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o PREFACE

The Heavy-Section Steel Technology (HSST) Program, which is spon-
sored by the Nuclear Regulatory Commission, is an engineering researche
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 1984.
The work performed by Oak Ridge National Laboratory (ORNL) and by subcon-
tractors is managed by the Engineering Technology Division. Major tasks
at ORNL are carried out by the Engineering Technology Division and the
Metals and Ceramics Division. Prior progress reports on this program are
ORNL-4176, ORNL-4315, ORNL-4377, ORNL-4463, ORNL-4512, ORNL-4590, ORNL-
4653, ORNL-4681, ORNL-4764, ORNL-4816, ORNL-4855, ORNL-4918, ORNL-4971,
ORNL/TM-4655 (Vol. II), ORNL/TM-4729 (Vol. II), ORNL/TM-4805 (Vol. II),
ORNL/TM-4914 (Vol. II), ORNL/TM-5021 (Vol. II), ORNL/TM-5170, ORNL/
NUREG/TM-3, ORNL/NUREG/TM-28, ORNL/NUREG/TM-49, ORNL/NUREG/TM-64, ORNL/
NUREG/TM-94, ORNL/NUREC/TM-120, ORNL/NUREG/TM-147, ORNL/NUREG/TM-166,
ORNL/NUREG/TM-194, ORNL/NUREG/TM-209, ORNL/NUREG/TM-239, NUREG/CR-0476
(ORNL/NUREG/TM-275), NUREG/CR-0656 (ORNL/NUREG/TM-298), NUREG/CR-0818
(ORNL/NUREG/TM-324), NUREG/CR-0980 (ORNL/NUREG/TM-347), NUREG/CR-1197#

(ORNL/NUREG/TM-370), NUREG/CR-1305 (ORNL/NUREC/TM-380), NUREG/CR-1477
(ORNL/NUREG/TM-393), NUREG/CR-1627 (ORNL/NUREG/TM-401), NUREG/CR-1806
(ORNL/NUREG/TM-419), NUREG/CR-1941 (ORNL/NUREG/TM-437), NUREG/CR-2141/
Vol.1 (ORNL/TM-7822), NUREG/CR-2141, Vol. 2 (ORNL/TM-7955), NUREG/CR-e
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), NUREC/CR-2751,
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NUREG/CR-3334, Vol. 2 (ORNL/TM-8787/V2), NUREG/CR-3334, Vol. 3 (ORNL/
TM-8787/V3), and NUREC/CR-3744, Vol.1 (ORNL/TM-9154/VI).
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SUMMARY
e,

1. PROGRAM MANAGEliENT

-o

-The total program is arranged into ten tasks: (1) progra m manage-
ment, (2) fracture methodology and analysis, (3) material characteriza-
tion and properties, (4) environmentally assisted crack-growth studies,
(5) crack-arrest technology, (6) irradiation effects studies, (7) stain-

! less steel cladding evaluations, (8) intermediate vessel tests and analy-
ses, (9) thermal-shock technology, and (10) pressurized-thermal-shock
technology. Progress reports are issued on a semiannual basis, and the
chapters correspond to the ten tasks.

The work performed at Oak Ridge National Laboratory (ORNL) and under
existing research and development subcontracts is included in this re-
port. During the report period, 42 program briefings, reviews, or pre-
sentations were made, and 12 technical documents were published. Program
subcontracts were extended to cover FY 1985 work.

1

2. FRACTURE METHODOLOGY AND ANALYSIS

o

Improvements were made to the ORNL fracture codes ORMGEN and ORVIRT
to permit improved modeling of near crack-tip regions. The ORNL codes
were distributed to eight organizations. Analyses were performed on a

, laboratory-sized panel specimen that shows promise for providing high Kla
data in the presence of a rising K field.

Because warm prestressing (WPS) is an important beneficial factor
affecting the safety of nuclear pressure vessels subjected to pressurized
thermal-shock transients, an analytical description of the phenomenon,
developed at the United Kingdom Central Electricity Generating Board
(UK CEGB) and based on the strip-yield model, was reviewed and its physi-
cal basis clarified. This analytical method is being applied to the
planning and data analysis for the pressurized thermal-shock experiments
( PTSEs) .

Integrated fracture-mechanics experimentation and finite-element
analyses are being conducted at the Southwest Research Institute (SwRI)
to develop improved predictions for crack arrest in high-upper-shelf
toughness conditions. Preparations for the measurement of crack length
vs time and load point displacement vs time are being made. Viscoplastic
material characterization experiments were performed to enable use of the
Bodner-Partom model in the finite-element fracture analyses.

The University of Maryland (UM) completed testing of three-point-
bend specimens of A508 steel to determine the loss-of-cleavage tempera-
ture for this material. The investigation into the influence that con-

o straint has on the determination of the loss-of-cleavage temperature as
predicted from Charpy V-notch (CVN) specimens was also finalized by the
UM.

o
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3. MATERIAL CHARACTERIZATION AND PROPERTIES
,

Development of crack-arrest testing technology continued at ORNL,
and tests for the American Society for Testing and Materials (ASTM) round
robin were completed. Further development of the de potential drop *

method was carried out. Mechanical properties characterization of the
wide plate crack-arrest material was performed along with posttest frac-
ture examinations for PTSE-1.

4. ENVIRONMENTALLY ASSISTED CRACK-GROWTH TECHNOLOGY

Both fatigue crack-growth rate and fractography results are pre-
sented for the recently begun matrix of tests on a high-sulfur steel.
Effects of f requency, R ratio, temperature, and environment are being
studied, and results are consistent with existing data and show increas-
ing growth rates with higher R ratio and temperature. Static-load crack-
ing has been observed on two more heats of heat-affected-zone (HAZ)
material, so that now cracking has been observed on all heats of HAZ
that have been tested. A series of tests was completed showing electro-
chemical potential measurements as a function of time during two experi- .

ments. Results showed the silver / silver chloride electrode to be the
most reliable in reflecting environmental changes.

5. CRACK-ARREST TECHNOLOGY '

Preparations continued for conducting wide plate crack-arrest at the
National Bureau of Standards (NBS). Heavy-Section Steel Technology
(HSST) plate 13A was chosen as the to st material and was cut to provide
material for characterization testing and wide plate specimens. ORNL de-
signed, machined, and shipped two specimens to the NBS. ORNL developed
tentative conditions for the first test, WP-1.1, and defined benchmark
statements for pretest analytical solutions. ORNL, SwRI, and the UM per-
formed dynamic solutions using the computer codes SWIDAC and SAMCR.
Mechanical properties, including fracture toughness and arrest toughness
values, were determined by ORNL and Battelle Columbus Laboratories (BCL).
The NBS made all preparations for performing WP-1.1, including the design
of the pull-plate assemblies for the large NBS test machine, heating and
cooling systems, and data acquisition system. The pretest analyses aided
instrumentation placement, and WP-1.1 was successfully run in the last
few days of this period.

In other areas, the UM continued to administer the ASTM E24.01.06
round robin on crack-arrest testing. BCL obtained K data for the WP-1.1g
material at temperatures to the onset of the Charpy u,per shelf, which isp =

close to the pretest estimate of the large-specimen crack-arrest point.

.
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t o- In addition, BCL compilation of the Crack-Arrest Data Base was com-

[ pleted. It contains 478 data extending from RTNDT -- 114*C to RTNDT +
L 102*C. . . Finally, preparations for instrumenting WP-1.1 to monitor crack
! speeds have been completed by BCL.

e

6. IRRADIATION EFFECTS STUDIES

Cooperative testing in the Fourth Irradiation Series continued, with:

all 1T-CS tests completed for unirradiated material and testing under way
for the irradiated material. The first two capsules containing 4T-CS of

I- high-copper weld material were irradiated under the Fif th Irradiation
Series, and irradiation of the second set of capsules was . initiated. s The
temperature profiles along the crack tip of the specimens have been very
satisfactorily controlled. Meta 11ographic studies of the three layers of

.
stainless steel cladding used in the Seventh Irradiation Series were
analyzed - to expose the various microstructures present.

!

7. CLADDING EVALUATIONS

io

Work continued on preparation of a topical report on the clad-beam
tests that were performed in earlier reporting periods. Further frac-
tography work was performed.

o-

8. INTERMEDIATE VESSEL TESTS AND ANALYSIS

Work continued on preparation of a topical report on the test ITV-8A'

which involved a low-upper-shelf weld. Posttest fractography and 'im-
proved finite-element analyses were performed.

9. THERMAL-SHOCK TECHNOLOGY

,

As a part of the Integrated Pressurised-Thermal-Shock (IPTS) Pro-
gram,:probabilistic fracture-mechanics calculations were made for the
Calvert Cliff s-1 and H. B. Robinson-2. reactor pressure vessels to obtain
's best estimate of the conditional probability of vessel failure [P(F|E)]

:

, associated with numerous postulated transients. These studies indicated
''that warm prestressing could be a significant factor and that P(F|E) was
insensitive to the crack-arrest toughness, including the " upper-shelf"

.

value.
*- The feasibility of conducting a thermal-shock experiment with a clad

> test cylinder and a subclad crack was investigated. The studies included
~

A. two-dimensional- (2-D) and three-dimensional (3-D) linear-elastic frac-
ture-mechanics and elastic-plastic f racture-mechanics calculations for a

[.* s

'
.
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.{
19-mm-deep, 6/1 semielliptical subclad crack in a clad thermal-shock ex-

f
a

periment (TSE) test cylinder subjected to a typical TSE (liquid nitrogen) *
thermal transient.

10. PRESSURIZED-THERMAL-SHOCK TECHNOLOGY
,

.Results 'of the first pressurized-thermal-shock test, PTSE-1, were
evaluated; plans were formulated; and preparations were initiated for the
next experiment, PTSE-2. The fracture surfaces of the PTSE-1 flaw were
examined in detail. Information recorded by the data acquisition system
was evaluated, processed, and used in posttest fracture analyses. The
final results and conclusions, which will be reported in detail in a
topical report now in preparation, are essentially as stated in the pre-
vious ' progress report. Objectives for experiment FTSE-2 were established
and preparations for the test are in progress. PTcE-2 will be a study of
warm prestressing and upper-shelf instability. The vessel (V-8) used in
PTSE-1.will be repaired with a low-upper-shelf insert in the region to be
flawed. Preliminary fracture analyses confirm the feasibility of the
test.

.
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4_ % HEAVY-SECTION STEEL TECHNOLOGY PROGRAM SEMIANNUAL
PROGRESS REPORT FOR APRIL--SEPTEMBER 1984*

C. E. Pugh

q.

ABSTRACT

The Heavy-Section Steel Technology (RSST) Program is con-
ducted _for the Nuclear Regulatory Commission. The studies are
related to all areas of the technology of materials fabricated

y .into thick-section primary-coolant containment systems of light-

L water-cooled- nuclear power reactors. The focus is on the behav-
tor and structural integrity of steel pressure vessels contain-
ing cracklike flaws. Starting with FY 1984, the program is or--

, L ganized into ten tasks: (1) program management, (2) fracture
L. methodology and analysis, (3) material characterization and.,

properties, (4) environmentally assisted crack-growth studies,
(S) crack-arrest technology, (6) irradiation effects studies,r

- 4 (7) cladding evaluations, (8) intermediate vessel tests and'

analysis, (9) thermal-shock technology, and (10) pressurized-
thermal-shock (PTS) technology. During this period, extensions

'" were made.to the ADINA-ORMGEN-ORVIRT fracture analysis codes to
improve near-crack-tip modeling. Copies of these analysis codes
were distributed to numerous organizations outside Oak Ridge -
National Laboratory - (ORNL). Interpretative assessments were

. .

made of a Central Electricity Generating Board warm prestressing41

model. Elastodynamic analyses were performed by ORNL, Southwest
*

Research Ir.stitute, and University of. Haryland in Support oflthe '
wide-plate crack-arrest tests that the National Bureau of Stan-
dards is to perform for the HSST program. Characterization
-studies . included deformation and fracture properties tests of
wide-plate material and crack-growth . rate tests of low-sulfur
vessel' steels. Analytical-assessments were made-of laboratory _
specimens with potential 'for use -in obtaining high ' crack-arrest.
toughness data. ORNL and two subcontractors performed K ,. testsy
for the ASIM round robin. Irradiations were initiated for the

study of Krc shif ts for welds with different copper. contents,
and testing proceeded. in the Fourth Irradiation Series. ghbrk -

'

continued on reports covering clad-beam tests and 11V-8A .that'

OL contained - a low-upper-shelf _ weldment. Exploratory cualytical
fracture studies were carried out for clad cylinders; undergoing

1 thermal-shock loadings,!and fracture assessments continued for -
the ' Integrated : Pressurized Thermal-Shock-Program. . - Posttest.

-analyses and fracture characterizationsL sere carried out for~ the
first pressurized thermal-shock test (PTSE-1), and preptration
of the topical report on PTSE-1 progressed.' '

p

*This' report is written in terms of metric units. Conversion from1

SI to English , units for all SI quantitites are listed on a foldout page
at' the end of this report.,

'
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1. PROGRAM MANAGEMENT
,

C. E. Pugh

The Heavy-Section Steel Technolcgy (HSST) Program, a major safety *

program sponsored by the Nuclear Regulatory Commission (NRC) at the Oak
Ridge National Laboratory (ORNL), is concerned with the structural integ-
rity of the primary systems [particularly the reactor pressure vessels
(RPVs)] of light-water-cooled nuclear power reactors (LWRs). The struc-
tural integrity of these vessels is ensured by (1) designing and fabri-
cating RPVs according to standards set by the code for nuclear pressure
vessels, (2) detecting fla.zs of significant size that occur during fabri-
cation and in service, and (3) developing methods of producing quantita-
tive estimates of conditions under which fracture could occur. The pro-
gram is concerned mainly with developing pertinent fracture technology,
including knowledge of (1) the material used in these thick-walled ves-
sels, (2) the flaw-growth rate, and (3) the combination of flaw size and
load that would cause fracture and thus limit the life and/or the operat-
ing conditions of this type of reactor plant.

The program is coordinated with other government agencies and with
the manufacturing and utility sectors of the nuclear power industry in
the United States and abroad. The overall objective is a quantification

,

of safety assessments for regulatory agencies, professional code-writing
bod!.es, and,the nuclear power industry. Several activities are conducted
under subcontract by research facilities in the United States and throagh
informal cooperative effort on an international basis. Five research and
development subcontracts are currently in force, and steps have been ini- *

tiated to extend each of these through FY 1985.
Effective with the beginning of FY 1984, the program tasks were

slightly rearranged according to the work breakdown structure shown in
Fig. 1.1. Accordingly, the chapters of this progress report correspond

OANL-DWG 8b6109 E TD

HE AVY-SECTION STEEL TECHNOLOGY
PROGRAM

PROGRAM CH AR ACTE Rl2 ATION CRACK ARREST CLADDING THE RMAL SHOCK
MANAGEMENT ANO PROPE R TIES TECHNOLOGY E VALUATIONS TECHNOLOGY

H.1 H3 H$ H7 H9

.
fMACTURE E NVIRONMEN T AL L Y IN T E RME DI AT E PF4E SSURilf D

METHOOOLOGY ASSISTED CRACK IRR AD' A TION VESSE L TESfs THERMAL AHOCK
AND ANALYSIS GROW 1H E F F E CTS %TUDIE S AND ANALYSf 5 T E CHNOLOGY

TECHNOLOGYgy H4 H6 H8 H IO

Fig. 1.1. Level-2 work breakdown structures for HSST Program. *
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l was is-to these ten tasks. During this period, the 5-year program plano
sued as a topical report and distributed to the NRC-RF category.

Two foreign technical specialists came to ORNL on temporary assign-
ments to the HSST program: Dr. Hermann Stamm of the Institute fur
Reaktorbauelemente, Kernforschungscentrum Karlsruhe, Federal Republic of

, Germany for 9 months; and Dr. Robert Wanner of the Swiss Federal Insti-
tute for Reactor Research for 1 year.

During this period, 43 program briefings, reviews, or presentutions
were made by the HSST staff at technical meetings end at program reviews
for the NRC-staff or visitors. There were 12 publications that include 2
technical progress reports,2-3 6 topical reports 1,ie-8 and 4 technical
papers.9-12
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j - 2. FRACTURE METHODOLOGY AND ANALYSIS

2.1 Modifications and Distribution of the ORMGEN/ORVIRT
. . . Fracture-Mechanics-Analysis System
e.

,'
..*-

B. R.. Bass R. Wanner *

During *this report period, a revised version of the ORMGEN/ORVIRT ,21

fracture-mechanics analysis system was completed. Program ORMGENI auto-
matica11y generates a. fully three-dimensional (3-D) finite-element model
of a plate or cylinder containing a user-defined straight or curved
-crack. Output from the ORMGEN program consists of files containing nodal
1 point coordinates and element connectivities that completely define the

.

-
. L3-D finite-element model.

3_These files are written in formats that are'

compatible with the .M)INA structural . analysis finite-element program.
2The ORVIRT . program functions as a postprocessor of the conventional

finite-element solution obtained from ADINA. In applications, the energy
release . rate is evaluated pointwise by ORVIRT from solution data written
to the nodal point and element portholes ' of ADINA and from a virtual ex-
tension of the crack front produced by ORMGEN.

' * ~

,.f
_

Two revisions were made to the ORMGEN mesh generating program. The-

'

first modification allows for improved modeling- capability in the crack
front region 'and for additional user control of the finite-element mesh

- refinement. These changes in the generated mesh are illustrated .in Fig.
2.1,11n' which the cross section of ' the ' crack-tip region of the modified -

-sr mesh is compared with that of the original mesh. Note that the transi-
tion elements of the modified mesh [ shaded in Fig. :2.1(a)} are 20-noded

-

cisoparametric elements; by contrast, the transition elements of the
~

original mesh [ shaded -in Fig. '2.1(b)] consist of less than 20 nodes. .In
. .3 addition, theJuserEcan select either two or three rings of element re-

~

finement around the crack tip to define the ' region in which the energy y.
release rate is computed. Figure 2.1(a) ' depicts. a region defined 'by

Lthree rings: Program _0RVIRT ~ has . been modified to accommodate this addi-
tional flexibility in modeling the crack-tip ' region. These improvements

. should proveL particularly- useful' for more accurate crack analysis with
- nonlinear material models. s

Modifications were also made to-the ORMGEN' program to model a cir-
cumferential through-wall crack in a cylindrical _ pipe. _ These , modifica-
tions .were made at the- request of Southwest Research Institute (swr 1).
SwRI expressed interest 'in using- the ORMGEN/ORVIRT system' to analyse a

~

long' pipe containing a' _through-wall crack; fo'r presentation at the Commit-
tee on the Safety of. Nuclear Installations (CSNI) Ductile Piping Fracture
Mechanics Workshop held in San Antonio, Texas, on June 21-22, 1984.

.

Prior - to the' workshop, Heavy-Section Steel Technology . (HSST) analysts at
' Oak. Ridge. National Laboratory (ORNL) worked with SwRI personnel on

,. applications-of_the ORMCEN/ORVIRT system to-this. problem.
~

*0n. a one-year assignment to - the ORNL Heavy-Section Steel Technology~, _

Program from the Swiss Federal : Institute for Reactor Research, Wurenlingen, .
- : Switzerland. 't

- e

'

,

'

,
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Development of an ADINA/ORVIRT-compatible mesh generating module for,

two-dimensional (2-D) finite-element models was also completed during
this reporting period. Future plans call for incorporating this module
into the ORMGEN program to permit generation of either 2-D or 3-D models
as a user-selected option.

The ORMGEN/0RVIRT fracture analysis system was or is being distrib-*

uted to the following organizations:

Battelle Columbus Laboratories (Dr. Nu. Ghadiali)e
e General Electric Research & Development (Dr. V. Kumar)

Southwest Research Institute (Drs. M. F. Kanninen and J. Ahmad)e
Westinghouse - Bettis Atomic Power Laboratory (Dr. Ed Friedman)e
Fraunhofer - Institute fur Werkstoffmechanik (Dr.-Ing. Winfriede

Schmitt)
e Swiss Federal Institute for Reactor Research (Dr. G. Saurer)
e Karlsruhe Research Center, Institut fur Reaktorbauelemente

(Dr. D. Munz)

It is anticipated that the revised version of ORMGEN/ORVIRT will be

made available to these organizations following completion of code vali-
dation procedures.

During this report period, the ORMPLO graphics program was developed
as a postprocessor for the ORMGENI finite-element mesh generating pro-.

gram. The ORMPLO code, when executed on the PDP-10 system at ORNL, pro-
duces isometric plots of the 3-D finite-element mesh subdivision gener-
ated by ORMGEN. In addition, program ORMPLO produces a " roll-out" plot
of the 3-D surfaces of cylindrical geometries, with optional inclusion of* element and nodal point numbers. Capabilities of the ORMPLO program are
illustrated in Figs. 2.2 and 2.3, which depict isometric and planar views

ORNL-DWG94- 6194 ETD

//
< j//

'N /
CLADDING

*
|

|
.

Fig. 2.2. ORMGEN-generated mesh for cylinder with elliptical sur-
,

face crack. Number of elements: 579; number of nodal points: 3035.
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Fig. 2.3. Planar views of ORMGEN finite-element model of cylinder
containing semielliptical crack,

of a 3-D finite-element model generated for a cylinder containing an
axial semielliptical crack on the inner surface. The finite-element
model produced by ORMGEN consists of 579 isoparametric elements and 3035

*

nodal points.
Future additions are planned for the ORMPLO program, including ca-

pabilities for bandwidth minimization and for generation of complete in-
put files for the ADINA/ORVIRT fracture analysis system.2,3

.
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fe " 2.2 Analysis of a Panel Crack-Arrest Specimen

o
y H. K. Stamm*

~

* 2.2.1 Introduction

Calculations were performed to evaluate the usefulness of a rela-
tively small panel specimen (45.7 x 76.2 x 2.54 cm) for crack-arrest ex-

.periments. - The specimen is intended to be used for the measurement of
(K ,. values at temperatures approaching the upper shelf of the material.y .

. An - additional condition'.is that the crack arrest should take place in a

rising K field. The evaluation assumed the capacity of available. test-e y
ing machines to be limited to 2447 kN.

.To get crack arrest -in a rising Ky field, the increase of crack-
arrest ~ toughness at the location of the-propagating crack tip must be

due to the external load. This can behigher than the increase of Kg
. achieved by applying a temperature gradient across. the specimen. The
crack'must initiate at lower-shelf temperatures and propagate into re-

gions at high temperature with a high K , level. For this purpose,1ag
L - panel specimen with a stub was proposed; the stub is cooled to serve as

:a: crack' starter; region. By means. of an eccentric load' on the panel,1 the
e .- condition of a rising K field should be fulfilled. Additional forcesg

levels that are high enough for-can be applied to the stub to provide Ky
crack ' initiation.

For the' design of an appropriate . specimen, calculations of stress-
intensity factor '(SIF) K depending on the crack length a were made for -.,.

'different tentative; specimen geometries and . load combinations using
~ finite-element codes. . Methods for. SIF evaluation employing special
crack-tip elements give results with high accuracy, but for . calculating
K (a)~. curves a new mesh must be generated for each crack length consid-y
ered. An easier way is to= use simpler techniques with lower accuracy;

^ thate approach is x still - good ~ enough - for design purposes. One.such tech--

4 outlined in,the.next section.nique ' is' the' crack closure method

2.2.2 SIF determinations

, -By means of the crack closure method, it is possible. to calculate
the energy' release rate G by - two progran runs. - In the ; first, - the actual--

.

loading' system :is applied to a structure with ' crack length 'a. A force F
.

-at:the first. node next-to the crack tip is-added in the second run.- TheF'

. force ~ is applied in the direction to close- the crack.- iFrom the differ-
ience between the. nodal displacementIcompon'ents.ul 2and u :for1the firsti
- and . 'second ' run ,. respectively (which |are . parallel to the applied force),-

~

,

' the force Dnecessary to close the crack : within an element . length -A = -Aa

*- 0n assignment through January 1985 .to the ORNL Heavy-Section .i - s

' Steel ' Technology . Program -from . the Institut fur Reaktorbauelemente 1u

: Kernforschungszentrum Karlsruhe,; FRG.-

1.~

_

__.

..i 't-
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can be calculated: ,

Ful
F* = (2.1).,

ul-u2
.

i- The energy release rate is approximately given by
.

l-

C " F* u
aa (2.2)*

By combining Eqs. (2.1) and (2.2), the SIF follows from the relation

K = / E' G =
l - u ) Aa '2 *(u

with

E' = E - for plane stress,

-E' = E/(1 - v2) for plane strain, .-

where E is Young's modulus and .v is Poisson's ratio. In the form de-
scribed above, the method is-limited to elements without midside mod 4s
in the L region of the crack tip,' because a linear displacement function .

along the element side is necessary. Figure 2.4 compares the results
.

'from this method with a handbook solution for a single-edge notched plate
of width w:

'
'

2w - O.752 + 2.02 *- + 0.37 1 - sin
K=0 6* * tan . - ( (2.4)-

"
.

.
- cos

While good agreement is shown,- the method becomes -more. inaccurate at low
and.high a/w values when there are only very few elements.along the crack
surface and on the remaining ligament,-respectively. In the following.-

, finite-element analyses,;the mesh refinement in the crack plane is the
same : as that used to obtain the results shown' .in Fig. 2.4.

2.2.3 Design calculations

The first calculation for a tentative specimen geometry with a rela- *

, tively small; stub -indicated . that : SIFs high enough to achieve ' initiation -
of a starter crack cannot be obtained applying a single, eccentric load
to the panel. . Additional forces must be applied at the stub. Taking an-

.

_ _ . _ _ . _ _ _ - - , .o, ,. . _. , ,
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Fig. 2.4. Comparison of crack-closure method with handbook results.

.

upper limit of the stub forces to be Fs < 89 kN (limitation of the ex-
perimental facili.:ies), a rather long stub is ecessary to meet. the con -
ditions for crack initiation. In this case, the initial crack-length can

be chosen long enough and an efficient cooling of the crack-tip region is
still possible. A larger distance between the load point of the stub -
forces and the crack tip gives rise to a higher SIF. Therefore, the

second specimen considered is shown in Fig. 2.5.
The SIF for the initial crack was investigated by applying a load

F, = 44.51di at the upper surface of the stub region -and a load FB = 2447
kN at the upper surface of the bulk (panel) region of the specimen. The
forces act as nodal point forces. Figure 2.6 illustrates the dependence

,
of the SIF for a starter crack (a = 20.3 cm) on the point where the loado
is applied. The abscissa of Fig, 2.6 is the Y-coordinate of the load
point of the loads F, and F , respectively. Ourve 1 is obtained by vary-B

fixed. The rapid decreaseing the load point of F, only and keeping FB
indicates that ' the . force must be applied near the . tip of the stub to get

a high SIF. Similarly, curve 2 shows the dependence of K for a fixed _ F s
and a varied location of F . . The effect of.the location of F is not asB B
great as the first case considered.

''. It becomes more important when the K (a) _ curve of a propagating -y
crack is considered. First, a discussion of the boundary conditions used
in the following analyses is necessary. For the design of a' crack-arrest

specimen the static crack-arrest concept is adopted. The SIFs during

-.

'^
, -
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: w = 61 pn ;

a

d = 25.4 cm :

h = 38.1 cm

a

.

10.2 cm

g _________[
a, = 203 cm *

Fig. 2.5. Finite-element mesh for tentative specimen geometry and
boundary conditions,

crack propagation are calculated as if the crack were stationary and are
compared with a static crack-arrest toughness value K The value ofya.
the statically calculated SIFs are strongly dependent on the boundary
conditions assumed. Because the crack propagates very rapidly (the order-

of magnitude of typical flight times is several milliseconds), in the
present analysis, the displacements along the upper boundaries of the
stub and bulk region are assumed to be unchanged. Therefore, the dis-

| placements obtained under the combined load F and F f r the . initials B
crack length are described in those regions throughout the crack propaga-
tion. This may- be a rather rough approximation for - the real conditions,
because the time necessary for shear waves (smallest sound velocity) to
propagate from the crack tip to the upper boundary and back is about .

250 ps. However, it is assumed that a rising K (a) field obtained undery
fixed displacement boundary conditions'is assured even if the boundary
conditions are slightly different.

,
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Fg = 2447 k N
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a /w = 1/3
-

o
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| I l i Io
e. 0 10 20 30 40 50

Y (cm)

Fig. 2.6. Dependence of initial SIF on load points. Abscissa
Y-coordinate of load points located at upper boundary of stub and bulk.

fixed at Y = 40.6 cm. Curve.2 varying loadCurve 1 load point of F ; FBs
point of F ; F fixed at Y = 0.B s

Figure 2.7 shows K (a) curves for three different loading systems,1
44.5 kN and FB = 2447 kN.in which the resulting tensile forces are F =

s
Curve 1 is obtained by applying . nodal point forces F and FB at the tips
of the stub (Y = 0) and on the upper-bulk boundary at Y = 30.5 cm, re-
spectively. Crack initiation values of K (a ) near 65.9 MPa+6 arey o
reached. For crack lengths of 0.33 < a/w < 0.63, the Kr field rises up
to about 198 MPa+6 and . drops for. higher values of a/w. The second
loading system (curve 2) with a nodal point force F, at Y = 15.2 cm and
FB at Y = 40.6 cm gives lower initiation' values (see also Fig. 2.6);
but, because of higher eccentricity. of F , the range of a/w with a ris-B

field is enlarged. Curve 3 is obtained under more realisticing Ky$

boundary conditions, applying a homogeneous tensile stress distribution
at 2.5 cm < Ys < 17.8 cm and 33 cm < YB < 48.3 cm with results Fs"
44.5 kN and FB = 2447 kN. ~ Compared with curve 2, the initiation values

.

. _ .
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~

_
_
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.Fig. 2.7. Kr_ curves for various load point combinations: (1) F at-

Y = 0 cm, FB at Y = 30.5 cm; (2) F, at Y = 15.2 cm, FB at Y = 40.6 cm;s
(3) distributed homogeneous tensile load: F, at 2.5 cm < Y < 17.8 cm, F

Bat 33.0 cm < Y < 48.3 cm.-

are a little higher because the . center of the applied stub forces is
shifted slightly to the left.. Both curves are nearly identical for
deeper cracks.

Since the maximum attainable . SIFs under the conditions of a wide
range with rising Ky (curves -2 and 3) are: still fairly low, a new specimen
geometry (B)' with a reduced width in the bulk region was analyzed (Fig.2.8). .Resulting loads of F 66
0 cm < Y, < 10.2 cm and 30.5 cm <.7

kN and FB = 2447 kN are applied 'at=

_YB < 40.6 cm as homogeneous tensile
The K (a) curve is shown in' Fig. 2.9. The K -field rises tostress.
~ 7 y

~

Because220 MPa=[m starting with an initial value of about 60.4 MPa+[m.
of the small remaining ' ligament, the accuracy of . the K results for long
cracks (a/w > 0.8) is somewhat_ lower, but the ' goals outlined in the in-
.troduction are probably obtained. '

The National Bureau of Standards (NBS) in Boulder has proposed _5 to
.. test. the crack-arrest . specimen shown in Fig. 2.10. It-has a shape and
size similar to that discussed above, and the NBS machine can apply a

.

L
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Fig. 2.8. Crack-arrest panel specimen B configuration.
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-

Fa = 247 kN

.

_

i 100 -
-

.

.

20 -
-

1
0 0.5 1D

a/w

. Fig. 2.9. Ky analysis for specimen B distributed tensile load; Fs
.. . a t . 0 cm < Y < 10. 2 cm ; F3 at 30.5 cm < Y < 40.6 cm.

stub force of F, = 89 kN and a bulk force of FB = 890 kN. The above
analyses were performed for a specimen similar to that proposed by NBS
and produced the K (a) ' curves shown in Fig. 2.11. . Prescription of they

displacement on the upper boundaries of the stub and bulk region (fixed
boundary) results in a decreasing K (a) field with a low increase aty
higher crack lengths. For comparison, two other boundary conditions were
considered -- fixing , the . displacement at the load pins only and prescrib-

'ing loads during. crack extension. As expected, only the latter case
shows a rising Ky field. The K values for the initial crack-in the
actual NBS specimen will be lower, since the stub assumed in the finite-
element structure is' less . stiff than in reality. Nevertheless a rising
K ' field with K = 220 MPa*/mI cannot be easily obtained.y *-

d
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Fig. 2.11. Kg curves for a structure similar to suggested NBS
specimen.

2.3 Commentary on the' CEGB Strip Yield Model for
Analyzing the Effects of Warm Prestressing

J. G. Merkle.

2.3.1 Background

Principally as a result of' efforts to develop safety criteria for
nuclear pressure vessels that might be subjected to pressurized-thermal-- .

shock (PTS) loadings, warm prestressing (WPS) has been recognized as an
important physical phenomenon'that under certain conditions can prevent
the occurrence of cleavage fractures. -WPS is a term used to describe-

.

s
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the experimental observations that (1) over short periods of time, frac-
, tures do not initiate when the crack-tip SIF is decreasing with time and

(2) prior loading at a higher temperature (to a level above the original
toughness level at a lower temperature) causes an elevated ef fective
toughness value at the lower temperature. The first aspect of WPS, which
is understandable in terms of the need for increasing plastic tensile*
strain to cause f racture, has been recognized for some time and, as of
the Winter 1983 Addenda, is incorporated in Appendix A to Section XI of
the ASME Code.6 The second aspect of WPS, that of an effective toughness
elevation caused by prior loadings at higher temperatures above the cur-

level, has been demonstrated experimentally with notchedrent KIc
7 9beams ,8 and recently in the results of the first PTS experiment con-

ducted by the HSST Program (see Sect. 5.5.7). An explanation and verifi-
cation of this second WPS aspect is particularly important to the proper
development of PTS safety criteria for nuclear vessels because it has the
potential for preventing the extension of shallow cracks that might
otherwise result from repressurization occurring late in the postulated
transient.

