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Foreword

The Heavy-Section Steel Technology (HSST) Program
is a USAEC-sponsored effort for investigating the
effects of flaws, variations of properties, stress raisers,
and residual stress on the structural reliability of
present and contemplated water-cooled-reactor pressure
vessels. The cognizant engineer for USAEC is J. R.
Hunter. At ORNL the program is under the Pressure

Vessel Technology Program, of which G. D. Whitman is
Director. The HSST program is being carried out in very
close cooperation with the nuclear power industry.
Prior reports in this series are ORNL-4176, ORNL-
4315, ORNL-4377, ORNL-4463, ORNL-4512, ORNL-
4590, ORNL-4653, and ORNL-4681.







Summary
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The Heavy-Section Steel Technology (HSST) Program
is concerned with the primary vessels for water reactors,
with the main emphasis being placed on the effects of
flaws, material inhomogeneities, and discontinuities on
the behavior of the vessels under normal operating and
accident conditions. The program is coordinated with
efforts by the manufacturing and utility sectors of the
nuclear power industry to assess the in-service structural
safety of the massive pressure vessels typical of those
used in boiling- and pressurized-water reactor systems.
[n the HSST program particular emphasis is placed on
developing a technology that can be used to establish
the margin of safety against failure of the vessels,
particularly catastrophic failure beyond the control of
plant safety features.

Fracture phenomena under the environmental con-
ditions of interest and the effects of section thickness
on the fracture behavior of the large reactor vessels are
being examined through a systematic progression of
specimen sizes up to the equivalent of a full section
thickness of 12 in. The program will culminate in a
series of simulated service tests in which deliberately
flawed vessels of substantial thickness will be tested to
fracture. Through the culmination of the HSST effort,
as well as that of the nuclear industry, a technology
should be developed that will assist the USAEC
regulatory bodies, the professional code-writing bodies.
and the nuclear power industry in providing the safety
standards necessary to maintain a vigorous economical
industry with proper regard to public health and
welfare.

There are 12 tasks of the HSST program. In this
report the activities of these tasks are grouped under
administration and procurement, unirradiated materials,
irradiated materials, and pressure vessel investigations.

There are eight active research and development

subcontracts sponsored by the HSST program. Results
from these efforts as well as those performed at ORNL

are extensively reported in technical reports and publi-
cations.

Evaluation of the data obtained under the variability
study continues. Extensive load and energy parameter
studies are being made on data obtained from an
instrumented Charpy impact machine. The study in-
cludes the testing of sharp-crack Charpy specimens.
Complementary slow-bend tests are also being made.

Crack-arrest fracture toughness measurements were
made at Materials Research Laboratory on specimens
which have an increasing stress intensity field. The
preliminary results showed that the crack-arrest tough-
ness was independent of the stress intensity gradient.
This strongly implies that crack-arrest fracture tough-
ness K, is a material property just as K. is. Additional
work is in progress.

TRW Systems, Inc., has initiated a study of the
effects of strain gradients on gross strain crack toler-
ance. Experimental techniques have been developed for
testing surface-cracked specimens in bending at low
temperatures, the principal problems being the strain
measurements. Testing is in progress.

Brown University has performed a three-dimensional
elastic-plastic analysis on a rectangular tensile specimen
containing a semielliptical flaw. Strain hardening was
taken into account. The analysis enhanced the feasi-
bility of using the finite-element method for elastic-
plastic behavior in the region of a flaw.

Compact-tension specimens 1, 6, and 9 in. thick were
fabricated from HSST plate 03 by Westinghouse Elec-
tric Corporation. The specimens were tested in the
temperature range from approximately O to approxi-
mately SSO°F. Both longitudinal and transverse speci-
mens were tested. The data are being used to establish
lower-bound K. values as well as pertinent K; 4
parameters that may be used in fracture analyses.

Two studies of the fatigue crack propagation charac-
teristics of AS33 steel were completed, one by




Westinghouse Electric Corporation, and the other by
the Japan Atomic Energy Research Institute as a
cooperative effort. For the same conditions of testing
the results were quite similar in that a nuclear reactor
environment excluding irradiation did not enhance the
roon-temperature crack growth rate in an air environ-
ment. A considerable increase in growth rate was noted
for a high strain range of about 0.7%. Low cycling
speeds manifested periods of stagnation.

At Hanford Engineering Development Laboratory,
the ETR 4T dummy gamma-heat experiment was
completed. Thermal gradients through the specimen
thickness were less than calculated using low-power
gamma-heat flux data. The maximum AT at the
specimen crack line was 200°F. Also, the shift in
transition temperature in plane strain fracture tough-
ness K; . due to irradiation has been correlated with the
effect of irradiations on the yield strength of A533 B
pressure vessel steel. The correlation, believed to be
valid to fluences of 8 X 10'° neutrons/cm? (£ > |
MeV), is preliminary in nature because of the incom-
plete determination of the irradiated material fracture
toughness transition.

Transverse tensile properties for irradiated and un-
irradiated ASTM AS33 B steel were compared with
longitudinal plate properties. Yield and ultimate
strength properties and their response to irradiation
were found to be orientation independent. Unirradiated
K. fracture toughness for transverse (WR) orientation
was also similar to longitudinal (RW) orientation
fracture toughness. Fracture toughness K of the A533
submerged-arc weldment was shifted by +390°F for the
50-ksi v/in. level after irradiation to approximately 3 X
10'? neutrons/em? (E > 1 MeV). Weld tensile yield
and ultimate strength properties were similar to plate
properties for equivalent irradiation levels.

The irradiation investigation of Charpy-V and dynam-
ic-tear specimen results were completed by the U.S.
Naval Research Laboratory as part of a cooperative
effort. Charpy-V (C,) and dynamic-tear (DT) test
comparisons were developed for the irradiated con-
dition of two 12-in-thick A533 B steel plates and a
submerged-arc  weld  deposit.  Low-temperature
(<300°F, 149°C) and elevated temperature (550°F,
288°C) irradiations were conducted. Fluences for the
eight irradiation experiments ranged from 2.5 to 3.3 X
10'® neutrons/cm? (£ > 1 MeV).

Postirradiation C, and DT midenergy transition tem-
perature increases were found comparable for both
plate and weld deposit (quarter-thickness position
evaluations). For the plate, percentage reductions in C,
and DT shelf energy with irradiation also compared
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well. As a result, preirradiation DT-to-C, shelf energy
ratios appeared to be retained with irradiation. Shelf
observations are in agreement with recent findings for
A543, A302 B, and other AS533 steel plates, which
illustrate a DT-to-Cy shelf energy ratio of 8.0:1 for pre-
and postirradiation conditions. It is concluded that
postirradiation DT properties of AS33 B plate, in-
cluding midenergy transition and shelf level, can be
calculated with reasonable accuracy from postirradia-
tion C, results for use in fracture safety analyses.
Assessments of shelf level toughness before and after
irradiation are developed by ratio analysis diagram
(RAD) procedures.

Unlike observations for plate, a significant reduction
in the DT-to-C, shelf energy ratio by irradiation was
found for the weld deposit. Weld metal fracture
appearances suggest preferred paths for fracture within
the duplex (layered) microstructure.

Studies of load and energy parameters obtained from
testing irradiated Charpy specimens on an instrumented
Charpy machine were made. All the energy parameters
decreased with irradiation. A much greater effect was
noted for the weld investigation.

Southwest Research Institute continues to test large
6-in-thick tensile specimens containing sharp flaws. A
total of 13 such specimens have now been tested. The
last three specimens tested contained tlaws in a sub-
merged-arc weld. These specimens exhibited tougher
behavior at lower temperatures than the plate specimen.
Strains based on a 24-in. gage length spanning the flaw
exceed 1%, even for the specimens tested at 0°F. A
series of l-in.-thick models of the larger specimens are
also being tested. A total of 7 specimens were tested,
with 19 additional specimens scheduled for testing.

Acoustic emission measurements were also made on
the specimens tested at Southwest Research Institute.
Plots of emission vs stress intensity were made, and
three modes of behavior were noted. The acoustic
emissions increase rapidly before yield, exhibit a small
plateau near the yield point, and increase again under
gross plastic deformation. Both sizes of specimens
behaved in quite the same fashion, with the larger
specimen exhibiting a higher rate of emission than the
smaller ones.

Shape factors (C) for nozzle corners as a function of
flaw sizes were obtained experimentally from two sizes
of epoxy pressure vessels. Such factors may be used in
brittle fracture calculations. The values ranged between
2 and 2.8 for small flaw sizes but decreased as a
function of flaw size to about 1.5 for very large flaws.
When applied to a reuctor vessel assumed to be
undergoing pressure tests where K, has been measured



(140,000 psi v/in. at 50°F), flaws as small as 2 in. deep
would be expected to produce fracture at design
pressure.

The six 6-in.-thick pressure vessels are still being
fabricated. Difficulty in obtaining welds that pass the
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inspection requirements are being experienced, and
vessel delivery has been delayed by another four to six
months.






1. Program Administration and Procurement

The Heavy-Section Steel Technology (HSST) Program
is one of the larger USAEC safety engineering research
programs. The major concern of the program is the
primary vessels for water reactors, with the main
empbhasis being placed on the effects of flaws, material
inhomogeneities, and discontinuities on the behavior of
the vessels under normal operating and accident condi-
tions. Particular emphasis is placed on developing a
technology that can be used to establish the margin of
safety against failure of the vessels, particularly cata-
strophic vessel failure beyond the control of plant
safety features.

Fracture phenomena under the environmental condi-
tions of interest and the effects of section thickness on
the fracture behavior of the large reactor vessels are
being examined through a systematic progression of
specimen sizes up to the equivalent of a full section
thickness of 12 in. The program will culminate in a
series of simulated service tests in which deliberately
flawed vessels of substantial thickness will be tested to
fracture.

The program is coordinated with efforts by other
government agencies and the manufacturing and utility
sectors of the nuclear power industry both in the
United States and abroad. These total efforts were
recently summarized in issues of Nuclear Engineering
and Design'>? and should result in the quantification of
safety assessments which are needed by the USAEC
regulatory bodies, the professional code-writing bodies,
and the nuclear power industry.

The activities of the HSST program are carried out
under 12 separate tasks. About three-fourths of the task
activities are performed under subcontract by research
facilities throughout the United States. Currently there
are 8 research and development subcontracts in force.
In addition, a panel of 28 scientists and engineers with
expertise in material technology has been organized to
serve in an advisory capacity to the program.

Dissemination of results from research in progress and
completed is carried out through several channels.
Detailed discussions of HSST program investigations
may be found in HSST semiannual progress reports,’
technical and documentary reports,*~2! and technical
manuscripts.2?273% The most current technical publi-
cations (a collection of 13 papers) may be found in a
recent issue of Nuclear Engineering and Design. 35--47
Information meetings are held on an annual basis: the
abstracts of the papers presented at the 1971 meeting
are given in Ref. 2. The information meeting for 1972 is
scheduled for Aprl 25 and 26, 1972, at Oak Ridge
National Laboratory.

Administratively the HSST program is carried out
under 12 tasks. However, for reporting purposes here,
the research areas are discussed under investigations of
unirradiated materials, investigations of irradiated ma-
terials, and pressure vessel investigations. The major
procurement items are the intermediate test vessels. The
status of the procurement of the vessels is summarized
in Chapter 4.
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2. Investigations of Unirradiated Materials

The materials investigations under the Heavy-Section
Steel Technology Program are divided, in general, into
studies of unirradiated materials and studies of irradia-
tion effects. The studies of unirradiated materials
inciude inspection, characterization, variability determi-
nations, transition temperature investigations, fracture
mechanics studies, and fatigue-crack propagation tests.
The current work in these areas is discussed in this
section. No work specifically under the transition
temperature task is in progress. Additional results for
unirradiated materials are presented in Chapter 3;
inspection activities are reported in Chapter 4.

MATERIAL CHARACTERIZATION
AND VARIABILITY

W.J.Stelzman

Material is being studied from HSST plates 02 and 03
at locations shown in Fig. 2.1 together with previously
studied regions.! Plate sections 02AH, 02F. 03CA,
03CB, and 03GA are being investigated at the top
surface and ';-T locations only. Materials from plate
section 02HC at the top surface, % -T, % -T, %-T, and
back surface locations are being tested. Testing of
standard Charpy V-notch and 0.178-in.-gage-diam ten-
sile specimens is in progress.

Additional fracture load and fracture energy param-
eter data are being generated from the load-time records
obtained during previous impact testing. Attempts are
being made to determine methods of correlation and
applicability to data from other types of test specimens.
Load-time records from the submerged-arc weldment
impact tests on WL-oriented specimens! from the YT
location were also studied. The fracture load parameters

1. R. G. Berggren, “Material Characterization and Varia-
bility,” HSST Program Semiannu. Progr. Rep. Feb. 28, 1969,
ORNL-4463, pp. 20--29.

and the fracture energy parameters are shown in Figs.
2.2 and 2.3. The Charpy energy curve for the same
thickness location is shown in Fig. 2.4. These same
parameters for submerged-arc weldment material irradi-
ated at 565°F are described in Chapter 3. The proper-
ties of the submerged-arc weldment have been described
in a previous report.?

Load-time (deflection) records are also being utilized
in a study to determine the ability of the Charpy
V-notch specimen to produce data from which quanti-
tative fracture toughness parameters may be obtained.
Testing of compact-tension, Charpy V-notch impact

2. D. A. Canonico, *“Characterization of Heavy-Section Steel
Weldments,” ibid., pp. 29-35.
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and slow-bend, and tensile specimens with standard
machined, fatigue-cracked, and electron-beam-weld
crack starter notch configurations will be performed at
fixed test temperatures (—50, 0, 50, and 200°F). The
machined Charpy V-notch impact and slow-bend tests
have been completed.
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Fig. 2.4. Charpy V-notch test results for HSST submerged-arc
weldment 51B at 7 ,-T location.

FRACTURE MECHANICS INVESTIGATIONS
J. G. Merkle

The objectives of the tracture mechanics investiga-
tions are (1) to establish the applicability of fracture
mechanics methods as currently understood to the
low-alloy steels being used in reactor pressure vessels,
(2) to extend the applicability of this body of knowl-
edge to cover the tougher behavior at higher tempera-
tures, and (3)to develop new methods specifically
applicable for predicting the fracture behavior of steels
that undergo gross plastic strains before fracture. These
objectives are being pursued through a series of subcon-
tracts, with related tasks (described elsewhere) contrib-
uting significantly to the developments. The activities
under the subcontracts are discussed here.

Strain Rate and Crack-Arrest Studies®

P. B. Crosley E. J. Ripling
Materials Research Laboratory

This report summarizes our most recent test series,
the purpose of which was to measure the arrest fracture

3. Work being performed under UCCND Subcontract No.
3152 between Union Carbide Corporation and Materials Re-
search Laboratory.



toughness K;, in an increasing K field. We previously
presented a curve of arrest fracture toughness vs testing
temperature.® All of these arrest data were collected on
TDCB (tapered double-cantilever beam) specimens. This
type of specimen has a zero K gradient (with crack
length @), and, consequently, there was still a question as
to whether or not a crack would arrest at these same
values in an increasing K field. This question is of
interest for two reasons: (1) to demonstrate that K, is
an invariant, it must be shown to be independent of the
way in which it is measured; and (2) in most structures
K increases with a, so that if K;, is to be a useful
property, it must be applicable to such structures.

