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PREFACE

The Heavy-Section Steel Technology (HSST) Program, which is spon-
sored by the Nueclear Regulatory Commission (NRC), is an engineering re-
gearch activity devoted to extending and developing the technology for
assessing the margin of safety against fracture of the thick-walled steel
pressure vessels used in light-water-cooled nuclear power reactors. The
program is being carried out in close cooperation with the nuclear power
industry, This report covers HSST work performed January through March
1978, except for subcontractor contributions which may cover the three-
month period ending in February. The work performed by Oak Ridge National
Laboratory (ORNL) and by subcontractors is managed by the Engineering
Technology Division. Major tasks at ORNL are carried out by the Engineering
Technology Division and the Metals and Ceramics Division. Prior progress
reports on this program are ORNL-4176, ORNL~4315, ORNL-4377, ORNL-4463,
ORNL-4512, ORNL-4590, ORNL-4653, ORNL-4681, ORNL-4764, ORNL-4816, ORNL~-
4855, ORNL-4918, ORNL-4971, ORNL/TM~4655 (Vol. 11), ORNL/TM=-4729 (Vol. II),
ORNL/TM~4805 (Vol, 1I), ORNL/TM-4914 (Vol. IT1), ORNL/TM-5021 (Vol. 11),
ORNL/TM~5170, ORNL/NUREG/TM-3, ORNL/NUREG/TM=-28, ORNL/NUREG/TM=-49,
ORNL/NUREG/TM~64, ORNL/NUREG/TM-94, ORNL/NUREG/IM-120, ORNL/NUREG/TM-147,
ORNL/NUREG/TM=166, and ORNL/NUREG/TM~194.
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1. PROGRAM ADMINISTRATION AND PROCUREMENT

The Heavy-Section Steel Technology (HSST) Program is an engineering
research activity conducted by the Oak Ridge National Laboratory (OKNL)
for the Nuclear Regulatory Commission (NRC) in coordination with other
research sponsored by the federal government and private organizations.
The program comprises studies relating to all areas of the technology
of the materials fabricated into thick- section rrimary-coolant contain-
ment systems of light-water-cooled nuclear power reactors. The principal
area of investigation is the behavior and structural invegrity of steel
pressure vessels containing cracklike flaws. Current work is organized
into the following tasks: (1) program administration and procurement,
(2) fracture mechanics analvses and investigations, (3) effect of high=-
remperature primary reactor water on the subcritical crack growth of
reactor vessel steels, (4) investigations of irradiated materials, (5)
pressure vessel investigations, (6) thermal shock investigations, and
(7) foreign research.

The work performed under the four existing research and development
subcontracts is included in this report.

Nine program briefings or presentations were made during the quarter,

and one technical! report was issued.

2. FRACTURE MECHANICS ANALYSES AND INVESTIGATIONS3

Stress-intensity factor aistributions along th2 tip ~f nozzle corner
cracks in models of intermediate test vessels (ITVs) and boiling-water
reactor (BWR) vessels have been measured by photoelastic techniques,

Four nozzles with cracks in a plane perpendicular to the cracks pre-

viously studied have been tested, and results have been compared quanti-

tatively with earlier results.

|
1
i

|
|
%
5
|



vidid

3. EFFECT OF HIGH-TEMPERATURE PRIMARY REACTOR WATER
ON THE SUBCRITICAL CRACK GROWTH
OF REACTOR VESSEL STEEL

R T PR T

Testing of specimens in three environmental chambers is continuing

in this study of the effects of ramp and hold times and high AK. Rapid

AR T S R T S R B s

ramp tests have been completed. The high AK test has been run continuously

for nine months and is expected to be completed soon.

Four fatigue specimens were tested in hydrogen sulfide in order to

P e Pl RS Ry T

investigate the influence of the environment on the apparent starting
AK effect observed in specimens in a PWR environment. In hydrogen sulfide,

varying the starting AK did not affect the crack growth rate,

4., INVESTIGATIONS OF IRRADIATED MATERIALS

Slew-bend tests were performed on the fatigue precracked Charpy speci-
mens from the second 4T-CTS irradiation experiment. Irradiation of the
three capsules of specimens in the third 4T-CTS irradiation experiment was
completed with an estimated average fast-neutron fluence in the 4T speci-

mens of 8 x 10'® neutrons/cm® (E > 1 MeV).

A hot-cell setup for testing weld tensile specimens of the second
4T-CTS irradiation was completed; the test matrix for the irradiated weld
tensile properties was established. Data acquisition system programming

for fracture testing is in progress.

