-stress to near-
tip plane-strain conditions.

Fut~re development plans include mesh refinement studies to deter-
mine whether the proposed f racture parameters (e.g., T*) converge to
nonzero values in viscoplastic-dynamic analyses or whether they are
controlled by the element length used along the path of crack propage-
tion. As refinement in the vicinity of the crack tip is increased, the
stress and strain fields ahead of the propagating crack will be better

defined. This shoold lead to improved understanding of the significance
of the proposed fracture criteria. Studies will also be initiated to
investigate the significance of 3-D constraint in crack-tip deformation
with respect to the evaluation of these f racture parameters. The error
inherent in assuming plane-stress deformation at the crack tip will be
assessed. Alternative techniques that account for 3-D constraint will be
evaluated with emphasis on modifications that can be incorporated into
2-D finite-element programs.

Parallel research ef f orts will involve the measurement of dynamic
3 s-1) that are repre-stress-strain data at higher strain rates (>10

sentative of peak values generated by running cracks in RPV steels.
Material constants for various viscoplastic constitutive models will be
improved to take into account this additional high-strain-rate data and
the effects of dynamic strain aging. The necessary improvements in com-
putational techniques to make use of these updated constitutive models
will be developed and implemented in ADINA/VPF and VISCRK. Small speci-
men tosto of RPV ateels are currently under way at ORNL (Sect. 2.1) and

,

SwRIll to supplement the dynamic-f racture data being generated by the
series of wide-plate tests at National Bureau of Standards (NBS). Exten-

sive generation- and application-mode analyses of these tests will be
perf ormed with ADINA/VPF and VISCRK to assess the utility of the inelas-
tic material models and trial f racture parameters in constructing a
transferable fracture-mechanics model capable of predicting crack-
propagation / crack-arrest behavior.

2.3 Investigation of Triaxial Constraint and
Yielding in the Crack-Tip Region *

C. W. Sr.hwa r tz i

Triaxial constraint ef f ects and the transition from plane-stress to

plane-strain yielding conditions in the crack-tip region are being in-
vestigated through a series of fine-mesh, static, nonlinear, 3-D analyses

* Work sponsored by the HSST Program under Subcontract No. 7778
between Martin Marietta Energy Systems, Inc., and the University of
Maryland.

iDepartment of Civil Engineering, University of Maryland, College
Park.
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of a slugle crack in an infinite plate. For the preliminary series of

analyses, the target ratio of element size to specimen thickness is 1/20
(or smaller). Initial analyses are focusing on mesh convergence behavior
to determine whether this target element size is adequate for modeling
the nonlinear stress and strain fields in the crack-tip region.

A key feature of the proposed computations is the use of a combined
boundary-element-finite element f ormulation f or the analyses. Finite

elements, which are advantageous for modeling nonlinear material be-
havior, are used in the nonlinear near-crack-tip regions; boundary ele-
ments, which are advantageous for modeling linear infinite-boundary
domains, are employed to represent the far-field conditions. This com-
bined formulation permits very fine mesh discretization in the crack-tip
region of interest without the overhead of large numbers of elements and
degrees of freedom in the far field. An evaluation of the performance of
the combined method relative to pure finite-element or boundary-element
f ormulations for linear problems can be found in Ref. 35. Details of the

combined boundary-element-finite-element f ormulation are outlined in
Sects. 2.3.1 and 2.3.2.

2.3.1 Numerical formulation of coupled boundary-
element-finite-element analysis

The finite-element algorithm is based on the standard virtual dis-
placement formulation.36 The well-known matrix form of finite-element
equations is given by

(K] {U} = {F} (2.2),

where [K] is the global stif fness matrix, {U} is the nodal displacements
vector, and {F} is the nodal force vector. Four-node, quadrilateral,
isoparametric elements with linear interpolation are used throughout this
study.

The boundary-element formulation employed in this study is based on
the weighted residual procedure described by Brebbia et al.37-39 This
formulation is often referred to as the direct boundary element formula-
tion in the literature. The matrix form of the boundary element formula-
tion for elastostatics problems in the absence of body forces is given by

[H] {U} = (G) {P} , (2.3)

where [H] and [G) are the boundary-element influence coefficient matri-
ces, {U}isthenodaldisplacementsvector,and{P}isthenodaltrac-
tions vector. For a general mixed-boundary value problem, some elements
of{U}and{P}areprescribedboundaryconditions. Equation (2.3) can
then be rearranged such that all unknown boundary quantities appear on
the lef t side of the equation and all prescribed boundary conditions

.



,
.. .. ..

_

1

33

appear on the right, yielding

[A] {X) = {Y) . (2.4)

In Eq. (2.4), {X} is the vector of unknown boundary traction and dis-
placement quantities, [A] is the matrix of influence coef ficients corre-
sponding to the entries in {X}, and {Y} is the product of the vector of
prescribed boundary quantities premultiplied by the matrix of correspond-
ing influence coef ficients. Two-noded boundary elements with linear
interpolation functions for boundary displacements and tractions are used
throughout this study.

In the hybrid finite-element-boundary-element formulation, the
boundary-element region is treated as a "super" finite element that can
be incorporated into the standard finite-element global stiffness matrix.
Consider a problem discretized in part by finite elements and in part by
boundary elements (Fig. 2.17). In Eq. (2.3) the boundary-element domain
is rearranged to give

[G]-1 [H] (U) = {P) . (2.5)

The nodal traction vector {P} can be converted to an equivalent nodal
forcevector{F}throughuseofthetransformationmatrix[M]according
to the relation

{F) = [M] {P) . (2.6).

If Eq. (2.5) is multiplied by the matrix [M] to obtain

[M] [G]-1 [H] {U) = [M] {P) = {F) , (2.7)
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- and the matrix (K ] is defined according to
B

[K ~
' *

B

then Eq. (2.7) can then' be expressed as

[K "
* *

B

Equation (2.9) is in a form similar to the standard finite-eleraent formu-
lation given by Eq. (2.2). However, [K ] is not symmetric and, thus,

B
cannot be solved using the symmetric equation solvers found in standard
finite-element codes. Symmetry can be imposed on Eq. (2.9) through the
procedure suggested by Brebbia, Telles, and Worbel.38 In this procedure,
a symmetric equivalent stiffness matrix [KBS) is defined for the boundary-
element regions according to the relations

[%SI " (IK I + W b /2 , (2. m
B B

,

or

[K " * *

BS

This equivalent stif fness matrix can be assembled into the finite-element
stif fness matrix by using standard procedures. If similar interpolation
functions are used for both the boundary elements and finite elements
along the interf ace, then displacement compatibility is ensured.

2.3.2 Implementation of coupled-boundary-
element-finite-element algorithm

Implementation of the coupled-boundary-element-finite-element
algorithm for the crack-tip analysis problem is straightforward. The
1984 version of ADINA13 permits direct input of an element stiffness
matrix. Thus, all that is required is a preprocessor program to generate
the stiffness matrix given by Eq. (2.11) for the outer-boundary-element
region of the problem in a format suitable for direct input to ADINA.
The basic version of this preprocessor has been developed and is cur-
rently being enhanced to include the necessary symmetry and far-field
stress boundary conditions. These enhancements are ali rased upon
standard boundary-element formulations. '

|
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2.4 Elastodynamic and Viscoplastic-Dynamic Fracture Mechanics *

M. F. Kanninent E. Z. Polchi
Jr.i P. E. O'DonoghueiS. J. Hudak,i

R. J. Dexter J. D. Achenback*
tH. Couque C. H. Popelar**

2.4.1 Introduction and summary

This research is carried out under subcontract and is designed to
assist the HSST Program in developing procedures needed for the predic-
tion of crack arrest at the high-upper-shelf toughness conditions involved
in postulated PTS events. The objective is to provide analytical methods
for use in pressure vessel integrity assessments that include the effects
of reflected stress waves and large-scale inelastic and time-dependent
material deformation that could arise in PTS conditions. This objective
is being accomplished by combining dynamic fracture-mechanics finite-
element analyses, viscoplastic material characterizatioe testing, small-
scale fracture experimentation, near-tip mathematical analyses, and
elastic plastic tearing instability computationc. The specific aim is to
quantify an inelastic-dynamic crack-propagation /-arrest critorion for PTS
conditions through analyses of fracture experiments on compact duplex
(A 533 B/4340 steel) laboratory specimens. The f racture criterlun drawn
f rom these analyses will next be applied to the NBS wide-plate tests in
the proof-of-principle mode. Satisfactory agreement will then validate a
crack-arrest assessment procedure for the entire range of PTS condit!ons.

The analytical work in this reporting period has centered on swr?'s
viscoplastic-dynamic fracture-mechanics finite-element code VISCRK. A
problem arising in the treatment of out-of-plane strain in plane-stress
conditions was identified and resolved. Other improsements to increase*

the ef ficiency and generality of VISCRK were made and verified through a
benchmark study performed in concert with ORNL. However, it was found
that some limitations on the refinement of the near-tip region still
exist that must be circumvented before meaningful analyses of actual ex-
periments can be made. A detailed study of the temperature field at the
tip of a rapidly propagating crack in a viscoelastic material was also

* Work sponsored by the HSST Program under Subcontract No. 12X-97306C
between Martin Marietta Energy Systems, Inc., and the Southwest Research
Institute.

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

* Department of Civil Engineering, Northwestern University, Evanston,
Illinois.

** Engineering Mechanics Department, The Ohio State University,
Columbus.
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developed for eventual incorporation into VISCRK. Finally, a series of
duplex 4340/A 533 grade B steel compact specimen crack-propagation /-arrest
experiments was conducted. These results demonstrate the veracity of the

crack length vs time measurements and other key experimental observations.
They also provide helpful insights that will be useful for the design and
interpretation of subsequent experiments.

2.4.2 Dynamic-viscoplastic fracture-mechanics
finite-element analyses

The dynamic-viscoplastic fracture analysis program VISCRK has been
benchmarked through applications to the SwRI small-specimen experiments
and to the NBS wide-plate tests. Early benchmarking of the viscoplastic
constitutive model implementation in VISCRK at first revealed accuracy
problems in plane-stress conditions. These problems resulted f rom an
improper assumption in the treatment of out-of-plane strain. The correc-

tion of this problem necessitated rewriting the algorithms governing the
constitutive behavior. The approach used is the same mixed implicit /
explicit approach originall/ used.

Following this correction, extensive assessments of the constitutive
model implementation were successfully completed. Comparisons of the
results obtained f rom VISCRK were made to closed-f orm solutions for
simple uniaxial cases and to an independent numerical integration scheme
in an SwRI "single-element" computer program for complex stress staten
and loading histories. Preliminary applications of VISCRK revealed o
large computational cost for viscoplastic computations relative to elas-
tic computations. This finding motivated several efficiency improvements
that have cut the "penalty" for viscoplastic computations by ~60%.

28 as a fracture criterion (Sect. 2.4.3) was added toThe T* integral
VISCRK, complementing the existing J' integral. Because the J' integral

can be obtained as a special case from the T* integral, once this was
verified, the existing J' formulation was discarded. The terms of the T*
integral that are contained in the standard J integral were benchmarked
by comparison with aaalytical static solutions for double-edge-notched
geome t ry. The elastodynamic terms (J') were benchmarked by comparison
with analytical elastodynamic solutions for a semi-infinite SEN geometry.

A preliminary analysis of the 4340/A 533 grade B steel duplex speci-
men E was completed. The mesh was composed of elements having linear
dimensions of ~12 mm (Fig. 2.18). The results of this analysis in terms

of K (not corrected for side-grooves) derived from T* from two different
domains are shown in Fig. 2.19. The results from the two domains super-

pose, indicating good path independence of the T* integral.
As shown in Fig. 2.20, the experimental crack-gage data exhibited

slow crack propagation (or arrests and reinitiations) for up to 400 us.
During this period, the driving force was oscillating by some *25% (Fig.

value very difficult. If it is2.19), making identification of the KA
assumed that the crack arrest occurred shortly after 120 us, a KA value
of ~100 MPa./m would be obtained. This falls on the "0RNL equation" fit

to existing crack-arrest data for A 533 grade B steel. However, it would

appear that there was some subsequent crack extension up to 400 us. The
crack penetrated less than one thickness into the A 533 grade B steel,

.
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Fig. 2.18. Finite-element mesh for analysis of 4340/A 533 grade B
steel duplex specimen E.

part of which was electron-beam (EB) weld and heat-affected zone (RAZ),
and had a very irregular crack f ront with patches of unbroken ligament
existing behind the point of maximum penetration. Thus, it is not clear
that coplanar dynamic crack propagation actually took place in the A 533
grade B steel or that the experiment measured the full capacity of A 533
grade B steel to arrest a running crack. Analyses of additional SwRI
small-specimen tests have been initiated and will be reported subse-
quently.

Because the plastic zones attending the running crack tip were on
the order of one element, the mesh shown in Fig. 2.18 is not considered
fine enough. The time step required for stability of the integration
with this nodal spacing is 0.1 us. This preliminary analysis required
4000 steps and was relatively expensive. Reduction of element size will
require a proportionate reduction in time step, so meshes that are con-
sidered fine enough to represent the crack-tip region [e.g. , as shown in
Fig. 2.21 (2-mm-square elements)) will require time steps on the order of
10-8 s. Such computations are prohibitively expensive.

The problem of time-step size is further exacerbated by the fact
that the mesh shown in F'g. 2.21 allows the crack-tip region to exhibit
strain rates >105 s-1 When integrating the constitutive equations in
VISCRK, the strain increment must be limited to (10-3 Theref ore , the
time step cust be on the order of 10-9 s. This secondary problem can be
eliminated by integrating the constitutive equations in subincrements
decoupled from the finite-element integrat!,ons. This solution is cur-

'
rently being pursued. Finally, the primary problem of stability can be
addressed by using implicit finite-element integration schemes with some

. _ _ - . - - - - - _ -. . - - ._-
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Fig. 2.19. Strers-intensity factors obtained from T* on two differ-
ent domains in analysis of duplex specimen E.

sacrifice in accuracy and some cost in ref actoring the matrix. Implemen-
tation of implicit integration is also currently being pursued.

Benchmark analyses of the HSST wide plate test WP-1.2 were perf ormed
with VISCRK at SwRI and with ADINA/VPF at ORNL as described in Sect. 2.2.3
of this report. The agreement of the two different results is within 10%,
which is excellent in view of the significantly different methods employed
in the two computer programs. Thus, it has been established that the
results of these computations are reproducible and correct.

The ADINA/VPF code uses an Euler one-step explicit method to inte-
grate the Bodner equations. This method can lead to significant errors
(which are not calculated) unless very small strain increments are used.
However, ADINA lumps all out-of-balance forces f rom a time step into the
next time step, which allows the method to maintain stability in the
presence of these errors. The VISCRK code uses a mixed implicit scheme
to integrate the constitutive equations. This scheme is inherently very
accurate. However, some iteration is required at each step. This can be
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Fig. 2.20. Crack-extension history for duplex specimen E.

time consuming, and the method breats down if it cannot converge. Thus,
small strain increments are absolutely required. This scheme is in con-
trast to the ADINA/VPF method, which allows error to occur and compen-
sates with out-of-balance load control. The agreement of the benchmark
results indicates that the latter method does not introduce an intoler-
able error in the analysis, at least for these coarse meshes.

In addition to the T* integral (which embodies the J' and other
integrals as special cases), the capability of moritoring the crack tip
and remote opening displacement and crack-opening angle has been added to
VISCRK. The rate of work dissipated by the artificial nodal forces as
each element is released is also monitored. The capability of monitoring
and displaying the stress and strain fields around the crack has also
been added. The objective of monitoring these quantities is to identify
a crack-tip parameter with a value during crack propagation and arrest
that is consistent f rom small specimen to wide plate test to pressure
vessel (i.e. , a transferable crack-tip parameter).

- - _ . _ . , _ . . _ _ _.-
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Fig. 2.21. Fine-mesh finite-element model of duplex specimen E.

Improvements in node-release algorithms were considered. It was

shown in benchmark analyses that the solution is accurate at points of
complete node release; between these points, errors of up to 5% may be
introduced by the nodal release algorithm. It is believed that the

algorithm can be improved, but this work is now thought to be a lower
priority than establishing mesh convergence.

Standardized mesh generation was installed in VISCKK. A typical

block of elements can now be generated with only a few lines of input.
Transitions f rom three columns to one column of elements can be auto-
matically generated, as well as holes in the mesh. Meshes can be rc-
oriented following generation to minimize computer memory requirements.
Also, the ductile tearing model was established in VISCRK. This tearing
model allows crack propagation in the dynamic or quasi-static mode.

To achieve the mesh refinement around the crack path necessary in
these analyses, it is advantageous to grade the meshes such that larger
elements are used in parts of the specimen remote f rom the crack path.
The automatic transition described above was largely created for this

Work at UM showed that large changes in the size of adjacentpurpose.
elements would introduce spurious wave reflections.25 SwRI extended this
investigation and established the limitations and maximum element size
capable of accurately transmitting a waveform of a given period.

An estimate of the smallest period of interest was based on signifi- j

cant features in the experimentally recorded strain histories. Wave

l
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propagation studies with VISCRK also showed that

1. the 3:1 column transition does not cause any significant dispersion
in the solution,

i 2. there is no limitation on the ratio of smallest to large st element in
I a mesh provided other limitations (on adjacent element size ratio and

absolute element size) are met,
3. the thickness change in the wide-plate specimens does cause real and

significant wave reflection, and
4. the mesh used in the benchmark analysis of WP-1.2 is capable of

transmitting waves of the smallest period of interest.

2.4.3 Crack-tip characterization for viscoplastic
material response

A suitable fracture criterion must be robust if it is to predict the
various fracture events. In the HSST wide plate tests, the initial

cleavage crack growth is followed by crack arrest as the result of a ten-
perature increase. This is followed by a reinitiation of cleavage crack
growth and, finally, by ductile tearing. The most appropriate f racture
criterion must be capable of predicting all of these events. The T*
integral selected for this work is believed to be appropriate for these

purposes. To justify its inclusion in VISCRK, this section outlines the
fundamental basis for this parameter and the techniques that can be used
to evaluate it in an ef ficient manner.

In the following, a superposed dot will be used to denote deriva-
tives with respect to time; spatial derivatives are indicated with a
comma and subscript. Because a 2-D analysis is being conducted, the
indices i,j range from 1 to 2. For convenience the crack is taken to lie
along the x axis (Fig. 2.22).

The AT* integral, which has the meaning of energy flow to the crack
tip, can be established from a mechanical energy balance.28,31 It is
given by

AT* = lim " [( AW + AK)n g - ( c + Ac ) n Au g
T+0 r

g g g]dr , (2.12)-- Ae nu

where the quantities n are the components of the vector normal to the
1

contour T (Fig. 2.22). Here, 6W and 6K are the incremental stress work
density and kinetic energy density, respectively. The important point
about Eq. (2.12) is that its value is independent of the inner contour T
only in the limit as this contour shrinks onto the crack tip. If this
were not the case, then the physical significance of AT* would be lost.
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Application of the divergence theorem transforms the above integral
to f ar-field contour and volume terms given by

AT* = [7 [( AW + AK) ng - ( o g g g3 ) ug,g] #+ Aa )) n)Au
- Aa n

g

+ f [ Ao (c + 1/ 2 Ac ) - Acij (oij,g + 1/2 4013,1)

+ p (E + AE ) Au p ($ + A$g) A$g g g,3 1 1,3

+ AAU u pau u ] dA . (2 13)g

This form of the integral is independent of the selection of the outer
contour r . Because of the presence of the domsin terms, this is a path-o
area integral.

When the computation of Eq. (2 13) is being performed, one particu-
lar dif ficulty becomes evident: the second line of tra . equation con-

tains derivatives of the stresses and the strains. Bec.1use these quanti-
ties are' calculated f rom the displacement-based finite-element method,
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they will be inaccurate. One remedy is to use a least-squares fitting
for the nodal stresses / strains based on the corresponding Gauss point
values. These stresses and strains are then averaged at the nodal
points. These nodal values, in conjunction with the shape functions, are
then used to calculate the derivatives. This technique has been found to
improve greatly the accuracy of the solution.

To this point, no restrictions have been imposed on material re-
sponse because the integral has been established from a very general form
of the mechanical energy balance. Because of this, several specializa-
tions may be deduced from the integral expression of Eq. -(2.13) when the
appropriate restrictions are introduced. This includes the standard J
integral in elastostatics and the J' integral for elastodynamic response.
However, for crack propagation in a viscoplastic medium, AT* must be used
directly as given in Eq. (2.13).

The AT* integral of Eq. (2.13) consists of both a volume term and a
contour term. This is not always the most convenient from the computa-
tional standpoint, and there may be some inaccuracies associated with the
calculation of the contour term. However, with the use of weighting
functions it is possible to convert the contour integral into a domain
integral.bl Specifically, a domain form can be established by the in-
troduction of weighting functions to the original path-independent ex-
pression given by Eq. (2.12). The weighting function, qi, is defined
over the domain indicated in Fig. 2.22. This function is equal to unity
on inner contour T and is equal to zero on the outer contour r . In theo

interior region, q3 is an arbitrary smooth function of the coordinates
that- ranges between zero and one. Assuming traction-f ree crack sur-
faces T, and T_, Eq. (2.12) may be rewritten as

- Ae )m uj i,g] q tM , (2. NAT* = (( AW + AK) mi - ( 013 + Aegj) m) Aug,g g

where m has been used to denote the normal components mg = ng on To andg
n r and S is used to denote the entire closed contour (i.e.,"

"i *T +iro + r,+ T_).S=
If the divergence theorem is applied in a similar fashion to

Eq. (2 14), the resulting expression for AT* is given by

AT* = ([ Aegj (egj,3 + U 2 Aegj,g) - Acij ij,g + U2 Aoij ,l)b

+ p (U + Au ) Au - p (E + Au ) Au
g gg

|

+ pau u - pau u ] q i - [ ( AW + AK) 6gg

(~ 0# j"1,1) 9 ,j+ 0# j) 0"i,1~ (# j **

1 1ii

_ _ - - _ .
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The distinctive feature of this equation is that it consists entirely
of a domain integral, and . it does not . involve a contour term as in
Eq. (2.13). The penalty for this is the presence of the weighting func-
tion, but this is relatively easy to calculate.

A number of options are available in the selection of the weighting
functions. One choice is to allow qi to vary linearly between the inner
and outer contours. This will be used to establish functional quantities
at the nodal points. Within each element, the shape functions are then
used to calculate values of the weighting functions. Another possible
approach is to use an analytical expression for the weighting functions.
This may be a simpler technique f rom the computational standpoint.

The path-area form of the T* integral has been incorporated into the
VISCRK code. Several analyses were performed to check the accuracy of
the formulation. Perhaps the most appropriate of these was the benchmark
analysis of WP-1.2. As discussed in Sect. 2.2.3, very good agreement was
achieved between the two methods of analyses. For convenience, the
results have been expressed in terms of a stress-intensity-lhe quantity,
and its relationship to T* is

K = /ET* . (2.16)
7

This can be taken as a definition of K for inelastic conditions 5 erey
its usual linear elastic fracture-mechanics interpretation is invalid.

2.4.4 Thernoviscoplastic analysis of crack-tip fields

Two versions of the Bodner-Partom constitutive model have been con-
sidered. For these two versions the inelastic strain rates are repre-
sented by

#
T

[ = Do
~

2exp[--(Z /3J ) /2} , (2.17)2

and

#
T

h-D ~
2exp(--(Z /3J ) /2] (2.18)2 ,o Z/[3~

respectively. Most of the results have been obtained for the version of
the Bodner-Partom constitutive model for which the inelastic strain rate
is represented by Eq. (2.17). Because this version has a bounded inelas-
tic strain rate near a crack tip, the maximum value of this strain rate
is proportional to the parameter Do of Eq. (2.17). The near-tip fields

strongly depend on the value that is selected for D . This is particu-o
larly true for the temperature at a rapidly propagating crack tip. The
maximum temperature that is achieved as a result of the dissipation of
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mechanical energy near the crack tip shows a rather steep increase as
larger values are selected for Do.

The Bodner-Partom model predicts a square-root singular field for
the stress components as the crack tip is approached. The corresponding
stress-intensity factor is a function of time, and for uniform external
loads, this factor decreases with time because of conversion of elastic
deformation into viscoplastic deformation. The specific results show

i

| that the square-root singular term presents a poor approximation to the
| crack-tip field even at very small distances from the crack tip. The
i approximation becomes worse as time increases. The use of additional
'

terms in the asymptotic expression is needed for agreement between the
asymptotic representation and the numerically computed stress component
at a crack-line point just ahead of the crack tip. Accordingly, a new
method has been developed for the analysis of such additional terms.

The fields near a propagating crack tip predicted using the Bodner-
Partos model have also been discussed in some detail. These are tran-
sient rather than the usually computed steady-state fields. Square-root
singular fields were found to prevail again. This is true for both ver-
sions of the Bodner-Partom model, represented by Eqs. (2.17) and (2 18),
respectively. For a point ahead of a propagating crack tip, some inter-
esting competing ef fects af fect the dependence of the stress-intensity
factor on time. There exists a certain range of crack-tip velocities for
which a higher velocity gives rise to a faster decrease of the stress-
intensity factor.

This phenomenon can happen if during crack growth the crack-tip
velocity is slow enough for sufficient stress relaxation to take place
near the crack tip. However, if the crack-tip velocity is higher,
ef fects as a result of crack growth will become more important than
stress relaxation ef fects. For higher crack-tip velocities, the time-
dependent stress-intensity factor decreases less, and it approaches the

far-field linear elastic stress-intensity factor Kf. This is to be
expected because at very high crack-tip velocities the solid behaves
essentially like a linear elastic material.

If the strain rate is represented by Eq. (2.18), the near-tip fields
decay more rapidly with time. The presence of an unbounded plastic
strain rate has a significant effect on the time dependence of the stress-
intensity factor.

2.4.5 Dynamic crack propagation experimentation

The experimental research is aimed at obtaining dynamic crack propa-
gation data in A 533 grade B steel by using small-scale specimens. A
series of duplex A 533 grade B/4340 specimens supplied by ORNL were
instrumented and tested at room temperature. Crack growth was monitored
on both surfaces of the specimen by using crack gages. Crack-opening
displacements were measured using an eddy-current transducer. Dynamic
strain measurements were also obtained and used to examine the relation-
ship between stress wave propagation and crack growth response. Crack
length vs time measurements for three specimen are compared in Fig. 2.23.

,
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,

For each test shown in Fig. 2 23, the comparison of the crack-gage
responses indicates that the crack length on each side of the specimen
differed by about 20 ps. Such behavior was found to be consistent with
observations on the fracture surface (i.e., that the crack initiates at

one corner of the starter notch). Nevertheless, the average velocities
were quite similar, ranging from 200 to 400 m/s.

Strain measurements were performed on the planar surface of the
specimens with strain gages located symmetrically at 13 mm from the
machine notch (Fig. 2.24). As indicated, the magnitude and period of'

oscillation of the strain records from both gages were in excellent
agreement. This confirms the reproducibility of these measurements. The

| strain oscillations were found to be in agreement with the arrival of

j reflected longitudinal stress waves emitted during crack initiation
(Fig. 2.25). Correspondence in time was also found between increased
crack velocity and the arrival of reflected tensile longitudinal waves.j

'

The arrival of the first reflection and the corresponding increase
in velocity occur when the crack is at the EB weld of the duplex speci-
men. Such behavior has been found for all of the specimens tested thus
far (Fig. 2.23). This process may, in fact, assist the crack in pene-
trating the weld and entering the tougher A 533 grade B steel. In the

development of larger duplex specimens, the weld will need to be located
'

at a specific distance from the starter notch to take advantage of the
arrival of these boundary-reflected tensile waves.

Emission of Rayleigh waves during crack initiation was investigated ,

using two perpendicular strain gages located on the starter notch surface
of the specimen 15 mm from the machine notch. Evidence of Rayleigh waves i

was found in the strain record corresponding to the axial gage oriented
perpendicular to the crack front (Fig. 2.26). However, no significant

,

effect of the reflected Rayleigh waves on crack velocity was found.
'

Dynamic strain-gage measurements are also being used to investigate
the correspondence between the crack-gage response and the actual crack
position. Two strain gages were located above crack gages 7 and 8 at a

distance of 6.5 mm from the side groove (Fig. 2.27). The time differ-
;

ences between the successive strain peaks and between the failure times
, of the crack gages were found to be similar. The peak of strain is

occurring at an earlier time than the failure of the crack gage. This
delay corresponds to a peak of strain ahead of the crack tip with an

3

angle of 73* (Fig. 2.28). This angle is similar to the peak-strain angle
of 70* for the elastostatic plane-stress field. Based on this static
calculation, the failure of the crack gage apparently occurs 2 us before
the crack actually reaches the crack-gage location. t

These experiments will be analyzed using SwRI's elastodynamic/ !

viscoplastic finite-element code. From such analyses, strain measure-
'

ments will be obtained and compared with the experimental strain measure-
,

^ ments. These results will be reported in the next pe riod.

!

!
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2.5 Fracture-Mechanics Studies at the University of Maryland *
i

i C. W. Schwartz *W. L. Fourney
G. R. Irwini D. B. Barkeri

i i iJ. W. Dally X. J. Zhang

i

The work conducted by UM in this report period included studies of
cleavage-fibrous transitio t behavior in reactor vessel steels and of
dynamic crack initiation la notched bars. Progress achieved in each
topic will be briefly re"?.ewed in the following sections.

,

'
,

2.5.1 Cleavage-fibrns transition behaviors

In nuclear. pressure vessel steels, cleavage initiation and loss of
cleavage behaviors are closely linked to nonunifcrmities of microstruc- I

ture and to variations of local deformation acrosu a broad range of !

dimensional size. Carbide banding represents a relatively large-scale
J nonuniformity feature. The influence of this feature upon scatter of .

f racture-toughness values was explored by comparing Charpy V-notch (CVN)
test values for a sample of heavy-section A 508 material with those for
the same material af ter the banding inhomogeneity had been reduced by a
homogenizing treatment. The original heavy-section A 508 plates had been
quenched f rom 900'C into water and tempered at 613'c for 4 h before they!

were delivered to the University of Maryland (UM). A 2-cd-thick slice of
the material was homogenized at 1100'C for 48 h and followed by the same-

quenching and tempering treatment performed for the original material.
Figure 2.29 shows a typical region of carbide density banding before the i

homogenizing treatment. Figure 2.29(b) in/1 cates the substantial degree
1 of carbide density uniformity achieved by homogenizing. Figure 2.30

Ish.ns the comparison of CVN toughness values as a function of testing
temperature. The expected cesult was a reduction of scatter of the CVN i

!
* results. Although the scale- of the experiment permitted only a limited

number of CVN measurements, the CVN results f or the homogenized material |

j conf orm closely to a smooth trend curve with very little scatter. Be-
^

i cause of the sman size of the homogenized specimen block (2 cm thick), ;

the subsequent heat treatment resulted in a yield strength of 978 MPa -

i (145 ksi), which is substantially higher than the yield strength of the i

original A 508 material, 620 HPa (90 ksi). The failure of the homogenized i

specimens to achieve high toughness values at loss-cf-cleavage teepera- I
"

ture can be reasonably ascribed to the elevation of yield strengtt. j

i

* Work sponsored by the HSST Program under Subcontract No. 7778 |
between Martin Marietta Energy Systems, Inc., and the University of
Maryland. .

t epartment of Mechanical Engineering, University of Maryland, !D
3

College Park. r

s

*Departme nt of Civil Engineering, University of Maryland, Collego
i

; Park. .
L

!

I
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An influence of homogenizing upon the sulphide inclusions uas nei-
ther expected nor observed. Figure 2.31 shows a comparison of typical
sulphide inclusion regions in the original A 508 material and in a
homogenized specimen. The influence of homogenizing and of the subsequent
heat treatment upon the microstructures and the carbides was substantial.
The microstructures of dark banding reg'ans and light banding regions in
the original material contain tempered tensite and tempered bainite, a
fact presented in a previous report.41 .Agure 2.32 shows that the homoge-
nized material has a rather uniform tempered martensite appearance.
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Fig. 2.31. Comparison of typical sulphide inclusions. (a) Original
A 508 material, (b) homogenized specimen.
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Figure 2.33 shows TEM micrographs of 1.nu different carbide morphologies
obtained in this manner. In the original A 508 [ Fig. 2.33(a)], thin-foil
TEM micrographs show that the carbides tend to form into small plates
with crystallographic alignment. This is particularly evident in the
ferrite grains of relatively large size. In some regions, particularly

in small ferrite grains, the carbides form into small, rounded particles.
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Thus, the microstructure varies between tempered bainite and tempered
martensite, producing substantial dif ferences of local region brittleness.
In the homogenized material [ Fig. 2.33(b)] the carbides are almost en-
tirely small, rounded particles of the type expected in tempered marten-
site. These microstructural changes affected the fracture mechanism of

I the material. An atypical cleavage fracture appearance, called "quasi-
| cleavage fracture," dominates the fracture mechanism within the cleavage
' region on the fractured surface of homogenized material (Fig. 2.34).

Further fractographic study on the homogenized material is in progress.
For the weld metals that have been studied, the most significant

nonuniformities are thought to be local variations of inclusion density ;

and of f- rite grain size. From observations of cleavage initiation ad-
jacent f ractured silicate particles, it was noted that the particle
size was consistently in the range of 2 to 3 tim. Why larger particles,
which are numerous, did not fracture and initiate cleavage is not clear.