Because of the need to consider the WPS ef fects in vessel safety
analysis in as straightforward a manner as possible, Chell et al.10-12
developed a closed-form mathematical description of the phenomenon, based
on the strip-yield model of crack-tip yielding. The calculational method
was applied to the existing experimental data of Loss et al.8 with a re-*

sulting accuracy of about *10%. Nevertheless, the physical basis of the
method was not made completely clear, and the mathematical derivations
were somewhat abbreviated. Thus, there is a need for both to be examined
to judge the applicability of the method to vessel safety analysis. That
need was the basis for this discussion, which was aided substantially by,

the existence of some previous reviews on the general subject of WPS.13-15

2.3.2 The strip-yield plastic-zone model

To develop a mathematical description of WPS for engineering appli-
cations, two important physical aspects of the phenomenon must at least
be represented. The first is crack-tip yielding, and the second is cy-
clic loading. If yielding is considered in an exact manner, then super-
position esanot be used to describe the ef fects of load cycling and only
numerical analyses will be practical. Furthermore, since load cycling
violates the assumptions of the deformation theory of plasticity by
creating nonunique relationships between stress and total strain, the
J-integral is likely to become path dependent and cherefore unclear.
Consequently, numerical solutions will become dif ficult to interpret in
a physical sense, and comparisons between analyses and experimental data
may be rendered inconclusive by the lack of a well-defined crack exten-
sion criterion. Consequently, there is a practical motive for developing
an approximate description of WPS that preserves the applicability of

andsuperposition, while still considering the ef fects of both yielding 2*

cyclic loading. Such an approach was developed by Chell et al.10-
using the strip-yield model.

O

_ _ _ _ _ _ _ _ _ _ _ _
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The strip-yield model (Fig. 2.12) represents the effects of yielding
ahead of a crack tip by means of a mathematical extension of the crack

.

' over which yield stress closure tractions act on the opposing crack
faces.- The stress analysis is otherwise elastic, thus preserving the ap-
.plicability of superposition for loads applied successively in time. The
mathematical extension of the crack (i.e., the plastic zone) has a length ,

that increases with load as long as loading is monotonic; t''s, the elas-
ticall calculated value of K1 at the mathematical crack tip ' mains.

} zero.1 A ~ finite opening displacement across the crack faces at the lo-
cation of the physical crack tip, denoted by 6 in Fig. 2.12, is termed
the crack-tip opening displacement (CTOD). Calculated stretching dis-
placements across the plastic zone in the strip yield model, denoted by

-

3 $(x) in Fig. 2.12, vary from 6 at the physical crack tip to zero at the'

mathematical crack tip. These displacements are usually not involved in
.

an ordinary strip-yield analysis for a monotonically increasing load, but
they are of . considerable importance with regard to the WPS effects.

I
The basic equations of the strip yield model were originally devel-

oped by superimposing the effects of the total remote stress and plastic-
zone tractions (e.g., Ref.16) . However, it is also possible and easier
to perform the analysis incrementally with the same results.17 Referring

.
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Fig. 2.12. - Schematic illustration of strip-yield crack-tip plastic -
sone model for monotonic tensile loading.-
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|3 - to Fig. 2.12 for a uniform remote stress, the plastic-zone size is given
('' by16,17
c.
.

. .i

-- S - 1 (2.5)"
S=c see ,

. .
2o

.

I
; - where ~ o represents the yield stress. In addition, the CIOD is given *

j: - by16,17

. 6 = 83c in sec " 8, . (2.6)|
-

wE 2o
L.

'12 assumes small-scale yielding, Eqs. (2.5)Because Chell's analysis
;

L -and (2.6) are reduc _ed to this condition as follows. For sufficiently
small values of c/o,

, . .

,

_ =}
1/ 2

i
-

--sec(-=}=
-

,g -1/2
-

,o,o
1 - sin 2 1 + sin?==

2 o/-
,

2o , 2 n /,
,

.

= 1 + 1 sin 2[*.j .g+ d j) . (2.7)
2 \2 o 8 o/

' * Consequently, using Eq. (2.5),

20 ,e -S=x (2.8)
-

.

8 F

Noting that

-

K = o/wc~ , -(2.9)

.

Eq. (2.8) becomes

2

S= '. (2.10)'

I 'Also, using Eqs.-(2.6) and'(2.7),
'

.. .

;... 6=8ac(,2,2), (,,,,, .

*
wE- 8 -F

9

.

.w-
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thus,
.

2
6=K:: . (2.12)Eo

e

Eqs. (2.10) and (2.12) are used directly in Chell's analysis.12

2. 3. 3' Representation of cyclic loading effects

Summarizing briefly, . crack-tip yielding is viewed as an incremental
process by which the stress becomes equal to the current yield stress
across a ;line of yielding that extends an incremental distance with each
load increment ahead of the physical crack tip. The tangent modulus
across the line of yielding is set equal to zero, so incremental dis-
placements occur across the line of yielding as well as across the faces

' of the ' physical crack. Because the strip yield plastic zone is only a>

~

.line . ahead of the . real crack tip, the height of the plastic zone is zero
and .all displacements can be calculated ' elastically. The mathematical
crack tip is. located at the end of the line of yielding, referred to as

. the plastic zone. . The elastically calculated SIF at the mathematical
crack tip is set equal to zero, but the displacements across the faces of

: the mathematical crack are not . zero except at its tip (Fig. 2.12). Con- *

. sequently, calculated displacements exist in the - plastic zone and at the
| physical 1 crack tip.

With'each load increment, the mathematical crack tip advances an in-
'cremental distance. The incremental displacements -of the mathematical

.

crack faces can be calculated elastically as those corresponding to the-

current crack-length and the remotely applied incremental loading. These'

! incremental displacements- are not affected by - the yield stress tractions
acting along the line of yielding because these. tractions .do not change
,during the' load increment. Because displacements ara calculated elasti-
cally, the effects of . cyclic--loading on the crack-tip stress and dis-
placement distributions can be modeled by superposition. The development
of the crack-tip stress distribution | will be modeled first. The' dis-
placements can then be modeled by the superposition of displacements .

. caused by . load - changes.
Referring to Fig. 2.13 for the first application of load at tempera-

ture ,T , the stress and strain at a representative point .in the plastic1
-

zone' follow the path OAB, and a plastic zone of size S10 . extends from the.

-real crack tip, as shown in Fig. 2.14. 1he ' double subscripts used here,
extending somewhat . their use by Chell,13 denote the final and initial'
load ' states, respectively. For omloadit.. at a -lower temperature T , the;

2'' stress and L atrain follow the path ' BCD in Fig. 2.13. A second stre_ss dis-..

. tribution is added to the first;. the stress magnitude is -- (o2 + 01), and
the' length is S21 . For reloading at a still lower temperature T , the

~

~ 3stress and strain ' follow the path DEF. A third stress distribution is.

added; the stress magnitude is. (o3 + o2), and the length is S ''-

32*
. For each load cycle 'or increase' in yield stress,~ yielding must begin

again - st the ' physical crack tip and ~a new .line of yielding ~ must be devel-
oped. The effective yield . stress governing the extension of a new line -

V .

6

I

^
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~
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Fig. 2.13. Schecatic representation of cyclic variation of stress

and strain at representative point in crack-tip plastic zone as a result
' of concurrent changes- of temperature and load cycling.

of yielding , as it progresses through the last previous zone of ' yielding, .
is the difference between the two yield stresses. The algebraic sign of

~

each yield stress is the same as the sign of the corresponding load
change. The plastic-zone size for a given load cycle is governed by the
effective yield stress for that load cycle and the change in ' the SIF be-
- tween the current and the last previous load cycle, according te Eq.

(2.10). Thus,- refetring to Fig. 2.14,

2x /K
- I ==1 (2.13)

S o = 8 (at-
..t

~* 2.s /K2 -- K 31
-

- - j (2.14)
21 " 8|(o2 + ogj

S ,

'I

L
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Fig. 2.14. Sequential changes in crack-tip plastic-zone stress dis-
tribution for conditions illustrated in Fig. 2.13.
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|
3 - K 32(K 2w

(2.15)S
- 32 " 8 (o3 + O

- l- .

2/,

-

For the . case of S32 > S21, the magnitude of the final stress over
.

S21 (Fig.12.14) is given by

I - (I + I ) + (I + I ) " I - I + I * I + (I - I ) -(2.16)I 2 I 3 2 I l 3 l 3 I ,

thus eliminating .the effeet of the second load step. This equation a' Iso
applies between S21 and the end of S32 .Since the superimposed stress
. distributions corresponding to the two terms in Eq. (2.16) are both con-
tinuous over the associated plastic-zone ranges, the corresponding dis-

_

placements can be calculated by the strip-yield model.
In ~ the previous case, the final active plastic zone does not grow at

a uniform rate. For S32 < S21, the size of S32 is given by Eq. (2.15),
which implies relatively slow growth. For S32 > S21, the size of S32 is
given by

- .

w K3 - K )2i (2.17)S 32 " 8 - - I ,
03 - otj

c

which implies rapid growth.
~

^ A special case of. practical. interest involves constant range load
cycling at a single temperature.- For this case,.

K3 ".Kt ,- (2.18)

'K2 = 0 ,- (2.19)

and
.

og=7 "5 . '(2.20).2 3

" ^ Consequently, Eq.'(2.15) gives

w (K 32

., . 32 " 8.1
1 (2.21)S l .

(20gj
.

m
,

_. -- _ _ . _ _ _ _ . _ _ _ _ _ _ . _ . , _ _ _ _ _ _ _ _ _ _ _ _ _ _ _,
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But for a further increase in K, Eq. (2.17) gives
,

32=fS (2.22).

.

For continued loading beyond the original value of K , the active plastic1

zone immediately grows from length S32 to length S o and then continuesi

to ' grow in accordance with the original monotonic relation given by Eq.
(2.13).

2.3.4 Formulation of a fracture criterion

For loading, unloading, and then reloading at a lower temperature,
the plastic zone during reloading will, up to some load, be contained
within at least one of the previous plastic zones (Fig. 2.14). However,
plastic strain will be increasing only within the currently active plas-
tic.' zone. The previously developed plastic strains 'in the first two
plastic zones remain constant. With this fact in mind, it is necessary
to choose a fracture criterion; Chell et al.10-12 use the J-integral for

.

the path surrounding the currently active plastic zone. The choice of a
specific path of integration was necessary because load cycling violates

, _ the assumptions of the deformation theory of plasticity and renders the ,

value of. J path dependent. The particular path chosen is logical because
increasing plastic tensile strain is a prerequisite for tensile fracture.

The J-integral is defined byl8
.

J = ) Wdy -- T + ds (2.23),

where' r is a curve surrounding. the crack tip progressing counterclockwise
from,the lower-flat crack face to the upper-flat crack face; W is strain
energy density; the y axis is perpendicular to the ' notch faces and the
x axis-is parallel to the notch faces; if is the outward stress vector on
r; Ei is the displacement vector on r; and ds is an element of are length
taken positive when progressing counterclockwise around P. Although the
plastic zone is treated as part of an open crack for calculating the
stretching displacements elastically, for purposes of a J-integral analy-
sis, the same segment of the mathematical crack is assumed to be filled
with a plastic material of zero initial height and zero . tangent modulus.

For the strip-yield WPS model, T is defined as the boundary of- the
active plastic zone, .so that

dy.= 0 . (2.24)'

..

- ~
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The resulting value of the J-integral, J,, is defined byo

'Ja av pc _ ay+ (-dx) (2.25)
_

J, = - (-o) 3 dx + o ,g,

. .

where 2_ and v, are the displacements of the lower and the upper bound-
aries of the strip-yield zone, respectively. Simplifying the signs in
Eq. (2.25) gives

.

pa _ ay c _ av+ dx. (2.26)0 ~ dx + o .J, = 3x da 3x
)c ,

Since

v_ = -v, , (2.27)

18Eq. (2.26) reduces to,

J, = 20_ pc ax+ dx , (2.28)
ax

ag

which leads to

J, = o (2v+(c) - 2v,(a)] . (2.29)

.Since. the relative disp ~1acement of the crack faces is given by

$(x) = 2v+(x) , (2.30) -

Eq. (2.29) becomes

3, = i f+(c) - $(a)) . (2.31)

For monotonic loading, the stretching displacement at the end of the
plastic zone $(a) is zero. For cyclic loading, the value of $(a) at the.
end of the currently active plastic zone is equal to the sum of the re-
sidual stretching displacements at that value of x caused by each of the
previous load cycles. The value of $(c) is obtained by adding the values
for each load step. - The determination of the required values of $(a) re-*

quires an explicit equation for the variation of the stretching displace-
ments Across the plastic zone of the strip-yield model. The value 'of a
in Eq. (2.31) is the value for the final load step, because the value of

a

.i?
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the J-integral'is based on deformation theory and is therefore not his-
tory dependent. *

2.3.5 Displacement analysis

The stretching displacements $(x) across the - plastic zone associated .

with each . load change ' can be calculated elastica 11y and therefore indepen-
dently, using.the strip-yield model. For each load change, the magnitude
of the' stress change in _ the plastic zone is used as the effective yield
stress, and -the tip of the currently active plastic zone is used as the
mathematical crack tip. The displacement distributions resulting from
loading, unloading, and reloading are _ illustrated schematically in Fig.Chelll22.15. has used the definition

a=c+S, .(2.32)

illustrated in Fig. 2 12, where x = 0 is the midpoint of the crack, e is
the crack half-length, and S is the plastic-zone length. Chell also uses
the notation

- K ), (i - E )] , (2.33)-$13 = $13 [x, (Kg j f j ,

where i denotes the final _ state and j denotes the initial state for a
load cycle. Because the strip-yield equation for $ j_ involves only1
(K - K N ht contains (o - o ) as a factor, it follows that the signg j g j

of the crack opening displacement .is determined by the sign of the flow
stress, and.

$j t ." .Mij (2.34)+

In ' applying the . strip-yield plastic-zone displacement equations to
-the problem of cyclic. loading, it was found thst even the small-scale
yielding equation is too complicated . to allow the development of closed-
form -solutions for the SIF at fracture. : Consequently, Chell12 developed,

a parabolic approximation for the variation of 'the> stretching displace-
ment with distance aftead of the physical crack tip; thus, in the strip-
yield :WPS model, $g)(x) H given by

(13
- c 32

t$gj(x) = 6ij | (2.3M,

ij / -

-where
,

c=x-c, (2.36)

,,

,.
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Fig. 2.15. Sequential changes in crack-tip plastic-zone stretching
displacements for conditions illustrated in Fig. 2.13.
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i- and-

.

S ) = (g)(c) . (2.37)g

-
2.3.6 Physical significance of the fracture criterion

The physical meaning of the fracture criterion J requires clarifi-ecation, despite the statement 10,11 that it represents the force on the
carrently mobile dislocations. Evidently, the term 4(a3 ) must represent
the effects of prior yielding near the crack tip, in terms such as crack-
tip blenting or residual stress at the tip of the plastic zone. In the,

superposition model developed by Chell et al.,10-12 prior plastic-zone,

displacements Esve no effect on subsequent stress distributions, but they
do . have an effect on J,. It is reasonable to. hypothesize that to produce
crack extension, a concentration of plastic work near the crack tip is
required to initiate and propagate microcracks back toward the main

,

crack. The displacement difference between the ends of the active _ strip-
yield plastic zone is a measure of this plastic strain gradient, and the
yield stress is the multiplier that converts plastic strain to plastic
work.

.

2.3.'7 Equations - for a load-cool-fracture sequence

Cheill2 identified three basic types of load sequences, depending on
the relative sizes of the plastic zores developed during each load cycle.

.One of these, for example, is a load-cool-fractu e (LCF) sequence, for
which an intermediate unloading cycle does not cecur, and consequently

. only the subscripts 1 and 3 appear in the equation for J,. By superposi-
tion, Eq. (2.31) becomes

J, = li I+1oCC) + *al(c) -- $ o(a )] , (2.38)a 1 3

where the double subscripts on 4 indicate the final and the initial load
states, respectively. The term 431(a3) is zero and does not appear in
Eq. (2.38), because the last ' displacement increase at the tip of the cur-
rent mathematical crack is always set. equal to zero. The strip yield
model for this case is illustrated in Fig. 2.16.:

Using the parabolic approximation for the variation of the stretching
displacements acrcss the plar'.ic zone, the stretching displacement (1
.a . specific ' load change is g$ven for small-scale yielding by combining) for
Eqs. .(2.35).and (2.12) to give

.

AK2 2g g \
. 4 _ -i l -- (2.39)=

EAa j S )j|
, .

gj g

..

n

f

.
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Fig. 2.16. Schematic illustration of strip-yield model for LCF se-
,

quence used for warm prestressing analysis.
,

where c is the distance from the physical crack tip to the reference
is the plastic-zone size for the load change under consid-point and Sgj

'eration. For x = c, c = 0 and for x = a3, c = S31 For small-secle
yielding, the strip-yield plastic-zone size equation reduces to

2w /AK 3
(2.40)S =-1 I .

ij 8 (Aa, j

For an LCF sequence, substituting Eqs. (2.39) and (2.40) into Eq. (2.38)
and using

K2
(2.41)J, = E

.
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produces the-quadratic equation
.

.

(2 + 7e)l [o )
o -o [K3z2-z - |=0,,

o \Kg) \ _o ) (2.42)_

g 3
,

where

z=8 .-

(2.43)10

The solution to Eq. (2.42) is12

1/ 27 _3
_

[K h $)
[0 b' |l [ - 4I | dIC

|f
I

\1/ 3/3
' o

K -K =| =-- - 1 iK (-| 1+=3 | 1- 1- ) (2.44)(81 ) |2 (
,

oj [ 7Yg

- 1 + _3 |
,

( _/_

.

where K is the-value of K a rac ure. us (K - K ) is the increasef 3 g gin Ky required to overcome WPS af ter cooling at constant load.

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

W. L. Fourneyi R. J. Sanfordi
G . R. Irwini C. W. Schwartzi
R. Chonat X-J. Zhangi

2.4.1 Cleavage-fibrous transition studies-

Two techniques are being used to determine the temperature eleva-
tion necessary for loss of dominant cleavage fracturing in A508B-steel.
One method employs fractographic examination of the fracture surfaces of
standard Charpy V-Notch (CVN) impact specimens; the other uses larger .

* Work; sponsored by HSST Program under Subcontract 7778 between
.

14artin Marietta Energy Systems, Inc., and the University of Maryland. -
i Department of Mechanical Engineering, University of Maryland, Coi-

lege Park.

.

m. .
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,

(25- to 50-mm-thick) side-grooved specimens, in which the initial fibrous
,

! crack extension from a fatigue precrack is converted to rapid cleavage by
using a spring plate in series with the load train of a stif f testing

,

machine.;

During this report period, a series of large-size spring-in-series

| fracture tests were completed using A508 steel tempered at 613*C. The*

specimens were loaded in 3-point bending and were side grooved to a depth
equal to 12.5% of the thickness. They had a thickness of 60 mm, W = 102

l mm and S/W = 4. Three tests were initially conducted; one at 80*C, one
| at 95*C, and a final one at 125'C. The fracture surface of the specimen

| at 125*C showed 2 mm of initial fibrous crack extension followed by domi-

! nant cleavage fracture. The cleavage region, however, indicated that the
test temperature was close to the loss-of-cleavage temperature. Two ad-
ditional specimens were, therefore, tested to bracket the loss-of-cleavage
temperature more closely. The fracture surfaces from these two additional'

tests are presented in Fig. 2.17. These specimens were smaller in their

in-plane dimensions than the original three specimens having W = 70 mm
and an S/W ratio of 3. The use of these smaller in plane dimensions

.

i would not be expected to alter the loss-of-cleavage temperature that was
| found to be 140 * 5*C. This result can be compared with estimates of the

loss-of-cleavage temperature of 95'C as obtained from standard CVN impacti

: specimens and with 115'C as obtained from side-grooved CVN specimens with
B = 15 mm.,

It is evident from the complete test results on A508, A36, A533B,,

and A514 steels that the relationship between the loss-of-cleavage tes-

|
peratures determined from CVN specimens and from large spring-in-series

! .
4

oRNL photo 682944
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m

.s
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.

'

Fig. 2.17. Fracture surfaces of two specimens of A508 steel (60 mm
thick) fractured with spring-in-series at indicated temperature. Rapid
fibrous crack extension at 145'C did not induce cleavage.
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specimens is influenced by constraint. For nuclear vessel steels, when
,

the degree of plane strain is large, rapid cleavage may occur at tempera-
tures as much as 45'C above the loss-of-cleavage temperature indicated
by CVN specimens. Note that of the two fracture surfaces shown in Fig.
2.17, the fibrous fracture at 145*C is most nearly planar. The large ir-
regularitics of the dominant cleavage fracture at 135'C suggest a rather *

high-toughness mode of cleavage separation. Estimates of toughness for
these tests will be reported later.

2.4.2 Fractographic examinations

Further optical studies were made of the cleavage branch crack that
was bypassed by a main fracture surface as reported in Ref. 19. The
fracture surface was from a Charpy specimen of A508 steel (613*C temper)
tested at -40*C. The specimen was of orientation 5 as described in Ref.
20. Examinations were cenducted on eight sections taken from the CVN.

specimen as shown in-Fig. 2.18. The eight sections stepped through a
thickness of 55 pm from the section presented as Fig. 2.5 in Ref.19.
Four of the eight sections are presented in Fig. 2.19 and show adjacent
transverse sections through a small cleavage crack as indicated by the
small black arrowhecd. This locally cleaved region does not appear to

'

have initiated from 'the main segments of the branch crack. From these
*examinations, two main results are inferred: (1) the interruption of the '

cleavage at each ferrite grain boundary is clearly evident and (2) the
origins of cleavage are not primarily at grain boundaries and may corre-
spond to locations of carbide clusters.

Finally, a 2-week working visit by Dr. H. P. Rossmanith from the *

Technical University of Vienna was used to start development of a statis-
tical model suitable for representing principal features of the cleavage-
fibrous toughness transition.

9
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Fig. 2.13. The manner in which sections were taken from CVN speci-
J mens for further examination. ,
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Fig. 2.19. Set of four parallel vertical section views of A508 steel CVN specimen tested at
-40*C, showing nucleation of cleavage facet allowed within ferrite grain. Distances between adjacent
sections are 10.0, 5.9, and 7.4 pm, respectively, for a-b , b-c , and c-d. (a) Vertical section G,

(b) vertical section H, (c) vertical section I, (d) vertical section J.
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2.5 Elastodynamic and Viscoplastic-Dynamic
,

Fracture-Mechanics Analyses *
~

M. F. Kannineni J. D. Achenbach*
S. J. Hudaki J. AhmadI

( J. H. Fitzgeraldi V. Papaspyropoulosi *

K. Chani

2.5.1 Objectives and approach

The principal objective of this research is to assist the HSST Pro-
. gram to .obtain reliable material fracture toughness data for the predic-
tion ~ of . crack arrest at high upper-shelf toughness conditions for use in

: postulated PTS.evsnts. This is being accomplished through research that
combines finite-element analyses with (1) small-scale fracture experimen-
tation, (2) wide plate testing to be performed at NBS under the auspices
of.- the HSST program', and (3) viscoplastic material characterizations.
The' focal: point of the work is the finite-element code SWIDAC (Southwest
I_nelastic Dynamic Analysis C_ ode). There are at least two reasons for
utilizing this degree of complexity. First, unlesc the crack jump length
is small, dynamic effects can significantly influence a run-arrest event
in a wide-plate test. - .Second, crack arrest at upper-shelf conditions may
= involve -significant strain-rate effects that will require a viscoplastic ,

. analysis capability. Thus, the research can be - considered in three cate-
gories: ^ (1) the application of . existing elastodynamic analyses to - the
- planned wide plate tests - (2) the development 'of a dynamic .viscoplastic -"

analysis procedure, and (3) the development of test methods to obtain dy- *,

namic crack . propagation / arrest ' data on high-toughness materials using
_ small-scale laboratory specimens.

-In . this research, SWIDAC is being exercised 'in - two . main ways. .
First, it is used in the " generation phase" to enhance the experimental

: effort.. By using the observed = crack-length ; history, and boundary condi~-

7tions as input:to the analysis,, values of-the' material crack' propagation /.
arrest toughness parameters can be~' obtained directly.-- For linear-elastic -'

- ' conditions, these would be in terms of| KID (V,T); in viscoplastic condi-
'

;
tions, it'is:likely that.these analyses willfextract critical values ofia

' nonlinear fracture-mechanics parameter, for example,~ the crack-tip open -,

ing1 angle (CT0A). The second 'use (of SWIDAC.is in .the '" application- .

. phase'," fwhere _ a specified crack propagation parameter ;(e.g., KID, CT0A)
twould: be usedito predicticrack -propagation / arrest behavior for given
" boundary: conditions.: . Comparisons .with experimental (results obtained on
wide-plate / ests |and in the FISE series .of vesseli tests 5 should then pro-t

Ivide s basis for a1 critical 1 assessment -of the ' analysis procedures 'and "of
~

E

[ Lthe asterial fracture property = data base that'~ results.
:1

* Work Isponsored by the HSST Program under Subcontract ,37X-97306C be-
'

J ween' Martin Marietta' Energy Systems,L Inc. ,1 and the ' Southwest ~ Research .
_

t
_ .

' Institute.

T ng~ neering and MaEerials Sciences Division, Southwest 'Research In-E i<

'stitute, SanfAntonio, Texas.

(* Department of Civil Engineering. Northwestern University,- Evanston,
'

'

1111nois.1 -
.

e
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2.5.2 Elastodynamic analyses of wide-plate tests
o

Elastodynamic finite-element analyses were performed on a problem
previously analyzed by the University of Maryland (UM) code SAMCR to com-
pare its predictions with those obtained using SWlDAC. The analyses mod-
eled rapid crack propagation in a homalite single-edge notched specimene

according to a prescribed KID (V) relation. The specimen was loaded by a
prescribed remote displacement that was held fixed during crack propaga-
tion. Crack length vs time and K vs time were computed.

The geometrical details and the finite-element mesh used in the
analysis are shown in Fig. 2.20. The applied displacement 6 corresponds

oRNL-DWG84-6200 ETD

c 3.2286 m =

e- 0.1143 m
_ __ _ _ _ _ ________-

,- - -

,,,,,,,, ., o o ., , ,, ,, m ,, ,, o o ,

6
*

i l

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- - - - -

0

E

N
4
o,o o o o o o o o o o o o o o o ,

E

@
E.
o

- .._ - . .._ .. . .._.) -

1 I
I I
I l

o| o
L .,o o o o o o o o o o o o,,

I
I I
I

I
I

f:: : : : :
- ;.. .g : : : : -

_ _ _

v,,_, y,,, _, yo , ,,,,,, , , ,

:,_ to o_o:pi o ,o:o ;K o y yo-(o o o

(CONTOUR 2
h

*

INITI AL CRACK TIP-
CONTOUR 1

Fig. 2.20. Finite-element mesh for upper symmetrical half of
single-edge notch specimen analyzed. Out-of-plane thickness of specimen

* was 25.4 nun.
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to an-initial prescribed load of 13.3 kN and crack length of 114.3 mm. .

This displacement was applied quasi-statically. Then, crack growth was
modeled according to the prescribed KID ( ) shown in Fig. 2.21. The re-
sults of the analysis, along with those of UM, are shown in Figs. 2.22s

f.

and 2.23. Despite significant differences in analysis procedures used in
,

SAMCR and SWIDAC, the agreement between the predictions of the two codes
was found to be reasonably close. Further details of this analysis can
be found in Ref. 21.

2.5.3 Dynamic crack propagation / arrest testing

To properly analyze the SwRI dynamic experiments, measure.aents of
crack extension vs time, as well as the specimens' boundary conditions
throughout the crack extension period, are needed. Crack extension is
being monitored by using an indirect electrical potential technique and
a " break-wire" technique. The former employs a commercially available
gage'(KRAK gage KG-C50-HT), while the latter is under development par-
ticularly with regard to its application to side-notched specimens.

.
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Fig. 2.22. Coruparison of predicted K vs time using SWIDAC and LH
Codes.

Boundary conditions are being characterized in terms of load-line dis-
placements measured using an eddy current technique.

Experiments are being conducted using wedge-loaded, compact-type
specimens having an effective height-to-width (H/W) ratio of 0.6. Two

specimen sizes are being used: (1) W = 100 mm and a thickness B of 25 mm
and (2) W = 200 mm and B = 75 nun. Most specimens will be side-notched,
thereby reducing ' the thickness by 25%, to promote plane strain condi-
tions.

The eddy current technique used to monitor specimen displacement em-
ploys a noncontacting probe mounted along a keyway in one of the specimen i

'

arms. The other specimen arm then serves as the target in which eddy
currents are induced. This integral attachment procedure eliminates ad- ,

|ditional fixturing whose dynamic response might confound the data inter-
pretation.

,,
The eddy current technique was selected because it is one of the few ;

displacement measuring techniques with adequate frequency response.to |

make the dynamic measurements. The transducers being used have a manu- |
facturer-rated response of 50 kHz. Nevertheless, these transducers are

* 1

L.
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Fig. 2.23. Comparison of predicted crack length vs time using ,
SWIDAC and UH codes.

being evaluated to assess possible frequer.ey response problems, as well
as potential inertial effects.

Although the indirect electrical potential technique using the KRAK
gage has been utilized successfully for dynamic crack propagation experi-
ments, certain . problems can be anticipated with its use in the current
p rog ram. Crack extension attended by large deformations and shear lips
causes the foil gage to tear irregularly. Contact between the specimen
and these irregularly torn edges can cause electrical shorting. This
problem should be minimized by employing side notches to suppress shear
lip development at the specimen surface. We anticipate that gages can be
mounted within side notches if the root radius of the side notch is >3 mm.

To provide an alternative to the above. crack monitoring procedure,
break-wire techniques are also under development. A prototype gage has
been produced using a 0.24-mm-diam Chromel-A wire having a resistance of
0.014 0/mm. The gage configuration is tapered with cross wires of vari-

;

able-length and therefore variable resistance. This configuration pro- '

duces a stepwise, linear record of output voltage vs crack length as suc- .

'cessive wires are severed during the crack propagation event. This char-
acteristic, along with a working power of several volts, will eliminate
the need for amplifiers, which are of ten a source of frequency response
problems during dynamic testing.

,

m
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Procedures are being developed to insert the above gage into the~;,; cc
.

' side notch using a Teflon mandrel. As an alternative, the use of conduc-
~

L tive paints are. also being explored as a means of directly producing the

gage within the side-notch. _ Conductive paints are available in a variety

. of electrical resistances and can be applied to the specimen using an air
'. brush. and . silkscreening technique similar to that ' employed la the ' produc-

tion of. electronic circuits.
= Specimens are loaded using dual pins and a wedge. This system is

- similartto that previously used in crack-arrest testing,22 but'different
from the single split-pin wedging that has evolved within ASTM for crack-1

arrest testing.23,24 The current' system enables crack growth gages- to be
mounted on both planar surfaces of the specimen and also enables access i

for the eddy current transducer. Uniform heating or cooling of the
specimen is also easier than'in the case 'of single split pin loading
where the specimen is in contact with a large thermal mass.

The current loading system is less stiff than the single, split-pin
loading system. . However,- this feature is not a disadvantage in the cur-
rent experiments since the specimen's boundary conditions are dynamically

,

.. measured during .the crack extension period. Thus, it is unnecessary to

rely on a stiff loading system to approximate - the condition of constant i

load-line displacement as is traditionally done in crack-arrest testing.
In fact, the lower stiffness of the current system actually provides' an

.= ? advantage when testing high-toughness materials. Under these conditions,
/the loading system acts as .a spring that stores elastic energy which be-
E comes available as a driving force for crack growth once the crack begins -
to advance. This feature enhances the capacity of small . specimens to'"

jo; test high-toughness materials.
The experimental philosophy is to first gather data at low tempera-

ture, then proceed to higher temperatures, modifying : test techniques as'

necessary. Several small specimens (W = 100 mm) have been prepared for
testing at low temperatures. The ' larger specimens are_ currently beings

b - prepared. All. specimens 'are, being machined from A5338 steel'provided by
' ORNL from the same heat of. material to be used in. the wide-plate ' tests at,

NBS.

[ An initial dynamic fracture experiment was conducted' at a tempera-
ture of -50*C using a'small specimen 'with a blunt-notch root diameter of
-l ima. However, the crack failed to initiate under these. conditions. Ad- >|

'

' ditional' specimens are .being prepared with a 'small electrodischarge-
' machined ,(EDM) notch and with a ' weld-embrittled notch to facilitate crack q,

initiation. '!

_

2;5.4- Viscoplastic material characterization
s

[ The ' viscoplastic properties of A533B steel were characterized by,

. performing tensile tests"on .round bar1 specimens at : strain rates ranging-
4 ,i .from 10-3 to J1 s-1 ^ at -40, -10, '50, 100, and ;175'C. - Load an'd displace-
' ' '

-", . . ment" data jere recorded until ' final fracture. The'Bodner-Partom consti-
|- ' tutive theory'was then used to modelf the elastic-viscoplastic behavior of

a A5338 : steel . Using the experimental tensile data and the procedure 'de-
264 ' : scribed -in Ref. 25,; the material- constants in the Bodner-Partom model

- ? were ' evaluated. . These are tabulated in Table - 2.1. In obtaining these
j

#
,

1

'l
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Table 2.1. A summary of the material constants
,

in the Bodner-Partom model evaluated
for A533B steel

Temperature 20*Z2 M1 Z1 Do
*

n
(*C) (MPa) (MPa~l) (MPa) (s-1)

-60 2.20 1200 0.061 1550 106
-10 2.00 1170 0.061 1550 106

50 1.90 1160 0.061 1550 106
100 1.77 1150 0.061 1550 106
175 1.75 1140 0.061 1550 106

constants, only isotropic hardening is considered; both directional hard-
ening and thermal recovery have been neglected. As indicated in Table
2.1, the material constants Do, M , and Z1 in the Bodner-Partom model are1

temperature independent; on the other hand, the parameters n and Zo are
dependent on temperature. In the temperature range of interest, n and Zo
have been found to be well described by:

.

175 + 1.35 , (2.45)n=

.

Zo = 2.4 + 1084 , (2.46)T

where T is the absolute temperature in degrees Kelvin and Zo is in mega-
pascals. . Also note that the material constants were obtained on the

basis of the Lagrangian (engineering) stress and strain measures.
Based on the material. constants in Table 2.1, the Fodner-Partom

model has been used to calculate.the stress-strain curves of A533B steel
at -various strain rates and temperatures. Figures 2.24 and 2.25 show the

__

good comparisons that exist between the calculated and experimental yield
stresses (at plastic strains of 0.2% and 10%) as functions of temperature
and strain rate, respectively.