To determine whether or not K, was invariant, and
independent of K gradient, a series of six tests were run
using single-edge notched (SEN) specimens. A sche-
matic drawing of the specimens is shown in Fig. 2.5.
The specimens were side grooved, as were the TDCB
specimens, in order to prevent the formation of shear
lips that would have interfered with the measurement

4. I J. Witt, HSST Program Semiannu. Progr. Rep. Feb. 28,
1971 ORNL-4681.
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Fig. 2.5. Schematic drawing of test specimen.

of K;,. As shown previously at room temperature and
above, it was necessary to use a thermal gradient (in the
2-in.-thick specimens) in order to obtain the data.
However, in these tests, a metallurgical gradient was
used. The metallurgical gradient was produced by
putting an electron beam weld at the base of the
machined notch. (The welding was done by ORNL.4)
No metal was added to the specimen in the course of
welding; instead the base metal was essentially melted
and redeposited. Because of the rapid quench, the
hardness of the weld metal was a great deal higher than
that of the base plate.

The K;, of the base plate for the SEN specimens is
measured by bracketing values of applied K (i.e., K;)
for which the crack will either arrest or propagate in the
base plate. The approximate crack depth for these
specimens was known prior to testing, since a is equal
to the sum of the machined notch and brittle weld (and
possibly the heat-affected zone as well) once the crack
is initiated. Hence, if a load P were applied to the
specimen so that the combination of P and ¢ exceeded
K;,, the crack should propagate through the base plate;
if it were less than K,a, the crack should arrest at the
end of the weld. The problem in running such a test is
one of having the crack propagate through the brittle
weld at the desired value of P. For example, if the
brittle weld were fatigue precracked, the depth of the
fatigue crack would have to be closely controlled so
that the K;,. of the weld would occur at the proper
value of P. This difficulty was avoided by precracking at
a chosen load by use of a hydrogen charge as suggested
by ORNL personnel. By this method, the unprecracked
specimen is loaded to the desired value of P, after which
the weld at the exposed tip of the machined crack is
hydrogen charged. This charge theu initiates the run-
ning crack, which can extend under the desired value of
load through the brittle weld. The test setup for
conducting such tests is shown in Fig. 2.6.

Six tests of this type were conducted. One specimen
was loaded to the capacity of the testing machine
without charging and did not crack. The other five were
hydrogen charged under load, and the crack propagated
through the brittle weld. In three of these specimens
the crack was arrested by the base plate, while in the
other two the crack propagated through the complete
specimen. Those specimens that did not completely
fracture were cooled and broken in bending to examine
the fracture surface so that ¢, the actual crack length,
could be measured. There was found to be some
uncertainty in selecting a value of a by fracture
appearance since the weld does not terminate in a sharp
line, but in a series of spikes, as shown in Fig. 2.7a. This
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Fig. 2.8. Crack arrest and propagation values obtained on SEN specimen compared with scatter band obtained on tapered

double-cantilever beam specimens.

a relatively low gross strain level just beyond the
vicinity of the crack. This will limit the extent of the
plastic zone, thereby producing maximum constraint at
the crack tip and a low value of ¢, the critical local
strain. A tensile or bend specimen with a crack in a
groove or fillet represents the configuration described.
Sone tests of this kind are planned. We also plan to test
the effects of transverse strain gradients alone, using
beams of various depths. Finally, a tensile specimen
with shallow grooves on both the cracked face and the
back face will be lested to measure the effect of an
axial gradient alone, or nearly so.

Test plan

Transverse strain gradients are to be studied with
beam specimens loaded in four-point bending. The
specimen proper is 0.60 in. thick, 2.64 in. wide, and 22
in. long, with a semielliptical crack 0.68 in. long at
midspan on one face of the specimen. These were
grown in bending fatigue, with a stress cycle of +4 to

+39 ksi, once the crack appeared at the end of the
ground slot used for a crack starter. Based on last year’s
experience, these cracks should be 0.22 in. deep,
because the specimen geometry is identical to the
intermediate size tested then.

Three degrees of severity of transverse strain gradient
are to be tested, as shown in Fig. 2.9. The measure of
severity indicated beside each sketch is the ratio of
strain at the crack-tip depth to that at the surface.
Beam depth is to be varied by welding on a backup bar
or slave beam, as indicated schematically in Fig. 2.10.
The welds do not extend into the gage length because
there is no shear to transmit between the specimen and
backup bar in the midspan region between the loading
points.

In the first three test series, shown in Fig. 2.9, strain
decreases in the direction of crack advance. In series 4
(Fig. 2.10) strain is made to increase in the direction of
crack advance by welding the backup bar to the cracked
face. This configuration simulates a crack on the inside
diameter of a heavy-walled vessel.
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Series 5

Fig. 2.11. Double-face-notched bar for tests of the effects of
axial gradients.

Series 5, Fig. 2.11, represents an attempt to produce
an axial strain gradient without introducing much
transverse gradient also. It is an attempt to enhance the
net-section effects found earlier to see how important
axial gradients are in a crack-in-a-notch configuration.
In those tests, when the specimen width was reduced,
the transition temperature rose, which was the opposite
effect from that predicated on constraint effects. The
cause was believed to be an increase in constraint
produced by yielding in the net section, with no
yielding above or below the crack because of the low
gross stress there. The mild notches in the series 5
specimen cause the gross stress to be only 80% of the
average stress on the notched section.

Series 6 and 7, Fig. 2.12, represent the crack-in-a-
notch configuration, which has all the effects of axial
and transverse strain gradients combined. Series 6 will
be tested in axial tension and series 7 in bending. Later
results may indicate that a backup bar should be used in
series 7 to produce a smaller transverse gradient.

Experimental

Material. All the test specimens and backup bars were
cut from plate 02. The locations are shown in Fig. 2.13.
The material for backup bars had been set aside
previously because there were quite a few slag inclu-
sions indicated. As before, the specimens were sawed
from the block and Blanchard ground to finished
dimensions. Those used in tension had a reduced
section formed by a milling operation.

. 2.64
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— y

.75

N

g .21 R %—

.68 .22 _.j L

yL ya

Series 6 and 7

Fig. 2.12. Single-face-notched bar for tests of the effects of
axial plus transverse gradients.

Test fixtures. A new bend fixture, shown in Fig. 2.14,
had to be designed and built to accommodate the large
loads expected in some tests. Four-point loading is
used. The span between the loading pins was made 6.00
in. to clear the gage region, which totals 5.20 in. For
thin specimens, a span of 14 in. is used to get large
strains without excessive deflections; for the remainder,
a span of 19 in. is provided. The pins are free to turn in
lubricated seats. They do not roll, because they must
carry the transverse forces that develop when the beam
deflects a considerable distance.

The load cell used in tension, a 2-in.-diam threaded
rod with strain gages mounted on it, is also used here,
but in compression. It serves to connect the center
loading pins to the crosshead of the testing machine.

Cooling of the bend specimens is accomplished in the
box shown in Fig. 2.14. Liquid nitrogen is admitted to
the ends and the center section separately, where it
immediately vaporizes to cool the specimen.

Strain measurement

The choice of displacements to be measured was
based on the requirement that the test results provide
evidence on the effects of strain gradients without
introducing other differences between the tensile and

the bend tests. Thus, gross strain in the net section €,

was again defined as the average strain in a gage length
of 3.2 in. spanning the plane of the crack. Gross strain
in the gross section €,, was measured on l-in. gage
lengths in uncracked sections of the beam as described
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Fig. 2.13. Layout of specimens in plate 02. All blocks were cut with the 5-in. thickness centered on the plate midplane. Those

not detailed were reported in HSSTP-TR-14, Ret, 2.

below. Crack opening displacement, COD, was meas-
ured in the same way as before.®

The angle changes produced by the bending caused
some changes in the extensometer design and in the
method of attachment to the specimen.

The gage points are the fillet welds that connect the
gage blocks to the specimen as illustrated in Fig. 2.15.
The extensometer system, shown in Fig.2.16, makes use
of the same strain-gaged flexures as before, but the arms
have been rebuilt to provide a V-groove that bears on
the pin ot each adapter while allowing free rotation of

the pin. The pins for the e,, measurements are

g8

positioned above and below the specimen to magnify
their motion and to improve sensitivity.

To avoid multiple extensometer geometries. some of
which would be quite large, adapters were provided for
the €, measurement as shown. Their span is larger for
the compression face (top) than for the tension
(bottom) face, because the two will travel toward null
from opposite directions. As shown in Fig. 2.16, the
extensometer arms are reversed so they will fall free
when the specimen breaks.

Five records are obtained from the seven extensom-
eters. Load is recorded as the abscissa on three X-Y
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Fig. 2.15. Gage block layout and adapters for the extensometers.

plotters. Displacements €en> tOp, and €gn> bottom, are
recorded on one plotter. On another plotter are
recorded €ggs tOP (average of left and right) and €gg>
bottom (average).

A third, single-pen plotter is used for recording COD
vs load. No averaging of measurements on opposite
edges of the specimen was attempted. We believe the
differences would be small, because the rigid bend
fixture constrains both edges to deflect the same
amount.

Reduction of the displacement data requires some
analysis, because a ductile specimen produces a large

amount of relative rotation of the gage blocks, as shown
in Fig. 2.17. Derivations of the expressions used to
obtain surface strains €,, from the recorded displace-
ments are given in Fig. 2.18. A derivation of similar
form was made for e,,, hut it was found to be
unnecessary for the tests in this series. A simple linear
interpolation will be used to compute the displacements
at the specimen surfaces. Most of the complications
arise from the fact that the pins that bear in the
V-grooves of the extensometer arms do not lie in the
plane of the cross section that contains the gage points
(the fillet welds). Assumptions basic to this derivation
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STRAIN €gn,TOP, IS THE
LENGTH OF ARC Xy MINUS
THE ORIGINAL GAGE LENGTH,
DIVIDED BY THE LATTER
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Fig. 2.18. Derivation of expressions for surface strains obtained from recorded displacements.

The second test result was obtained from a specimen
of series 3, with the neutral axis positioned 0.60 in.
above the top of the specimen proper to produce an
elastic strain gradient having a ratio of 1:2 between €
(top) and € (bottom). The specimen was tested at
—30°F, with results that were comparable with those
for tension tests of specimens with 0.22-in.-deep cracks
reported earlier. No vyielding occurred in the gross
section. In the net section, € ., bottom was 0.51% and
€ope LOP Was 0.20%. Their ratio had been about 0.44
until yielding began. Yielding on the bottom surface
only shifts the neutral axis upward.

After these initial results, testing will start with series
1 and go through the test plan in sequence. A prime
purpose in doing each series is to locate and define the
shape of the transition in critical gross strain values with
temperature and to compare the results with those
obtained earlier in tension.

Three-Dimensional Elastic-Plastic Stress
and Strain Analyses for Fracture Mechanics’

P.V.Marcal N.Levy J.R.Rice

Brown University

The long-term objective of this program is to develop
an elastic-plastic analysis of a complex three-dimen-

sional cracked structure. This analysis can be applied to
a variety of safety problems, for example, a crack at the
junction of two cylindrical intersections. However, it is
important to proceed toward this goal by a series of
well-ordered steps. The advance at each stage can then
be consolidated by comparisons with experimental
results. We have previously reported® the elastic,
perfectly plastic analysis of a part-through surface
cracked tensile specimen being tested for the HSST
program by Southwest Research Institute. We have
recently repeated this same analysis, as planned, using
the finite-element layout shown in Fig. 2.19, and
assuming the material to be an elastic, isotropically
strain-hardening Mises material. Figure 2.20 shows a
portion of the effective stress vs equivalent plastic strain
curve of the material (A533, grade B, class I steel) as
determined by a uniaxial tensile test. Although the
average true stress vs plastic strain curve beyond the
maximum load in the tensile test was given, we confine
ourselves to that portion of the curve below the

7. Work being performed under UCCND Subcontract No.
3153 between Union Carbide Corporation and Brown Univer-
sity.

8. N. Levy and P. V. Marcal, Three-Dimensional Elastic-
Plastic Stress and Strain Analysis for Fracture Mechanics. Phase
I: Simple Flawed Specimens, HSST Technical Report No. 12.
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REGION WHERE MAXIMUM true stress vs plastic strain clearly depends on the
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) L__’_____—-— portion of the curve will be applicable to the yielding
// elements in a flawed specimen where the geometrical
08—t~ . . . constraints are different. Thus, to study the behavior in
“ / the plastic range with strain hardening, load increments
's — were added to the elastic load, and the solution was
:*0 6 terminated as soon as the effective stress in one or more
> elements reached the value corresponding to the maxi-
mum load in the tensile test. This occurred in the
o4 elements at the crack line in the plane of the crack
= CURRENT AREA OF when the loading stress o_ attained the value of 1.2 of
0.2 =§’;T§g§t‘ AC:EOASSOFSECTIONM the yield stress. The tangent modulus approach as
© SPECIMEN CROSS SECTION formulated by Marcal and King? was followed. As for
‘ \ ‘ the perfectly plastic case, loading of the specimen was
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Fig. 2.20. Dimensionless stress-plastic strain curve.

9. P. V. Marcal and I. P. King, “‘Elastic-Plastic Analysis of
Two-Dimensional Stress Systems by the Finite Element
Method,” Int. J. Mech. Sci. 9(3), 143-55 (1967).



made by imposing uniform displacement in a direction
perpendicular to the plane of the crack.

As the load increments were added to the elastic load,
it was found that initially the plastic strains in the
yielding elements were of the same order as the elastic
strains due to the constraints on deformation imposed
by the elements still below the initial yielding stress 0.
Thus the strain-hardening effects were negligible up to
the load that corresponded to the limit load in the
perfectly plastic material. In fact, the shape and the
extent of the plastic zones at various load increments
for the strain-hardening material were essentially the
same as for the perfectly plastic material (see Figs. 2.21
and 2.22) as long as the average imposed stress was
below the initial yield stress. As the imposed stress was
increased further, the plastic zone spread rapidly, and at
o_ = 1.050¢, all the elements had yielded with the
exception of the elements 1 to 30 adjacent to the crack
free surface (see Fig. 2.19).

Fig. 2.23 shows the variations of o, /oy in the
elements along the crack line with the angle measured
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from the x axis (Fig. 2.19) for two loading stress g_
levels. It is obvious that 0,,/6, varied little in the
elements along the crack except in those nearest to the
free surface of the specimen. This fact permits us to
consider element 51 (Fig. 2.19) as representative of all
the elements along the crack line.

Figures 2.24 and 2.25 show the variation of the
equivalent plastic strain and the o,, stress in element
51. As shown in Fig. 2.23, the equivalent plastic strain
increased very rapidly when the loading stress o_
approached the value corresponding to the yield load in
a perfectly plastic material with a yield stress equal to
the initial yield stress of the strain-hardening material.
In Fig. 2.25, a similar behavior may be observed for the
variation of the stress o,, with the loading stress. The
numerical results indicate the same behavior for the
hydrostatic tension. It is noted that the ratio ¢,,/0.¢y,
where 0, is the current yield stress, tends toward the
value of approximately 2.1, which is comparable with
the ratio of 0,, to the yield stress in the perfectly
plastic material. This suggests that the degree of
constraint is essentially maintained even though higher
stress values have been induced through the work
hardening.
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In the work performed to date, we have obtained the
numerical solution for a semielliptic crack in a plate.
Several useful conclusions can be drawn from this work
concerning parameters considered significant in fracture
mechanics. The stress intensity factor along the minor
axis of the crack has been calculated, and the signifi-
cance of the moment induced by the uncracked region
of the plate was assessed. In the plastic range, the
magnitude of the triaxiality, obtained at the crack tip
along the minor axis has been shown to be two-thirds of
the value obtained in the plane strain. Furthermore,
although the finite element used for analysis did not
give the crack opening at the crack tip, a measure of
this has been obtained from the value of the crack
surface separation near the crack tip. This separation is
proportional to the square of the imposed load.