The cooperative investigation of unloading compliance techniques for
J-integral testing is under way to evaluate the effects of various loading

and measurement arrangements and data processing on the sensitivity of the

determination of elastic compliance. Three different means of reducing

the effects of friction on the loading pins have been tried. Attachment

of clip gages for measuring load-line displacement has been made with both
a razor blade knife edge and a machined knife edge; the former gave less

hysteresis and better linearity in loading and unloading displacements.
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5. PRESSURE VESSEL INVESTIGATIONS

The block cut from intermediate test vessel V-7B after the test was
returned to ORNL and sectioned for examination of the fracture surfaces.
It was determined that the initial sharpened flaw was located within the
repair weld heat-affected zone (HAZ) as intended. The crack extension
generally was outside the HAZ but closely followel the weld interface.

The machining of a notch in vessel V-8 ip preparation of the flaw
in that vessel was completed. Cyclic pressurization of the notch to
sharpen it by fatigue was commenced with ultrasonic and acoustic emission
surveillance. Additional work was done to improve the tongnness char-
acterization of the subrerged-arc fabrication weld in which the flaw will

reside. [t was determined that K measurements were about the same

from WI'- and WL-oriented PCCv spezigens.

Flaw C in vessel V-6 was removed from the vessel and split apart to
reveal the extension of the crack. This crack had grown stably a small
amount prior to failure of the vessel at another flaw,

Two crack-arrest specimens of the MRL type were tested in the course
of preparations for participating in the NRC/EPRI cooperative crack-arrest

tests.

6. THERMAL SHOCK INVESTIGATIONS

Spray procedures for coating the inner surface of the flow test ves-

sel were developed, and the vessel was subjected to two thermal shocks with

liquid nitrogen to obtain thermal-hydraulic data, Modifications to the
test facility were completed. A parametric analysis of the PWR double-
ended-pipe~break LOCA-ECC was completed, and preliminary calculations

pertaining to a PWR steam-line break were made.

7. FOREIGN RESEARCH

Lists of foreign reports published in MNuclear Safety through Vol. 19

(No. 3) have been reviewed to identify topics of interest in the metallurgy

and materials areas. Translated copies of reports of interes*t have been

requested, and translations received are being reviewed. A summary of







HEAVY~-SECTION STEEL TECHNOLOGY PROGRAM QUARTERLY
PROGRESS REPORT FOR JANUARY-MARCH 1978

G. D. Whitman R. H. Bryan

ABSTRACT

The Heavy-Section Steel Techmnology (HSST) Program is an
engineering research activity conducted by the Oak Ridge Na-
tional Laboratory for the Nuclear Regulatory Commission. It
comprises studies related to all areas of the technology of
the materials fabricated into thick-section primary-coolant
containment systems of light-water-cooled nuclear power re-
actors, The principal area of investigation is the behavior
and structural integrity of steel pressure vessels containing
cracklike flaws. Current work is organized into seven tasks:
(1) program administration and procurement, (2) fracture me~
chanics analyses and investigations, (3) effect of high-
temperature primary reactor water on subcritical crack growth
of reactor vessel steels, (4) investigations of irradiated
materials, (5) pressure vessel investigations, (6) thermal
shock investigations, and (7) foreign research.

Stress-intensity factors are being measured photoelasti-
cally for nozzle corner cracks out of the plane of the inter-
secting cylinder axes. The study of ramp- and hold-time
effects in fatigue testing is continuing, and the influence

, of the environment on the apparent starting AK effect was
investigated. Precracked Charpy specimens of irradiated
weld metal with low ductile shelf toughness were tested in
slow bending, and preparations for J-integral testing of
larger specimens in this series are continuing. The machined
portion of the flaw of vessel V-8 was completed and fatiguing
of the notch was started. Further experimental studies of en-
hanced heat transfer for cryogenic thermal shock tests were
made.,

1. PROGRAM ADMINISTRATION AND PROCUREMENT

G. D. Whitman

The Heavy-Section Steel Technology (HSST) Program, a major safety
. program sponsored by the Nuclear Regulatory Commission (NRC), is con-
cerned with the structural integrity of the primary systems, particularly
the reactor pressure vessels of light-water-cooled nuclear power reactor

stations. The structural integrity of these vessels is ensured by de-

signing and fabricating them according to the standards set by the code
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for nuclear pressure vessels, by detecting flaws of significant size that
occur during fabrication and in service, and by developing methods capable
of producing quantitative estimates of conditions under which fractures
could occur. The program is concerned mainly with developing pertinent
fracture technology., It deals with the development of knowledge of the
material used in these thick-walled vessels, the rate of growth of flaws,
and the combination of flaw size and load that would cause fracture and
thus limit the life and/or operating conditions for this reactor plant.
The program is coordinated with other government agencies and the
manufacturing and utility sectors of the nuclear power industry in the
United States and abroad. The overall objective is a quantification of
safety assessments for regulatory agencies, professional code-writing
bodies, and the nuclear power industryv. Several of the activities are
conducted under subcontracts by research facilities in the United States
and through informal cooperative efforts on an international basis. Four
research and development subcontracts are currently in force.
Administratively, the program is organized into seven tasks, as re-
flected in this report: (1) program administration and procurement,
(2) fracture mechanics analyses and investigations, (3) effect of high-
temperature primary water on subcritical crack growth of reactor vessel
steels, (4) investigations of irradiated material, (5) pressure vessel
investigations, (6) thermal shock investigations, and (7) foreign research.
During this quarter, nine program briefings, reviews, or presenta-
tions were made by the HSST staff at technical meetings and at program
reviews for the NRC staff or for visitors. One technical report was is-

sued. '