2.5.5 Preliminary development of a viscoplastic crack
propagation model

Implementation of the Bodner-Partom constitutive theory 26,27 into a
' finite-element code for' studying ' dynamic viscoplastic propagation was
initiated.- The finite-element code chosen for this purpose was VISPLAS,
'a 2-D code that uses an isoparametric element formulation for 4-noded *

,

:(linear) and 8-noded (quadratic) elements. The nonlinear solution proce--
. dure in VISPLAS is an algorithm from' Hughes and Taylor 28 commonly known
as the a-method. The algorithm has been coded so the user may select an
explicit (a'= 0)'or.an implicit (0 < a'< 1): integration procedure. This '

a
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Fig. 2.24. Comparison of experimental and theoretical yield
stresses as functions of temperature.

capability gives the user considerable flexibility in controlling accu-
racy, stability, and the computational cost of the solution. Note that
the explicit method is less expensive per time step (no stiffness refor-
mulation), but it requires smaller time steps than the implicit method to
ensure stability of the solution. On the other hand, the implicit method
with 0.5 < a < 1 is unconditionally stable regardless of the time-stop
size, but it requires reformulation of the stiffness at each step.

Evaluation of the two algorithms with the Bodner-Partom constitutive
model was achieved by predicting the tensile response of Rene 95 at 650*C
at a constant stress rate of 4000 MPa/ min. Solutions using both algo-

rithms were obtained for up to ~2% strain and for different time-steo.
o sizes. The results are summarized in Figs. 2.26-2.28. The next step in

- the development is to incorporate an algorithm for crack propagation mod-
eling via a node release technique. Then, the viscoplastic analysis will
be implemented in SWIDAC. .This will enable viscoplastic-dynamic crack
propagation analyses related to the PTS problem to be performed.,
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,

L .2.5.6 Asymptotic analysis of crack propagation ir. a
. viscopleetic medium

The Bodner and Partom constitutive equations 27 are for an elastic-
viscoplastic work-hardening material. These-equations do not require
separate specification of a yield criterion, and it is not necessary to
consider loading and unloading separately. Within the- context of the
Bodner-Partom model, both elastic and inelastic- deformations are present
at all stages of loading and. unloading. However, the plastic deforma-
tions are very small when the material behavior should be essentially
elastic.-

To obtain a more realistic description -of the stress and deformation
state near a rapidly propagating crack tip.in a Bodner-Partom material,
the order of-the'' singularities is of interest. it is. assumed that the
crack propagates under Mode-1 conditions. To take the effects of mate-
rial inertia :into ' account, the near-tip fields are analyzed by the asymp- -
totic method presented by Achenbach, Kanninen, and Popelar.29 The re-
suits show that, while - the near-tip plastic strain rates are bounded just *

as for a linearly elastic material, the total strains and the stresses
display square-root singularities. This finding is of great importance
.for the finite-element representation of viscoplastic-dynamic crack
propagation and. arrest. -.
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3. MATERIAL CHARACTERIZATION AND PROPERTIES
.

R. K. Nanstad

3.1 Directory to Other Meterial Properties Reporting
.

. Primarily for internal management and budgetary control purposes,
the Heavy-Section . Steel- Technology (HSST) Program has made a separate
task-(Task H.3) ~ of the work on material characterization and properties
' determinations. 'However, for the readers' convenience, some contribu-
tions are placed within other chapters of this report according to the
larger tasks that correspond to the particular material studies. There-

' fore, in addition to the work reported in this chapter, please refer to~

Sect.-5.3 for properties studies in support of wide plate crack-arrest
tests and to Sect. 10.2 for fraccographic evaluation in support of the
first pressurized-thermal-shock (PTS) assessments.

3. 2. - ORNL Participation in ASTM Round Robin on K , Testingg

W. R. Corwin T. D. Owings
.

_ ' Oak Ridge National Labortory (ORNL) has completed all testing. for
the. ASTM round robin on crack-arrest testing. The HSST Program is sup-
porting similar testing through subcontracts at the Battelle Columbus
Laboratories (BCL) and the University of Maryland (UM). The ORNL results ''

' have been transmitted to the ASTM round-robin coordinator (UM). The
results will be discussed in .the next progress report af ter the testing

'

by the-remaining laboratories is' completed. The ancillary testing to be
s | performed in conjunction with the round robin (e.g..- subsize specimens
' " inverted-pin' testing) will be done at ORNL during the 'next reporting-

period. The overall status of the ASTM round-robin' program is given in
; Sect. 5.3.3 of this report.

'

3.3. Direct Current-Potential Drop Studies

:J. J. McGowan

Procedures are being developed for ;using de potential-methods in J-
-integral" R curve testing.. The mejor ' advantage in 'use of de potential for.

crack length ' measurement is that the R-curve - test can be conducted con-
tinuously at an arbitrary strain rate. .One of the most important aspects'
of~de potential.R-curveitesting is an' accurate' calibration between the
de potential values and the crack length. for a chosen : set. of probe lo-
cations.. The probe and current input locations that were selected are '

shown ' in Fig. '3.1. These locations were selected for _(1)' sensitivity to
- L crack length change and (2) insensitivity to probe misplacement. ' Notice

- |that active , and reference probes are used. This arrangement is used to

.

x:
_

t

!^1

Y. ,-- -- _-_--- -



. - -- . . _ - _ - - - . - - . . . . . _ _.

<.

51

ORNL-0WG 84-6142 ETD

REFERENCE

g PROBE

o dc
CURRENT
IN

_

/ I
i -

e
e

-

-

/
p ACTIVE PROBE

N .

I
I

;

Fig. 3.1. J specimen geometry and probe location.*
yc

.

eliminate the effects of temperature-caused _ sensitivity changes and
current changes. Three separate models were used to determine the cali-,

bration: .0.7-am type 304L stainless steel sheet experiment, 0.03-mm
aluminum sheet experiment, and 299-node finite-element analysis. Each

specimen including notches andmodel used the exact geometry of the Jye
holes. The' experimental studies used a Kepko JQE-610 for current supply
and an HP 3487A 5 1/2-digit voltmeter for de-potential measurements.~

The analytical studies used-the ADINAT computer program with 85 two-
dimensional, 8-node isoparametric elements, as shown in Fig. 3.1. The
results of the three studies are shown in Fig. 3.2. The agreement is
quite good with a dif ference of a/w of 1% for 0.5 < a/w < 0.9.
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Fig. 3.2. Results of calibration models, where ES is reference po-
tential and EC is active potential.
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4. ENVIRONMENTALLY ASSISTED CRACK-GROWTH TECHNOLOGY *
.o;

! - W. H. Bamfordi R. J. Jacko*'
,

,'= I. W. Wilson * L. J. Geschini* :
,

*
4.1 Introduction

i
1

- The objective of this task is to characterize the crack growth rate ;

properties of light-water reactor (LWR) materials exposed to primary-
coolant environments. The work now being conducted falls into four major
areas:

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

2.. static-load KISCC tests in simulated PWR environment, ,

3. fractographic examination of specimen fracture surfaces, and
4. characterization of environment by measurement of electrochemical

potential.
<

4.2 Fatigue Crack-Growth Results
,

,

The results of testing carried out earlier under this program have |
shown that the microstructure of the material can have an important in- [-' fluence on the level of crack-growth enhancement in a water environment.1,2
That finding has been confirmed by other investigators and is now being
followed up by more detailed studies. Two areas have been studied and-*

. will be reported here. .

'4.2.1 .High-sulfur material characterization-

'Ihe crack growth behavior of high-sulfur steel is of interest - be-'

. cause . the steels are expected to exhibit the most enhancement of crack
growth. A. test matrix has been formulated- (Table 4.1) to provide more

~

information on a typical high-sulfur material. The heat chosen for. study.
was 'a commercially produced pressure vessel steel with a sulfur content "

-of'O.025'wt %. This was among the' highest known sulfur content and is -i

. typical of ' the oldest asterials in service in operating plants. Steels

_'

with lower-sulfur content have been produced since then to ' improve the
fracture toughness. The matrix was designed ' to characterize the material.

~

behavior 'at different temperatures, frequencies, and R ratio values
s

* .
11X-21598C betweenWork sponsored by HSST Program under Subcontract

! Martin.Marietta Energy Systems, Inc., and Westinghouse Electric Corpora-
tion, ' Nuclear Technology Division. .

E Westinghouse Electric Corporation, Power Systems,1 Nuclear Technology. >

< Division,'Pittsburgh, PA 15230.

~ # estinghouse Research and Development laboratories, Pittsburgh, PAW
~

.*
15235.g

, .
,

.

?

{"v



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

54

Table 4.1. Test matrix for study of frequency and
,

temperature effects for high sulfur A533B steel

R ratio = 0.2 R ratio = 0.7Test

C) #*9" FrequencySpecimen Specimencp p

288 1 CQ2-5 1 CQ2-6
la CQ2-8 10 CQ2-11
1(borated)a CQ2-9

204 1(borated)a CQ2-12 1 CQ2-7
102 CQ2-10

93

a
Tests completed during this reporting period.

(Kmin/Kmax). The matrix also included a study of the effect of the
boron level on crack growth. The tests completed during this period are
identified in Table 4.1. *

Three tests have been completed under the conditions of 288'C, one
cycle per minute, and R ratio equal to 0.2. The environment has been
deoxygenated water except for specimen OQ2-9, which was tested with bor-
ated water. Figure 4.1 shows that the crack-growth behavior of all three .

specimens was essentially the same. These results are important in a
number of ways. First, specimens CQ2-8 and CQ2-5 provide a measure of
the scatter to be expected in this material. This scatter results mostly
from material variability, which is best characterized by the distribu-
tion of manganese sulfide inclusions. This aspect will be discussed
further in Sect. 4.4, but it should be noted here that these specimens
were taken from similar positions in the plate. The ef fect of a borated
water environment on the crack growth was found to be negligible, as seen
by comparing the results for specimen 0Q2-9 with those for the other two.

The effect of temperature on fatigue crack growth under low R ratio
conditions is shown in Fig. 4.2. There is a definite effect of tempera-
ture on the growth rate, with the higher temperature resulting in faster
growth rates. Both of the tests shown in Fig. 4.2 were tested in borated
water environments.

The results of the high R ratio tests are more difficult to inter-

pret because of ten the crack-growth rate is stagnated at a certain point
in the test, refusing to rise continuously with applied stress-intensity
range AK, as is generally observed in los R ratio tests. This behavior
has been observed in many earlier tests at high R ratio. The effect of
test temperature on the high R ratio results was discussed previously,3

*and it was concluded that the growth rate is higher at a higher tempera-
ture.

The effects of frequency on the crack-growth results are shown in
Figs. 4.3 and 4.4 for 204 and 288*C, respectively. In both figures,

.
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Fig. 4.3. Effect of frequency on fatigue crack-growth rates for
high-sulfur heat CQ2 at R = 0.7 and 204*C in simulated PWR environment.

many accelerations and decelerations are found, but the higher crack-
growth rate was found at one cycle per minute, which agrees with earlier
finding s.''

llany of these specimens were also studied fraccographically. Thoseo

renults are discussed in Sect. 4.4.
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,

4.2.2 ~ Low-sulfur material characterization

Although the level of environmental acceleration is known to be
lower in low-sulfur uteels, it is nonetheless important to understand the
behavior of low-sulfur steels in water environments. hio heats of low- .

sulfur steel (content 0.004 we %) have been characterized, and remarkably
dif ferent crack-growth rate behaviors have been observed.

Figure 4.5 presents the results for these two materials at a low R
ratio.and includes two specimens tested by Cullen et al.5 The results ,

|
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for heat "W7" show predominantly low fatigue crack-growth rates. Speci-
men W72C9, which showed accelerated growth, appears to be an exception
rather than the rule. Extensive studies have been made to find an ex-,
planation for this behavior with no success. The "WC" specimens were
taken from the same position in the plate, and the test environment chem-
istry was essentially identical. There was no indication in test records
that would suggest that dif ferent results should be obtained. Given the

,
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collection of results on this heat, one must conclude that the behavior
.of heat "WC" was not accelerated.

The other heat of low-sulfur steel 'IW has been characterized rather
extensively in earlier testing,1 and the results obtained at a low R
ratio are consistently nuch more accelerated than those of heat W/, as
shown in Figs. 4.5 and 4.6. The test records for heats TW1 and W72C9 *

were compared in detail, and no differences were obvious. Even the water
chemistry results from both before and af ter testing compare very well
for all the specimens shown in Fig. 4.5. Further study of these two heats
was done fractographically. Those results are reported in Sect. 4.4.

oRNL-DWG 83-5930R ETD

8
- _

6 - -

- _

4 - -

-
,

_

2 - -

W9 -

10'3 - ASME SECT. XI __

,
-- REFERENCE -

CURVE, R < 0.25
,_ _

j6 - -- .

f
~~U ~

A5338 PLATE
j 4 - S = 0.004 wt % -

E - R = 0.2 -

V PWR ENVIHONMENT
M -

ONE com SINE

0288 C
2

__

2TCT
~

e TW-4 (LT)
10-4 - e TW-1 (TL) -

8 - o TN-7 (LS)
-~

_ _

6 -
-

_ -

4 - -

- -

|
2 -

ASME REFERENCl
LAW- AIR
ENVIRONMENT

i I I I I lill i I I I lili,g
3 2

1 2 4 6 8 10 2 4 6 8 10

AK (MPaf) *

Fig. 4.6. Effects of specimen orientation on fatigue crack growth
rates for low-sulfur heat of A533B steel tested in PWR environment at
R = 0.2. ,

__ __ - - -_



-- _

2

.

' '

61

4.3 Static-Load Testing- '

.g

_

~ This program has included characterization of static-load crack ex-
, .

- tension behavior of pressure vessel. steels and welds since 1974. The
j ,i specimens are WOL type,- 2.54 cm thick, and loaded to a fixed displacement

-by a bolt of'the same material. The specimens are positioned in the'

: bottom of two of the: operating corrosion fatigue autoclaves. A recent
- summary of the information generated appears in Ref. 6.

1 Cracking under- static' load has been observed in all of the heat-
- affected-zone (HAZ) materials and in a single heat' of A533B Class 1
1 plate. The incubation time for .the HAZs has been rather short in many

~

! cases, around 2000 h, . but- for the plate material, the time to first
cracking exceeded 37,000.h in'the environment. No cracking has occurred

,

in;the welds or forging material as yet, after over 75,000 h, of which
. over 51,000 h' have been in the environment. Table 4.2 shows the stah .
of-al specimens. tested to date.

~

'

Table 4.2. Status of bolt-loaded specimens in simulated
PWR environment (August 1, 1984)

-e-.
Applied stress- Total tim'e Time in

Material Specimen intensity factor. loaded environment
(MPa+:a) . (h) ' (h)

>i A533 class 1 '04A-114' 90 74,098 48,994
. plate .

.
04A-116 88 74,098 48,994

(HSST plate'4)

A508~ class 2 ;F-13 110. 75,118 51,430
forging 'F-14 ' 99 ~ 75,i18 52,638

F-15 ' 88 ' 75,118 52,638

Linde 124 'C-13 110' 75,118- 52,638
weld. .C-14 99 75,118 '52,638

Linde 124' weld -CQ-1-HAF_ 110[ 28,708 (1,816)b '14,394 (1,262)b-

HAZ CQ-2-HAZ 99 . 28,708 :14,394
.CQ-3-HAZ. 88 29,136 ' (3,360)b 12,274 (2,616)b

I T

~ LindeL OO91 ..D-7HAZ .99 27,980 23,120
j' weld HAZ :D-8HAZ ; 88 '27,980 (7,196)h. 10,368 (4,160)h8

D-9HAZ- 77 .27,980: 23,120' ,
-

Linde 124 K-3HAZ
,

66 4,320 (4,320)h'. 4,138 (4,138)b
h 4,138 (4,138)b'weld.HAZ~ :K-4HAZ.. 77 4,320 (4,320)b 4,138 (4,138)h'

+

4,320 (4,320) .-
~ ' K-5HAZ - 88

,

b 5,280 (5,280)h.Linde'0091 DD-3HAZ ' 66 ' 5,760 (5,760
DD-4HAF: 77 5,760 (5,760 '5,280 (5,280)h!weld HAZ
DD-5HAZ. 88 '5,760 (5,760 .- 5,280 (5,280)F

,

1ex
aRemoved from testing; _'

DNours at f first observed crack otxtension.'

- 8 Extension since ~1ast report.
...

:

.

.
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a

i .A total of 25 specimens have undergone testing in the environment, ,

' ncluding specimens from A533B Class 1, A508 Class 2, and welds and HAZsie
made with Linde 80, Linde 124, and Linde 0091 fluxes. Fifteen specimens
remain in testing. Specimen preparation and test techniques were sum-
marized in t'he last progress report.3

*

Two new HAZ materials (the last two listed in Table 4.2) were added
during the previous report period, and some cracking has occurred during
this report period. In conjunction with these tests, fatigue crack-
growth rate tests are also being performed (see Table 4.3). Figures 4.7

and 4.8 show results from two specimens of heat DG, which were tested
during_this report period. This heat behaves in a predictable fashion-

at both ' a high -and a low R ratio, because plateaus in crack growth occur.
-Those plateaus have been found in other materials which have exhibited~

static-load cracking and could be viewed as an indicator of this sensi-
tivity.. Other materials have not shown.this plateau behavior, as demon-
strated by materials.already discussed in this report (e.g., heats W7 and
CQ2). The relation between crack-growth behavior and static-load crack
grewth has been. discussed more extensively in Ref. 6. Note that heat DD'

displayed'the'most accelerated crack growth rates yet observed in the high
R ratio test shovn in Fig. 4.8. .More tests of this material and heat KH
will be carried out during the next report period.

-

.

~

Table 4.3. Fatigue crack growth rate testing to
complement static-load tests

.n

R = 0.2 R = 0.7

' Test' material Frequency Frequency
3 3(cps) (cpa)

-Linde'124' weld.HAZ- 1 C-24-HAZ-1- 1. . C-23-HAZ-1
material "C"

Linde^124 weld HAZ '1 CQ-1 HAZ l CQ-2.HAZ
material "CQ" 5 CQ-3 HAZ

Linde 80 weld.HAZ .l.. C-3 HAZ .1 C-4 HAZ

_

material??C"

A5338 plater"04" ' 1 2D 3Q-6 1 02GB-2
1. 2D|3Q-5 1 2DlQ-2'"

.Linde 0091 weld 1 D-1 HAZ '1 -D-2 HAZ-
material "D"~ . 1 D-4 HAZ

,~ * 1 D-6 HAZ,

W ' Linde 124 weld ,
'

~ Test results not yet available

material "KH"f [
'' *

Linde 0091 weld -1. _DD-1 HAZ 11 DD-2 HAZ'

material."DD"
.

'

., h - '-
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4.4 Fractographic Examination of Specimen Fracture Surfaces~

?

'The scanning electron microscope (SEM) has been used to examine the
fractures - from the fatigue- and bolt-loaded specimens. Before examina-
tion, specimens were cleaned of corrosion product using an electrolytic'

. technique involving scrubbing with cathodic hydrogen. The oxide removal*

- was facilitated . further by conducting the electrolytic cleaning in an
- ultrasonic cleaning apparatus.

During this report period, the fracture surfaces were studied. A
more detailed investigation of microscopic details related to crack
- growth rates is to follow. Sulfur printing of the specimens is currently
- in progress. The specimens investigated were:

1. specimens from the study of frequency and temperature effects on
high-sulfur steel (Table-4.1),

2.. specimens from low-sulfur material characterization (Fig. 4.5), and
3.: specimens from static-load tests (Table 4.2) and fatigue crack growth

~ tests to complement static-load tests (Table 4.3).

All fatigue' specimens were investigated at 1.27 mm from one edge.
The bolt-loaded specimens were investigated down the center.

4.4.1 High-sulfur material-fractography*

Specimens CQ2-9 and CQ2-12 were tested in -borated water at 288 and
204*C,= respectively (see Table 4.1). Both fractures were relatively

* - smooth' and exhibited ductile fatigue striations, with side cracks on most -~

areas of the fracture (Fig. 4.9). Where the growing crack apparently in-
' te'rsected an inclusion [ Fig. 4.9(b)],| there was no effect on the frac-
tography other-than the local discontinuity. The test' temperatures had
no effect on the general'fractography.

.

.

. Specimens . 0Q2-6 and CQ2-11 were tested. in water at 288*C and ' at 1
<

-and 10 cycles per. minute, - respectively. . Specimen CQ2-7 was - tested. at t
: 1 cycle per minute in the same environment, but- at 204*C. - All three
specimens exhibited a - flat fracture macroscopically. Ductile striations

. were readily observed on specimen-CQ2-6; inclusions had no effect on,the'-

fractography. _ . Specimens CQ2-11 and CQ2-7 had a rougher texture, and no.
: fatigue striations' have yet been observed.

. Specimens CQ2-7 ' and CQ2-12, .both tested at 204*C,' had a more adher-
ent. oxide 1that has. proven more difficult ' to remove. This has reduced the
resolution of detail on the fracture faces..

' 4.4.2 Low-sulfur material fractography

Specimens TW1- and W72C9 exhibited higher crack growth rates than-
specimen W72C7,Lespecially at AK levels approaching 20 MPa.[n (Fig. 4.5).

,

*: ' No significant - dif ferences "have been- found between the ' fractographic
'

details for.' these three' _ specimens. ' All- exhibit: striated . fatigue . crack '
' growth. with . side cracks and tear ridges 1 separating the striated regions

as -

*
.
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(Fig. 4.10). The side cracking increased with increasing stress inten-
.-

sity. . Narrow regions of ductile tearing separate the striations at the
tear ridges [ Fig. 4.10( b)] .

4.4.3 ' Static-load and complementing fatigue specimen fractography.

These specimens were from the HAZ of two weldments (Tables 4.2 and
4.3). The fatigue specimens (Table 4.3) exhibited similar fractographic
details to those . displayed by the base metal specimens described pre-
viously. Specimens CQ2-HAZ and DD-1HAZ, both tested at I cycle per

. minute at R = 0.2, exhibited flat fractures with ductile striations and
side cracks (Fig. 4.11). No striations have been resolved on specimen
DD-2HAZ tested at 1 cycle per minute at R = 0.7. Side branching is seen,

[ Fig. 4.12(a)] along with some featureless areas [ Fig. 4.12(b)]. Some

1 features are similar. to dimples [ Fig. 4.12(c)] but could also be corro-
sion pits, possibly formed after test. The fracture on this specimen
started as a flat smooth surface, then moved out of plane and became
rough. The reasons for this are being studied.

The bolt-loaded specimens were significantly different. Macroscopi-
cally, the cracks were rough with cracks fanning out on different planes
and linking up. It has proven difficult to remove the oxide easily from

: specimen CQl-HAZ, and any fine detail is not visible below the magnetite
crystals. The cracking is relatively featureless at the start [ Fig.~

4.13(c0], but river marks similar to those seen on cleavage cracks are
visible at greater depth [ Figs. 4.13(b) and 4.13(c)] . An attempt to re-
move the remaining oxide, without causing significant degradation of the

* . underlying fracture, is being made.
Specimen DD-4HAZ, tested under the same conditions as CQ2-HAZ, ex-

hibits significantly different fractography. Figure 4.14(c0 shows the
end. of the fatigue precrack and the branching at the start of the crack
whose fracture morphology is not obvious'at this point. However, within
5 mm the cracking is obviously . integranular [ Fig. '4.14(b)]. . The duplex
grain' size of this specimen is readily. apparent in Fig. 4.15. . In Fig.'

4.15(b), .some _ small regions of transgranular cracking can be seen and the
transgraularity becomes more evident at 1onger crack _ lengths. . Figures

~

; _4.16 and 4.17(a) can be compared with the river pattern, cleavagelike
appearance seen on specimen'CQ2-HAZ; however, a significant amount-of
intergranular cracking is still present' [ Fig. 4.17(b)].

j

f 4.5 ' Characterization of Test Environments' Through
Free Corrosion Potential Measurements

The objective here is to monitor the environment / material inter-
< <

action with time by continuous measurement of electrochemical potential.
Different reference electrodes have been incorporated into the corrosion

i-* fatigue test loops: an external silver / silver chloride (Ag/AgCl) refer-
ence electrode |and two palladium / hydride (Pd/H) reference electrodes.
One Pd/H reference electrode has been placed in the corrosion fatigue
chamber. The current approach and experimental arrangement were dis-
cussed in the last progress report.3 - The electrode chamber presently,

< ci

:
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,

contains an Ag/AgCl reference electrode, a Pd/H reference electrode, an
.

,

A508 steel sample, a thermocouple, and a platinum (Pt) counter electrode.
Two experiments were conducted during this reporting period. The~

- first experiment was a confirmation test of the electrodes in a high-
temperature environment containing deionized water with a 138-kPa hydro-
gen overpressure on the room temperature makeup tank. Lithium hydrox- *

ide (LiOH) additions were made to the test solution to adjust the room
- temperature pH to 9.0. The free corrosion potential of the A508 coupons
.was measured vs the Pd/H and Ag/AgCl reference electrodes in the test
chamber. .Durirq ;the second experiment, a corrosion fatigue crack growth
test was conducted on test specimen CQ2-8 in a solution with the same

. water chemistry, which is typical of the other tests conducted in this
program in nonborated water.

- The potential measurements that were conducted for the first test
- are shown in Fig. 4.18. - The potential readings listed are uncorrected.
- The equilibrium potential of the 0.01 M potassium chloride (kcl) Ag/AgCl
reference electrode is 25 mV.with respect to the standard hydrogen poten-
tial:at. temperature. The Pd/H ' reference electrodes behave as reversible
hydrogen electrodes at temperatures which are in equilibrium with the
test. solution of that high-temperature pH. Calculations of the high-
temperature pH of this test solution indicate that the pH is 6.33 at 288'C.
and:6.25 at 275*C. The' reference electrodes . appeared to operate satis-
factorily during the initial 4 weeks of the test. However, careful exami- ,

nation of the figure shows that the two Pd/H reference electrodes did

*
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not behave in an identical manner during the exposure. The Pd/H refer-
ence electrode, which was in the monitoring cell in the effluent line,.

would become depleted in ik more rapidly than the Pd/H reference electrode
in the chamber. When the hydrogen pressure inside the reference electrode
was recharged, the measured potential quickly dropped ~100 mV. The refer-
ence electrode in the fatigue chamber measured the corrosion potential*
of the static compact tension (CT) specimen that was in the fatigue cham-
ber. Note that' this test specimen in the stand is galvanically coupled

.

to the grips and the test chamber. The area of the specimen is small
with respect to the total area exposed to the high-temperature solution.
Therefore, the specimen potential response is more determined by the test
chamber and the grips than the A508 test specimen.

The most consistent readings during this interval were made using
the Ag/AgCl reference electrode in the effluent line measuring cell. The
readings were stable and appeared to predict changes in the solution
chemistry during the exposure. Note the decay of the corrosion potential
during the first 4 d of the experiment shown in Fig. 4.18. This decrease
was attributed to two separate factors: the slow increase in temperature
from 149 to 288'C and the consumption of dissolved oxygen in the system.
The system had reached a stable test temperature of 288'c by 5 d, and the
corrosion potential maintained a stable value of ~-480 mV for the next
14 d. Af ter 19 d, the test solution reservoir was refilled with fresh

makeup solution and the potential of the A508 increased by +120 mV. This
increase in potential was attributed to a higher level of dissolved oxy---

gen in the makeup water. This potential slowly approached the previous
steady state value of -480 as the oxygen inventory of the system was re-
duced.

~

,- Significant findings for this set of pitential readings include:

1. The external Ag/AgCl . reference electrode was judged the most re-
liable of the three reference electrodes in the chamber. The
readings were reliable and consistent with the operation of the
-test system.

2. The potential of the CT specimen in the test chamber may be com-
promised by the galvanic coupling with the test chamber. Possible

. ground loops between the CT specimen and the loading part of the
fatigue system could also influence the readings. In future ex-
periments, an electrically isolated coupon of A508 will be. included
so that the uncoupled potential of the CT specimen can be recorded.

Electrochemical potential measurements were made during the cor-
rosion fatigue experiment for specimen CQ2-8. The data are shown in

-

Fig. 4.19. The trends are comparable to those reported during the pre-
vious experiment. There appeared to be a slight difference between the
potential measured by the Pd/H reference electrode and the electrically
isolated -steel coupon in the fatigue chamber and the Pd/H and steel sam-
ples in the sonitor ' cell in the effluent line. As the experiment con-
- tinued, the two potential readings appeared to converge. The potential

.*- . readings. given - by the Ag/AgCl electrodes' were stable. Note that this
experiment;was interrupted at 5860 cycles for ~10 weeks because of equip-
ument malfunctions. During this interval the system was cooled to room
temperature until restarted. During this 10-week interval, the Ag/AgC1

o
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Fig. 4.19. Summary of potential readings observed during testing of
CQ2-8.

,

9

reference electrode remained in the effluent: cell. When the test was
- restarted, the' corrosion potential measurements were ~80 mV more active
than before. When _ the experiment was over, the electrode was' calibrated

. against a comunercial= standard.' . The posttest calibration indicated that
~

'

the - equilibrium - potential of the Ag/AgC1. reference electrode .was +200 mV,-
which can be correlated with an | internal chloride concentration of:
. 0.001 M kcl,v showing that the-electrolyte had become somewhat diluted.
Presumably, a clarge- portion of this shift :in| potential occurred ~ during
the L system pressurel changes . from high pressure to ambient and - the 10-week-

exposure to- the dilute . test environment during shutdown.
' This; series of potential readings demonstrated the usefulness and

- ^ feasibility'of' measuring corrosion . potential.- during actual corrosion
fatigue experiments. . The importance of pretest and posttest calibration
of the reference electrodes vs a commercial standard -was also;empha-"

sized. .' Additionally, the Ag/AgC1 reference electrode should - be removed -
. from the ' test - solution if downtimes in excess 'of 'a few days' are L antici-

~

pated. -; Properly maintained, theMAg/AgC1 electrode appears . to - be a more:
_

' sensitive monitor.of'the environment than the~others.
:In an effort ;to optimize the Ag/AgC1 electrode fperformance, imped - 3i ance tests have been performed to optimize the zirconia plug that acts

as an ion' exchange ' barrier between the ' test environment and the" dilute

KC1. internal' electrolyte. - Alternating current, impedance studies have , '

been performed on several batches of porous zirconia that were ' purchased
.

A
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and other lots that were fabricated using parameters identified by
* Andresen.7 The objective of the testing is to determine a qualification

test that will index the behavior of the plug. This will be correlated
with the plug stability and the long-term electrode performance. The
experimental procedure for the ac impedance measurements was detailed

' ' earlier.3
Impedance measurements have been made on a number of zirconia plugs

representing six lots of material. Initial lots of material demonstrated
impedance values >l MD. These high impedance values were attributed to
insufficient porosity. Andresen has recommended plugs with impedance
ranging from 20 kn to 200 kn give acceptable performance. Plugs from
lots E and F were pressed and sintered, using Zircoa B powder and condi-
tions specified by Andresen. These plugs had impedances greater than the
recommended range. The pressing conditions and the sintering temperature
will be altered to fabricate plugs that give lower impedance. Plots of
impedance vs frequency are shown in Fig. 4.20. Note that several plugs
from the C and D lots of zirconis gave impedances that were in the recom-
mended range, and the plug used in the experiments reported here had a
measured impedance of 115 to 120 k0. Initial studies indicated that plug

geometry (diameter and length) and outside surface finish played an im-
portant role in determining the impedance. Several of these plugs will
be fabricated into reference electrodes and evaluated during the next

reporting period._ .
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4.6 International Cyclic Crack-Growth Rate Group
.

,- Under this task, membership is maintained in the International GroupP
on Cyclic Crack Growth Rate, which is an interdisciplinary group set up

F to' share _information on corrosion fatigue. The background of this group
p- was included in the last progress report. 3 The status of subgroup *

i activities is : reviewed periodically in these reports. The most recent
h meeting.was held in Daresbury, United Kingdom in May 1984. This section

reviews the-discussions of technical interest.,

f

S '4.6.1 Test methods'and results subgroup

E
_ This subgroup develops standard test methods and promotes more reli-

-able and consistent testing by members. Group meetings also provide a
forum-for the exchange of recent test results.

!, i

' . In the' area of new test results, the recent. meeting resulted in a
number of important conclusions. Apparently, two major parameters influ-
ence the results of the corrosion fatigue tests: (1) the chemistry and,

j microstructure of the material and (2) the chemistry and flow rate of the
3

' water environment. Recent results have added considerable confirmation-
~

to the postulate that the sulfur content of the steel is an indicator of
| environmental: acceleration. ; Evidence of this has now come from many
b laboratories. There is little question of thisceffect, because it has *

been confirmed by both macroscopic. and microscopic observations. For<

materials that- show environmental acceleration, there ~ is also a clear_.

_ .effect of temperature, with several laboratories showing higher crack-.

growth : rates as temperature increases from room temperature to reactor .g, '

,
(~ -operating temperature, 288"C.
I; The;effect of flow rate on the_ level of crack growth is now somewhat ,

.

~

1

R Luncer_tain with some 'different conclusions being reported by different
laboratories :(in some' cases, highe'r flow rates ~ cause lower- growth rates).

~

, . TheLinteraction with the . environmental chemistcr: appears to be -increas-
!' ' ingly important and- may. eventually help explain observed differences.

' .To this end, extensive ' efforts have been undertaken to -develop
.. electrochemical _ potential . measurement systems that! are . reliable. Such '

L ? measurements; highlight changes in chemistry that occur- during a: test- and.
[ : allow better, .nore reliable comparison .of : results from different labora- -

. ,

;y dories. There have been two member surveys on this subject and many .
~

i~
-

presentations. 1The most: reliable . measurement method -to date is the cold
i Ag/AgCl|electrodel as described ? earlier, ini this ' report, although another'

E good candidate 'is the . Pd/A electrode. These ' electrodes have been found J,,

;f ; to be ~ very accurate in ' characterizing _ environmental' changes c that . can
f ' occur; during a test.. -It is also very important to ^ take . complete chemical:
_ , measurements 1of' the bulk test medium' both ,before 'and , after testing.
1 r

et i4.6.2 Mechanisms subgroup '
'

. 'This subgroup;provides mechanistically based explanations of the*

,

? differences on observed fatigue crack growth results for water environ-
ments.-iIt:now appears:that the interactions between potential and pH.