In conclusion, we have demonstrated the feasibility of
using the finite-element method to extract useful and
important information on the stress state near the tip of
a semielliptic crack in a plate of a given configuration.
Because of the improvements made in the efficiency of
the computer program, it is now feasible to obtain
numerical solutions for various crack configurations
{i.e., various crack depth/plate thickness and crack

ORNL-DWG 72— 1150

20— —
t:a 1.64— —
>
5 -
@
o
bo 1.2— —
~N
N — —
08— —_—— c'u/c'o -]
c-zz/c—eff
* o, = LOADING STRESS o
g, = INITIAL YIELD STRESS
04— 0,¢= CURRENT EFFECTIVE STRESS -
0,, = THE STRESS PERPENDICULAR
; TO THE PLANE OF THE CRACK __|
5 N S A N I N S
0.4 0.8 1.2 1.6 2.0

LOAD 04/,

Fig. 2.25. Normal stress history for element 51.




length/plate thickness ratios). Future work should be
concerned with parametric studies of the flawed tensile
specimen and comparisons with available experimental
results.

Fracture Mechanics Characterization
of HSST Program Materials!©

T. R. Mager
Westinghouse Electric Corporation

As previously reported, Witt!! proposed an equiva-
lent-energy method for relating crack size, temperature,
and stress levels at maximum load to fracture and
outlined a procedure for obtaining the fracture tough-
ness value K, ;. Using the equivalent-energy method as
set forth by Witt,}! data developed this report period
were used for determining upper and lower bounds!?
on the fracture toughness of A533, grade B, class |
steel.

Experimental test procedure

Ten l-in.-thick, seven 6-in.-thick, and two 9-in.-thick
compact-tension specimens were evaluated this report
period. All the specimens were machined from HSST
plate 03. Six of the ten 1T compact-tension specimens
were prefatigue cracked according to the ASTM recom-
mended procedure.!3

The ten 1T compact-tension specimens were ma-
chined with the crack front oriented transverse to the
rolling direction and the load applied with the rolling
direction. Thus the specimens were oriented in the
rolling direction (RW). Ten 1T compact-tension speci-
mens fabricated from HSST plate 03 and oriented in

10. Work performed under UCCND Subcontract No. 3196
between Qak Ridge National Laboratory and Westinghouse
Electric Corporation.

11. F. J. Witt, “Equivalent-Energy Procedures for Predicting
Gross Plastic Fracture,” paper presented at Fourth Nationat
Symposium on tracture Mechanics, Carnegie-Mcllon University,
Aug. 24-26, 1970 (in publication).

12. F.J. Witt and T. R. Mager, ““A Procedure for Determining
Bounding Values on Fracture Toughness K. at Any Tempera-
ture,” paper presented at Fifth National Symposium on
Fracture Mechanics, University of Ilinois, Aug. 28—Sept. 1,
1971 (in publication).

13. ASTM Standard E399-70T, Tentative Method of Test for
Plane-Strain Fracture of Metallic Materials, ASTM Standards,
Part 31, 1970.

14. T. R. Mager, “Fracture Mechanics Characterization and
Crack Preparation Studies of HSST Program Materials,” HSST
Program Semiannu. Progr. Rep. Feb. 28, 1971, ORNL-4681, p.
4].

the transverse (WR) direction were evaluated the
previous report period.!4 Four of the seven 6T speci-
mens were oriented in the RW direction. while the
remaining three specimens were oriented in the WR
direction. The two 9T specimens were oriented in the
RW direction.

Results

The 1T compact-tension specimens were tested at
temperatures from 0 to SS0°F. Using the method
previously outlined,'! K., values were calculated at
each test temperature. The K., data are summarized in
Table 2.1. Four of the ten specimens were not
precracked prior to testing. The data in Table 2.1
indicate that sharp notched specimens (fatigue pre-
cracked) exhibit a lower K;.; value than unnotched
specimens.

Data from the testing of the 6T and 9T specimens are
summarized in Table 2.2. Results in Table 2.2 indicate
that orientation has an effect on the upper shelf K;,.,
values and that specimens oriented in the transverse
direction exhibit lower K; ., values. The Kj ., data
indicate a very high resistance to fracture at SSO°F.

Future work will include evaluating specimens fabri-
cated from an Ni-Cr-Mo-V rotor forging steel for which
valid plane strain upper shelf data exist.!> These tests
will be used to validate the equivalent-energy concept.

Fatigue and Crack-Propagation Investigations

L. F. Kooistra

Crack growth rate studies have been conducted in an
environment of high-temperature reactor-grade water
(without irradiation) at two separate laboratories. The
investigation sponsored by the HSST program has been
completed, and a paper on this work was presented at
the Fifth Annual Information Meeting of the HSST
program at the Oak Ridge National Laboratory.1® A
final report is in the last stages of preparation.

Concurrently a similar program is being sponsored by
the Japan Atomic Research Institute, and a paper on
this work was reported by L. F. Kooistra at the

15. J. A. Begley and W. A. Logsdon, Correlation hetween Ky,
and Charpy V Properties for Rotor Steels, Westinghouse
Research Laboratories Scientific Paper 71-1E7-MSLRF-P1
(June 1971).

16. T. R. Mager, “Fatigue Crack Growth Characteristics ol
Nuclear Pressure Vessel Grade Materials,” paper 1, presented at
the Fifth Annual Information Meeting of the HSST Program,
Mar. 25-26, 1971.
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Table 2.1. Fracture toughness results determined from testing 1T compact-tension specimens
oriented in the RW direction at temperatures up to 550°F (plate section 03)

Some fracture toughness parameters? (ksi Jin)

Specimen Test Crack Kreu
designation temperature (°I7) length (in.) KD KO KU KF (ksi /in.)
3C11 +50 1.105 38.4 50.0 98.3 17.6 1221
3C12 +100 1.086 47.0 66.1 103.7 17.1 218.0
3C13 +200 1.086 37.3 49.0 103.5 17.1 248.0
3C14 +200 1.070 36.3 58.0 104.5 17.0 261.0
3C1S +550 1.085 34.1 51.6 96.2 17.0 232.4
3C16 +550 1.083 39.0 59.0 95.0 17.0 210.1
3C20° 0 0.940 24.0 31.1 114.2 231.0
3C17% +50 0.930 28.0 55.0 120.0 233.0
3C18° +100 0.925 46.3 56.1 112.2 298.0
3c19% +200 0.930 41.0 47.0 118.0 342.0

a4Kp = fracture toughness at deviation — load displacement, KQ = fracture toughness at secant offset load, KU = fracture tough-
ness at ultimate load, and KF = fracturc toughness during prefatigue precracking.

bSpecimcns 3C20, 3C17, 3C18, and 3C19 were not precracked before testing.

Table 2.2. Fracture toughness results determined from testing 6T-CT and 9T-CT specimens oriented in both the RWand WR direction

Some fracture toughness parameters?

dsesig;g?sn Orientation tcmpel\e{:rc °F) IL'n(grt;C(kin.) st \/-E{) (kslzl\(/(i%.)
KD KQ KU KF
6T-CT Specimens
3C3 RW +100 6.516 87.3 145.5 198.4 16.0 224.1
3C4 RW +130 6.310 105.0 160.0 238.0 19.0 363.6
3C2 RW +200 6.316 75.1 138.0 242.0 15.0 405.4
3C1 RW +550 6.146 115.0 153.4 223.0 24.0 345.2
3CS WR +25 6.273 88.0 88.0 88.0 15.0 84.0
3C7 WR +200 6.316 58.0 128.0 225.5 20.0 299.0
3C8 WR +550 6.366 89.0 142.2 202.1 20.3 264.7
9T-CT Specimens
3C9 RW +200 9.360 452.0
3C10 RW +550 9.423 69.0 224.0 292.0 24.0 375.0

IParameter identification given in Table 2.1.

information meeting.!? A resumé of the cooperation
and communication between the two research groups is
given below.

Cooperative research between the HSST program,
ORNL, and Japan Atomic Energy Research Institute

The Japan Atomic Energy Research Institute (JAERI)
is conducting a research program on the effect of a

high-temperature steam and water environment on the
crack-growth rate in reactor pressure vessel materials.
JAERI suggested a cooperative arrangement with the
HSST program in which HSST would supply a nominal

17. T. Kondo et al., “TFatigue of ASTM A-302 Grade B Steel
in High Temperature Simulated Nuclear Reactor Environment.”
paper 2, presented at the Fifth Annual Information Meeting of
the HSST Program, Mar. 25--26, 1971.



quantity of “pedigreed” A533-B steel to JAERI for
conducting a fairly comprehensive environmental inves-
tigation and then in return JAERI would supply the
HSST program with a copy of their results.

Not only was this suggestion acted upon, but, in
addition, there has been a complete exchange of
information. JAERI had already generated considerable
information on the pressure vessel steel presently in use
in Japan, namely A302 B. Dr. T. Kondo of JAERI was
preparir 7 a paper on this work to be presented at the
First Internationat Conference on Corrosion Fatigue at
the University of Connecticut, Storrs, Connecticut. A
preliminary presentation of this work was reported by
L. F. Kooistra at the HSST Information Meeting, March
25,1971, with Dr. Kondo’s consent.

At this time the first series of tests has been
completed on the HSST material in Japan. Although in
the HSST-sponsored investigation Westinghouse uses a
batch system for its environmental condition, JAERI
uses a through-flow water treating system continuously
monitored. Westinghouse will largely test A533-B plate,
various weldments, and HAZ’s; JAERI will test A533 B
and A302 B. Westinghouse is testing at cycling rates
from 60 to 600 cpm; JAERI has explored also very low
cycling rates down to 0.2 cpm. In doing so, JAERI
discovered a stagnation effect in the growth rate
ascribed to crack blunting by incipient corrosion at the
crack tip. This effect was verified by observing that
increasing the O, content of the water increases the
stagnation phenomenon.

Westinghouse has carried on its investigation at
reactor operating temperature of 550°F; the Japanese
investigators have explored lower temperatures also.
Westinghouse used a 2T WOL (wedge opening loading)
specimen, which is largely bending: JAERI uses a tensile
specimen. Westinghouse started to measure crack
growth by means of ultrasonics and obtaining anoma-
lous results and switched to the specimen compliance
method. JAERI used the latter from the start, and there
is now good assurance that it produces reliable data.

The Westinghouse apparatus was designed for a
pressure of 2000 psi; the JAERI apparatus is good for
1500 psi (primarily BWR conditions).

Both laboratories have conducted strain-controlled
tests, but JAERI is starting to conduct load-controlled
tests also.

In some phases of the investigation there is a
difference in the results obtained by the two investigat-
ing laboratories. The Westinghouse group has found
that the environment of nuclear-reactor-grade water has
no effect on the crack growth rate or at least did not
increase this rate. The Japanese investigators conclude
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that under certain combinations of strain range, cycling
speed, and temperature, the crack growth rate in a
water-steam environment can be increased by a factor
of 4. This maximum is attained at a strain range of
0.70%, a cycling speed of 10 cpm, and a temperature of
approximately 400°F. At a lower strain range, a lower
cycling speed, and a higher temperature, the factor of
increase in the crack growth rate reduces from 4 to less
than 1. It was also determined that at a very low cycling
speed of 5 min/cycle the crack growth manifested
periods of stagnation. This phenomenon is ascribed to
the effect of incipient corrosion at the bottom of the
crack. It is postulated that at the very slow cycling rate
this corrosion can blunt the crack tip sufficiently to
stall its advance. An incubation period for reinitiation is
then necessary to start it growing again. This hypothesis
is supported by the fact that a higher oxygen content in
the water also suppresses the crack growth rate. By
equating these findings to actual operation, they, at this
point, add up to a favorable prediction. To wit, on
operating reactor vessels the strain range is expected to
be well below 0.70%, the occurrence of major load
cycles is far below the cycling speed of the experiments,
and operating temperatures will be about 150°F above
the point of maximum crack growth rate. All these
factors point in the direction of reduced crack growth
rate.

Fatigue-Crack Growth Characteristics
of Nuclear Pressure Vessel Grade Materials!

T. R. Mager
Westinghouse Electric Corporation

The fracture mechanics approach is being used to
study the effect of high-temperature reactor-grade
primary water on the fatigue-crack growth character-
istics of materials of nuclear pressure vessel grade. The
2-in.-thick WOL (wedge opening loading) specimen is
being utilized to measure the fatigue-crack growth at
550°F in an environment (excluding irradiation) typical
of PWRs and BWRs. The crack growth rate da/dN of
pressure vessel materials is being measured as a function
of AK,, the change in the stress intensity factor at the
tip of the crack.

It was concluded from the data that:

1. Reactor-grade primary water environment does not
accelerate crack growth rate.

18. Work sponsored by HSST program under UCCND Sub-
contract No. 3290 between Union Carbide Corporation and
Westinghouse Electric Corporation.
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2. For the range of frequency and the materials It was recommended that future studies include:
studied, the cyclic crack growth rate da/dN as a (1) the effect of low frequency (the order of 1 to 10
function of AK was essentially the same in both  cpm) and (2) the effect of load spectrum on the cyclic
PWR and BWR environments. crack growth of reactor pressure vessel material.

3. The frequency (60 and 600 cpm) did not affect the
cyclic crack growth rate of the materials studied.
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3. Investigations of Irradiated Materials

One of the environmental factors that must be

considered in safety evaluations of reactor pressure
vessels is irradiation, because the mechanical properties
of metals may be modified thereby to a degree that is
of considerable engineering significance. Irradiation
effects are being investigated by Hanford Engineering
Development Laboratory (HEDL), Westinghouse Elec-
tric Corporation, Naval Research Laboratory (NRL),
and Oak Ridge National Laboratory. The areas of
primary interest to the HSST program are the tempera-
ture range 450 to 600°F and the fast-neutron (£ > 1
MeV) fluence range 1 X 10'° to 8 X 10'? neutrons/
cm?.
The projected work at NRL, Westinghouse, and
ORNL has essentially been completed, and final reports
have been or are being prepared. Results not previously
reported, in addition to those from HEDL, are given
here.

IRRADIATION EFFECTS ON THE FRACTURE OF
HEAVY-SECTION PRESSURE VESSEL STEELS'

J. A. Williams  C. W. Hunter
Hanford Engineering Development Laboratory

Objective

The primary objective of the Hanford Engineering
Development Laboratory work in support of the HSST
program is to determine the embrittling effects of
irradiation on pressure vessel steel. The material of
interest is from HSST plate 02 ASTM AS533, grade B,
class 1 steel. Characterization of embrittlement by
irradiation is being evaluated by plane strain fracture
toughness, K;., measurements using l-in.-thick com-
pact-tension (CT) specimens; tensile behavior has also

1. Research sponsored under Purchase Order No.
11Y-50917V between Union Carbide Corporation and Hanford
Engineering Development Laboratory.

been studied to establish a basic engineering under-
standing of the irradiation effect on mechanical prop-
erties of A533-B steel.

Irradiation of 4T Specimens — ETR Dummy
Gamma-Heat Test

The ETR irradiation temperature profiles were meas-
ured in a simulated 4-in.-thick compact-tension (4T-CT)
fracture specimen. Large specimen irradiations and
associated problems? and the ETR dummy gamma-heat
irradiation experiment® have been discussed previously.