Reference

1. R. H. Bryan et al., Teat of 8-in.~-Thiek Pressure Vessels., GSerieg 3:
Intermediate Test Vessel V-7A Under Suetained lLoading, ORNL/NUREG-9
(February 1978).
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2. FRACTURE MECHANICS ANALYSES AND INVESTIGATIONS

2,1 Stress-Intensity Factors for Nozzle Cracks
in Reactor Vessels¥*

L

C. W. Smith i
W. H. Peters’ T. 8. Fleishman'

This chapter is intended to serve as an extension of the progress
report' for the period October through December 1977. 1In order to be as

brief as pussible, reference will be made to that document.

To date two models (four nozzles) with type C cracks (Fig. 2.1) in
the range a/T & 0.15 to 0.55 have been tested and are currently being
analyzed., Results indicate that the material in one of the models may
have been defective, and this test is being replicated in order to verify

this conjecture. Several observations can be made at this point.

1. Type C cracks require approximately twice the pressure of type A
cracks in order to cause flaw growth, indicating a strong influence of the

vessel wall nominal stress.
2. Type C cracks remain in their initial planes during growth.

3. Type C cracks do not show the flattening in the central region
observed in type A cracks. In fact, the moderately deep flaws bulge beyond

the quarter-ellipse shape in the central region (Fig., 2.2).

4. Stress~-intensity factor (SIF) distributions for cracks in the

range a/T & 0.25 to 0.55 are concave downward like those for type A cracks.

Quantitative SIF distributions are currently being obtained.

*Research performed by the Photoelasticity and Fracture Laboratory
in the Engineering Science and Mechanics Department at the Virginia Poly-
technic Institute and State University under Subcontract 7015 between Union
Carbide Corporation and Virginia Polytechnic Institute and State University.

+Department of Engineering Science and Mechanics, Virginia Polytechnic
Institute and State University,
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Fig. 2.2, Flaw shapes for type C cracks in a nozzle corner.
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C. W. Smith and W. H. Peters, "Stress Intensity Factors for Nozzle
Cracks in Reactor Vessels," Heavy-Section Steel Technology Program
Quart. Prog. Rep. October—December 1977, ORNL/NUREG/TM-194, pp. 3-24.




3. EFFECT OF HIGH-TEMPERATURE PRIMARY REACTOR WATER

ON THE SUBCRITICAL CRACK GROWTH
OF REACTOR VESSEL STEELS*»™

bk ke
W, H. Bamford'' L J: Ceaghing

The objective of this continuing program is to characterize the
fatigue-crack-growth rate properties of ferritic vessel steels exposed
to PWR primary-coolant environments. Three environmental chambers are

being used, and the following areas are being investigated:

Ramp~ and hold-time effects 1 chamber (14 MPa, 288°C)
(2T WOL specimens) 1 chamber (0.14 MPa, 93°C)
Crack growth rate 2t high AK 1 chamber (14 MPa, 288°C)

(4T CT specimens)

3.1 Ramp- and Hold-Time Effects

The investigation of ramp- and hold-time effects continued during
the reporting period. Specimens of A508 class 2 forging material are
being tested at R (Kmin/Kmax) = 0.2 in two PWR environments, one at 288°C
and another at 93°C, The specimens are 51.8-mm-thick WOL- and CT-type
specimens, and the loadings are being applied according to the matrix re-
quirements of Table 3.1. Testing is complete on test type "a" and nearly
complete on test type "b" in both environments. As the tests are completed,
results are compared with those of the Naval Research Laboratory, where
comparable tests are being conducted. As the rise and hold times increase,
the tests require progressively more time to complete; therefore, no tests

have been completed during this reporting period.

*
Work sponsored by HSST program under UCCND Subcontract 3290 between
Union Carbide Corporation and Westinghouse Electric Corporation.

+Conversions from SI to English units for all ST quantities are listed
on a foldout page at the end of this report.

*+westinghouse Electric Corporation,
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g Table 3.1. Projected ramp- and hold-time
tests of 2T-WOL specimens in PWR

: environment, A308 class !

1 forging material¥

Ramp ¢ ime Hold time

. s (min) (min)
B al Rapid, | sec 1
a2 Raplid, 1 sec §
al Rapid, | sec 12
ad Rapid, 1 sec 60
bl | 1
h2 1 3
b3 1 12
bé 1 60
s | 5 1
[ 5 3
c3 5 12
ch 5 60
dl 30 {
d2 30 3
d3 10 12

db 30 £

“Tests ab; b4, 3, c4, d2, 43, d4
(which are very long time tests) will be
done after the othevs are complete.