*
, .

.--
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<
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.

' '
, _ __

.

.. . , - -

g , ,e ee -t =- '- m'w^*'**iP" W""



.81 l
l

at the crack-tip region are fairly well understood, and the location of
sulfates and other sulfur species on the Pourbaix diagram has been con- |e

firmed. The role of dissolution kinetics and the interaction with the |

- flow rate are not yet well known, however. The mechanism of cracking, i

whether it be anodic dissolution or hydrogen assistance, has not been |
settled. There are indications that both may be acting, because some '

,
rate-determining steps and characteristics of observed growth are common
to both.

- 4.6.3 Data collection and evaluation subgroup

This subgroup is establishing a data base of exiting corrosion fa-
tigue data and developing reference laws. The status of the existing
carbon and low alloy steel data base was reviewed. A brief report was |

presented on the development of reference fatigue crack growth curves for I

stainless steel in both air and water environments. A series of recent
results for different laboratories showed remarkable agreement. Testing
is beginning on the first spectrum loading test for validation of refer-
ence crack growth laws.

References
..

l.. W. H. Bamford , R. Jacko, and L. J. Ceschini, " Environmentally As-
sisted Crack Growth in Light Water Reactors," in Heavy-Section Steel
Technology Program Quart. Prog. Rep. July-September 1983, ORNL/TM-,-

8787/V3 (NUREG/CR-3334, Vol. 3), Union Carbide Corp. Nuclear Div. , Oak
Ridge Natl. Lab., February 1984,

2. W. H. Bamford, " Environmental Cracking of Pressure Boundary Materials,
and ~ the Importance of- Metallurgical Considerations," Aspects of
Frc.cture Mechanice in Precaure Vessel and Piping,- ASME Publication
PVP-vol. 58, 209-28, 1982.

3. W. H.~ Bamford, R. J. Jacko, and L. J. Ceschini, " Environmentally
Assisted Crack Growth Technology," in Reavy-Section Steel Technology
Program Semiannual Prog. Rep. October 1983-March 1984, ORNL/TM-
9154/V1 (NUREG/CR-3744, Vol. 1), Martin Marietta Energy _ Systems, _Inc.,
Oak Ridge Natl. Lab., June 1984

4 W. H. Bamford, " Application of Corrosion Fatigue Crack Growth Rate*

Data to Integrity Analyses of Nuclear Reactor Vessels," Trane. ASNE
.J. Eng. M2ter. Technol. 101,182-90 (July 1979). -

5. W. H. Cullen, " Characterization of Environmentally Assisted Crack
Growth in 1MR Materials," in' Structural Integrity of Water Reactor
Pressure Boundary Componente, Annual Report for 1982, USNRC Rep.' *

s _

NUREG/CR-3228, April 1983.

c.

|

t _



82:

* 6.- E H. Bamford, D. M. Moon, and L. J. Ceschini, " Studies of Statically
and' Dynamically Loaded Cracks in Simulated Pressurized Water Environ- *

ment," presented paper No. 12 Corrosion 83, Anaheim, Calif. , to be
published in Corrosion.

-
s

7. _ P. L. Andresen, Innovatione in Experimental Techniques for Testing in
High Tempenture Aqueous Environmente, Rep. 81CRD088, General Electric
. Company, Schenectady, New York, May 1981.

.

9

i-

]

>

t

.

Q

t

4

i

.,



_

83

5. CRACK ARREST TECHNOLOGY
*.'

5.1 Wide-Plate Crack-Arrest Test Definition

C. E. Pugh B. R. Bass
,_

The Heavy-Section Steel Technology (HSST) Program plans include the
performance oof three series of wide-plate crack-arrest tests at the Na-
tional Bureau of Standards (NBS), Gaithersburg, Maryland, in their 6
million pound capacity tensile machine. The first series uses A533B
steel _in a quenched and tempered condition; the second will use low upper-
shelf' weldments, and the third will use A533B steel in a quenched-only
condition. The first test (WP-1.1) of the first series is described
below. The specimen design, specimen instrumentation, the loading se-

~ quence._for a benchmark case, and a " reference analytical experiment" are
describeo . this section, while the specimen material and properties
(to the degree known) ' are discussed in Sects. 5.2 and 5.3 .below. Several i

~

- analysts were asked to perform pretest acalyses of WP-1.1 according to
this information; their results are given in Sect. 5.4. Finally, the

work at 'the NBS to perform these tests is discussed in Sect. 5.5.
;-

i4 5.1.1 s Specimen design for WP-1.1
2

The Toverall specimen design is shown in Fig. 5.1 to be a 1 m x 1m
x 0.1 m plate with a single-edge notch that gives a crack-depth to plate-

width ratio (a/w) of 0.20. The notch, which is 20 cm deep, is composed;g-
ofLa 2.54-ca-wide: gap that is machined to a depth'of 18.71cm-("X" in
Fig. 5.1) and an electron-beam _ (EB)-weld-generated crack with a depth~ '

.

,of 1.27 cm.at the end-of the gap. The sides of the specimen are' side
grooved to a depth equal to 12.5% of the | plate thickness, and the grooves
Thave la 0.025-ca. root radius. The initial crack is perpendicular to the

rolling direction.. The t specimen- is welded to the pull-plate assembly,
which is made up of ~ two sections as shown:.in Fig. 5.2. The specimen and -j

,

4pull plates _ are 10.16 cm thick, and the; pull tabs are- 15.24 cm thick.
:The side, grooves are 1.27 cm deep, so that the specimen -is 7.62 cm thick

~

along the f erack plane.
i

i
'

5.1.2 - WP-1.1 specimen instrumentation'
,

.The1 specimens are ' instrumented with three basic types of devices:- |

.'(1)f thermocouples, c(2) ' strain gages, and (3) ' timing gages. ' In the first-

. case, surface temperatures are _ measured ' using ,11. pairs of thermocouples
' located . as - shown in - Figs. L 5.3 and 5.4. Thermal; readings are made during >
; the loading sequence, test, and: posttest to ensure that intended' thermal-
conditions are met. The ' strain gages serve two ' purposes. - They provide -

.

._: . (1)L dynamic strain-field measurements 'to allow determination of crack '-

propagation velocity and _ (2) far-field strain measurements for. determin-
L ing loading 1 boundary conditions. . The specimen is instrumented with nine . 1

pairs of, single-direction strain ' gages and five rosettes as- shown in l

- o

7
2

-

,

*- g ;. > - g
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Fig. 5.2. Pull-plate assembly to be used in NBS tensile machine to '

perform HSST crack-arrest experiment WP-1.1.
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9 THERMOCOUPLE

- UNIAXIAL STRAIN GAGE

k STRAIN GAG 2 ROSETTE

DIMENSIONS IN CENTIMETERS

v

( A s

_. Fig. 5.3. Minimum strain gage and thermocouple placements on the
- wide-plate specimen to be used in first HSST wide-plate crack-arrest test
WP-1.1.

Figs. 5.3 and 5.4. Finally, the side grooves are inst.rumented.with
conducting-paint grids which serve as timing gages during crack propaga-
tion. The data from the grids provide an additional . measure of the crack
propagation velocity. The grid lines are applied by Battelle Columbus *

Laboratories (BCL) (see Subsect. 5.3.2.4). All the instrumentation shown
here is on one side of the specimen and pull plates. However,-limited
- instrumenJation is on the other side to check on specimen bending and

through-the-thickness temperature variations. ,
,
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Fig. 5.4. Strain gage and thermocouple locations on pull plates in
HSST wide-plate crack-arrest experiments.

o.

5.1.3 Thermal and mechanical loading sequence for WP-1.1

One objective of WP-1.1 is to obtain crack-arrest toughness Kya data
at temperatures near or above those corresponding to the onset of Charpy,

upper shelf. To ' accomplish this , the test ' specimen is to have a linear
transverse temperature distribution with the initial crack in the cold
side of the plate. Cleavage crack initiation is to occur, and the crack
is to arrest in the higher-temperature ductile region of the plate. The
target conditions were first defined for WP-1.1 as shown in Fig. 5.5, on
the basis that static analyses s_uggested that arrest would occur at
a/w = 0.45 and K , = 164.8 MPa=/m. Static analyses here are based ony

K , = K o/Ta- [sec (wa/2w)]1/2 Note that the' temperature distributiony y
- was selected by setting the initial crack-tip temperature equal to the

estimated RTNDT (-17 C) and specifying arrest to occur at a/w = 0.45 with.

K , = 164.8 MPa 6. The expression used for K , gave the temperature aty y
the arrest point -(39.5'C) and it was based on adjusting the expression
used for the PTSE-1 materiall according to the RTNDT of the respective
materials.- That expression is given below, along with a corresponding -
K correlation,yc

K ..= 35.0 + 33.279 EXP [0.02408.(T - RTNDT)] MPa* 6 (T in *C) , (5.1)r

.' KIe _ = 51.276 + 51.897 EXP' [0.036 (T - RTNDT)] MPa 6 (T in *C) . (5.2)
f

Using the- static expression given above, the load required for these
conditions is 10.64 MN.

..

t__
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o = 104.8 MPa

t ttttt tt t
" "

.

0T = --17 C 0T = 39.5 C
| |

| I
d w = 0.2 a,/w = 0.45

.

0 0T,3; = -62.2 C T , = 163.8 C

4

$hhh hh hhh< ,

Fig. 5.5. Thermal and mechanical loading conditions tentatively de- .

fined ' for first HSST wide-plate crack-arrest test WP-1.1.

.The stress-intensity factor KO for the initial crack (a/w = 0.20)

when . test load equals - 10.64 MN is 131 MPa.[d. This single-edge-notch
value exceeds K f r the crack-tip temperature of -17'C.- - Specifically,Ic
- Eq. (5.2) gives , at T = --17'C, K =:103.2 MPa./Ei. To permit the speci--

1men to-support this high initial $oad, the region around the crack tip is
- warm prestressed (WPS) by~ application of the-test-load at a relatively
high temperature prior to the test. Accordingly, the entire thermal an'd
mechanical loading sequence is described below:

Step 1. _ Place Lspecimen assembly into the test machine.
' Step-2. Heat the' specimen so that the-crack-tip temperature.(Typg)

is slightly higher than:the static-arrest temperature; for

WP-1.1, Typg'= 50*C.
~

-Step 3.. Apply 100%' of the test. load and hold for a, period . of time;'

for WP-1.1, . P1 = 10.64 MN.
Step 4. Reduce - the -load by 15%; for WP-1.1, P2 = 9.04 MN. ~
Step 5.- Very slowly, apply the temperature gradient while ~ under

: load P ; for WP-1.1, Tmin = -62.2*C and T = 163.8'C.2
-

max
Step 6. Increase the load ;from P2 to P1 or to the point of crack-

initiation. ,

Note that Steps 2 through 5 should wann prestress the region near the'
crack tip'so that : initiation does not occur until a -load near Pi is

? reached.
.

-~ .
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en . 5.1.4- Benchmark analytical experiment

Several investigators were asked to analyze the common problem given
here for benchmark purposes. The specimen was as defined in Subsect.
5.1.1 the' loading was described in Subsect.' 5.1.3, and the propertiesc,
,were t en g ven by Eqs. (5.1) and (5.2):h i

Yield strength 434 MPa
L. Ultimate tensile strength 586 MPa
.NDT -28.8*C

RT -17 CNDT
Specific gravity 7.86
-Coefficient instantaneous thermal 11 x 10-6/*C ,

experiment |

The analytical boundary cond'itions were those shown in Fig. 5.6. .Be-
cause of symmetry about the crack plane, only one-half of the plate is
modeled.- The -lower boundary ahead of the crack tip was fixed with roller
boundary conditions (zero y-displacement, no restraint-in the x-displace-
' ment). The' side boundaries.of the plate are stress free, and the linear
temperature distribution across .the plate is maintained. The plate is

~

' free of thermal stress,'and all surfaces other than the left and right
2*: edges are assumed to.be insulated. After application of the static load

-(P ), the top surface is fixed against y-displacement for the dynamic1

analysis.- !:

.
'.Since the pretest analyses include dynamic considerations, a dynamic

f racture-toughness relation was taken from Ref. 2 -by est'imating that thej
RTNDT.for the material in'that study'was -6.1*C (21*F) and is written as

~K,= K , + A (a)2 (5.3)7 .

,

where- K , is given .above, and - for temperatures above (RTNDT - 14 C),y
.

.

MPa.6A= ~ 32.97 + 1.625 [T - RTNDT] x.10-5 .(5.4)
m /s22

where-T is 'n *C and I is in m/s.
.Results of pretest analyses are discussed in = Sect. 5.4.

|
z

5.~1.5 ' Second benchmark experiment -]

After the initial mechanical-properties data for HSST plate 13A .i
became available (see-Sects. 5.2 and-5.3), preliminary correlations were.
- specified to define a refinement to the benchmark experiment for WP-1.1.-

~

Three changes were made to the ' reference . case given in Subsect. 5.1.4:
3 .~ .-

1. RTNDT = -23.3*C; ._ .(5.5)-

; 2.. -K , = 49.957..+ 32.970 EXP (0.028738T) MPa. 6 , T in;*C;- 5.6)-(
^

y .

3. ' pull--plate length = 340.4 cm (see Fig. 5.1); pull-tab:

..i . J1ength = 152.4 cm.

>

-

i
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' Fig. 5.6. Analytical'model for benchmack problem solutions in sup-- *

cport.of first HSST wide-plate crack-arrest test.
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.

: The | specimen temperature distribution and . loading remained unchanged.-

Note Eq. (5.6) for K $ s a nonlinear least-squares fit to the data ob-i

x tained at- BCL (see Su sect. 5.3.2) and is not expressed in terms of- the

JRTNDT. tHowever,.upon including RTNDT = -23.3*C in Eq. (5.6) one has
u

~ K ,L = 49.957 + 16.878 EXP [0.028738 (T -- RTNDT)]. (5.7)y
,

LAnalysts were asked to ' perform pretest analyses with these modifi-
cations.:

'.

5.2. Wide-Plate' Crack-Arrest Specimens

G. C. Robinson S. E. Bolt,

C. E. Pugh

5.2.1 Material allocation

The first series of wide-plate ' crack-arrest test specimens are taken .

'from HSST plate' 13A,. which is of A533B Class 1 steel that is in a quenched
-and Ltempered. condition. Usages. of this material include the wide-plate

:*~ specimen, ' characterization test specimens, WPS beam specimens, viscoplas-
.

-tic _ test. specimens,,and a modified moment K
.

y specimen for Combustion En-
gineering, Inc. The plate layout to cover t$ese -needs' is shown in Fig. _

.,

<5.7, and Table ;5.1 identifies. the allocation, purpose, and responsible - - '

.s ._ person for:the various parts. Distribution has - been made to the various
Lusers. ;However,' prior to. cutting;the plate, each part was identified by

_

-stamping in. accordance with' the' HSST Guide for = Material Control and Data
1Contro13 to maintain cognizance of position and identity throughout the
subsequent-machining. operations.

_

5.2.2 ' ' Wide-plate specimens
,

- The first ~ two :of the series of: six- wide plate crack-arrest specimens

: from _ plate 13A 'were completely machined at ORNL'and shipped to NBS for:
"

.
.

. testing. . Figure 5.1- shows the -- dimensions of these specimens. A sharp
crack, which extends -1.3 cm from the- 18.7 cm (X = - 18.7 Jcm 'in Fig. 5.1)

~

notch, was introduced by , hydrogen ' charging an EB weld _ th' t had been laida
.at the bottom of the notch. 11he - specimens were prepared for welding ' to

' the r pull . plates . before ' shipment to NBS.- : Figure 5.8 shows. the specimen
.while' the ' EB welds were undergoing -hydrogen ' charging. . These specimens

care designated 13A-01-and 13A-02.
u.o s

1. < |5;2.3 - Warm-prestressing beam specimens-
:.

The loading scenario - for wide plate . crack-arrest tests is discussed
__ 3,

Kin Sect. ~5.1 above and includes 'a WPS phase . to increase the K0 level ~ that,

i the crackL can ? sustain _ prior to _ initiation. To confirm the effectiveness -
Js;*

,

m . ;
, ,

'%,
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Table 5.1. Allocation of wide-plate task material from HSST plate 13A

i
"

Plate section Principal
or specimen investigator

i

13A-01 Wide-plate test National Bureau of Standards Richard Fields
Gaithersburg, Md.

13A-02 Wide-plate test National Bureau of Standards Richard Fields
Gaithersburg, Md.

13A-03 Wide-plate test National Bureau of Standards Richard Fields
Gaithersburg, Md.

13A-04 Wide-plate test National Bureau of Standards Richard Fields
Gaithersburg, Md.

13A-05 Wide-plate test National Bureau of Standards Richard Fields
Caithersburg, Md.

13A-06' Wide-plate test National Bureau of Standards Richard Fields
Caithersburg, Md.

13AA Warm prestress tests National Bureau of Standards Dave Read
Boulder, Colo.

13AB Warm prestress tests National Bureau of Standards Dave Read,

Boulder, Colo.

13AC Ouench zone
Return to HSST storage

13AD IT crack-arrest tests Battelle Columbus laboratories A. R. Rosenfield
e Columbus, Ohio

13AE Development of IT crack- National Bureau of Standards Dave Read
arrest test Boulder, Colo.

13AF Development of IT crack- National Bureau of Standards Dave Read
arrest test Boulder, Colo.

13AC Dynamic tests Southwest Research Institute M. F. Kanninen
San Antonio, Tex.

13AH Cyclic properties Oak Ridge National Laboratory R. W. Swindeman
Oak Ridge. Tenn.

13M Plate characterization Oak Ridge National Laboratory R. K. Nanstad
Oak Ridge, Tenn.

13AK -Plate characterization Oak Ridge National Laboratory R. K. Nanstad
Oak Ridge, Tenn.

'13AL Warm prestress tests National Bureau of Standards Dave Read
Boulder, Colo.

13AM Dynamic tests Southwest Research Institute M. F. Kanninen
San Antonio, Tex.

13AN Return to HSST storage

13A0 Modified moment K, Combustion Engineering, Inc. D. A. Peckg

Windsor, Conn.
r,

13AU Return to HSST storage

o

I _. m
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Fig. 5.8. Wide-plate test specimens 13A-01 and 13A-01 undergoing
hydrogen charging.

of the proposed technique, six beam specimens were prepared for WPS test-
ing. (Three have been tested by NBS, and the results are reported in
Subsect. 5.4.4 below.) These beams were 10.2 cm thick, 15.2 cm deep, and
91.4 cm long and were side-grooved along the crack plane in the same

; manner as the wide plate specimens. Cracks (1.3 cm deep) were placed in
the 3.8-cm-deep notch by the same EB weld technique as was used for the
plate specimens. These specimens are shown in Fig. 5.9, just prior to

| shipment to NBS. The designation numbers given to these beams are 13A-100
through 13A-105.

.

.
5.2.4 EB welding magnetic shield development

; Residual magnetism has presented recurring dif ficulties in the HSST
! program in EB welding within narrow slots on ferritic materials, such as

,

!

. - . . . . . _ , _ _ _ _ . . _ _ _ , . _ - _ . . _ _ _ . _ _ . . _ .. _ _ _ .-. _ . _ _ ..___. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ . - - _ -
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the beams and plates cited above. We have conventionally resorted to
degaussing techniques with varying success. On occasion, even though the a l

residual magnetic field has been reduced to a 5- to 10-Gauss level by
degaussing, the asymmetry of the field has caused an appreciable misalign-
ment of the EB weld. W'e recently designed a shield fixture using a pro-
prietary material "Ronetics" and tested its effectiveness. Figure 5.10
shows a slot mock-up similar to the wide plate specimen slot design and

,

the magnetic shield fixture in the approximate position used during the EB
welding test. The mock-up piece residual magnetism varied from 50 to 60
Gauss at the mouth of the slot down to ~5 to 8 Gauss at the bottom of the
slot. An initial EB weld was made with the shield in place. The result-
ing EB weld was straight and properly aligned. Then a second EB weld was
placed in the slot without the shield. Although some deviation occurred,
the second pass was surprisingly straight. A view of the juxtaposed EB
welds is shown in Fig. 5.11. The welds were then H2 charged until cracked
and the mock-up separated into two halves. Figure 5.12 shows the result-
ing cracked EB welds. The second juxtaposed EB weld resulted in a dis-
placement of the flaw path at one end; otherwise the flaw remr.ined in
plane and uniform in depth (0.95 cm) as intended. This exercise was
somewhat disappointing in that more dramatic evidence of the effective-
ness of the shield was expected; nevertheless, it will be used in future
EB welds placed in slots.

-

5.3 Properties Data and Test Methods

5.3.1 Preliminary characterization of wide plate test material
at ORNL (D. P. Edmonds , J. J. McGowan) '

A preliminary characterization has been completed for the A533 Grade
B Class 1 steel from HSST plate 13A, which is being used for wide-plate
crack-arrest testing. The 18.7-cm-thick plate (melt C4453) was produced
by Lukens Steel Company and has the following chemical composition (wt %):
0.19% C,1.28% Mn, 0.012% P, 0.013% S, 0.21% Si, 0.64% Ni, and 0.55% Mo.
An average grain size of ASTM 7--8 was measured for the material. The
plate was quenched and tempered as follows: 893*C (1640*F) for 7.5 h,
water quenched; 671*C (1240*F) for 8.5 h, water quenched; 565'C (1050*F)
for 4 h, air cooled; 621*C (1150*F) for 50 h; and furnace cooled to 316*C
(600*F).

Hardness for the material was found to be 89 to 91 DPH (average) and
did not vary through the thickness. The lack of surface effect on the
through-thickness hardness is felt to result from the extended stress re-

lief and tempering treatments to which the material was subjected. There
is also no real variation in room temperature tensile properties through
the plate thickness, as can be seen in Fig. 5.13. The average room tem-
perature tensile properties (longitudinal orientation) are ultimate ten-
sile strength, 597 MPa; yield strength, 445 MPa; total elongation, 24%;

,and reduction of area, 69%. Variations of longitudinal tensile proper-
ties with temperature for the plate center are shown in Fig. 5.14. U1-
timate tensile strengths decrease from 747 MPa at -129'c to 554 MPa at

.

- - _ - _ _ _ _ _ . - _ _
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149'C, then increase to 600 MPa at 316*C, as a result of strain aging.
Yield strengths decrease from 555 MPa at -129'C to 406 MPa at 316*C.

Figure 5.15 shows that the Charpy V-notch properties in the longi-
tudinal orientation were also found not to vary appreciably through the
plate thickness. The LT orientation has the specimen parallel to the
rolling direction and the notch (crack propagation) transverse to the
rolling direction, similar to the large wide-plate crack-arrest test.
For the center 100 mm of the plate, the portion that will be used for
wide-plate testing, the average 40-J transition temperature is -30*C, *

and 35 mils lateral expansion is obtained at -13*C. The RTNDT (ASME
reference nil-ductility temperature), as measured by drop-weight /Charpy
testing in this orientation, was determined to be -23*C.

.
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Fig. 5.13. Longitudinal tensile properties through 18.7-cm thick-
ness of HSST plate 13A, A533 Grade B Class I steel at room temperature.
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Fig. 5.15. CVN ts. rough-thickness results for LT specimens from HSST

plate 13A, A533 Grade B Class I steel in quenched and tempered condition.

.

Limited compact specimen testing has been completed for IT specimens
taken from the' center 100 mm of the plate in the LT orientation. Results
of these tests are summarized in Table 5.2. None of the Ky values rep-,
. resent valid K' values. The table shows that substantial stable crack
growthoccurredinthespecimensathighertemperatures. All: specimens

Table 5.2. Itesults for IT compact specimen tests for A533
Grade B Clasa 1 steel melt C4453 (HSST plate 13A)

in LT orientation

Specimen Ka K 3,d' b
** "'' PZ ,-

(,,)No. (MPs./s) (MPa /s)

K535 -50 122.95 '78.03 2.05 0.046,.

K54C -50 125.27- 78.70 2.11 0.048
K51D. -18 167.99 86.22 1.95- 0.084 ' |

K54E -18 131.06 77.71~ 2.14 0.053 |

-K51A -18 321.94 110.35 2.51 0.818 .

K52F :26 328.72 '109.02 2.23. 2.540 I

K54D 26 312.82 107.09 2.26 3.071

aK calculated from the J-integral at maxima load

using K = FJ .
,,

b8 adjusted Ky.
PZS. plastic sone size factor = 2.5(K /YS)2/ thickness.#

~

y
das, stable crack srowth measured on specimen f rac-

ture surf ace using nine-point averaging technique.*'
..

,
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experienced conversion to cleavage following stable crack growth. Pres-
,

ently, unloading compliance testing is under way for 2T specimens from the
same orientation.

5.3.2 Crack-arrest studies at Battelle Columbus
,

Laboratories * (A. R. Rosenfield ,i C. W. Marschall,i
C. R. Barnes ,i P. N. Mincer )i

5.3.2.1 Crack-arrest test results. The activity at BCl focused on
crack-arrest toughness measurements for the A533B steel that is to be
used in the wide plate crack-arrest test series that the NSB-Caithersburg
will conduct (see Sect. 5.2) for ORNL. The material was provided by ORNL
from HSST plate 13 A (see Table 5.1), and K values were obtained atIa
temperatures up to those corresponding to the Charpy upper shelf. This
is the fif th set of compact-specimen data for reactor pressure-vessel
steels generated at BCL to reach such a high temperature.

Compact crack-arrest specimens were fabricated from the plate seg-
ment designated 13AD by ORNL (see Fig. 5.7). Unlike all previous crack-
arrest tests at BCL, the LT orientation ( ASTM E-399 notation) was speci-
fied to be consistent with the NBS tests. The specimens were fabricated
from the central 115 mm of the 187-mm-thick plate. An initial estimate
of RTNDT = -17 C was provided for the purpose of preliminary planning.4 *

Since past experience had shown that weld-embrittled specimens could be
used successfully up to about 20-40*C above RT this design was se-NDT,
lected for use below room temperature; the duplex specimen, more suited
for high temperatures,5 for use above room temperature. The goal of the y
experiments was to obtain small-specimen crack-arrest data from the plan-
ned initiation point for WP-1.1 (-18'C) to temperatures at the estimated
arrest point in the wide plate experiment (at the time of BCL experiments
the available estimates were 40*C by conventional static analysis 4 and

651*C by both static and dynamic finite-element analyses ),
Three ptoblems were encountered. First, attempts to initiate rapid

cracks in weld-embrittled specimens at temperatures above -18'C were
unsuccessful. This may be due either to the existing temperature guide-'

line being inappropriate for the LT orientation or to the RTNDT estimate
being too high. The second problem was that some of the duplex specimens
contained surface cracks along the weld line. These were removed by
grinding, and the resulting thinner specimens were tested successfully.
The final problem was that some of the duplex specimens tested at 0 and
10*C displayed severe ligamentation and/or the crack ran out of the side
groove. The corresponding Kya values were close to, or above, 2.5 KIR
(based on the estimated RTNDT value). Past experience has shown that
such observations may be a symptom of too high a ratio of initiation-
stress-intensity to arrest toughness. As a result, later specimens were
equipped with a smaller-diameter starting notch and tested successfully.

'
*
Work sponsored by HSST Program under Subcontract 85X-17624C between

Martin Marietta Energy Systems, Inc., and BCL.

Battelle Columbus Laboratories, Co lumbu s , Ohio 43201-2693.
.

L
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The data, given in Table 5.3 and plotted in Fig. 5.16, show that the
,

compact-specimen.results span the intended temperature range. The table
also .orovides inputs into two separate equations to describe the data.
The pretest estimate," numerically evaluated in the fourth column, is
close ' to 1.75 times the estimated KIR curve for this plate. In turn, the

data average 96 i 14% of this estimate. The second equation in the table*-

is based on the ASME KIR relation. It was found that the data fit the

same relation if -48 * 10*C is substituted for RTNDT. Interestingly, the

Charpy-impact-energy curve for this steel reaches 41 J (30 ft-lb) within
this range (at about -40*C).

As wss the case for the previous series of experiments on steel from
PTSE-1,7 the highest-temperature data were obtained using inverted-split-
pin loading. It is possible that even higher-temperature values could be
measured using contoured side grooves, but this option was not explored.
Even so, data were obtained above the onset of the Charpy upper shelf,
which occurs at about 50*C. These new data are compared with previous
upper-shelf values in Table 5.4. The major points of -interest are that

oRNL-0WG 84-8169 ETD

250
I I | |o

HSST PLATE 13A (A533B)

ORNL PR ETEST PREDICTION
K = 35.0 + 33.279 Oi
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Fig. 5.16. Compact-specimen crack-arrest toughness for A533 Grade B
Class 1 steel from HSST plate 13A. Solid line is pretest estimate and
solid. points are from specimens with unusually high Kge/KIR values.
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Table 5.3. Compact-specimen crack-arrest toughness -

data for A533B steel from HSST plate 13A

'

Crack-arrest
(MPa. 6) ghness.

tou
*. Specimen Temperature To

-c JNo. (*C) (*C)
. Measured ORNI"

ns

-WP1-7 26 115.8 128.7 --4 4. 3
8WP1-15 -18 75.5 67.5 --64. 2

WPI-8 44' 162.3 179.6 -42.8
. .

.WP1-5' '44 164.6 179.6 -43.5
8

- WP1-14 -19 63.7 A' "' -52.?
i

,WPI-1 28'- 118.1 133.3 --43. 3 j,

dWPI-3 37 166.1 157.1 -50.9
8WP1--9 J 0 69.3 85.1 -40.7
8WP1-10 . 10 67.6 98.8 -29.0 .-

.WPi 16 'I- 56 219.0 228.0 -44.4. :k 8

I- d10 167.6 '9 98.8 9 !WPI-17
.

8WPI-18 56 208.8 228.0 -42.3 ,

'WP1-12I d10 140.0 'E '98.8- G

.P1-11[[W 0= 156.4g,h -85.1 .g,

,

nWP1-20b 0' 107.0.. 85.1 -66.2
" '

WPI-2[ 10 10553. 98.8 -55.3<

i

Average -48-

" Estimate - based on IPTSE-1 data correlation:
K , =. 35.0 '+ 33.279 EXP [0.02408(T -- RTNIyr)],; where 1j7

iestimated RT is -17'C.g NDT .-,

b
To is( a reference.' temperature calculated .from the -|

K ,.=~29.45 + 13.787 EXP [0.0261(T - To)].
'

: equation: y
' '#Weld-embrittled' specimen, all others are duplex.-

d- . !. Severe ligamentation observed. . 1

#
Inverted, split pin; all- others ' normal pin geometry. ;

'

f- i

- Specimen thickness = 25.4 mm, all' others = 35 ma. I..

#Value suspect due to. excessively?high KIc/KIR ratio;;
not counted in-. averaging.:

h'
Crack ran out of side groove. ,.

.

'

.J

.f

_ _ _ - _ - _ _ _ _ _ - - . _-
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to- Table'5.4. Compact-specimen crack-arrest-toughness
' data for various steels . tested at Charpy-

- upper-shelf temperatures

.. ~ Charpy upper shelf K ,' tests, highes,t7

SteelG Approximate
.Energy

'*** "#*(J)' ('C) (MPa.6)

TSE-5A-(9) 160 70 _70 152

'TSE-6 (9) 106 '100 121 157
~

TSE-6R.(9) 150 70 71 260
PTSE-1-(7) 110 140 150 140

bWP-1. l . 170 50 56 219
,

_. . . -

aReference in parentheses.
D resent. report.

'

Pg
,

.-

:the arrest-toughness-value at the upper. shelf varies strongly with com-
position ' and heat treatment and that there is no. strong correlation be-
tween Charpy-shelf-energy;and arrest toughness at"the onset of the'Charpy

''' . shelf.. This is:not surprising because the fracture mechanism . is pri- -
;

' - . maril'y cleavage in the crack-arrest experiment. and completely . shear _ in :
the Charpy specimen "at the same test temperature. ' In addition, it : should '

~

i e noted that, sisillar to Fig. . 5.16,1 the arrest-toughness curve shows nob
.

L sign ~;of' leveling off.at the highest temperatures reached in the experi ''

!' ments' reported in Table 5.4.. Indeed, -the PTSE-1. cylinder crack-arrest -
,

data- rise sharply 'at temperatures higher than those cited Lin' the table.8
. ., .

5.3.2.2 ; ASTM round robin. Specimen blanks ~ of-' ASTM A514, A533, 'and
' A588 ~ steels 'were received - from- thef University of Maryland (UM), who -is,

J serving; as . the' coordinator of the round-robin ' test program -in support of-
~

~

establishing an' ASTM ' standard on K ,-' testing. ; The blanks were machined -[ y

[ into compact specimens following the proposed;K , test method.10 Extray

.

: specimens of A5338 ' steel were tested -using .an inverted ' split pin. '. In'
;i

. addition,: half-size and quarter-size specimens of ~'A5338. steel were ms-
-

,

: chined.' to provide further information concerning | size . requirements. = Test
:. temperatures had been ' previously. fixed . by .the f ASTM task force on K , .y

, _ . testing.

.CompleteL test results have been provided ' t'o IM; these results are'
:

L - ' summarized in' Table 5.5. JNote:that the' toughness data'in Table 5.5 do

W not ' include a plasticity: contribution. The t asjor reason 1 for reporting -
je / ' the -data in this way is ' that Jit 'is believed 'to be ' correct based .on the -

'

excellent ' agreement between compact-specimen and . thermal-shock -data.ll
However,;in'the event strong evidence is accumulated that plastic. dis ' s

: placements' can drive elastic cracks, .the current BCL procedure will have
(e. .been proven to be . conservative.