The thermocouple locations in the dummy specimen
are shown in Fig. 3.1, in which the relationship of an
actual 4T-CT specimen is outlined by the dashed lines.
The full reactor power differential temperature through
the thickness of the specimen is given for each location
in Fig. 3.2. Curve A of Fig. 3.2 corresponds to the
temperature at the specimen crack line, the point of
fracture initiation during a fracture test. The point
reference letters in Fig. 3.2 are the same as those given
in Fig. 3.1. The maximum AT at the crack line is
200°F; reactor coolant water was 110°F, resulting in a
maximum crack line temperature of 310°F. From these
temperature measurements the crack line temperature
gradient for an actual 4T specimen irradiation experi-
ment was calculated. The temperature gradient, with a
peak crack line specimen temperature of 550°F ob-
tainable using a gas gap patch design, is shown in Fig.
3.3. The AT from the peak to the hot face is

2. C. W. Hunter and J. A. Williams, ““Irradiation Effect on the
Fracture of Heavy Section Pressure Vessel Steels,” HSST
Program Semiannu. Progr. Rep. Aug. 31, 1970, ORNL-4653,
pp. 31-38.

3. C. W. Hunter and J. A. Williams, “Irradiation LEffects on
the Fracture of Heavy Section Pressure Vessel Steels,” HSST
Program Semiannu. Progr. Rep. Feb. 28, 1971, ORNL-4681,
pp. 48—53.




9.6" }
i ?
- 1 - d
TN 7N
|/o ¢ ;4o [ Ho) i
\ , I \\ P t
N - | : ~_~ o
|
:+:C —TL
' I 10”
+E ) F+ 2"
v
+(n —?L
f“
ol +B Jo
~—2.8"'TYP ——l —g
¢

Fig. 3.1. Thermocouple locations in the ETR dummy gamma-
heat test. The dashed lines relate an actual 4-T specimen to the
test block. Thermocouples were located through the thickness
at 0, 0.5, 1, 1.5, 2, 3, and 4 in. at the (+) locations and 1 and 3
in. at the (0) locations. A, B, ———J are location reference
letters.

approximately 24°F, and that to the cold face is about
54°F. The temperatures are based on reactor coolant
water of 110°F, a 5- by 5-in. gas gap patch, and a 50%
He—50% Ar gas mixture. The effect of the patch design
for location A, Fig. 3.2, is described above. The profiles
at locations B and C would be raised in some
proportion to A but with a lower peak temperature and
higher AT. Profiles at locations E, F, I, J, G, and H
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Fig. 3.2. Measured AT through the thickness of the 4-T
dummy gamma-heat specimen at various locations.
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Fig. 3.3. Calculated temperature gradient through a 4T-CT
specimen which would be expected during irradiation in the
ETR. The temperature profile is based on that obtainable for
550°F maximum specimen temperature at the crack line, with
110°F reactor coolant, and a § X § in. gas gap patch filled with
a 50-50 He-Ar mixture.

would be affected very little since they lie outside the
dimensions of the patch.

Some measure of the degree of control necessary for
maintaining specimen temperatures during irradiation
was obtained by measuring the specimen temperature
change during reactor startup and during the reactor
cycle. These data are presented in Figs. 3.4 and 3.5,
respectively, for the peak crack line position. During
reactor startup the peak crack line temperature is
observed to be linearly proportional to reactor power:
thus at full power a 10% fluctuation in reactor power
would require a control variation approximately 10% of
the difference between ambient water temperature and
peak temperature, or 44°F. Short-term fluctuations in

F
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Fig. 3.4. Variation in 4-T dummy peak crack line temperature during ETR reactor cycle.

reactor power of this magnitude are not common;
however, these variations may be encountered locally,
and it is not uncommon for the ETR to operate in the
160- to 165-MW power region for long periods of time.
A large amount of temperature control must be
provided to compensate for temperature changes due to
fuel burnup during the reactor cycle; this effect is
shown in Fig. 3.5. The peak flux in the reactor is below
reactor midplane at startup. As the reactor cycle
progresses, the control rods are lifted to compensate for
fuel burnup, and the peak flux is shifted toward the top
of the reactor. The dummy specimen occupied the
upper position and as such increased in temperature
during the reactor cycle; in actual 4T-CT irradiations
the specimen below midplane would receive less heat
input as the reactor cycle progressed and would require
a positive response from the control system. It is
estimated that an additional +50°F of control would be
needed to compensate for the temperature variations
due to fuel burnup during the reactor cycle.

Base Material Studies of ASTM A533 B; Correlation
of Changes in Yield Strength and Fracture
Toughness Produced by Irradiation

In impact energy tests linear elastic fracture me-
chanics K. testing is an alternate means of evaluating
the neutron irradiation embrittlement in water reactor
pressure vessel materials. In addition to indicating the
shift of the ductile-brittle transition temperature to
higher temperatures, K;. values permit calculation of
critical fracture load—flaw size relationships. The prac-
tical disadvantage is that K, values of these materials
may be easily obtained only at and below the transition
temperature.

One-inch-thick compact-tension K, specimens were
irradiated at 540°F to neutron fluence levels of 2 and 8
X 10'° neutrons/cm? (£ > | MeV)in the ETR; tensile
specimens were irradiated at 510°F to 2, 4, 6,and 8 X
10'® neutrons/cm?®. All specimens were of longitudinal
orientation from the quarter-thickness position of a
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12-in. ASTM AS533, grade B, class 1 steel plate. Details
of the specimen irradiation and testing have becn
reported.?™*

The effects of irradiation on yield strength and K,
are shown in Fig. 3.6. The yield strength increase
(A0, ksi) as a function of fluence (¢) and tempera-
ture (7, °F) may be described by

Ao

s = 22[1 — exp(—®/5 X 1018)]

+¢/10'°(4.3 — 0.0038T). (1)
Equation (1) was discussed in detail in the previous
semiannual report.> A fit of Eq. (1) to specific data
points is shown in Fig. 3.7 for temperatures of —100, 0,
100, 300, and S500°F. Consistent with the well-
established Charpy V-notch neutron embrittlement
behavior®*® of the 6-in. ASTM A302-B reference plate,
there is a pronounced Ao,  at low fluence levels
followed by a reduced but linearly fluence-dependent
Ag, above 2 X 10'?. The low-fluence Aoy is

ys
operative primarily on the athermal component of yield
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stress, whereas the fluence dependence above 2 X 10'°
is greater at lower test temperatures.

Irradiation levels of 2 and 8 X 10'? neutrons/cm?
produced shifts of 185 and 275°F in the 50-ksiv/in. K,
fracture toughness level. Based on the concept that
brittle fracture occurs when the yield stress is greater
than the cleavage microcrack growth stress, Cottrell”
predicts the following dependency of a shift in the
ductile-brittle transition temperature (A77T) on Aoysz

(2)

Oy

At a test temperature of 0°F, fluence levels of 2 and 8
X 10'% in Eq. (1) give values of 30.6 and 56.4 ksi Aoy,
respectively, which upon substitution into Eq. (2) yield
ATT values of 153 and 282°F that correspond well
with the experimentally measured shifts in the K.
curves. This correlation between Ao, and shifts of the
analytically rigorous toughness measurement K, fur-
ther demonstrates that irradiation embrittlement in
these materials is a consequence of irradiation harden-
ing by the mechanism of elevated yield stress forcing
cleavage fracture to higher temperatures.

The correlation is significant in illustrating that the
shift in fracture toughness is in agreement with correla-
tions of shifts of other types of toughness transition
tests. The correlation is limited by an as yet inadequate
definition of the transition of K, for irradiated A533
B; this can only be obtained by testing large irradiated
specimens.

Base Material Studies of ASTM AS533 B; Comparison
of Transverse and Longitudinal Fracture and
Tensile Properties

Transverse tensile properties for irradiated and unir-
radiated ASTM AS533-B, HSST plate 02 were cursorily
examined to determine if there were any significant

4. C. W. Hunter and J. A. Williams, “Fracturc and Tensile
Behavior of Neutron Irradiated A533-B Pressure Vessel Steel,”
Nucl, Eng. Des. 17(1), 131-48 (August 1971).

5. R. H. Sterne, Jr., and L. L, Steele, “Steels for Commercial
Nuclear Power Reactor Pressure Vessels,” Nucl. Eng. Des. 10,
259-307 (1969).

6. J. R. Hawthorne, Trends in Charpy-V Shelf Energy
Degradation and Yield Strength Increase of Neutron-Embrittled
Pressure Vessel Steels, NRL-7011 (Dec. 22, 1969).

7. A. 1L Cottrell, “*Theory of Brittle Fracture in Steel and
Similar Metals,” Trans. Met. Soc. AIME 212, 192-203 (April
1958).
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orientation effects. Fracture toughness results of unir-
radiated transverse (WR) specimens are given in Table
3.1 and Fig. 3.8; longitudinal fracture data shown in
Fig. 3.8 were previously reported.®> The plane strain
fracture toughness properties of longitudinal (RW) and
transverse (WR) orientation are observed to be identical
within the valid measurement limits of 1T-CT speci-
mens. It is expected that the irradiation response of WR
K, properties will be similar to RW properties on the
basis of tensile properties reported in Table 3.2 and
Figs. 3.9 and 3.10.

Transverse tensile tests of unirradiated specimens
were conducted over a temperature range of —250 to
500°F. There were no observable effects on yield or
ultimate strength attributed to orientation difference
between RW and WR specimens. Similarly, WR tensile
specimens irradiated to approximately 2.9 and 4.5 X
10" neutrons/cm? and tested from room temperature
to SO0°F exhibited a response to irradiation compar-
able with that of longitudinal specimens. Figure 3.9
compares yield strength properties, and Fig. 3.10
compares ultimate strength properties of WR and RW
orientations; details of RW tensile data were reported
previously.?
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Table 3.1, Fracture toughness of unirradiated ASTM A533, grade B, class 1 steel from HSST plate 02 steel, WR orientation
. Test Plate Yield Crack KA\2

Specimen S g Ky Ko / Q Kic
T temperature position L strength length, g ¢ 2.5\ —= =
identification °F) (in.) (ksin/in.) (X 103 psi) (in.) (ksiv/in.) \oys (ksi\/in.)

02GA581 -250 3.25 13.8 105 1.178 26.8 0.162 h.e

02GAS86 —185 4.5 12.4 91 1.126 37.5 0.42 b

02GAS595 —135 8.5 1.7 83 1.088 35.0 0.44 35.0

02GA591 —100 7.25 11.2 78 1.059 404 0.67 40.4

02GAS592 -75 7.25 10.1 75 0.998 43.5 0.84 435

02GAS579 -50 3.25 13.4 72 1.137 69.7 2.3 d

9From plate surface to specimen center.
Plnvalid by surface trace, insufficient fatiguing.
CInvalid by Kp> oyF/ZayT(KQ),

9nvalid by B < 2.5 (KQ/ayT)Z.

Table 3.2. Tensile properties of irradiated and unirradiated A533. grade B, class | steel from HSST plate 02, transverse specimens

Specimen Test Fluence Plate Yield strcjngth, Ultimate 'l'ota?
identification tempoerature (£ > 1 MeV) position? 0.2% offset strength elongation
(F) (x 10'? neutrons/cm?) (in.) (X 1073 psi) (X 103 psi) (7
02GA659 -250 Unirradiated 7.3 102.9 122.5 20.0
02GA660 —150 Unirradiated 7.3 81.5 106.3 19.2
02GA661 -50 Unirradiated 7.3 72.9 97.5 225
02GA662 71 Unirradiated 7.3 68.3 89.5 19.9
02GA670 199 Unirradiated 8.0 63.2 83.6 15.2
02GA671 300 Unirradiated 8.0 63.2 84.5 14.1
02GA672 400 Unirradiated 8.0 60.1 83.4 144
02GA673 501 Unirradiated 8.0 61.4 86.7 143
02GA642 74 2.7 4.7 99.6 113.9 14.4
02GA663 250 2.7 8.0 88.7 106.1 14.9
02GA639 500 27 4.7 77.3 98.5 12.2
02GA664 500 3.1 8.0 81.9 105.4 12.8
02GA651 77 4.6 7.3 105.9 119.7 13.0
02GA666 250 4.6 8.0 90.8 108.4 13.0
02GA652 250 4.5 7.3 97.9 113.4 13.0
02GAG667 500 4.5 8.0 83.2 107.1 12.2

9From top surface of plate.

ASTM A533-B Submerged-Arc Weldment; Irradiation

« ASTM A533 B
E O RW ORIENTATI ON Effects on Weld Metal Fracture and Tensile Properties
z O WR ORIENTATION
ool The fracture toughness of ASTM AS533-B submerged-
g arc weldment metal irradiated at 540°F to a fluence of
sl > ° 2.7 to 3.1 X 10'® neutrons/cm? (£ > 1 MeV) is
& compared with unirradiated wetd metal in Fig. 3.11 and
= . reported in Table 3.3. The specimens were taken from
EO El 5 the longitudinal orientation of the weld; the plane of
< the crack is normal to the plate surface, and the
20 Lt t ! I ! i propagation direction is parallel to the weld direction.
-250 -200 -150 -100 -50 0 The observed shift of the S0-ksin/in. toughness level is

TEMPERATURE, °F

Fig. 3.8. Comparison of tracture toughness K, of longi-
tudinal and transverse orientations for ASTM AS533-B pressure
vessel steef, HSST plate 02.

approximately 390°F; the shift might actually be less
than this with more extensive evaluation of the unir-
radiated fracture toughness. Though only valid unir-
radiated data are shown in Fig. 3.11, conservative
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Fig. 3.9. Comparison of transverse and longitudinal yield strength for irradiated and unirradiated ASTM A533-B pressure vessel
steel, HSST plate 02.
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Fig. 3.10. Comparison of transverse and longitudinal ultimate strength for irradiated and unirradiated ASTM A533-B pressurc

vessel steel, HSST plate 02.
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fatigue-crack preparation might have yiclded lower
values of K, in the lower-temperature tests: this would
place the 50-ksiv/in. toughness at a somewhat higher
temperature, yielding a more conservative estimate of
the irradiation embrittlement secnsitivity of A533-B
submerged-arc weld metal. Using the data of Shabbits et
al.® the unirradiated 50-ksin/in. toughness level occurs
at - 175°F, resulting in a shift of only 315°F.
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radiated ASTM A533-B submerged-arc weldment.

200

Fig. 3.11. Fracture toughness K;. of unirradiated and ir-

8. W. O. Shabbits, W. H. Prvic, and E. T. Wessel, Heary
Section Fracture Toughness of A533 Grade B Class I Sreel
Plate and Submerged Are Weldment, WCAP-7414 (December
1969).
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Table 3.3. Fracture toughness of irradiated ASTM A533, grade B, class 1 steel, submerged-arc weld

Fluence Plate

Yield Crack

- Test K \?
idis:i;‘;gii)r1 temperature (£ >1MeV) position? [f/f__ strength  length, kK\% — 2,5<U Q> kfl(jﬁ
(°F) (X 10'? neutrons/cm?)  (in.) (ksivin.) (X 103 psi) a (in.) tksi/in.) ys (ksin/in.
51A5029 90 2.9 10.12 10.7 99.5 1.030 337 0.29 337
ST1A5030 132 2.7 10.12 10.3 97.0 1.003 45.3 0.55 45.3
S1A5027 160 . 10.12 10.6 95.5 1.029 61.3 1.02 61.3
S1A5028 180 2.9 10.12 10.8 94.5 1.035 70.9 1.41

From plate surface to specimen center.