X-ray emissions from silicate particles of various sizes were examined
with regard to particle composition. It was found that there is a ,

'moderate trend for the indication of calcium content to increase with
particle size (Fig. 2 35). This can be noted as a possible aid toward
clarification. |

Among the conditions that may interfere with spreading of cleavage !

after initiation, the ability of cleavage to achieve passage through |
grain boundaries is a significant aspect. Some information of interest |

in regard to this was obtained by topographic studies of the change of
crystalline orientation where cleavage was observed to achieve passage
through a grain boundary.

l

|
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Several isolated cleavage regions, observed at shelf temperature
with weld metal, were reexamined using stereo scanning electron micros-
copy (SEM) to determine the change of angle of the normal to the cleavage
surface of the adjacent ferrite grains traversed by the cleavags. The
results were further analyzed to determine the components of "tilt" (in
the direction of cleavage extension) and of "twist" (rotation about the

._
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direction of cleavage extension). This experiment was then repeated
using similar-sized areas of grain boundary passage on a fracture of the
same weld metal at liquid air temperature. For the high temperature, the
angles of twist were consistently small. The angles of tilt were larger
but generally <20'. For the low-temperature fracture, both angles were

significantly of larger average size. These results will be available
soon in a technical paper for an October 1987 American Society for Metals
meeting.

With regard to a comprehensive report on the topic of this investi-
gation, the major descriptive aspects have not changed appreciably from
the account given in Ref. 42. The current difficulty in completing the

comprehensive report is the desire to include illustrative analytical
modeling of cleavage behaviors in the transition range. A satisfactory

method for modeling in a significantly property-dependent manner is still
not clear.

2.5.2 Dynamic crack initiation

| Work on dynamic crack initiation has followed two dif ferent lines of
| investigation: notched short-bar experiments and notched round-bar experi-

ments. Progress made to date in both of these areas will be described.
2.5 2.1 Notched short-bar experiments. Earlier work was completed

to establish the feasibility of the notched short bar as a new specimen
for dynamic initiation studies. This feasibility study demonstrated that
either photoelasticity or strain gages could be employed to measure K7 at

initiation. The loading of the short bar with its integral dog-bone ends
was accomplished with four explosive charges that were detonated simul-
taneously. Tensile stress waves produced at both ends of the bar propa-
gated to the central region of the bar where they combined to produce a
rapidly increasing K field that initiates a stationary crack. The crack
initiates before the arrival of the shear wave.

The current ef fort with the short-bar specimen involves specimens
fabricated f rom 12.7-mm-thick (0 5-in.) 4340 steel hardened to Rc = 51.
Fatigue-sharpened cracks 17.5 mm (0.6875 in.) long were used as initia-
tors. Two strain gages were deployed near the crack tip to sense K , and7
two additional gages were mounted in the bar section to monitor the
incident stress waves. Loading was accomplished with boosted detonators
coupled to data sheet. Each of the four charges weighed 3.95 g, giving a
total charge of 15 8 g.

The t rst test indicated that symmetric loading was achieved as the
ears separated with near-perfect symmetry and the central crack extended
straight across the midsection of the bar. Indeed, the extensive damage
at the ears indicate that the charge weight was higher than necessary. A
photograph showing the specimen shape before and af ter failure is pre-
sented in Fig. 2 36.

The fracture surf aces are illustrated in Fig. 2.37 and indicate
cleavage-type propagation with evidence of only very small shear lips.
The crack propagated about 13 mm and arrested. The fracture surface
shows signs of several arrests with reinitiation.

Strain-gage traces were obtained from all four gages, indicating
that the electronic noise associated with the detonation decayed before

-- ._. _. - . . - . -. , .
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Fig. 2.37. Fracture surface for 4340 short-bar specimen.

the arrival of the stress wave. Unfortunately, the sensitivity of the
strain amplifiers used was not adj usted to the proper setting, and the
strain-gage records were off scale. For this reason, dynamic initiation
toughness and the rate of loading dK/dt achieved in the experiment cannot
be reported at this time.

Future work will involve more experiments of this type. Four addi-
tional specimens with 203-mm-long (8-in.) central bar regions have been
machined. Experiments will be conducted with these specimens, initially
holding the hardness at Rc = 51 and reducing the explosive charge. In

later tests specimens with lower hardness will be investigated; also, the
length of the bar will be increased. This added length will provide more
time for the detonation signal to decay and give more room to protect the
lead wires from the blast waves produced by the explosives. It is also

planned to test welded specimens where the center section of the bar is
welded into more or less permanent ends. This will conserve test mate-
rial and will reduce machining costs by permitting straight bar segments
to be employed.

2.5.2.2 Notched round-bar specimens. The purpose cf employing
notched round-bar experiments for dynamic fracture initiation is an

_
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attempt to simulate the effects of constraint of a very thick specimen
with a relatively small round bar. The cylindrical shape of the bar
should increase the effective thickness of the specimen by a factor of
~3.

The first requirement in this study was to develop a loading system
that would apply impact loading to round-bar' specimens ~38.1 mn (1.5 in.)
in diameter. Accordingly, a drop-weight system was designed and con-
structed (Fig. 2.38). This loading system is capable of delivering 1051 J
(775 f t-lb) of energy when the weight of 58.8 kg (129 4 lb) drops through
a distance of 183 m (6 f t). The weight strikes a hardened steel tube
that transmits the impact force to the anvil at the bottom of the delivery
rod. The test specimen is f astened to the delivery tube and the anvil
with a 25.4-mm-diam UNC thread. The bottom of the impacting weight, the
transmission tube, and the anvil are all fabricated f rom 4340 hardened
steel to reduce the impact time.

The specimen configuration used in testing is shown in Fig. 2.39.
The outside diameter of the round bar is 38.1 mm (1.5 in.), and the diame-
ter of the machined notch is 19.1 mm (0 75 in.). The notch was machined
with an overly sharp Charpy notch-cutting tool with a notch tip radius of
0.127 mm (0.005 in.). The specimen was shouldered to facilitate align-
ment of the specimen during the assembly operation and ensure axial
impact conditions.

The initial experiments were made with strain-gaged specimens:
three gages were placed at 120' intervals around the specimen below the
notch, and three additicnal gages were positioned about the circumference
above the notch. Results from these strain-gage studies indicate that a
full height drop of 1778 mm produces a strain of 0.001 in 60 ps, which is
equivalent to a strain rate of 16.7 s-l . The symmetry of the loading was
excellent, showing that the alignment features incorporated into the de-
sign of the load f rame and the specimen are ef fective. Also, the strain-
time trace taken above and below the notch were essentially identical,
indicating that stress-wave effects in the specimen were minimized.

A total of nine specimens have been machined from A 508 steel. One

of these specimens has been used in characterizing the dynamic response
of the impact loading system. The others will be tested to determine the
f racture initiation toughness of A 508 steel as a function of temperature
over the transition range for this material.

26 Viscoplastic Stress-Strain Characterization of
A 533 Grade B Class 1 Steel *

J. H. Giovanolat R. W. Kloppi
|

l

| The HSST Program is currently involved in a research effort to
develop rate- and temperature-sensitive constitutive equations for A 533
grade B class 1 pressure vessel steel. These constitutive equations will

* Work sponsored by the HSST Program under Subcontract No. 32X-5 A193Vi

! between Martin Marietta Energy Systems, Inc. , and SRI International .
ISRI International, Menlo Park, California.

|
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Fig. 2.38. Photograph of impact loading fixture used with notched
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be used in conjunction with numerical simulations and dynamic fracture
analyses to assess the effect of viscoplastic material behavior on cleav-
age crack propagation and arrest in rea ctor pressure vessel steels. To
help evaluate . candidate viscoplastic cc natitutive models for A 533 grade
B class 1 steel and to augment the available data base, SRI International
performed 15 eplit Hopkinson torsion bor experiments at engineering shear
strain rates ranging from 400 to 3000 t-1 and at temperatures of -60, 20,
and 150'C. A final report'e 3 documenting these experiments has been pre--

pared by SRI International and transmitted to ORNL. A summary of a por-
tion of the results is given in the fo'. lowing sections of this report.

2.6.1 Experimental setup and test procedure

The high-strain-rate torsional tests, performed by SRI International,
used a split Hopkinson torsion bar consisting of an input and output bar
with a specimen placed between the bars (Fig. 2.40). The specimen is
deformed during the test by the sudden release of a static torque applied
at the end of the bar by means of a hydraulic wrench; the torque is
stored in a section of the input bar between a fixed clamp at the far end
of the input bar and a movable release clamp. The location of the re-
lease clamp can be varied to adjust the total strain input to the speci-
men. Strain rate can be varied by adjusting the specimen diameter and
gage length or, more effectively, by adjusting the magnitude of the
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Fig. 2.40. Split Hopkinson torsion bar used by SRI in high-strain-
rate experiments on A 533 grade B class 1 steel.
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stored input torque. Strain gages are mounted on the input and output
bars to record the incident and the reflected and transmitted stress

A stress-strain curve is obtained from the analysis of thesewaves.
strain-gage records by using 1-D elastic wave theory.

The material used in these high strain-rate tests was an A 533 grade
B class 1 steel supplied by ORNL. The test material was taken from HSST

4 of wide-plate 13A, which was the same source plate for the WF-1 series
plate specimens and for strain-rate specimens previously tested by SwRI.27
A total of 15 specimens were prepared by SRI International for testing.

Fif teen experiments were performed at --60, 20, and 150'C and at
nominal engineering shear strain rates of 400, 1500, and 3000 s-l. The

experiments at 400 and 3000 s-I strain rates were duplicated; however,
only single experiments were performed at a strain rate of 1500 s-l.
These latter experiments were not originally planned but were included to

Withprovide intermediate data points and to utilize spare specimens.
this choice of strain rates, data that could be compared with the previ-
ously available high-rate data for A 533 grade B steel were obtained.27

2.6.2 Summary of results

A portion of the results of the SRI Hopkinson torsion bar experi- i

ments are summarized in Figs. 2.41-2.46 and in Table 2 3. Figures 2.41 I

and 2.42 are composite figures showing the effect of strain rate on the
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Fig. 2.41. Influence of strain rate on shear stress-shear strain
curve for A 533 grade B class 1 steel at --60*C.
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Fig. 2.42. Influence of strain rate on shear stress-shear strain
curve for A 533 grade B class 1 steel at 150'C.

Table 2 3 Sumary of flow stress data
for A 533 grade 8 class I steel used

in SRI nigh-strain rate tests

Flow stress
# " #' ' *) Failure strain(s-t)

At 0 05 strain At 0 4 strain
4

Test tempentun --80*C

400 398 498 ho failure

1500 422 517 1 22
3000 455 540 0.98/0.80

Test tempemtum 20*C
a b

Static 235 323
400 331 458 No failure

1500 349 461 1.28
3000 366 477 1.48/l.19

Test tempentum 150*C

400 277 390 No failure

1500 305 416 No fatture

3000 315 422 2.20/2 10

aconverted from tensile yield strength.

DConverted from ultimate tensile strength.
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Fig. 2.43. Influence of temperature on shear stress-shear strain
curve for A 533 grade B class 1 steel at 1500-s-1 str.:In rate.

flow curve at --60 and 150*C, respectively. Figures 2.43 and 2.44 are
similar figures showing the effect of temperature on the flow curve at
strain rates 1500 and 3000 s-1, respectively. Table 2.3 compares the
value of the flow stress at two fixed strain values, 0.05 and 0.4, for
the three strain rates and the three temperatures investigated. The
failure strains are also listed in Table 2.3. Finally, for comparison
Table 2.3 also lists the room-temperature static yield strength and

,)ultimate strength provided by ORNL and converted to equivalent shear
stress values. !

|

The data in Figs. 2.41 and 2 42 and in Table 2.3 show that at all 1
|

I strain rates, the temperature has a significant effect on the flow curve !
j of A 533 grade B class 1 steel. Moreover, at all temperatures, the ;

strain rate has a less-pronounced, yet clearly measurable effect on the ;

flow curve in the relatively narrow strain-rate range investigated I
'here. Another significant observation is that at all temperatures and

atrain rates, an identifiable yield-point phenomenon occurs with upper
and lower yield points. In the 400-s-1 strain-rate experiments, the
specimens were unloaded by the relief edge of the incident wave at ~50%
strain and did not fail. For the two other strain rates, failure strains

were all well above 50% (Table 2.3).

|

!
,
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Fig. 2.44. Influence of temperature on shear stress-shcsr strain
curve A 533 grade B class 1 steel at 3000-s-1 strain rate.

The torsion data generated at -40 and 150*C are compared in Figs.
27 obtained previously2.45 and 2.46, respectively, with the tensile data

by SwRI. A von Mises type conversion has been used in transforming the
tensile data to equivalent torsion data; that is, the tensile stresses
have been divided by /5 and the tensile strains have been multiplied
by /3. The agreement between the two sets of results is good, given the
dif ference in the geometry of the experiments. Noticeable differences
between the torsion data and the tensile data are the lack of a yield-

point phenomenon and the lower failure strains in the tensile experi-
ments. The latter may be attributed to the geometrical differences, in
particular the formation of a neck in the tensile experiments, which
raises the tensile hydrostatic component of stress and, thus, favors the
onset of fracture. However, no explanation is offered for the different
yield-point behavior.

Higher strain-rate data can be obtained in the future by using a
different specimen geometry for the Hopkinson torsion bar experiments, by
performing rod impact experiments, or by performing pressure-shear impact
experiments.44 The rod impact experiment can also be used to evaluate
various viscoplastic constitutive models at strain rates approaching
those expected near a rapidly propagating cleavage crack (e.g., Ref. 45).
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3. MATERIAL CHARACTERIZATION AND PROPERTIES

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. However, 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 Low-Upper-Shelf Material Characterization

R. K. Nanstad R. L. Swain
S. K. Iskander E. T. Manneschmidt

J. P. Strizak

Pretest characterization oi material for the second pressurized-
thermal-shock experiment (PTSE-2) and the second wide-plate crack-arrest
series (WP-2) has been conducted primarily with characterization block
PTC1, 2 1/4 Cr-1 Mo steel. Virtually all test results from that material
were reported in the previous two progress reports.1,2 Subsequent test-
ing and analysis have concentrated on material removed f rom the PTSE-2
test cylinder for comparison of posttest and pretest data. The results

3 f or PTSE-2 andand detailed discussions are included in the final report

are summarized here.
t

.3.1.1 Metallography and hardness testing

As reported previously,1 the PTSE-2 vessel insert had an average
pretest surf ace hardness of about Rockwell B (HRB) 94 compared with HRB
86 for PTC1. Using the standard American Society for Testing and Mate-
rials (ASTM) correlation of hardness with tensile strength gives 675 MPa
for the vessel and 558 MPa for PTC1. This difference is substantial in
terms of strength and implies higher yield strength, as well as a higher
transition temperature. Mechanical testing with specimens removed from
the vessel insert following the PTSE-2 test shows somewhat higher tensile
strength for the insert, but, as explained later, vessel test conditions
obscure the conclusions.

Figures 3.1 and 3.2 show representative micrographs of PTC1 and the
PTSE-2 insert, respectively, at the quarter-thickness (1/4t) depth. As
shown, the two materials have similar amounts of pearlite. That observa-
tion is not consistent with posttest hardness testing, which showed the
insert to be harder than PTC1. At the 1/4t depth the insert has a hard-
ness of HRB 90, and that of PTC1 is HRB 86, corresponding to tensile
strengths (by correlation) of 620 and 558 MPa, respectively. As shown in
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Sect. 3.1.4, the measured t ensile strengths are in quite good agreement
with the correlative predictions f rom hardness. The hardness variations
through the thickness of PTC1 are summarized in Table 3.1 and do not show
significant variation in hardness as a function of plate depth. A hard-
ness traverse of the vessel insert is discussed in a later section on
fractography.

Table 3.1. Hardness variation through
thickness of characterization block

PTC1, 2 1/4 Cr-1 Mo steel

Portable tester" Laboratory
Depth Rockwell
lo ation

Raw Converted b
tester

No. to HRB (HRB)

Near surface 444 87 84 |

12.7 440 86 85.5 |
25.4 437 85 85
38.1 445 87 87.5
50.8 447 88 87.5
63.5 450 88 89
76.2 451 88 87.5
88.9 437 85 85.5

101.6 438 86 85
114.3 431 84 86
127.0 343 85 85.5
139.7 428 83 84

Near surface 431 84 85

aEquotip portable hardness tester measured
average value (five readings) of HRB 94 on
calibration block calibrated to HRB 96.6 * 1.0.

bLaboratory Rockwell hardness tester
measured average (five readings) of HRB 96.5 on
calibration block calibrated to HRB 96.6 * 1.0.

3.1.2 Physical properties

Physical properties of PTC1 were determined for consideration in
determining the contribution of the insert to thermal stresses during the
PTSE-2 experiment and for demonstration of the properties, including bulk
density, electrical resistivity, and thermal expansion.

Bulk density measurements (diameter, length, and weight) were deter-
3 3mined at 27'C for 12 specimens with an average result of 7.847 g/cm

30.1%. The density of pure iron is 7.873 g/cm at 20*C.
Electrical resistivity was also determined at 27'C for the 12 speci-

mens with an average value of 28.744 un-cm * 0.5%.
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Thermal expansions were determined using a modification" of a tech-
nique described by Kollie et al.5 The modification uses a fused quartz
push rod dilatometer considered to provide expansion measurements accu-
rate within 2% of expected values. Within the range 0 to 350*C, the
thermal expansion data can be described by the equation

a. 106 = 10.20 + 12.496 + 10-3.T * 0.93% ,

where a (=) 'C-1 and T (=] 'C.
The results compare favorably with other measurements on similar

| materials and are ~10% lower than those for pure iron.

3.1.3 Drop-weight testing

Drop-weight testing was conducted with standard P-3 specimens per
ASTM Method E208-84a. A single welding pass was used for application of
the brittle weld bead. Pretest specimens were removed from PTC1 at the
1/4t depth in the plate. Posttest specimens were removed f rom portions
of the vessel insert at the 1/4t and 3/4t depths. Table 3.2 shows the

Table 3.2 Results of drop-weight testing
on 2 1/4 Cr-1 Mo material

Test Test results
Specimen temperature

('C) Break No break

PTC1 chancterisation block (TS)*
P1261 66 /

PI262 54 /

P1263 38 /

P1264 49 /

PI265 54 /

PI266 49 /

Flau insert mterial seg"ents (LS)*
PE94 65 /

PE95 45 /

PE96 55 /

PE97 60 /

PE98 65 /

PE99 70 /

PE100 75 /

PE101 85 /

PE102 80 /

PE103 80 /

PE104 60 /

PE105 70 /

aThe drop-weight test is insensitive
to specimen orientation per ASTM E208.

. _ . ., , _, . ___ _ _ _ . _ _ _ _ _ . _ _ _ . _ _ _ _ _ _ _ _ , . - _ . , _ , . _ _ _ .
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drop-weight results for each specimen. Using the procedures of E208, the
nil-ductility transition (NDT) temperatures are 49'C - for PTC1 and 75'C
for the vessel insert, a substantial difference. The specific test re-
suits reveal a fairly high degree of scatter, however, and further exami-
nation of the drop-weight specimens will be conducted to provide an
explanation for such differences. A comparison between _ drop-weight NDT
temperatures and Charpy V-notch (CVN) results is presented in a later
section. . Note that the previous characterization material (PTC2B),
unacceptable because of a high CVN upper shelf and low CVN transition
temperature, revealed a drop-weight NDT of 32*C.

3.1.4 Tensile testing

3.1.4.1 Pretest tensite tests. Results of tensile tests performed

with several different specimen sizes made f rom characterization block
material PTCl are shown in Table 3.3. All results except those for the

12.7-mm-thick specimens were reported previously.1,2
| Noteworthy is the dif ference (shown for the 6.35-mm-diam specimens)

between the yield strengths obtained f rom strip charts and those obtained
from an x y plotter. A strip chart records the load vs crosshead speed
(which is easily converted to strain); an x-y plotter records load vs an
extensometer otrain. Experience has shown that for most materials , the
0.2% yield strength derived from strip charts correlates very well with
that derived from the x-y plotter. The use of strip charts does not

require the attachment of an extensometer (which in case of testing in a
hot cell is difficult); thus, it is more ef ficient to use strip charts to
determine the 0.2% yield strength.

In the case of the 2 1/4 Cr-1 Mo material used for PTSE-2, a verifi-
cation of this correlation revealed differences between strip chart and
x-y plot values of the 0.2% yield strength. The difference also occurred
for the one 12.7-mm-diam specimen for which the two methods of calculat-
ing the 0.2% yield strength was used.

The most likely cause of this difference is the apparent lack of a
proportional limit for this material. Schematic engineering stress-

strain diagrams for this material obtainad from a strip chart and an x-y
plotter recording are shown in Fig. 3.3(a) and (b), respectively. The
method used to determine the 0.2% yield requires some judgment in
choosing the linear portion on the autographic record of the test beyond
possible initial perturbations caused by "play" in the screw threads,
crosshead, etc. Such perturbations do not show up on x-y plots that use
extensometers. As can be seen from Fig. 3.3, the slope of the stress-
strain curve obtained f rom a strip chart is less than that obtained from
an x-y plotter, and, thus, higher yields are derived from strip charts.
Thus, the use of strip charts to obtain 0.2% yield stresses can lead to
errors. It follows that a necessary condition for the strip-chart method
to give a reliable 0.2% yield stress is a sufficiently high proportional
limit stress. Obviously, a material whose stress-strain curve has a
relatively shallow slope beyond a well-defined yield point is not as
sensitive to errors in determining the 0.2% yield as is the case with
this 2 1/4 Cr-1 Mo.



_ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ - _ _ _ _ _ _ _ _

81

Table 3.3. ~ Pretest tensile results for PTC1, 2 1/4 Cr-1 Mo steel

| Strength

(MPa)
Fracture d Reduction

S pecime n" **f*[*"#' * #*** ''**Yield (Ultimate (MFa) (%)

b c

4.52-mm-diam (0.18-in.) specimens

P197 -100 512 715 573 35 50

P193 -100 503 719 572 41 51

PI94 -- 5 0 348 664 470 28 51

P1127 0 321 603 466 26 53'
PI118 0 346 599 468 25 56

PI123 100 320 537 441 21 48
P198 200 269 493 411 20 50

P1114 300 327 533 478 15 38

6.35-m-diam (0.26-in.) epecimens

P1283 24 266 348 574 467 26 51

P1291 24 314 314 586 501 25 44

P1285 100 265 359 530 446 22 47

P1286 100 266 337 523 432 24 50
'

P1292 100 259 340 530 449 26 47

P1287 200 241 315 511 447 20 46

PI288 200 248 315 509 434 19 46

PI293 200 234 330 513 442 20 45

P1289 300 290 344 520 454 16 41

P1290 300 244 325 513 454 17 43

P1294 300 248 335 515 461 16 41

12.7-m-diam (0.5-in.) specimens

P1369 24 275 336 578 26 47

PI370 25 295 603 27 50

P1371 100 256 536 23 46

PI372 100 276 554 24 46

P1374 200 263 534 23 47

P1373 300 254 -524 21 42

a ll specimens machined from 1/4t depth in plate with transverseA

orientation.

bYield strength obtained f rom x-y plot of load vs strain extensom-ter
(25.4-am gage length).

Yield strength obtained from strip-chart recording of load v: crosshead#

speed.
dComputed from strip-chart readings of elongation c. spec 13en, corrected

to a gage length of 4 diameters when necessary. The el ingatiotw for the
12.7-m241am specimens were computed f rom gage marks on the specimens.

,

i
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Fig. 3.3. Schematic stress-strain curves f or 2 1/4 Cr-1 Mo material
from (a) strip charts and (b) x-y plotter.

3.1.4.2 Po'sttest tensile testing and evaluation of flaw insert.

Results of tensile testing perf ormed at different temperatures on flaw
insert material are given in Table 3.4. The specimens were T-oriented
ar.d were f rom dif ferent depth locations. Material from the 1/4t and the.
3/4t depthe was assue.ed to be the same. Figure 3.4 coupares the tensile
strengths of 1/4t material f rom the PTC1 characterization block to that

'.
from the flaw insert. The 0.2% yield strength of the flaw insert mate-
rial is ~60 to 70% higher than the 0.2% yields obtained for characteriza-
tion block material. All cf the tensile specimens had some weld metal
that extended to one end of the uniform section of the specimen. It was

not possible to manuf acture 6.35-mm-diam tensile specimens from flaw
insert material alone because of the limitations imposed by the material
availability. Except for specimen PE09, which is not shown in the table,
most of the necked area and the fracture locatian in the specimens during
tensile testing occurred in the base metal, determined by etching of the

i spccimens after testing. Assuming the nccked area to be the "weakest
link" of the specimen, then the ef fect of weld metal on the ultimate ten-
sile strength (UTS) of the flaw insert material is small.

- -
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Table 3.4. Posttest tensile results from PTSE-2 flaw insert-
2 1/4_Cr-1-Mo material, T-orientation,

6.35-mm-diam specimens

Strength
est (MPa) a Reduction'

Location Elongation
temperature of areaSpecimen Tt) (g)

-('C) 0.2% II)Ultimate.

_yielda

PE01 0- 25 461 620 .18 ' 52
PE04 0 25 '478 623 18 52
PE02 1/4 25 462 620 21 52
PE05 1/4 25 488 627 19 50
PE03 1/2 25- 460 627 20 51

PE06- 1/2 25 452 620 22 49

PE10 0 100 443 578 16 49
PE08 1/4 100 442 585 17 49
PEll. 1/4 100 440 579 16 46
PE09 1/2 100 422 580 19 48 !

PE12 1/2 100 423 577 20 47

PE13 0 200 436 545 13 45
PE16 0 200 449 550 14 47

PE14 1/4 200 415 534 17 46
PE17- 1/4 200 414 541 17 48

PE15 1/2 200 403 548 19 46
PE18 1/2 200 403 549 20 42

aDetermined f rom extensometer, x-y chart.

The UTS of the flaw insert material is about 10% higher than the
characterization block; thus, the 60 to 70% increase in yield strength
cannot be due solely to differences in heat treatment. In the following

discussion much of this dif ference is assumed to be due to strain harden-
ing that does not affect the UTS of the material. Among the possible
causes for this strain hardening could be the residual stresses resulting
from welding the insert into the vessel, various degrees of straining
during the tests on the vessel, or both. The UTS will be used as a
"normalizing" parameter in estimating the amount of strain hardening
subjected on the flaw insert material.

As a step in estimating the amount of strain that could lead to such
an elevation of yield stress, L-oriented specimens 6.35 mm in diameter
were manufactured from both the characterization block PTC1 and the flaw
insert. L-orientation specimens were used to avoid the material limita-
tions mentioned above that are associated with T-oriented specimens.

The tensile test results for the L-oriented specimens are shown in

Table 3.5. Comparison of the UTS for the 1/4t location material tested
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Table 3.5. Results of tensile tests performed on L-orientation, |

6.35-am-diam 2 1/4 Cr-1 Mo material-

Strength ,

b Reduction** * '
ElongationL Location

temperature of areaSpecimen (*) )
;

('C) 0.2% (a Ultimate !

yield'

r

P2C1 characte n sation block mate dat
,

PC1 1/4 100 288- 541 24 51

PC2 1/4 100 280 542 26 51

rtaa insert materlat
PE109 1/2 26 365 617 29 48

,

PE115 !!2 26 377 621 23 47
'

PElli 1/4 100 389 538 22 49

PE117 1/4- 100 374 567 22 52
,

.aExtensometer, x-y chart.
bMeasured f rom gage marks on specimens.

l-

o

at 100'C shows that the averages for both of these materials agree within ;

2%. The 0.2% yield strength (average of two specimens) for the flaw |-

insert is 35% higher compared with the 60 to 70% yield strength observed
for the T-orientation specimens. If the cause of the strain hardening

was either welding residual stresses or pressure stress during the test,
then this would preferentially strain-harden the T-orientation.

The L-orientation PTC1 tensile specimens were subjected during the
tensile tests to three cycles of loading and unloading. The purpose was
to verify that af ter reloading, the stress-strain curve would follow the
same curve had there been no unloading. Such a behavior was indeed
observed. Thus, it is possible to estimate f rom stress-strain curves for
PTC1 the amount of strain necessary to result in the increases of yield |

Ihe stra n requ red for such ani istrength observed for the vessel insert.
elevation was estimated as follevs. Using an average of 475 and 624 MPa
for the 0.2% yield and UTS, respectively, their ratio is ~0.76 for the
flaw insert material tested at room temperature (6.35-mm specimens,
Table 3.4). The corresponding averages for the PTC1 material ar,e 290 and
580 MPa, respectively. Using the UTS of specimen PI283 of 574 MPa and
the 0.76 ratio would correspond to a 0.2% yield of 436 MPa if the mate- .

rial has hardened in the same manner as the flaw insert. This increase
'

of 64% over the actual 0.2% yield stress corresponds to a strain of ~2%.
Thus, the amount of strain hardening is ~1.8%.

As mentioned above, L-orientation tensile specimens f rom PTC1 were
subjected to three cycles of loading and unloading. In each cycle,

,

w - . ,~, - ,,- - , , < - - y- -m - , -- ,-
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unloading was initiated when the total strain was ~1, 2, and 3% respec-
tively, as shown in Fig. 3.5(a). The 0.2% yield sf PTC1 material is 288
MPa. If the 0.2% yield had been measured af ter' 1.8% total strain, the
yield would have been 455 MPa, an increase of 58%. Figure 3.5(b) is a
comparison of'the stress-strain curves of T-orientation materials, the

! lower one from PTC1 material and the upper from flaw insert mate rial.
This illustrates the sensitivity of the 0.2% yield of this 2 1/4 Cr-1 Mo'

material to strain levels >0.2%. It also graphically describes the,

i dif ferences in tensile behavior of the two materials. As discussed
previously, some uncertainties exist concerning the exact representation
of the vessel insert by the pretest characterization material. Although

the cyclic tests described above do not mitigate all of those uncertain-
ties, they have shown that the dif ferences in tensile . properties between
the posttest insert and the pretest material likely are due largely to
strain hardening that occurred during the PTSE-2 experiments.'

3.1.4.3 Determination of Young's modulus. Two L-orientation 1/4t
specimens 6.35 mm in diameter from each of the flaw insert and character-
ization block material PTC1 have been instrumented with electric resis-
tance strain gages to measure Young's modulus E and Poisson's ratio v.
Two axial and two circumferential gages on each specimen were connected
in series and placed diametrically opposite to each other to average any
bending strains caused by misalignment. The measurements were perf ormed
at two temperatures, 25 and 150'C. At each temperature, the specimens
were first subjected to three loading and unloading cycles between 0 and
55 MPa. The 0.2% yield for this material is ~280 MPa, but because of the
apparent lack of a proportional limit, the maximum stress was restricted,

]
to 20% of the yield.

Measurements of the strain from the electric resistance strain gages

were perforued at loads corresponding to 7 and 57 MPa, and E was calcu-
lated as the secant modulus between the two stresses. The E and v values
reported in Table 3.6 for each temperature are the average of four mea-
surements: two each during loading and unloading. Also given are the

standard deviations calculated from each set of four measurements. The
accuracy of the E and v values reported is estimated to be ~5 and 10%,
respectively, because the strains were ~250 pc for the axial direction
and 70 pc for the circumferential direction.

) Young's modulus was also estimated from autographic records made
using an averaging linear variable dif ferential transf ormer (LVDT) placed
over a 50-mm gage length. The value of E ranged from 213 GPa at room
temperature to 205 GPa at 300*C. However, the variation of E with tem-
perature is of the same order of magnitude as the estimated accuracy of
the measurements and, therefore, should be ignored.

Ultrasonic wave velocity measurements were also perf ormed at room
,

temperature on a 6.35-mm-thick coupon of PTC1 to give a dynamic Young's
modulus of 213 * 1 GPa and a dynamic Poisson's ratio of 0.286 * 0.003.

'Jithin the limits of the accuracy of these measurements, Young's '

as can be taken to be ~205 GPa and Poisson's ratio to be 0.26 with
temperature dependence detected in the range 25 to 150'C._s ,

,

6

n,- - --_---
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increased 50% when strain hardened 1.8%, (b) comparison of the stress-
strain curves of 2 1/4 Cr-1 Mo tuterial f rom PTCl and flaw insert.
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. Table 3.6. - Pretest and posttest determination
of _ Young's modulus E and

Poisson's. ratio v

Tem e ature Po sson s
Specimen a du us E

(GPa).,

PTC1, T orientation"
P1369 24 211
P1370 '25 211
PI371 100 216
PI372 160 211"

PI374 200 216
PI373 300 206

bPN1, L orientation'

PCS 25 212 0.259 |
150 205 0.267 i

PC6 25 206 0.258 i

150 203 0.256'

bVesset insert, L orientation
'PE107 25 206 0.257

150 210 0.260
PE113 25 204 0.260

150 194 0.263

# rom extensometer data and 12.7-mm-diamF

specimens.
bFrom strain-gaged 6.35-mm-diam specimens.