3.2 Crack Growth at High AK

Testing continued on specimen F-24, a 101.6-mm-thick compact speci-

men of A508 class 2 forging material at 1 cpm and R = 0.2. The size of

this specimen allows testing to be conducted at higher values of applied
AK than have previously been possible, but the added ligament area of
the specimen also means that the testing time is longer. This test has
continued for nine montius and is still not complete. The results thus

far indicate that the test will be completed early in the next reporting
period.

s i, TIRET 2 L i i Bt B e o

‘ 3.3 Starting Condition Effects

1t was reported earlier' that the initially applied loadings oﬁ a

specimen in a water environment can significantly affect the amount of

environmental enhancement produced. If the specimen i{s started at an
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applied stress-intensity factor range AK that is too high, the crack
growth rate results will show less enhancement than that of identical
specimens started at a lower AK value., This behavior is illustrated in
Fig. 3.1, which shows results’ from several specimens of pressure vessel
steel tested in a PWR environment at R = 0.2, These specimens were

-3f2

started ai values vl 4K rauging from approximately 21 to 44 MN+m and

show markedly different crack growth behavior.

This phenomenon has been observed, but not identified as a separate
effect, for several other low-alloy steels exposed to a water environ-
ment.’~® The effect is also strikingly similar to data obtained for
water-induced cracking under static loads for higher strength steels.®’
This phenomenon may be due to non-steady-state crack growth that is con-
trolled by the kinetics of the steel-water system. To investigate the
degree to which the kinetics control this process, 2 series of pressure
vessel steel specimens was tested in a hydrogen sulfide environment.
Earlier tests had shown that this enviroument produced crack growth rates
for this steel very similar to those produced in a much slower test in a
water environment. An example is shown in Fig. 3.2. The test frequency
is not important for the hydrogen sulfide tests because the kinetics of
the environmental interaction are so fast,

To study the effects of starting conditions, four specimens of HSST
plate 04 were tested in an environment of room-temperature hvdrogen sul-
fide at 414 kPa. The initial applied AK was varied from 19 to 72 MNem™ /2
through different applied loads; and as a separate check, the initial AK
for one specimen was elevated by a longer starting crack length rather
than higher load. In all cases the R ratio was very low, 0.01 to 0,07,
Results of this series of tests, summarized in Fig. 3.3, show that there
15 ne effect of starting conditions for this environment. This leads to
the conclusion that starting conditions can have an effect on the crack
growth rate data only for material-environment combinations where the
kinetics of the system are relatively slow. Thus far, such effects have
only been observed in water environments, where slow loadings (around 1
cpm) have been applied. Studies of these effects are continuing and re-

sults will be reported as available.

I
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Fig. 3.1, Example of the effect of starting conditions on fatigue

crack growth in pressure vessel steel in PWR environment (1T-CT data from
Ret. 2).
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INVESTIGATION OF TRRADIATED MATERIALS*

4.1 Toughness Investigations of Irradiated Materials

R. G, Berggren J. W. Woods
T. N. Jones D. A, Canonico

4.1.1 Second 4T-CTS irradiation study

Slow-bend tests were conducted on the fatigue precracked Charpy speci-

mens from the second 4T-CTS irradiation experiment, and results are being
analyzed. Final neutron dosimetry analyses will be completed in the next

quarter.

4,1.2 Third 4T-CTS irradiation study

Irradiation of capsules A and B of the third 4T-CTS irradiation experi-
ment was completed February 17, 1978, after 1012 hr of irradiation. Irradi-
ation of capsule C was completed March 28, 1978, after 1581 hr. These ir~-

radiation times for the three capsules should provide average fast-neutron
fluences in the 4T-CT specimens of about 8 x 10'® neutrons/cm? (E > 1 MeV).

Disassembly of these capsules is planned for the next quarter.

4.2 Effects of Irradiation on Pressure Vessel Steels+
e 3

J. A. Williams

4.2.1 Tensile testing of irradiated welds from second
4T irradiations

The hot-cell test setup for conducting irradiated tensile tests was
completed. An extensometer system, which is active during the total

specimen elongation, was developed as part of the test setup; direct

*
Conversions from SI to Englisk units for all SI quantities are listed
on a foldout page at the end of this report.

+Research performed under Purchase Order 11Y-50917V for the Oak Ridge
National Laboratory, operated by Union Carbide Corporation under contract
to the U.S. Energy Research and Development Administration (now DOE).