The effects of irradiation on the yield and ultimate
tensile strengths of ASTM AS533-B submerged-arc weld
are shown in Figs. 3.12 and 3.13, respectively, and
listed in Table 3.4. Results are of tests from room
temperature to 500°F for 510°F irradiations to
fluences of 0.5 X 10'? and 4.0--4.6 X 10'® neutrons/
cm? (£ > 1 MeV); base plate properties are also shown
for comparison.

The irradiation strengthening of weld yield properties
is similar to, if not slightly greater than, that of
longitudinal base properties from room temperature to
S00°F. An additional comparison of the similar effect
of irradiation on weld and base plate yield properties is
shown in Fig. 3.14. The data points are for the A533-B
submerged-arc weld metal at room temperature and

SO0°F, while the curves are determined from the yield
strength—ﬂuence—temperature' relationship for base
plate material given in Eq. (1).

The ultimate strength of weld metal is less sensitive to
irradiation than the yicid strength. At room tempera-
ture the weld ultimate strength increased 36 ksi, while
the weld yield strength increased 46 ksi after irradiation
to about 4.3 X 10*® neutrons/cm? (£ > | MeV); these
values correspond to about a 22% increase in ultimate
strength and a 75% increase in yicld strength. Compared
with the base plate results of Fig. 3.13, it appears that
the weld ultimate strength is more sensitive to irradia-
tion; the irradiated ultimate strength of the weld does
not exceed that of the base plate since it was much
lower initially.

120 =

110 |

——— HSST ASTM A533 B SUBMERGED-ARC WELD
O UNIRRADIATED
& [RRADIATED 0.4-06x1019 nicm? (£ 1 MeV), 5100F

a O IRRADIATED 4.0-4.6x1019 nicm? (€ > 1 MeV), 510°F
100 — — — HSST ASTM A533 B PLATE 02
5
-
S 9w
fis]
(o 4
—
b
S 8
=
70
60
50 | 1 1 ! | 1 | | |
100 200 200 400 500

TEMPERATURE, °F

Fig. 3.12. Yield strength of irradiated ASTM A533-B submerged-arc weld. Base plate properties are shown for comparison.
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Fig. 3.13. Ultimate strength of irradiated ASTM A533-B submerged-arc weld. Base plate properties are shown for comparison.

Table 3.4. Tensile properties of irradiated A533, grade B, class 1 steel, submerged-arc weld

Specimen Test Fluence Plate Yield StIC{lgtll, Ultimate Total
identification tempgralure (£ > 1 MeV) position? 0.277 offset strength clongation
'F) (x 10'? neutrons/cm?) (in.) (X 103 psi) (X 107 psi) %
51A5201 72 Unirradiated 3.5 61.3 78.9 219
51A5202 71 4.6 3.5 107.1 115.5 16.6
51A5204 250 4.0 3.5 96.6 107.1 12,6
51A5203 500 4.5 3.5 89.5 106.1 10.3
51A5206 73 0.43 4.2 85.3 98.7 16.0
51A5208 74 0.68 4.2 89.5 101.9 19.3
51A5207 500 0.59 4.2 72.3 94.1 12.9

2L rom top surface of plate to specimen center.

110

80

HSST ASTM A533 B
SUBMERGED-ARC WELD

" 0 759 TEST TEMPERATURE
A 500°F TEST TEMPERATURE
——— ASTM A533 B HSST PLATE 02

YLELD STRENGTH, ksi

IRRADIATION TEMPERATURE, 510%F

50 | | { { |
0 1 2 3 4 5

[RRADIATI ON FLUENCE, nicm’ x 108 (E>1 MeV)

RADIATION HARDENING AND EMBRITTLEMENT
IN ASTM A533, GRADE B, CLASS 1 STEEL

W._J. Stelzman

Additional data have becn developed from the load-
time records taken during the testing of submerged-arc
weldment test specimens both before and after irradia-
tion. Figure 3.15 shows the fracture energy variation
with test temperature for specimens at the %, ,-T
location. The submerged-arc weldment description and
test results have been discussed previously.?"' © Figure

9. D. A. Canonico, “Characterization ot Heavy-Section Steel
Weldments,” HSST Program Semiannu. Progr. Rep. Feb. 2§,
1969, ORNL-4463, pp. 29-35.

10. R. G. Berggren, W. J. Stelzman, and T. N. Jones,

Fig. 3.14. Effect of irradiation fluence on the yield strength “Radiation Hardening and Lmbritticment in ASTM Grade B,
of ASTM A533-B submerged-arc weld. Data points are those of Class 1 Steel,”” HSST Program Semiannu. Progr. Rep. Aug. 31,
weld material, while the curves are of base plate material.

1970, ORNL-4653, pp. 38—40.
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Fig. 3.15. Effect of irradiation on the variation of Charpy
V-notch test results on irradiated and unirradiated specimens of
HSST submerged-arc weldment S51B at 1/12-'1‘ location, WL
orientation.

3.16 shows the fracture load parameters, and Fig. 3.17
shows the fracture energy parameters for the same tests.
Irradiation translates the load parameters to higher test
temperatures and higher loads and the energy param-
eters to higher test temperatures but to lower energies.

Comparison of the effects of irradiation in the
temperature range 550 to 565°F on Y, ,-T material
from the submerged-arc weldment and ¥%-T material
from plate section O2FB, a comparable base plate
material previously reported.'! indicates that irradia-
tion causes the load parameters in both cases to shift to
higher loads and higher test temperatures. However, the
magnitude of the loads for each separate condition
(irradiated or unirradiated) does not appear to differ
greatly, although the shift to higher temperature due to
irradiation appears to be much greater for the sub-
merged-arc weldment. Cowmparison of the energy param-
eters indicates a fair-sized decrease in all energy
parameters except the energy to maximum load, where
the decrease is small. The shift of energies to higher test
temperatures after irradiation is also apparent. The
magnitude of the energy parameters of both materials
in the unirradiated condition, although not equal, are
comparable; however, after irradiation the submerged-
arc material shows a much greater shift of energies to

11. R. G. Berggren, W, J. Stelzman, and T. N. Jones,
“Radiation [lardening and Embrittlement in ASTM Grade B,
Class 1 Steel,” fISST Program Semiagnnu. Progr. Rep. Feb. 28,
1970, pp. 127-33.
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Fig. 3.16. Effect of irradiation on load parameters de-
termined in instrumented Charpy tests on irradiated and
unirradiated HSST submerged-arc weldment 51B; WL-oriented
specimens.
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Fig. 3.17. Effect of irradiation on energy parameters de-
termined in instrumented Charpy test on irradiated and
unirradiated HSST submerged-arc weldment 51B; WL-oriented
specimens.

higher test temperatures than the 02FB material. This
supports the conclusion that the submerged-arc weld-
ment shows a greater sensitivity to radiation damage
than the base plate at comparable 550 to 565°F
irradiations. The preceding comparison is made more



difficult due to the 2:1 difference in fluence, the
difference in significance of the thickness locations in
base plate and weldment, and the difference in base
plate material (02 instead of the actual 01 base plate).
Similar data for plate 01 irradiated at S50°F and
unirradiated at surface and Y -T locations will be
developed for better comparison; however, the same
2:1 difference in fluence will still exist. Hence, no
direct comparison is possible at this time.

POSTIRRADIATION DYNAMIC-TEAR AND
CHARPY-V PERFORMANCE OF 12-IN.-THICK
A533-B STEEL PLATES AND WELD METAL'?

J. R. Hawthorne
U.S. Naval Research Laboratory

Introduction

Postirradiation notch ductility characteristics of two
12-in.-thick A533-B, class 1 plates and of one 12-in.-
thick A533-B submerged-arc weld deposit have been
determined by the dynamic-tear (DT)!*'* and
Charpy-V (C,)'*® test methods. Materials for this
investigation were obtained from the HSST program
and are fully representative of current practices used for
melting, fabricating, and welding A533-B steel for
nuclear reactor pressure vessels.

The primary objective of this study was to develop
exploratory information on the DT performance of
steel in the irradiated condition. Together with yield
strength, DT shelf level forms an engineering indication
of steel resistance of fracture in the maximum tough-
ness (shelf-level) condition. Ratio analysis diagram
(RAD) procedures!® requiring only these determina-
tions have been devised for the quantitative assessment
of fracture resistance. For the frangible state, the RAD
allows for the establishment of critical flaw size-stress

12. This work was sponsored and performed by the U.S.
Naval Rescarch Laboratory under an informal cooperative
agreement with the HSST program.

13. E. A. Lange, P. P. Puzak, and L. A. Cooley, Standard
Method for the 5/8-1‘11. Dynamic Tear Test, NRL-7159 (Aug. 27,
1970).

14, P. P. Puzak and E. A. Lange, Standard Method for the
1-in. Dynamic Tear Test, NRL-6851 (Feb. 13, 1969).

15. Standard Methods for Notched Bar Impact Testing on
Metallic Materials, ASTM Designation E-23-66, American
Society for Testing and Materials Standards, Part 31, pp.
284300, May 1967.

16. W. S. Pellini, Evolution of Engineering Principles for
Fracture-Safe Design of Steel Structures, NRL-6957 (Sept. 23,
1969).
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conditions for the alloy through fracture mechanics
relationships. Of similar importance, the DT midenergy
range transition temperature approximates the fracture
transition elastic (FTE) temperature. The FTE is
defined as that temperature above which stresses in
excess of yield are required to propagate a large flaw.
The DT performances of steels such as A533 and of
companion weld metals thus are of direct and current
interest to reactor design and operation.

As part of a larger investigation, the current study was
designed to help determine the possible correlation of
C, and DT test results for irradiated structural steels.
Unlike the relatively new DT test method, the C, test
method has seen extensive use in radiation effects
investigations. Development of a correlation between
DT and C, shelf energy would serve to open the way
for utilization of RAD procedures in the evaluation of
both reactor vessel surveillance data and the large bank
of C, data generated by past accelerated irradiation
studies. Trends in C, shelf energy and yield strength
behavior with irradiation at reactor vessel service
temperatures have been reported' 7 for A533 and other
pressure vessel steels. The current study also considered
that a correlation of C, and DT transition behavior with
irradiation would benefit predictions of FTE per-
formance from existing data.

Additional objectives of the study included assess-
ment of the relative radiation embrittlement sensitivity
of plate vs weld deposit and the determination of
possible differences in radiation response of 12-in.-thick
plate due to test orientation or through-thickness test
position. Findings are compared with results for several
thinner gage plates and weld metals of the same
nominal composition." 8

Composition and Heat Treatment

Test plate sections were identified as portions of
HSST plates 01 and 02. The submerged-arc weldment
carried the HSST code number 50 and was fabricated
commercially by Combustion Engineering, Inc. Chemi-
cal compositions of the individual materials are sum-
marized in Table 3.5, and detailed descriptions of

17. J. R. Hawthorne, Trends in Charpy-V Shelf Energy
Degradation and Yield Strength Increase of Neutron Embrittled
Pressure Vessel Steels, NRL-7011 (Dec. 22, 1969); Nucl. Eng.
Des. 11(3),427—46 (1969).

18. J. R. Hawthorne and U. Potapovs, Initial Assessments of
Notch Ductility Behavior of A533 Pressure Vessel Steel with
Neutron [rradiation, NRL-6772 (Nov. 22, 1968); American
Society for Testing and Materials, STP-457, pp. 113-34,1969.
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Table 3.5. Chemical composition of plate and submerged-arc weld deposit

Source Chemical composition (wt %)
Material of -
data C Mn P S Si Ni Cr Mo Cu v
Plate 01 NRL 0.22 1.37 0.008 0.008 0.22 0.66 0.15 0.54 0.18 0.02
Ref. 19 0.22 1.48 0.012 0.018 0.25 0.68 0.52
Plate 02 NRL 0.23 1.48 0.008 0.016 0.19 0.68 0.12 0.51 0.14 0.02
Refs. 19, 20 0.22 1.48 0.012 0.018 0.25 0.68 0.52
Weld deposit NRL 0.13 1.13 0.011 0.008 0.19 0.68 0.05 0.45 0.23 0.03
Weld 50 Ref. 20 0.12 1.35 0.014 0.012 0.23 0.65 0.52
Table 3.6. Summary of irradiation experiments
o ) Fluence (£ > 1 MeV)
Irradiation Material Thlckpess ‘Test' (X 1019 neutrons/cm?)
series location orientation
Fission spectrum Calculated spectrum
<300°F (149°C) Plate 01 YT WR 2.7 a
Plate 02 ) RW 3.1 a
Yt WR 2.8 a
Surface WR 3.3 a
550°F (288°C) Plate 01 YT WR 2.8 2.5
Plate 02 T RW 2.7 2.4
YT WR ~2.6b ~2.3
Weld 50 Yitoh T ¢ 2.5 2.2

2Not available.
bDT specimens irradiated at 475°F (246°C).

“Specimen long dimension perpendicular to welding direction.

materials fabrication and heat treatment have been
published.! 972!

The standard C, specimens and DT specimens 1% X
7 X % in. thick were taken from plate 01 in the
transverse (WR) test orientation only; similar specimens
were taken from plate 02 in both longitudinal (RW) and
transverse (WR) test orientations. Specimens from weld
50 were removed from the larger of the two welded

19. C. E. Childress, Fabrication History of the First Two
12-in. Thick ASTM A-533 Grade B, Class 1 Steel Plates of the
Heavy Section Steel Technology Program, Documentary Report
1, ORNL-4313 (February 1969).

20. C. E. Childress, Fabrication Procedures and Acceptance
Data for ASTM A 533 Welds and a 10-in. Thick ASTM A 543
Plate of the Heavy Section Steel Technology Program, Docu-
mentary Report 3, ORNL4313, Pt. 3 (January 1971).

21. F. J. Loss, J. R. Hawthorne, and C. Z. Serpan, Jr., 4
Reassessment of Fracture-Safe Operating Criteria for Reactor
Vessel Steels Based on Charpy-V Performance, NRL-7152
(Sept. 8, 1970); Trans. Amer. Soc. Mech. Eng., Winter Annual
Meeting, New York, December 1970.

grooves forming the 2:1 offset double-U weld joint and
were oriented with the long specimen axis perpen-
dicular to the welding direction. Specimen notches in
all cases were perpendicular to the plate or weldment
surface.

Irradiations

The investigation employed both <300°F (149°C)
and 550°F (288°C) specimen irradiations. The low-
temperature exposures (four) were conducted in the
materials test reactor (MTR), and the controlled
elevated-temperature exposures (four) were performed
in the Union Carbide Research Reactor (UCRR). In
some experiments two 0.252-in.-diam tension test
specimens were included with the DT-C, specimen
array.

A summary of irradiation experiments is given in
Table 3.6. Approximately the same neutron fluence
level was attained in each exposure [2.5-3.3 X 10'°
neutrons/em? (£ >.1 MeV)]. Both the <300°F
(149°C) irradiation series and the S550°F (288°C)
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irradiation series emphasized plate 02. Limited stock  typically produced by low- and elevated-temperature
precluded a low-temperature radiation assessment of  irradiation are given in Figs. 3.18 and 3.19. Note that
the weld deposit. the inherent fracture characteristics of the larger DT
specimen places the DT transition curve to the right of

Results the C, curve. Figure 3.20 illustrates the special case of a

properties gradient through the thickness region under

Tables 3.7 and 3.8 summarize findings for the several  test, while Fig. 3.21 compares C, and DT data for the
reactor experiments. Examples of C, and DT changes  weld deposit. Additional graphical presentations of data
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Fig. 3.18. Comparison of the Charpy-V and dynamic-tear test performance of a thick A533-B, class 1 steel plate (plate 01)
before and after <300°F (149°C) irradiation. All specimens were taken from the quarter-thickness location and represent the
transverse test orientation.
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Fig. 3.19. Comparison of the Charpy-V and dynamic-tear test performance of a thick A533-B, class 1 steel plate (plate 01)
before and after 550°F (288°C) irradiation. All specimens were taken from the quarter-thickness location and represent the
transverse test orientation.