3.1.5 CVN testing

Pretest CVN impact testing was performed with PTC1 material of
varying depths in the plate and in both the TS (crack propagation in
thickness direction) and TL (crack propagation in rolling direction)

t orientations. Those results were reported previously.I
: Table 3.7 summarizes the curve fit parameters and, based on the

curve fits, the energy corresponding to the drop-weight NDT and the 41-J
(30-f t-lb) transition temperature for each data set. The NDT corresponds
to an average CVN energy of 19.5 J (14.3 f t-lb) for the TS orientation
and 15.5 J (11.4 ft-lb) for the TL orientation. Note that specimens from

1/2t depth showed the highest 41-J temperature in both orientations.
Posttest CVN specimens in the TS orientation were removed from the

vessel insert at the surface, 1/4t, and 1/2t depths. The CVN data and
curve fits are shown in Figs. 3.6-3.8. The curve fit parameters are
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Table 3.7. Curve fit parameters of Charpy energy
for PIC1, 2 1/4 Cr-1 Ho steel

E = (A/2){1 + tanh(B(T -- C)]}a ' E at NDT, Temperature
** '

(t)- A B C ,

(y). (.C-I) ('C)

TS orientation
0 59.85 0.03046 76.8 b 89.6
.1/4 68.15 0.01755 75.03 19.5 86.8
1/2 61.34 0.01913 85.98 b 104.3
3/4 68.90 0.02214 73.16 b 81.8,

! 1 72.81 0.01959 74.26 b 80.7
l
'

TL orientation
0 59.89 0.02062 80.6 b 99.4
1/4 59.43 0.01998 74.4 15.5 94.4
1/2 50.42. 0.01675 75.8 b 119.7
3/4 63.63 0.02255 73.32 b 86.5
1 63.33 0.02112 77.74 b 92.1

OE = CVN energy at temperature T.
A = upper-shelf energy.
B = related to slope of curve in transition region,
C = temperature corresponding to energy equal to one-half of

upper-shelf energy.
DNot calculated, drop-weight NDT was determined with specimens

from 1/4t.
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given in Table 3.8. Figure 3.9 is a comparison of the pretest and post-
test CVN results for specimens removed from the 1/4t depth in the plate.
Comparison of the midenergy transition; temperatures-(parameter C) and the
41-J temperatures f rom Tables 3.7 and 3.8 reveals that the PTSE-2 vessel
insert transition is ~20'C higher than that' for the pretest characteriza--

. tion block PTC1 in the TS orientation .at the 1/4t depth. 'The tables also
show that the CVN upper-shelf _ energies of the insert are, on the average,
slightly lower than those for PTC1 in the TS orientation.

Table 3.8. Curve-fit parameters of Charpy energy for
PTSE-2 posttest vessel insert, 2 1/4 Cr-1 Mo ,

steel, TS orientation

E = _(A/2){ 1 + tanhlB(T -- C)) }" E at NDT, Temperature
Depth

*(t)' A B C
() (.C)(J) ('C-1) ('C)

1 0 60.57 0.01966 94.16 b 113.0
1/4 63.16 0.02293 93.92 18.6 107.3'

1/2 66.03 0.01988 90.69 b 116.0

"E = CVN energy at temperature T,
A = upper-shelf energy,
B = related to slope of curve. in transition region,
C = temperature corresponding to energy equal to one-half of

upper-shelf energy.
bNot calculated, drop-weight NDT was determined with specimens

from 1/4t.

These results follow the implications mentioned earlier relative to
the higher surf ace hardness of the insert and, especially, the posttest
drop-weight NDT and tensile results. The differences in the 1/4t Charpy

transition temperatures are ~20*C, compared with a dif ference in the NDT
temperatures of 26*C, a reasonably similar result. Inspection of Tables
3.7 and 3.8 shows that the curve-fit-determined CVN energy at the NDT,

temperature is about the same for the insert (18.6 J) as for PTC1
(19.5 J). As discussed earlier, the drop-weight tests for the vessel
insert showed relatively high scatter. In spite of that, however, the

CVN and drop-weight NDT results reflect similar dif ferences between the;

pretest characterization of PTC1 and the posttest characterization of the
| PTSE-2 vessel insert.
| Regarding determinations of a reference NDT temperaturc, RT

according to the ASME Boiler and Prweeure Vessel Code, Sect. 111ke,t.6),
none of the CVN data sets would result in an RTNDT equal to the NDT
because all sets have CVN energies at NDT + 33*C (60'F) <68 J (50 ft-lb).
From the curve fit, the pretest material at the 1/4t achieves 68 J at

, . ._ . - - -_ _-- - _ - __ - _,. -
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Fig. 3.9. Comparison of CVN results for pretest characterization
block PTC1 and PTSE-2 posttest vessel insert, 2 1/4 Cr-1 Mo steel, with
TS orientation at the 1/4t depth.

~132*C (T68), which, by defining RT*NDT as T68 - 33*C, gives an RT*NDT Of
99'C. The vessel insert did not achieve 68 J even on the upper shelf,
and an RT cannot be defined.

NDT

3.1.6 R acture-toughness testing

Pretest fracture-toughness testing was conducted from -75 to 250*C
with 25.4-mm-thick compact specimens machined from near the surf ace of
PTC1. Specimens were f atigue precracked and have been tested with both
TS and TL orientations. The results are reported in Ref s. I and 2.

Posttest fracture-toughness testing was completed from 50 to 250*C
with fatigue precracked 25.4-mm-thick compact specimens machined from
near the 1/4t depth in the PTSE-2 vessel insert. All specimens were
tested in the TS orientation. All specimens except those tested at 50*C
were side-grooved to 10% of the specimen thickness on each side. Values
of KJc' E8c' JIc, and T were determined as described previously ,2 for1

the pretest characterization tests.
Table 3.9 shows the results of posttest fracture toughness tests

with specimens that experienced cleavage. Only the specimens tested at

50'C were smooth sided. Five specimens with TS orientation were tested
at each of three temperatures, 50, 75, and 100*C. Figure 3.10 shows the

j data graphically and a comparison with the pretest data from PTC1. The
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Table 3.9. Transition region fracture-toughness results for
PTSE-2 vessel insert, 2 1/4 Cr-1 Mo

steel, TS orientation

Test Side- Stable crack
gheg) g)- extensioneSpecimen temperature groove

( C) (I) (aa)

PE64 50 0 122.3 75.4 0.226
PE66 50 0 124.2 75.9 0.249
PE68 50 0 122.6 75.5 0.274
PE70 50 0 125.3 76.2 0.371

-PE72 50 0 100.4 68.8 0.071

PE74 75 20 139.0 74.0 0.947
PE76 75 20 104.4 65.5 0.300
PE78 75 20 105.7 65.8 0.297
PE80 75 _ 20 -128.7 71.7 0.752
PE82 75 20 124.4 70.7 0.627

PE85 100 20 139.2 73.0 1.209
PE67 100 20 179.9 80.9 3.726
PE69 100 20 220.2 87.3 7.000

| PE71 100 20 187.0 82.1 4.050
l- PE73 100 20 185.6 81.8 3.655
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results _ indicate an upward temperature shif t in fracture toughness for
the posttest material compared with pretest material from characteriza-
tion block PTC1. This observation is substantiated by the fact that no

pretest specimens tested at 100'C experienced cleavage; all five posttest
specimens, however, cleaved at 100'C. Additionally, comparison of the

less for the posttest material than for the pretest materib. level are
data reveals that the stable crack extensions at a given K

That is an

indication of an increase in yield strength that is reflected in the
discussion in Sect. 3.1.4 on tensile testing. At an arbitrarily chosen

K of 150 MPa*6, the posttest material achieves that level of toughness
Jeat a temperature 30'C higher than the pretest material. That upward

shift is slightly greater than shown by the Charpy impact results and the
drop-weight NDT resulto.

Table 3.10 shows the results of testing side-grooved specimens from
the vessel insert at 175 and 250*C to obtain full J-R curves without
cleavage intervention. The posttest material exhibited slightly lower
J values but significantly lower tearing modulus values than did the
Icpretest material, ~30 and 75, respectively. Typical J-R results using

modified J are shown in Fig. 3.11. The effect of plastic deformation

during the vessel experiment increased the flow strength significantly
and because the flow strength occurs in the denominator of the equation
for tearing modulus, will cause a 40 to 50% decrease in the tearing modu-
lus even if the J-R curves are the same. In this case, however, the J-R

curve slopes for the posttest material are much less than those for the
pretest material. Thus, both the flow strength increase and a real
degradation in the material tearing resistance have resulted in the lower
tearing modulus results for the posttest material.

3.1.7 Crack-arrest toughness testing

Crack-arrest toughness data obtained from the PTC1 characterization <

block for TS and TL specimens were reported previously.1,2
X1 K , curve included has been adjusted with respectThe ASME Sect. 7 because the Charpy upper-shelfto the drop-weight NDT rather than RTN

energy of this material is (68 J, and,DTthus, it is not possible to define *

an RT The NDT f or this material is 49'C.
be. rial from the flaw insert has been used to fabricate TS-orienta-

tion "nugget" type specimens.7 The results, together with the TS data
for PTC1 material, are given in Table 3.11 and plotted in Fig. 3.12. The

crack-arrest toughness of the vessel insert is less than that of the PTC1
material. Using a toughness level of 150 MPa*6 for comparison, the
arrest toughness of the flaw insert is shif ted ~15 K toward a higher tem-
perature than that of PTC1 material. This shift to a higher temperature,

is consistent with shif ts noticed for other toughness measures discussed
in Sect. 3.1.8.

3.1.8 Summary

In Sect. 3.1.1 it was pointed out that pre-experiment hardness test-
ing performed on the vessel insert outer surface and PTC1 characteriza-
tion material indicated a substantially higher strength (by correlation

.
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Table 3.10. Ductile shelf fracture-toughness results for PTSE-2
vessel insert, 2 1/4 Cr-1 Mo steel, TS orientation

b "* ~ "" #" **
Test J K Final crack d*

extension "e fit parametersSpecimen" temperature ,2) (gp ff-) d
( C) (mm) A B C D

e

PE75 175 46.3 95.5 8.49 28 70.7 0.075 0.373 2.76
PE77 175 52.7 102 8.87 28 67.9 0.195 0.379 4.75 e

*
PE79 175 45.3 94.6 9.09 31 71.3 0.110 0.407 1.26
PE81 250 49.8 98.0 9.42 19 43.9 0.195 0.371 18.58
PE83 250 35.9 83.3 8.70 20 56.1 0 0.296 1.70

#
i 25.4-mm-thick compact specimens.

b3 determined by power-law curve intersection with 0.15-mm offset line; J is deformation
theorybcper ASTM E813.

# alculated using linear fit to data between of fset lines.C

d:3 . g(3, , 3)c + D, where aa - crack extension.

.

- - -- _ _
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Table 3.11. Crack-arrest Ka data
for flaw insert asteria* ,

TS orientation

Test
(gphg,)Specimen ten ture

Weld embMttled, 33 x 152 x 152 m
(1.3 x 6 x 6 in.)

PE86 50 58
PE87 50' 58
PE88 50 62
PE84 80 64
PE85 80 76 -

Duplex, 33 x 162 x 152 m
(1.3 x 6 x 6 in.)

PE89 110 139
PE90 110 179
PE91 110 119
PE92 110 136
PE93 110 148

ORNL-DWG 87-4698 ETO
IM i l | |

O PTC 1
O PTSE-2tNSERT O
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Fig. 3.12. Crack-arrest test results of the flaw insert material
compared with characterization block PTCl, both in TS orientation (low-
upper-shelf 2 1/4 Cr-1 Mo steel).
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with hardness) for the vessel insert. It was realized following the
PTSE-2 tests that the strains that developed in the vessel wall during
testing were large enough to cause significant strain hardening, thus an
increase in yield strength and, possibly, increases in toughness transi-
tien temperatures. As discussed in Sect. 3.1.4.2, the posttest yield

strength of the vessel insert is ~70% higher than that of PTC1; the
ultimate strength is ~8% higher.

Relative to toughness, the behavior is quite consistent. All of the

posttest vessel insert material tests showed higher transition tempera-
tures than did those for PTC1. The increases were 26 K for the drop-
weight NUI temperature, 20 K for the CVN 41-J temperature 30 K for tie

150-MPa*(g
Tfus,50-MPa*/mtemperature,the various measures of toughness transi$ ion temperature are f;omK 1 and 15 K for the K m temperatur e.

e

15 to 30 K higher for the posttest vessel insert.
The cyclic tests described in Sect. 3.1.4.2 demonstrated that the

differences in tensile properties likely are due largely to strain hard-
ening that occurred during the vessel experiments, and, therefore, it is
likely that the ef f ects of strain hardening were also manifested by the
increases in toughness transition temperatures. A definitive experiment

would be desirable but is outside the scope of this report. ]
It is believed that the material properties o. the vessel insert

prior to the PTSE-2 experiments is reasonably well represented by the
?TC1 pretest characterization block for the following reasons: (1) the
vessel insert and PTC1 were heat treated simultaneously, (2) the changes
in the tensile results are reasonably consistent with strain-hardening
predictions of yield strength increases, and (3) four different measures
of toughness transition temperatures changed similarly f rom the pretest
characterization block to the posttest vessel insert.

3.2 Fractographic and Meta 11ographic Evaluation

R. K. Nanstad R. S. Crouse

PTSE-2 was designed to produce a cleavage crack propagation and
arrest followed by unstable ductile tearing in a material of low ductile-
shelf toughness. Preliminary visual measurements in comparison with the
instrumentation outputs during the test concluded that two initiation and
arrest events occurred, one during each of two transients performed with
the PTSE-2 test vessel. The second transient concluded with a tearing
instability that breached the inner surface of the vessel. Figure 3.13
shows a photograph of the f racture surf ace reassembled with the sections
cut from the vessel. Figure 3.14 shows a photograph of one section near
the center portion of the f racture surf ace.

Fractographic examination in the scanning electron microscope (SEM)
confirmed that initial ductile tearing and crack propagation in a cleav-
age mode occurred in the first transient with arrest at a depth of ~40 mm.
The second transient showed ductile tearing preceded cleavage crack
propagation with final cleavage arrest at a depth of ~80 mm. Iloweve r , it

seems evident that an intermediate arrest occurred at a depth of ~70 mm
with subsequent reinitiation by ductile tearing before the final cleavage
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propagation. Beyond a depth of 80 mm, the f racture occurred by ductile
tearing.

Preparatory to performing the scanning electron fractography, a
portion of the fracture surface was removed from segment 4A and cut to
approximate size for the SEM. Punch marks (PMs) were placed onto the i

fracture surface at or near various features of interest for reference, l
Figure 3.15 is a macrograph of the punch-marked pieces. and identifies the
boundaries (y marks) given in Table 3.12, as well as the PMs (painted
white) and distances between them. Figure 3.16 shows the surf ace just
beyond PM1 near the end of the electron-beam weld. The ductile tearing
is evident in the fractographs. Figure 3.17 -is a series of three fracto-
graphs in the region between PM2 and PM3, which show the end of the q
ductile tearing in the first transient and the start of the transgranular

cleavage propagation (boundary y2)*
i |

|

Table 3.12. Description of boundary designations |
on f racture surf ace of PTSE-2

"" *#7 Description
designation

j
,

yg Cracked EB weld; smooth, dark gray
,

y2 Precleavage ductile tear in PTSE-2, dark gray, rough
'

i
y3 Cleavage fracture in PTSE-2A, light gray

Posteleavage ductile tear in PTSE-2A, brown or gray bandyg

y$ Precleavage ductile tear in PTSE-2B, medium gray

y6 Cleavage fracture in PTSE-2B, light gray

y' Narrow band of ductile tearing, medium gray6

y7 Cleavage fracture in PTSE-2B, light gray

y8 Posteleavage ductile tear in PTSE-2B

Light-gray shear lip in ruptured portion; unbrokenyg
ligament, very light gray, near both ends of flaw

Figure 3.18 shows an area beyond PM3 and confirms that the dominant
cleavage mode of crack propagation occurred with only a small amount of i

tearing in the form of tear ridges between cleavage facets. Figure 3.19 ;

was taken in the region just before PM4 and shows that the f racture mede
was still predominantly cleavage at that point, just before arrest.
Between PM4 and PM5 is a dark band thought to be ductile tearing associ-
ated with reloading during the first transient immediately following
crack arrest. Figure 3.20 was taken in that region and shows the pre-
dominant ductile tearing behavior.
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g and y5 is ductile tearing that is thoughtThe light band between y
to have occurred during the second transient before mode conversion to ,

cleavage. Figure 3.21 shows the region near PM6 at the boundary y with |
the change from tearing to cleavage quite evident in Fig. 3.21(b).5 The >

region from ys to y6 was examined also and was shown to be predominantly ;
cleavage similar to that of the first transient but with slightly more t

predominant tear ridges. >

The boundary y6 visually appeared to be a. possible momentary crack
arrest followed by a small region of ductile tearing before cleavage

The y boundary is evident on the entireinitiation and propagation.
fracture surface (see Fig. 3.14). 6 Figure 3 22 is a series of fracto- ^

graphs taken in the vicinity of PM7, located near that boundary, and
showing the narrow band of ductile tearing between the two regions of ;

cleavage. The SEM f ractography likewise confirmed the cleavage mode of '

propagation from y6 to y7 and the fact that ductile tearing was the
fracture mde' beyond y7 to the inner surf ace. t

The vessel insert was also examined with optical metallography.
Figures 3.23 and 3.24 show the general microstructures near the outer
surface and at the 1/4t depth, respectively. The microstructures are
quite similar, consisting of ferrite and ~40% pearlite. The higher ,

magnification in Fig. 3.24(b) shows the pearlite interspersed with
carbides."

Figure 3.25 is a plot of the measured diamond pyramid hardness (DPH) ,

numbers as a function of distance from the vessel outer surface through
the thickness. The figure has been annotated with approximate locations
of the various boundary features discussed earlier. As mentioned
earlier, the various boundary indications are not parallel across the' ,

'

I surfaces, and distances between features in one location may be a few
I millimeters different than in ancther location.

There are wide variations in DPH, shown in Fig. 3.25, ranging from
~160 to 240 DPH (neglecting the two peaks at ~260 DPH). That range

corresponds to HRB 82 to HRB 98. A nominal average then would be ~200
DPH (EA3 91). As discussed in Sect. 3.1, a hardness of HRB 90 was
measured at the 1/4t depth of the vessel insert with a larger indenter
(Rockaell B). There are also two peak hardnesses at midthickness at ~260
DPH (HRB 101).

The microstructures in the regions of some of the af erohardness
indentations were examined, and two are shown in Fig. 3.26. Figure

3.26(a) was taken ~4 en from the outer surf ace; Fig. 3.26(b) was taken at
,

about midthickness. Apparently, the percentage of pearlite was greater
in the midthitkness and the indenter was located in a fairly large patch,

j

of pearlite (harder than ferrite). It has been concluded that most of
; the variations in DPH are associated with the amount of pearlite sampled
j by the indenter. However, it is apparent that the average hardnesses at

midthickness and near the inner surface are higher than near the outer
surface.e

! Without addit'ional detailed work, it is not possible to make any

! conclusions regarding possible correspondence between the crack events
and microstructural features. No significant feature 9 that allow for'

! such conclusive evidence have been observed in this study.
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Fig. 3.21. Scanning electron fractographs of PTSE-2 at boundary
between ductile tearing and cleavage regions of the second transient.
(a) 15x showing PM6, (b) 100x in center of part (a).
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3.3 Posttest Material Characterization of Clad Plate Materials
|

S. K. Iskander D. J. Alexander
R. H. Baldwin E. T. Manneschmidt

|Pretest material characterization has been reported in Ref. 8. Some

posttest material characterization has been performed and is reported in
this chapter. Tensile tests were performed to determine Young's modulus; I

Poisson's ratio; and stress-strain curves for base metal, heat-af fected
zone (RAZ), and cladding. The stress-strain curves will be used in
finite-element analyses. Some room temperature tensile testing has been
performed on the RAZ from one of the broken halves of the first plate
tested because of differences between the characterization block and the
clad plates. The RT of the base metal and the variation of hardness

NDTacross the thickness of the plate have been determined, and some metal-
lographic examinations have been performed. The hardness and metal-
lurgical structures determined for the first plate are typical of all the
other plates.

3.3.1 Tensile tests perf orme1

To obtain stress-strain curves for use in the finite-element analy-

sis of the experiments, tensile tests at room temperature have been per-
formed on the base metal, HAZ, and 308 stainless steel weld metal. In

conjunction with such tests, Young's modulus was also determined. In

both cases, L-orientation specimens were employed, where L ref ers to the
rolling direction of the base metal and is also parallel to the welding
direction.

The size of the specimens used for both the stress-strain curves and
Young's modulus (E) was limited by the available material. For clad

metal, 4.55-mm-diam specimens were machined from the same three-layer
clad block that was osed in pretest material characterization but has
received extra postweld heat treatment (PWHT).8 Specimens from the RAZ

4

of one of the broken halves of the clad plate CP-15 were machined such
that the 6.35-mm-gage diameter of the specimen was just below the clad-
ding. The clad plates have been clad with a single layer of stainless
steel and given a slightly milder PWHT (593'C for 10 h) than typical for
a clad reactor pressure vessel (621*C for 40 h). The RAZ f rom the
single-layer clad plates has not received the additional tempering from
the subsequent veld layers as has the three-layer clad material. HA2
f rom single-layer clad material is, therefore, expected to give a higher
yield and ultimate strength than HAZ material f rom the three-layer
characterization block. The base metal specimens used were 12.7 mm in
diameter.

The results of the tensile tests are given in Table 3.13. Also
included are the averages of the tests performed on material f rom the
characterization block.8 Note that the average yield and ultimate
strengths of the present RAZ tests are ~20 and 15% higher, respectively,
than averages of the characterization block, but, as expected, the base
metal and cladding agree very closely with the previously determined

__-- _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _____ _ _ _ _ _ _ _ _
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Table 3.13. Clad plate tensile properties at room temperature
for L-orientation specimens"

Strength
Test (MPa) Total Reduction

Specimen temperature elongation. of area

('C) 0.2% (%) (%)leimate
yield

1/4h base metal

3UAE5 26 575 708 20 58

3UAE6 24 575 710 19 58
bAverage 22 589 727 16 59

Heat-affected zone
CP-3 26 674 793 19 66

CP-6 26 720 820 20 63
bAverage 22 572 700 16 62

Clad (veld metal)c |
I

A26A 24 301 574 46 53

A26B 26 297 577 48 57
bAverage 22 308 561 52 50

aL orientation refers to rolling direction of base metal and

welding direction of clad metal.
-

bAverage values from characterization block material.
Source: W. R. Corwin, "Seventh HSST Irradiation Series: Stainless

Steel Cladding," pp. 70--87 in Heavy-Section Steet Technology Program
Semiann. Prog. }Mp. October 1985-March 1986, NUREG/CR-4219, Vol. 3,
No. 1 (0RNL/TM-9593/V3&N1), Martin Marietta Energy Systems, Inc.,
Oak Ridge Natl. Lab.

0 Material also from characterization block but with extra
postweld heat treatment.

values. Apparently, the extra PWHT has not af fected the tensile proper-
ties of the cladding to any significant extent.

3.3.2 Determination of Young's modulus

Two L-orientation 1/4t specimens f rom each of the base metal, HAZ,
and cladding and of the same dimensions as those used in the tensile
tests described above were instrumented with electric resistance strain
gages to measure Young's modulus E and Poisson's ratio v. Two axial and
two circumf erential gages on each specimen were connected in series and
placed diametrically opposite to each other to average out any bending
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strains as a result of misalignment. The measurements were performed at
room temperature, ~25'C. At each temperature, the specimens were first
subjected to three loading and unloading cycles between zero and ~25% of
the estimated 0.2% yield strength.

Table 3.14 shows the E and v values for the clad plate materials.
Strain measurements were performed at loads corresponding to the stress
range shown f or each material in Table 3.14, and E was calculated as the
secant modulus between the two stresses. The values reported here for
each temperature are the average of four measurements: two each during

,

loading and unloading. Also given are the standard deviations (S)
calculated from each set of four measurements. The accuracies of the E
and v values reported are estimated to be ~5 and 10%, respectively,
because the strains were ~500 pc for the axial direction and 140 pc for
the circumferential direction.

Young's modulus for base metal was also estimated from autographic
records made using an averaging LVDT placed over a 50-mm gage length on
specimens 3UAE5 and 3UAE6 (Table 3.14). The E-values obtained using the

LVDTs are in close agreement with those obtained using electric-

Table 3.14. Young's modulus and Poisson's ratio
for clad plates at room temperature for

aL-orientation specimens

ung s odulus
Specimen Stress Poisson's ratiop

Specimen diameter range
b

(mm) (MPa) b v S
E S

1/4t base metal
3UAE2 12.8 17-138 205 0.7 0.26 0.01
3UAE3 12.8 17-138 210 0.6 0.26 0.002
3UA35 12.8 17-138 206
3UAE6 12.8 17- 138 204

cHeat-affected zone
CP-1 5.08 11-109 205 2 0.27 0.01
CP-2 5.08 11-109 205 1 0.26 0.01

Cladding

WC04E 4.55 1}-68 151.7 0.4 0.47 0.06
WC15E 4.55 l}-68 143.8 1.4 0.43 0.01

aL orientation refers to rolling direction of base metal and

welding direction of clad metcl.

bS = standard deviation of f our values obtained.
#From clad plate CP-15, single-layer cladding.

..
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resistance strain gages. Other E-modulus determinations on low-upper-
shelf 2 1/4 Cr-1 Mo material using an averaging, 50-mm gage length LVDT
also gave close agreement with E-moduli determined with electric-
resistance strain gages. Thus, E-modulus determination with a 50-mm LVDT
appears to te a more viable method than the use of electric-resistance
strain gages.

Initially, the low values for the cladding were thought to be
incorrect because of specimen misalignment. However, steps to improve
the load train alignment. with the specimen centerline by remachining the
ends of the specimen and using dead loads still gave essentially the same
results. A literature search for the elastic constants of 308 stainless
steel weld cladding was unsuccessful, but Ref. 9 gives the plane-
orthotropic elastic constants of type 308 stainless steel electroslag
weld. For the same metallographic direction as in th.a case, Young's
modulus and Poisson's ratio are 142 GPa and 0.53, respectively. The

values reported for cladding are assumed reasonable.
Figures 3.27-3.29 are the stress-strain curves generated for base

metal, RAZ, and cladding, respectively. These curves are composed of;an
initial slope that reflects average values of E reported above, merged,

with a stress-strain curve deduced f rom an x-y plotter record of load vs

displacement. These curves have also been digitized for use in finite- J
element analysis.

'

The linear portion of the load-displacement curves for both cladding
and HAZ were inaccurate, a reflection of the insuf ficient accuracy of the

ORNL DWG 874%8 ETD
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grade B base metal of clad plates.
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small gage lengths of the specimens and the mechanical extensometers. As
previously mentioned, tests on base metal with a 50-mm LVDT extensometer
gave an initial slope that was in good agreement with E-values determined
using electric-resistance strain gages as mentioned previously, and no
adjustment was necessary.

3.3.3 Determination of RT for base metal
NDT

In accordance with NB-2330 of the ASNE Boiler and PNastme Vesset
Cods, Sect. III, RTNDT is the higher of the drop-neight NDT temperature

and (T-33)'C, where T is defined as the higher temperature at which (for
TL-orientation Charpy specimens) 67.8 J (50 f t-lb) and a lateral expan-
sion of 0.89 mm (35 mils) are attained.

A drop-weight NDT of 36*C for the base metal of the plate has oeen
previously determined.6 A full Charpy energy curve has been developed
for the TL orientation, and the results are given in Table 3.15. Figures

3.30-3.32 show plots vs temperature of the Charpy energy, lateral expan-
sion, and percent shear fracture appearance, respectively. The tempera-
ture T as defined above has been determined to be 105'C, so the RT INDT
the material is 72'C.

Table 3.15. Charpy impact test results for A 533
grade B, 1/4t depth material in TL orientation

.

Test Lateral Fracture
d 8ISpecimen t empe ra tu re expansion appearance

('C) (mm) (% shear)

CP-02 0 5 0.051 6

CP-03 0 5 0.025 3

CP-09 21 29 0.432 21

CP-10 21 24 0.356 12

CP-11 50 49 0.762 39

CP-12 50 36 0.533 30
CP-22 66 40 0.660 40
CP-23 66 37 0.635 40
CP-24 66 36 0.660 35

CP-08 80 36 0.787 52

CP-13 80 48 0.813 44

CP-14 80 53 0.914 57

CP-15 100 77 1.321 99
CP-16 100 67 1.092 73

CP-17 100 67 1.118 70

CP-18 105 72 1.092 90
CP-19 105 77 1.194 95

CP-20 105 81 1.295 100
CP-21 120 74 1.245 98

CP-01 120 69 1.245 100

CP-04 200 66 ' 1.168 100
CP-07 200 81 1.359 100

CP-05 300 81 1.524 100
CP-06 300 83 1.397 100

# eat treatmenti normalized at 1032'C for 2 h, airH

cooled; postweld heat treated at 593'C for 10 h.

_ _ ____ _
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Fig. 3.30. Charpy impact energy for A 533 grade B, 1/4e depth
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Fig. 3.32. Percent shear fracture appearance for A 533 grade B,
1/4t depth material in the TL orientation, respectively.

#

3.3.4 Meta 11ography and hardness

Samples of the base metal from plate CP-15 were polished and etched
to allow the microstructure to be examined. Sections were made corre-
sponding to the L, S, and T planes of the plate (Fig. 3.33). Unetched
samples allowed the inclusions to be examined, and etching revealed the
microstructure. The RAZ was examined on sections from plate CP-15 taken
parallel and also perpendicular to the fracture surf ace (L) in the direc-.

tion of crack growth (T). A piece of the cladding from plate CP-15 was
also sectioned along the L, S, and T planes and examined in the etched
and unetched conditions.

The microstructure of the base metal (Fig. 3.34) consists of coarse
ferrite grains with large grains of fine upper bainite. As the cladding

is approached, the HAZ is encountered. Initially, the HAZ consists of
the coarse ferrite grains with a decoration of fine bainite around the
edges, which is the result of these grains being heated only slightly
into the austenite region. Closer to the cladding, the material is

heated further during the cladding application, so more of the ferrite is
transformed to austenite, which then forms a fine bainite on recooling.
Eventually, the entire structure is heated into the austenite region and
then transforms into fine grains of ferrite and bainite as it cools."

Close to the fusion line, the material is heated to higher temperatures
and forms coarse austenite grains that transform to an acicular bainitic
structure on cooling. All of these microstructures are then tempered
somewhat during the application of subsequent passes of cladding with the
amount of tempering dependent on the location of the material. The

material near the edge of the HAZ that is adjacent to the next strip of
cladding will be reheated and tempered significantly; the material at the

. - ____ _ _____ __ -__________ _________ _ _______ _______
|
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other edge of that strip of the HAZ, however, will be unaffected. Thus,
there will be a gradient in the microstructure and the mechanical proper-
ties both through the thickness of the HAZ and also across each strip of
the HAZ resulting from the strips of cladding.

The cladding consists of three types of stainless steel wires,
deposited simultaneously. This weld metal will also be diluted with some
amount of the base metal. The three types of stainlesc steel wire used
were 304, 308, and 309. The welding parameters and wire compositions
were chosen to reflect current commercial practice. The cladding micro-
structure is shown in Fig. 3.35. Immediately adjacent to the HAZ, the
cladding is fully austenitic. The bulk of the cladding consists of thin
layers of ferrite dispersed among the austenite. The amount of ferrite
varies f rom the bottom of the cladding toward the top with ~6% near the
bottom of the cladding, increasing to ~10% at the top of the clad layer.

A microhardness traverse was cade across the thickness of the plate
on a section taken perpendicular to the final f racture surface (plane T).
The result of this traverse is shown in Fig. 3.36. Some scatter exists

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -
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Fig. 3.36. Hardness traverse through cladding, HAZ, and base metal
of clad plate CP-15.

in the data, the result of the small indenter sampling different regions
in the inhomogeneous microstructure. In spite of this, several features
can be noted from the traverse. The cladding has the lowest hardness,
and there is a definite gradient in the microhardness of the cladding
with the hardness increasing as the HAZ is approached. In the HAZ
itself, the hardness tends to decrease as the base metal is approached
although there are two somewhat harder points. The base metal has a
lower hardness, and there seems to be a gradient in the plate also with
the hardness tending to increase as the back of the plate is approached.

To confirm these results, a second traverse was made using the much
larger indenter of the Rockwell B hardness tester. To achieve a fine
spacing of the hardness measurements yet prevent interference between
adjacent measurements , the readings were staggered across the specimen
surface. These data are plotted in Fig. 3.36 for comparison with the
microhardness data. The same trends are shown by the second set of
hardness data, confirming the microhardness results.

1
1
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4. ENVIRONMENTALLY ASSISTED CRACK-GROWTH TECHNOLOGY *

C. E. Pugh

This task has been carried out through subcontract with Westinghouse
Electric Corporation, Generation Technology Systems Division (W. H.
Bamford, principal investigator) and was concluded at the end of FY 1986.
Follow-on work will be performed by other ongoing Nuclear Regulatory Com-
mission (NRC) programs (e.g. , at Materials Engineers Associates (MEA)] to
the degree necessary. The first priority was to complete the characteri-
zation of two major known influences on the enhancement of crack-growth
rates in water environments: the influences of the material chemistry

through sulfur content and the influence of the water environment. Both
of these tasks have been concluded.