++Hanford Engineering Development Laboratory.
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computerization of test results is possible through the use of this type
extensometer. The in-cell test setup is shown in Fig. 4.1. The exten-
someter system measures deformation over a 1.27-cm-long gage length of the
miniature specimen. Dual LVDTs are algebraically summed to cancel anomalous
readings due to possible bending moments during the initial portion of the
test., Calibrated accuracy of the extensometer is better than 0.001%
linearity.

A verification of the extensometer in actual test application was con-
ducted by high-resolution recording of the elastic load-deflection curve;
linearity of the recorded curve was better than 1% and no hysteresis was
observed on unloading. The elastic modulus of the load deflection was
observed to be 2.04 x 10° MPa; the modulus determined is within the known
range for this class of material.

A tensile test matrix was developed to maximize the tensile informa-
tion obtained from the available specimens. Table 4.1 gives the distri-
bution of specimens by irradiation temperature and neutron fluence. The
specimens in parentheses have irradiation temperatures in more than one
range for a significant period of the irradiation time. The specimen test
temperatures are shown in brackets for each specimen. The test tempera-
tures will yield a range of data which can be treated by a rate-temperature
parameter to maximize propetty characterization; the tensile test strain

rate will be 0.01 sec™'. Tests will be conducted during the next quarter.

4.2.2 Fracture test system computerization

Test system computerization is being developed for fracture testing.
The fluid mature of ductile fracture testing and analysis demands that a
practical method of data storage, retrieval, and reprocessing be available
for future reanalysis; second, data of sufficiently high resolution and
quantity must be obtained for statistically accurate determinations of
ductile fracture toughness. The only reasonable way to obtain this in-
formation is by sophisticated data acquisition systems and programming.

An on-line acquisition system currently being interfaced and pro-
grammed at HEDL is shown in Fig. 4.2, Figure 4.3 gives a functional block

diagram of the acquisition system and its capabilities. Programming of




ETER

NSOM

(S
w—
><
%




ssainiexadwal UOTIRIPEIAT

uﬂnwuaasnuubuﬁuiuuunmouuuqvﬂwmvmmzuamunn 1,.795 1070 Jo 231 Ufea3s e e (J,) SIInieiadwal 1521 azedjput sIayoeaq,

{g8z] 7-me9
[1d] 1-mMe9 971
[6%1] v-ne9
[1¥] €-mE9 €1
(0T-ME9) {34] (0T-M£9) o1
[882] 6-mt9
[13] <-mg9 ¢
(ST-ME9) [1¥] (Si-M£9) ME9 pTa
fia] (vy1-mg9) 5 *D atnsde)
[6%1] 6-m79
[1¥] g-mz9 iz
[882] 11-mMZ9
[13] o1-mMZ9 a1
- [1¥] (1-mz9) %1
{i¥] ¢-mz9 {ggz] (61-M29) M79 Piam
(g-M79) [6%t] (£1-m29) (18] (Z-mz9) L ‘g apnsden
[882] z-m19
{1d] 1-n19 61
[6%1] v-m19
[14] €-m19 St
{88zl 9-4°9
f1¥] z-mi9 [1¥] s-m19 L ATO BTN
{1¥] 8-m19 [18] s-m19 € ‘y 21nsde)

A% ERC-=091L 9TE-E6C €67-09¢ oﬂmlamm (401 x ,ud/suoxInau)

acuanyj

(3,) 2anieiadwdy uorieypeis]

pSUOTIZIPRIIT Iy PUOIAS WO
suaujoads J[IsUa] 10J UOTINGTIIISTP 2InIeiadwd] pue 20UINTI UOTIVIPRII] [y S[qeL







17

INPUT SIGNALS
LOAD, DEFLECTION, ETC.

TYeYYY

SCANNER
125 CHANNELS / sec

' :

VOLTMETER VOLTMETER

0.1% ACCURACY | OR | 0.001% ACCURACY
2500 READ / sec 17 READ/ sec

r
L
DIGITAL CLOCK CALCULATOR L@—p{ |MING GENERATOR

DATE, TIME ACQUISITION AND PROGRAMS
PROCESS CONTROL SAMPLING

CORE MEMORY RATES
DATA ROCESSING

: DATA OUTPUT :
TAPEDRIVE | g AND STORAGE CONTRO! [t LBl
140 k BYTE 500 k BYTE
2.7 k BYTE /sec 20 k BYTE/sec
SERIAL ACCESS SERIAL OR RANDOM
ACCESS
v i

DISPLAY PRINTER PLOTTER

Fig. 4.3, Block diagram of data acquisition and processing system,
showing general function» and capabilities.
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fracture toughness calculations has been completed, debugged, and veri-
fied with actual experimental data. Real-time data acquisition and pro-

cessing programs are currently being developed.

4.3 Evaluation of the Unloading Compliance Technique
for Single Specimen J-Integral Testing*

G. A, Clatke+ AL o N Landes*

4.3.1 Introduction

The goal of the first test series of this program was to evaluate
the unload.ag compliance test by computerized methods. Testing was con-
ducted on an A508 material using 1T compact specimens to evaluate the
effects of various types of loading pin arrangements and knife edges on
the load-displacement records used in the unloading compliance method.