1

e
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Table 5.5. Summary of BCL results for the ASTM
'crack-arrest round robin

BCL data Other data
Steel temperature Number of K Number of K 1

. specimens" (MPa. ) specimens" (MPa+ )

_3 (1) 85 8 (4) 85 (41)d'A514 -308

3 (3) 61 (5) 6 (6) 82 (12)dA588 -300

A533B 10 3 (3) 86 (9) 5 (4) 81 (11)8
'A533B 10 2 (1) 95f NA NA

-

A533B -10 2-(2) 46'(14)9 NA NA

A5338 25' 3 (1) 63 5 (5) 79 (13)8
A533B 25 3 (3) 68 (13)F NA NA

#
Number in parentheses is number of successful run-arrest

events.
-b *
Standard-deviation in parentheses.

#0ther data involve tests at -26 and -34*C.
flehigh ' University pretest data provided by W. L. Fourney

~(Jan.- 12, 1984). ~

- *
#0RNL. pretest ; data plus results from first participant.< >

.
ISmall specimen (101;6-mm face dimension).
LEInverted split pin.

.A514'was characterized as _"likely to_give trouble" in 'the'Partici-
? pant Instruction Memorandum as evidenced by the Lehigh University pretest
| experience of extremely low success rate (50%) in arresting cracks.~.In
addition,_the toughness values for their' arrested cracks exhibited ex-
treme? scatter. Similarly, in only one of the three specimens was the
crack arrested;''the other two' exhibited complete fracture. The success-

~ful' specimen exhibited marked delsmination'in the mid-thickness: region.
which apparently retarded the crack to'the extent that its length was--
less in the center than at the side-grooves. Conversely,'the nonarrest
specimens exhibited, markedly less evidence.of~delsmination. For;this

4 | reason?the irreproducibility of. crack-arrest data for A514 steel may be
' judged to be caused'by esterial inhomogeneity.

.

._ ,

.A588 presented no particular problems. Our data were on average 25%
-lower _than.the'Lehigh values,-presumably because_Lehigh included the
_ plasticity component of the measured' displacement value in their compu-
tation. 'Because one .of the- objectives of the round robin is to provide

,
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' ~ insight into the question of plasticity contributions to K ,, this resulty,,e
should help. provide evidence concerning the magnitude of th errors aris-
ing from improper treatment of nonlinear records.

A5338 data are compared with very preliminary results from other
participants in Table 5.5. Overall, the table contains only about 10%

*- - of the estimated response to the round robin. Accordingly, the compari-
- sons. presented-there must in treated with caution. Several trends are
Lelear,'however. For the " standard" tests listed in the table (i.e.,>

full-size, normal . split-pin) the success rate for rapid-crack initiation
is-88%. This-rate is lower than anticipated based on previous BCL ex-
:perience but still considerably higher than the value of 50%, which has
been citedll as justifying _ alternative starter designs. As_noted above,
there is an upper-temperature limit for successful crack initiation using
the brittle-weld starter. Guidelines used at BCL suggest that most

specimens in the round robin should exhibit unstable fracture, provided
'the~ steel plate is reasonably uniform and that the Charpy data are rep-
resentative of all crack-arrest samples.

'The BCL success rate for rapid-crack initiation using-the inverted-
split-pin was 100%, again in accord with previous BCL experience that
this geometry facilitates initiation. In contrast, the results for sub-

sizeLspecimens were disappointing, since similarly sized specimens had
given no trouble in the past (not included in the table are two 50.8-am

f. ; and one 101.4-am face-size specimens, none of which produced rapid frac-
~ ture). .

.

The inverted-split-pin K , data are also consistent with previousg
experience.. Several years ago, the first of these experiments on steel
revealed large dynamic effects and very low apparent toughness values,12

..* particularly at a temperature close to RTg. The subsequent recogni-
tion that this geometry-facilitated unstable. crack. initiation led to
its adoption at BCL as the most useful method for extending upwards the
usable' temperature range of the compact specimen. The successful com ~
parison between our data and the first jump in ORNL experiment PTSE-1
(Ref. 8) 'is an example of the usefulness of this design ' modification.- It
appears that the dynamic effects, which are so bothersome at low tempera-
tures,'become less'important at high ones. The reason for this was dis-
covered by;Rahka,13 who found that unbroken ligaments inhibited ara :'

| vibrations during a run/ arrest- event. ' Ligaments are a feature of ' high-
temperature crack propagation, which tend to prevent the specimen arms

' from flying apart. They apparently serve the same purpose as friction
does _at low temperature in forcing the specimen to' behave in close to a

.

fixed-grip manner. Thus, the postinitiation displacements associated
with inverted-split pin loading at high test temperatures tend 'to be
comparable to those associated with normal pin loading at moderate test
-temperatures. : In the present experiments, the inverted-~ split pin data

~

for specimens tested at 25'C are much more comparable to the normal-
3_ ,

_ split pin data -. than .is 'the case at.10*C.
'.5.3.2.3 BCL crack-arrest data base._ During this report period , -~

134 new points have been added to the data base, bringing the total to*

478. The distribution Lpercentages are close to those reported in Table 5.5
coff the " previous -HSST report,7 with the exception of wide plate tests .

. i whose Erepresentation has almost doubled to 9%. Three new laboratories
...

.~

d

(
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have been added (one in Italy, one in the United States, and one in
Japan), bringing the total to ten. In addition, data for unirradiated

.

base plate plus irradiated and unirradiated welds are now included.
Table 5.6 summarizes the contents.

.

Table 5.6. Contents of BCL
crack-arrest data base

ase
Condition Weld Total

Unirradiated 427 17 444

Irradiated 19 15 34
_

Total 446 32 478

The percentage of unirradiated-base plate data falling below K isIRstill close to the 4% level, reinforcing the use of KIR as a good esti- '

mate of the fif th percentile of the K distribution function.14 ThreeIR
percent lie above 2.5 K IR, suggesting that the 95th percentile is slightly *

1ess than that value. These percentile estimates appear reasonable at
least up to RTNDT + 80*C, and possibly up to the highest temperatures
reached (RTNDT + 100*C), a region where compact- and ESS0-specimen data
diverge with the small specimens producing more conservative values.9

,

The other data are considered too fragmentary to provide useful per-
centiles. However, the situation with respect to irradiated materials
has been described in detail elsewhere, where it is suggested that the
Regulatory Guide 1.99 radiation-induced temperature shift may be over-
conservative.15

5.3.2.4 BCL instrumentation of wide plate specimens. Tko tech-
niques are used to monitor crack speeds in the series of NBS wide plate
crack-arrest tests. In the first, NBS applies strain gages along the
projected crack path. As a propagating crack advances, a detectable
change in the strain gage outputs will be produced and recorded to de-
termine crack-tip position changes with time. Thus, the speed of an
advancing crack can be accurately determined.

The importance of these tests argues for redundancy in crack speed
monitoring systems. Accordingly, an additional crack speed monitoring
technique is being used in conjunction with the strain gages. The se-
1ected technique, based on the one used by BCL researchers for the past I

15 years,16 involves the vapor deposition of a platinum-carbon composite I

through a pattern cut in tin foil that is taped to the insulated specimen
surface. This deposition results in a pattern of four conducting grids.
Each of these is connected to an individual leg of a Wheatstone bridge
powered by 12 V. As connected, an advancing crack successively severs *

individual lines (and ultimately an individual grid), which produces
voltage changes. Af ter each grid is severed, the voltage changes po- I

larity. Thus, assuming all four grids are severed, a complete record is
a

L
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| produced consisting of a series of voltage changes in the plus direction |

| followed by a series of voltage changes in the minus direction. This i*

| cycle is repeated once again to indicate that all grid lines are severed.
'

i For the wide plate tests, however, the vacuum deposition of grids

! is difficult, because the specimens are too large to be placed inside the
generally available vacuum chambers. Consequently, alternate methods of} .

( producing the conducting grids have been explored. i

| The best method employs grids formed from a conducting paint. As a
,

l check, a vapor-deposited grid (as in the conventional technique) was ap- |

( plied to one side of a Plexiglas (PMMA) specimen. Insofar as possible, j
; the vapor-deposited grid position coincided with a painted grid on the |
{ opposite side. In addition, the painted grid was applied over an insula-

tor as would be necessary in an actual metallic specimen test. This
technique worked very well as shown in Fig. 5.17. The output from the |
top grid indicates a crack speed of 211 m/s; whereas the bottom grid in-

|
dicates a crack speed of 208 m/s. Considering the possibility of errors

j introduced during line position measurement, this agreement is probably .

'

| as good as can be expected.
Thus encouraged, two more specimens were prepared with side grooves.;

| These two tests were not quite as successful as the first. Ilowever, it
'

is believed that the new system is a viable technique that has been
proven against a demonstrably reliable method. Therefore, efforts are

'

under way to fine tune the technique for use in the WP tests.
,

!,

oRNLPHoTo 6828-84
-

; :

)
,

, !

| |
1

;

; n
i

o.2 v ;

i a I
.

!
:

!

L

f ---> 4 ys 4---

!
. '

: Fig. 5.17. Output of conventional vapor deposited grid (top) as op- f

posed to newly developed painted grid (bottom). !1

!

|,, ,

'
4

s

F

A

__ _



, - __ ._. __ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - . _ _ - . _ _

110

ASTM round robin on K , testing * (W. L. Fourney,I5.3.3 g
,

G. 't. Irvin,I and R. Chonai)

5.3.3.1 Program participation. Twenty-five laboratories had origi- |nally indicated their interest in participating in the ASTM round-robin !*

program. Ot these, one had to drop out because of a lack of available
!funding (Stig Wastberg, Norway). However, three other participants have ibeen added -- Richard Fields of NBS (Gaithersburg) and Steve Hudak of |

SwRI, whose requests were received af ter planning for the wide plate
crack arrest tests were initiated, and E. Klausnitzer of Kraf twerke
Union, Federal Republic of Germany (FRG), whose request followed the
Committe on the Safety of Nuclear Installations Crack Arrest Meeting held
in June. The total participation therefore stands at 27 laboratories,

,

of which 11 are located in the United States,1 in Canada, 2 in Japan, |

and the remaining 13 in Europe.
5.3.3.2 Current status. A meeting of Task Group E24.01.06 was held

in Jacksonsville, Florida, in April in conjunction with the E-24 meetings.
Presentations were made by BCL (C. W. Marschall) and ORNL (W. R. Corwin)
on their preliminary test results. An informal presentation was also
made by G. Angelino of Centro Informazion Studi Esperienze, Milan, Itlay,
on alternative techniques for starter notch embrittlement. Subsequently,
additional tests at BCL and ORNL suggested that the A533B material should
be tested at 10 and 25'C. This information was communicated to the

,

participants. An estimated testing timetable was requested from all the
participants.

Test results have been received from Dr. Susukida of Mitsubishi
Heavy Industries, Japan, and Dr. Gillot of MPA-Stuttgart, FRG, C. W. +

Marschall of BCL, W. R. Corwin of ORNL, and Dr. Kawahara of Nippon Steel,
Japan. Based on the above information, it should be possible to present
a preliminary compilation of tests results at the next meeting of ASTM
E14.01.06 on October 22-24 in Dallas.

|

5.4 Wide-Plate Benchmark Problem Solutions |

As discussed in Sect. 5.1, ORNL identified two benchmark problems
for analytical solutions in support of defining wide plate crack-arrest
tests. Three organizations performed static and dynamic fracture analy-
ses, and the results are discussed below. The three organizations are
ORNL, SwRI, and UM.

*
Work sponsored by HSST Program under Subcontract No. 7778 between

|Martin Marietta Energy Systems, Inc., and the University of Maryland. lt I

Department of Mechanical Engineering, University of Maryland,
College Park, Maryland.
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5.4.1 Analyses at ORNL (B. R. Bass)
o

During this report period, the SWIDAC dynamic crack analysis code I

was received by ORNL from the SwRI, and was converted to run on the Oak
Ridge IBM system. The two test cases obtained from SwRI were analyzed
with the IBM version of SWIDAC, and the results agree with those reported,

by SwRI. Subsequently, the IBM version of SWIDAC was used at ORNL for
elastodynamic finite-element analyses of the first wide plate crack-
arrest test (WP-1.1). A description of WP-1.1, including the benchmark
analytical problems, has been given earlier in this section. The results
reported here are for the benchmark problem with and without modified
material properties and for the analysis of the complete wide-plate test
assembly.

5.4.1.1 Analysis of the benchmark problem. The geometry and di-
mensions of the test specimen pull-plate assembly to be used in the wide-
plate test WP-1.1 are depicted in Figs. 5.1 and 5.2. For benchmark analy-

sis purposes, the portion of the plate assembly shown in Fig. 5.6 was
recommended for analysis by interested participants. Because of symmetry
conditions, only one-half of the plate is modeled. Material propertiea
for the assembly are discussed in Sects. 5.2 and 5.3. The ORNL finite-
element model of the benchmark problem is shown in Fig. 5.18. The model
consists of 398 nodes and 108 8-noded isoparametric elements. The finite-
element model includes 25 coupled nodes along the initially uncracked
ligament that are gradually released as the crack advances through the*

plate.
The first step in the analysis of the benchmark problem involved a

static computation of the displacement field corresponding to the initial
applied stress of 104.8 MPa. For this boundary condition, a static,

stress-intensity factor K = 127.7 MPa*/siwas computed with the SWIDAC
code. This computation is performed in SWIDAC by first evaluating the
J-integral, modifying J to account for the 25% side grooves in the speci-
men, and then using the relationship K = (EJ)1/2, where E is Young's
modulus.

The dynamic analysis of the plate was carried out with the loading
surface displacements fixed at the static analysis values. Then, propa-
gation of the crack was modeled by the relation K = KID, where K is the
computed dynamic stress intensity factor, and KID is the dynamic fracture-
toughness relation. The analyses reported have utilized the updated
material properties defined by Eqs. (5.5) and (5.6). A time step of 4 u s
was used in conjunction with the unconditionally stable Newmark-Beta time
integration scheme. The results of the SWIDAC analysis are depicted in
Figa. 5.19 and 5.20, which give the variations of crack-depth ratio a/w
and stress-intensity factory K as functions of time t. In Fig. 5.19,

crack arrest is predicted at a/w = 0.538, with crack tip temperature
T = 59.3*C, and with time of arrest at 1.52 ms. From Fig. 5.20, the

stress-latensity factor corresponding to the time of arrest is KIa "
231.1 MPa./m. In the two figures, the shaded circles indicate times at
which successive elements in the initially uncracked ligament were re-

,
" leased to advance the crack tip. The open circles denote potential re- |

1 ease of nodal point forces on the crack plane to model crack propagation I

within an element. In Fig. 5.19, the small dots represent intermediate
values of the variable computed by the crack growth madeling scheme in

* SWIDAC.

.

. . _ _ _ _
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5.4.1.2 Analysis of the complete plate geometry. A second analysis
,was performed at JRNL to assess the effects of including the complete

pull plate assembly (Fig. 5.2) in the finite-element analysis. The
finite-element model employeu in this analysis is depicted in Fig. 5.21
and incorporatas 520 nodes and 148 8-nodal isoparametric elements. In the
model, 21 coupled uades are used in the uncracked ligament to model crack *

propagation. For th. static analysis, a point load of 10.64 x 106 N was
applied at the top of the loading hole (Fig. 5.2), yielding an initial
stress-intensity factor of Ko = 125 MPa+4i. With the loading point fixed
at the static displacement value, the dynamic analysis was performed with
SWIDAC using the material properties of Eqs. (5.5) and (5.6) and a time
step of 6 us. Resulto from this analysis, depicted in Figs. 5.22 and
5.23, indicate that the complete geometry model predicts a longer crack
jump than tha benchmark case. The results imply arrest at crack-depth
ratio a/w = 0.617, crack-tip temperature T = 77.2*C, time of arrest t=
2.19 ms, and stress-intensity factor K , = 353.4 MPa*/m.y

5.4.2 Analyses at the University of Maryland * (W. L. Fourney,
R. Chona, C. E. Schwartz, G. R. Irwin)I

Several analyses have been performed using the University of Mary-
land Dynamic Finite-Element Code, SAMCR, to assist in the planning of
the first wide plate test, WP-1.1. The detailed results obtained to date

*

were communicated to ORNL in the form of letter reports.
The test geometry examined was as shown in Figs. 5.1 and 5.2. For

the purposes of analysis, weld discontinuities were ignored. The initial
analysis addressed the benchmark problem defined by dof. 4 and described .

in Subsect. 5.1.4. The resulting finite-element mesh and the boundary
conditions for the dynamic analysis are shown in Fig. 5.24. The rela-

tionships used for Kr as a function of temperature and Ky as a function
of velocity are those given by Eqs. (5.1) and (5.3). Figure 5.25 shows
the results obtained for crack length and stress intensity factor as
functions of time. These results and those from the analysis of a longer
section of the plate showed that computations were being influenced by
reflections of stress waves from the top edge. Analysis of the full
specimen geometry is currently in progress.

The computer code results have also been used to simulate data that
will be recorded on near-field strain gages in the experiment and to rec-
ommend a gage layout that will provide optimal data-gathering capability
during the test. The results f rom the full specimen geometry and the
suggestions for strain gage locations have been factored into the plans
for the first test (see Figs. 5.3 and 5.4).

*
Work sponsored by RSST Program under Subcontract No. 7778 between

Martin Marietta Energy Systems, Inc., and the University of Maryland.
TUniversity of Maryland, College Park, Maryland.
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5.4.3 Analyses at SwRI* (M. F. Kanninen, J. Ahmad,
,

V. Papaspyropoulos)t

..
Pretest-elastodynamic finite-element analyses were performed on

WP-1.1, which is to be conducted at NBS, Gaithersburg (see Sect. 5.1).
,Using the ORNL test descriptions given in Subsects. 5.1.4 and 5.1.5,*-

analyses were perfctmed to assess the effects of possible thermal
stresses', remote ' boundary conditions, and the geometry of the test con-
-figuration.

'The finite-element model used in the solution of this benchmark
-problem is shown in Fig. 5.26. The model contains 80 8-noded isopara-
metric elements with a total of 310 nodes, including 27 coupled nodes
:along the initially uncracked ligament. These coupled nodes are used to
model crack propagation by gradually releasing the force between them as
the crack ' advances from one pair. of coupled nodes to the next.

The first benchmark problem included only a part of the pull-plate
length in the experimental test configuration (see Fig. 5.6). To investi-
gate whether including the complete pull-plate assembly in the finite-
element, model would have an effect on the predicted crack length vs time,
a new model was generated. _ This model, shown in Fig. 5.27, contains 96
.8-noded elements with a. total of 348 nodes. There are 19 coupled nodes
- along .the initially uncracked -ligament. . Like the'first benchmark prob-

; y. 31em,:this model;does not contain the load pin hole. This is tantamount,

to' assuming that perfect contact exists between the plate and the load
pin.and : that both the plate and the load pin are the same material. De-
tailed results of the analyses performed were transmitted to ORNL. ~ Be-
sides providing the results for the benchmark case, these analyses -were.

* ~ performed to assess the:effect of possible thermal stresses and the ef-
feet of pull-plate. length (L) on the crack propagation behavior. Also,-4

the effect.of remote loading condition (fixed grip and fixed load) was
investigated.

: Analyses 'of the benchmark problem with and without the considera-
; tion of thermal stresses showed minimal effect of thermal stresses on

- the crack propagation and arrest behavior. Consequently, all the remain-
. ing analyses were- performed without thermal stresses. These results are -

summarized in Table 5.7. It can be seen from these results that varyinge
. the problem formulation'and the boundary conditions has-a significant~

.- effect on the' prediction of crack arrest.
~

Work sponsored by the HSST. Program under Subcontract 37X-97306C
between Martin Marietta Energy Systems. Inc.,.and.the Southwest.Research
Institute.

' ? ngineering and Materials Sciences Division, Southwest Research -E

Institute,1 San _ Antonio, Texas.;
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Table 5.7. Summary of WPl.1 pretest analysis results
,

8thPull plate length Remote boundary ["'re tempe a u e
(m) condition at arrest *

(,)
(*C)

1.480 (Benchmark) Fixed displacement 0.544 60.7
3.810 Fixed displacement 0.597 72.7
3.810 Fixed load 0.719 100.3
4.318 Fixed displacement 0.623 78.6

5.5 Wide-Plate Crack-Arrest Testing *

R. deWiti G. E. Hichoi
S. R. Low IIII D. E. Harnet

R. J. Fieldst
5.5.1 Introduction

As a part of the HSST program efforts to develop data and validated *

analysis methods for crack-arrest behavior of reactor vessel steels, NBS
has initiated a task on dynamic tests involving crack propagation and
arrest. The purpose of the work is to provide data from wide plates that
are fracturing at temperatures up to the upper-shelf region. This is the

..

first NBS contribution to an HSST progress report.
Six single edge-cracked wide plate specimens are to be tested under

a tensile load and a transverse thermal gradient. The specimens, shown
in Fig. 5.1, were supplied - by ORNL, while the pull plates and pull tabs,
shown in Fig. 5.2, were designed and constructed by NBS. The transverse
thermal gradient that the NBS facilities have been prepared to accommo-
date can range from --101 to 260*C across the 1-m-wide specimen. To
establish this gradient, a heating and cooling system was constructed.
The temperature gradient will cause a slight in plane bending of the
specimen. When a load is applied to this bent specimen, a moment re-
sults that will affect the stress state of the specimcc. NBS has esti-
mated the magnitude of this effee.t.

An 'important part of this scudy is data acquisition from the num-
erous strain gages, thermocouples, and timing wires that are mounted on
the specimen. BCL is responsible for installing one system of instrumen-

~

tation for measuring crack velocity and acquiring the data from it. NBS
-is t responsibles for all other data acquisition. Low reactance bridges,-

.

*

. Work sponsored by the HSST program under Interagency Agreement No.
-DE-AIO5-840R21432 between thel U.S. Department of Energy and the National- =

. Bureau of Standards.

Fracture and - Deformation Division, National Bureau of Standards,
Gaithersburg, Maryland.
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To: = wide-range 1 dynamic amplifiers, and high-speed digital oscilloscopes will
monitor the strain . gage response to crack propagation and arrest.

' ~
To ensure a meaningful crack run and arrest event, it is necessary

to' achieve ,af significant elevation in K above Kye. The technique chosen,

- by .ORNL is wara prestressing, and they have provided a suggested warm'

'*' '.prestressing procedure. This procedure has been tried on two, full-
thickness bend bars with success.

5.5.2 Pinhole design

. Tests were run to assess the possibility of yielding at the pinholes
in the pull tabs. The configuration of a pinhole is shown in Fig. 5.2.

-- Fif teen tests were run for various plate thicknesses, widths, distances
between pinholes and end of plate, pinhole diameter, pin-to pinhole

'

clearance,- and yield stress value. Ioads were recorded that corresponded

to' yielding 1at the - pinhole. The observed yield loads vs the predicted
'

: values ~ are shown in Fig. 5.28.
From these studies .it was predicted that the pull-tab configuration

' shown in Fig. 5.2 would have ' a yield load of about 45 MN. This load is
- about 65% greater ' than the 127-MN capacity of the NBS tensile machine if
cthe tabs are of A533B steel. These observations, along with potential

,

beneficial effects of material-hardening characteristics, lead to the- 1
,

conclusion that the pinhole design is sufficiently conservative for the
.

. planned' tests.

, ,

,
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,

5.5.3 Fabrication of pull plates and pull tabs
,

For reasons of compatibility (both welding and mechanical), it was
' decided to construct the pull plates and tabs from the same type of steel
as . the ORNL wide plate specimens ( A533B).

~Five steel companies were contacted and asked to submit bids for the =

four plates. American Alloy Plate of Houston, Texas, was chosen to be
the supplier. The mechanical properties, chemistry, and heat treatment,
as . reported by American Alloy Plate, are shown in Tables 5.8 and 5.9.

Following the procurement of the steel plates, the next step was to
find a welding company that could attach each tab end plate to the pull
plate. This involved heavy section welding, and requests for bids were
sent ~ to three companies that perform this type of work. Included in the
bid were requests for the machining of a 0.425-m hole in each tab end
plate and the beveling of the plate adjacent to the welded region. Gen-
eral Welding Works of Houston, Texas, was chosen to perform the welding.
Welding particulars, rod , wire, flux, and certification of the welder all
. met accepted nuclear construction codes. The welding rod was E10018 D2,
the welding wire was F98-EF1-F1, and the flux was Oerliken OP121TT.

During the welding of the first tab end plate to the pull plate,
difficulties were encountered. Initially, General kblding decided not to
put a 26* bevel on the 0.152-m-thick plate. This proved to be an error,

.

as the welder could not make a good weld using an automatic welder. The
.

2 bTable . 5.8. , Mechanical propertied and heat treatment -

for A533 Grade B Class 2 steel (Melt No..E18832)
used for the' tab ends and pull plates for

the wide-plate test.

(Manufacturers reported results) '

Item Pull plate Tab ends

' Thickness, em - 10.2 15.2
Slab No. C275- C274
' Ultimate tensile- -730 -768

strength, MPa
0.2% Yield ' stress,1Fa. 596.7- 637.3
-Elongation, 5.1 cm, % 20 19
; Reduction of area, % 48 37.5.

#ASTM A533 Grade B Class 2: tensile strength:
620-792 MPa; specifications: yield stress, min:'

1482- MPa, elongation 5.1 cm, min %: 16. .

'b Heat ~ treatment: . al1~ nsterial 927'c for 1 h per
2.54 cm of~ thickness,' quenched; tempered ~at 632*C for

. I h per 2.54.cm of . thickness.
. . .
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Table 5.9. Chemistry for the tab ends and
n

pull tabs: A533 Grade B Class 2
quenched and tempered steel

Content-

(wt %)
Element

Mill ASTM A533-84
report specification

Carbon, max 0.23 0.25
Manganese 1.31 1.15-1.50
Phosphorus, max 0.011 0.035
Sulfur, max 0.020 0.040
Silicon 0.35 0.15-0.40
Chromium 0.18 Not recorded

Nickel 0.60 0.40-0.70
Molybdenum 0.53 0.45-0.60

remainder was hand-welded, and radiographic and ultrasonic (UT) examina-*

tions were performed. Regions were totally unacceptable, and it was

necessary to cut plates, put a bevel on both pieces, and reweld using
automatic techniques. Af ter rewelding, the plate was given an inter-
mediate stress relief at 593*C. The second tab end and pull plates were

.

also welded using automatic welding techniques and given an intermediate
stress relief. Both welds were radiographed and UT examined, and the
flaws found were repaired.

The final radiographic and UT results for these finished welds were
then sent - to NBS for examination. Two very thin cracks, about 0.0127 m
and 0.025 m in length, were observed in one weld. The depth was esti-
mated, using film density techniques, to be no greater than 0.002 m. The
radiograph from the other weld was examined, and this weld was judged to
be good.

It was estimated that the largest of these cracks should withstand
a critical stress of 517 MPa, which corresponds to a fracture load in

L excess of 53 MN. Because this is two times the load capacity of the NBS

test machine, it was decided not. to have the cracks repaired, and the
welds were accepted. Both weldments were given a postweld stress relief
at 607"C for 2 h by General W' lding.e

Once the - postweld stress relief was completed , the wide plate test -
specimen, already sent to General Welding by ORNL, was welded to the pull
plates. However, at the recommendation of NBS there was a change in the
welding materials. The flux was Lincoln 860, and rod E7018 was used in
the first pass and then EM12K. These changes reduced the possibility of

,

weld cracking. The preheat temperature was the same, but the postweld
heat treatment was at 232*C for at least 2 h. There was no postweld
stress relief at 607*C. During the welding and postweld heat treatment,
the temperature at the precracked region in the specimen was monitored;~

o

u
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it did not exceed 142*C. Two 0.05-m by 2.5 m plates were attached to
the front and rear of the specimen to prevent the crack from being dis- '

. turbed during the welding and subsequent shipment to NBS. NBS authorized

. the specimen pull plate assembly to be shipped on August 29.

-5.5.4 Temperature gradients system *

.The heating and cooling systems required must be capable of pro-
ducing a linear temperature distribution across the specimen's width at
the crack plane. Achieving and maintaining the temperature gradient is
accomplished by controlled heating and cooling of the left and right
edges of the plate surface, while the front and back surfaces are insu-
: lated. NBS was requested to develop a system that could maintain a
linear thermal gradient across the specimen having a minumum temperature
of -10l*C at the cold notched edge and a maximum temperature of 260*C
at the hot edge. A major consideration is the heat sink effect from the
pull plates and test machine clevis devices. To maintain the desired
linear thermal distribution within the area of interest (a/w = 0.2 to
0.8), the specimen edges may have to be heated or cooled beyond the re-
quired levels. Therefore, .the thermal system can achieve temperatures
beyond those requested in the initial requirements.

For heating, electrical resistance strip heaters were chosen. They
are constructed of coiled nickel-chrome resistor wires embedded in a re- ,

fractory material and sheathed in stainless steel. Each heating element
is 61 cm long and 3.8 cm wide and has a maximum working temperature of
371*C.- Either two or three heaters are attached side by side, longi-
tudinally along the edge of a test specimen. Heating and cooling takes
place along a 2440-mm length centered about the notched region of the *

specimen. The temperature will be maintained by powering each strip
heater separately through a variable transformer controlled by a tempera-
ture controller.

14 system' to achieve and maintain .a temperature of --10l*C on the cold
~

. edge of a specimen was designed using liquid nitrogen (LN2) as the cool-
ant...A series.of insulated chambers capable _of either spraying _ gas and
vaporizing liquid ' nitrogen onto the specimen surface or actually holding
a reservoir of LN2 in. contact with the specimen edge were constructed.
The _ cooling chamber is constructed _ of standard building lumber. Leakage'
is prevented at the wood joints and specimen by squeezing either rubber .
hose or rubber tape between the interfaces. The chamber is ununted onto

: the. edge of a specimen and clamped tightly to seal the contact areas.
Cooling is accomplished by pumping the LN2 through a copper tube mani-

? fold-~ affixed to the inside of the cooling chamber. The liquid or gas is
sprayed _ across the specimen thickness at about 150-mm intervals down the
length of the. chamber.- Control of temperature is- maintained by starting
and stopping :the flow of IJQ into the cooling chamber with an electri-
cally activated solenoid valve. The valve is opended and closed by a

: temperature ' controller having a thermocouple . sensor to monitor the speci-
' men temperature. . Additionally, the flow rate of the LN2 can be varied -

.

by pressure-valves that control the output from ' the LN2 tanks. Pro-
visions are to be available~ for filling the cooling chamber reservoir

,

with '12i2 if that becomes necessary to obtain the low temperatures. The
.
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performance of the insulation material is also important for maintaining
*

- 'a' linear thermal gradient. Two different materials were chosen for the
cold and hot sides of the specimen. Styrofoam sheeting used in building
construction was chosen to insulate the cold half of the plate up to

about 93*C. The styrofoam insulation is in sheet form, 25.4 mm thick,
which can be stacked as needed for greater insulation. For temperatures..

on the specimen above 93*C, a mineral wool insulation blanket will be
used. These blankets consist of a 50.8-mm-thick insulation material with
a 25.4-mm wire nesh on both sides to retain insulation, form, and heat

resistance. The insulation is suitable for temperatures to 566*C.
Thermal gradient readings of the test specimen will be taken during

the entire course of the thermal and mechanical loading sequences with a
data acquisition system capable of accessing at least 22 temperature
sensors. The system consists of a data logger that can randomly access
up to 40 channels that couple with an internal digital voltmeter. The
data logger is interfaced with a computer for program control, data re-
duction, and output. Thermal readings can be taken at the operator's
request or at a given time interval and provide hard copy output and data
storage.

Certified type K (Chromel-Alumel) thermocouples were chosen for the -
temperature sensors. These thermocouples are bonded to a paper-thin
laminate backing that can be glued to the specimen surface using a ther-

_

mally conductive epoxy adhesive. Two different epoxies are used depend-
ing on the -temperature' range that the thermocouple will encounter. Glue-*

- on thermocouples have the advantage of simple application and do not re-
quire holes to be drilled into the specimen. A disadvantage, however,
is that temperature can be measured only at the surface of specimen. Two

. or three thermocouples will be mounted in 50.8-mm-deep holes to measure
the internal temperatures and compare it with the surface.

To test the various heating and cooling systems that were developed,
a test specimen mock-up was constructed. A hot-rolled steel plate -- 1830
mm long, 1220 m wide, and 12.5 mm thick - was used. The 22 cm of width
in excess of an actual test specimen was used for attaching the heating
and cooling systems. The extra width provides about - the same area of.
heating and cooling during ' an actual . test. . For the mock-up tests, 1220
mm of the plate' length (610 ms above and below the centerline) was used
for heating and cooling the plate. The set-up is shown in Fig. 5.29.

An additional purpose of the - mock-specimen . test, other than to test
' prototype heating and cooling systems, was to obtain a linear thermal

gradient along the centerline. Seventeen thermocouples were attached to
J one side of the plate along the centerline. As much of the exposed plate

y
as possible was covered with . insulation. The test began with the plate
at ambient temperature. Figure 5.30 shows the temperatures after about
3.5 and 6.75 h. The test was stopped at 6.75 h. At that point, the-
thermal-gradient was continuing to approach-linearity at an extremely-
slow rate. Although perfect linearity was not achieved in the test,- the
results were good, and no . further tests were scheduled before an actual'

specimen test.
. . .

-In the first actual test, heating and cooling- systems similar to
Lthose tested on the mock-up specimen will be used. The major difference
.will be in 'the area of heating and cooling on .the test specimen. This.

w.
,

- - - - -
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area will _ be doubled in length from 1200 mm to 2440 mm. This increase

in area required that the ntunber of strip heaters used be increased from*

4 to 8 or 10. A modified cooling chamber is also required. The new
cooling chamber will similarly be increased in length to 2440 mm. It

will incorporate two separate coolant manifolds, each controlled inde-
pendently and supplied from separate LN2 tanks. The specimen and pull,

- plates will be insulated as much as is feasible. With the increase in
the heating and cooling areas and the results of the mock-up specimen
test, we are confident that a nearly linear thermal gradient can be
maintained in the specimen throughout the test sequence.