Another important task was to develop a relationship between cyclic-
fatigue and static-load crack growth. This work is interrelated with the
mechanisms of environmental enhancement of crack growth and should con-
siderably improve understanding in this area. This work will continue at
HEA.

The ultimate goal of the task has been to propose, as appropriate,
revisions to the American Society of Mechanical Engineers (ASMS) Code
reference crack-growth curves based on environmental considerations. A

report summarizing the results of this program f rom its inception (earlyl

1970s) was draf ted and transmitted to Oak Ridge National Laboratorf in
August. Photomasters for the report and graphics preparations are under
way for the report to be issued during the next period.

Reference

1. W. H. Bamf ord, A Sternary of Environmentally Assisted Crack-Grouth
Studies Performed at Westinghouse Electric Corporation: Under Fund-
ing from the Heavy-Section Steel Technology Program, NUREG|CR-5020
(0RNL/Sub/82-21598/1), Martin Marietta Energy Systems, Inc., Oak
Ridge Natl. Lab.

* Work sponsored by Heavy-Section Steel Technology Program under
Subcontract 11X-21598C between Martin Marietta Energy Systems, Inc., and
Westinghouse Electric Corporation, Generation Technology Systems Divi-
sion, W. H. Bamford, principal investigator.
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5. CRACK-ARREST TECHNOLOGY

D. J. Naus

5.1 Rackground

Current light-water reactor (LWR) pressure vessel ' safety assessment
methods are based in large measure on Sects. III and XI of the Amerloan
Society of Mechanical Engineers (ASNE) Boiler and Pressure Vessel Code
(BdPFC) . In pressurized-thermal-shock (PTS) scenarios, inner surface
flaws have the greatest propensity to propagate because they are in the
region of highest thermal stress, lowest temperature, ant greatest irra-
diation damage. If such a flaw begins to propagate radially through the
vessel wall, it will extend into a region of higher f racture toughness
because of higher temperatures and less irradiation damage. Although the
thermal stresses may decrease with propagation depth, the stress-inten-
sity factor caused by the elevated pressure loading will be increasing.
Assessment of the integrity of a reactor vessel under such a postulated
crack run-arrest scenario requires prediction of the arrest location,
potential reinitiation, stable and unstable ductile crack growth, and
structural instability of the remaining vessel wall ligament.

The primary objective of the crack-arrest studies under the Heavy-
Section Steel Technology (RSST) 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 beyondg

those associated with the upper limit in the ASME BAPVC; (2) clearly
establishing that crack arrest occurs before f racture-mode conversion;
(3) observing the relationship between arrest data and eachine/ specimen
compliance behavior; and (4) validating the predictability of crack
arrest, stable tearing, and/or unstable tearing sequences for ductile
materials. Additionally, the tests and analyses provide bases for
obtaining and interpreting dynamic fracture data (with relatively long
crack runs) and bases for validation of viscoplastic fracture models and i

analysis methods. During the current report period, the program objec-
tives and goals were investigated f or a low-upper-shelf base material j
(specially heat-treated, 2 1/4 Cr-1 Mo steel) and prototypical pressure ,

'
vessel materials, A 533 grade B class 1 steels. Future studies will also
investigate a low-upper-shelf weld material.

The wide-plate tests are being conducted at the National Bureau ui |

Standards (NBS), Gaithersburg, Maryland, under an interagency agreement.
The tests are designed to provide f racture-toughness measurements at
temperatures approaching or above the onset of the Charpy upper-shelf
regime in a rising toughness region and with an increasing driving force.
In addition to providing crack-arrest da t a , the wide-plate tests provide i

information on dynamic f racture (run and arrest) processes that are being
used by researchers at Oak Ridge National Laboratory (ORNL), Southwest
Research Institute (SwRI), and the University of Maryland (UM) to develop
and evaluate improved fracture-analysis methods (see Chap. 2).

_ . _ _ ._ _ _ _ _ _ _ _ _ _ . _ - _ _ _ _ _ . . _ _ . ____ _ _ _ _ _ - _ _ -, ._. __
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Crack-arrest-related work is also being sponsored by the HSST Pro-
gram at UM to coordinate an American Society for Testing and Materials
(ASTM) round-robin on crack-arrest test procedures and at Battelle-
Columbur, Laboratories (BCL) to maintain and document available crack-

data. These activities are reported in Sects. 5.5
arrest toughness Kr,ly.and 5.6, respective

52 Wide-Plate Crack-Arrest Testing *

R. deWitt S. R. Lowt
R. J. Fieldst

5 2.1 Introduction

The RSST wide-plate crack-arrest tests are being performed with the
27-MN-capacity testing machine at NBS. The first series of six tests
(WP-1 1 through WP-1 6) has been completed, using specimens fabricated
frca HSST plate 13A of A 533 grade B class 1 steel. The first three
tests using a low-upper-shelf base material (WP-2.4, WP-2 1, and WP-2.5)
were completed during the two previous report periods. During this
report period, three additional tests were conducted: one using the low-
upper-shelf material (WP-2.3) and two using A 533 grade B class 1 mate-
rials (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 and tempera-

hk[f***maturewereobtainedasfunctionsoftimeandposition. 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
shows a specimen positioned in the NBS testing machine. More details on
the specimen assembly can be obtained from Ref. 1.

The ninth (WP-2.5) HSST wide-plate crack-arrest test was performed
on January 8, 1987. During this report period , posttest analyses for
WP-2.5, as well as testing of three additional wide-plate crack-arrest
specimens (WP-2.3, WP-1.7, and WP-CE-1) , were conducted . Tests WP-2.3
(low-upper-shelf material), WP-1 7 ( A 533 B class 1 material), and WP-CE-1
(A 533 B class 1 material) were conducted on May 28,1987; July 23,1987;
and September 14, 1987. The 1 x 1 x 0.15 m specimens (01 m for specimen

* Work sponsored by the HSST Program under interagency Agreement No.
DE-AC05-840R21432 between the U.S. Department of Energy and the National
Bureau of Standards.

I racture and Deformation Division, National Bureau of Standards,F

Gaithersburg , Maryland.

_ _ _ _ _ _ _ _ _ _ _ _ _ _
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Fig. 5 1. Schematic of HSST wide-plate crack-arrest specimen.

WP-CE-1) were provided by ORNL. The specimens'had been precracked by
hydrogen charging an electron-beam (EB) weld located at the base of a
premachined notch in the plate (Fig. 5.1). The crack front of specimens
WP-1.7 and WP-CE-1 had also been cut into the chevron configuration shown

schematically in Fig. 5.3. Table 5.1 presents specific dimensions for
each of the plate specimens.

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

Dimension
(""}Specimen Symbol"

feature
WP-2.5 WP-2.3 WP-1.7 WP-CE-1

Initial crack length a 199 200 202 o
g

Thickness B 101 6 152.4 152.4 101.7

Notch thickness B 76.2 113.8 114.3 76.3
N

bChevron thickness B 40.7 NA 61 0 o
C

(thickness a )o
Width W 999 1000 1000 1000

b b bPop-in. crack length a; 264 NA NA NA

aSee Fig. 5.3.
bNot applicable.

0 Initial crack length and chevron thickness dimensions for
specimen WP-CE-1.were not available because the test was performed
late in the reporting period.

5.2.2 Instrumentation and testing procedure

NBS welded the plate specimen to pull plates; the overall specimen
dimensions for WP-2.5, -2 3, -1.7, and -CE-1 are presented in Fig. 5.4.
(The length of pull plates changed from test -to test as a result of the
cutting procedure used to remove a specimen before welding of the next
specimen.) The specimens were then instrumented with 40 thercocouples
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
instrumentation included two COD gages installed on the front (F-COD) and
back (B-COD) plate faces at a/w = 0 150 (the gages measured the displace-

. ment between points 30 cn above and 30 cn below the crack plane), an AE
transducer located on the lower pull tab, and two accelerometers mounted
at the top and bottom pull plates near the pull tabs. A measurement of
tensile load applied to the specimen was obtained from the testing
machine load cell. -

After being instrumented, the specimen was placed into the testing
machine and insulated. A temperature gradient was then imposed across
the plate by liquid nitrogen cooling of the notched edge while the other
edge was heated. Liquid nitrogen flow and power to the heaters were con-
tinuously adjusted to obtain the desired thermal gradient. Final cali-
brations of the strain gages, Cons, and load were completed just before

N
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specimen loading. The specimen was then loaded until crack propagation
occurred.

5 2.3 Test description summary *

5 2 3.1 Test WP-2.5. The WP-2 35 test was performed at NBS on
January 8,.1987.Z This was the third test using the low-upper-shelf base
material. Af ter the thermal gradient sh:wn in Fig. 5 7(a) was obtained,
specimen loading was initiated at an average rate of 25 kN/s. At 7.53 MN
or 86% of peak load, a pop-in was heard that was later supported by the
strain-gage outputs, accelerometer readings, and examination of the frac-
ture surface. Specimen loading was continued; at a load of 8.9 MN, the
fracture event began and lasted about 90 ms (cleavage f racture plus duc-
tile tearing). The strain 3 age output and the fracture surf ace indicated
that six cleavage crack run-arrest events occurred before the onset of
ductile tearing. A small, 8.5-mm, plate ligament remained intact af ter
the fracture event.

3

5.2.3.2 Test WP-2 3. The tenth wide-plate crack-arrest test,
g

WP-2.3, was performed on May 28, 1987.3 This fourth test used the low-
upper-shelf base material and was the first to uee a nonchevroned crack
front. Test WP-2 3 also was the second test in the WP-2 series that used
a 152-mm-thick plate. Af ter a satisfactory thermal gradient was obtained
[ Fig. 5 7(b)], the specimen was loaded at an average rate of 14 kN/s. At
a load of 15.3 MN, the fracture event began and lasted about 900 ms (crack
run-arrest events plus ductile tearing). Examination of the strain-gage
records and fracture surface indicated that three cleavage crack run-
arrest events we;e detectable at the front face and four at the back face

of the plate.
5.2.3.3 Test WP-1.7. The WP-1.7 test was performed at NBS on July

23, 1987.4 This seventh test in the WP-1 series was the first to use a
151-mm-thick plate. Af ter a satisf actory thermal gradient was obtained
[ Fig. 5.7(c)], the sp -imen was loaded at an average rate of 17 kN/s. At
the testing machine's 46.7-MN tensile load capacity, the crack run-arrest
event (s) had not occurred, so the load was held constant for 176 s. Dur-

ing this constant load period , the crack run-arrest event (s) dio not
occur, so the specimen was rapidly unloaded in an effort to sharpen the
crack tip before application of a second load cycle. Two changes were
made in the testing procedure befcce application of the second load cycle.
The crack-tip temperature was lowered ~5'c to -23.7'C, and the specimen
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, the crack run-arrest events
initiated and lasted ~27.5 ms (crack run-arrest events plus ductile

tearing). Examination of the strain-gage records and fracture surf ace
4 indicated that two cleavage crack run-arrest events occurred.

_

*Although the WP-2 5 test was described in the previous semiannual
progress report, a summary of the material is repeated as background for
the posttest analyses that are described later in this chapter.

,
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(Temperature distribution for specimen WP-CE-1 not available.)
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5 2.3.4 Test !fP-CE-1." The twelf th wide-plate crack-arrest test

waa conducted at NBS on September 14, 1987. After a thermal gradient
approximately equal to that desired (Tmin = -63.3 C, TCT = -30'C, Tmid "

= 183 3*C) was obtained, specimen loading was initiated.
50*C, and T,3Yoad of ~10 2 MN, the crack run-arrest eventAt a maximum initiated with

a stable arrest occurring at a/w = 0 37 at the front face and a/w = 0.43
at the back face. Af ter the load was held constant for ~1 min, loading
was reinitiated. As the load was increased, ductile tearing occurred.

5.2.4 Test result summary

5 2.4.1 Test WP-2.5. The test results for WP-2.5 were presented in

the previous semiannual progress report and will not be repeated in this
section. Some results associated with analyses of test WP-2 5 are avail-
able, however, in Sect. 5.4.1.1.

5 2.4.2 Test WP-2.3. The entire fracture surface of WP-2.3 is
shown in Fig. 5.8. A close-up of cleavage and loss-of-cleavage regions
is presented in Fig. 5.9 As noted in the figures, three cleavage crack
run-arrest events occurred at the f ront side of the plate and four at the
back side. Examination of the fracture surface indicates that initiation
of crack growth in cleavage was in the plane of the side grooves, but as
it extended, it deviated from this plane at several places. The maximum
deviation was 6 mm below the plane of the side grooves on the lower half
of the surface. Once fibrous fracture took over (a/w = 0.457, 1 = 125'C),
the crack returned to the plane of the side grooves. As observed in pre-

vious tests in the WP-2 series, the fibrous fracture zone at a/w > 0.457
was extremely fine or flat as compared with the fibrous fracture zones
observed in the WP-1 materlal (A 533 grade B class 1 material). Figure

5 10 presents reduction-in-thickness contours surrounding the crack
plane. As in previous tests, little reduction-in-thickness was detected
bef ore the first arrest position.

Strain-gage records , shown in Figs. 5 11-5.13 for companion crack-
line gages located adjacent to the crack plane , indicate that four major
cleavage crack run-arrest events occurred during the test. Available
near- and far-field strain-gage results are presented in Fig. 5.14.
Evaluations of the strain-gage records and fracture surface were used to<

deduce the crack length (position of the crack f ront) during the f racture
process, and the reruits are summarized in Table 5.2. The strain-gage

positions have been modified f rom those shown in Fig. 5.6(a) to account
for the fact that the peak strain occurs at an angle of 72' in front of
the crack tip. A plot of the strain-gage-derived crack-front position vs
time from the front- and back-face strain gage results for the first
50 ms of the test is presented in Fig. 5.35(a). Results indicate that
the crack-front advance at comparable elapsed times during the cleavage
crack run-arrest events was more rapid near the back f ace of the plate
than near the front face. An expanded plot of the strain-gage-derived
crack-front position vs time from the front- and back-face strain-gage

* Results presented for WP-CE-1 are tentative because the data had
not been reduced at the time this report was prepared.

_ _ _ _ _ __

l
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Fig. 5.8. Overall fracture surface of test specimen WP-2 3.
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Table 5 2. Crack position and velocity vs time

a Crack length Time velocity
Indicator

(mm) . (ms) (,j,)b
Front-face nuasurements: WP-2.3

a -200 0
o

-729
'3G1 243 0.059

1667
SG2 268 0 074

47

Arrest A 275 0.222
Reinitiation 275 12.489- i

388 !

SG3 308 -12 574 !
211 )

Arrest C 345 12 749 1-

Reinitiation 345 37.344
150 ,

"

SG4 348 37.364
2000 .)

SG5 388 37.384
86

Arrett E 400 37 524 3

Reinitiation 400 43 324
'

O.3
SG6 428 136

0 06
SG7 468 812

0.9
SG8 508 856

2.6
SG9 558 875

67
SG10 608 882.5

0
SG11 638 (888 5)

(14.3)
8

SG12 708 (892)
(11.4)

Ligament (993) 917.0
0.3

J
End of plate 1000 942.5

-__ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 5.2 (continued)

#8 *"E ** * " 7Indicator"
(mm) (ms) (m/s)b

Back-face treasur'emente: WP-2.3

*o 200 0
1700

SG13 268 0.040
541

SG14 308 0 114
327

Arrest A 340 0.212
Reinitiation 340 3.160

98

SG15 348 3.242
338

Arrest B 375 3.322
Reinitiation 375 13 004

SG16 338 Not working 314

Arrest D 397 13 074
Reinitiation 397 38.464

SG17 428 Too noisy 500

Arrest F 457 38.584
Reinitiation 457 44.304

0.02
SG18 468 688

0.26
SG19 508 842

2.17
SG20 558 865

2.94
SG21 608 882

6

SG22 650 889
12

Ligament 993 917
0.27

End of plate 1000 942.5

# age positions in the table are all reduced byG

32 mm from the actual gage position to account for the
fact that the peak strain occurs at an angle of 72*
in front of the crack tip.

bVelocity is an average calculated velocity for
crack propagation.

#Gage broke before peak formed.

1

- _ _ _ - _ _ _ _ - _
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Fig. 5 10. Posttest reduction-in-thickness contours: Test WP-2.3.

results over the a950-ms duration of the test is presented in Fig.
5.15(b). The results presented in this plot indicate that the crack-
front advance across the plate width did not become fairly uniform until
the crack advance had reached an a/w ~ 0.6 while ductile tearing was
occurring.

Longitudinal accelerations recorded by "damped" accelerometers
mou.ited on the specimen's centerline at 3.585 m above (top) and 3.589 m
below (bottom) the crack plane are presented in Fig. 5.16. Results
obtained f rom the displacement gage mounted at the same location as the
bottom accelerometer are presented in Fig. 5 17. The F- and B-COD
results obtained f rom gages located at a/w = 0 150 are presented in
Fig. 5.18. AE results obtained from a transducer mounted on the lower
pull tab are presented in Fig. 5.19 for four levels of resolution.

5.2.4.3 Test WP-1.7. The results for test WP-1.7 were being ana-
lyzed at the time this report was prepared. Final results and conclu-
sions f rom test WP-1.7 will be presented in the next semiannual progress
report.

5.2.4.4 Test WP-CE-1. Data f rom test WP-CE-1 were being reduced at
the time this report was prepared. Results and conclusions from test
WP-CE-1 will be presented in the next semiannual progress report.
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Fig. 5.19. AE results for various time resolutions: Test WP-2.3.

5.3 Properties of Wide-Plate Crack-Arrest Test Materials

5.3.1 Prototypical pressure vessel materials
.

5.3.1.1 WP-1 series. The initial series of vide-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 I steel that is in a quenched and tem-
pered condition. Properties of this plate include Young's modulus (E) =
206.9 GPa, Poisson's ratio (v) = 0.3, coefficient of thermal expansion
(a) = 11 x 10-6joC, and density (p) = 7850 kg/m3 Temperature-dependent
fracture-toughness relations far initiation and arrest, based on small-
specimen data, are given by

*

K = 51 276 + 51.897 e NDT (5.1),
y c.

(*

NDT (5.2)K , = 49.957 + 16.878 e ,y

_
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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 RTNDT = -23'C, and 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:

2 (5.3)KID " KIa + A(T) a ,

where K , is given by Eq. (5.2) andy

A(T) = [329.7 + 16 25 (T - RTNDT)) x 10-6 , (5.4)

or

A(T) = [ 121 71 + 1.296 (T - RTNUT)) x 10-6 , (5.5)

if (T - RTNDT) is greater or less than -13.9'C, respectively. Units for
KID, A, a, and T are megapascals times root meters, megapascals times. !

square seconds times meters to the -3/2, meters per second, and degrees |

The form of the K expression in Eq. (5.3) and ;Celsius, res pec tively.
relations for A(T) (Eqs. (5.4) and (5 5)}IDare derived from Ref. 5 by I

estimating that RTNDT = -4 1 C for the material used in that study. ,

5.3 1.2 WP-CE series. The WP-CE specimens were fabricated frna a |
second heat of A 533 grade B class 1 material that was provided to ORNL |

by Combustion Engineering, Inc. (CE), in the form of a plate 244 x 1016 x
1016 mm. The material was characterized by CE, and the detailed results
are presented in Ref. 6. Pertinent material properties include an ulti-
mate tensile strength ranging f rom =580 MPa at room temperature to =560
MPa at 66'C to =520 MPa at 120'C, a nil-ductility transition temperature
from approximately equal to -34 to approximately equal to -23'C, a Charpy
upper-shelf energy of =180 to =203 J, and the minimum 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 RT changed to

NDT
the appropriate value for the WP-CE material.

5.3.2 Low-upper-shelf material (WP-2 series)

The WP-2 series of wide-plate crack-arrest specimens is taken from
the lef t-hand portion of a 158.75-mm-thick plate of 2-1/4 Cr-1 Mo steel.
The material was supplied by Babcock and Wilcox af ter being heat treated
in an effort to obtain a Charpy upper-whelf energy of 68 J (50 f t-lb) or

less. Characterization of this material has not been completed, so
detailed properts data are nn available.

Based on a limited number of tests, the tentative drop-weight nil-
ductility te aperature for the material is >60'C, and the onset of Charpy
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upper shelf is at ~150'C. The ultimate strength of the material for use
in tensile instability calculations is based' on the average stress in the
remaining ligament (o ) equal to 500 MPa, which represents the lowestuvalue determined for the temperature range of interest. For tearing

instability calculations, the material tearing resistance is assumed to
be given in the form of a power-law J-resistance curve

J = @[ , 00
g

and Aa are megajouleswhere c = 0.1114, m = 0.3832, and the units of JR
per square meter and millimeters, respectively. Based on results of a
limited number of small-specimen tests, temperature-dependent fracture-
toughness relations for initiation and arrest that are being used for
planning the WP-2 series tests are given by ;

i

fNDT (5.7)
K7c = 39 53 + 93.47 e ,

l (*
NDT (5 8)K = 22 31 + 62 69 e ,ya

with units of K and T being megapascals times root meters and degrees
Celsius, respectively.

54 Wide-Plate Analyses at ORNL

B. R. Bass J. Keeney-Walker

5.4.1 Posttest analyses of series WP-2 tests

5 4.1 1 Test WP-2.5

Posttest three-dimensional (3-D) static analyses. The 3-D static finite-
element analyses were performed on the WP-2.5 plate assembly to ascertain
the static stress-intensity factor at the time of the pop-in with a/w =
0 199. These analyses were performed with the ORMGEN/ORVIRT ,8 fracture7

analysis system in conjunction with the ADINA-84 (Ref. 9) finite-element
code. The 3-D finite-element model incorporated a segment of the plate
assembly 4.9035 m in length measured from the crack plane to the top of
the load pin hole. The crack-tip region of the model 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-s

of-plane eccentricity, one-quarter of the partial pull-plate assembly was
modeled using 3751 nodes and 720 20-noded isoparametric elements.

The thermal deformations computed f rom a posttest two-dimensional
(2-D) analysis were superposed on the 3-D finite-element model to account
for the in-plane thermal t>ending ef fect in the 3-D analyses. The bound-
ary conditions of the 2-D thermoelastic analysis assumed that the heated
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= 263 3*C and T,1and cooled edges of the plate were fixed at T =

167'C,respectively,alonga2.4-mlength(centeredrelativetotSemax

crack plane) and that the pull-tab edges were prescribed to be T = 20 0*C.
The remaining surf aces of the assembly were -assumed to be insulated. The
in-plane thermal bending produced a load-line (through the top of the
load-pin hole) eccentricity of 1.97 cm relative to the geometric center
of the plate.

In the 3-D analysis, thermal stress effects were neglected, and a j

uniform line-load statically equivalent to the WP-2.5 test Ivad of 7 53 j
!MN at pop-in was applied at the location corresponding to the top of the

load-pin hole. The result of this analysis produced a static stress-
intensity factor of Ky = 119 5 MPa.6 at the center plane of the plate. 1

value with the static initiation value ofComparison of this computed Ky
K = 155.5 MPa.M evaluated from the relationship presented in Eq. (5 7)

7us$ngthematerialRTNDT = 60'C and the crack-tip temperature of 66*C,
yields a ratio of K /KIe = 0.7 68.y

Posttest 2-D static and dynamic analyses

Static and stability analysis. Posttest 2-D analyses were carried
out using computer codes based on both quasistatic and elastodynamic
techni For the quasistatic analyses, the ORNL computer code
WPSTATques.0 was used to perform both crack-arrest and crack-stability analy-

As described in Ref.10, the WPSTAT code evaluates static stress-ses.
intensity factors as a function of crack length a and temperature differ-
ential AT = T -T across the plate. These factors are computed for

max min
fixed-force conditions K{ (a, AT) and for fixed load-pin displacement
conditions KfSP (a, AT) by superposing contributions from te ' : ion and
bending finite-element and handbook solutions. In addition, WPSTAT

categorizes arrested crack lengths in terms of three types of instability
limits that are enumerated below.

The posttest WPSTAT calculations of static factors K{ (a, AT) and
KfSP (a, AT) utilized the actual temperature profile provided in Fig.
5 7(a). For this specified temperature profile, the dependence of the
arrested crack length and crack stability upon the applied initiation
load F was investigated with WPSTAT, and the results are presented in

in
Fig. 5.20. Figure 5.20 includes the statically calculated final crack
length afc and the instability-limit crack lengths for reinitiation
rein (Fin) f r tensile instability att (Fin) and for tearing instabilitya

aI2(Fin). The tensile instability calculation'is based on the average
stress in the remaining ligament equal to an ultimate stress of a = 500 |
MPa, which represents the lowest value for the temperature range of ;

interest. For the tearing instability calculation, the material tearing |

resistance is assumed given in the form of the power-law J-resistance
curve, presented in Eq. (5 6). In Fig. 5.20 the statically computed
arrest length corresponding to the measured initiation load Fin * 0*9
is given by age = 0.370 m. The computed arrest point is below the tear-
ing instability curve (aI2), implying a stable condition. The measured

= 0.350 m [ Arrest B, ;point af ter the pop-in event a ,Iinitial arrest f
|

|
|

|
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Fig. 5.20. Statically calculated crack lengths: Test WF-2.5.

back-f ace gages (Table 5.4, Ref. 2)] is also below the tearing instabil-
ity curve. Figure 5 20 indicates that tearing instability is not expected
until the crack length exceeds =0 45 m, which occurs between measured
arrest positions C and D in Table 5 4 (back-f ace measurements) of Ref. 2.

In Fig. 5.21 the K , function presented in Eq. (5 8) is evaluated on7

the arrest crack length curve ag(r), on the incipient tearing instability
curve aI2(F), and on the cleavage reinitiation curve arein(F); the Kyc
function presented in Eq. (5 7) is also evaluated on the curve arein(F).
Evaluation of the K ,(s ) curve at the initiation load F = 8 9 MN

7 f in
yields an arrest toughness of K , = 171 2 MPa [m' at the predicted arrest7

point afe = 0.370 m where the crack-tip temperature would be T = 108.9'C.
The complets static fracture-mechanics and stability analyses are

depicted in Fig. 5 22 for the initiation load of Fin = 8.9 MN. Included
in the figure are curves for initiation toughness K7c, arrest toughness

displacement-controlledstress-intensityfactorKfSP,andforce-K 73,
controlled stress-intensity factor K{. The regions of cearing and ten-
sile instability and the computed cleavage arrest point (afc) are also
identified in Fig. 5 22.

j

. _ _ _ -
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Application-mode dynamic analysis

Displacement control. Elastodynamic analyses of wide-plate test
? 5 were carried out with the ADINA/VPFil dynamic crack analysis

- cu . The 2-D plane-stress finite-element model of the wide-plate con-
figuration used in the analyses consisted of 935 nodes and 277 eight-
noded isoparametric elements. A total of 31 spring elements were used in
the crack plane to model propagation of the crack tip. Side grooves were
a.en 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 caused by the thermal gradient across the plate was

,

i also incorporated into the analyses.

| A posttest application-mode analysis of WP-2.5 was performed using
! the temperature gradient of Fig. 5 7(a) end the material properties given

in Sect. 5 3. The measured fracture load of Fin = 8.90 FN was applied at
'

the location of the top of the load-pin hole to determine the load-pointi

displacement Ugg = 0.22790 x 10-2 m. For the dynamic analysis, the load
point was fixed at the displacement value of the initiation load, and the
time step was set at at = 5 us. The calculated crack-depth history from

this analysis is depicted in Fig. 5 23 and indicates a predicted arrest

ORNL-DWG 87 4857 ETD
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Fig. 5.23. Calculated crack-depth history f rom an application-mode'

dynamic analysis (displacement control boundary condition): Test WP-2.5. :

,
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at ag = 0.467 m. Figure 5 24 presents the dynamic stress-intensity
factor K[YN, the static toughness Kla, and the crack velocity I as a
function of instantaneous crack length. The crack propagates into a ris-
ing K field, followed by arrest at a point where the crack-tip tempera-

7
ture would have been T = 132.1'C. The arrest toughness at the arrest-

point temperature is determined to be K , = 246.8 MPa*6 (Eq. (5 8)] .7
The computed arrest length exceeds the measured initial arrest length
at afag = 0.350 m (back face) with crack-tip' temperature T = 104.0'C and
corresponding arrest toughness 158 8 MPa*6. The computed arrest length
is between measured arrest points C and D in Table 5 4 of Ref. 2 (back-

0.435 m, T = 124.4'C, KIa = 218.8 MPa* 6 ,face measurements) where af
=

mC
= 0.478 m, T = 134.7'c, K , = 257.4 MPa *6, respectively. The

and af 7
mD

application-mode analysis was terminated at time t = 3 ms, which precludes
any prediction from the analysis of the reinitiation that occurred in the
test at time t = 7 90 ms.

|
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Force control,. A posttest application-mode analysis of WP-2.5 us
also performed with a fixed-load boundary condition. Utilizing the same -

finite-element model and material properties as for the displacement-
control analysis, the load point was fixed at the value of the measured
f racture load, 8.9 IN, as a prescribed concentrated load. The time step
was set at at = 5 ps. The calculated crack-depth history from this
analysis is depicted in Fig. 5.25 and indicates three predicted arrests

at afp3 = 0.456 m, af - 0.527, and afp3 = 0.575 m. Figure 5.26 pre-
P2

sents the dynamic stress-intensity factor Kf, the static toughness K ,,
7

and the crack velocity 5 as a function of instantaneous crack length.
The crack propagates into a rising Kr field, followed by arrest at a
point where the crack-tip temperatures would have been Tpt = 129.4*C,
TP2 = 146 2'C, and Tp3 = 157.2*C, respectively, for the three predicted
arrest points given above. The arrest toughnesses at the arrest-point
temperatures, evaluated from the relationship in Eq. (5.8), are determined
to be KIapt = 237.1 MPa. 6 , KlaP2 = 311 0 MPa. 5 , and K , = 372.3

7

MPa. 6. The first computed arrest length (afpg) exceeds the initial mea-
sured arrest length at af,g = 0.350 m but is closer to the measured value
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Fig. 5.25. Calculated crack-depth history from an application-mode
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dynamic analysis (force control boundary condition): Test WP-2.5.
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displacement-controlled factor, and crack velocity vs instantaneous
crack length (force control boundary condition): Test WP-2.5.

than the arrest length computed using the fixed-displacement boundary
condition. The first computed arrest length is between measured arrest
points C and D in Table 5.4 of Pcf. 2 (back-face measurements). The
second computed arrest length (atP2) is close to measured arrest point E ,

in Table 5.4 of Ref. 2 where af = 0.M6 m, T = W.W. and K , = 297.8
E 7

MPa*6. The third computed arrest length (afp3) exceeds measured arrest
point F in Tabic 5.4 of Ref. 2 where afmp = 0.560 m, T = 153.8'C, and

351 8 MPa. 6. The application-mode analysis was terminated at timeK =
Iat = 6 ms, which precludes any prediction from the analysis of the reini-

tiation that occurred in the test at time t = 7.90 ms.

Generation-mode dynamic analyses

From the output of the crack-line strain gages and from an inspec-
tion of the fracture surface, estimates of the crack position as a func-
tion of time were constructed and given in Table 5.4 of Ref. 2 for the
front- and the back-sidt strain gages. Figure 5.28 of Ref. 2 (back-face
gages) presents the crac<-time curve derived from Table 5.4 (Ref. 2) that
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was used as input to ADINA/VPF for a posttest generation-mode elasto-
dynamic analysis of test WP-2 5. The curve in the figure incorporates
the five measured crack arrests as determined f rom the back-surf ace
strain measurements (see Table 5.4 of Ref 2). For the dynamic analysis,
the load point was fixed at the value of the initiation load, 8.9 MN, as
a prescribed concentrated load, and the time step was set at at = 10 us .
From these calculations, the stress-intensity factor as a function of -

time is given in Fig. 5 27. The generation-mode analysis results for the
five arrest events af ter the pop-in are given in Table 5 3.

The computed strain histories from selected points close to the
back-side crack-line strain gages 13-22 [see Fig. 5 6(a) for strain-gage ,

; locations), along with measured data from the gages, are depicted in
| Figs. 5 28-5 30 for the generation-mode analysis (fixed load). 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 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 gage 14 to a

4
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Table 5.3.. Summary of computed results
, for test WP-2.5 (back-face gages)-

bTime A' K**" a
(ms) (m) (MPa*/m)

Initiation # 0.0 0.272 154.22 '
'

/

Arrest B 0.54 0.350 171.09
Reinitiation 7.90 0.350 183.77

Arrest C 8.16 0.435 190.36
Rainitiation 11.16 0.435 276.55

Arrest D 11.49 0.478 268.18
Reinitiation 19.11 0.478 356.65

E

Arrest E 19.43 0.516 305.74
Reinitiation 27.63 0.516 428.90 |

|

Arrest F 27.95 0.560 365.98
Reinitiation 29.01 0.560 475.08

# Plate back-f ace determinations.
bGeneration-mode, fixed-load

dynamic analysis. |

OAfter pop-in.

dFrom ADINA static analysis,

blunted curve 1or gage 15 in Fig. 5 28 reflects the arrest event (Arrest
B) between the back-side crack-line strain gages 14 and 15. This same ,

|occurrence can be viewed for the remainder of the arrest events in the
figures for the back-side crack-line gages.