Table 3.7. Summary of Charpy-V and dynamic-tear transition temperature determinations for plate and submerged-arc weld deposit

Transition temperature
Fluence ? D

19 . : [ s .
Material i | i<r )1 0'/ ., C, mid-cnergy DT mid-energy C, 30 ft-ib
n?;‘ 1(7\];;\;;111 Initial Irradiated Increase Initial Irradiated Increase [nitial Irradiated Increase
°F °C v °C A%F  a°C °F °C °%F % A°r a%C °F °C °r °C A°F A%
<300°F (149°C) Irradiation
Plate 02 2.8 85 29 360 182 275 153 115 46 380 193 265 147 45 7 360 182 315 175
(4 T. WR)
Plate 02 3.1 85 29 330 166 245 136 115 46 415 213 300 167 30 1 325 163 295 164
4T, RW)
Plate 02 3.3 60P 51 165 74 225 125 0 18 310 154 310 172 —105° 76 165% 74 270 150
(Surtf., WR) 30¢ 1 30¢ --34
Plate 01 2.7 60 I6 330 166 270 150 105 41 395 202 290 el 15 9 325 163 310 172
(Y4 T, WR)
550°F (288°C) Irradiation

Plate 02 2.6 85 29 235 113 150 83 115 46 d 45 7210 99 165 92
(4 T, WR)
Plate 02 2.7 85 29 235 113 150 83 115 46 255 124 140 78 30 -1 200 93 170 94
(LT, RW)
Plate 01 2.8 60 16 230 110 170 94 105 41 270 132 165 92 15 9 215 102 200 111
("4 T, WR)
Weld 50 2.5 20 -7 240 116 220 122 55¢ 13235 113 180 100 ~45 -43 225 107 270 150

4See Table 3.6 for corresponding calculated spectrum fluence >1 MeV,
bLaycr 1 (surface).

CLayer 2 (1/2 to 1 in. below surface).

ap1 specimens irradiated at ~475°F (246°C).

€Ref, 17.

8¢
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Table 3.8. Summary of Charpy-V and dynamic-tear shelf energy determinations for plate and submerged-arc weld deposit

Fluence d”fs Approx. C, shelf energy (ft-Ib) DT shelf energy (ft-Ib) Approx. DT/C,,

) %1019 Y
Material [ R N shelf energy ratio
neutrons/cm®  Initial  lrrad. Percent Initial Irrad. Percent
(>1MeV)] reduction reduction Initial Irrad.
<300°F (149°C) Trradiation
Plate 02 2.8 99 64 35 830 490 41 8.4:1 7.7:1
(Y4 T.WR)
Plate 02 3.1 122 83 32 890 660 26 7.3:1 7.9:1
(%4 T.RW)
Plate 02 3.3 9g8b 64% ~35 750 455 39 7.7:1 ~7.1:1
(Surf., WR) 109¢
Plate 01 2.7 104 69 34 845 580 34 8.1:1 8.4:1
(4 T.WR)
550°F (288°C) Irradiation
Plate 02 2.6 99 ~85 14 830 4909 41 8.4:1 58:14
(4 T, WR)
Plate 02 2.7 122 ~102 14 890 ~805 10 7.3:1 7.9:1
(4 T.RW)
Plate 01 2.8 104 73 23 845 640 27 8.1:1 8.8:1
(4 T.WR)
Weld 50 2.5 125 70 44 ~1350¢ =570 58 10.8:1 8.2:1
* 2See Table 3.6 for corresponding calculated spectrum fluence >1 MeV.
bLayer 1 (surface).
€Layer 2 (1/2 to 1 in. below surface).
apT specimens irradiated at ~475°F (246°C).
" €Ref. 17.
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Fig. 3.20. Relative Charpy-V and dynamic-tear test performance of a thick A533-B, class 1 steel plate (plate 02) before and after

orientation).

<300°F (149°C) imradiation. Specimens were taken from the plate surface location as indicated by the insert diagram (transverse test
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Fig. 3.21. Comparison of the Charpy-V and dynamic-tear test performance of a thick A533-B, class 1 submerged-arc weld
deposit before and after 550°F (288°C) irradiation. Specimens were taken between the quarter- and half-thickness locations with
their long dimension perpendicular to the welding direction.




are given in Figs. 3.22 to 3.24. In all cases it should be
noted that the C, and DT energy scales are given in a
ratio of 1:10.

A common but arbitrary measure of irradiation
response is the C, 30 ftlb transition temperature
increase; however, the mod-energy range transition
temperature increase was applied in this case as a more
appropriate measure for C, vs DT performance com-
parisons. In Table 3.7 it is seen that C, and DT
transition increases for individual plate quarter-
thickness locations compare well on the basis of this
index. It is reemphasized that data for the surface layer
(Fig. 3.20) require special consideration. Results for the
weld deposit also show reasonable agreement between
C, and DT mid-energy transition increases. The above-
average data scatter noted in Fig. 3.21 for both pre- and
postirradiation weld conditions denote a need for more
research on the fracture characteristics of submerged-
arc welds. For example, irradiated DT specimens
exhibited pronounced shear lip development, which, on
close examination, suggested that the fracture occurred
along preferred paths within the multilayered weld
deposit; that is, the fracture path tended to follow
certain layers within the duplex weld microstructure
(fine plus coarse grain regions). Observations concerning
such tendencies account for the apparent data scatter
more readily than recorded differences in specimen-to-
specimen exposure conditions.

The compilation of DT and C, shelf energy values
(Table 3.8) for the several reactor experiments show
that percent reductions in shelf level determined inde-
pendently by the two test methods are in relatively
good agreement. In Fig. 3.18, a 34% decrease in both
C, and DT shelf energy is indicated. In Fig. 3.19 the C,
and DT shelf energy reductions are 23 and 27%
respectively. A more important observation from Table
3.8 is that the ratio of DT shelf energy to C, shelf
energy before and after irradiation is a fairly constant
value in each case except for the submerged-arc weld
deposit. Pre- and postirradiation ratios for the data in
Figs. 3.18 and 3.19 are, respectively, 8.1:1 and 8.4:1,
and 8.1:1 and 8.8:1. As discussed below, data for other
A533 materials and for A543, class | plates support this
finding.2!

Referring to Fig. 3.20, the indicated properties
gradient has been associated with a local gradation in
microstructure resulting from the water-quench heat
treatment. As a measure of the gradient, C, specimens
taken in two adjacent layers next to the plate surface
indicated a 75°F (42°C) difference in preirradiation
transition temperatures. Obviously, an attempt to relate
either of the C, brittle-ductile transition indications

with the DT transition performance would be mis-
leading. Since the C, shelf level appears relatively
insensitive to test depth, however, comparisons between

the “‘average” C, shelf value and the DT shelf value
were felt reasonable. Good correspondence in per-
centage shelf reductions and in shelf energy ratio
relationships were again observed.

An in-depth analysis of the characteristics and signif-
icance of radiation-induced DT toughness gradients in a
pressure vessel wall has been presented elsewhere.??

Discussion

The observed comparability of radiation-induced DT
and C, transition temperature increases in all plate and
weld assessments and in the concomitant DT and C,
shelf energy reductions is most revealing. For A533-B
plate, it would appear that, knowing the preirradiation
correspondence of C, and DT performance, postirradi-
ation DT features such as transition temperature and
shelf level could be calculated with reasonable accuracy
from postirradiation C, results. A DT mid-energy range
transition temperature so derived would approximate
the postirradiation FTE temperature to guide reactor
startup and shutdown pressure-temperature applica-
tions. From calculated DT shelf values and yield
strength information. RAD procedures could also be
applied to ascertain the general level of fracture
resistance for the fluence level in question. Figure 3.25,
from a report by Loss, Hawthorne, and Serpan,’!
shows the highly consistent correspondence of C, to
DT shelf energy found among many AS533 plates
(including those of this study), an A302-B plate, and
two A543, class 1 plates. The data for both unirradiated
and irradiated conditions describe an 8.0:1 ratio of DT
to C, shelf energy. Note that all data fall within the
limits of a 10% deviation from the 8.0:1 correspond-
ence line. The data encompass a C, shelf energy range
of 40 to 140 ft-Ib and a DT shelf energy range of 300 to
1200 ft-1b.

It is interesting to note that for the submerged-arc
weld, the postirradiation condition but not the preirra-
diation condition conforms to the 8.0:1 ratio relation.
Whether or not similar correspondence would be
observed with other exposure temperature—influence
conditions has yet to be determined. Unlike the
submerged-arc weld, data for an AS533-B electroslag

22. I'. J. Loss, J. R. Hawthorne, and C. Z. Serpan, Jr.,
Analysis of Radiation Induced Embrittlement Gradients on
Fracture-Characteristics of Thick-Walled Pressure Vessel Stecls,
NRL-7209 (pending publication).
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Fig. 3.22. Comparison of the Charpy-V and dynamic-tear test performance of a thick A533-B, class 1 steel plate (plate 02)
before and after <300°F (149°C) irradiation. All specimens were taken from the quarter-thickness location and represent the
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longitudinal orientation.
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Fig. 3.24. Comparison of the Charpy-V and dynamic-tear test performance of a thick A533-B, class 1 steel plate (plate 02)
before and after 550°F (288°C) irradiation. All specimens were taken from the quarter-thickness location and represent the

longitudinal orientation.

weld in the preirradiation condition do conform to the
ratio relationship (see datum 16 in Fig. 3.25). Therefore
the high preirradiation ratio behavior of the sub-
merged-arc weld may be characteristic of submerged-arc
or other similar muitipass welds. The need for addi-
tional assessments of such welds is suggested.

In Fig. 3.26, changes in the shelf level performance of
plates 01 and 02 with neutron exposure are shown on
the RAD. Preirradiation performance is indicated by
the cross-hatched symbols. Open symbols represent the
550°F (288°C) irradiation condition; closed symbols
depict the <300°F (149°C) irradiation condition. The
measured yield strength clevation of plate 01 with
550°F exposure (Table 3.9) was taken as an approxi-
mation of postirradiation yield strength increasc for
plate 02. Significant reductions in notch toughness are
indicated for both RW and WR test orientations.
However. data for the S5SS0°F exposure condition
remain to the left (i.e., ““above™) the ratio infinity (°°)
line. In this zone plane strain fracture is remote even
with thick-section components. A similar unsuscepti-
bility to plane strain fracture is suggested by results for
the weld metal (not shown). Notably, the performance
of plates 01 and 02 of the weld with 550°F irradiation
compares favorably with the performance of several
other AS33 plates and weld deposits indicated by the

data envelope'” (hatched region) of Fig. 3.26. More
severe reductions in toughness accomplished by
<300°F (149°C) exposures of plates Ol and 02
succeeded in shifting the WR orientation performance
indications to the region described by 15--o° ratios.
Here, plane strain fracture is considered a faint possi-
bility in very thick-section components (>6 to 7 in.)
according to fracture mechanics interpretations of
behavior under mechanical constraint behavior.

Shelf data for both plates when compared with the
data trend (RW orientation) for the ASTM A302-B
reference plate (Fig. 3.26) are indicative of superior
toughness in pre- and postirradiation conditions. The
trend in toughness degradation described for the
A302-B plate was established from <300°F exposure
data; however, 550°F exposure data appeared to follow
the same trend path.!7 Trend lines drawn through the
data for plates 01 and 02 are seen to exhibit the same
initial shape as that for the A302-B plate. Thus it can be
speculated that the three stages of change in shelf level
vs yield strength revealed for the A302-B steel are a
characteristic of AS533-B steel as well. Similar trend
features have been observed for A543 steel.!”

Radiation embrittlement sensitivities of the plate and
weld deposit relative to the performance of the ASTM
reference plate are indicated in Fig. 3.27. Note that the
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Fig. 3.25. Pre- and postirradiation comparisons of Charpy-V and dynamic-tear shelf energies from numerous plates of A533 steel.
Comparisons are also illustrated from two plates of A543 steel, the A302-B ASTM reference plate, and an A533 electroslag weld

(Ref. 21).

ordinate of this figure is given as “Increase in C, 30
ft-lb Transition Temperature.” The range of sensitivity
variations observed with several other AS533 plates and
weld deposits in 550°F (288°C) exposures is also
indicated.' 7"'® In terms of apparent sensitivity to
<300°F radiation embrittlement. plates 02 and 01
(quarter-thickness locations) are comparable to the
reference plate. A lower radiation embrittlement sus-
ceptibility is described for the surface layer of plate 02.
This is believed to be primarily a reflection of the
different microstructure at the plate surface Jocation.?3
In another study, Berggren found the surface of plate
0l to be less sensitive to radiation at 150°F than the
plate interior.?* Referring next to the 550°F (288°C)

exposure condition, plate 02 and the A302-B reference
plate again show similar irradiation responses. On the
other hand, plate 01 and weld 50 show greater
susceptibilities to embrittlement at this temperature.
The higher copper contents of plate 01 (0.18%) and
weld 50 (0.23%) relative to plate 02 (0.14%) help

23. D. A. Canonico, “‘Microstructure Studies of HSST Plate
01, HSST Program Semiannu. Progr. Rep. Aug. 31, 1968,
ORNL-4377, pp. 29-32.

24. R. G. Berggren et al., “Radiation Hardening and Lmbrit-
tlement in ASTM AS533, Grade B, Class 1 Steel,” JISST Program
Semiannu.  Progr. Rep. Feb. 28, 1969, ORNL-4463, pp.
117-20.
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account for the differences in sensitivity among these
materials.2® To further explain weld deposit per-
formance, it has been suspected®® that a cast structure
is more sensitive to radiation embrittlement than a
wrought structure. Surprisingly, the radiation embrittle-
ment tendencies of plates 01 and 02 and of the weld at
S50°F (288°C) are greater than that which would be
projected from relative copper content and the trend
for the A302-B reference plate (0.21% Cu). It is

25. U. Potapovs and J. R. Hawthorne, The Effect of Residual
Elements on 550°F Irradiation Response of Selected Pressure
Vessel Steels and Weldments, NRL-6803 (Nov. 22, 1968); also
Nucl. Appl. 6(1),27—-46 (January 1969).

26. J. R. Hawthorne and U. Potapovs, Through-Thickness
550°F Irradiation Response of 8-in. A533-B, Class I Production
Weldment, NRL Report of Progress, pp. 26--28 (February
1969).

proposed that the higher nickel content of the A533-B
materials, or other small composition differences, may
be contributing directly or indirectly to their greater
radiation sensitivity at this representative service
temperature.?”’

Conclusions

Charpy-V (C,) and %-in. dynamic-tear (DT) speci-
mens taken from 12-in.-thick A533-B, class | plates and
from a 12-in.-thick submerged-arc weld deposit have
been irradiated at <300°F (149°C) and at S550°F
(288°C). The materials, identified as plates 01 and 02
and weld 50 from the HSST program, are representative

27. J. R. Hawthorne, E. Fortner, and S. P. Grant, “Radiation
Resistant Experimental Weld Metals for Advanced Reactor
Vessel Steels,” Welding J., Res. Suppl. 35(10), 453s-460s
(October 1970).