In order to evaluate the sensitivity required for the unloading compliance
values necessary for an accurate determination of JIc’ a simple analysis
of the data generated on the A508 material was completed.

While the applicability of the Merkle-Corten' correction factors has
been experimentally verified,?® questions still remain as to the form of
the equations to use, The more general form of the equation used to cal-
culate the correction factors required the separation of the J integral
into its elastic and plastic parts, Je and Jp, respectively. A more ap-

proximate form of the equation utilizes the total J-integral value, that

is, JT = Je + Jp. The applicability of this simplified form of the Merkle-
Corten equation in the elastic region has been shown by an analysis com-
paring the alternative forms. It was concluded that, for a/w > 0.5, the
approxinate form of the equation can be used without appreciable loss in
accuracy. The following sections describe the work completed in this

program to date.

*
Work sponsored by HSST Program under UCCND Subcontract 7394 between
Union Carbide Corporation and Westinghouse Electric Corporation.

+Weatinghouse Electric Corporation.
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4.3.2 Computerization of J-integral techniques

The computerization of the testing techniques originally created a
number of previously unknown problems. The principal problem was the
noise from the hvdraulic and the electrical systems. Considerable improve-
ment in the program output was made by using a combination of both active
bandpass analog filters and a digital filtering system in the computer,

Further evaluation of the computer method is presently under way.

4.3.3 Sensitivity required for Jj. testing

In order to determine the sensitivity required for an accurate JIC
value, an acceptable scatter band on J was required., The authors assumed

that a scatter band of *10%Z on JIC would be considered adequate. It was
determined that if the crack extension were measured within 0,38 mm of

the actual value of stable crack growth for the A508 test material, the
value of JIc could be determined within *10%Z. While this value of crack
extension is well within the present sensitivity of the 1T test procedure,

it is not known whether we have enough sensitivity to measure within the
required accuracy for a 4T specimen. Tests will be performed shortly to

determine this,

4.3.4 Effects of loading pins and knife edges on the load-displacement
record

i

In the past, considerable attention has been given to the type of
loading pin arrangements necessary to eliminate the effects of friction
on the loading pins. The methods used to eliminate friction include
roller bearings in the loading clevis or flat bottom holes in the clevis
with undersized round loading pins. These methods were evaluated by am-
plifying the load-displacement records for each test using the various
loading arrangements. There was no significant difference in the results
obtained from either the roller bearing method or the flat bottom hole
method. A wider hysteresis was found in the load-vs-displacement curve
on the test using the undersized pins. This may indicate a higher degree
of friction than found in the other two methods.

The normal compact specimen design for the unloading compliance test

employs a razor blade knife edge. The thin, sharp point of the razor

P



blade reduces friction between the knife edge and the ~lip gage. Pre-
viously, knife edges on the load line of the specimen were machined into
the specimen., 1In order to determine the difference betwein the razor
blade knife edge and the machined-in knife edge, tests were conducted on
both specimen types. The load vs load line displacement record for the
razor blade knife edge is shown in Fig. 4.4, The relatively small amount
of hysteresis and the parallel nature of both the loading and the .aloading
slopes should be noted, The load vs load line displacement curve for the
specimen with a machined-in knife edge is shown in Fig. 4.5. The fact
that the unloading curve has a distinctly different slope than the loading
curve indicates a considerable amount of friction between the clip gage

and the machined-in knife edge.

ORNL -DWG 78-10612

SPEC. NO. 20780 - BO
PRECRACKED 4 TCT

FLAT BOTTOM HOLE
CLEVIS RANGE 010in

ECOIJ

00005n ©)

Fig. 4.4, Amplified load-displacement record for specimen with
machired-in knife edge.
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Fig. 4.5. Amplified load-displacewnent record for specimen with
razor blade knife edge.
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5. PRESSURE VESSEL INVESTIGATIONS*

5.1 Posttest Examination of V-7B Flaw

Py Holz R. H. Bryan

The block of metal contalning the flaw in intermediate test vessel

V-7B was cut from the vessel for ultrasonic and destructive examination.'®

The block was examined by the Southwest Research Institute and the Uni-

versity of Michigan and returned to ORNL during the reporting period.

! The block was saw cut transversely in 16 places as shown in Fig. 5.1.

| These cuts exposed cross-sectional views of the initial crack and the

f crack extension at 14 planes (28 faces). The etched faces of these cross
sections show that the initial electron-beam weld crack lies entirely
within the heat-affected zone (HAZ) of the weld repair as had been desired

| (see Fig. 5.2).