In Fig. 5.31 the C0D calculated at x = 0.15 m from the cold edge of
the plate using a generation-mode analysis is compared with measured data
f om the C00 gages installed on the F- and B-COD surf aces of the plate.
The C0D values calculated are reasonably consistent with the measured
values up to an elapsed time of =25 ms into the fracture event.

5412 WP-2.3

Posttest 3-D static analyses. The 3-D finite-element model used for test
WP-2.3 incorporated a segment of the piste assembly 4.6245 m in length
measured from the crack plane to the top 'f the load-pin hole. The
crack-tip region of the model included the side grooving and the edge
notch, the dimensions of which were taken from Table 5.1. From symmetry

.
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Fig. 5.31. Actual and computed CODS at a/w = 0.15 for front-f ace
and back-face gage locations: Test WP-2.5.
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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. Test.WP-2.3 did not have the crack front cut
into a chevron _ configuration.

Thermal deformations to be superposed on the 3-D finite-element
model to account for the in plane bending ef fect were computed f rom a 2-D
analysis which assumed that the heated and cooled edges of the plate were
fixed at T = 252.7'C and T 19.3*C, respectively. The in plane=

thermalbeEngproducedalo$hline(throughthetopoftheloadpin
hole) eccentricity of 1.74 cm relative to the geometric center of the
plate.

| In the 3-D analysis, thermal stress effects were neglected, and a
l uniform line-load statically equivalent to the WP-2.3 test initiation

load of 15.3 MN was applied at the location corresponding to the top of
the load-pin hole. The result of this analysis produced a static stress-

intensity factor of Ky = 136.1 MPa*6 at the center plane of the plate.
Comparison of this computed K value with the static initiation value ofy
K = 155.5 MPa.6, evaluated from the relationship presented in Eq. (5.7)y

using the crack-tip -temperature of 66*C, yields a ratio of K /Kyc = 0.875.7
A comparison of initiation stress-intensity factors obtained from the
WP-1 series tests and the previous WP-2 series tests (WP-2.4, WP-2.1, and
WP-2.5) is presented in Table 5.4.

Table 5.4. Initiation stress-intensity factor comparisons

Calcula ed Property
k- QTest a atic correladon

temperature g fg
designation K K l Ic

(.C) I ge

(MPa.6) (MPa. 6)

D
WP-1.2 -33 251 5 87.5 2.87

b
WP-1.3 ;! 173.5 70.1 2.48

D
WP-1.4 -62 213.0 63 9 3.33

b
WP-1.5 -30 179.8 91.6 1.96 '

b
WP-1 6 -19 233.8 111.2 2 10

#
WP-2.4A 45 123.0 93.9 1.31

d #
WP-2.4 B 60.8 143.3 135.7 1.06

0
WP-2.1 55 126.4 117.6 1.07

0
WP-2.5 66 119.5 155.5 0.77

#
WP-2 3 66 136.1 155.5 0.88

# omputed from 3-D static analysis using OKMGEN/ ADINA/ORVIRT.C

0.036 (T-RTNDI)3
Calculated f rom K7c = 51.276 + 51.897 eusing crack-tip temperature of initial flaw.

0.036(T-DWNDT)# alculated from K = 39.53 + 93.47 eC ge
using crack-tip temperature of initial flaw.

dAfter crack pop-in.

_ . . _ _ - _ . , _ _ . . _ . _ - - - _ - _ . , , .
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Posttest 2-D static and dynamic analyses

Static and stability analysis. Posttest 2-D analyses of WP-2.3 were
carried out in the same manner as for test WP-2.5. Using a temperature

profile as defined by specifying the crack-tip temperature of TCT = 65'C
and midplate temperature Tgp = 140*C, implying Tmin = 15'C and Imax "
265'C, the dependence of arrested crack length and crack stability upon
the applied initiation load F = 15.3 MN was investigated with WPSTAT;
theresultsarepresentedinh2g.5.32. Evaluation of the K function

of Eq. (5.8) on the arrest cracklengthcurveag(F),onthefcipient
tearing instability curve aI2(F), and on the reinitiation curve arein(F)

function of Eq. (5.7) is also evalu-is presented in Fig. 5.33; the KIc
ated on the curve arein(F). Evaluation of the K ,(af)24 MPa.[m atinitiation load Fin yields an arrest toughness K , = 2

~ thecurve aty
they

predicted arrest point age = 0.460 m, where the crack-tip temperature
would be T = 126.1*C. The complete static fracture mechanics and sta-
bility analyses are depicted in Fig. 5.34.

Application-mode dynamic analyses (fixed-load boundary condition).
The 2-D plane-stress finite-element model of the wide-plate configuration

ORNL-OWG 874876 ETD
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Fig. 5.32. Statically calculated crack lengths: Test WP-2.3.
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Fig. 5.33. Determination of arrest toughness at initiation load of
15.3 MN: Test WP-2.3.

used in the analyses consisted of 939 nodes and 277 eight-noded isopara-
metric elements. A total of 35 spring elements were used in the crack
plane to mooel propagation of the crack tip. For the dynamic analysis,
the load point was fixed at the value of the measured f racture load ,
15.3 MN, as a prescribed concentrated load. The time step was set at
At = 5 us. Figure 5.35 presents the calculated crack depth history from
this analysis and indicates a predicted arrest afp = 0.667 m. The dy-

namic stress-intensity factor KDM , the static toughness KIa, and the
crack velocity a as a function of instantaneous crack depth are presented

field, followed by ain rig. 5.36 The crack propagates into a rising Ky
predicted arrest at a point where the crack-tip temperature would have
been T = 178.7'C. The arrest toughness at the arrest-point temperature
is determined to be K = 534 MPa * E. The computed arrest length exceeds

Ia
the last measured arrest point, afm3= 0.@0 Oms t E, front face k
Table 5.2) where T = lli .5'C and K , = 178 2 MPa *M. The application-

7
mode analysis was terminated at time t = 6 ms, which precludes any pre-
diction from the analysis of the reinitiation that occurred at time
t ~ 12.5 ms.
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Fig. 5.34. Complete static and stability analyses for initiation
load of 15.3 MN: Test WP-2.3.

Generation-mode dynamic analysis (fixed-load boundary condition).
Figure 5.15 depicts the apparent crack position vs time curve that was
used as input for the posttest generation-mode elastodynamic analysis of
test WP-2.3. For these analyses, the load point was fixed at the value
of the initiation load, 15.3 MN, as a prescribed concentrated load, and
the time step was set at at = 10 ps. From these calculations, the

stress-intensity factor as a function of time is given in Fig. 5.37.
Table 5.5 presents the generation-mode analysis results for the seven
arrest events (three front plus four back face) .

The computed strain histories from selected points close to the
crack-line strain gage Nos. 1-22* [see Fig. 5.6(a) for strain-gage
locations] are shokn in Figs. 5.38-5.44 for measured data from the gages.
The F- and B-COD results calculated at x = 0.15 m from the cold edge of

*Results are not presented for gage Nos. 16 and 17 because of
inoperability (No. 16) or a nois/ signal (No. 17).

-- . . - _ __ _
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Fig. 5.38. Actual and computed strain histories for front-face
crack-line gages 1 and 2 at two time resolutions: Test WP-2.3.



- _ - _ _ _ _ _ _ _ _

1

l-

179

fORNL-DWG 874800 ETD

(X 10 ) (X 10 ) ]
4 4

45- 20- y |
ISG340

35-

? 30- 7 15-

25-
z -

*
20 .

15- m 10

10- ___ _- ,

5-

0.00 0.51 0.b2 0.0' 3 0 04 0.55 0.06 0.'07 0 5 1'O 1'S
4TIME (s) TIME (s) (X 10 )

-- DYNAMIC CALCULATONS MEASURED DATA |

4 4
(X 10 ) (X 10 )

45- 20- y j
I40-
|

35-
'

?. 30- ?.15-
8 25- g
z g

h.m 15- m 10

10-

5- ms

0, 5, , , , , , , ,

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0 5 1'O 15

TIME (s) TIME (s) (X 10 )4
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crack-line gages 3 and 4 at two time resolutions: Test WP-2.3.
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--Table 5.5. Summary of computed
results for test WP-2.3

-Time- A K"
#""

(ms). (m) (MPa*/m)

bInitiation 0 '0.200 132.0

Front-face gages-
-Arrest'A 0.222 0.275 140 9
Reinitiation' 12.489 0.275 201 5-

Arrest C 12.749 0.345 183.7
Reinitiation 37.344 0.345 259.3

Arrest E 37 524 0.400 230.8
Reinitiation 43.324 0.400 268.4

Back-face gages

Arrest A 0.212 0 340 144.3
Reinitiation 3.160 0 340 241 0

Arrest B 3 322 0.375 232.2
'Reinitiation 13 004 0.375 277.1

Arrest D 13.074 0.397 255.0
Reinitiation 38.464 0.397 294.3

Arrest F 38.584 0.457 257.9
Reinitiation 44.304 0 457 303.3

# enerat' ion-mode, fixed-load dynamicG
analysis.

bFrom ADINA static analysis.

the plate are compared with measured data from the C0D gages in Fig. 5.45.
The 00D values calculated are reasonably consistent with the measured
values up to an elapsed time of ~10 ms into the f racture event. At
elapsed times >10 ms, the calculated and measured 00D values diverge, but
the overall trend between them is consistent.

3 . 4'.1. 3 Test WP-1.7. The test,results for test WP-1.7 were still

being analyzed at the time this report was prepared. Thus, test WP-1.7
results will be presented in the next semiannual progress report.,

5.4 1 4 Test WP-CE-1. Because data from test WP-CE-1 still were
being reduced at the time this report was being prepared, the analysis
results will not be available until the next report period.

.-_ - - . _ . _ . - _ _ _ , . - . . _ - _ , _ , - . _ --
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5.4.2 Crack-arrest toughness determinations for wide-plate tests

Tables 5.6 and 5.7 present a summary of the general conditions for
tests WP-2.5 and WP-2.3, respectively. (Results for previous tests in

the WP-1 and WP-2 test series were presented in the previous semiannual
progress report.2) Posttest analyses have been carried out for each of
these tests using both static and dynamic fracture analysis codes, as

12well as by application of handbook techniques. Some of thesa values
are presented in Table 5.8 for specimen WP-2.5 and Table 5.9 for specimen
WP-2.3. As noted in the previous semiannual progress report,2 values
computed from the alternate static formula 13,14

afrasec
(5.9)K =

7

represent approximate lower bounds to the results and are presented only
values for thefor completeness of test results. The most meaningful KIa

WP-2 series tests will reflect the considerable load adjustment that
takes place during one of these tests as a result of specimen / pull-plate
compliance. The dynamic generation-mode (fixed-load point) analysis
results represent one type of such calculation. Figure 5.46 presents
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Fig. 5.46. Fixed-load, generation-mode dynamic finite-element
determinations of crack-arrest toughness values for test specimens
WP-2.4, -2.1, -2.5, and WP-2.3 (back-face results).
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Table 5.6. Summary of HSST wide-plate crack-arrest test conditions
for 2 1/4 Cr-1 Mo steel: WP-2 Series, specimen WP-2.5

Crack Crack Initiation Arrest Arrest Arrest
st

location temperature load location" temperature T -- DW
(cm) (*C) (MN) (cm) (*C) (*C)NDT

*

WP-2.5A 19.9 66.0 7.53 27 2 85.6 25.6
#WP-2.5B 27.2 85.6 8.90 35.0 104.0 44 0

WP-2.5C 35.0 104.0 8.90 43.5 124.4 64.4 g;
WP-2.5D 43.5 124.4 8.90 47.8 134.7 74.7 *

WP-2 5E 47.8 134.7 8.90 51 6 143.7 83.7
WP-2.5F 51.6 143.7 8.90 56.0 153.8 93.8

# rrest location is average of plate quarter-thickness crack length and crackA
length at the side groove of the back face of the plate.

bCrack front cut to chevron configuration.
#Af ter pop-in.

,

I

i

1

,

-
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Table 5.7. Summary of HSST wide-plate crack-arrest test conditions |

for 2 1/4 Cr-1 Ho. steel: WP-2 Series, specimen WP-2.3 |
|

1

1

Crack Crack Initiation Arrest Arrest Arrest- j
Test

location temperature load location temperature T -- DWNDT
No*

(cm) (*C) (MN) (cm)' (*C) (*C) '

Front-face meulta

WP-2.3A 0.200 66.0 15.3 0.275 82.5 22.5
WP-2.3C 0.275 82.5 15.3 0.345 98.6 38.6 g;

*
WP-2.3E 0.345 98.6 15.3- 0.400 111.5 51.5

Back-face meulte

WP-2.3A 0.200 66.0 15.3 0.340 97.4 37.4
, WP-2.3B 0.340 97.4_ 15.3 0.375 105.6 45.6

WP-2.3D 0.375 105.6 15.3 0.397 110.8 50.8'

WP-2.3F 0.397 110.8 15.3 0.457 125.5 65.5

l

|

_



I
1
1

190 ;~ >

Table 5.8. Computed crack-arrest toughness
values for HSST wide-plate test WP-2.5 of

2 1/4 Cr-1 Mo steel WP-2 Series

Crack-arrest toughness values
(MPa *[m")

Test Static SEN formulas - I *Alternate

I[o
' GenerationDisplaceagnt lead gg

dcontrol control mode

#
WP-2.5A 108 123 83
WP-2.5B 165- 196 114 171

WP-2.5C 184 273 134 190

WP-2.5D 193. 326 144 268

WP-2.5E 200 382 155 306

WP-2.5F 209 464 167 366

afrom Raf.12 (pp. 2.10-2 11) while assuming a = a
and no further bending occurs because of crack propagatfon.

bFrom Ref.12 (pp. 2 10-2.11) while assuming.a = a
and full bending according to SEN formula when the finaf
crack depth is used.

g=ofsasec , with a = f ar-field tensile8
K

stress, a = ag = final crack length,- and w = full-plate
width.

dFixed-load condition.
' Pop-in event.

Table 5.9. Computed crack-arrest toughness
values for HSST wide-plate test WP-2 3 of

2 1/4 Cr-1 m steel WP-2 Series

Crack-arrest toughness values
(MPa*.s)

Test Static SEN formulas I"** *
Alternate

Displaceae,nt load o Generation
b frcontrol control g ,d

Pront-face Neulte
'

WP-2.3A 147 169 113 141

WP-2 3C 165 221 130 184

WP-2 3E .178 274 144 231

Back-face n eulte

WP-2 3A 164 217 129 144

WP-2.35 172 249 138 232

WP-2.3D 177 271 144 255

WP-2.3F 190 344 160 258

8From Ref.12 (pp. 2.10-2 11) while assuming a = a
and no further bending occurs because of crack propagatfon.

.bFrom Ref.12 (pp. 2.10-2 11) while assuming a = a
and full bending according to SEN formula when the finaf
crack depth is used.

Kg=o va sec , with a = far-field tensile8

final crack length, and v = full-platestress, a = ag a

width.
dFixed-load condition.
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fixed-load, generation-mode, dynamic finite-element determinations of KIa
for the WP-2 series tests conducted to date.

5.4.3 cvaparison of wide-plate crack-arrest toughness data
uith other large-scale test results

Results presented in Fig. 5.46 show that the WP-2 series K test
Ia

results exhibit an increase in arrest-toughness values with increasing

The trend for K , values to extend consistently above thetemperature. 7
limit provided in ASME Sect. XI is further substantiated in Fig. 5.47,
which presents data f rom several large-scale tests plus the WP-2 series
test re s ult s .15- 19

ORNL OWG 87-466i A ETD
'

I I I I I I I I I
O WP-2.4 > WP2.3
0 WP-2.1
6 WP-2.5 $'

Lg 400 - A FTSE X ESSO O -

; O TSE4 O'xae a TSE-5 $
:3. V TSE 5A

$ 7 TSE-6

@ 300 - O PTSE 1 0, ao _

$ PTSE 2 0'"

-KR >+OI

p, y LIMIT-ASME

h200 gO SECTION XI --

E a. .2
O
@ V

XU o Vjoo - v
s 'v

_

E
9

v A
#AA

0
40 -20 0 2, 40 u0 80 100 120 140 160

T-DWNOT (OC)

Fig. 5.47. Relationship of fixed-load, generation-mode dynamic
finite-element determinations of crack-arrest toughness values f or WP-2
series tests to selected large-specimen test results. (Note: PTSE-2
data points are preliminary and subject to change as posttest analyses
become more complete.)

- _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ __
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5.5 ASTM Round-Robin on K , Testing (UM)*r
i iD. B. Barker ' W. L. Fourney

R. Chonat G. R. Irwint

ORNL review of the report entitled A Report on the Round Robin Pro-
gram Conducted to Evaluate the Proposed ASTM Standard Test Method for

ofDetermining the Plain Strain Crack Arrest Fractum Toughnese Kyg
Ferritic Materials has been completed. It is anticipated that the report

will be published during the next reporting period.
The proposed ASTM Standard, which resulted in large part from the

round robin, has successfully passed subcommittee and main committee
balloting. It will appear in the October issue of Standardization Neos
to be balloted by the Society. It is anticipated that the Standard,
known as E1221, will be in ef fect by the end of October 1987.

5.6 Battelle-Columbus HSST Support Program *

A. R. Rosenfield** P. N. Mincer **
H. J. Cialone**

| 5.6.1 Crack-arrest test procedures for nodular cast iron

: A small block (41 x 43 x 432 mm) of Type GGG-40 (German designation
with no current U.S. equivalent standard) nodular cast iron from a cask'

j designated CASTOR V/21 No. 500 11-002 was supplied to Battelle by
Fracture Corporation investigators, who have also characterized the'

material.20 Approximately half of the block was used for the initial
development of crack-arrest test procedures. The other half will be used
to fabricate a second series of specimens using procedures discussed be-
low, which will be further modified on the basis. of experience. ,

'

The Battelle block is designated I-7 and was cut from the bottom of
|

the cask.tt Reference 20 contains data for nearby blocks I-5 and -6. The

* Work sponsored by the HSST Program under Subcontract No. 7778
between Martin Marietta Energy Systems, Inc. , and the University of
Maryland.

iDepartment of Mechanical Engineering, University of Maryland,
College Park.

| * Work sponsored by the HSST Program under Subcontract No. 85X-17624C
between Martin Marietta Energy Systems, Inc. , and Battelle-Columbus
Laboratories.

**Battelle-Columbus Laboratories, 505 King Avenue, Columbus, Ohio.

iiAccording to Ref. 20, this location corresponds to the top of the|

| casting. Discussion with Siempelkamp foundry personnel and the metal-
lographic evidence of Fig. lle in Ref. 20 indicate that 31ock I-7 came
from the bottom of the casting.
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chemical composition is fairly insensitive to location within the cask,
and averages for the nearby blocks, in weight percent, are C = 3.13, Si =
2 08, Mn = 0.15, P = 0.029, S = 0.001, Mg = 0.054, Cr = 0.01, Ni = 0.56,
Cu = 0.02, and Fb = 0.01. Figure 5.48 is an optical micrograph taken at
Battelle from Block I-7 that was used to fabricate the crack-arro t
specimens. According to Ref. 20, the average microstructur 1 dimensions
of the neighboring blocks are ferritt grain size = 65 pm, graphite = 9.9
vol %, and nodule size = 40 pm. The appearance of the microstructure in
Fig. 5.48 suggests that these values are also appropriate for the crack-
arrest specimens.

The nodular-iron data reported in Ref. 20 has very low Charpy-impact
energies, with an upper-shelf energy of 16.5 J (12.2 f t-ib) being attained
at about 18'C. An estimated fracture appearance transition temperature
(FATT) of -28'C is based on the temperature at which the impact energy is
half of its upper-shelf value. Based on these data, it was decided that

a temperature range from -40*C to +25'C would be an acceptable range for
crack-arrest experiments to characterize ductile / brittle transition
behavior.

Because the nodular iron has a very low yield strength (248 MPa = 36
ksi), duplex specimens are required to initiate fast-moving cracks with21

minimal notch-tip plasticity. This specimen consists of a block of SAZ
4340 steel EB welded to the material being investigated. While this pro-
cedure is fairly routine for testing of reactor-pressure-vessel (RPV)
steels, a concern arose that a brittle layer of white iron might form in

I either the fusion zone or in the nodular-iron heat-affected zone. Trans-
verse fracture in the weld region of the first specimen tested, before
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]
crack initiation at the starter noteii, apparently confirmed this concern,
although subsequent evaluations showed that the transverse fracture was
not related to 5e formation of white iron, and thus should not be an'

intractable i .aem.
Micrographic examination of a specimen that broke prematurely in the

ald region, shown in Fig. 5.49, revealed that the f racture occurred in
the weld zone, a material that contained large martensite needles. This
microstructure is believed to form as the result of intermingling between

) the SAE 4340 steel and the nodular iron and should be rendered less
brittle by proper heat treatment. In fact, the weld cracking problem was -i

considerably alleviated by a postweld heat treatment at 400*C for 1 h,
conditions limited by the need to retain sufficient hardness in the SAE
4340 steel. All but one of the specimens that were postweld heat treated
underwent rapid crack initiation at the starter notch, with limited
transverse weld fracture.

Table 5 10 summarizes the results of this test development ef fort.
Seven crack-arrest values were obtained, with a typical fracture surface

r
being shown in Fig. 5.50. In addition to the specimens yielding crack-
arrest toughnesses, several specimens were tested at too high a tempera-
ture (>0*C), and the crack did not penetrate the test section. Others,
tested at low temperatures (<-25*C), broke completely in two. Thus, the

transition region was only partially characterized. *Table 5 10 also indicates that it was necessary to increase the
depth of the side grooves to 60% to inhibit crack deflection at the weld
line. This depth was chasen because it had been used successfully in
early crack-arrest experiments at Ba t t elle . 2 2 Additional evidence sup-
porting the use of deep side grooves has been obtained for several plain

'

ORNL PHOTO 983847
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Fig. 5 49. Photomicrograph of fusion zone of weld that split
prematurely; SAE 4340 half of the feacture, 500x.
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Table 5 10. Results of crack-arrest
trials on nodular iron

.

Test
*" "#*

o .(MP 6)

-1-7-1 24 o
*b

-2*b 25 d
-3 -39 o
-4 ,b -36 ea

b*

-5 -29 d
-6 ,b -28 ea jab
-7 ,b 0 0 )a
-8 ,b -13 121 !
-9 , 3i f ja
-10 ,b -29 63 )a
-11 ,b 0 96 I

, a
-12 ,b 26 f Ia

ab '

-13 ,b 0 101
-14 , -29 60 Ia
-15 ,b -22 67

a
-16 ,b -12 99

# ostweld heat treated.F

D60% side grooved.

# plit along weld, no crack |S

initiation. I

dSlight crack penetration into
test section.

8Complete fracture. |

[ Arrested at weld line. |

|
|

carbon steels by Mejias and Vedia,23 who have shown that K , is inder'n-
'

y
dent of side-groove depth between 25 and 75% depth. Their result con-
firms Battelle work on SAE 4340 steel 24 and lends confidence to the use |

of deep side grooves for the nodular-iron experiments. |
'

The range of K values in Table 5.10 is considered tentative becausea
they indicate violations of the size requirements of the proposed ASTM
Test Procedure and are likely to be higher than linear-elastic plane- I

strain values. It is estimated that K values on the order of 60 MPa 6a
would be valid according to the proposed standstrd. Problems in meeting
specimen size requirements have been reported for determining static
fracture toughness of nodular iron, as described in the trip reports by
Cialone. The highest values determined here are also much higher than
the dynamic initiation data of Ref. 22.

_ _ _ _ - _ _
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Fig. 5.50. Specimen I-7-8 that experienced a successful run-arrest
event, 2x.

In addition to not meeting the size requirements, the reported
values do nat account for the differing elastic moduli of duplex speci-
mens made f rom alloys whose elastic moduli dif fer b; 20%, as is the case
for this series of experiments. However, this latter effect is believed I

to be small.
Figure 5.51 is a plot of the results. To provide a context, these

results have been compared to characteristic values for RPV steels.
Because of the small Charpy upper-shelf energies of the nodular iron, the
only possible estimate of the ductile / brittle transition teoperature is
the FATT (estimated as the temperature at which the impact energy is half
of the upper-shelf value). While the graph suggests that the crack-
arrest data are roughly comparable to typical RPV data, the uncertainties
previously discussed, plus the need for a significantly larger data base,
preclude drawing any conclusions at the present time.

|5.6 2 Crack-arrest data bank

|During the current report ing pe riod , 147 new crack-arrest data were
added, bringing the total to 10l*/, not including summary tables of the
ASTM Coooperative Test Program and 3 Robin. As was the case for the
February 1987 Addendum, the new data were all fereign (German and |
Italian). One of the Ge rman steels was close to A 508 but was heat '

treated to produce a Charpy upper-shelf energy of only 45 J (33 ft-lb).
TN K values for this steel were unusually weaklv dependent on t;mp'ra-Ia

| ture, with the result that the high-temperature data fell be low the ASME j

K curve. The reasons for this behavior are not clear from the pubit-g
cation. The Italian data are consistent with typical behavior of RPV
steels and lend support to use of their electric-resistance nethod of
hardening the starter notch tip.

_. .__



- - _ _

_

197

ORNL-DWG 874865 ETD

160
-

- - - - - - - RPV STEEL (RTNOT = 29 C)
'd ~

0 NooVLAR 1RON
AVG

' *
120 - O ,-

s'
s'

'

'd ' '

IN - O
_

L!!
\

,

&
'

.-

g 80 - ,- KiR |
'

,
,- ,-

f ,,

, ' '

O ,-
,-

,-m -

,#

''~_
_

-

40

FATT (est)
20 -

0 ' ' ' ' '

40 -30 20 10 0 10 20

TEMPERATURE (OC)

Fig. 5.51 Preliminary nodular-iron crack-arrest data.

5.7 Dynamic Fracture Propagation Relations
Inferred from WP-1 Test Series *

iC. W. Schwartz

Accurate prediction of fracture propagation and arrest for many
problems requires specification of the relationship among instantaneous
crack tip velocity (5), dynamic stress-intensity factor (KrelationshfD), and tem-perature (T) for the fracturing material. This p, which is

often unknown or poorly defined for many materials, is a primary input
codes.for predictive "api.lication-mode" dynamic f racture finite-elemen' ^

The recently completed WP-1 series of large-scale wide plate crac -arrest
tests has generated sufficient data to estimate the i vs K7 vs T r.-larion

for A 533 grade B class 1 nuclear pressure vessel steel.

* Work sponsored by the RSST Program under Subcontract No. 7778
between Martin Marietta Fnergy Systems, Inc., and the University of
Maryland.

I Department of Civil Engineering, University of Maryland, College
Park.
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5 7.1 Methodology for determining dynamic fracture relation

The methodology followed in estimating the i vs K vs T relation
7

from the test results is summarized as follows:
1. Smooth crack-tip positiu vs time curves are fit (through non-

linear regression techniques) to the discrete crack history data points
measured in the tests.

252. "Generation-mode" dynamic finite-element analyses are per-
formed to determine the K vs time history and the dynamic arrest tough-

7

ness (KIa) f r each test. An elastodynamic formulation was employed for
all analyses, because only the first millisecond of response was con-

26 have shown that viscoplastic yielding issidered and previous analyses
negligible during this interval. Thermal bowing of the specimen caused
by the applied thermal gradient is considered in the analyses.

3. The K , values computed in the WP-1 generation-mode analyses,7together with other large-scale crack-arrest data, are used to develop a
revised relation between arrest toughness and temperature.

4. A simple form is assumed for the i vs K vs T relation for they
material:

(5 10)I=co+c3 (K /K73) K /Kla > 1x
7 7

,

o and ci are temperature dependent. [ Notein which the coef ficients c
that the K relation determined in step 3 is used to normalizeIa
Eq. (5.10)]. A two-stage regression analysis is performed to determine
these coefficients:

(a) Crack-tip velocity vs K data points are extracted from they
generation-mode analysis results at various selected tempera-
tures. Data at constant temperature values are fit with linear 3

'
and crelations of the form of Eq. (5 9); a different set of c0 t

coef ficients are determined for each temperature.
(b) The aets of coefficients determined in step 4a are regressed

against temperature.

Note that the i vs K relation could be derived from a single test if
7there were no temperature depedence of the fracture properties. Data

from several tests are require! to include the effects of temperature.
255. Application-mode dynts'.it finite-element analyses are per fo rmed

as an initial check of the validity of the derived 5 vs K vs T relation.y
This predicted response is compared with the experimental data.

The results presented in this paper are a refined and modified ver-
sion of preliminary findings presented earlier by hhwartz.27

5.7.2 Results of application to WP-1 data

Only data f rom tests WP-1 2, -1.3, -1.5, and -1.6 were considered in
this study. Test WP-1.1 suffered an instrumentation malfunction, and
test WP-1.4 ir difficult to interpret because of a pillow jack inserted
in the notch to promote fracture initiation.



_ - _ _ _ _ _ _ _

195

Figures 5.52 and 5 53 illustrate the crack position vs time data
obtained from the crack-line strain gages for tests WP-1.2 and -1.6.
Data for the other tests are similar. Also shown in the tigures are the
computed regression curves for the crack position histories. Cubic poly-
nomials were found to provide an excellent fit to the data; R2 values
exceeded 0.98 in all cases.

Determination of the initiation time from the instrumentation
records involves considerable subjective interpretation. For tests
WP-1 5 and -1.6, an initiation time correction procedure was developed
from the regression analyses. A ,olynomial curve is first fit to the raw
strain-gage data points without constraining the curve to pass through
the initial crack-tip location at time zero. The curve is extrapolated
to the initial crack-tip location, and the corresponding time (usually
negative) is computed. This computed time is taken as the corrected
initiation time, and all strain-gage cata points are adjusted accord-
ingly. A new corrected polynomial curve is then fit to the adjusted

| crack position vs time data. The computed time corrections were 32 and
70 ps for tests WP-1.5 and -1.6, respectively. The initiation time cor-
rection procedure was not applied to tests WP-1.2 and -1.3 because of the

,

limited number of experimental data points.
The polynomial relations for crack position history are used as in-

pat to the generation-made dynamic-fracture analyses. The generation-
mode analysis results at arrest, including the computed dynamic arrest
toughness KIa, are summarized in Table 5 11.

Figure 5.54 shows the relationship between K , and temperature,7
normalized as T - RTNDT, c mputed for the WP-1 tests. Also plotted on
the figure are data from other large-scale crack-arrest te s t s . 2 8 A
revised nonlinear regression relationship between K , and temperature is7
given by,

"
K , = 69.56 + 5.111*e (5 11)

7

in which K is in units of MN-m /23

relationexhikT)isinunitsof
and (T - RT

degreesGefa ts a steeper rise in the'ius. The revised K Iahigh-temperature region as compared witl' the original ORNL relation.29
Contours of (a, K ) data points at constant temperature computed

7
from the generation-mode analyses are illustrated in Fig. 5.55. Each

I test provides one data point on each temperature contour. The data at
each temperature contour are fit with linear equations; each temperature {l

contour is defined by a different set of coefficients. The variation of |

these coef ficients with temperature is shown in Fig. 5.56. Quadratic I
|polynomial equations providing excellent fits to the data in Fig. 5.55

have the form

'I )c o = 193 + 14. l * ( T - RTND'1,) - 0.183*(T - RTNDT '

I
|

c1 168 - 5.62*(T - RT + ~

'= * *

NDT NDT

i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 5.11. Summary of elastodynamic analysis. reeults
at arrest for four tests in the WP-1 series ,

i

WP-1.2 WP-1.3 WP-1.5 WP-1.6

#
CEN APP GEN APP GEN APP GEN APP

Arrest time, as 0.907 0.700-0.783 0.680 0.559-0.596 0.762 0.610-0.656 0.701 0.633-0.652-

Crack length at 0.555 0.565-0 580 0.493 0.473-0.482 0.518 0.493-0.504 0.487. - 0.500H).506 m
arrest, m S

K ,, MN-m / 2 457 381-441 252 214-231 233 209-226 305 278-2913
y

T - RT *C 85.6 88.8-93.6 79.5 72.3-75.5 77.7 71 1-74.0 76.9 80.0-61.4NDT,

aCeneration-mode analysis.
bApplication-mode analysis.

.
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The final a vs K vs T relationship inferred for A 533 grade By
class 1 steci from the four WP-1 tests is shown in Fig. 5.57. The rela-

tionship is based upon the general form given in Eq. (5.10), with terms
as defined in Eqs. (5 11 >-(5.13) . The relationship is bilinear with a

vertical stem at K /K = 1. Both the slope and the velocity cutof f for
7 y

the upper portion of t$e relationship are temperature dependent. In an

application-mode dynamic finite-element analysis, the computed instan-
taneous K and T values [and the associated K values from Eq. (5.11)]

7 7would be used with this relationship to de: ermine the instantaneous
crack-tip velocity for the next increment of crack advance.