Table 3.9. Summary of ambient temperature yield strength
determinations for plate and submerged-arc weld deposit

Fluence® ¢ o

[x 10'° Yield strength (ksi)
Material
neutrons/cm? Initial Irrad. Increase
(>1 MeV)|

<300°F (149°C) Irradiation
Plate 02 2.8 71.6 123.1 51.5
(4 T, WR)
Plate 02 3.1 70.7 125.9 55.2
("4 T,RW)
Plate 02 3.3 79.6 135.6 56.0
(Surf., WR)
Plate 01 2.7 68.5 122.5 54.0
(4, T, WR)

550°F (288°C) Irradiation
Plate 02 2.6 71.6 91.6 20
(4, T, WR)
Plate 02 2.7 70.7 90.7b 20
M T.RW)
Plate 01 2.8 68.5 88.4 19.9
4 T, WR)
Weld 50 2.5 63.7 88.7P 25

4See Table 3.6 for corresponding calculated spectrum fluence
>1 MeV.
bEstimated.

of current steelmaking and welding practices. Primary
observations and conclusions drawn from the investi-
gation are as follows.

1. Postirradiation mid-energy transition temperature
increases determined independently by C, and DT test
methods were comparable in both platc and weid
assessments (quarter-thickness locations). The effect of
a plate surface layer was not qualified in view of the C,
properties gradient with thickness at this location.

2. Postirradiation shelf energy reductions determined
by C, and DT test methods were comparable in plate
assessments.

3. Postirradiation shelf energy reductions determined
by C, and DT test methods were not comparable in the
submerged-arc weld assessment. Fracture appearances
of irradiated weld DT specimens suggest preferred paths
for fracture consistent with the duplex-layered micro-
structure of submerged-arc welds. A need for additional
research on the fracture characteristics of multipass
weld deposits is evidenced by pre- and postirradiation
results.

4. Ratios of DT to C, shelf energy for pre- and
postirradiation conditions of plate (quarter-thickness

and surface layers) and for the postirradiation condi-
tions of the weld conform well to the gencral 8.0:1
DT-to-C, ratio relationship observed in a broader study
of A533, A302-B, and A543 steels.

5. Observations for mid-energy transition increase
and shelf energy reduction suggest that postirradiation
DT properties of A533-B plate can be predicted with
reasonable accuracy from postirradiation C,, results if
preirradiation C, vs DT characteristics are known.

6. Postirradiation shelf level performance assessments
by ratio analysis diagram (RAD) procedures indicate
relatively good toughness retention by both plate and
weld deposit with SSO°F (288°C) exposures. For the
<300°F (149°C) exposure condition, RAD analyses
indicate that plane strain fracture would be possible but
would require very thick components and very large
flaws.

7. Comparisons of C, 30 ft-lb transition temperature
increases show that plates 01 and 02 and the ASTM
A302-B reference plate have similar irradiation re-
sponses at <300°F (149°C). At 550°F_ plate 02 and the
reference plate have comparable irradiation responses;
however, plate 0! and the weld deposit show higher
embrittlement tendencies at this temperature.

8. Radiation embrittlement sensitivity at 550°F
(288°C) was found to increase with increasing copper
content as expected; however, embrittlement sensi-
tivities of all three AS33 materials exceeded expecta-
tions. An influence of nickel content on radiation
sensitivity development is proposed.
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4. Pressure Vessel Investigations

The testing of large flawed tensile specimens and
complementary smaller specimens continues to be a
major area of work. In addition, a series of small
nozzled epoxy vessels have been tested, data from
which have been used to obtain shape factors applicable
to brittle fracture calculations using linear elastic
fracture mechanics. Preparation of the facility for
testing the intermediate test vessels has been accel-
erated, and the fabrication of the pressure vessels
themselves continues to be actively followed.

TESTING OF 6-in.-THICK FLAWED TENSILE
SPECIMENS'

S. C. Grigory
S.P. Ying
Southwest Research Institute

Thirteen 6-in-thick tensile specimens have been
tested to date. The results of ten of these tests were
reported previously. The last three specimens tested
were ©O-in.-thick quenched and tempered plate with
weldments normal to the longitudinal axis of the
specimen. The machined flaws were sharpened by
fatigue cracking placed in the weld metal.

A series of six l-in.-thick tensile specimens, exact
Ys-scale replicas of the 6-in-thick specimens, were
broken over a temperature range of 50 to 200°F. These
specimens contained machined flaws sharpened by a
process utilizing electron-beam welding and hydrogen
charging.

The acoustic emissions of both the 6- and Il-in.
specimens were monitored during the tests.

1. Research sponsored under UCCND Subcontract No. 3202
between Union Carbide Corporation and Southwest Research
Institute.

Six-in.-thick Flawed Tensile Specimens
with Weldments

Specimen description

The basic dimensions of the welded tensile specimens
and the machined notch are given in Fig. 4.1. It may be
seen that the three welded specimens are slightly
smaller than the previous ten specimens tested; instead
of the usual 6- by 18-in. cross section, the cross section
is 5.6 by 16.75 in. Also, the welded plates are quenched
and tempered 6-in.-thick plate, whereas the previous ten
specimens were center material from the 12-in.-thick
HSST plates.

The flaws were machined semicircular notches
sharpened by fatigue cracks. The notch-sharpening
procedures were previously described.? The notch
dimensions before and after sharpening are given in
Table 4.1, and the three welded specimens after failure
are shown in Fig. 4.2. The flaws were placed in the
center of the welds, so that the test was essentially a
test of weld metal in the presence of a flaw in a heavy
section.

Test results

The three welded specimens were tested at temper-
atures of 0, 75, and 160°F. Pertinent test parameters
are given in Table 4.2, and the load-strain curves are
given in Fig. 4.3. The actual loads achieved on these
tests were somewhat lower than previous tests because
of the reduced cross-sectional area.

A very definite pop-in occurred during the test of
specimen 13, tested at 75°F. The crack had been
visually inspected at the 5.9 X 10° Ib load increment

2. F. J. Witt, HSST Program Semiannu. Progr. Rep. Feb. 28,
1971, ORNL-4681.
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MACHINED NOTCH DIMENSIONS
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Fig. 4.1. Specimen and notch geometries of the welded tensile specimens.

Table 4.1. Notch dimensions before and after notch sharpening

Machined notch

Notch dimensions Notch dimensions?

Specimen dimensions after sharpening at ultimate load
No. (in.) (in.) (in.)
Depth Length Radius Depth Length Depth Length
i1 1.84 7.50 4.75 2.45 7.75 2.58 7.75
12 1.85 7.44 4.75 2.75 8.00
13 1.85 7.38 4.75 2.25 7.50 2.44 7.50

IMeasurement made after fracture.

and was observed to be very tight. While data were
being obtained at the 5.95 X 10° Ib load increment
(gross section stress of 63.5 ksi), a loud report was
heard, and the load on the specimen dropped. The
crack was inspected a second time and was observed to
have opened a noticeable amount.

The elastic limit load given in Table 4.2 is the load at
which the sharp break occurs in the stress-strain curves
shown in Fig. 4.3. Actually, the specimens showed signs
of yielding between 3 and 4 X 10° Ib.

One-in.-thick Flawed Tensile Specimens
Specimen description

The 1-in.-thick tensile specimens are -scale models
of the 6-in.-thick specimens. They are tested in an exact
scale replica of the grip plates used on the Southwest

Research Institute 15 X 10° Ib tensile test machine for
testing the 6-in.-thick specimens, so that the load
distribution on the test section is duplicated in the
l-in.-thick specimens.

All 1-in. specimens tested to date have been longi-
tudinal specimens. The first two tested were center
material from HSST plate 03; all subsequent specimens
have been center material from HSST plate Ol. Also,
the flaws in the first two specimens were sharpened by
a fatigue crack induced by bending the specimen; the
flaws in all subsequent specimens were sharpened by
charging a brittle zone at the root of a machined notch
with hydrogen.? The notches were placed in the
specimens using electrical discharge machining. The
brittle zone at the root of the notch was created by
concentrated heating with an electron-beam welder. A
10% solution of H,SO4 was used as an electrolyte for
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Fig. 4.3. Load-strain curves for the three welded tensile specimens.

hydrogen charging. All machining and precracking,
except for the fatigue work, has been performed at
ORNL. The precracks formed using the electron-beam
welder will hereafter be referred to as EB cracks.

Three specimens with EB cracks were tested as
received. Since it was suspected that either residual
hydrogen or residual stress remaining in the specimen as
a result of the precracking technique could affect the
test results, one specimen was stress relieved and a
second was baked at 400°F for 2 hr to drive off residual
liydrogen. There was no appreciable difference in the
test results of these specimens, tested at 200°F, but all
subsequent specimens have been baked at 400°F as a
precautionary measure.

Test results

Figure 4.4 shows a l-in. test specimen in the test
fixture with clip gages attached. Six clip gages were
used on the first specimens tested; however, the number
was reduced to four after it was decided that the hole
drilled in the side of the specimen affected the strain
distribution at the adjacent strain gages and that the
strain gage information was more desirable than the
data from the clip gages. Sixteen strain gages were
placed on each specimen.

Some of the pertinent test parameters are given in
Table 4.3. A complete review of the strain data will be
presented in a technical summary report that is being
prepared.

Acoustic Emissions Monitoring

The reactor industry is actively engaged in developing
acoustic emission monitoring equipment for in-service

reactors, but the information available on the charac-
teristics of the emissions in heavy-section structures is
scant. However, much work is being performed on small
cracked specimens, with certain trends and relationships
being noted. It is important that these relationships be
confirmed for heavy-section plates and that the possi-
bility be investigated that other phenomena, not de-
tectable in small specimens, occur in heavy sections.
Two areas of particular interest in this endeavor are (1)
the variation of rate of emissions with strain or stress
level and (2) the variation of total counts (frequency
cycles of a given transducer) with stress intensity factor.

Acoustic emissions from 6-in.-thick flawed weld metal
specimens and l-in.-thick tensile specimens of base
metal were monitored during the tensile tests in the
temperature range 0 to 200°F. The rates of emissions
and their accumulations were studied as functions of
the applied stresses and the stress intensity factors
respectively. The acoustic emission due to plastic
deformation was also observed from a large specimen
tested at 150°F. It was found that variation of acoustic
emission with stress level or stress intensity factor for
the large specimens is similar compared with that of
small-crack specimens, but the emission from 6-in.
specimens is higher than that from the l-in. specimens.

Experiments

Acoustic emission monitoring of 1-in.-thick flawed
specimens. Acoustic emissions from six I-in.-thick
flawed base-metal specimens tested at 50, 75, 100, and
200°F have been monitored. Each specimen had an
electron-beam weld crack with a circular segment
surface, as described above, and direction of the tension







Table 4.3. Tensile test data for 1-in.-thick specimens

Elastic Elastic limit ) Ultimate stress .
Specimen Test HSST Gage Width  Thickness Gross Net limit stress (Ksi) Ultimate (ksi) Average straam
No. temperature plate lepgth (in) (in) area z?reza load —_— loAad —_— at ultimate
(°F) No. (in.) (in.2)  (@n.%) . Grc_)ss N‘?t (kips) Grgss N‘?t (%)
(kips) section section section section
2 210 03 4 3 1 3 2.66 175 58.4 65.7 230.6 78.6 88.9 5.61
3 50 03 4 3 1 3 2.42 176 58.6 72.7 223.0 74.3 92.2 5.75
4 50 01 4 3 1 3 2.60 145 48.2 55.7 195.0 65.0 75.0 1.21
N 75 01 4 3 1 3 261 160 53.3 61.4 235.0 78.4 90.0 4.98
6 200 01 4 3 1 3 2.60 160 533 61.6 224.0 74.6 86.1 4.30
7b 200 01 4 3 1 3 2.60 165 55.0 63.4 220.0 73.3 84.6 5.77
8 200 01 4 3 1 3 2.58 155 S51.6 60.1 215.0 71.6 83.3 5.32
9 75 01 4 3 1 3 2.59 160 53.3 61.8 225.0 75.0 86.8 4.62

9Based on deflection of specimen gage length (4 in.)
bStress relieved.
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Fig. 4.6. Acoustic emission from 1-in.-thick tensile specimen.

are typical acoustic emission curves, similar to those
obtained from the 6-in.-thick specimens reported pre-
viously. The acoustic emission increases rapidly before
the yield, and the curve has a small plateau near the
yield point. The emission increases again until the
specimen breaks.

Data were obtained in 25-kip increments below 125
kips and in 5-kip increments when the approximate
failure load was approached. It was noticed that during
the few steps at the beginning of the tests, the acoustic
emission stopped when loading was stopped for strain
data recording; however, when the stresses were near
and beyond the yield points, there were emissions when

a constant load was held on the specimen. This
occurred because of the different behaviors of elastic
and plastic emissions.

As shown in Fig. 4.6, the curves plotted on loga-
rithmic coordinates are almost linear prior to the yield
points. This portion of the curves fits the equation for
the accumulation counts of emissions N = AK;"*, where
A is a constant and # is the slope of the curve on a
logarithmic coordinate. The slopes n are plotted vs the
test temperatures in Fig. 4.7.

Two 1-in.-thick specimens received special treatment
before they were tested at 200°F. One was given a
postweld heat treat for stress relief and another was
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Fig. 4.7. Temperature-dependent effect of acoustic emission.

heated at 400°F for 2 hr to bake the hydrogen out. For
comparison, the acoustic emission counts obtained
from these two specimens are presented in Fig. 4.8. The
heat-treated specimen had a lower emission rate.

Acoustic emission from 6-in.-thick welded tensile
specimens. Figure 4.9 shows the acoustic emission data
obtained from the tensile tests of three 6-in.-thick
flawed weld-metal specimens. The accumulation counts
were also plotted vs the stress intensity factors on
logarithmic coordinates. The slopes of the linear parts
of the curves before the yield points are nearly the same
for three different test temperatures. The values of the
slopes are about 3 + 0.5. These variations of the slopes
are comparable with possible experimental errors.

The tensile tests were also conducted at small
increments of the applied stresses. It was of interest to
observe the acoustic emission when a constant load was
held on the specimen until no increase in strain
occurred. The emissions were particularly interesting
after the applied stresses passed the yield point during
the test at 160°F. The stresses were held constant at
57.6, 59.8, 63.2, and 65.9 ksi once, twice, or three
times at each step. The specimen failed during the third
period of holding the load at the constant stress of 65.9
ksi. The accumulation of acoustic emission and the rate
of acoustic emission during the constant-stress periods
are plotted as a function of the applied stress on linear
coordinates in Fig. 4.10.

Since the sensitivities of the acoustic emission moni-
toring system were set at slightly different levels for the
tests in this report, in comparison with the tests
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Fig. 4.8. Acoustic emission from 1-in.-thick tensile specimens
tested at 200°F.

previously reported, the counts of emission should be
adjusted for the different sensitivity levels. From the
calibrated counts of acoustic emissions obtained in
these two series of tests, it was found that the emission
from 6-in.-thick specimens is higher than that from the
l-in.-thick specimens.

SHAPE FACTORS FOR NOZZLE CORNER CRACKS
R. W. Derby

Shape factors for nozzle corner cracks in two types of
epoxy model pressure vessels were determined experi-
mentally. The vessels are shown in Fig. 4.11, and the
important dimensions are given in Table 4.4. Experi-
mental elastic stress analyses for the nozzle for both
vessels are presented.