*
Conversions from SI to English units for all S§1 quantities are listed
on a foldout page at the end of this report.
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Fig. 5.1. Block cut from intermediate test vessel V-7B containing
entire repair weld and fracture zone. Slabs A through Q were cut after
all ultrasonic examinations were completed,
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5.2 Preparations for Intermediate Test Vessel V-8 Test

P, P, Bols

A 6.35-mm-wide longitudinal slot was machined into the center cylinder
submerged-arc fabrication-seam weld of V-8, a distunce of 19 mm from the
approximately half-wall-thickness weld-repair edge, as shown in 1ig. 5.5,

A slitting saw cutter ground to a 30° included angle with a 0.127- to
0.191-mm tip radius was used for the final cuts to provide the tip of
the notch with a sharp edge. A special stainless steel insert provided

OBRNL -DWG 78-1061%
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Fig. 5.5. Flaw details for intermediate test vessei V-8,
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Cyclic notch pressurization is in progress with both ultrasonic (UT)
and acoustic-emission (AE) instrumentation being used to observe fatigue
crack growth. Information from the UT instrumenvs will indicate crack
depth, while the AE instruments should indicate when crack extension oc-
curs., The peak pressure used in the initial cyclic loading for fatiguing
is being held to less inan 83 MPa so that the KI of the machined notch is
not greater than 24 MN'm"’/2 in the absence of residual stress, thereby
minimizing overload on the fatigue crack because of superimposed residual

stress,

5.3 Characterization of the Repair Weld in Vessel V-8

5.3.1 Fracture toughness investigations of the fabrication weld
(W. J. Stelzman and D. A, Canonico)

)

We have continued to determine the static fracture toughness (KICd
of the ITV-8 fabrication weld. Test results from WL-oriented (crack
propagating in the welding direction) precracked Charpy-V specimens
(PCCV) are gshown in Fig, 5.7, Also shown are the results from WT-
oriented PCCV gpecimens from the V-8 prolongation fabrication weld and
WL-oriented 1T and 2T compact specimens (CS) from the V-9 prolongation
fabrication weld. These data have been previously reported,’’"

A comparison of the PCCv Kch results from WL-oriented specimens
with the results from Wl-oriented specimens show that nearly all the re-
sults from the WL-oriented specimens fall within the scatter band of the
WT-oriented results in the —46 to 10°C test range. Only one specimen,
tested at —18°C, fell outside the Wr-oriented scatter band. Therefore,
based on the limited number of PCCv specimens tested, we conclude that
the effect of orientation (W or L) on Kch is minimal. This similarity
in toughness is {important since the vessel flaw will advance in either
or both of these directions during testing.

Additional weld metal fracture toughness specimens, both PCCv and
€S, from the ITV-8 and ITV-9 prolongation fabrication welds are being

prepared.
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Fig. 5.7. Variation of static fracture toughness of the fabrication
weld metal in the ITV-8 and 1TV-9 prolongations from precracked Charpy
and 1T and 2T compact specimens.

5.3.2 Fractographic examination of ITV-8 fabrication weld
(D. A. Canonico and R. S. Crouse)

Previously,” we reported a relationship between fracture toughness
and the amount of dimple fracture at the fatigue crack tip in PCCv speci-

mens . Subsequently,“

a relationship was established among the micro-
structure at the PCCv crack tip, the test temperature, and the fracture
toughness. An example of this relationship is shown in Fig. 5.8. The
narrow band of dimple fracture at the initiation site is 1 X 107 mm.

The fracture toughness of this specimen (44 MPa ym at —46°C) was among
the Lowest obtained for the fabrication weld from the ITV-9 prolongation.

Similar comparative studies are being conducted for PCC A specimens that

v
exhibited higher fracture toughness values at the —46°C test temperature.
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and Ripling.7 The crack velocities measured during those tests were 560
and 470 m/sec. One problem that was encountered during the tests had to
do with the diameter of the split ring used tc load the specimen., For
the first test, a split ring with the recommended 25.4 mm diameter was
used and the ring fractured during the test. While this did not ad-
versely affect the test result, it did require the machining of an addi-
tional split ving with an enlarged diameter of 38.1 mm. With the resulting
larger uet section coupled with an improved lubricant (i.e., molybdenum di-
sulfide), the serond ring did not fail during the test.

During the reporting period, the draft report covering the three crack

arrest model tests was completed and circulated for comment.
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6. THERMAL SHOCK INVESTIGATIONS*

R. D. Cheverton 8. E. Bolt |
$. K. Iskander s

i
6.1 Introduction 1

j During this reporting period for the Thermal Shock Program, spray

f spray facility were developed; TSV-F was subjected to two liquid nitrogen

? (LN;) thermal shocks in the LN; test facility to obtain thermal-hydraulic
data; the test facility was redesigned and construction of new components
completed; a fracture-mechanics parametric analysis of the PWR double~-
ended-pipe~break LOCA-ECC was completed; a first draft of the LOCA-ECC
thermal shock "significance' report was completed; and preliminary fracture-
mechanics calculations pertaining to the PWR steam-like~break accident were

performed.