Application-mode analyses, using the relationship in Fig. 5.57, were
performed for tests WP-1.2, -1 3, -1.5, and -1.6. Table 5 11 compares

the results from the application-mode analyses against those from the
generation-mode computations. (Note that the experimentally measured~

arrest positions and times are by definition identical to the generation-
mode analysis values.) The precise instant of arrest was somewhat dif fi-
cult to identify using carrent application-mode analysis algorithms. In

the analyses, the crack typically arrests and immediately (e.g., within 1
,

v w
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3

or 2 ps)- reinitiates several times before reaching a "final" arrest.
Consequently, values for two arrest conditions are included in Table 5.11:
the computed values at the initial instantaneous arrest and the computed
values at the first arrest lasting 20 ps or longer. The first arrest<

lasting 20 ps or longer in the analyses is believed to be a good estimate
for - the actual experimental arrest condition. Additional crack growth >

computed in the application-mode analyses after the first 20 ps arrest ,

typically' occurs in isolated jumps scread out over long periods of time;
the total additional crack growth due to these jumps is very small (<5% '

;

of the crack length). j'

. As. detailed in Table 5.11, the application-mode analyses consis-
tently underestimate the time of arrest by up to 15% as compared with the
experimental / generation-mode values. The application-mode predictionsi'

for final crack length are closer to the experimental / generation-mode

,
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!

values, with a mix of underestimation and overestimation and a maximum I

error of 5%. The computed dynamic stress intensity at arrest is under- |

estimated by ~5% in the application-mode analyses as compared with the
generation-mode results. These errors are judged acceptable. Previous

vs T relations pre-application-mode analyses using hypothesized a vs Ky
dicted arrest times up to several times later and final crack lengths up
to 30% longer than observed experimentally.26,29

5 7.3 Conclusions

A methodology for inferring crack-tip speed vs dynamic stress inten-
sity vs temperature relations from instrumented dynamic fracture tests
has been developed and applied to data from four wide-plate experiments
on A 533 grade B steel. Applicatifa-mode dynamic finite-element analyses

.
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using the inferred relationship produce results that are acceptably close
-to experimental and generation-mode analytic,a1 results.

The preliminary validation of the proposed speed vs stress intensity
vs temperature relationship must be expanded through comparisons with
other specimen geometries. Further validation studies are planned using
results from smaller scale instrumented tests currently under way at-

ORNL. Updates to the proposed relationship reflecting recent experimen-
tal results from the two 0.15-m-thick WP-1 tests are also in progress;

changes are expected to be relatively small. |
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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 f racture toughness and mechanical properties
of reactor pressure vessel materials. The task currently involves seven
designated series of experiments, the first four completed. The active
series described here include (1) the Fif th and Sixth Series, which will

and K , curves,characterize the shif ts and shapes of the irradiated K y7c
respectively, and (2) the Seventh Series, concerned with the irradiation
resistance of stainless steel cladding.

6.1 Fifth HSST Irradiation Series

R. K. Nanstad F. M. Haggag
R. L. Swain T. N. Jones

Fracture-toughness investigations have continued with testing of un-
irradiated 4TCS and scoping tests of ITCS and 2TCS. All tests were con-
ducted with a computer-interactive test system using the single-specimen
compliance technique. Nc unloadings are performed before the P load
defined in American Society for Testing and Materials (ASTM) teht method
E399. Tests that do not satisfy the ASTM criteria for a valid K are

I
analyzed by computing the J-integral at the onset of cleavage J .c Anc

is calculated from the rela-elastic-plastic fracture-toughness value KJe
tionship

K = FJ (1),

where E E Young's modulus, MPa.
Table 6.1 gives the results of tests conducted with irradiated 4TCS

by Materials Engineering Associates (MEA). Those tests were conducted in
the hot cells at the Naval Research Laboratory. Test temperatures were

selected to provide K and K results from a sufficiently broad tem-
Ic Jeperature range to allow for construction of a fracture-toughness curve to

high values relative to the existing K curve in the ASME Code, as well
Ic

as to provide large-specimen results for comparison with those from small
specimens. As shown in the table, valid K values (by ASTM E399) were

Ic
obtained for both welds at 50'C. All data at higher temperatures were

not valid K values; note, however, that one specimen of 73W at 65*C is
Ic

invalid only because maximum load exceeded the Pg load by 410%. Addi-

tionally, the 73W test at 75'C was only very slightly outside the plastic-
load. Thus, inter-zone size limit, and maximum load was equal to the Pq

pretation of the data in terms of E399 provides quite restrictive results
and amplifies the need for using elastic plastic fracture mechanics in

. .. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ i
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Table 6.1. Fracture-toughness results f or irradiated

4TCS of Fifth HSST-Irradiation Series"

Test J at K E KJ **l"**
b Je 8e Q at pop-insSpecimen tempe rature cleavage (gp,,g) (gp,, g) (gp,, g)

(MPa.6)('C) (kJ/m )

We1.d 72W, 0.23% Cu, 0.60% Ni
#

72W-19 50 45.6 93.1 93.2 75.8, 90.2
8-26 50 54.9 105.9 100.9 111.4

-20 75 144.7 171.4 142.7 176.3
-25 75 93.7 137.9 123.5 144.4
-13 85 129.8 162.2 137.5 I69.8
-16 85 161.8 147.2 156.6 145

-11 95 371.7 274.0 182.9 198.0
-14 95 258.8 228.6 167.3 153.0 135

Weld 73W, 0.31% Cu, 0.60% Ni
8

73W-22 50 64.9 115.2 109.0 105.1 76.0
#

-18 50 70.4 112.7 103.1 96.0
-21 65 84.1 130.8 120.4 140.0

d
-19 65 78.8 126.7 117.4 102.0 93.9

8
-16 75 69.4 118.7 111.4 127.2
-12 85 102.1 143.8 128.7- 151.3
-15 95 294.2 243.7 176.7 208.7
-11 95 363.8 271.0 186.3 207.9

aTests performed by MEA.
bValue calculated using load-line deflection data.

# alid K , values according to ASTM E399.V g
dNot a valid K W eause P,,x/Pg > 1.10.ge

Very slightly above the maximum allowable Kg (126.2 MPa* 6) to satisfy8

ASTM E399 as a valid Kye.

1
the interpretation of material behavior. Table 6.1 also points out the ;

values of Ky calculated where pop-ins occurred during certain tests. In
'

those cases where a K value is not shown, a large pop-in occurred thatyc
increased area under the load-displacement curve suf ficient to elevate
significantly the calculated value of the J-integral. In those cases,

interptetation of the results has not yet been performed. All recorded

pop-ins occurred at loads lower than the P loads subsequently deter-g
mined. The interpretation of significance of pop-ins has not yet been
determined but will be in the final analyses of program results.

Additional testing of irradiated ITCS and unirradiated 4TCS has been
completed at Oak Ridge National Laboratory (ORNL); irradiated 2TCS were
tested by MEA. For 72W, nine ITCS were tested at 85'C, and five ITCS ',

were tested at 95'C. For 73W, ten 1TCS were tested at 85'C, and five
1TCS were tested at 105'C. Two of the specimens at 105*C showed some
pop-in events, but none failed in cleavage. For each weld, four irradi-

ated 2TCS were tested at 95'c and four at 105'C.
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|
| Four irradiated 2TCS of each weld remain to be tested by ORNL.

Final crack-length measurements have not yet been completed for the ITCS
and 2TCS tests, and results will be reported in the next progress report.

| -
The unirradiated 4TCS results are presented in Table 6.2. The re-

suits .for 73W are all relatively high and have relatively small scatter.'

The results for 72W, however, show a much wider scatter band. Prelimi-
nary estimates of crack extension for the unirradiated 4TCS indicated
extensions up to ~0.5 mm with the average value ~0.25 mm, and all indica-
tions are that only blunting took place with no in plane stable tearing.
More detailed analyses will be performed and reported in the next prog-
ress report.

Table 6.2. Fracture-toughness results for unirradiated
4TCS of Fifth HSST Irradiation Series

Test J at K E KJe 6e Q
Specimen temperature cleavage MPa*/~) (MPa*/~) (MPa*/~)( C) (kJ/m )

,

W' ld 72v, 0.23% Cu, 0.60% Nie

72W-30 20 112.5 152.3 124.0 138.8
-31 20 173.8 193.1 141.5 130.7
-32 20 271.7 252.2 <- 161.1 144.0
-33 20 101.6 144.7 120.2 144.6

veld 73v, 0.31% cu, 0.60% Ni

73W-30 5 203.9 208.8 147.0 147.7
-31 5 282.3 254.6 161.2 146.'5
-32 5 240.7 225.3 152.6 143.3
-33 5 271.7 238.9 156.9 146.9

avalue calculated using load-line deflection data.

i
'

6.2 Sixth HSST Irradiation Series: Crack Arrest

S. K. Iskander T. D. Owings, Jr.

R. K. Nanstad

The fixture (described in Ref. 1) to be used for remote testing of

irradiated crack-arrest specimens has undergone minor reworking and
preliminary evaluations, including heating and cooling experiments to

|
examine the rate of thermal conditioning, as well as uniformity through-
out the test specimen. Specimens of various sizes are being evaluated.

4

! Initial results have shown excellent thermal distribution within the
specimens and the ability to condition the specimens at a reasonable

.
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rate. A new contact thermocouple based on the same technology used in j
the past for Charpy impact testing was fabricated and is being evaluated j

during this series of performance tests. |
The additional submerged-arc weldments of 72W and 73W have been

'

fabricated by Combustion Engineering, Inc. (CE), and shipped to ORNL.
Some of the welds will be used for specimen fabrication; the remainder
will be stored for archival purposes.

6.3 Seventh HSST 1rradiation Series

F . M. Haggag R. K. Nanstad
T. N. Jones E. T. Manneschmidt

6.3.1 Phase 1

The first phase of the Seventh irradiation Series evaluated stain-
less steel cladding applied in three layers by the single-wire oscillat-
ing submerged-arc method. In this phase, completed and reported earlier,
Charpy impact and tensile specimens were irradiated to 2 x 1019
neutrons /cm2 (>l MeV) at 288'C. Details of the test results are given in

Ref. 1.

6.3.2 Phase 2

In the second phase, currently in progress, a commercially produced,
three-wire series-are weldment was evaluated under identical irradiation
and testing conditions as in the first phase. The three-wire series-arc

procedure, developed by CE, Chattanooga, Tennessee, produced a highly
controlled weld chemistry and microstructure and highly controlled frac-
ture properties in all three layers of the weld. The three layers of

cladding were required to allow the fabrication of tensile, Charpy impact,
and 0.5TCS from the cladding. Irradiations of the specimens (Charpy ,

V-notch (CVN), tensile, and 12.7-mm compact specimens] to 2 and 5 x 1019
neutrons /cm2 (>l MeV) Lave been completed. The results of the unieradi-
ated (control) tensile and Charpy impact specimens are discussed below.
Preparations have been made to complete terting of the irradiated tensile
and Charpy impact specimens by the middle of October 1987.

6.3.3 Results and discussion

Charpy impact specimens were machined in the LT, LS, TL, and TS
orientations, corresponding to crack extension across and through the
thickness of the plate and across and through the length of the plate,
respectively. 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.
The results of the CVN tests are shown in Figs. 6.1-6.3. The transition

temperature and the upper- and lower-shelf energies did not vary signifi-
cantly for the four orientations (Table 6.3). Hence, CVN irradiated

.
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Table 6.3. Charpy impact test results for stainless
steel three-wire series-arc cladding

i

Transition |
87Neutron temperature

a fluence criterion !
Orientation

[ neutrons /cm2 (oC) upper Lower
(>l MeV)) shelf shelf41 J 68 J

LS 0 -42 6 80 15
2x 1019 -28 56 70 9

5x 1019 -15 68 12
LT 0 -31 10 89 13
TL 0 -41 3 86 16
TS 0 -58 7 81 14

aWith respect to the base metal where L is the
rolling, as well as the welding, direction.

I
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specimens were machined only f rom the cladding with their notches in the
LS orientation because that orientation exhibited a typical transition

temperature, as well as a slightly lower upper-shelf energy. Note that

the L-orientation is the longitudinal (rolling direction of base plate),
as well as the welding, direction for all three-wire cladding specimens.

The CVN test results, obtained here for cladding material that has
received a postweld heat treatment (PWHT) typical of that for pressure
vessel three-wire cladding, are compared in Figs. 6.4 and 6.5 with
results of cladding from the characterization material for the clad plate
tests that received only a partial PWHT (see Sect. 3.3). The typical

PWHT resulted in a slightly higher upper-shelf energy, as well as a
slightly lower transition temperature compared with the partial PWHT data
f or both the LS and LT orientations.

One-half of the tensile specimens were fabricated with their axes in
the L-orientation; the other half were f abricated in the T-direction.
The results of these tensile tests are shown in Figs. 6.6-6.9. As shown,
the effect of test specimen orientation on the test results was very
small. Thus, specimens for irradiation tests were machined only in the
longitudinal orientation. The cladding exhibits an extremely rapid rise
in tensile strength below ~0*C. The ductility properties show increases
f rom hi h temperatures to about -50'C and then decreases at lower tem-d
peratures.

6.3.3.1 Effect of irradiation on the Charpy impact energy. Irradia-

tion of the three-wire stainless steel cladding specimens at 288'C to
fluence levels of 2 and 5 x 1019 neutrons /cm2 (>l MeV) has resulted in
decreases of the CVN upper-shelf energy by 12 and 16% and increases of
the transition temperatures by 15 and 30'C, respectively (see Fig. 6.10).
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These results are in agreement with those for the single-wire cladding !

produced with good welding practice. Table 6.3 also provides the curve- I

fit results for the unirradiated and irradiated CVN test re s ul t s .
6.3.3.2 Effect of irradiation on the tensile properties. Irradi-

ated tensile specimens in the longitudinal orientation are scheduled for
testing in late October 1987. The testing temperatures will be room
temperature, 288, and -125'C. Six specimens available for each fluence
level will be tested in duplicates.

I 6.3.3.3 Effect of irradiation on the fracture toughness. Unirradi-

ated and irradiated 12.7-am compact specimens are scheduled f or testing
in November and December 1987.

I
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1. W. R. Corwin et al., "Sixth HSST Irradiation Series: Crack Arrest,"

pp. 189-92 in Heavy-Section Steel Technology Program Semiann. Prog. \
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7. CLADDING EVALUATIONS

7.1 Crack-Arrest Behavior in Clad Plates

S. K. Iskander K. V. Cook'
S. E. Bolt G. C. Robinson
D. J. Alexander B. C. Oland

7.1.1 Introduction

The objective of the clad plate experiments _ is to determine the
effect, if any, of stainless steel cladding on the propagation of _ small
surf ace cracks subjected to stress states similar to those produced by
thermal shock conditions. During this reporting period, five clad and

- one unclad plate have been tested.
The test specimen was described in a previous report.1 The pretest

material characterization was reported in Ref. 2.
Posttest material characterizations have recently aeen performed.

Young's modulus and stress-strain curves were determined for the base
metal, heat-affected zone (HAZ), and cladding. The stress-strain curves
will be used in finite-element analyses. Some room temperature tensile
testing has been performed on the HAZ from one of the broken halves of
the first plate tested because of differences between the characteriza-
tion block and the clad plates. The RT of the base metal and the

NDTvariation of hardness across the thickness of the plate were determined,
and some metallographic examinations were performed. The hardness and
metallurgical structures observed for the first plate are typical of all
the other plates. All such material characterizations are reported in

Sect. 3.3.
Fractography and scanning electron microscopy (SEM) of the frac-

ture surface of the first plate have been completed and are reported
here.

7.1.2 General description of the test

In the six 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

cooled to the specified temperature. The variation in temperature at
chosen locations was kept within 3*C. The plate was then loaded in four-
point bending to induce a pure bending moment in the span, including the
electron-beam (EB) weld. 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 was kept constant by using stroke con-
trol, until a flaw initiated. This portion of the experiment on an

,

initially unflawed plate is essentially an "arrest" experiment -- the pur-
pose of which is to study the effect of cladding on a running flaw.

In cases in which the flaw arcested, the plate is removed f rom the
testing machine and heat-tinted to define the arrested flaw shape. Some

nondestructive examination was performed on the first and second plates

. .
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tested to determine the extent of flaw propagation. After partial
reinstrumentation, the plate is put back into the testing machine and
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
l capacity of flawed clad plates. This portion of the experiment is desig-
| nated an "initiation" one, in contrast with the "arrest" portion previ-

ously described.
Figure 7.1 shows typical instrumentation for the arrest portion of

the experiment. The gages designated ZE are weldable, stainless-steel-
|

sheathed strain gages that are used as crack-opening-displacement (COD)
gages. Only the end portions of the gage are welded and a suf ficient,

l length is left unbonded so that the expected COD, when averaged over the
unbonded length, is within the maximum strain capacity of the gage. They
have been used successfully many times before in this manner by the HSST |
Program. On the top surface only, in addition to the COD gages, there
are four foil strain gages on each of the base metal and clad portions of
the plate and two thermocouples. Heat-tinting destroyed the foil strain
gages, and the plate was partially reinstrumented for the initiation test
as shown in Fig. 7.2. On the first plate tested, an attempt was made to
reuse the weldable strain gages, but with nixed success; subsequently, a
clip gage was used to measure the COD. Extra thermocouples were added
for tests at other than room temperature to ensure uniform temperature
through the plate thickness.

A data acquisition system was used to record the readings from the
instrumentation on magnetic tape at suitable time and load intervals. In

addition to the strain / COD and the temperature at various locations in )
the plate, the load and the displacement of the testing machine ram were j

also recorded. !

Using an assumed flaw shape that corresponded approximately to the |
IEB weld zone, the loading rate was chosen to be within the range pre-

scribed by ASTM E399 (0.55 to 2.75 MPa /m/s).
For the six plates tested, the target surface stralas and corre-

sponding loads are given in Table 7.1. For applicable cases, the load j
,

| that the specimen can support af ter pop-in, the "arrest" load, is also j
' given. The surf ace strain (in the unif orm bending moment span of the )

plate) is the independent parameter used in the selection of the target
load. All arrest experiments were performed at either -25 or 25'C, and
Fig. 7.3 shows the point on the load vs surf ace strain curve at which the
six plates have been tested. The loads (and strains) were maintained
constant under stroke control during the period of hydrogen charging and
are a measare of the crack-driving force during the instant the fisw

initiated in the EB weld.
For the first plate tested, CP-15, the surf ace strain was chosen to

be approximately the yield strain of the base metal. The plate did not

ru p t u re . The tardet surface strain was increased for each of plates
CP-17 and -19. In all three cases, the flaw initiated and arrested after

propagating, beneath the cladding, a distance that increased with in-
creasing target strain. An unclad plate, CP-21, ruptured when loaded to
approximately the base metal yield strain on the surface. The pop-in,

arrest loads, and corresponding crack lengths for the four plates tested
at room temperature are shown scheuatically in Fig. 7.4.

.. _ ___________
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Table 7.1. Target surface strains and corresponding
loads for the six plates tested

Load Target

acPlate Condition tem rature- ,n
( Pop-in Arrest (%)

-

CP-15 Clad RT" 676- 654 0.31
-25 759 70g

-100 600 R

CP-17 Clad RT 890 823 0.45
Several pop-ins -25 756/725 R

occurred bef ore
rupture

CP-19 Clad RT 987 689 0.65
-50 703 R

CP-21 Unclad RT 676 R 0.27

CP-18 Ciad -25 823 649 0.39
-25 698 R

CP-20 Clad ~25 868 R 0.41

#RT = room temperature, ~25'C.
bR = plate ruptured in two pieces.

ORNL DWG 88-3801 ETD ;

I I I I I I I
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_
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| | | | 1 I I
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Fig. 7.3. Point on the load vs surf ace strain curve at which six
plates have been tested.
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Fig. 7.4. Pop-in, arrest loads, and corresponding crack lengths for
four plates tested at room temperature.

7.1.3 Testing of plate CP-15

The first three-wire clad plate was loaded at room temperature to a
surface strain of ~0.31% (in the unif orm moment span of the plate),
corresponding to the yield stress at room temperature of the base metal
of 590 MPa and requiring a load of 676 kN (152 kips). The plate was then
hydrogen-charged, while the load was kept constant by using stroke con-
trol. Pop-in occurred within about I h. The plate was removed from the
testing machine and heat-tinted at 325'C. The plate was reinstalled,
cooled to -25'C, and loaded at a constant displacement rate. A second
pop-in occurred at a load of 759 kN'(170.6 kips). The plate was removed
from the testing machine and heat-tinted at 250*C. The plate was rein-
stalled in the testing machine, cooled to -100*C, and the load increased
at a unif orm rate until the plate broke completely at 600 kN (134.8 kips).
Figure 7.5 shows the two broken halves of the 150-kg test specimen with
heat-tinted shapes of the first and second pop-ins. The fracture surface
was examined in detail and is described in a later section.

After the first pop-in, a surf ace crack in the RAZ of the EB weld
could be discerned, but it did not appear to have extended on the sur-
face. Instead, a small concave dimple extended axially from the ends of
the flaw, indicating that perhaps the flaw extended under the surf ace.
The extension of the axial dimple stopped short of the cladding. The
crack had actually propagated in the base metal just below the surface

_ _ __. __
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Fig. 7.5. Broken halves of the 150-kg test specimen CP-15 with

heat-tinted shapes of first and second pop-ins.

until it encountered the HAZ with a very thin layer of metal covering the
flaw.

During the second pop-in, the surface flaw appeared to have extended
in the base metal along the previously dimpled surf ace to a length of
about 7 cm, but still short of the 10 cm needed to reach the cladding.
However, the dimple extended into the cladding ~5 to 10 mm. The surface
extension of the flaw in the base metal was merely the rupturing of the |

thin layer mentioned previously. Figure 7.6 shows the surface crack in
the HAZ of the EB weld after the second pop-in (top center), extending as
dimples into the cladding on either side. The crater on the left of the
crack was formed during EB welding, not during testing. Note the buckled
weldable strain gages, indicating the large COD to which they had been
subjected.

After the second pop-in, because of the lack of observable flaw ex-
tension along the surface, the plate was x-rayed and examined ultrasoni-
cally with dye penetrant. Both examinations indicated a subsurface flaw
about 27 cm long. The dye penetrant failed to reveal any extensions of
the flaw on the surface beyond those observed visually (Fig. 7.7). The

; thin surface layer over the portion of the flaw residing in the base,

metal had only partially ruptured, thus blocking the dye penetrant froml

indicating that portion of the flaw. The details of the dye penetrant

and ultrasonic examination are given in a later section.
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i

7.1.4 Fractography of plate CP-15

The f racture surf ace of plate CP-15 was examined to determine the
profile of the crack f ront at the arrest events. For this specimen, the,

l initial fracture and arrest occurred at room temperature , the second
f racture and arrest occurred at --25'C, and the final f racture of the

plate was at -100*C. Heat-tinting was used to mark the crack f ront after
the two arrest events.

Preliminary examinations were made of the fracture surface after the
final fracture. Optical micrographs were also made. The fracture sur-
f aces were then cut of f of the f ractured specimen halves. One of the
resulting pieces was then cut into 11 sections to allow portions of the

.
surface to be inserted into the SEM for further examination.

'
7.1.4.1 First fracture event. The initial event, which occurred at

room temperature, initiated in the HAZ of the EB weld and propagated down
I into the plate as well as extending out to either side. Near the sur-

face, the crack was arrested on either end by the RAZ associated with the

| cladding. The result was the b sed-out shape shown in Fig. 7.8. The
i

|

!
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Fig. 7.8. Macrograph of fracture surface of clad plate CP-15.

f racture mode during this event was cleavage, all the way to the arrest
location. No evidence of ductile fracture at the arrest point is shown

in Fig. 7.9.
7.1.4.2 Second fracture event. The second fracture and arrest

occurred at -25'C. The crack extended from the first arrest point into

the plate, extending much further to either side and also through the
thickness of the plate. SEM examination showed that the crack was again

arrested by the HAZ boundary on one end of the crack, termed the "lef t-
hand side" (LHS). Again, in this case, the f racture mode was cleavage
all the way to the arrest point. In the center of the plate, the crack

also extended by cleavage to its arrest location. However, at the other

end of the flaw, referred to as the "right-hand side" (RHS), the flaw was
able to penetrate the HAZ and did actually cote into contact with the
cladding. In this case , the HAZ was fractured over a distance of roughly
1 in., at which point the flaw deviated and returned to f ollow the HA2
boundary. The distance over which the HAZ was penetrated matched the
width of the initial strip of cladding. The crack f ront deflection
occurred at the point where the HAZ of the second strip of cladding en-

,

countered the HAZ f rom the first strip. The crack grew through the first

strip of HAZ by a cleavage techanism and then hit the stainless steel
cladding. Sear the edge of the cladding, the flaw penetrated into the
cladding for as much as 0.8 mm. The amount of penetration decreased fur-
ther from the edge of the cladding until the flaw followed the cladding-
base metal interf ace. Fracture of the stainless steel cladding occurred

by a ductile mechanism, because the primarily austenitic material will
not cleave.

7.1.4.3 Final fracture. The final f racture at -100'C resulted in
the complete fracture of the plate. Fracture occurred by cleavage

through the remaining areas of base metal and HAZ. Fractute in the

cladding tended to follow the ferrite phase, resulting in a relatively
brittle fracture appearance. In this case, however, there was no indi-
cation that the crack had stopped at the interf ace between the cladding
and the HAZ or at the boundary between HAZ and base metal.

_ _ _ _ _. . _ _ _ _ _ _ _ . _____ . _ _ . _ _ _ _ _ _ _ . _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ __ -_

i

'

ORfJL MOTO f,3% 87A

rcy r . y1- . , p ,-, v

e *, ? 'kif, e(!{N W,s,.*E|i'"QY
ci

8|'f7 ~i,W. e ~ Ayn: D|h N.Q.,i
(a)

Vi
. '/.

'

' a,[4, yELECTRON i; ' *'
,s

' M' : SBEAM WELD i .i
.

L

'

l; E%%,,',., .;fp,', f%;,7CLADDING r i .

-

* ' 'v. / <h},
.< -/'

. , %: ,%, '.~n*:2 ;. .,(S *'S
"s'*;V < .'r n, * $-|#

.

HEAT s ,

' he [f]I[gp? * J5
'

,jf_-[,.g.r
'

-

[e(
''

AFFECTE , .a
,

-ff. : ^ g ,g 8,

ZONE

/d f, j
., j[&;g.BASE METAL'' , 'q '

y *, - s = - ...

*
M$blQ}<?6 W|;? A. |,"i * fWJp '{',yfj

jM
~ + ;,,: ; _ f ',i .r / ,y tg.CRACK . c , e ,, , - i . g,,!A,

--

.* N $4c; > y,Fh0NT '

.

b *I MT;[f. IDfh
2f

' k[')#y.kV. -
5f 2j

'

CRACK CRACK
FRONT FRONT -

%
~

/ / ~

'y -I trygg shp ,,:, :s

" h h,,'f f' ' ~ s. ,|" r,.t c,g$ ,
. *1. , .-~._, .E g'

,

', !'
'

3' .-
.

? J; Jf1|~%gg
g:g;f;

i'

- -

s. ... n.
i.

hj
' $bEni

,0.25 mm, ,0.25 mm, ,0.25 mm, jN
,

J

/ /
Fig. 7.9. Fractography of clad plate CP-15. There is no evidence

of ductility at arrest locations. Second event resulted in crack arrest
in cladding on the right-hand side of flaw.
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7.1.5 Testing of plate CP-17

The test temperature of the second clad plate, CP-17, was also 25'C,
and surf ace strains were about 0.45% during hydrogen-charging.

The loads at pop-in were 890 and 823 kN (200 and 185 kips) at pop-in
and arrest, respectively. Figure 7.10 shows the crack in the HAZ of the
EB weld on the surf ace of plate CP-17. As in plate CP-15, the crater on
the right side of the crack was f ormed during EB welding, not during
testing. Figure 7.11 shows the same area as Fig. 7.10 during dye pene-
t ra nt examination.

The plate was heat-tinted then reloaded at -25'C until it ruptured.
An audible pop-in occurred at 756 kN (170 kips), followed by other pop-
ins before complete rupture at 725 kN (163 kips). Figure 7.12 shows the
load displacement record of these events. |

Figure 7.13 shows the f racture surf aces of the broken halves of )
plate CP-17. Figure 7.14 is a close-up of the heat-tinted, arrested flaw |

shape of plate CP-17 and six data points f rom the ultrasonic examination
(see Sect. 7.1.6). The HAZ of each weld pass is clearly visible, and it

I appears that the HAZ of the first pass has deflected the "wing-tips" of
! the flaw toward the midthickness of the plate bef ore arresting. The

;
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Fig. 7.11. Same area of plate CP-17 as shown in Fig. 7.10 during
dye penetrant examination.

lighter colored bands are unbroken ligaments that are deeply undercut.
The pop-ins observed during tne final stages of loading, before rupture,
may have been the breaking of these ligaments.

|

7.1.6 Dye penetrant and ultrasonic examination
of plates CP-15 and -17

|

Plate CP-15 was examined after the second pop-in of the flaw, while

| plate CP-17 was examined af ter the first pop-in. Both penetrant and
' ultrasonic techniques were applied. The penetrant technique used a Zyglo

ZL-22A material (Magnaflux product). This fluorescent dye penet rant is
viewed with an ultraviolet light and is considered a high-sensitivity
indicator for surface-breaking flaws. Results of the penetrant tests are
documented in Figs. 7.7 and 7.11.

The ultrasonic examination was perf ormed with a 5-MHz search unit
with a contact wedge to produce a 45* shear wave in steel. T he measure-
ments depend on the detection of the tip-diffracted signals from the
crack. Scanning was performed from the unclad surf ace in two directions
(perpendicular to the crack surface) to detect the maximum through-wall
crack depth as referenced to plate thickness and centerl.ne. Initial

__ . . _ _ _ . _ _ _ . . _ _ _ _ _.._. _ _ ._.. _ _ .. ..
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attempts on CP-15 estimated the maximam flaw depth to be about one-half
the thickness (t).

Crack-tip measurements on CP-17 predicted a maximum crack depth of
~60% of the thickness [30.5 mm (1.2 in.)] at a position ~25.4 mm (1 in. )
to one side of the centerline. This data point and five others have been ;

plotted on the fracture surface and are shown in Fig. 7.14. The maximum !

extension under the clad was predicted to be on the same side as the 0.6t
data point. The prediction of maximum flaw depth at each end was essen-
tially the same (0.38t or 19.1 mm (0.75 in.)]. The accuracy of the tip

measurements depends on the detection of the extreme crack extension and
is prone to underpredict the depth if the tip is closed or highly
stressed.

7.1.7 Testing of plate CP-19

This plate was loaded to a surf ace strain of about 0.65%, which
corresponded to a load of 987 kN (222 kips). The flaw popped-in and
arrested at a load of 689 kN (155 kips). Figure 7.15 shows the fairly
wide but shallow crater f ormed on the surf ace of plate CP-19 as the flaw
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tunneled below. The flaw ran the entire width of the plate until it
penetrated the side. Figure 7.16 shows the location on the side of plate

|
CP-19 whete the propagating flaw emerged, allowing the acid used for -

hydrogen-charging to run out of this crevice.
Figure 7.17(a) shows the interesting arrested flaw shape formed in

plate CP-19. The flaw ran parallel and almost symmetrically about the
centerline of the plate cross section. A possible explanation of such a
flaw shape is that the neutral axis of the plate during bending must have
shifted to some location in the unbroken ligament on the compressive
side. Figure 7.17(b) shows schematically the displacements (af ter the
flaw arrested) through the plate thickness in the plane of the flaw with
the neutral axis near the plate bottom (assuming plane sections remain
plane). If this was the case, then the high ductility of the cladding
must have sustained high strains on the tensile side as well as relieved
the high strains at the tip of the flaw.
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Fig. 7.16. Location on side of plate CP-19 where propagating flaw
emerged, allowing acid used for hydrogen-charging to run out of this
crevice.
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Fig. 7.17. (a) Interesting arrested flaw shape formed in plate
,

CP-19 and (b) surface displacement after arrest of flaw.

7.1.8 Testing of plate CP-18

This plate was tested at -25'C with pop-in and arrest occur rin>; at
823 and 649 kN (185 and 146 kips), respectively. Figure 7.18 shows the

fracture surf ace of plate CP-18. Note the similarity to the fracture

surface of plate CP-19 shown in the previous figure. T he tunneling of

this flaw was also accompanied by the f ormation on the surface of a shal-
low crater similar to the one in plate CP-19 (Fig. 7.15).

The sulfuric acid used during hydrogen-charging of this plate at
-25'C froze, and the test had to be discontinued until a core suitable
concentration was substituted. After thawing, the acid was reco ved , but

it was the follosing day before t he test was resumed. Just as the plate

reachel the target load of 8J3 kN, before any acid was added, and the
hydrogen-charging current switched on, the flaw initiated. It is not

. - . ._. _- .- _,
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fracture surface of plate G-19 shown in Fig. 7.17.

i

clear whether a smiler flaw had already initiated in the EB weld region I
J

(triggered by the remnants of the acid in the EB wela region).
After the heat-tinting, the plate was loaded an -25'C until it rup-

| tured at 698 kN (157 kips).

7.1.9 Testing of plate CP-21

Of the six tested, this was the only unclad plate, providing a com-
parison to the clad ones; it used the same load as plate CP-15, namely,
the 676 kN. The test was perf ormed at rcom temperature, and the plate
ruptured. Figure 7.19 shows the f ractured surf aces of the two broken
halves of plate CP-21. The beach erks formed on the surf ace indicate a
canoe-shaped crack front as the flaw propagated in a direction parallel

|

|

|
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|
| to the top surf ace bef ore the plate ruptured. The dark discoloration

f ormed by the acid and should be disregarded.