5.5.5 Ef fect of temperature gradient on thermal strain

and stress state

5.5.5.1 No load case. The effect of the temperature gradient on the

configuration of the specimen was investigated. As shown in Fig. 5.31,

the " notch-edge" of the test plate will be cooled to a temperature Tmin'
Theand the " crack-arrest" edge will be heated to a temperature Tmax.

extent of the temperature control along the height of the specimen is

.
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.given by H . An . attempt will be made to establish a constant tempera-l

ture gradient between the edges over this region, resulting in a uniform ,

-strain. Hence, the hot edge will increase in length over the cool edge
~by an amount

(
. -A H ' = Hg (T,,x - Tmin)a (5.7)

'
,

where a is the coefficient-of instantaneous thermal expansion. As a re-
sult, the section of the specimen with the temperature gradient will bend
through -an ' angle of 0 = AH/W, where W is the specimen . width. Figure 5.31

.shows that H2 is the length of each pull plate from the pinhole to the
region of temperature control.- Though this part of each -pull plate re-
mains unstrained, each is tilted with respect to the vertical by an angle
of 0/2.. Therefore, the vertical line between the two pinholes will be
-offset from the centerline of the specimen. This offset will be a maxi-
mum' at .the notch position and is given by-

-d_= H 0/8'+ H O/2.= (Hg/8W)(Hg + 4H )(T,,x - Tmin)a . (5.8)1 2 2
t

For . the first . wide plate crack-arrest! test WP-1.1, the preliminary condi-
tions and values were defined as

.

L a = 11' x 10-6/*C,
Tmin = 2.2*C,
-T,,, ='163.8'C,

.. W - 1 m ,-
Hi =--2.'44 m,

'H2'= 3.70 m.

Hence,; we find from Eq.- (5.8) that

(d'= 13.1;un . (5.9)
~

5.5.5.2 - - With load case. . If a ' load P 'is applied to .the pinholes of'-
| the; specimen, the - stress developed through the cross section of the
specimen is;given by .

f ~ a_= (P/BW) .(Mx/I) . (5.10)

" ' The first ' term is the average stress, and the .second term gives the .
~

stress variation due to the applied moment that results from the curva-
J ture 'of 'the' sepcimen. : The distance x -is' measured from the centerline of -
:the ~ specimen. - The ! moment, ' which resultsi from- thef applied load and the ,

curvature offset, -is M = Pd, and the moment of inertia for the plate. is
3taken here to be. given by I = BW /12, .where B is the = plate thickness.

,

4
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Substituting this information into Eq. (5.10) gives
:ei

o = (P/BW) {1 -- (12dx/W )} . (5.11)2

For the preliminary WP-1.1 load of P = 10.65 MN and a thickness B =#s
101.6 mm, this results in

- o = 103.5(1 - 0.00015x) MPa . (5.12)

At the extremities of- the plate where x = *W/2 = i308 mm, o = 103.5 MPa
*7.7%J

.e

5.5.6 Data acquisition system

The specimen will be instrumented with thermocouples, strain gages,'

' and timing wires as shown in Fig. 5.3. BCL will be responsible for in-

stalling and- monitoring crack velocity instrumentation. NBS will handle
all other data acquisition.~ Most of the certified Type K (Chromel-
Alumel) 'thermocouples will be. mounted on the surface of the specimen but
underneath the insulation. Two or three will' be inserted into 50.8-mm-

4 deep holes -drilled adjacent to surface thermocouples to provide a com-
s parison between surface and internal temperatures. All thermocouples
- will- be . monitored -serially on a regular and frequent time basis during
; heating and cooling of .the specimen to measure - t ermal gradients in'theh
specimen. TheEdata will. be acquired by a data-logger / computer system and

..

: simultaneously printed out ' and recorded on' magnetic tape to provide a*-

thermal' history of the specimen.
~ - Strain - gages (Micromeasurements : Corp. designation CEA-06-250UW-350).

will also be . mounted as shown -in F' .:. 5.3. In particular, a row of 'eight
.

-strain gagesfwill be mounted on each sider of the crack plane;ceach pair.
of gages will fonn. one arm of. a' full bridge- circuit. The-bridges used-'

have been speciallyjdesigned and constructed 'at NBS to ha'eLthe lowestv
- reactance possible. . The | outputs of the. bridges are amplified by wide
range, dynamic - amplifiers designed' and constructed by - NBS -in' Boulder.
Their gain is 113.; The : amplified signals are fed - to high-speed ' digital
oscilloscopes capable of resolving 0.5 ps. When the crack begina -to

move, it 'will: activate a trigger setting of an ' oscilloscope' which moni-
tors a selected gage. - The ' trigger setting is established- by ~ prototype.
' fracture bars and compact-tension specimen tests. - Once triggered, this

~

,

oscilloscope :will trigger all the . rest within 5 ns. All strain gages
~

'

will then be monitored for 2 as. .Once the data have been acquired, it
.will-be automatically recorded onto msgnetic disks within seconds of the4
event-and.then off-loaded-to magnetic tape.on'the main computer for' fur-'

,
, ther analysis..

Besides the above temperature: and' strain data, ~ the only other; data ''

#" ' recorded Jwill be the load. - This will be' read off the testi_ng machine;
dial and _ will also be monitored digitally along with the thermocouple

~

-data.
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~5.5.7 Validation of warm prestressing procedure
e

'

Before performing the first wide-plate crack-arrest test, three
full-thickness precracked bend bars were tested to demonstrate that the
planned WPS procedure was satisfactory. The bend bars, provided by ORNL
(see Fig. 5.9), were machined from the same plate stock as the wide plate a

specimens. Sharp cracks were introduced into these specimens by hydrogen
charging an.EB weld at the root of the notch. ORNL also estimated the
crack length using UT testing. The desired WPS procedure was determined
by ORNL. Testing of the bend bars was carried out in the Fracture and
Deformation Division of NBS in Boulder, Colorado.

The Televant dimensions and actual (not UT) crack lengths of .the
three bars are given in Table 5.10. The spans for the three point bend
' tests are also given in this table. Based on these dimensions, specimens
1 and 2 had been warm (50*C) prestressed to 129.3 and 135.6 MPa*/ii, re-
spectively. ORNL had requested a prestress of 131 MPa.G. Thus, these
specimens were warm prestressed at stress-intensity factor levels very
close to the desired value. The actual loading history is given in
Table 5.11. The heating took about 2 h, and the specimens were allowed

Table 5.10. Warm prestres' sing beam. specimens
.

* " Total side Total crackDSpecimen Width Thickness
No. span

. groove depth ' length
(cm) (cm) (cm)

'

'I 81.3 14~.1 10.2 2.54 5.18
-2 81.3 15.2 10.2 2.46 4.99

3 81.3 15.2 10.2 2.59 4.93

"Three point bend'.

Includes machined notch depth.

. Table 5.11. Loading history for warm prestressing beam test

* *Specimen' b 'WPS" K Reduced K -Fracture # Kg. g y
.No. ( ** ) ( ** I ** I'(kN) (kN) (kN)

1- 403.0 129.3 342.5 109.9 '403 129.3
2' 532.0 135.6 452.2 115.3 665.0 169.4'

-3 0 0' O. ~0 327.8 83.7_

" Warm prestressing at 50*C. '

All loading at 1.5 kN/ min.-
#
Fracture took place 'at -17'C.

.
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to thermally equilibrate for one-half hour prior to testing. The tem-,

perature was monitored using thermocouples on the surface and inserted
into holes drilled to the midplane of the specimen. After equilibration,
the temperatures on the surface and internally were within 1*C of each
other.

Af ter WPS, the specimens were unloaded by 15%: to 109.9 MPa. R in*

the case of specimen 1 and to 115.3 MPa.R for specimen 2. At this
point, the specimens were cooled to room temperature and dry ice was
packed around the ends of the specimens. Af ter about 6 to 7 h the speci-
mens reached -17*C.

Reloading at 1.5 kN/ min was started once the specimens had been at
-17*C for one-half hour. As noted in Table 5.11 specimen 1 broke just
as it reached the WPS load. No evidence of plasticity was apparent on
the load-crack-opening displacement (COD) record. A photograph of the
fracture surface is shown in Fig. 5.32. Specimen 2 exceeded the WPS load
by 2.5% at the point of fracture. There was considerable nonlinearity in
the load-COD curve, indicating plasticity. The fracture surface is shown
in Fig. 5.33. It should be noted that, at about 110% of the prestressing
load, the testing machine cut out. Specimen 2 had to be completely un-
loaded and reloaded to fracture. The unloading probably increased the
required fracture load by introducing compressi c residual stresses near
the crack tip. Therefore, the actual fracture load would have been any-
where between 10 and 25% over the WPS load had unloading ent taken place.,

Specimen 3 was not warm prestressed. It was simply cocad to -17'C,
in the same manner as above, and loaded to fracture. This occu uad at
83.7 MPa.5 and should represent the K at -17*C for this material.
Comparing this value with the 129.3 and 169.4 MPa. R required to break
the warm prestressed specimens, significant K elevations are noted. Such*
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.

K elevations are necessary to produce the long run and arrest events re-i

! quired for the wide plate tests. The fracture surface of specimen 3 is
shown in Fig. 5.34.

In conclusion, the bend bar tests have validated, in principle, the
,

I WPS procedure planned for the wide plate tests. Using WPS K levels simi-
! lar to those applied here, it is expected that fracture may commence at
| between 1.5 to 2 times K at -17'C in the wide plate tests.re

The stress-intensity factors reported here for the beam specimens
were calculated from the following equation:

l

K = (t/t )0.5 (l.5Ps/b t)(n a)0.5 F(a/w) (5.13)2
7 ,

where

t = full thickness,
t = gr ved thickness,n
P = load,
s = span,
b = width,

a = total crack length,
F(a/w) = geometric factor.

The geometric factors for s/b = 4 and 8 are given in Ref. 17. (Geo-
'

metric factors appropriate for the s/b ratios used here were obtained by
linear interpolation.)

.
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.

5.5.8 Status of wide-plate tests

.

For report scheduling purposes, the above sections were written in
early September and reflect the status as of that time. All of the
preparatory work was completed in the 6 months since this project began,
and the first test (WP-1.1) was actually performed on September 28. Fine

details of strain gage data acquisition were checked out as the first
test specimen was arriving. The clevises were installed and instrumenta-
tion, thermal gradient system, and insulation were attached after mount-
ing the specimen. Final confirmation of test conditions was established
by OPRL for WP-1.1.- The second wide-plate test, WP-1.2, should follow
the first by about two months.

The first test will be reported in detail in the next progress re-
port. However, the test was run under a linear temperature gradient of

202*C. Af ter application of the warm prestress-Tmin = -72*C and T
=

max
ing sequence, crack propagation did not initiate at the expected 10.6-MN
load (K1 - 139 MPa. 6). The loading was continued to 19.0 MN before
unloading to 11.9 MN and lowering the temperature of the cold side until
the crack tip was at -55'C. Upon reloading, initiation occurred at
20.1 MN (Kr = 269 MPa+ 6). The crack exhibited an apparent arrest at
a/w = 0.49, where T = 51*C, before the crack propagated through the re-
mainder of the specimen in a ductile manner..

.

-a+ . - , - - - - . . , ,..n - ~, , . - , , , . . . . , , . , , - - - , , - . - - - - _ , - . . , , . . - - - . , . - - . - - - - . - . - . , , . , , . - , - - , .
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6. IRRADIATION EFFECTS STUDIES

R. K. Nanstad
;

*,

F 6.1 Fourth HSST Irradiation Series

J. J. McG5wan T. N. Jones
R. G. Berggren R. L. Swain

The cooperative testing program with Materials Engineering Associ-
[ ates (MEA) on specimens from the first three capsules of the Fourth HSST
U -Irradiation Series is continuing. Testing of all unirradiated IT-CS
L specimens has been completed, and testing of the irradiated IT-CS speci-

mens is continuing,, Testing of the IT-CS specimens in the transition
region has been completed, and testing of the 1T-CS specimens in the,

upper-shelf region is one-third complete. All of the IT-CS specimen
[. tests are expected to be completed within the next reporting period.

. Both Oak Ridge National Laboratory (ORNL) and PEA used unloading
! comp'liance to measure crack length, and all specimens had razor blades

mounted at the load line. The ORNL testing system used an HP-9836 micro-
; . computer to control the test and acquire data; as a result, the crack +

. length could be determined within 0.02 mm during each unloading. The
'

specimen was loaded under load-line displacement control at a rate of
0.2 mm/ min. ' A' 1-min hold at constant load-line displacement was per-

1 formed prior to e' ch unloading to minimize hysteresis problems. Smooth-| a
,

sided specimens were used in the transition region; 20% side-grooved
,

specimens, however, were used in the upper-shelf region. When applic-

Lable, KIc according to ASTM E399 (Ref. 1) was determined; otherwise, the
2 was|used to infer KJ = /EJ , where E(GPa) =modified Ernst J-integral c

207.2 - 0.057 T('C).. If there was no significant crack growth (the Jp vs
As curve did not intersect the 0.15-sn exclusion line), J to maximum load

- was used to determine K . If there was significant crack growth (the Jry
- vs ' As curve did intersect the 0.15-am exclusion line), Jyc was:used to
determine K . ,JIc is determined both with the power law and ASTM E813y

. procedure.3 A summary of results from all the irradiated tests with.
nonsignificant' crack growth is shown in Table 6.1 for ORNL. A summary
for all irradiated tests with significant crack growth is shown in Table

16.2 for ORNL. The K values were calculated using the Merkle method'' to
6estimate lower-bound kracture toughness in the transition region. Re-

,

!sults .obtained with unirradiated specimens are given .in the most previous
- progress report.5.

A comparison of the fracture toughness data for the two laboratories
.is shown in Figs. 6.1-4.5. . Note that there is no significant variation
i between the two laboratories.,

- The data scatter asong all materials .is comparable both for irra-. ,

' disted and unirradiated conditions (the degree of scatter depends upon'

the temperature regime).- The lower transition and upper shelf.have low
scatter (*15- MPa+/m), while. the upper transition regime has high relative

se'atterL(*50 MPa+ 6).
*A summary of; the material properties :is shown in Table 6.3 (taken -

from Ref. 6) af ter: neutron irradiation to'a target fluence of 2 x 1023

m _
_
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Table 6.1. ORNL transition region test dat7 suusary for irradiated IT-CS specimens

Test Fluence, Irradiationg g
y g) g Yieldtemperature 1022 temperature (a/w)g g) e e('C) (neutrons /m2 ) ( C) stress,

(MPa)
02CA-288 79 20.4 288 0.624 84.6 131.0 89.5 591.-401 -25 12.9 288 'O.609 16.7 58.9 647-406 -25 ' 19.5' 288 0.602 14.4 45.1 647-407. 50 20.5 288 0.611 18.3 61.2 56.6 604

-

-414 -25- 21.8 288 0.593 7.1 36.2 647
68W-88 -75 10.2 288 0.593 84.8 133.9 102.2 757-HC ~130 12.I 288- 0.601 13.9 52.5 833

*

-NB -130 17.4 288 0.598 39.8 833
69W-il3 29 12.4 288 0.617 54.2 105.5 86.9 714-119 -35 15.1 288 0.593 15.3 57.0 784--142 - 36 .13.4 '288 0.594 12.9 55.0 785

,

-143 50 12.3 288 0.597 68.3 118.2 92.2 703-149 -35 8.8 288 0.581 24.3 69.8 784
70W-123 -25 24.9: 288 0.539 19.4 63.6 57.7 579-126 -125 26.0 288 0.547 6.3 37.9 692-140' -125 17.7 288.. 0. 54 1 6.4 36.9 692-148 -25 14.5 288 0.539 123.4 160.4 97.2 579
71W-iO8 -70 13.1 288 0. 54 5 20.2 65.3 59.9 622-122 -13 .20.5 288 . 0.546 57.4 109.2 79.8 563-133 0 27.3 288 0.538 74.9- 124.6 . 84.3 552--141 -70 22.9 288 0.549- 21.8 67.9 61.9 622-143 -73 ' 19.4 288' O. 54 8 5.6 36.6 625-144 0 19.0 288 0. 54 0 125.4 161.2 94.8 552
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. . Table 6.2. GENL upper-ehelf J-R curve data enmeery for irradlated IT-CS opecteees

# E
1 Je 7Test Fluse e, Side Irradiettee (U/h) (NPe=/m) avs ygge

ctee groeve toeperature (a/u)g gh) _
stress

g ; g,gy ggg3
temperature 108 g g p, g gj,3 ) validityg,

(*C) (seet ress/dt } (g) (*C) Peuer Feuer ASTM (MPa) .gg9y ggy, g,,
les leu

02GA-329 to 26.0 0 200 0.612 7.60 -J.34 151.1 175.0 657 1330 levetid
~ 344 90 10.5 0 2 00 0.607 9.07 -4.79 138.0 162.9 657 1153 levetid
-428 90 17.7 0 200 0.603 9.17 -4.75 148.1 173.2 657 1503 levetid

.

69W-Il6 52 14.0 0 288 0.500 0.09 -0.258 77.7 56.2 125.9 107.1 60.8 67.5 739 b64 levetid
-165 50 19.0 0 288 0.592 2.26 0.21 95.5 85.6 139.7 132.2 59.2 60.7 760 840 leve11d

71w-160 16 21.2 0 208 0. 5 54 0.71 -0.33 151.3 176.7 595 1331 levette
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Table 6.3. Transition' temperature 'shif t
' after neutron irradiation to a target

fluence of '2 x 1023 neutrons /m2

Transition-
temperature ' shift Composition

C) (wt U
Material ,

Charpy Cu Ni.
EV-notelf c

.

~

Plate 02 68 75 0.14 0.67
Weld 68W 6 -2 0.04 0.13
Weld 69W 34 35 0.12 0.10
Weld'70W 31- 24 0.056 0'63'.

-Weld 71W 26 13 0.046 0.63

# Source: R. C. Berggren et al., "An-
Analysis-of Charpy V-Notch Impact Toughness of-
Irradiated A533 Crade- B Class 1 Plate and Four
Submerged-Arc Welds," Proceedings of the Toelft).*

International Symposium on the Effects of Radia-
tion on Materials, Williamsburg, Va., June 1&-
22, 1984, American Society for Testing and

;.'d _ Materials, Philadelphia.

,
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neutrons /m2 (>l MeV). Note that there is good agreement for the transi-
.

L tion temperature shift between the Charpy V-notch and fracture toughness
results. . The transition temperature is ordered from low to high by the
amount of copper present. Comparison of welds 68W and 71W shows the
effect df nickel on transition temperature shift.

From the preliminary results of testing on the upper shelf, it does *

not appear that the fracture toughness upper shelf in these materials is
affected significantly by irradiation.

6.2 Fifth HSST Irradiation Series

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

The primary objective of the Fifth HSST Irradiation Series is to
obtain valid fracture toughness K curves for two nuclear _ pressure ves-Ic
sel materials irradiated at 288'C and to as high a toughness level as

' practical. The program has _been described previously.7-9 However, com-
pletion of neutron dosimetry results (prototype exposures) and detailed
irradiation capsule designs have led to some minor changas in the pro-
gram. This report summarizes the present program.

Currently, estimates of the K curve shift are based on results *

Ie
from Charpy impact testing with the assumption that the shift of a Charpy-
toughness curve to higher temperatures can be applied directly to a K ye
curve. To test this assumption, this program includes Charpy V-notch
impact test specimens and drop-weight test specimens, in addition to the
compact fracture toughness specimens. Tensile specimens are included in ,

the program to provide data for determining test parameters for the frac-
ture toughness tests and for analysis of the fracture toughness data.

Irradiation and material parameters were chosen to (1) provide sig-
nificant ' separation of 'unirradiated and irradiated properties (i.e., a
significant radiation-induced temperature shift of toughness properties),
(2) represent, as closely!as possible, materials used in early nuclear
pressure vessel construction (high copper and nickel contents), and
(3) permit program _ conclusion in a reasonable time. The chosen irradia-
tion parameters are an irradiation _ temperature of 288'C (550*F) -- most
significant for both the industry and regulatory bodies -- and a neutron
fluence of 1.5 x 1023 neutrons /m@ (>l MeV) to complete irradiations in a
reasonable time. The chosen materials are submerged-arc weldments of
0.23% and 0.32% . 0a content (0.60% Ni in both weldments). The predicted
temperature shifts of fracture toughness for these two weldments are 86
and 121*C (155 and 217'F), respectively, for the above irradiation pa-
rameters. The lower bounds (95% confidence level) are 58 and 93*C (105
and 167*F), respectively. These . predictions are based on the Metal
Properties Council analyses 10 of weld metals irradiated in test reactors.

The plan provides sufficient numbers of specimens to permit mean-
.ingful statistical analyses of test results. '

,

~~ '

- _ _ _ _ _ _ _ _
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. - 6.2.1 Materials
O

To provide as uniform a test material as possible, submerged-arc
weldments were fabricated using two special heats of AWS type EF-2 weld-
ing wire with copper added in the ladle to achieve the two levels of

, copper content. One lot, well mixed, of Linde 124 flux was used for all
the welds. The weldments were fabricated and stress-relieved according
to commercial practice. The base plate for the weldments is a single
220-mm-thick plate of SA533 Grade B Class 2 steel. The submerged-arc
welding was done by the tandem-arc, alternating-current procedure, using
a 0* bevel weld groove. The width of the deposited weld metal is about
30 mm. All welds were stress-relieved at 607'C for 40 h. About 14
linear meters of each weldment were fabricated for the program. (This
amount will also provide material for the Sixth HSST Irradiation Series

on irradiation effects on crack arrest.)

6.2.2 Specimen complement

The largest practical compact K specimen that can be irradiatedIc
is a 4T-CS specimen. The irradiated yield stress will be about 620 MPa,
resulting in a valid fracture toughness KIc measuring capacity of
130 MPa./m. To achieve this toughness level in the unirradiated speci-
mens having a yield stress of about 480 MPa requires 8T-CS specimens,..

and these are provided for in the program. Smaller fracture toughness
specimens are provided to measure toughness at lower levels and to obtain

~both K values for. predicting test parameters for the larger specimensyc
and data for comparisons of K and K results. The types, sizes, andIc yc

* number. of specimens per material are presented in Tables 6.4 and 6.5.
The total specimens are twice .the number listed. The number of specimens
is based on consideration of statistical analysis requirements and the
constraints of the irradiation facility. Sufficient amounts of the weld-
ments are available for fabrication of additional unirradiated specimens,
if necessary.

6.2.3 Irradiation capsule design and operation

The Fif th HSST Irradiation Series consists of a total of 12 capsules
to be irradiated in the poolside facility of the Oak Ridge Research Re-
actor:(ORR). Neutron dosimetry studies in the facility were conducted
in a dummy capsule, and a prototype of the 4T capsules was operated in
the facility to obtain neutron and gamma heat parameters for final ex-
periment design. A steel gamma shield was incorporated into the facility
to allow control - of specimen temperatures.

,

The final capsule designs provide for the irradiation of the speci-
mens. shown in Table 6.6, which also gives the - predicted fast neutron
. fluences and ranges based on the results of the measurements conducted

,

in the dummy capsule. Neutron dosimeter sets are also included in each*
capsule to verify the exposures.-

The initial neutron characterization of the irradiation facility
was completed, and the results -indicated that the flux levels were sig-
nificantly lower than the experiment design basis. Consequently, steps

a
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, l. Tablet 614k i. Compact : specimen '. complement - for the KIc ' curve 'shif t program

'
'

, -f;

Number of specimens per. meterial;
i Test /sLpe_cimen'

-Target Ky -(MPa {iii) . :49- ~66. 88. .' 110 - 132. Spare,

type s :. ~

Totalsand: specimen, _

,

* TEstimated'T-NDT-(*C) -56 -14- '3- 11 19
'

<

Unirradiated.

..K e,|IT-CS" 10 -- b~ 10y

Ic,L2T-CS" 4 b 4-5K
.,

y ...L4T-CS" 4 b 4.
- K .

(Kye,f6T-CS" '2 2 4
"

'Kye, 8T-CS"'
'

2 2 4 g,

K ,-r 1T-CS '- 6 6 6 6 b 24y
K ,|2T-CS'. 4 4 4 4 b 12 .[3

# # #g,; 4T--CS - 4 4 h 81

:

Irradiatedr

i. . ..

ye,,.iT-CS" 4 |6 2 12,K

Ic..2T-CS" 6 4 10
'

K

ye, 4T-CS" 4 4 8 (; K

K ,_IT-CS 6 6 6 18 |y
f~

K ,;2T-CS| 4 4 8 |3 , ,

.a F

[3.alid tests.
.

V (1

Material . for | additional : specimens is available.p
c-

~ These tests 'would be valuable if. material is available.
,

l
.

4

a

*
%.

<

. . . . . . .

. ., ._. _ . . , . . _
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Table'6.5. Charpy V-notch . impact, drop-weight, and tensile specimens for KIc,
3curve shift program

. Estimated . test. Number of specimens per material |
tempera Charpy-V specimens . Drop-weight specimens Tensile. specimens

N T-N ,

t -(*C)-* '

Unitradiated^ Irradiated Unirradiated- Irradiated Unirradiated Irradiated
'

: Scoping tests 2 161 13 :12 16
-56- 6 3

I -28- 5
-14 6 3 %

i .O. 10 10 "

+24 6 3

|..
+40 10 5

!+70 10 5 6 3
'

+111 -10

: +167 '10 5 .

+222 10-
,

i.- Spares- -18 4 0

: . Totals-(per. materia 1) 81 56 12 ' 16 24 16

) Varied temperatures to determine NDT and " upper-knee" temperatures.#

i -

L

v
a

-

.

:
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!
I
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Table 6.6. Specimen complement and predicted
neutron fluences for irradiation capsules *

Pred eted neutron fluenceNumber a Number ofCapsule Specimen [102 neutrons /m2 (>1 gey))9f p, y
type typeper material per capsule

Maximum Mean Minimum

4T 4 4T-CS 2 1.54b 1.50h 1.46h
CCVN 12 1.83 1.65 1.53

2T 1 2T-CS 18 1.78 1.50 1.07.

CVN 12 1.53 1.50 1.46
IT I IT-CS 30 1.64 1.50 1.36d

DW(F)d
8 1.51 1.46 1.41

DW(B) 8 1.14 1.10 1.06
CVN 56 1.59 1.51 1.39
MT 16 1.59 1.51 1.39

#
4T-CS, 2T-CS, and IT-CS are compact specimens of 101.6 , 50.8 , and

25.4-mn thickness, respectively; DW are P-3 drop-weight specimens; CVN are
standard Charpy V-notch specimens; and Mr are miniature tensile test

. specimens.

These fluence values are for the 1/4 and 3/4-thickness positions at
the fatigue crack front. Due to neutron attenuation, there will be a fluence *

variation along the crack front with maximum variations of -7% at the center-
and +21% at- specimen surfaces.

#
The CVN specimens in the 4T capsules are nonstandard (10 x 9.5 x 55 mm).

- and will 'be 'used for initial scoping studies.
..

F" and "B" refer to front and back groups of drop-wieght specimens in
the IT capsule.-

were taken to allow the entire facility to be moved closer to the reactor
core. _During' this exercise, - the tacility was discovered to be 2.5 cm
from' the core box wall instead of the 2.0 cm reported previouslyll for
the operation __of the prototype. Following the relocation of the facil -
ity, which resulted in a 1.0-cm gap between the thermal shield and the

.. core box- wall,- another neutron characterization run was made, indicating
~

'

that' a ' fast fluence (>l .0 MeV) - of 1.5 x -.1023 neutrons /nf could be ob-
tainedJin:about-60 d for the 4T capsules.

The first two 4T ' capsules, designated HSSTS-1 and HSSTS-2, were
installed in the irradiation facility during the April 22' to May 2,1984,

-shutdown of the'ORR. Following . extensive checkouts of both the capsules
and :the lfacility' instrumentation,' the irradiation facility was inserted,
and irradiation began on May 11, 1984. A ' summary of the observed tem-
perature along the | crack tip of each specimen is presented in Fig. 6.6.
The lower curves show the temperature profiles with no electric heat in

.

,

the .18' he_ater zones of each capsule, while the' upper ' curves show the
profiles with the heat being applied to the ' capsules to achieve the de-

.

sired-288'C at the 1/4T position. - It should be noted that the peak-to-
minimum temperature is significantly higher than that reported for the

,

_
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Fig. 6.6. Temperatures observed during initial startup of capsules
* HSSTS-1 and HSSTS-2 on May 11, 1984.

.

prototype.ll The need to move the facility closer to the core results,

in a higher gamma heating rate that increases the temperature gradient.
The use of a seven-element "A" row, put in place to increase the flux
and reduce the horizontal flux gradient, also increases the gamma heat-
ing. The temperature patterns on the front and back surfaces of both
capsules during startup are shown in Table 6.7, with the location of
thermocouples and heater zones being shown in Fig. 6.7.

After 30 EFPD of irradiation, the capsules were rotated on June 11,
1984, and af ter an additional 30 d the irradiation was terminated on
July 21, 1984. In general, the temperature control during irradiation
was very good. Capsule HSSTS-2 operated somewhat hotter than HSSTS-1.
Also, at times, the control of the front surface of the specimens was
not very good, but the desired 288'C at the 1/4T position was easily
maintained. The recorded temperature data are presently being reduced,
and average temperatures for all thermocouples, as well as their varia-
tions with time, will be reported in the next semiannual progress report.

The second set of 4T capsules, HSSTS-3 and HSSTS-4, began irradia-
tion on August 16, 1984. Temperature profiles along the crack tip of
each specimen immediately after the beginning of irradiation are sum-
marized in Fig. 6.8. The temperature patterns on the front and back
surfaces of the specimens are shown in Table 6.8. Both capsules are

*
being controlled very satisfactorily, with none of the problems experi-
enced with HSSTS-2 having materialized to date.

The assembly of the small specimen capsules will begin as soon as
the fatigue cracking and remachining of the IT compact specimens are

o
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. Table 6.7. . Summary - of observed) specimen surface . temperatures ' and ' electric
, heater , input during the startup of HSSTS-1 and . HSSTS-2 on May 11, 1984

HSSTS-1- HSSTS-2
Heater
zone or. LNo electric Total . electric heat of Ok> electric Total electric heat' of

-

thermo-- heat 6618 W heat 5297 W
couple.
.No.a Temperature Temperature Power Temperature Temperature - Power

('C) (*C) (W) ('C) ('C) (W)

' Front face

1 .203 279 404 198 277 454
2 205 280 145 '220 275 15
3- _188- 280 532 223 276 197

c4 226 281 0 219 277 103 g;
5 218 280 .25 232 284 0 c)
6 210 281 91 240 285 0
7 207 280 366 204 276 280
8 213 280 19 226 282 0
9 197 279 409 222 277 138,

Back- face

11 .192 281- .552 188 281 670
12 192 281 333 206 281 327
13 175 281 778 208 280 482
14 '207 281- 318 203 280 463
15 199 282 377 212 282 291
16 191 281 527 220 281 260
17 193- 280 544 188 280 715
18 192 282 420 206 282 339
19 176 281 783 207 281 562

" Location of heater zones and thermocouples (TC) shown in Fig. 6.7.

. . . .- . .
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' *' Fig. 6.7. Plan view of 4T capsule in southern position of ORR pool-
side facility and location of-heater zones and specimen surface thermo-
-couples. ' Identical configuration exists on north side of reactor center-
line.
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--Table 6.8. Summary of.; observed ' specimen surface temperatures.
and ' electric heater input during the startup of

HSSTS-3.. and HSSTS-4 on : August 16,.1984

HSSTS-3 HSSTS-4
Heater
zone or No electric Total electric heat of No.el'ectric ' Total electric heat ofthermo- heat 7501.W . heat 6764 W. couple.

No." Temperature' ' Temperature- Power Temperature Temperature Power
(*C) ( .* C) (W) ('C) -('C) (W)

. Front ~ face

.1- 189 281- 532 188 280 5322 196 281- 142 207 280 101-3 178 281 616 206 280 364 C;.4 213 .281. 74 209 280 199 b3
5 209 281 73 218 280 886! 202 281 145 226 280 14
7 199 282 445 200 280 4238 204 -281 21 219 282 09- .188 281 474 218 280 222

Back face

11 .182 283 592 179 282 75112 183 284 363 195 282 386:13 168 284 779 195 282 55914 197 283 444 192 282 61015- 190 283 393- 200 282 38016 184 283 540 208 282 39017 185 283 631 183 282 76018 187 284 432 201 282 33019 170 283 805 197 282 655
'#

Location of heater zones and .thermocouples -(TC) shown in Fig. 6.7.

. . . . . .

__
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Fig. 6.8. Temperatures observed during initial startup of capsules.-

HSSTS-3 and HSST5-4 on August 16, 1984.

.

completed. The procurement process for the fabrication of parts for the
2T capsules has begun.

6.2.4 Test plan

MEA and ORNL will participate in the testing program. Because of
testing equipment limitations, all testing of irradiated 4T-CS specimens
and unirradiated 6T-CS and 8T-CS specimens will be conducted by MEA, and
all tensile tests will be conducted by ORNL (testing of the other types
of specimens will be shared). The sequence of testing will be

1. materials characterization,
2. testing of unirradiated Charpy V-notch, tensile, and drop-weight

. specimens,
3. testing of unirradiated compact specimens, smaller specimens being

tested first and K tests preceding the large specimen tests,Je4. testing of irradiated Charpy V-notch, tensile, and drop-weight
specimens, and

5.
'

. testing of irradiated compact speciraens, smaller specimens being' '

tested first and KJe tests preceding the large' specimen tests.

a

l'

ml

.



,
, - . - -. - - .- _- - - _ _ - . .. ~ ... - . - -

T

154

p -6.2.5 Program status
,

L All: the weldsents are on hand, and a major portion of the test
L specimens have been fabricated. . Designs for all irradiation capsules

~ care complete. Irradiation 'of the first two 4T capsules was completed,
. irradiation of the second'two 4T capsules is in progress, and assembly .

of the two '1T capsules is in progress. -*

'

:

6.3' Seventh HSST Irradiation Series: Stainless Steel Cladding
:

ii W. R. Corwin R. J. Gray

^

12
.