Shape factors are defined implicitly by the funda-
mental equation of fracture mechanics:

K;=Co, /ma, (nH

where K is the stress intensity factor, ¢, is the nominal
stress, a is crack depth, and C is the shape factor.
Since

K; =K, (2)

Table 4.4. Data on epoxy models

Inside Wall Nominal Nozzle
. . nozzle wall
radius  thickness . .
(in.) (in.) radius thickness
’ ' (in.) (in.)
Small, thick walled 1.70 0.71 0.507 0.48
Large, thinner wall 2.69 0.59 0.93 0.56
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Fig. 4.9. Acoustic emission from 6-in.-thick welded tensile specimens.









a perpendicularity tolerance of 0.001 in. is required.
Furthermore, a starter notch introduced with a tiny
cutting wheel mounted on a milling machine works
much better than a carefully guided jeweler’s saw.

4. We found that both beams and vessels were
most fragile when the fatigue machine was started
up after a shutdown of several hours. Many beams
would break on the first cycle. Because this dif-
ficulty was attributed to some kind of temperature
effect at the crack tip, we warmed the oil in the
beam cycling machine to 120°F before resuming
cycling. The temperature was then allowed to return
gradually to a normal 70°F. This procedure saved
many beams. A simitar effect was achieved for the
vessels by operating at reduced pressure during the
first 30 min of cycling.

5. To insure that both vessels and beams were at
the same state of toughness, we allowed an interval
of many hours (usually overnight) to elapse between
the completion of the fatigue cycling and the de-
structive test.

6. The toughness was found to be age dependent.
Thus all the vessels were seasoned over a year before
being subjected to cyclic loading. This precaution
allowed aging effects to become negligible.

The actual values of K, were calculated from an
equation presented by Brown and Srawley.® The
parameters involved are moment at failure, beam
geometry, and crack depth. Scatter in the K values is
shown by the histogram in Fig. 4.15. The skewed
distribution is noteworthy and indicates that environ-
mental variables were adequately controlled; otherwise,
a few very weak specimens would have been found. The
higher values were probably due to friction. The K,
was taken to be the class mark of the modal class, 900

psivin.
Shape factor determination

The actual measurements on the vessels were simple.
The pressure at burst was measured with a sensitive
pressure gage, and the size of the fatigue crack was
measured with a comparator after burst. The pressure
was used to calculate nominal stress at failure. This
value, along with crack size and K., were substituted
into Eq. (1) to calculate the shape factor. The results
are presented in nondimensional terms in Fig. 4.16.
Also shown for comparison on the same coordinates is
Yukawa’s flat plate model.®

5. W. F. Brown, Jr., and J. E. Srawley, Plane Strain Crack
Toughness Testing of High Strength Metallic Materials, ASTM
STP No. 410, p. 13 (1966).
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Fig. 4.15. Histogram showing distribution of 49 K, spec-
imens cut from the remains of 18 vessels made from 13
different batches of epoxy.

Sample Calculation for a Reactor Vessel

The relevant dimensions of a pressurized-water-
reactor pressure vessel are given in Fig. 4.17. Suppose
that an acceptance test is scheduled for this vessel. The
problem is to calculate the combinations of flaw size
and pressure that would cause failure in the nozzle
corner. The vessel and nozzle are made of A533, grade
B, class 1 steel. Since the highest temperature at which
K;. has been obtained for this steel is 50°F, we shall
use K;, at that temperature in the calculations.” This
value is 140 ksi~/in.

The curve based on the experimental data for the
large epoxy vessels was used to estimate shape factors
for the reactor vessel. Although these vessels are
relatively thicker than reactor vessels, the shape factors
are expected to be about the same. Various crack sizes
were assumed, and K., as mentioned above, was taken

to be 140 ksi v/in. Hence, Eq. (1) gives the nominal
stress at failure. Burst pressures were then calculated
from Pr/t. Results of the calculations are shown in Fig.
4.18. A small extrapolation of the curve in Fig. 4.16
allows one to plot the dashed part of the curve in Fig.
4.18. Two primary conclusions that can be drawn are:

6. S. Yukawa, Evaluation of Periodic Proof Testing and Warm
Prestressing Procedures for Nuclear Reactor Vessels, HSSTP-
TR-1, General Electric Company (July 1, 1969).

7. W. O. Shabbits, W. H. Pryle, and E. T. Wessel, Heavy
Section Fracture Toughness Properties of A533 Grade B, class T
Steel Plate and Submerged Arc Weldment, WCAP-7414
(December 1969).
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Fig. 4.17. Typical PWR inlet nozzle. Cladding and support
structure are not shown.

(1) the tolerable flaw size at hydrotest pressure (1.25
times design pressure) and 50°F is surprisingly small
and (2) near design pressures relatively large changes
(50%) in flaw size are required to bring about small
changes in burst pressure.

Nozzle experimental stress analyses

To determine the severity of the stresses in the nozzle
corner region, an experimental stress analysis was
performed on both vessels. The results are discussed
below.

Procedure. The strain gages were applied to the inside
of the vessel before assembly of the components. Next,
a number of small holes were tapped in the hemi-
spherical end caps. Brass bolts were dipped in epoxy
and screwed into these holes. When the epoxy had set,
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Fig. 4.18. Burst pressure as a function of nozzle-corner crack
size for a 50°F test of the vessel shown in Fig. 4.17.

each bolt made an excellent “lead-through.” Wires from
the strain gages were soldered to the bolts on the inside
(see Fig. 4.19). Finally, the vessel was glued together,
and lead wires were soldered onto the exterior end of
the brass bolts.

The first observation of strain gage readings revealed a
difficulty that has been reported by other investigators,
namely, that epoxy dissipates the heat generated in the
strain gages so slowly that temperature effects seriously
distort the indicated strain. The situation was further
complicated by the original test plan to place the vessel
in a blast pit and pressurize with bottle gas. This
procedure resulted in oscillating zero values. A partial
solution was to submerge the complete vessel in a bath
of mineral oil and to pressurize with mineral oil. The
presence of the oil next to the gages vastly improved
the heat dissipation. It was, however, necessary to pause
for about 15 sec between switching in a channel and
taking a reading.

Small thick-vessel results. Some of the results of the
analyses of the small thick vessel are shown in Fig. 4.20.
The dashed lines indicate extrapolations to the stresses
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vessel of Fig. 4.19 except the steel vessel has a thicker, but
unreinforced nozzle.

properties reported for the shell courses were on the
order of 103 to 109 ksi UTS and 83 to 88 ksi YS, with
a nil-ductility transition temperature of —20°F as
determined by drop-weight tests. The yield strength
reported for the shells (83 to 88 ksi) was about the
expected ultimate tensile strength of the weld material
to be used in fabricating the vessels.

The shell courses were originally tempered at 1280°F
maximum. Canonico and Berggren!® developed in-

10. HSST Program Semiannu. Progr. Rep. Feb. 28, 1971,
ORNL-4681.
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Fig. 4.22. Axial and tangential stresses on the inside and

outside of the wall of the larger epoxy vessel.

formation at ORNL which indicated that the strength
properties of the shells could be lowered without a
significant sacrifice in toughness by retempering at a
higher temperature. Using material from shell pro-
longations and Data-trak testing procedures, they
showed that the strength properties could be lowered to
about 92 to 95 ksi UTS and 69 to 72 ksi YS by
retempering at 1320°F maximum.

The first shell (National Forge shell 9) was instru-
mented with seven thermocouples strategically located
throughout the OD and ID as shown in Fig. 4.24. The
heatup period comprised some 14 hr. At the end of the
6-hr hold period each thermocouple was recording a
temperature of 1320°F except the ID thermocouple,
which recorded 1310°F. The shell was then furnace
cooled at about 200°F/hr to 600°F. Test material was




ORNL-0OWG 70-10047R

N

HEAD AND ACCESS NOZZLE
SUBASSEMBLY

SRR

15-in. ID

R
‘919.

v

Fig. 4.23. HSST intermediate test vessel.

removed from the prolongation and stress relieved at
1125 + 25°F for 24 hr. The test results for retempered
shell 9 are given below.

Ultimate Yield

o C values
tensile . strength at +10°F (ft-Ib)
strength (psi) (psi)
91.500 72,000 66-40-33
92.250 71,500 62.5-79-55.5
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Fig. 4.24. Location of thermocouples for monitoring post-
weld heat treatment of shell 9.

Canonico performed metallographic studies com-
paring the materials originally tempered at 1280°F with
the retempered material. Results of his studies show
that there is no apparent difference in the metallo-
graphic structure of the original material and the
retempered material.

Based on the obvious success in the retempering of
shell 9, it was decided to proceed with retempering the
remaining shells in a like manner. (Note that the shell
courses have been numbered 4 through 9, although it
was originally intended that they be numbered 1
through 6. When it became necessary to remake one of
the ingots, National Forge decided to drop the orig-
inally assigned first three numbers and continue con-
secutively from 4 through 9.) The mechanical prop-
erties for the retempered shells are listed in Table 4.5.

On completion of final inspection the parts were
shipped to the Taylor Forge (TF) plant in Paola,
Kansas, for assembly. Taylor Forge qualified three
welding procedures: two submerged-arc (WP-380) and a
shielded-metal-arc procedure (WP-381). All tests were
qualified in the flat position; the joint configuration for
each is shown in Fig. 4.25.




Table 4.5. Test results
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after retempering at 1320°F

Ultimate tensile Yield strength Reduction of Elongation C, at+10°F Percent Lateral
Shell strength (ksi) area (%) Y (ft-1b) shear expansion

(ksi) (%)

4 93.75 72 71 27 48 41 0.046

50.5 37 0.044

52 40 0.043

91.5 69.5 67 26 53.5 40 0.046

61.5 37 0.057

61 40 0.050

S 94.75 72.5 68.4 25.5 65 47 0.059

60 43 0.060

71.5 40 0.061

93.75 72.5 69.7 25.5 66 43 0.060

59 45 0.059

77 46 0.062

6 94 72 71.8 27 60.5 41 0.048

65.5 40 0.055

70.4 40 0.059

94.5 74 70.4 27 53.5 39 0.045

60 40 0.052

61 37 0.050

7 92 71.5 71.2 27 71 45 0.060

53.5 34 0.047

72 40 0.064

91.25 67.5 68.8 25 51 40 0.044

55.5 31 0.046

57 34 0.049

8 91.25 71.5 68.4 26 86.5 45 0.073

61.5 43 0.052

70.5 41 0.060

91.75 71.5 70.4 26.5 66.5 41 0.059

69.5 34 0.054

58.5 32 0.050

9 91.5 72 69.9 27 66 43 0.060

40 35 0.039

33 33 0.031

92.25 71.5 71 27 62.5 42 0055

79 47 0.061

55.5 37 0.049

The joint configuration for procedure WP-379, used
in making the longitudinal seams, is shown in Fig.
4.25a. The OD groove is prepared by machining and
inspected with magnetic particles prior to welding.
Essentially the conditions of the procedure are as
follows:

1. preheat 300 to SO00°F and maintain until postweld
heut treatment (PWHT);

2. filler wire: RACO-127, ¥4 in. in diameter, single
wire feed;

3. interpass temperature: SO0°F maximum;

flux: Linde type 0091, size 65 X 200,
travel speed: approximately 12 in./min;
current: ac, 750 A, 30to 32 V;

on completion of the OD side, the ID is ground to
solid metal and welded in much the same manner as
the OD.

Ny A

The basic parameters noted for procedure WP-379
(for longitudinal seams) are also applicable to procedure
WP-380 (circumferential seams), except that the ID
portion of the weld is applied with shielded-metal-arc
electrodes.
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Fig. 4.25. Joint preparations for Taylor Forge welding
procedures.

The joint configuration for the shielded-metal-arc
procedure is shown in Fig. 4.25¢. This procedure is used
for all repair welding and for attachment of a nozzle to
vessel V-5. Each haif is prepared by machining and is
inspected with magnetic particles prior to fit-up. The
first three passes are applied with *%,-in.-diam elec-
trodes using 140 to 180 A and 24 to 26 V. Subsequent
passes are applied with ¥ 4-in.-diam electrodes with
amperage and voltage ranges of 190 to 240 and 24 to
26 respectively. The nature of the welding current for
all passes is direct-current reverse polarity (DCRP). All
welding is performed with Alloy Rods type 8018NM
electrodes.

All test plates were subjected to a final PWHT at
1125°F for 28 hr.

A weld deposit chemistry analysis from procedure
WP-379 (RACO heat 34445, flux lot 3977) showed:

C Mn P S Si Cr Mo

Ni \4

0.10 0.86 0.016 0.021 0.19 0.06 049 0.06 Trace

Mechanical properties from an all-weld tensile specimen
from the Y%-T location are:

66

. . Elongation Reduction of
T <
UTS (ksi) YS (ksi) %) area (%)
85 71.5 28 62.5

The results of Charpy V-notch tests made on full-size
specimens tested at +10°F are:

. c Mils lateral ~ Lereent
Location v . ductile
(ft-ib) expansion

fracture

Parent metal % T 36-40-45 25-28-34 30-40-40

HAZ Y T 43-47-49 34-41-38 50-50-50

weld Y4 T. top 90-96-97 66-57-70 80-80-80

weld Y in., 77-84-74 53-53-52 80-95-80
bottom
surface

A deposit analysis from procedure WP-380 (RACO heat
34445, flux lot 3977) gave:

C Mn P S Si Cr Mo Ni \4

0.13 0.77 0.015 0.020 0.19 0.07 0.50 0.08 Trace

Mechanical properties from an all-weld tensile specimen
from the Y,-T location are:

. . Elongation Reduction of
UTS (ksi) YS (ksi) %) area (%)
81.5 69.4 28 64.9

The results of Charpy V-notch tests made on full-size
specimens tested at +10°F are:

. Percent
Location Gy Mils m?ml ductile
(ft-1b) expansion
fracture
Parent metal % T 37-55-60 29-41-46 20-25-25
HAZ l/4 T 48-57-62 40-45-49 40-40-50
Weld Y, T. 87-92-92 66-63-68 90-80-80
bottom
Weld ¥, ¢ in., top 84-91-95 66-73-74 80-80-80
surface

A deposit analysis from procedure WP-381 (Alioy Rods
heat 0113333, lot F25827A, and heat CTYS538, lot
BO12A27A) showed:

C Mn P N Si Cr Mo Ni \'

0.09 1.33 0.012 0.012 0.52 0.05

0.52 099 0.02




Mechanical properties from an all-weld tensile specimen
from the %-T location showed:

. . Elongation Reduction of
UT (ksi) YS (ksi) %) area (%)
95.3 84.8 29 70.8

The results of Charpy V-notch tests made on full-size
specimens tested at +10°F are:

C Mils Percent
Location M lateral ductile
(ft-1b) .

expansion fracture
Parent metal %3 T 78-78-68 56-56-51 40-40-40
HAZ 1/4 T 86-96-128 62-75-64 60-60-90
Weld % T, top 75-73-85 60-57-65 70-70-80
Weld %6 in., 76-72-70 65-62-61 80-80-80

bottom surface

The completed vessels will be identified by the
designations V-1 through V-6. Vessels V-1 and V-2 will
be fabricated as shown in Fig. 4.23. In addition to the
two circumferential seams shown in Fig. 4.23, vessels
V-3, V-4, and V-6 will contain a longitudinal seam; V-6
will also contain a second girth seam situated midway
between the two shown in Fig. 4.23, with the two
longitudinal seams located 180° apart. Vessel V-5 will
be fabricated as shown in Fig. 4.23 with a nozzle
attached near the vicinity of the test area.

One of the main purposes of the HSST program is to
determine the effects of flaws, material inhomo-
geneities, and discontinuities on the behavior of vessels
under normal operating and accident conditions. For
this, and other reasons, the fabrication is required to
maintain identification, orientation, etc., of each com-
ponent in each vessel. In addition, each vessel must pass
a rigid nondestructive inspection test and a leak-
tightness test prior to delivery.
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