7.1.10 Testing of plate CP-20

This was a clad plate tested at -25'C and at a target strain of
0.41% corresponding to a load of 868 kN (195 kips). The plate ruptured

~2.5 h after the start of the hydrogen-charging. The fracture surfaces
of plate CP-20 are shown in Fig. 7.20.

The strain and load levels for this plate form an upper bound to the
load-bearing capacity of the clad plate at -25'C. Although not easily

comparable to the load (676 kN) that ruptured the unciad plate at room
temperature, it does provide another indication of the enhanced crack-
arrest capability of clad plates.
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Fig. 7.20. Fracture surf aces of plate CP-20.

7.1.11 Discussion of results

The tough surf ace layer of cladding and RAZ seemed to have contrib-
uted significantly to the load-bearing capacity of the plates by arrest-
ing flaws at loads and temperatures that have ruptured unclad plates, as
seen by comparing the results of the tests on plates CP-15 and -21. In

fact, the clad plate CP-19 arrested a flaw subjected to a driving force
(as measured by the target load) almost 50% higher than that which broke
an unclad plate. Moreover, the residual load-bearing capacity of plates,
as measured by the critical loads in initiation experiments with fairly
large flaws, was generally greater than required to break the unclad
plate, even though the test temperatures were lower by 50'C.

The tests indicate a propensity of propagating flaws to tunnel, even
J

without the aid of the tough surface layer composed of cladding and HAZ;
tunneling also has occurred in the base metal portion of the clad plates

:
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and in the unciad plate. This potential for tunneling results from the
location of the maximum stress-intensity factor for short flaws occurring
somewhat below the surf ace when the flaw is in a stress gradient as in

these tests.
The ductility of cladding appears to have been a necessary ingre-

dient 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.

7.2 Flaw Characterization Studies of Clad BWR Vessel Material

K. V. Cook R. W. McClung

7.2.1 Introduction

Nondestructive examinations conducted to determine flaw density in

segments of the Hope Creek Unit 2 boiling-water reactor (BWR) and Pilgrim
Unit 2 pressurized-water reactor (PWR) pressure vessels were completed.
A topical report, Flav Density Exanin1 tion of a Clad Boiling Water
Reactor Pressure Vessel Segment (NUREG/CR-4860 (ORNL/TM-10364)], was
published in April 1987; however, a revision to that report adds a brief
comparison of the limited experimental data with the predictions f rom the
Marshall Report and the Octavia function.3 Results indicate that the
flaw density predictions may be nonconservative for the small flaws.

An oral presentation and a paper summary, entitled "Detection and
Characterization of Flaws in Segments of Light-Water Pressure Vessels,"
were prepared f or the 15th Water Reactor Saf ety Information Meeting,
October 27, 1987, at the National Bureau of Standards.

The experimental / prediction comparison and technical studies activ-
ities performed during this period are summarized in the following sub-
sections of this report. Further details are available in the written
material mentioned earlier.

7.2.2 Comparison of experimental and predicted results for
Unit 2 Hope Creek vessel segment

A brief comparison was made between the apparent flaw density
detected in this examination and the predictions made in the Marshall
Report. In a 1976 version of the Marshall Report, an estimate was made
of 3.6 defects (of all sizes) in a 3-m3 volume of weld material. A table
in the 1982 Marshall Report estimated that the flaw population per vessel



___ _ - _ _ _ _ _ - - _ _ _

..

243

,

would be
.

6

"Depth.

Defects (in.)
:

0.92 >0.25 ;

0.39 >0.5
0.06 >0.3a

0.0076 >1.5 t

i

The1982MarshallReportestimateswerefurthercongaredinAppendixB of a United Kingdom Atomic Energy Establishment report with the Octavia-

functions and other flaw density estimates. The Octavia function was
'

developed by the U.S. Nuclear Regulatory Commission (NRC) to calculate
the probability of pressure vessel failure from operationally caused
pressure transients that can occur in a PWR and determines the probabil-
ity of occurrence for various size flaws. Based on "operational experi-
ence and discussions with metallurgical personnel," the Octavia function ;

predicts fewer cracks <10 mm deep than predicted by the Marshall Report.
,

In the very limited examinations of tne Hope Creek pressure vessel
sections, the first indication of flaw density using Ansrican Society of i

Nechanfeat Ehginsors (A9VE) Code procedures implied significantly more
apparent flaws than would have been predicted. Clad removal demonscrated
that 11 of the 12 indications were clad-associated anomalies. The one
retaining indication was demonstrated by both nondestructive and destruc-' *

tive methods to have a through-wall dimension of about 6 mm (0.24 in.).
It is recognized that examination of only 3 m (10 ft) of weldment offers ,

very limited data when compared to the extent of welding in only a single4
,

pressure vessel. However, the detection and confirmation of the flaw in '

the arbitrarily selected sections demonstrate a circumstance where the
Marshall Report estimates are nonconservative. ;

,

7.2.3 Nondest-uctive examination of sections
'

from Pilgrim Unit 2 pressure vessel

Four sections from the as-f abricated Pilgrim vessel were purchased
i by the HSST Program. Three of the four sections were of adequate size

for the flaw density studies; therefore, the three larger sections were
i

j screened for the expected presence of weld seams. No welds were located, ;
so activities were restricted to a penetrant examination of the cladding -

i

and a manual ultrasonic examination of the underclad regions contained in i

the three larger sections. The inside clad surfaces were covered with a
paint 11ke coating by the manuf acturer to protect against erosion-corrosion |
ef fects prior to shipment to the reactor site. The coating was designed i
for stripping f rom the vessel; however, it could not be manually removed |

- [especially in areas where the high-temperature flame-cutting (salvage)
operation had melted it onto the surface). After unsuccessful attempts

| to manually remove the coating, the three pieces were shipped to the K-25
'

Plant for acid-bath cleaning. Two cleaning operations were performed to'

,

!

l .

j l
'

,

6
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get the clad surf ace in conditiun for penetrant inspection. Figure 7.21
shows the three pieces of the Pilgrim vessel sitting on wooden skid
pallets after acid cleaning.

7.2.3.1 Liquid penetrant inspection of three segments of Pilgrim
Unit 2 vessel. After acid cleaning and an alcohol wipe of the clad sur- i

2 (53 f t ) of cladding for surf ace-breaking flews2faces, we inspected ~5 m
with a Zyglo fluorescent penetrant technique. Magnaflux ZL-22A oil-base ;

dye-containing penetrant was applied for a minimum of 30 min. We then )
manually removed the penetrant with alcohol-dampened cloths. After i

'

removing the surface penetrant, we inspected for surface-breaking indica-
tions using a 100-W fluorescent light (black light) in a darkened area of '

Building K-1401. No significant indications were detected. A light
background glow, after significant time delay, indicated surface rough-
ness exceeding that observed on the Hope Creek pieces, We suspect that
the acid cleaning performed on these sections (and not on the Hope 2 reek
sections) provided the increased sensitivity background.

7.2.3.2 Examination for underclad cracking using manual ultrasonics.
A dual-element search unit that generates nominal 70' longitudinal beams
with a second angle to produce a pitch-catch maximum sensitivity to under-
clad cracking at a depth of about 9.5 mm (0.375 in.) was used to examine
for underclad cracking. The same couplant, equipment, and technique used
for the Hope Creek task was used for the Pilgrim task. The same block
used to c.tablish secondary calibration procedures for Hope Creek under-
clad cracking studies was used for preliminary calibration of our ultra-
sonic screening tests (to select one of the Pilgrim pieces for use as an
underclad calibration standard). This preliminary calibration block is
shown 'n Fig. 7.22 and sas fabricated for a previous NRC activity. We

arbitrarily assigned P-1, -2, and -3 identification to the three Pilgrim

vessel sections (see Fig. 7.21). Sec. tion P-1 was selected for the under-
clad cracking calibration block. Figure 7.23 shows block P-1 with the
rectangular-shaped, dual-angle, 70* search unit located on the clad
surface. Note the two side-drilled hole reflectors located within the
machined slot just to the lower right of the search unit and scale. Two

more side-drilled holes are located in a second slot just above the metal
lif ting plate that has been welded to the piece (at the nearest corner of
the vessel section). These four holes (reflectors) are located at two
depths below the clad surface, are all the same .iameter [4.76 mm (3/16
in.)], and were drilled at least 10.16 cm (4 in.) deep. The centerline
depths (from the clad surf ace) of these reflecting surf aces are 1.42 and
3.81 cm (0. 56 and 1. 5 in. ), respectively. The 1.42-cm reflectors pro-

vided our basic calibration. Manual scans were made both parallel and
perpendicular to the ~8.9-cm-wide (3.5-in. ) strip clad by 2-m-long
(6.5-ft) overlay sections obvious in Fig. 7.23. The nominal practice of
skewing the search unit while scanning was used. Block P-2 was the only

one in which an indication of note was located. This indication's ampli-

tude is about 5 dB less than that from the calibration reflector, and it
appeats to be a spotlike reflector. A stop-stare positioning of the
search unit was required to obtain the maximum amplitude response. Addi-

tionally, the search unit position is difficult to relocate. This indi-

cation is physically located near a position where two of the 8.9-cm-wide
strip clad sections join and at a depth of about one-half that of the
calibration reflector (i.e., near the clad-to-vessel wall interface).
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Fig. 7.22. Flawed block 2 used for preliminary underclad cracking
calibration.
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7.2.4 Results and conclusions

A comparison of limited experimental data taken on the Hope Creek
Unit 2 segment with the predictions made by the Marshall Report and the
Octavia function seem to make the predictions nonconservative for small
flaws.

2 of clad surfaceThe nondestructive examinations completed on ~5 m
contained in three pieces of the Pilgrim Unit 2 pressure vessel detected
only one ultrasonic indication that compares in signal amplitude to a
calibration reflector similar to that used in vessel field-type inspec-
tions. The amplitude of this indication is only about half that of the
calibration reflector when maximized and appears to have very little
length. Decisions have not been made on further potential exploration of
this indication.

7.3 Finite-Element Anclyses of Plates
CP-15, -17, -18, and -19

J. S. Parrott B. A. Owens*

An elastic finite-element posttest analysis of the initial flaw of
plate CP-15 was made using the ORMGEN/0RVIRT ,7 fracture analysis system6

with the ADINA8 fini te-element code. The initial flaw of the CP-15 plate
was located exactly in the center of the top surface. Because of the
symmetry of crack location, cladding location, crack shape, loading, and
support location, it was only necessary to generate a one-quarter plate
model to analyze the entire plate. This model contained 3750 nodes and
733 20-noded isoparametric elements. . In the model, the symmetry planes
had to have certain constraints. The nodes in the X = 0 plane were con-

,

strained to have no motion in the X direction. Likewise, the nodes out- l
side the crack front in the Z = 0 plane were constrained not to move in

,

the Z direction. These two restrained planes are shown in Fig. 7.24.

| The model was 5.08 cm thick,. 20.32 cm wide, and 45.72 cm in length.
A 0.508-cm layer of cladding and 0.762-cm layer of heat-af fected metal'

were also present as portions of the top surf ace of the plate. The gen-
eral dimensions of the model, cladding layer, and HAZ are also shown in

[ Fig. 7.24. Material properties for the base metal (A 533 grade B chemis-
| try steel), the cladding (three-wire, series-arc, stainless steel over-

| lay), and the HAZ required for the analysis are tabulated in Table 7.2.
l These properties were Young's modulus and Poisson's ratio corresponding
! to a temperature of 22.2*C, which is the test plate temperature. The

thermal coefficient of expansion was not needed because no thermal strain
was present.

Only the first load step of a possible multistep inelastic analysis
was used in this problem. This allowed the elastic first step results to
be scaled to the results obtained from a fully applied elastic load. The

* Undergraduate student, College of Engineering, Tennessee;

! Technological University, Cookeville, Tennessee.

|

|
|

I
|

, , , , , . - - . -. . - , . .~, . _ _ , . - . ,
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Fig. 7.24 Final element model of CP-15.

Table 7.2. Material properties

Young's modulus, E Poisson's
Material [GPa (psi)] ratio, v

Base metal
6A 533 grade B 206.08 (29.89 x 10 ) 0.3

chemistry steel

Cladding
6301 stainless steel 190.36 (27.61 x 10 ) 0.3
6HAZ metal 198.22 (28.75 x 10 ) 0.3

total applied load of 169 kN (38 kips) (one quarter of that applied to
the entire plate), and plate supports are shown in their proper location
in Fig. 7.25. Loading was applied while the plate was at a uniform tem-
perature of 22.2*C. No thermal strain was present because of the uniform
temperature and freedom of the plate to expand and contract.

The objective of the entire analysis was to determine the stress-
intensity factors (K 's) along the crack front. This was accomplishedy

_ _ - _ - - - - _ _ _ . _ _ _ -. - - _ -. . - - - _ .
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Fig. 7.25. Load and support location used on finite-element model
of initial flaw of CP-15.

using ORVIRT after the mesh was generated and the plate streases calcu-
lated. ORMGEN was used to generate the model mesh, and ADINA was em-
ployed to calculate stress throughout the model. The stress-intensity
factors calculated using ORVIRT are tabulated in Table 7.3. These values
are graphed vs the clockwise angle along the crack front in Fig. 7.26.
The crack in the model was then closed, and ADINA was run again to find
the stresses in the model. These stresses were then found to favorably

compare with those obtained using simple beam theory providing confidence
that the ADINA ORVIRT results with the crack open were correct.

A three-dimensional (3-D) finite-element analysis was also conducted
on the intermediate flaw (right side only) of the CP-15 steel plate to
determine stress-intensity f actors at points along the crack surf ace.
These analyses were performed with the ORMGEN/0RVIRT fracture-analysis
system in conjunction with the ADINA-84 finite-element code. The 3-D
model was comprised of a cuarter segment of the original plate containing
3817 nodes with 753 20-noded isoparametric elements as shown in Fig. 7.27.
The material properties for the cladding, HAZ, and the base metal used in
this analysis are given in Table 7.4. In reducing the model to one-

quarter the original plate, nodes were also restrained in the X = 0 and
Z = 0 planes.

Only the first load step of a possible multistep inelastic analysis
was used in this problem. This allowed the elastic first step results to
be scaled to the results obtained from a fully applied elastic load. The

total load applied to this model, 189.7 kN, which is one-quarter of the
load applied to the entire plate, along with the plate supports are shown
in Fig. 7.28. Because the supports are present where Y = 0 in. and
Z = 12.7 cm, the nodes along this line parallel to the X axis had to be
restrained in the Y direction. Due to the plate's unif orm temperature of
-25'C (--13'F), there is no thermal loading thereby reflecting no need f or
a thermal coef ficient of expansion.
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Table 7.3. ' Average stress intensity
KAVG along. crack front-

a K
Angle AVG

(deg)- (MPa*/m'(ksi./in.)]

~0.00 112.2 (102.1)

. 2.81 78.2 (71.1)-
19.69 72.2 (65.7) .

36.56 77.7 (70.7)

53.44 87.2-(79.4)'
.70.31 89.9 (61.8)
87.19 92.2 (83.9)
90.00 92.6 (84.2)

#Clockwise from top surface..
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Fig. 7.26. Variation of average stress intensity as function of
,

clockwise angle along crack front.
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| Fig. 7.27. Finite-element model of intermediate flaw of CP-15.
!

I
t

Table 7.4. Material properties

Y ung's modulus, E Poisson's
I Material
| [GP (psi)} ratio, v

Base metal
6A 533 grade B 208.63 (30.26 x 10 ) 0.3

chemistry steel

Cladding
6301 stainless steel 193.26 (28.03 x 10 ) 0.3
6

| HAZ metal 200.91 (29.14 x 10 ) 0.3

1
,
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Fig. 7.28. Load and support location used on finite-element model
of intermediate flaw of CP-15.

The expected stress-intensity factors (K 's) along the crack front
I

were determined using ORVIRT. Prior to this, however, a closed crack

test was performed to ensure that ADINA was giving the same normal Z
stress as was calculated using the simple beam theory.

Three situations were analyzed for the intermediate flaw. These in-
volved having the crack (1) embedded in the cladding, (2) embedded in the
HAZ, and (3) extended through the cladding to the plate surface. The
analysis of situation (1) resulted in meaningless K values for the clad
region nodes. Likewise, erroneous K values were produced for the nodes
in the clad region and HAZ f rom the analysis of situation (2). These K
values were therefore disregarded. All the meaningful K values are tabu-

lated along with their corresponding clockwise angles along the crack
front for each situation in Tables 7.5-7.7. These K values are graphed
as a function of the clockwise angle along the crack front for each

situation in Figs. 7,29-7.31.
The final pseudo flaws considered for CP-15, -17, -18, and -19 were

analyzed elastically with the ORMGEN/ORVIRT and ADINA computer programs
by making several simplifying assumptions:

1. Material properties were assumed to be uniform in all regions of the
plate and to consist of the base material properties.

2. A semiellipse was fitted to each of the flaw profiles neglecting the
actual deviation that occurs at the HAZ and at the cladding.

3. These pseudo flaws vece assumed to penetrate through the HAZ and
cladding to the plate surf ace.

4. Load at arrest was assumed to be that at initial pop-in for each
plate.

Only one-quarter plate models were necessary due to symmetry of crack
location, crack shape, and loading in each plate. Each model contained
2931 nodes and 589 20-noded isoparametric elements.

. _ _ _ _ _
_
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Table 7.5. Average stress' intensity |

KAVG of-intermediate flaw of CP-15 !
along crack front assuming

embedment of the flaw
in the cladding

EAngle"
.

AVG
(deg) (MPa+/m (ksi+/in.)}

3.68 44.5 (40.5)
9.13 67.4 (61.4)

10.14 49.0 (44.6)
14.45 61.6-(56.1)
22.21 76.4 (69.5)
38.45 89.6 (81.5)
79.98 94.1 (85.6)
90.00 93.2 (84.8)

aClockwise from top surface.

Table 7.6. Average stress intensity

KAVG of intermediate flaw of CP-15
along crack front assuming

.

embedment of the flaw
| in the RAZ
\

Angle" AVG
(deg) [MPa+/m (ksi+/in.)]

9.13 8.8 (8.0)
10.14 24.0 (21.9)
14.45 33.1 (30.1)
22.21 59.1 (53.8)

| 38.45 84.1 (76.6)
79.98 89.5 (81.4)

1

90.00 88.5 (80.5)
t

L aClockwise from top surface.

|
r
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Table 7.7. Average stress intensity

| KAVG of intermediate flaw of CP-15
L along. crack front assuming flaw

,
penetrates to the surface

|

EAngle" AVG|

(deg) (MPa*/m (ksie/in.)]

0.00 214.5 (195.2)
3.68 155.5 (141.5)
9.13 92.8 (84.5)

10.14 78.2 (71.1)
14.45 99.1 (90.2)
22.21- 107.3 (97.7)
38.45 107.1 (97.5)
79.98 108.6 (98.8)
90.00 107.8 (98.1)

a lockwise from top surf ace.C
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Fig. 7.29. Variation of average stress intensity of intermediate
flaw of CP-15 as function of eiockwise angle along crack front.
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Fig. 7.30. Variation of average stress intensity of intermediate
flaw of CP-15 as function of clockwise angle along crack front.
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flaw of CP-15 as function of clockwise angle along crack front (flaw
assumed to penetrate to surf ace).

.- -. - . . , ..



257

For CP-15, a crack depth corresponding to the known crack width at
the cladding interf ace could be chosen. Surf ace roughness changes in a

crack plane photograph made this possible. There were no physical acans
of approximating the crack depths of CP-17, -18, and -19. Theretore, the

same crack depth-to-width ratio was used f or the last three plates as had
been used in CP-15. The crack widths and depths as well as the load and
temperature of the tests of each plate are given in Table 7.8. A typical

crack plane mesh generated by ORMGEN is given by Fig. 7.32.
The average stress intensities calculated as a function of the clock-

vise angle along the crack front for the final pseudo flaws of CP-15, -17,
-18, and -19 (based on the previous assumptions) are tabulated respec-
tively in Tables 7.9-7.12 and plotted respectively in Figs. 7. 3 }-7. 3 6.

Table 7.8. Analyses parameters

Crack Crack Load total

Plate width depth plate *f**"*
(in.) (in.) (kN)

CP-15 1.8970 0.6640 676 20

CP-17 1.9110 0.6689 890 20

CP-18 2.090 0.7316 023 -25

CP-19 1.930 0.6756 988 20
_.

ORNL-DWG BS-3810 ETD

.r

M' *

:-
n_ -

_

Y

Z'
Fig. 7.32. Typical crack plane mesh for final flaws of CP-15, -17,

-18, and -19.



.,-

I

258 I

l
J

I
.

Table 7.9. Average stress intensity
KAVG along crack front of

final flaw of CP-15

Clockwise KAVG
#"8 [MPa*/A (ksia/in.)]d

0.00 86.5 (78.7)
3.46 84.0 (76.5)

24.23 83.6 (76.1)
45.00 87.4 (79.5)
65.77 86.9 (79.1)
86.54 87.2 (79.4)
90.00 86.4 (78.7)

Table 7.10. Average stress intensity
KAVG along crack of final

flaw of CP-17

Clockwise KAVG
"E [MPa*/E (ksia/in.)]d

0.00 114.6 (104.3)
3.46 110.9 (100.9)

24.23 110.5 (100.5)
45.00 115.4 (105.0)
65.77 114.5 (104.2)
86.54 114.9 (104.6)
90.00 113.9 (103.6)
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Table 7.11. Average stress intensity
KAVG along crack front of

final flaw of CP-18

_

Clockwise KAVG
*"E [MPa*/E (ksia/in.)}

d

0.00 112.3 (102.2)

3.46 108.9 (99.1)
24.23 106.9 (97.3)
45.00 109.8 (100.0)

65.77 107.5 (97.8)
86.54 107.2 (97.5)

90.v0 106.0 (96.5)

Table 7.12. Average stress intensity
KAVG along crack front of

final flaw of CP-19

Clockwise KAVG
*ng e (Mia*/E (ksia/in.)]d

0.00 127.9 (116.4)

3.46 123.9 (112.8)
"

24.23 123.2 (112.2)

45.00 128.4 (116.9)

65.77 127.2 (115.8)'

86.54 127.6 (116.1)

90.00 126.5 (115.1)

_ _ __ _ .- _-.-,_ - _. . . - - . . - - - . - -
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8. INTERMEDIATE VESSEL TESTS AND ANALYSIS

R. H. Bryan

During the previous report period, a to ical report on the last
intermediate vessel test V-8A was published.

Intermediate test V-8A was the twelf th fracture test of a 150-mm-
thick steel vessel in the Heavy-Section Steel Technology Program. This
test series is a set of experiments on a scale IsrJe enough to simulate
realistically important aspects of fracture behavior of reactor pressure
vessels. Such experiments are the means by which theoretical models of
fracture behavior can be evaluated for possible application to fracture
analysis of vessels in nuclear plants.

The V-8A test was concerned with the fracture behavior of the pres-
sure vessel steels that are particularly susceptible to irradiation
damage. Several reactor pressure vessels in service contain welds that,
because of high copper content, may have their Charpy upper-shelf impact-
energy values reduced to relatively low levels by neutron irradiation.
Such low-upper-shelf steels are known to exhibit low resistance to a duc-
tile tearing mode of crack propagation in small (25-mm) laboratory speci-
mens. The results of the V-8A test are intended to provide an experimen-
tal basis for judging the accuracy of analytical procedures used to
evaluate the safety of reactor pressure vessels under conditions of low-
upper-shelf toughness.

The test plan was formulated to (1) demonstrate on a large scale the
tearing behavior of a low-upper-shelf steel and (2) f acilitate the com-
parisons, based on elastic-plastic fracture mechanics, with experimental
results of predictions of stable and unstable tearing. The test required

placing a special low-upper-shelf weld seam in a test vessel and generat-
ing a large flaw in this seam.

The test vessel was a typical HSST intermediate test vessel with an
outside diameter of 990 mm and a thickness of 152 mm. The vessel used
for the V-8A test had been tested previously at Oak Ridge National
Laboratory and repaired by the Babcock & Wilcox Company by depositing a
submerged-arc seam weld especially designed to have the desired proper-
ties for the V-8A test. A 280-mm-long by 88-am-deep f atigue-sharpened
flaw was implanted in the seam. The vessel was extensively instrumented
with crack-mouth-opening displacement (CMOD) gages, strain gages, and
ultrasonic transducers for detecting the flaw depth throughout the test.

The vessel was heated to an isothermal condition at ~150'C and then
pressurized slowly in several stages until unstable tearing was observed.
Pauses in pressurization at several pressure levels allowed time for
observing stable crack depths. A tearing instability was first observed

while the pressure was between 138 and 140.5 MPa. Tearing was inter-

rupted by a slight depressurisation, and a second tearing instability was
induced by further pressurization, which reached 143 MPa. The crack grew

in depth ~6 mm before the first instability. At the end of the test, the

flaw was 453 mm long and 101.4 mm deep.
Extensive elastic-plastic finite-element analyses were perf ormed

before and after the test. Bef ore the test, estimates of instability

pressure were made on the basis of these analyses and measurements of the
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ductile tearing resistance of four characterization welds. The estimated
instability pressures depended on the various measured resistances and
fell in the range of 133 to 145 MPa. The estimated instability pressure
based on tearing resistance of the vessel test weld itself measured af ter
the test was 134.5 MPa, which is 4% lower than the actual instability
pressure.

The objectives of the test were attained in spite of dif ficulties
with high pressure, high-temperature seals. The Charpy-impact and
tearing-resistance properties of the special seam weld were as desired:
impact energy was ~60 J. Ultrasonic transducers and CHOD gages performed

satisfactorily. Instabilities were arrested, preserving the final crack

geometry. Pretest predictions of the instability pressure made by sev-
eral investigators worldwide were all within -14 to +10% of the observed
instability pressure.

This experimental study demonstrated that the V-8A vessel, when
pressurized in a ductile state with a large flaw in a region of low tear-
ing resistance, is capable of withstanding a pressure twice the nominal
ASME (American Society of Mechanical Engineers) Code design pressure.
The study also indicated that accurate prediction of instability pres-
sures of a ductile vessel requires (1) methods of analysis that account
for plasticity and (2) good representations of the properties of the
material with respect to tearing resistance (with proper consideration to

scatter) and stress-strain behavior.

Reference

1. R. H. Bryan et al. , Test of 6-in.-Thick Pressure Vessels. Series 3:
Intermedlate Teet Veasei V-8A - Teaning Behavtoe of Lou Uppen-Sheif
Natorial, NUREG/CR-4760 (ORNL-6187), Martin Marietta Energy Systems,
Inc., Oak Ridge Natl. Lab., May 1987.
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9. THERMAL-SHOCK TECHNOLOGY

No activity in the thermal-shock technology task during this period.

- - - - _ - _ _ _ . - . . _ ._ __ _ _ ,
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10. PRESSURIZED-THERMAL-SHOCK TECHNOLOGY

R. H. Bryan

During this reporting period, the results of the second pressurized-
thermal-shock experiment, PTSE-2, were evaluated, posttest properties of-
the vessel insert containing the flaw were determined, and a topical
report on the experiment was written.1

10.1 Background and Conclusions

The PTSE-2 experiment was concerned, primarily, with the . behavior of
a crack in material with low tearing resistance and, secondarily, with
warm prestressing. Preparations for, and performance of, the experiment
are reported in Ref. 1. The PT3E-1 experiment had explored, with high-
toughness material, warm prestressing and the nature of crack propagation
and arrest as the crack approached the ductile zone within the wall of

_

the test' vessel. The PTSE-2 experiment employed a steel that had low
' toughness in the ductile fracture regime so that fracture behavior repre-
sentative of irradiated low-upper-shelf steel could be observed under
transient conditions relevant to a flawed nuclear reactor pressure

vessel.
The vessel used for l'TSE-1 and two earlier f racture tests was

repaired for the PTSE-2 experiment. A 1-m-long sharp flaw was implanted
in a welded-in insert of low-upper-shelf material in the 148-mm-thick
test vessel. The vessel was-instrumented to give measurements of crack-
mouth-opening displacement (CMOD), temperature profiles through the
vessel wall, and internal pressure during the experiment. With this
instrumentation scheme, posttest fracture analyses could be conducted on
the basis of actual loads experienced during the pressurized-thermal- !

shock transients. This facilitated the interpretation of the fracture |

phenomena that transpired by eliminating, in the final analyses, the !
!considerable uncertainties of heat transfer calculations.

Extensive experimental and analytical studies preceded the transient
experiment.2 Material properties of the special material in which the
flaw resided were determined by extensive characterization tests. Numer-

| ous prospective transients were analyzed to define experimental proce-
| dures with good expectations for success in spite of uncertainties. Two

| transients were defined and conducted. The first transient generated the

l conditions necessary for the warm prestressing investigation. In this

transient, the temperature dropped from ~300*C throughout the vessel to
~8'C on the outside surface. The transient ir.cluded a warm prestressing

phase in which the pressure was reduced from ~63 to 10 HPa, followed by
repressurization until the flaw propagated in a brittle mode of fracture

! (at ~46 MPa). In the course of this transient, stable ductile tearing

occurred before and after the brittle fracture. The second transient
generated the conditions for a deep brittle propagation terminated by an
arrest or conversion of the brittle f racture to ductile tearing under
conditions conducive to a tearing instability. The initial temperature

i

I

l-
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was ~275*C, and the outside surf ace cooled to ~4*C while the pressure
increased monotonically f rom 3 to 67.3 MPa. The desired conditions were

| attained.in both transients. In the final transient the test vessel

L ruptured, as had been expected but not especially' desired, but without
!. damage to the test facility or loss of experimental information. .

This experiment produced, for the first time with stress and . tough-
ness states representative of reactor pressure vessels, (1) the arrest of
a brittle fracture with an immediate tearing instability and (2) brittle

'

f racture following warm prestressing. Principal conclusions are that

1. low-upper-shelf material can exhibit very high arrest toughness,
2. ductile tearing promotes more-severe f ractures in low-upper-shelf

material,

3. warm prestressing inhibits brittle fracture to some degree even when
crack driving forces are increasing with time, .

!4. benefits of warm prestressing are diminished by ductile tearing,
5. a simple theoretical analysis.of warm prestressing represented ,

'

f racture conditions reasonably well, and
'

6. calculations of ductile tearing based on resistance curve test data
did not consistently predict the observed tearing.

,

10.2 Fracture Mechanics Interpretations of PTSE-2 ,

10.2.1 Material characterization

The incert of material containing the flaw in the vessel was char- 5

acterized before the PTSE-2 experiment by testing specimens cut from a
piece of the plate from which the insert was made. The characterization
piece (PTC1) and the insert had been heat treated as nearly as practicable
in an identical manner. Both were cut from the normalized but untempered
plate of 2 1/4 Cr-1 Mo steel, and both were exposed simultaneously to the :

postweld heat treatment of the PTSE-2 vessel. Nevertheless, hardness

testing of the vessel insert and PTC1 before the experiment implied that ,

the tensile strength of the insert was significantly higher than that of
PTC1. Consequently, af ter the experiment, material from the insert was
tested to evaluate its tensile and toughness properties, as reported in
Chap. 3.

For purposes of fracture analysis, the tensile properties were of
greatest importance. Calculations of J and K depended upon elastic-

7 y
plastic finite-element analysis for which a reasonable representation of
the stress-strain behavior of the material around the flaw was necessary.
The representations shown in Fig. 10.1 were used in the posttest analysis
of the f racture events in PTSE-2. The geometry of the two-dimensional
finite-element model used in this analysis of the test vessel is shown in
Fig. 10.2 in which the vessel insert is labeled material A. !

The posttest material characterization investigations could not con-
clusively ' confirm whether the PIC1 tensile properties were representative i

of the pretest properties of the insert because the experiment itself !

subjected the insert to high plastic strains, thus affecting the tensile j

test results. However, the posttest tensile tests demonstrated that the i

!

I

f
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differences in the stress-strain behavior (Fig. 10.1) could be largely a
result of strain hardening during the PTSE-2 experiment. Consequently,
values of K and J reported for events in the PTSE-2A and -2B transientsy r
were based on dif f erent characterization tensile tests, namely PTC1 and

the PTSE-2 insert, respectively.