The previous metallographic. studies of the three layers of clad-
ding from which the~ specimens were fabricated for the cladding irradia-,

p -tion 13: revealed-radically different microstructures in each layer. The !-

Lupper layer;(type 308 stainless steel) was composed of 'small amounts of ~

6-ferrite' dispersed in an austenitic matrix, typical of good quality
~

: cladding . applied to existing reactor pressure vessels. The lowest layer-
| '(type 309. stainless steel) is a three-phase structure consisting of aus-

-

* ~ tenite, martensite, and ; ferrite. i This structure was' caused by high dilu-
.

t tion-'of the . weld puddle- (~50%) from excessive melting of the base plate.
[ ~ Similar claading has been shown to exist in light-water reactors where -

,

! ' inadequate -control has also' allowed excessive dilution of the cladding to
occur.14,15 ' Amounts of dilution in good practice ~are typically in the-

,

-range of 10 to '25%. . The middle layer of cladding (type 308 stainless

!i ; steel) was 'similar to the austenite--6-ferrite structure of the top layer
*6. ,

with isolated islands of martensite.,

[ . To verify'the tentative conclusions regarding the composition of
si the lower layer and examine the 6-ferrite 4 o-sigma-phase transition dur-

ing postweld ; heat treatment! (PWHT), transmission electron microscopy - and
additional optical microscopy involving magnetic etching and color stain- ;

Jing technique's were performed.165

- The -most revealing studies ' regarding the apparent ;three phase micro-:+-- 4

: structure of the lowest layer _ were those using . ferrofluid = etching tech-

niques. In .this technique |a colloidal suspension of| magnetic . particles
~

_

F is applied.to-the' specimen surface and viewed with.and without the pres- '

ence of a angnetic.. field. . Examining the lowest' layer in this manner
'

t

' L(Fig.,6.9) shows that of the three. optically different-phases; visible
i with, the msgnet ' off, two are clearly magnetic. When examined by trans-

, _

g ; mission electron microscopy,'the light-gray phase was determined to be
!' martensite and. the- black phase ferrite decorated with M23 6.' carbides.C

.

!- .

'The ductile-to-brittle ' transition ' observed in both the irradiated'

1;and unirradiated.Charpy impact testing ' of ' the different 1ayers of clad-
,

.dingl3. was also~ investigated further.' Though consistent .with the work
,

-

T of fother researchers,l7_19 w'no have shown fully ductile f racture in' as- J
,

,
_

- : welded 'austenitic weld metal. to occur as low at' 4 K, - and 'though quasi-- '
| cle' avage can ' occur- in' weld metal that has received a PWHT. in the tem- 3

perature ' range 1n .which carbide precipitation and sigma formation occur,~

' l a 'better. understanding of the mechanism involved was desired. Selected
-unirradiated Charpy ' specimens were sectioned .and metallographically pre-,

F Lpared(such that - the central plane of the specimen perpendicular to the .
.

E <

- t._
,
-

- _ _ . - ,, e--.
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~ fracture face was visible, providing an " edge-on" view. Two specimens .

are examined here: (1) CPL 539 tested at -73*C on the lower knee of the
- transition and (2) CPL- 530 tested at --30*C low in the transition. Both
specimens contain both types ,309 and 308 layers with the notch located

' in.the type 309, the-lowest layer of cladding.
EThe ; reasons for the transition behavior become immediately obvious *

when the ' photomicrographs of - specimen CPL 530 are examined. An overview
of the edge of the fracture is shown in Fig. 6.10. The fracture initi-
ated in .the type :309 highly diluted cladding in which the notch is lo-

Leated. ..Close examination of the fracture in the type 309 at location 1
- (Fig. 6.11) shows the fracture path follows the ferrite (dark phase) in
the structure. Note that the martensite and austenite are not differ-
entiated.by the etching technique used here. Once the f racture progres-
ses into the type 308 to locations 2 and 3 (Figs. 6.12 and 6.13), the
fracture path strictly follows the 6-ferrite islands. Clearly, in both

- materials the fracture is dominated by the ferritic phases.
These results are verified in specimen CPL 539 (Fig. 6.14). Again,

the fracture in the type 308 cladding at locations 1 and 2 (Figs. 6.15
.and 6.16) follows the 6-ferrite. At these higher magnifications the
sigua. phase transformed during PWHT can be resolved as dark spots or
bands within-the 6-ferrite islands. It does not appear that the brittle
signa phase particularly influences the fracture process. Examining the

- secondary; crack at location 3, which opened in the type 309 cladding next ,

to the main crack (Fig. 6.17), strongly reinforces the . conclusion that
-

the fracture progresses within the-ferrite regions. Here, where both j

. halves of _ the fracture are still visible, . the crack can be seen to split
the ferrite. Even the initiation of the crack in the Charpy notch, lo-
cation 4 (Fig. 6.18), was moved well away from the bottom of the notch *

to the. nearest-patch of ferrite.
Obviously, the material governing the fracture process in the lower

Etransition region of the Charpy curve is ferritic. Similar studies on
specimens tested higher in the transition are under way to see if this
- behavior stillL exists or if the fracture transfers to the- austenite. In.

~

any " case, the mechanism responsible for the typically ferritic-type
. ductile-to-brittle transition observed in our stainless steel cladding
has been identified as the'' failure' of _6-ferrite regions .in both types 309

. and 308 cladding rather_ than fract'ure within the bulk of the austenite.
This behavior. asy also explain the rate ' sensitivity observed by Hawthorne
and Watson 20 =in. their impact testing of stainless steel weldsents since .
the. ferritic phases controlling the fracture are inherently rate, as well
as temperature,: sensitive. If the cladding on the interior of 'a reactor
, pressure vessel is to be considered structural' in nature, then the poten-
tial . for its rate sensitivity should also be considered.

,

O
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Fig. 6.10. Side view of fracture surface of Charpy specimen CPL 530
j tested at -30*C low in transition region. Notch is located in type 309

]
weld metal; unnotched side is type 308. !
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Fig. 6.14. Side view of fracture surface of Charpy specimen CPL 539
tested at -73*C in lower knee of transition region. Notch is located in
type 309 weld metal; unnotched side is type 308 weld metal.
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7. CLADDING EVALUATIONS
.

W. R. Corwin G. C. Robinson
T. D. Owings

.

To provide baseline values on the material used as the base plate in
the first series of clad-beam experiments,1,2 crack-arrest testing was
completed on Heavy-Section Steel Technology (HSST) plate 07. These data
allow a direct comparison to be made between the values of crack arrest
calculated for the clad beams and those of the base plate itself to de-
termine if the cladding did indeed enhance the structural resistance of
the clad structure.

Crack-arrest data were generated at several temperatures in addition
to the test temperature of the clad beams in the expectation that they
would be useful for the American Society of Testing and Materials (ASTM)
round-robin crack-arrest testing,_because the A533 Grade B Class 1 mate-
rial for the round robin is also from HSST plate 07. While some guidance
was gained from these data, the different orientation subsequently chosen
for the round-robin specimens made direct comparisons less meaningful.

The crack-arrest specimens were fabricated from broken halves of the
clad-beam specimens in the LT orientation. This corresponds to the ex-
tension of the flaw in the clad-beam experiments across the width of the
plate. The material had received a postweld heat treatment (PWHT) of *

40 h at 621*C. Details of mechanical properties on this material are
provided elsewhere,1*3 but its drop-weight nil-ductility temperature
(NDT) is -18'C, and the 68-J Charpy V-notch impact energy transition tem-
perature is 20*C, yielding an RTNDT of -13*C. The clad-beam test tem-

t
perature was -40*C, for comparison.

The specimens were of the weld-embrittled, trancverse-loaded, split-
pin type recommended by the latest draft of the proposed ASTM standard on
crack-arrest testing. They were 25.4 mm thick with planar dimensions of
152.4 and 148.2 mm.

Comparing the results of the crack-arrest specimens and the clad-
beam specimens (Fig. 7.1) shows that two of the values of arrest tough-
ness calculated for the clad-beam experiments coincide closely with those
obtained using crack-arrest specimens; the third value is slightly higher.
Beam specimen CP5 did not arrest. The stress intensity calculated at the
point where arrest would have been caused by the cladding if it had oc-
curred was well in excess of the values obtained with the crack-arrest
specimens. The values of stress intensity calculated for the clad-beam
specimens were the maximum local values obtained using the ORVIRT finite-
element code."

The comparisons made between the crack-arrest specimens and the
clad-beam experiments reinforce the primary conclusions made regarding
the ability of the moderate toughness cladding examined in this study to
enhance structural resistance to crack extension; the cladding uny indeed

help, but the present data are inconclusive. The second phase of the
-

clad-beam tests, scheduled to begin in FY 1985, will utilize a dif ferent

specimen design and tougher cladding more typical of the good quality
cladding in the field.5,6 This phase is expected to provide better in-
sight for conditions relevant to the bulk of existing reactor pressure

*vessels.
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Fig. 7.1. Comparing crack-arrest values calculated for clad-beam
specimens that arrested with those obtained from crack-arrest specimens
indicate only possibility that cladding enhanced toughness of structure.

Efforts by Combustion Engineering, Inc., (CE) to produce the speci-
mens and material for the second' series of clad-beam experiments as well
as the Seventh HSST . Irradiation Series have progressed well but somewhat
slower than anticipated. Working to an Oak Ridge National Laboratory
(ORNL) specification, CE has developed a method for producing clad-beam
specimen blanks that are composed of three-wire series-arc cladding,
typical of that used in reactor pressure' vessels, deposited on a base

_

plate of pressure vessel steel that has a high ductile-to-brittle transi-
tion temperature. This combination of materials will allow testing of
the clad beams in a temperature regime in which the' cladding is apprecia-o

bly tougher than the base plate. This will more closely simulate the
materials properties expected to exist in good quality cladding in an op-
erating vessel, as well as reduce the ambiguity that resulted from the

o
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|

first series of clad-beam experiments regarding the ability of cladding
| -to mitigate crack propagation. Testing of the first of these specimens *

'is scheduled for the first half of FY 1985. A topical report covering,

;. the first series of clad-beam tests was draf ted this period and will be
| published next report period.

e
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8. INTERMEDIATE VESSEL TESTS AND ANALYSES;

B. R. Bass *

During this reporting period, work continued on preparation of theo

final report for the intermediate vessel test V-8A,1,2 conducted earlier
by the Heavy-Section Steel Technology (HSST) program. The objective of
the test was to provide accurate quantitative data concerning growth by
ductile tearing and final instability of a flaw in a low upper-shelf
toughness weldment.

The objective of the V-8A test was attained, with a tearing insta-
bility observed at a pressure of ~139 MPa (~2 x design pressure). Expo-
sure of the crack surface af ter the test indicated that the initial
fatigue-sharpened notch, with an approximate semielliptical profile, grew
into a canoe-shaped profile of 103-mm depth and 456-mm length. Stress
and fracture-mechanics (FM) analyses of the posttest vessel were made by

3three-dimensional (3-D) finite-element methods, using the ORMGEN/ORVIRT * ''
FM analysis system. Results obtained from finite-element models of the
initial and the final configurations were compared with measured values
of crack-mouth-opening displacement (CMOD) and with inner and outer sur-
face hoop strains recorded 180* f rom the crack plane. These comparisons,
described in Ref. 2, indicate that the stress-strain curve used to model3
the vessel material was overly stiff in the elastic region.

An adjusted stress-strain curve that : ore accurately reflects the
posttest measured properties of the V-8A vessel material in the elastic
region near the yield point is depicted in Fig. 8.1. This stress-strain

o
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curve was used with 3-D finite-element models that better approximate the ,

initial and final crack configurations in a repetition of the stress and
fracture analyses of Ref. 2. Computed results from this second set of
analyses are compared with measured data in Fig. 8.2 (for CMOD) and in
Fig. 8.3 (for inner- and outer-surface hoop strain) and indicate improved
agreement over those of Ref. 2. A complete description of these analy- *

ses, including'the updated Jy values for the initial and final crack con-
. figurations, will be forthcoming in the final report on the V-8A test.
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- 9. THERMAL-SHOCK TECHNOLOGY. a

I
'

R. D.,Cheverton
F '

b

Fyg 9.1 Summary<

L

' As' a. part of the Integrated Pressurized Thermal-Shock (IPTS) Pro-
gram,' .probabilistic fracture-mechanics (FM) calculations were made for

J the LCalvert Cliffs-1 and H.' B. Robinson-2 (HBR-2) reactor pressure ves-
sels to obtain a best estimate of the conditional probability of vessel

_ failure .[P(F|E)] . associated with numerous postulated transients. These,

studies indicated -that warm prestressing (WPS) could be a significante
factor ?and that P(F|E) was insensitive to the crack-arrest toughness, in-
cluding the upper-shelf value.

'

. The.feasibilityfof conducting a thermal-shock experiment (TSE) with
, Ta . clad test" cylinder and -a subclad . crack was investigated. 10m studies

included ' two-dimensional;(2-D)f and three-dimensional (3-D) linear-elastic
' fracture . mechanics (LEFM) 'and elastic-plastic fracture mechanics- (EPFM)
calculations for _ a 19-am-deep. 6/1. semielliptical,'subclad crack in a;

clad TSE test cylinder subjected 'to a typical TSE-(liquid nitrogen) ther-
: mal transient.,*

as.

7; 9.2 IPTS Program Studies
,

ER..D. Cheverton D. G. Ball-
J ai

_

TheLgeneral purpose'of the IPTS: program is to estimate.the frequency.-

-

Lof cfailure of specific pressurized-watercreactor- (PWR) pressure-vessels -'

Eduring overcooling ' accidents (OCAs) that are ' postulated for the specificec
|/ _ plants.1-The effort includes: defining transients., estimating-the fre-

~

,

F ? quency of these Ltransients, calculating the -corresponding primary-system
. pressure' and downconer coolant-temperature 1 transients, 'and , finally, ' con-
Educting 'a probabilistic FM. analysis of1 the pressure vessel. .In addition,-

M -sensitivity 'and uncertainty analyses are performed, and the effects of .
proposed remedial measures 'are investigated.: ' Studies of this type were
-recently completed !for the Oconee21 and Calvert Cliffs-1. nuclear plants_

- L and . are 'under way for the HBR-2' plant. E Mi aspects of these- studies have
1' been? reported previously ,2 and.are updated in 'the'following paragraphs..

-9.2.1?'The role of crack arrest

9.2.1.1jFM model.. TheLprobabilistic FM calculations ~for the IPTS
; program' are being performed 'with the ' computer code OCA-P,3 which is-based''

, on LEFM and makes use ofiMonte" Carlo' methodologies for computing probabili-
, _ ties associated with flaw behavior.; Two of the ~ parameters simulated in

' ' '

;the;k-arrest-toughness K ,.
probabilistic analysis are:the. crack-initiation toughness X

~

Ic and the
y Mean? values 'of. these parameters are requiredcrac

,;; . -n -

,

i

4

1

9

_ - - _ _ _ . - - _ _ ._ .-_______ - . -
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for the probabilistic analysis and are obtained from
e

=1.43{36.5+3.084exp[0.036(T-RT'2 KIe ' *
NDT

K , = 1.25{29.5 + 1.344 exp (0.0261 (T - RTg NDT ' *

where

ge, E , = mean values of initiation and arrest toughness, MPa+[m;K
~

g

T = temperature at tip of flaw, *C;

RTNDT = RTNDT + ARTNDT = nil-ductility reference tempera-
o

ture,4 *C;
RT = initial (zero fluence) value of RTNDT NDT, C;
ARTNDT = increase in RTNDT due to radiation damage, *C.

Equations. (9.1) and _(9.2) represent the American Society of Mechanical
Engineers (ASME) Sect. XI lower-bound curves 5 times a constant. The con-
stants were derived _by specify,ing a normal distribution, one standard de-
viation (c) = 0.15 Kgc, 0.10 K ,, and by assuming that the ASME lower-g .

bound curves represent -20 values. These specific values of a were based
on the data that were ured to generate the ASME KIc and KIR curves.

A provision is made in OCA-P for limiting KIa to some maximum value,
(K ,) max. One way to select a value of (K ,) max is to use a Ky valueg g

,corresponding to the upper portion of an appropriate J vs Aa curve
(J-resistance. curve), as illustrated in Fig. 9.1. This figure shows the

oRNL-DWG 84-4507B ETo

(K,,l ,p .=

ARREST
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ARREST
K / K = /J ,,,,,,,gE3

/ I

/ K, /

LIMIT OF EXISTING K , DATAg

, , , ,
K,,

,

To
a. T

Fig. 9.1. Illustration of method for selecting (K ,),,x.g .
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radial distribution of f racture toughness through the wall of the vessel.

at some time during a typical postulated transient. At temperatures less
than T , it is assumed that the flaw will behave in a frangible mannerD
only; that is, ductile tearing is not permitted following arrest. [De-
pending on the value of (KIa) max selected, tearing might actually occur
and lead to failure.] In accordance with this model, the load line will

not intersect the steeply rising portion of the J-Aa curve. Thus, it is

sufficient to extend (Kla) max across the T line as shown. It is then9
possible in the analysis for crack arrest to take place on the upper

shelf if the load line rises steeply enough to miss the knee of the KIa
curve and then drops back down again, as it does for some of the postu-

lated pressurized thermal-shock (PTS) transients.
A particular J-Aa curve of interest corresponds to a specific high-

copper low-upper-shelf weld [ referred to as 61W (Ref. 6)] that was irra-

diated to a fluence of ~1.2 x 1019 neutrons /cm2 at a temperature of
~290*C and was tested at ~200*C. The upper portion of the curve is es-

y value of ~220 MPa+ 6. Thissentially horizontal and equivalent to a K

value has been used for (K ,) max in the IPTS studies. As illustratedy

later, a value of 220 MPa*M nearly corresponds to the Charpy-V impact
(CVN) onset of upper-shelf temperature; thus, minimal ductile tearing
would be expected at lower values.

7K , data obtained from wide-plate tests in Japan and PTS experi-&
r

ments with large cylinders at Oak Ridge National Laboratory (ORNL)8 indi-
cate that values of K substantially greater than 220 MPa+ 6 might be

Ia
achieved in a PWR vessel. However, the tearing resistance following ar-
rest probably would not be sufficier.t to prevent ductile tearing up toa
the point indicated in Fig. 9.1. Additional experiments are planned as a
part of the Heavy-Section Steel Technology (HSST) program to further ex-
piore the behavior of flaws under high loading conditions and at tempera-
tures close to and above those corresponding to the onset of upper shelf.
In the meantime, calculations have been made to determine the ef fect of
higher values of (KIa) max n the probability of vessel failure, assuming
tearing does not follow crack arrest. The results of these calculations
are discussed later (Sect. 9.2.1.3).

9.2.1.2. Validity of static crack-arrest concept for PTS studies.
The validity of the static crack-arrest concept for application to the
PTS issue has been investigated at ORNL by comparing small-specimen
crack-arrest data with K , values deduced from a series of thermal-shocky
and PTS .periments [TSE-4 (Ref. 9); TSE-5, -5A, and -6 (Ref. 10); and
PTSE-1 (Ref 8)]. In most cas2s the lab K data were obtained using 25 x

Ia
151 x 151-mm wedge-loaded , compact ,' crack-arrest specimens, and the
source of material was a prolongation from each of the test cylinders.
[Battelle Columbus Laboratory (BCL) was responsible for making the small-

measurements.]specimen KIa
The material used in the testing was a low-alloy forging-grade steel

[A508 with Class-2 chemistryll (see Table 9.1)] that is used for light-
water reactor (LWR) pressure vessels. Three dif ferent heats of material
and four different heat treatments were involved. The test cylinders for

TSE-5, -5A, and -6 came from one heat of material (a single long forging);
a

s _. . _ _ _ _ _ _ _ _ _ _ _ _ _ _ -
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'

- Table 9.1. Chemical composition for A508 Class 2 meterial
,

aComposition
(wt %)

C Mn P S Si Cr Ni Mo V *

.0.27 0.50 0.012 0.015 0.15 0.25 0.50 0.55 0.05
1.00 0.40 0.45 1.00 0.70

aSingle values are maximum.

the .other two test . cylinders were from two other heats. The heat treat-
.ments differed only in the " tempering" temperature. Preceding tempering,
the material. was normalized for 8 h at 930'C, air cooled, austenitized
for 9.h at .860'C, and then quenched in water. " Tempering" temperatures
corresponding to each of the experiments are included in Table 9.2, which
summarizes the test . conditions and results. As indicated in the_ table,
test, cylinders ' for four of the 'five tests (TSE-4, -5, ~6, and PTSE-1)

. were in essentially the quench-only condition. The test cylinder for
~

_ TSE-5A was tempered at= a high enough temperature to nearly satisfy the .

strength requirementsL or, Class-2 material.f

Following the water quench' and prior to tempering, sufficient sur-
' face material was removed from the test' cylinders- and their: prolongations-

t'to : avoid having significant residual stresses and -gradients in toughnessE
- in the sections - of : material .to . be tested.13 ~ *

..

Values of RT. _ NDT for the different test. cylinders and their prolonga-
-

' tions are 'also included in Table 9.2. Because 'of the 'different heat
.

:
-

treatments and'-heats;of material involved, 'there? is a substantial range
t-

.in . values (10 to - 91*C).
"

A ~ totalLof 55 small-specimen K , values ;were ;obtained as a part -of -- -
1

: the . test-cylinder characterization studies,18e ,15(and ' the : TSEs produced' 12,
!

critical. values of|K ~

|
.

y corresponding to' crack-arrest eventsL. The smallao

. specimen K , values covered a range- of testing temperatures ~-(T;- RTNDT)
,

y

of .-66- to +59'C, while the corresponding range' for the ' cylinder tests
'

[was-30to+77'C.' The 12|K g values ' deduced' from the -TSEs are plotted .in -yp Fig. :9.2, .where they are compared-._with the . ASME Sect. XI~ K ,: (K 'R) curve sy y'

and ' the "5th and J95th Jercentile curves corresponding to aL BCL, data 1 base -
'

-

!of 233y K , values for A533 and :A508 ~ material. With|the; exception of ag

j few relatively higt ' data -points - associated owith fracture' surfaces having .
-

"

n a high density' of uncracked . ligaments', ; the BCL - Sth and. 95th percentile .~
:- icurves represent lower and upper bounds of:the 55 K , values obtained,

y
from the thermal-shock test-cylindericharacterization studies 1(these 55-

values' are included:in the BCL data base). -s

Also - included in . Fig. 9.2 are three : K values deduced. fron' af French *

1'

'TSE16'and five; values ~obtained by the-Japane,se from wide-plate tests,7~
"

, - which,ilike .the!ORNL PTS experiment (PTSE-1),8 permit-the> investigation ~
of- crackJarrest at' relatively| high temperatures.u-

. . . -

r-

s J

g

' ,
,

_

$
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Table 9.2. Test conditions and summary of results for ORNI. thermal-shock and PTS experiments
o

TSE-4 TSE-5 TSE-5A TSE-6 FTSE-l

Cy!!nder dimensions, un

Outer diameter 533 991 991 991 991
0 Inner diameter 242 686 686 838 686

Length 914 1219 1219 1219 1372

.Cy!!nder material

Type SA 508 with Class-2 cheatstry
a hTempering temperature, 'C No tempering 613 679b b613 5618

d 8RTNDT, 'C -90 66 10I 668 918

Plaw (initial)
Type Long, inner surface long, outer

surface
Orientation longitudinal

14ngth, em 914 1219 1219 1219 1000
Depth, um 11 16 II 8 11

1hermal shock

Cy!!nder initial tempera- 291 96 96 96 290
ture. *C

Coolant initial tempera- -25 -196 -196 -196 -25
ture. *C

Coolant Alcohol and LN2 LN2 LN2 Alcohol and
water water

Pressure, MPa 0 0 0 0 0-90
Initiation-arrest events,

Number
..

.I 3. 4 2 2
- Arrest depth, em 22 10, 96, 122 21, 30, 48, 82 21, 142 22, 37
Arrest temperature, 'C

T 826 36, 82, 89 22, 38, 51, 67 34, 64 157, 169
T - RT 36 -30. I6, 23 12, 28, 41, 57 -32. -2 66, 78NDT..
E ,, MPa* G 127 86, 104, 92 76,9 86, 107, 130 63,9 105 177,9 2659g,

* Cylinder tested in quenched condition.
bTemperature maintained for 4 h, air cooled.
#Stress-relief treatment only.

Corresponds to CVN energy of 40 J. No drop-weight testing; CVN upper' shelf <68 J.
# Based on CVN data.II
Bas $dondropveight.k2

9 Rising K field.g

-,

As indicated by Fig. 9.2, the ' scatter 'in the small-specimen data,
with-the exception of the few outliers mentioned above, is approximately
145% over the _ temperature range shown, and only u small fraction of ' the

: data points falls below the KIR curve.- All'of the K , values deducedy
from the ' ORNL TSEs fall within the small-specimen scatter band. and ==11.
above-the.KIR curve, while the three French _ data points cluster about the. "

.Kyg curve.
The'first crack-arrest events during TSE-5A and TSE-6~and both crack-

6: arrest events during'PTSE-1 took plade in a rising K field (dK /da > 0),-r t

this resulted in. K , values dif ferent from ''

and it.is not' evident that y
~those.obtained.with dK /da < 0, which'is the. usual condition when obtain ~'

y

ing small-specimen K , values. Because of this and the good agreement
. 1

p

!

e- '

.t _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _____
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-Fig.~9.2. Comparison of small-specimen and' large-specimen K , data. . ;y ,

e

L between;the small-specimen and large'-cylinder data, it. appears that the
LEFM crack-arrest concept based'on small-specimen, data is reasonably
valid -~and can be used with' confidence in ' evaluatiing :the integrity of PWR
pressure vessels during postulated PTS transients. Furthermore,.the; data
;in ~ Fig.L 9.2, indicate that' it 'would be appropriate . to use a' higher mean '

curve;in'the IPTS probabilistic'FM analyses than that-expressed by.Eq..
~ .i( 9. 2) . The effect of using a higher value:is discussed in1 ect. 9.2.1.3.S

With reference-to Fig. 9,2,.it is also of interest to note-that the

CVN onset ;of.; upper-shelf temperature corresponds to. a' mean value of K ,, '

y
: based |or the7 arge-specimen data, of nearly 200 MPa*[m'. This indicates-1-

'
' that;little, if.:any, ' ductile tearing would take place at . K ; values less,

y

-than|the|(K ) max:value selected for the IPTS studies..r
~~

9.2.1.3.. Behavior ~of' inner-surface' flaws during PTS transients. ' An1
-

3 ;. 2FM.aa.alysis' offthe Oconee-1 17' vessel,' based on the mode 1' described ear-
lier,Yindicates.:that for - some . postulated. high pressure transients , axially

.f " Joriented inner-surface flaws withia maximunaqsurface length of.~2- a '

.

-(heightlof. a:shell course):will propagate through the ' vessel wall without :
. .-

,

1-
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arresti , as indicated by the set of critical-crack-depth curves in Fig.
9.3.* rarthermore, increasing the value of (KIa) max above 220 MPa+ 6*

does not affect this result, provided that Eq. (9.2) is appropriate for

extrapolating to higher values of K ,. For an increase in (KIa) max EOy
have an ameliorating effect, the K vs T curve would have to turn upIa

8 more abruptly.
For a somewhat more severe transient than that associated with Fig.

9.3, it is possible, as shown in Fig. 9.4, for crack arrest to take place

if (Kya) max is increased above 220 MPa 6. However, the arrest event

would take place at or above a temperature corresponding to the onset of
the Charpy upper shelf, and, thus, ductile tearing would be expected, as
indicated in Fig. 9.5. If ductile tearing did not take place and if the
particular transient extended for ~30 min or more beyond the minimum
critical time (~35 min), the propagated flaw would reinitiate, and, pre-
sumably, arrest would not take place, as indicated in Fig. 9.4. Further-

more, if the transient extended as little as ~10 min or more beyond the

*The initiation and arrest curves (Ky=Kye, Ky=KIa) in Figs. 9.3
and 9.4 are based on the ASME Sect. XI K and I curves, and no maximumIc Ia
values were imposed. The inclusion of the 220 MPa+ 6 iso-Ky curve allows

~ interpretation of the results as if this maximum value were imposed.
O
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Fig. 9.3. Critical-crack-depth curves for Oconee-1 postulated tran-
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minimum critical time, much shallower flaws could propagate without ar-
. . - . resting. Thus, for this transient also, increasing (KIa) max does not

prevent failure, at least for the set of conditions -assumed for the par-
ticular analysis regarding fluence, fracture toughness, copper and nickel
concentrations, and warm prestressing (WPS). (Figures 9.3 and 9.4 indi-

cate, by the minimum in the iso-Ky curve, that WPS would prevent crack-
* initiation events. For a number of reasons not discussed herein, no

benefit was taken for WPS in the IPTS studies.)
In the probabilistic FM analysis, parameters that have significant

uncertainties associated with them are simulated, resulting in a rather
broad range of predicted flaw behavior for a given transient. It is not
feasible to examine each of the thousands of cases involved in the manner
described above,.but it is possible, of course, and instructive to per-
form the probabilistic FM analysis using different values of (KIa) max I"
conformance with the arrest model described in Fig. 9.1. This has been

- done for several typical Oconee and Calvert Cliffs postulated transients
Ifor a range of (K ,),,x values of 220 to 330 MPa.vm. The . results indi-y

cate a factor of 3 -decrease in P(F|E) for some transients and less for
many others. :Thus,'_it appears that increasing (KIa) max will not substan-
tially reduce the calculated frequency of vessel failure.

Since the data in Fig. 9.2, which are reproduced in Fig. 9.6 for 11-
lustrative purposes, indicate,. when compared to Eq. (9.2), that a higher

e
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mean curve for KIa = f(T - RTNDT) could be used in the IPTS studies, the
effect on P(F|E) of doing so was investigated. As indicated in Fig. 9.6, -

- a better fit to the data is achieved with

K , = 1.75 K7g . (9.3)7
,

Using Eq. (9.3) for the probabilistic FM analysis of several of the.

IPTS transients, with 2a = 0.45 K , and (Kla) max = 220 MPa+/m, reduces7P(F|E) for some transients by only a factor of 4, and for other tran-
sients the reduction is less. Thus, increasing K-- in the IPTS studies

Ito what appears to be a more realistic value does Sot substantially re-
duce the frequency of vessel failure.

9.2.2 Summary of results for Calvert Cliffs-1
.

A complete summary of results for the Calvert Cliffs-1 studies is
beyond the scope of this report. Furthermore, the full significance of
the FM results cannot be appreciated without combining these results with
estimated frequencies of occurrence of the postulated transients, which
is also beyond the scope of this report. However, a few points of par-
ticular interest will be discussed.

Although a million or so end points of event trees were considered. *

only 19 postulated transients were actually subjected to a probabilistic
FM analysis. For most of the others, it was apparent that either the
frequency or the conditional probability of vessel failure P(F|E) was
insignificant or that some transients were very similar to others. A

.

detailed description of the transients calculated is included in Ref. 18.
Calculated values of P(F|E), based only on flaws in the . axial welds

of the beltline region, are shown as a function of the number of effec-
tive full power years of reactor operation (EFPY) in Fig. 9.7 for five
dominant transients-(those that contribute the most to the overall fre-
.uency of vessel failure). : The contribution of flaws in the circumfer-q
ential welds.and of. axial flaws in the plate segments was calculated for
the two most dominant transients (8.2 and .8.3), the latter being a high-
pressure transient and the former a low pressure transient. 'Results of
the analysis indicate that for transient No. 8.3 the circumferential
flaws add ~5% to P(F|E) and the plate segments ~50%. For transient
No. 8.2, a less severe transient, the' contributions were much less, being
only 5% for the plate segments.

_

WPS was. not included in the analysis that provided the results in
Fig. 9.7. . However, it was possible to estimate the effect of WPS on
P(F|E) from knowledge of the time of incipient WPS (time at which K = 0)~

7and the times at which -failures occur. - These estimates are presented in
Table 9.3 for a number of transients. It is observed that P(F|E) is re-
duced by several' orders of - magnitude for many of the - transients, but for
others the benefit is. much less, and for transient 8.3 the most dominant

,

transient, there is no benefit because of late repressurization, as indi-
cated in Figs. ' 9.8 and 9.9.' In arriving at this conclusion, the assump-
tion is made that . the increase in K, at ~90 min for shallow flaws is suf-

'ficient toLovercome WPS, and this may not actually be the case.
.

.

.
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Table 9.3., Effect of incl 2 ding WPS in e

.calculationofP(F|E)at32EFPY

P(F|E),jgp3P(F|E) Time of WPS1 Transient - ,
gjo gpga (min)

P(F|E),jogp3.,

^

^ 1.3. -6.0E-7 18 <5E-2
! 1.4 '3.3E-6 18' <1E-2

'

1.5 3.0E-5 18 <2E-3
1.6 .5.1E-5- 20 <1E-3
1.7 1.9E-4 50 4E-1
1.8 2.5E-4 40 1E-1
2.1 -2.0E-7 18 4E-1
2.4 1.7E-5 50 1E-1

v. S. 2.5 7.6E-6 15 <4E-3
2.6 8.2E-6 20 <4E-3
2.7 1.8E-4 50 2E-1

. 2.8 2.3E-6 18 (IE-2
-- 3 . 6 ' 7.2E-5 15 <4E-3
3.10 .6.7E-5~
'4.6' 2.0E-7 20 - <2E-1- -4 4

4.13- 6.0E-6
'

8.1 - 4.0E-7 40 1E-2
8.2 1.5E-4- 70 1E-3

_8.3- 5.9E-3 -100 1.0
1

- "P(F|E),jgp311s the value of P(F E) with .
' WPS included in the . analysis, and P(F ,E),fogp3
21s the value dthout- WPS included. .

t

4

'

19.2.3 'HBR-2 studies.

For the Oconee-1 and Calvert Cliffs-1 studies, the inner-surface

-fluence.F ,3the. initialinil-ductility. reference ~ temperature RTNDT , ando
the 3 concentrations of ; copper (Cu) and nickel- (Ni) were used as -;inkependenti

: variables in 2 the' calculation of P(F|E). __ However, ' greater flexibility in
are used-

and ARTNDT/' theluse of the results :is achieved!if only RTNDT
o sa -

' .as|iiidependent variables, where ARTNDT 'is the increase-in RTNIYr. at the
,

,

M "iriner | surf ace due to radia' tion 'dar. age'." To make this choice ,- it is neces ;' -

sary? to make a | simplifying: assumption regarding the radiation-damage -,

~ (trend curve [ ART
~ NDT "'f(Cug Ni, F )] for high values of F . This assump-o o ,.