10.2.2 Fracture mechanics calculations

The final calculations of K and J for the PTSE-2 experiment werey 7
made with two-dimensional elastic-plastic finite-element analysis using
the ADINA/ORVIRT computer programs.W6 The calculations for the PTSE-2A
transient were based on the same material property tensile data as
reported previously,2 but additional calculations were made to determine
the Kg states relevant to all the events of that transient. The events
of the second transient (PTSE-2B) were interpreted by similar analyses
based on the tensile properties of the vessel insert.1

The fracture events are identified in Table 10.1, which presents

times, crack depths, crack-tip temperatures, and K7 values for the events.
The crack behavior in the PTSE-2A transient is presented in Figs. 10.3
and 10.4 in terms of CMOD and K , respectively. It is evident from

7
analysis of the CMOD shown in Fig. 10.3 that the observed ductile tearing
occurred in the intervals A-B, C-D, and E-F. The depth of the torn crack
at points from B to C was deduced by finite-element analysis from the
experimental CMOD values. The depths at the other labeled points were
measured directly on the fracture surface after the experiment, as pre-
viously reported.1

variation with time in PTSE-2A isA reconstruction of the Ky and Kyc
shown in Fig. 10.4. The same transient is characterized in Fig. 10.5 in

terms of K and K vs crack-tip temperature. Because the crack was warm
7 Ic

prestressed bef ore the cleavage propagation in PTSE-2A, at the time of
was not equal to Kyccleavage initiation (point D), Ky

In the PTSE-2B transient, K increased monotonically with time until
1

the crack propagated in cleavage. Stable tearing that preceded the
cleavage advanced the crack from a depth of 42.4 to 46.1 mm, as indicated
in Table 10.1. The f racture behavior is described in Fig. 10.6 in terms

ge, and K , vs crack-tip temperature.of K , K yt

i

10.2.3 K determination from PTSE-2 datare

Pretest measurements of K were made only at low temperature. At7c
temperatures relevant to the PTSE-2 experiment, estimates of K based on7c
K data were uncertain.1 K was assumed to have a temperature depen-

yc yc
dence represented by the expression

K tK = a + b exp [c (T - T )) , (1)
k Ia

where a, b, c, and T are material property parameters and T is tempera-o
ture. The parameter values shown in Table 10.2 were used in pretest

|

!
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Table 10.1. Events and conditions during the
PTSE-2 transients

Crack Crack-tip b
a eEvent de ,a tem ture ig)

PTSE-2A

A. Initiation of thermal shock ~112 14.5 302.8
B. First maximum K 184.6 19.6 128.0 195.7

7
C. Minimum K 341.8 19.6 77.0 171 0

7
Onset of secondary pre- 341.8 19.6 77.0 171.0
cleavage tearing

D. Initiation of cleavage 361.4 22.5 80.7 198.9
E. Cleavage arrest 361.4 39.3 130.6 261.4
F. Termination of tearing (by 365.6 42.4 138.0 278.7

unloading)

PTSE-2B

A. Initiation of thermal shock ~155 42.4 274.9
Onset of precleavage <575.8 42.4 o c, d
tearing

dB. Initiation of cleavage 575.82 46.1 102.4 248 1
d

C. Interruption of cleavage by 69.2 146.8 361.6
ductile tearing and
reinitiation

d
D. Final cleavage arrest 575 82 78.8 162.9 419.3

Onset of ductile tearing 576.2 78.8 162.9 406.5
Vessel rupture (and 576.7 147.6 216.4
complete unloading)

a he letters A--F correspond to labeled points shown in Figs. 10.3T
and 10.4.

bK values were calculated from the experimentally observed
7

pressures and temperatures by two-dimensional elastic-plastic finite-
element analysis. The stress-strain parameters for material A were set 5
for PTSE-2A and set 7 for PTSE-2B (see Fig. 10.1).

At t= 575 82 s, T = 94.8'C and K7 = 233.8 MPa [E at this depth.#

dK values listed for t = 575 82 s were calculated for the loading
7

condition at 575.7 s.

_ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -_
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Fig. 10.3. CMOD vs time for the PTSE-2A transient.

Table 10.2. Fracture toughness

bParameter value
; Property"
| a b0 dc To

Ic
Upper 39 19.666 0.02878 0 )

,

Lower 39 19.666 0.02878 30 j
PTSE-28 39 19.666 0.02878 20.26 |

K,g
Upper 34 11.143 0.02413 0

Lower 34 7.96 0.02133 0

#Upper and lower toughnesses represented
the bounds explicitly evaluated in pretest
analyses. The PTSE-28 set of K , parameterg
values agrees with the cleavage Initiation
observed in that transient.

b
K or K , = a + b exp {c(T - T,)],e g

where K is in tusspascals times square root
meters and T is in degrees Celsius.

#
The parameters b and T,f c.

are inter-
dependent for a given value o
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case in Table 10.2 represented a particular fitanalyses. The upper Kye
and K characterization data that was consistent withto pretest Kyc Je

pretest K , data, which were considered a more reliable indication ofy,

| toughness at.high transitional temperature than the K and K data.rc Je
An important element of the PTSE-2 experiment was to determine Kye

7

I with greater certainty. The cleavage crack initiation in the PTSE-2B
(TCT), where T is the

! transient was expected to occur when Ky=K
|

crack-tip temperature (see PTSE-2B event B,hable10.1). Wihkthevalues
y

| of a, b, and c unchanged, this event was presumed to define the value of
that best represented the intrinsic KIc (T) of the mate-the parameter To

,

| rial around the crack. Thus, To = 20.26 K fit the PTSI:,-2B crack initia-
tion. This is the basis for the K (labeled "shifted") in Figs.

I 10.4and10.5forPTSE-2AandinFfg. curves
; e

10.6 for PTSE-2B.
i

|

|
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The cleavage initiation and arrest values from the PTSE-2 experiment
(given in Table 10.1) are shown in Fig. 10.7 with the upper-toughness K ,7
curve used in- the final protest analyses and the shif ted (upward in tem-

curve. All of the PTSE-2 points-fallperature by 20.16 K): upper K7c
within the uncertainty ranges evaluated in pretest analyses. The small-
specimen data were adequate to permit the definition of exrsrimental con-
dicions - that led to successful results in both transients.

10.2.4- Ductile _ tearing

Contrary to the behavior of PTSE-1, which had high tearing resis-
tance,7 the PTSE-2 experiment demonstrated that low tearing resistance
promoted ductile . tearing before cleavage in both transients. Further- ;

i more, the cleavaJe propagation in the PTSE-2B transient was interrupted
by a small band (~1 mm) of ductile tearing ~10 mm f rom the final cleavage
arrest, and the final arrest was followed immediately by ductile tearing
that proceeded until the crack penetrated the entire wall of the vessel.

The ductile tearing in the PTSE-2A transient occurred while the
material at, and immediately ahead of, the crack tip was at temperatures
well below the onset of the Charpy upper shelf (150'C). The final un-
stable ductile tearing (in the PTSE-13 transient) started in material at
~160'C.

2The final tearing started with J7 = 0.8 KJ/m . This is much higher
than J for normal reactor pressure vessel steels and is high enough to

Iccause a tearing instability in the PTSE-2 transient, irrespective of any
other type of instability. If the arrested crack (with a = 78.8 mm) were
not. deep enough to cause a tensile instability, the J -controlled tearR
would have promoted enough growth to cause a tensile instability. ,

attained at the end of each phase of tearing was usedThe applied J7
in calculating the extent of stable tearing that would occur if tearing

;

f r a tearing resistance curve' were controlled by the condition J7=JR
,

J = c(Aa)" , (2)
g

in which J is the tearing resistance, aa is the increment of crack ;

Rdepth, and c and n are parameters determined by a least-squares fitting
of specimen test data to the function in this equation. The highest and
lowest tearing resistances (Table 10.3) from the set of six 25-mm-thick

i
compact specimens of the characterization material PTC1 were used in the
calculations to determine the range of uncertainty of Aa estimates. The
numerical results are summarized in Table 10 4. The specimen data were
interpreted in two ways: in terms of (1) J based on deformation theory,

>

as prescribed in the testing standard of Ref. 8, and (2) the J modified
by Ernst.9

Neither the deformation theory J nor the modified Ernst J EIV88 8g R
consistent estimate of tearing. The lowest-resistance deformation JR |

;
data haply tearing in the first two phases of PTSE-2 A that is reasonably

;
consistent with the actual tearing. In all other phases, this J implies ;RI

tearing that greatly exceeds the actual tearing. The highest resistance ,

1

1
4

|
|

|
'

\ |

1 1
1

4
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Table 10.3. ' Tearing resistances for PTC1
characterization material specimens-

exhibiting the highest and
lowest resistances"

b~ Lowest' resistance : Highest _ resistance #

###"* ### Deformation Modified Deformation Modified
theory Ernst theory Ernst

c 0.09327 0.09592 0.1178 0.1229
n 0.2722 0.3701 0.4341 0.5372

aJ,= c(Aa)n, where J is in megajoules per squarep R
meter and Aa is in millimeters.

bSpecimen P1235.
,

# pecimen PI230.S

specimen with the modified Ernst interpretation of J implies tearing in
Rphases 3 and 4 (Table 10.4) that agrees well with actua) tearing, but

these J data are inconsistent with the actual tearing in all other
phases.R Furthermore, unlike the other three cases, this J case implies

;,

R,

strong tearing stability in phase five during the time that the final
,

tearing instability occurred. ;

i 10.2.5 Warm-prestressing effects

Analysis of warm prestressing in PTSE-2 was based on a theoretical
procedure developed by Chell.10-12 Chell's procedure is derived f rom the

'

| strio-yield model of a crack with the premise that, after warm prestress-
ing, f ailure occurs when the J-integral reaches a critical value

''

=(I-")K2 (3)JCRIT E Ic '

where K , is the fracture toughness of pristine material. The J-integral
g

used in Chell's theory is defined on the basis of elastic strains only,
even in regions of plasticity.12 ,

in'the PTSE-2 experiment, warm prestressing occurred only in tran-
sient PTSE-2A. The analysis of PTSE-2A involves the determination of K 7 ,

at the times of the first maximum and minimum in K (t). These values,
7 ;

at those times, define the plastic ;together with the flow stresses ofyg,
zone sizes for the first two states (i.e., the first maximum K and the ;g

minimum K ) involved in Chell's theory. The third state, the loading at :
y

the time of failure, is defined by the criterton of Eq. (3). ;

,

L

I

.--- . - - . ., . - - - . , , , - - - , , , , , , - , - , - - , , . - - . . , , ~ ~ - ,--,,-----n,----,-
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Table 10.4. Tearing calculations based on two-dimensional elastic-plastic
finite-element calculations and tearing resistance J -as data for-,

g
I acharacterization piece PTCl

Calculated Aa-

" ""
Final J . MeasuredTime a g

Tearing phase 2 Aa Lowest resistance Highest resistances) depth, a (NJ/m )
'"

Deformation Modified Deformation Modified
theory Ernst theory Ernst

PTSE-2A

1. Before maximum K 112- 14.5 0.165 5.1 8.1 4.3 2.3 1.7g
184.6

2. Secondary precleavage 341.&- 19.6 0.171 2.9 9.2 4.7 2.3 1.9 tj
361 4 iz .

3. Postcleavage 361.4- 39.3 0.335 31 109 29 11 6.5
365.6

PTSE-2B

4. Precleavage 155- 42.4 0.283 3.7 59 19 . 7.5 4.7
575.82

5. Postcleavage 570.2- 78.8 0.759 Unstable Unstable Unstable Unstable 30
576.7

"The initial cracA depth is the depth at the beginning of the specified phase. The J value is for the initialg
depth plus the measured Aa. J values were calculated by the two-dimensional clastic-plastic finite-element method.g

baa is calculated from Jg - c(aa)", where e and n are the power-law parameters determined by 1 cast-squares
fitting the test specimen data. The lowest-resistance columre are based on specimen PI235; the highest-resistance
columns are based on specimen PI230. See Table 10.3.

_ _ - _
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Chell's theory was modified to take account of tearing -before
cleavage during the loading step that leads from state 2 (minimum K ) toy

state 3 (final K ). For this modification, it was assumed that thisy
tearing occurred with the material at the state 3 temperature. The modi-
fication takes account of the actual change in position of the crack tip
relative to the residual plastic zones generated in the states 1 and 2
loadings. It also introduces virtual crack-face tractions over the
incremental surface of the crack. The virtual tractions are equal and
opposite in direction to the stresses in the residual plastic zones of
states 1 and 2. The modified theory is similar to a modification for
suberitical crack- growth that Chell described in Ref. 13, which did not
come to the attention of the author of the present report until this work

was completed.
Several PTSE-2 warm-prestressing sequences were analyzed to illus-

trate the effects of various factors. Cases for fracture without the
intervention of tearing and for a variety of assumptions regarding flow
stress were investigated. In all cases, K values for the applied loadsy
were selected from the posttest values given in Table 10.1, and the tem-
perature of the crack tip at the time cach loading state was attained was
attributed to the entire plastic zone. That is, for the purpose of
determining their attributes, plastic zones were assumed to be isothermal
during the respective loading steps. The temperature of the structure in
state 3 was, in each case, the experimental temperature of the actual

,

PTSE-2 A crack tip at the instant cleavage propagation commenced.
In the PTSE-2A transient the initial crack (a = 14 5 mm) tore duc-

tilely to a depth of 19.6 ma befote the onset of warm prestressing (state
increaed, and for a short1). Af ter the minimum in K7 (state 2), Ky

time before cleavage occurred, the crack tore ductiiely to a depth of
22.5 mm. The loading conditions deduced from the PTSE-2A transient for

,

two of the sequences analyzed are described in Table 10.5. The sequence
.

'

for a fixed crack depth is important because it represents the course of
events that would be predicted if there were no expectation of ductile
tearing. The sequence for a variable crack depth represents the actual
course as reconstructed from experimental evidence.

The results of the fixed-crack and tearing-crack sequences are shown
in Figs. 10.8(a) and (b), respectively. Figure 10.8 shows the K at

7
fracture calculated by the warm-prestressing theory as a function of the
K f the material. The experimental points are the actual fracture
Icconditions obtained from the PTSE-2 experimental data. The K values

used for plotting the experimental points were derived from the KIc
expression based on PTSE-2B.

If the crack, which was 19.6 mm deep, had not torn in the final
loading step, the theory predicted that the cleavage initiation would
have occurred, as shown in Fig. 10.8(a), at Ky ~12 MPa. 6 higher than the

for a crack of this depth. The experimental point inexperimental Ky
Fig. 10.8(a) would be the perceived initiation condition if one did not
know that the crack tore. The calculations for the tearing crack pre-
dicted that fracture would have occurred at aK ~7 MPa.6 lower than the
experimental point , as shown in Fig. 10.8( b) . kheimportant implications
of the experimental and analytical results are that (1) warm prestressing,
combined with the complications of preeleavage tearing, elevated the
fracture point (K7 = 198 9 MPa.6) significantly above the level of the

- - . . - . . _ .-_- - . . . - _- _-___ -
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7
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Table 10.5. Parameters for warm prestressing analysis
of the PTSE-2A transient

Crack Crack-tip Flow b c. Loading Time a Ki gIcdepth temperature stress gp,,j-) gp, p_state (s) ,

(mm) ( C) (MPa)

F1kced cmck depth (19.6 m)

1 185 19.6 125.0 392.2 195.7 ~439.7
2 340 19.6 75.1 409.2 171.0 134.3
3 361.4 19.6 71.4 410.8 187.3 124.7

Var >iable cmck depth (ha = 2.9 m)

1 185 19.6 125.0 392.2 195.7 439.7
2 340 19.6 75.1 409.2 171.0 134.3
3 361.4 22.5 80.9 406.8 198.9 151.6

aFlow stresses as a function of temperature were obtained f rom a
polynomial least-squares fit to tensile data for characterization
material PTC1. All transversely oriented instrumented specimens were
included.

bValues interpolated from set of 2-D elastic-plastic finite-
element calculations based on PTSE-2A experimental pressure and
temperatures.

CValues based on the pretest K curve shifted to agree with the
Ic

PTSE-2B experiment, Eq. (1), at the crack-tip temperature.

;

pristine KIc (1516 MPa.dE) and (2) the modified warm-prestressing theory
predicted an elevation of the fracture point ~15% less than the observed
elevation.

According to theory, the consequences of warm prestressing are very
sensitive to the extent of precleavage tearing and the tensile strength
of the material. The sensitivity to strength is principally a result of
the contributions of virtual crack-face loading, which may in different
circumstances increase or decrease the effective stress-intensity factor

of the final crack.

10.3 Conclusions

Principal conclusions from the PTSE-2 experiment are that |

1. low-upper-shelf material can exhibit very high arrest toughness,
2. ductile tearing promotes more-severe fractures in low-upper-shelf

material,

,- _ , - . . - ._ .-- . - - ._.-. . ._._ _ . . - . . . - - - - - ,
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3. warm prestressing inhibits brittle fracture even when crack-driving
forces are increasing with time,

4. benefits of warm prestressing are diminished by ductile tearing,
5. a simple theoretical analysis of warm prestressing represented

fracture conditions reasonably well, and
6. calculations of ductile tearing based on resistance curve test data

did not consistently predict the observed tearing.
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11. PRESSURE-VESSEL-RESEARCH USERS' FACILITY |

C. E. Fugh G. C. Robinson
;

11.1- Procurement Activities

l
~

As previously reported acquisition of a pressurized-water reactor
' (PWR) vessel f rom Combustion Engineering Company (CE) required 'the let-
ting -of a complementary - third-party subcontract that would include the
following activities:

!
1. barging of vessel and appurtenances from the CE Ch6ttanooga plant

site to the Oak Ridge K-25 Plant K-700 area site;
2. constructien of a barge slip on the Clinch River at mile 13.2 at the ;

K-700 area site boundary;

3. construction of a short unpaved roadway from the barge slip to a
paved area immediately adjacent to the K-701, K-702, and K-703 build-
ing complex; and

4.- transportation of the vessel from the barge slip and unloading at a
designated temporary storage location on the paved area adjacent to
the K-7C<1, K-702, and K-703 building complex.

Impleme-ntation of these activities requires the use of equipment *

specifically designed to handle and transport very large equipment simi-
lar toLPWR vessels. Concern that the normal bid process would not ensure-
that bid res ponses would be technically qualified for- these activities
interrupted advertisement of the job and led to a reformulation of the
procurement package to permit bid evaluation on technical merit issues in
addition to cost. In the second round of bidding, the apparent low |

bidder - failed to provide a qualified bid bond af ter a prolonged period of l
negotiation. Implementing these procurement actions resulted in a sig- |

nificant slippage in schedule.
Conseqt.ences of the schedule slippage were (1) the necessity of slip

constructior, at high-water conditions resulting in a cost increase in the
bid responses and (2) the refiling of slip construction permits with the
Corps of Eng:ineers and the Tennessee Valley Authority (TVA) that resulted
in the required use of silt screens during high-water slip construction
and further cost increases in the bid responses.

Under t.ormal circumstances, losses due to "acts of God" in govern-
ment-funded programs must be covered by normal funding sources and not by
insurance pclicies. However, the transportation of the PWR vessel f rom
CE's Chattanooga site to Oak Ridge involved an unusual risk with a poten-
tial salvage cost of ~S750,000 if the worst-case hypothetical accident
should occur. Contingency funds were not available to cover such a cost,
and the normal policy of self-insurance was waived to permit the require-
ment that all-risk insurance be a part of the procurement packages. The
attendant cost increases exceeded the approved funding for the project
and required a revised submission and approval of the OR0638 budget
approval form.
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|

| At this point delays due to the foregoing actions had become criti-
i cal because of the limited construction time available before the drop-

ping of the water level at the barge slip site. Figure 11.1 provides a

schematic of n'A's operation of the Watts Bar Reservoir that controls the
pool level on the Clinch River downstream from the Melton Hill Dam. As

noted from Fig. 11.1, the pool level at the K-25 barge slip site normally
falls on October 1.

The procurement package was , therefore, premised on a delivery of
the PWR vessel and unloading prior to October 1 because the slip can only
be used under full pool conditions. Figure 11.2 shows a plan view and
cross section of the slip in a conceptual configuration. (Final design

was a responsibility of the subcontractor.)
In spite of the constraints previously discussed, the second-low

bidder, a consortia of companies headed by CMC Construction Company,
affirmed that the project was feasible and was awarded the subcontract.
CMC Construction Company mobilized their forces and began construction
within a week of bid award.

Construction proceeded rapidly. Figure 11.3 is a view of the barge
slip site showing the silt screen as installed and dredging in progress.
Figure 11.4 is another view of the barge slip site showing the placement
of sheet piling by a high-f requency hydraulically powered vibration unit.
Typically, <2 min were required to drive each sheet pile 30 ft into the
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Fig. 11.1. TVA control schematic of Watts Bar Reservoir.
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soil. A crane supporting tne vibration unit and hydraulic power supply
are in the foreground. Figure 11.5 is a view of the completed barge
slip. Prominent in this view are the sheet piling, mooring posts, rip-
rap at the slip and shore line, and compacted road bed. Figure 11.6 is a
view at arrival (September 26) of the tug-pushed barge (53.3 m long x
13.7 m wide x 3.3 m deep) with the PWR vessel and appurtenances mounted
on the deck. Figure 11.7 is a view of the rigging for of f-loading the
PWR vessel head. In addition to the PWR vessel head, equipment promi-
nently displayed in the view include the hydraulic jacks, the lif ting
fixture, and the 1.8-MN capacity transporter and tractor. Figure 11.8 is
a view of the rigging for of f-loading the PWR vessel on September 30. In

addition to the PWR vessel, equipment prominently displayed in this view
include the hydraulic jacks, the lif ting fixture, the J-skid vessel sup-
port, and the two 1.8-NN capacity transporters and tractors. Figure 11.9
is a view of the PWR vessel loaded on the two transporters parked at the
unloading site near the K-750 building complex. Figure 11.10 is a view
of the PWR vessel at its unloading site.

11.2 Planning Activities

Funds for further implementation of the Pressure-Vessel-Research
Users' Facility complex have not yet been allocated. Currently, an

investigation is being initiated to determine the activities required to
conduct a detailed NDE inspection of the PWR vessel, while it is situated
horizontally on the temporary supports. The primary difficulties associ-

ated with in place inspection are the subjection of equipuent and person-
nel to outside temperature conditions and the virtual limitation of zones
inspected to th:ec accessible from a "down-hand" position. |

I Ef forts leading up to the procurement of this FWR vessel included I

| the conduct of a limited survey of potential uses of the vessel. An I

expansion of this ef f ort will be initiated in FY 1988 to detail the j

equipment, operating personnel, utilities, and supporting maintenance 1

craft required to support these activities and to define facility needs.

Reference

1. C. E. Pugh and G. C. Robinson, "Pressure-Vessel Research Users'
Facility," pp. 231-33 in Heavy-Section Steel Technology Program |
Semiann. Prog. Rep. October 198Hi1rch 1987, NUREG/CR-4219, Vol. 4,
No. 1 (ORNL/TM-9593/V4&N1), Martin thrietta Energy Systems, Inc. , Oak
Ridge Natl. Lab.
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12. SHIPPING CASK KATERIAL EVALUATIONS

J. G. Herkle R. K. Nanstad

12.1 Introduction *

In FY 1987, the U.S. Nuclear Regulatory Commission (NRC) added a
task to the Heavy-Section Steel Technology (HSST) Program, the primary
objective being to evaluate the suitability of candidate materials for
use as primary structural materials in nuclear spent-fuel shipping casks.
Further, a near-term objective is to concentrate evaluation on the use of
nodular cast iron (NCI) for such an application. General background on
the regulatory and research aspects of cask structural materials, espe-
cially NCI, were given in a previous progress report. I In the same
report,1 the general plan for work to be performed by Oak Ridge National
Laboratory (ORNL) was discussed. In particular, a fact-finding trip to
the Federal Republic of Germany (FRG) and the convening of a panel of
experts on the subject of cask structural materials were described as
initial tasks. The results of these initial efforts, as well as some
additional background, will be discussed below.

12.2 Background

Although the problem of qualifying the primary structural materials
for spent-fuel shipping casks is sometimes viewed as a "materials" prob-
lem, the truth is that it cannot be labeled that simply. The reason is
that the low-probability accidental loadings that a spent-fuel shipping
cask must be able to withstand without loss of safety function are highly
random in nature, in the same sense as earthquakes, windstorms, fires,
and floods. Consequently, although specified simplified test conditions
are currently used to represent severe service loading conditions, the
frequency with which the conditions of actual accidents exceed the test
conditions has not been well established. In particular, the realism of
the test conditions with regard to such things as sequential impacts, the
reliability of impact limiters, and the durations of fires is not well
known for all cask designs. A detailed study of accident modes , event
sequences, and damage f requencies has only been performed for one type of
cask design. This study was performed recently for the NRC by Lawrence
Livermore National Laboratory (LLNL), using a conventional stainless
steel shell, lead-shielded, cask design.2 The LLNL study found that in
about one rail or truck accident in every 40 million shipment miles (or
once every 13 years, assuming 3 million shipment miles per year) minor
functional cask damage would be expected. In about one accident every

80 million shipment mile s (or once every 27 years) cask damage would be
significant enough to cause a radiological hazard that could equal or
slightly exceed existing compliance values (i.e. , cask damage would

*Because of common usage and pertinent regulatory guides , metric
units will not be used in this chapter.

- _ - _ - _ - _ _ _ _ _ _ - _ _
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exceed that caused by the specified simplified test conditions).3 These
findings pertain only to lead-stainless steel casks and, therefore, do
not consider the effect on radiological hazards of a cask being subject
to the risk of brittle f racture. This additional ef fect must be deter-
mined for NCI and forged steel casks.

Examples of rail accidents involving conditions some, but not all of
which, exceed those used for regulatory drop and fire tests have occurred
recently. In July 1986, 16 cars of a train loaded with hazardous chemi-
cals were blown off a railroad bridge by extremely high winds and fell
108 ft into the Des Moines River near Boone, Iowa. Figure 12.1 shods the
results. More than 200 teenagers were evacuated f rom a summer camp be-
Cause of the chemicals spilled into the river.4 The regulatory drop test
for a cask is a 30-f t drop onto a "flat, horizontal, unyielding surface."3
The bottom of the Des Moines River is probably not as hard as the regula-
tory drop base, but the f all distance f ar exceeded 30 f t. Less than 6
months later, in December 1986, a nearly empty Japanese excursion train
was blown off a 135-ft-high bridge by high winds, 300 miles west of
Tokyo. The train fell onto a crabucat processing factory below, killing
six people and injurind six more.5 Evidently falls from heights exceed-
ing 30 ft cannot be classified as extremely rare events. Consequently,
the mass and hardness of tcrgets beneath high bridges must be estimated
carefully because these statistical estimates could strongly influence
tt outcome of hazard studies. Especially important is the hardness of
shallow river bot toms , considering the fact that, geologically, rivers
tend to erode down to highly resistant base levels and that the asso-
clated formations also provide good foundations for bridge abutments.

The regulatory fire test, which follows the impact tests, requires a
30-min total flame engulfment at a temperature of 1475'F (Ref. 3). Once

again, the specified fire duration is by no means an upper limit. In

July 1987, at least 25 train cars, including three tankers carrying
methyl alcohol, derailed in Erwin, Tennessee, 75 miles east of Knoxville
near the North Carolina border. Figure 12.2 shows the results.6 One of
the tankers caught fire and burned f or 4 1/2 h; flame temperatures were
not reported. The possible proximity of casks to other vehicles carrying
flammable chemicals is an important consideration in cask safety analysis.

12.3 BAM Workshop and Seminar and Related Visits
in the FRG

In June 1987, a fact-finding team composed of J. G. Merkle of ORNL,
H. J. Cialone of Battelle Columbus Division (BCD), and C. Z. Serpan of
the NRC traveled to the FRG to gather information needed for assessing
the aafety of NCI spent-fuel shipping casks. The itinerary was planned
around a workshop and seminar organized by and held at the Bundesanstalt
fur Materialprufung (BAM) in Berlin, FRG, on June 1-10, 1987. Partici-

pation of HSST Program personnel in this activity was specifically re-
quested by the NRC. Subsequent site visits were made to the of fices and
shops of the primary vendor (GNS), a casting foundry (Siempelkamp), and a
machine shop (KWU) involved in the design, fabrication, and marketing of
NCl casks. Visits were also made to two laboratories in the FRG (MPA,
Stuttgart and IWM, Freiburg) whose work is germane to the HSST Prrgram.

,- - - _ . . _ _ . . .-. .- _ _ _
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winds off a 108-ft-high bridge into the Des Moines River near Boone,
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The primary observations of the team were as follows:

| 1. A great deal of progress appears to have been made during the past 5
years in developing improved nodular iron by control of chemical|

composition and solidification cooling rate from casting. However,

while the resistance to crack initiation has been improved signifi-

cantly, ductile iron still appears to have low resistance to crack
propagation.

2. Many drop tests with casks have been performed under a wide range of
conditions. In addition, extensive mechanical property testing has
been conducted.

3. Despite the material-property improvements and extensive testing,
there is still a lack of basic metallurgical and stress analysis in-
formation to explain how this material performs. Many of the tests
that have been conducted were direct demonstrations of strength, but
their results cannot necessarily be used to quantitatively determine
safety margins with respect to flaw size, temperature, strain level,
or fracture toughness.

4. The people at BAM and PTB believe in adhering closely to the pre-
scribed rules for material testing. The problem in the present situa-
tion is that the current rules for cask validstion and for material
toughness testing are based largely on experience with wrought fer-
ritic or stainless steels. For ductile iron the rules must be
critically evaluated and may require modification.

5. A willingness to modify validation-test procedures by mutual agree-
ment was expressed, both by BAM and GNS.

Both BAM and GNS have exerted a great deal of ef fort in improving the
quality of the GNS shipping casks and in demonstrating their strength.
Our overall impression of the week's tour is that NCI is probably a more
ductile material than has been previously believed. Such a conclusion is
clearly tentative, but also indicates the impression that we gained from
a wide spectrum of sources: government research institutions (BAM and
PTB), quasi-government research establishments (MPA-Stuttgart), private
companies (KWU-Mulheim), plus the company GNS itself and Siempelkamp, its
contractor foundry. A key feature is that cast iron simply does not
behave exactly the same as steel, nor does cast iron completely fit the
trends or follow the test methods developed for steel. Prima facie
evidence of the apparent ductility and integrity of the NCI used for the
proposed casks is the survival of casks in multiple drop tests under
severe conditions.

A detailed foreign trip report has been issued.7

12.4 Crack-Arrest Toughness Data for NCI

A. R. Rosenfield

A preliminary experimental examination of the crack-arrest toughness
of NC1 was performed this reporting period at BG d . Within experimental
uncertainty it appeared that the crack-arrest toughness of NC1 was com-
parable to that of reactor pressure vessel steels over the limited range
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of temperature examined (relative to the iron's transition temperature).
See Sect. 5 6.1 for details.

12.5 Results of HSST Expert Panel Meeting ,

,

The first meeting of the HSST Expert Pan'el on Shipping Casks was :
!

held at ORNL on September 24-25, 1987. The purpose of the meeting was to
consider the proposed use of NCI as a primary structural material for

' nuclear spent-fuel shipping casks. In preparation for the meeting, ORNL ;,

!furnished the panel members with advance copies of a bibliography and a4

; two-volume package of literature and documents concerning NCI and spent- ;

|fuel shipping casks.
The sensitivity of the mechanical properties of NCI to chemistry and I

!microstructure was noted, and newly obtained crack-arrest toughness data
4

! for NCI, measured with duplex specimens by BCD, were studied with inter- ;

On the basis of the information available, it was determined thatest.
NC1 is qualified to be considered as a candidate primary structural mate-
rial for spent-fuel shipping casks. However, the variability of proper- '

ties that can occur within specified ranges of chemistry and processing
conditions is substantial and must be more fully investigated. To make

, sound regulatory decisions, more information will be required concerning4

(1) the ef fects of strain rate and temperature on the cleavage fracture _

toughness; (2) the reliability of nondestructive testing; (3) chemistry [
4

and microstructural effects on toughness (especially the percentage of '

.I pearlite and graphite nodularity); (4) the random variability of flaw
|

sizes, toughness, and accidental loads; (5) the calculated safety margins
with and without impact limiters; and (6) the relative severity of pres-

Iently specified full-scale test conditions.
The amount and type of material needed for the required experimental ,

work was discussed. A large piece, ~90' x t x 4t (t = cask thickness) r

from a well-documented, typical cask is needed, as well as several full |

1ength by about 1-in.-diam neutron absorber hole cores. It will be ;
!to have access to the large existing German data bank on mate-important

rials properties of NCI to assess where our material resides within the
entire population of castings used for shipping casks. Other axial and
radial cores, plus samples from earlier casks, would be useful. Recom- ,

mended testing includes Charpy V-notch, tensile, drop-weight (requires |
-

crack-starter development), static, dynamic, and crack-arrest fracture
toughness, chemistry, microstructure, and nondestructive examination for
flaw characterization and property estimation. Existing toughness data ,

and the data to be obtained need to be examined to determine the presence f
or absence of specimen-size effects on the cleavage fracture toughness. j

An expanded analysis similar to the existing modal study (NUREG/CK-4829) [

will be conducted for an NCI cask design to determine the influence of ,

brittle fracture variables on cask safety margins for NCI. !

The panel believes that the work described above will provide a
sound basis for regulatory decisions concerning the use of NCI for spent-
fuel shipping casks. Written conments have been requested f rom the panel ;

members to ensure that their advice is fully understood and utilized. ,

!

!
!
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8CONVER$10N FACTORS

$1 unit English unit Factor

mm in. 0.0393701

cm la. 0.393701

m it 3.28084

m/s it/s 3.28084

kN lb 224.809g

kPa psi 0.145038

MPs kat 0.145038

MPa =4 ksi-C 0.910048

J ft*1b 0.737562

K *F or *R 1.8

kJ/m2 in.-Ib/ta.2 5.71015
W a-2.g-1 Stu/taft2. F 0.176110

kg Ib 2.20462
3 lb/in. 3.61273 = 10-5kg/m

mm/N in./lb 0.175127g

T(*F) - 1.8 T(*C) + 32

#mittply SI. quantity by given factor
to obtain English quantity.

,.
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