O^ - : tion,N discussed in' Ref. 3,' leads to a simple relation- between ARTNDT :and-
. .. . .

~
s

-; ARTNDT(a) f where the Llatter quantity is ithe . value of ARINDT at . the tip of.
p+

t
R. .

,

-
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7e the crack. The relation is
.

7
ARTNDT(a) = ARTNDT * (9*4)*s

=

where a is the fluence attenuation coefficient and a is the crack depth
- or radial position in the vessel wall relative to the inner surface. By
.specifying, values of ARTNDT and RTNDT , values of KIe and KIa can bes o
calculated'without having to specify values of Cu, Ni, and F since KIc'o

'

Kyo = f(T - RTNDT), where the temperature T and RTNDT correspond to the
tip of the flaw..

- .Another problem with using RTNDT as the independent variable in the
_

calculatiion of .P(F|E) is that the uncertainty in the value of ARTNDT as-
sociated with the. uncertainties in Cu, Ni, and F must be determined.

~
o

This 'was done- by using Monte Carlo techniques and by . simulating Cu, Ni,
' and 'F in the equation'ARTNDT = f(Cu, Ni, F ). . Normal distributions wereo o
-used-for Cu,'.Ni..and F ,.and the resultant distribution for ARTNDT waso
very nearly normal. 'The standard deviation was somewhat dependent.on the

"

mean'value of Cu but was insensitive to.the mean value of F . _An averageo
standard deviation of 0.14 ARTNDT was used-in the HBR-2 studies and cor -
responds to the standard deviations for Cu, Ni, and Fo given in Ref. 17.

When using RTNN as the independent variable, one must first specify
. values of RTNDT 'and_ARTNUr . The next step is to simulate ARTNDT 'o s s

11 usin'g o,=.0.14.ARTNDT (this corresponds to' simulating. values of.Cu, Ni,
and-F and then calculating ARTNDT using these values). The final stepo s

NDTs "*i"E # " !"o +) , where a is one standard devia-2is to simulate RT
o

tion for RTNDT and o is one standard. deviation associated with the'un-o A

certainty in the correlation for ARTNDT.t Values'of c, and.oA used.in the

.IPTS studies are-given in Ref. 17.

'As indicated above, it is necessary for:both RTNDT .and ARTNDT too s
: be in' ependent variables in .the calculation 'of P(F|E). :However, once thed
: calculations have been made, the sum ~of the two, RTNDT ,.can be used as as

~ < isingle independent: variable without introducing an excessive error. For.
instance,_ values.of.P(F|E) were calculated for several different HBR-2-

' transients,. assuming RTNDT, " 171, ' 143, and 116*C, and RTNDTo_=|-49, -18,
,

' and -10*C; for a given value of RTNDT,, the largest ' variation in P(F|E) .
.over the -indicated range of RTNDTg values was a factor of ~2.5. For:all

- cases the - factor increased with ' decreasing RTNDT and was essentiallys

_ unity for RTNDT, . = 171 *C. For lower values of RTNDT , the factor wass
j' . ' sensitive:to the type _of-transient and tended to decrease with increasing,

[ -severity of.the transient.<

a:
'T d'

r

s

'
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For HBR-2, three types of flaws were considered: 2-D axial flaws .

in the plate segments, 3-m-long axial flaws in axial welds, and 2-D cir-

cumferential flaws in circumferential welds. Values of P (F|E) - the4

conditional probability of failure for a flaw in the je fegion, nor-
malized to one flaw per simulated vessel were calculated as a function
of RT with RT 9 C. Typical results are shown in Fig. 9.10 *=

NDT
s o

for one of ~50 postulated transients analyzed for HBR-2.
To obtain the total P(F|E) for a specific transient, it is only nec-

essary to sum the contribution from each type of flaw and/or region of
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2 the vessel:
. e

P(F|E) =')) P (F|E) N V (9.5),

J

..

where-

N = flaw density in region j ,
.

V = volume of region j ..

Preliminary results - for HBR-2 indicate .that predicted values of

RTNDTat32.EFPYarelowenoughthatP(F|E)<10-6 for all postulated
transients. This implies a ~ rather low frequency of vessel failure (<10-8/

. reactor year). -

t 9.3 Subclad-Crack Thermal-Shock Studies

R. D. Cheverton J. W. Bryson
D. G.: Ball

.. . -
-

.

ORNL is proposing to conduct a TSE with a clad cylinder .to investi-
gate the behavior of subclad, finite-length flaws. Feasibility studies

:are .under way to determine whether1the existing ORNL TSE concept (1-m-0D
. test cylinder and ;1iquid-nitrogen 1 test facility)10 is appropriate for the

y desired investigations.

A reason . for concern over the adequacy of the present: TSE concept is
' that subclad flaws tend to have much lower 1Kt values than those for.sur-
face flaws, which have been used exclusively in . previous thermal-shock -

~

tests.10 It'is.possible that the most severe thermal shock achievable in
the present test . facility will _ not be. adequate to cause propagation of
the desired initial shallow subclad flaw.

.
It is - possible that : the severity of the thermal shock achievable

'with' liquid nitrogen can be increased,;at least in the initial part of-
the thermal transient, by ~ spraying the liquid nitrogen against the inner
surface of the test cylinder rather. than by simply dunking the test cyl-
inder. ;The _ spray technique is being : investigated on a lab scale, and _ a
preliminary concept for a full-scale' test <is_ described-in Ref. 2.

Under the present natural convection ~(dunking) conditions, -the
fluid-film heat-transfer-coefficient tends to--be low at the.beginning of.
the - transient, fwhen the surf ace temperature is high, but - then increases
substantially and continuously as the surface cools.19 - This. situation is-
:'made - possible by the.:use of. a special surface' coating that tends to sup--

- 4 - press film . boiling and promotes nucleate boiling.19 However,Ethis ten '-
* '

dency is greater as,the surface temperature approaches _the' saturation

Le |_ ' temperature,_and, furthermore, the' initial test temperature;is limited.by'

P ;the properties of the_ coating to ~120*C. |It is believed that by _ spraying 1

the liquid | nitrogen, in which case the surface coating would- not be used,
. liquid -in the form' of. droplets would impinge on- the surface. _ Thus, .the

. . .

K' ..

4

e .Y

m:1.
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19 0

extent of nucleate boiling would be dependent only on the rate of droplet ,

impingement, which, presumably, can be controlled. Results of prelimi-
nary lab tests with initial temperatures as high as 288'C look promising.

With regard to the analytical feasibility studies, LEFM and EPFM 2-
20-22and 3-D analyses are being performed, using the ORMGEN-ADINA-ORVIRT

system of finite-element fracture codes. A 19-mm-deep, 6/1 semiellipti- ,

cal, subclad flaw has been analyzed, assuming typical TSE test condi-
tions.10 A preliminary analysis indicated that WPS would occur at ~8 min
into the transient. Thus, only earlier times (1, 3, 5, and 7 min) have
been considered for a detailed analysis. Corresponding temperature dis-
tributions in the wall are shown in Fig. 9.11.

For subclad flaws the clad-base interface also becomes a crack
front, and this requires a core of special crack-tip elements in the mod-
eling at the interface. ORMGEN and ORVIRT are presently capable of con-
sidering only the curved portion of the semielliptical crack front for
the calculation of the relevant fracture parameters (energy release rates

and Ky values). Modifying the codes to calculate these quantities at the
interface would be prohibitively time consuming for the feasibility stud-

ies; thus, 2-D models, which are capable of calculating the required Kr

oR,NL-DWG B4-6213 ETD ,
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Fig. 9.11. Test-cylinder temperature distributions corresponding to
typical TSE.
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values at the base-clad interface, have been constructed and are being

used to estimate the ratio of Ky values at the top and bottom of the
flaw. Figures 9.12-9.15 show both the 3-D and 2-D finite-element models
used for the present studies. Material properties used for the cladding
and base material are shown in Table 9.4 and in Fig. 9.16, the latter in-
cluding plots of the assumed stress-strain curves.,

The fracture-toughness data (KIc vs T) used in the feasibility study
are represented by the dashed curve in Fig. 9.17, which is the ASME Sect.

s (solid curve in Fig. 9.17) times a factor ofXI lower-bound K curveIc
1.8. The data points shown in Fig. 9.17 are those obtained from previous
TSEs, and it is evident that the dashed curve is a reasonable mean for
these data.

Results of the calculations of K for the four dif ferent times iny
the transient are shown in Table 9.5 and Fig. 9.18, while Table 9.6 and

Fig. 9.19 compare the 3-D elastic-plastic Ky values with the correspond-
ing values of K for RTNDT = -18 and 66 *C ( K aa m ashed. curvey Ic
in Fig. 9.17). The values of RTNDT are typical extremes of interest in
the feasibility studies and correspond proportionately to full-temper and
quench-only heat treatments, respectively.

The data in Table 9.5 indicate that (1) for the deepest point of the

flaw, there is little dif ference between the 2-D and 3-D Ky values for
both the elastic and elastic plastic analysis; (2) for the 2-D analysis

* the Ky values at the clad-base interface are substantially greater than
those at the deepest point; and (3) the elastic plastic analysis results

> oRNL-DWG 84-6184 ETD

//j//'

\ -" CLADDING

,
.

'

; p -

a

Fig. 9.12. Finite-element model for 3-D analysis of 6/1 semi-
elliptical flaw in TSE test cylinder.
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Fig. 9.13. Enlarged view of crack-tip region for 3-D finite-element
analysis of subclad flaw in TSE test cylinder,

in substantially higher Ky values than the elastic analysis. Because of
the good agreement between the 2-D and 3-D results for the deepest point
of . the . flaw, it is reasonable to estimate the 3-D K7 value at midlength
of the interface portion of the crack front by multiplying the 3-D deepest-
point Ky value by the ratio of the 2-D values at the interface and deepest
point. This was done to obtain the -3-D midlength interface values given
in Table 9.6 and Fig. 9.19.

The comparison in Table 9.6 of the-3-D elaetic-plastic Ky values
with--the corresponding K values indicates that-for the deepest point of

~
Ic

the flaw, - (K ,/KIc} max .= 0.95 and 0.89 for ENDT = 66 and -18'C, respec-y
J tively, and, of ccurse, the maximum ratio occurs at the time correspond- .

|ing to the onset of WPS (larger ratios may occur afterwards,-but not be-
.f o r e ) . Considering all of 'the uncertainties in an experiment of this

I' .. type, these results indicate that an experiment in the existing TSE test
,
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TSE test cylinder.

- . facility would have a rather low probability of resulting in crack propa-
gation in the base material. It-is preferred that at the onset of.WPS

.-

.- (K /KIC) > 1.5. Thus,' different initial crack depths, a more severe
7,

- thermal shock (liquid-nitrogen-spray concept), and combined . thermal and
. pressure loading (PTSE facility) are being. considered. It is~not likely

~

,

: that RTNOT can be . increased above 66*C, which corresponds to a quench-'
e ;

q
' 'only heat treatment for' the. A508 -test-cylinder material.

, ;; t

: q *,
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'* Table 9.4. Material properties used in FM
analysis of proposed subclad-crack TSE

Property Cladding. Base

' Modulus of elasticity,-MPa 207,000 193,000

: Coefficient of expansion,*C-1 14 x 10-6 11,7 x to-6
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Table 9.5. K1 values for 19-mm-deep, 6/1 semielliptical and
2-D, subclad flaws under typical TSE test conditions

Kt (elastic analysis) Ky (elastic-plastic)
(MPa + /m') (MPa + /m)Time into

transient 2-D 3-D 2-D 3-D
("I") Clad-base Max Max Clad-base" Max Max

interface depth depth interface depth depth
^

1 43 20 21 26 23
3 77 47 46 60 53
5 84 54 53 70 61
7 84 54 53 72 62

aUnstable values obtained for all times.
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Fig. 9.18. Ky variation along crack front for 3-D elastic-plastic
analysis.
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Table 9.6. Crack-tip temperature, elastic plastic Ki and Kyc
data for the 19-mm-deep, 6/1 semielliptical subclad flaw

under typical TSE test conditions
,

Crack-tip temperature 3-D Kg values Crack-tip K e values #l
( C)

t si nt (gpa.6) (MPa*6)
(min) Interface Max depth Interface Max depth Interface Max depth

1 --2 55 49 23 137/69 629/95
3 -79 -17 88 53 70/66 107/68
5 -108 -54 95 61 68/66 76/66
7 -126 -76 96 62 66/66 70/66
a
RTNDT = -18'C/66'C

KIc.= 1.8 x ASME XI lower bound for base material only (cladding tough-
ness not included.
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e - 10. PRESSURIZED-THERMAL-SHOCK TECHNOLOGY

R. H. Bryan

1* 10.1 PTSE-1 Flaw Examination

R. H. Bryan S. E. Bolt

The pressurized thermal shocks in the PTSE-1 experiment produced
two fast crack jumps to depths estimated during the tests to be 22.1 mm
and 36.9 mm (Ref.1). During the first crack propagation, the crack ran
axially as well as radially. At the upper end of the 1000-mm-long ini-
tial flaw, the crack extended along an irregular path with an increment
in length of 109 mm projected on the axis (Fig.10.1). This extension
ran along the initial plane of the crack for about 10 mm and then turned
by about 21*. At the lower end, the crack branched near the end of the
initial flaw (Fig. 10.2). Branches 1 and 2 had axial projections of
116 mm and 68 mm with directions deviating 30" and 34*, respectively,
from the plane of the initial flaw.

The region of the flaw was surveyed ultrasonically to determine the
depth and extent of the cracking, and a block containing the entire flaw

*_
was flame cut from the vessel and segmented (Fig.10.3). The thickness
of each segment was reduced to about 50 mm, and each piece was then
chilled in liquid nitrogen and broken by bending to expose the mating
fracture surfaces. Photographs were made of the fracture surface on each
fragment to. maintain the identity of features during further examinations
of the flaw.-

Visual examinations confirmed the results of the ultrasonic survey
reported previously;l namely, the final flaw depth was ~40 mm over ~80%
of the length of the flaw. The upper part. of the flaw was relatively
: uniform (Figs. 10.4 and 10.5). The axial extension at the upper end
(Fig.10.4) occurred at the time of the first crack jump, which was in

.

transient PTSE-1B, and was indicated by strain gages XE-51 and XE-52
(Fig. 10.1). The flaw extended in depth but not in length during the
second crack jump, which occurred in PTSE-1C.

At the lower end of the flaw, . the two branches extended axially at
the time of the . first crack jump. There was no further advance in either
length or depth at this end of the flaw during the second crack jump.
Side B_ of the fracture surfaces of each branch is shown in Figs. 10.6-
and 10.7.

10.2 Fractographic Evaluation of PTSE-1 Fracture Surface

D. P. ' Edmonds R. K. Nanstad

Lo -
To determine better the nature of crack propagation for this experi-

ment, optical metallography and scanning electron fractography of the
fracture have been performed.- A montage showing both surfaces of the

e fracture is shown in Fig. 10.8. Also, typicclly different regions of the

zu
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Fig. 10.3. | Scheme i for. cutting and - labeling PTSE-1. fracture . sur-
- faces. Surfaces labeled A are' viewed toward left and B, toward right.-

- Segment 6' contains two branches,; designated - by surfaces 1 and 2. Main
crack and - branch _1 mating surfaces are called 6Al and 6B1, 'and branch 2

~

.

mating surfaces are called 6A2 'and 682.
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fracture surface are identified in Fig. 10.9. The original flaw, which
was generated by hydrogen charging an electron-beam (EB) weld, is the| .

; smooth, dark-gray area on the sides of the specimens opposite the piece

( numbers. The original flaw is 1000 m long and extends from Pcl to Pc6.
' The average depth is 12 m with some EB weld spikes extending up to 5 m

deeper into the material.
* The first crack extension is the rough-textured , dark-gray area

shown in the montage. It extends from about the center of Pcl to the
right edge of Pc6. The first crack extension branches in Pc6 with the
primary crack (branch 1) extending to the right edge of Pc6. The axial
projection of the first extension is about 1225 m. The secondary crack
(branch 2) extends 73 m into Pc6A (not shown in Fig. 10.8) at an angle
of about 59' from the primary crack and 34* from the plane of the
original EB weld (Fig. 10.10). The first crack arrested at an average
depth of 27 m along most of its length, tapering off (af ter extending
past the original flaw) to a depth of about 14 m in Pc1 and about 10 mm
in Pc6.

The second crack extension is the lighter gray, rough-textured re-
gion in the montage, which extends from the center of Pcl to the center
of Pc5. The depth of the second crack arrest is much more variable than
that of the first arrest. The maximum crack depth of 41 m occurs in
sections Pc3 and Pc4.

'

The very light, shiny surfaces represent material brcken apart at
low temperatures after testing was complete. As can be seen in the mon-3

tage, there are many unbroken ligaments in the second crack. Most of
these extend into the crack from material beyond the arrest site, but

* M&C PHOTO Y196781 A
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e

Fig. 10.9. Typical portion of fracture surface from PTSE-1 (surface
A in segment 3).
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some are totally surrounded by cracked material. The first crack con-
tains significantly fewer unbroken ligaments, most of which are totally
surrounded by cracked material. There is a higher percentage of unbroken
ligaments toward the ends of the first crack than at its center.

Detailed fractographic evaluations were performed for specimens
taken from sections Pc2B, Pc3A,'and Pc5A. The objectives of this work
were to determine (1) the mode of failure for each crack, (2) if addi-
tional ductile fracture exists at the terminus of each crack, and (3) the
nature of the unbroken ligaments.

Results indicate that the first crack initiated and ran in a cleav-
age mode to about half of its depth and then changed to mixed-mode fail-
ure (estimated to be about 90% cleavage and 10% ductile) until it ar-
rested. A narrow band of ductile tearing was associated with the ini-
tiation of the first crack at some points along the crack length. There
was no indication of increased ductile tearing in the area of the crack
arrest. The second crack initiated and ran almost entirely in mixed
mode, with slightly more ductile tearing than the first crack (estimated ,

to be about 85% cleavage and 15% ductile). There was no indication of
increased ductile tearing associated with the initiation or the arrest of

- the second crack. In some areas, a very narrow band (a few grains wide)
.
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of nearly 100% cleavage was observed just af ter the second crack initia-
tion. However, this was only observed in a few areas.',

The existence of unbroken ligaments in the cracks did not seem to
alter the fracture mode appreciably. Sometimes increased ductile tearing
was observed at the sides of these ligaments, but not at the leading and
trailing edges. The mode of crack propagation just pas t an unbroken

O ligament appeared to be the same as that preceding the ligament.
In summary, the crack arrests in this material do not appear to be

associated with local increases in ductile tearing. However, slight

changes in mode of crack propagation do occur. The most pronounced
change is from cleavage to mixed mode halfway through (depthwise) the
first crack extension. The temperature of the material at this transi-
tion'is estimated to be about 125*C with an estimated Ky value of about
160 MPa*/m. This temperature is at the high end of the Charpy transition
region and is just appro, :hing the Charpy upper shelf for this material.
Crack propagation in the second crack extension and in the second half of
the first crack was at temperatures near or on the Charpy upper shelf for
the material. The presence of mixed-mode crack propagation in this test
is therefore thought to be associated with testing on or near the Charpy
upper shelf. The increase in the proportion of ductile tearing in the
second crack extension, compared with the first, is thought to result
from the higher temperature.

3-

10.3 PTSE-1 Posttest Fracture Analysis

R. H. Bryan D. A. Steinert

b
Two major tasks were undertaken to establish a basis for the final

analyses of the FISE-1 experiment: namely, to improve the utility of the
OCA/ USA computer program and to establish a qualified set of experimental
data for input to fracture analyses. The experiment was planned so that
actual transient temperatures throughout tha vessel could be used for de-
termining thermal stresses; thus , uncertainties inherent in heat transfer
analysis of a real test assembly would be completely avoided.

The version of OCA/ USA used in pretest and preliminary posttest
analyses was designed to use temperatures either calculated on the basis
of heat transfer parameters or experimentally measured temperatures.
However, that version had inflexible output options and had an input
structure that was not convenient for application to experimental inves-
tigations. The program has been extensively revised with provisions for
plotting and tabulating results for arbitrarily specified times and loca-
tions. This feature alone reduces to a trivial level the manpower re-
quired to determine fracture analysis results that correspond precisely
to experimentally observed events.

Pressures, strains, crack-mouth-opening displacements, and tempera-
tures during each PTSE-1 transien: were scanned and recorded at intervals
of about 0.04 s by the primary data acquisition system. Thus, each of

e the three transients produced data records with about 2.5 million values.
A series of data processing programs, which were written specifically for
the pressurized-thermal-shock experiments, was used to evaluate the raw
data and to generate data sets for further analysis.

a
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With these programs, the performance of about 130 sensors has been
evaluated, erroneous or anomalous data have been rejected, and calibrated *

data - sets for -input to OCA/ USA or other use have been created. All 88 of
the thermocouples that could potentially be used for OCA/ USA input func-

~

tioned normally throughout the' transients. Data from five of these ther-
~mocouples -were excluded on the basis of anomalous inconsistencies, which
could - have resulted from calibration errors or inaccurately specified lo- *

cations.

Final fracture analyses are being performed with OCA/ USA and cali-
brated data sets. :In the - final analyses, temperature-dependent values of

-Young's modulus E and - the coefficient of thermal expansion a, both based
~

upon values measured for PTSE-1 material, are being used. Values.of the
stress-intensity factor Ky 'at critical times in the transients are a few
percent. higher than' the values previously reported,1 principally as a re-
sult of- using ~ higher values of E and a.

10.4 Preliminary Fracture Analyses for the
FTSE-2 Experiment

R. H. Bryan G. D. Whitman

Studies _of pressurized-thermal-shock transients with a test vessel
:of low-upper-shelf (LUS) material were undertaken initially to determine "
whether new and ~useful information, beyond that expected from PTSE-1, on
; fracture, behavior could be obtained with a vessel having.' low tearing . re--
'sistance. Issues; generally amenable to such transient experiments are:
ef fects of sequences. of warm-prestressing and ' anti-warm prestressing epi-
. odes on crack; initiation; behavior of cleavage fractures propagatings '

l

into. ductile . regions; transient crack ' stabilization in ductile regions;
J ! and crack shape- changes in -binetallic zones of. clad vessels.

In the early stages of. planning the pressurized-thermal-shock
series, it was considered prudent to investigate these issues, whenever

; feasible, with the types of steels that are well characterized and best
understood. ' Accordingly, the first experiment, PTSE-1,1 was conducted
with SA508 Class 2 steel moderately degraded by a special temper. The

Lsuse of;LUS material 'in .that experiment would have limited the latitude of
attainable ~ conditions: and 'would have ' introduced ambiguities in 1the inter-
pretation.of the experiment by virtue of ' uncertainties in material prop-
erties.- LIf LUS' material had had no disadvantages relative to the SA508
Class :2 steel in' PTSE-1, it would have presented no particular advantage
in attaining - the _ objectives of. that test.

- After11t was realized that PTSE-1 had . demonstrated warm prestressing
~

and f anti-warm .prestressing, at least. under a limited set. of circumstances,
and had succeeded _in pushing a cleavage crack near to the ductile regime,
the questions offnecessity and feasibility of further tests were reexam-
ined.. The questions were:

1.- Had . warm-prestressing . ef fects - been explored adequately? *

2. .Could one expect .to propagate a cleavage : crack,'without interruption,
.into the ductile regime with: the facilities at hand?

e-

, SP
L: _ - '.
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3. Which type of material, SA508 or LUS, would be more suitable for an-,

U
other experiment?

4. What particular properties would be required for a feasible experi-
ment?

PTSE-1 demonstrated, as expected, the strongly inhibiting effect of,

simple warm prestressing (K7 < 0) on crack initiation. In at least one

of the anti-warm prestressing phases (i(7 > 0) of the PTSE-1A transient,
K7 was much greater than Kyc without crack initiation. This fact is a
good indication that K being positive while K1 >> KIc is n t a suffi-7
cient condition for crack initiation. In this instance, however, K dur-

1
ing anti-warm prestressing was much smaller than its previously attained
maximum value. This occurrence is shown in Fig.10.11, which presents

.-the Ky vs T trajectory of the PTSE-1A transient.
The warm-prestressing condition that needs to be studied further is

one in which K increases during the anti-warm prestressing phase to a7
level higher than that previously attained. This sequence is shown in

ORNL-DWG $4-6222 ETO
200

CASE X1 A83Cy

A FIRST WPS
B FIRST AWPS175 -
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_
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Fig. 10.11. Warm-prestressing (WPS) and anti-warm-prestressing
(AWPS) stages of transient PTSE-1A.
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Fig.10.12. Small-scale experiments suggest that the prior maximum Ky ,.

level must be exceeded for the crack to propagate. Also, as discussed in
Chap.' 2, the change with time of the plastic zone at the crack tip is im-

portant. Consequently, during the phase when Ky > 0, it is desirable to
reach a state in which size of the plastic zone ahead of the crack in-
creases beyond its prior maximum size. The PTSE-2 transient will be de- a

signed to study these factors.
_ Propagation of a cleavage crack into the ductile regime is feasible,,

. with some risk of generating an unstable tear. Figure 10.13 is a plot of

! critical-crack-depth features of transients that illustrate the capa-

!~ bilityf of- the test facility to make a crack propagate into upper-shelf
material. In these cases, the cleavage arrest loci coincide approxi-

mately with the purely ductile threshold temperature TD contour from
t = 100 s to t = 200 s. A crack arresting at this temperature would
continue to grow at least in a ductile mode until it was deep and, conse-
quently, in material well above T . The tearing would be terminated byD
depressurization, which is not explicitly included in the case presented-
in this figure.

The properties assumed for the cases shown in Fig. 10.13 were for
material with low tearing resistance on the upper shelf, that is, LUS

oRNL-DWG 84-6223 ETO t
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Fig. 10.12. . Characteristics of warm-prestressing (WPS) and anti-
warm-prestressing (AWPS) phases proposed for PTSE-2. According to one
hypothesis, crack will propagate at point between c and e where plastic

"
rone at crack'tip becomes larger than largest prior plastic zone.
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Fig. 10.13. Temperatures and critical crack depth loci (initiation,
arrest, tearing stability, and tensile instability) for hypothetical
PTSE-2 transients. Tearing stability loci show that arrested crack has
high potential for metastable tearing, while proximity of arrest locus to

J ductile threshold temperature TD c atour indicates that crack would
propagate in cleavage mixed mode nearly to T *

D

material similar to that in the V-8A test.2 With normal upper-shelf
7 toughness, as in PTSE-1, only a small amount of tearing is predicted.

The PTSE-1 experiment showed this prediction of tearing to be conserva-
tive. Our conclusion is that an experiment'with crack propagation into
the upper shelf could- be conducted with greater certainty and less risk
of rupture if LUS material were used.

Material properties to be specified for the refabricated PTSE-2 ves-
sel were investigated by further f racture analysis with the 0CA/ USA com-
puter program. At this stage of planning, the acceptable values of RTNDT
had to be defined. The RTNDT essentially determines the lower tempera-
tures that must be achieved in the experiment. Cases were analyzed and
evaluated for 40*C < RTNDT < 65'C. The results showed that the higher

values of RTNDT were clearly advantageous, because they allow deeper
,

cleavage fracture penetration.

10.5 Preparation of Vessel for the PTSE-2 Experiment

R. H. Bryan G. C. Robinson
K. R. Thoms

Vessel V-8, which was used in the FISE-1 experiment, will be re-
paired for use in PTSE-2. An insert of low-upper-shelf material will be
welded into the existing cavity from which the PTSE-1 flaw was removed

9 (see Fig. 10.14). Acceptable values for properties were selected for,

_ _ _ - - _ .
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'

this insert as follows:

Yield strength, MPs 448 to 621
Charpy-V upper-shelf energy, J 54 to 68

'b. i. Temperature at midpoint of Charpy-V 52 to 91
energy transition, 'C

Specifications for weld fabrication and vessel repair have been prepared.
The quantity of weldsent to be produced includes material from which test
specimens will be made for determination of properties: Charpy, tensile,
re, K ,, and J . Additional material will also be fabricated for sixK 1 R

wide plate crack-arrest specimens that will be tested by the National
' Bureau of Standards under HSST Task H,5.

Work on vessel instrumentation was initiated. The plan for data ac-

quisition is generally the same as for PTSE-1. However, the thermocouple
thimble has been redesigned to simplify fabrication and improve time re-
sponse.
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aCONVERSION FACTORS

SI unit English unit Factor

um in. 0.0393701

cm in. 0.393701

a ft 3.28084

m/s ft/s 3.28084

kN Ibg 224.809

kPa psi 0.145038

NPa kai 0.145038

NPa* 6 kei+ E 0.910048

J fealb 0.737562

K *F or *R 1.8

kJ/m2 in.-lb/in.2 5.71015

W* m' * K" Stu/h-ft *F 0.1761102

kg Ib 2.20462

... kg/m3 lb/in.3 3.61273 = 10~

ums/N in./lbg 0.175127

T(*F) = 1.8 T(*C) + 32

% 1tiply S1 quantity by given factor
to obtain English quantity.



, . .

I +

221

NUREC/CR-3744
.J. Volume 2'

ORNL/TM-9154/V2
Dist. Category RF

L

Ey- Internal Distribution

1.. D.-G. Ball 21-22. R. K. Nanstad
2. . B. R. ' Bass - 23. D. J. Naus
3. R. G. Berggren 24-28. C. E. Pugh
4. . ~ S. E. Bolt 29. G. C. Robinson
5.- R. H. Bryan 30. J. W. Roddy

,6. 'J. W. Bryson 31. G. M. Slaughter
7. R. D. Cheverton 32. J. E. Smith

.8. J. M. Corum 33. R. W. Swindeman
9.- W.'R.'Corwin 34. -K. R. Thoms

'10. D. M. Eissenberg 35. H. E. Trammell
11-12. D.' S. Griffith 36. C. D. West

13. R. C. ~ Owaltney 37-40. G. D. Whitman.

14. S. K.:Iskander 41. G. T. Yahr
15. K. K. Klindt 42. ORNL Patent Office
16. A. P. Malinauskas- 43. Central Research Library

) 17. S. S. Hanson' 44. Document Reference Section
18. R.'W. McCulloch 45-46. Laboratory = Records Department
19. .J. J. McGowan 47. Laboratory Records (RC)
20. LJ. G. Merkle

N
External Distribution

48. C. Z. Serpan, Division oof _ Engineering Technology, Nuclear ' Regula-
tory Commission,- Washington, DC 20555.

49. . M.LVagins, Division of Engineering Technology, Nuclear Regulatory |

Commission, Washington, DC 20555.
50. ' Office of Assistant Manager for Energy Research and Development,

' DOE, ORO, Oak Ridge,'TN 37831
51-52. ' Technical Information Center, DOE, .0ak- Ridge, TN 37831.

- 53-327. Given distribution as shown in category RF (NTIS -- 10)
_

f'#_,4-N " W

i
. -

.:
! r.

a 4

.

ue . _ - _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ - _ . _ _ - _ _ _ _ _ _ - _ . _ _ - _ - - - _ _ _ . - _ - . _ _ - _ _ _ _ . _ - _ _ - - - _ _ _ _ _ - _ _ _ - - - _ - _ - _ _ _ - - _ .



u s scvCatate lLscwLatpeT Cowwissio.s a we*0se t muwsta ran ,aea s, f t0C e## res *e , ,ar #

meC.,f oons 33s.e
NUREG/CR-3744/V2

Io*i > E BIBLIOGRAPHIC DATA SHEET"'

ORNL/TM-9154/v2
848 se timuCTaONS Ow Ts.t stygm34s

2 Tof ts .ho svettitt J(EAvtSL.gz

Heavy-Section Steel Technology Program Semiannual Progres j;

Report for April-September 1984 f .o.n . ,o., Cow,Lueo

|
...aou-

N ember 1984s tur-oais.

C. E. Pugh / . o. an oarissuso

~, y |
uo .. ,n..

/ December 1984
7 6 x8 0*womG OnG seal.1 tom 4.wt .40 waste .oon E 51 f,arswee le Ceee, 's ,moJECT Tain, woes wNet wwwet a

Oak Ridge National Labor tory
P.O. Box X ,,,,,,,,c,..,,,,,w....

' Oak Ridge, Tennessee 3783
B0119

^ ,,,1,,e o. a n,oa r

''liTv'1"s' ion Ef"Eng'ine7E0$$''lEcDolo ~''''*'g
Office of Nuclear Regulatory Rese ch Semiannual
U. S. Nuclear Regulatory Commission ,, ,,,,,oo Co ...o,, . . ,

Washington, DC 20555 April-September 1984

9) SympLggggf am y 4oT15

, 3 . . . .C ,m , .~ ,

The Heavy-Section Steel Technology (HSST) ogram is an engineering research activity) conducted by the Oak Ridge National Labor o for the Nuclear Regulatory Commission.
The program comprises studies related to 11 eas of the technology of materials
fabricated into thick-section primary-co ant ontainment systems of light-water-cooled
. nuclear power reactors. The investigat n focu es on the behavior and structural integ-
rity of steel pressure vessels contain g crackl ke flaws. Current work is organizedg
into ten tasks: (1) program manageme (2) frac ure-methodology and analysis,,

(3) material characterization and pro crties, (4) nvironmentally assisted crack growth
ctudies, (5) crack arrest technology (6) irradiat n effects studies, (7) cladding
evaluations, (8) intermediate vesse tests and anal is, (9) thermal-shock technology,
cnd (10) pressurized thermal-shock echnology.

,, ocCow. ~, .~.u s.s . . . ..o os oi sc...r o., . ........o,.
"'""'"Pressure vessels Flaws

UnlimitedFerritic steels Therma shock
W:1dments Fract e mechanics
Irradiation Crack arrest 's sa Cua '' Cs.ss.* c.rto-

Cladding Crack ' growth " " **">
9 Unc1assified.,,. .......oneseseeovs.ws

,r.... ,

Unclassified
it%wweemos8.G41

h
, , . . .a

A _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . _



I

f,

,
,.

4

f

f

"# Covrenug, *%E: 2m

.-



3

6

s

120555078377 i L At!1RF
US tRC
AGM-DIV OF T10C
P '.]L I C Y L PU3 MGT 3R-PDR NtlREG
W-501 DC 20555
WASHINGTON

!

,

4

%

-

.

l

.

J