6.2 Cryogenic Quenching

procedures for coating the inner surface of TSV-F in the new vertical ‘
ORNL is attempting to develop a capability for imposing thermal
shocks on steel cylinders using LN; as the heat sink. The LN: quench |
has certain advantages over other thermal shock techniques considered, 1
not the least of which is lower cost, and is appropriate for proposed 1
future thermal shock experiments.l
A complication associated with cryogenic quenching is the formation
of a nitrogen vapor blanket (film-boiling regime) that drastically retards
@ heat transfer until the film superheat (surface temperature — LN, tempera-
ture) drops to a few degrees. At this point the nucleate boiling regime
is established, and a rapid quench is achieved — but too late. This dif-
ficulty is circumvented by applying a thin layer of insulating material
to the metal surface. The insulating effect limits the heat flux ini-

tially, allowing the nucleate boiling regime to be established immediately.

*
Conversions from SI to English units for all SI quantities are
listed on a foldout page at the end of this report.
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Under these circumstances a severe thermal shock can be achieved as dis~
cussed in Refs. 1 to 5.

The insulating material we are using is an adhesive (3M-brand NF=-34)
similar to rubber cement. When properly applied, it not only provides
the necessary insulation but also provides a high density of nucleation
sites that further enhances heat transfer. An appropriate application
method is spraying, and several spray techniques have been investigated.
A technique suitable for coating the inner surface of the 533-mm-0D
thermal~hydraulic test specimen (TSV-F) involves rotating the test
cylinder about its longitudinal axis while moving the spray gun in and
out of the test cylinder bore. The cylinder is mounted vertically on

a motor-driven rotary table, and the gun is attached to a guided mandrel

that is raised and lowered with a hoist. The facility is shown in Fig. 6.1.

An acceptable coating must have good adhesion, uniform thickness, the
desired thickness (there is an optimum), and a uniform and high density
of nucleation sites. Several spray tests were conducted in the vertical
spray facility using a 910-mm length of 250-mm pipe for a test specimen.
A combination of specimen rotational speed, gun-travel speed and distance,
adhesive viscosity, spray gun adjustments, and angle of spray was finally
arrived at that resulted in a satisfactory coating. With this done, TSV-F
was coated with “0.46 mm of adhesive in preparation for an LN; quench in
the LNz-TSTF.

Two thermal shock experiments were conducted in the LN;=TSTF (see
Ref. 1 and Fig. 6.2) with TSV-F to determine the degree of symmetry in
quenching and the heat transgfer coefficients. Previous tests with smaller
specimens in a different test facility resulted in satisfactory perfor-
mance."' However, the greater length of TSV-F and the different type of
test facility required for the larger specimen introduced some new problems.

The first of the two experiments [LN;-TSE-F(2)] was conducted with an
initial test specimen temperature of 21°C. Temperature-vs-time curves for
points in the wall about 0.8 mm from the inner surface, presented in Figs.
6.3 and 6.4, show substantial axial gradients. At least part of this
undesirable result is attributed to vapor binding in the circulating pump
(see the pump curve in Fig. 6.3) and to problems in transferring LN, from

the 1500-2 LN, dewar to the test specimen. Aside from the asymmetry
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problem, the results looked good in chat the heat transfer coefficient :
was acceptable. Figure 6.5 shows the coefficient as a function of metal :
surface temperature and compares the data points with two curves that

were derived from numerous experiments conducted with the smaller speci-

mens and that have been found via fracture mechanics calculations to be

satisfactory for the proposed future LN;-quench thermal shock experiments.

As indicated, the data points are closer to the higher of the two curves.

In preparation for the second test [LNp-TSE-F(3)], modifications were
made to the LN; transfer system, and as a result there was some improve=-
ment in performance during the second test. For this test the specimen
initial temperature was 93°C, the initial temperature corresponding to a
proposed future experiment. The quench was more violent, as would be
expected, and an excessive amount of LN; was expelled from the LN, reser-
voir, Once again the result was a large axial gradient in quenching rate,
Even so, the heat transfer coefficients during the times of LN; sufficiency
were satisfactory, as shown in Fig. 6.5. Quench curves for this case are
shown in Figs. 6.6 and 6.7. As indicated in these figures, initially the
upper portion of the specimen "starves' but eventually quenches at a high
rate as the LN; makeup catches up.

These experiments indicated that the desired heat transfer coeffi-
cients can be achieved. However, a test facility design change would be
required before the question of symmetry could be studied further., Since
the observed degree of asymmetry in quenching was unacceptable, a decision
was made to modify the facility and conduct an additional test. The new
design after modifications is shown in Fig. 6.8. In this modified fa-
cility, the initial LN; injection rate will not be as rapid but the ex-

pulsion rate should be much less.

6.3 PWR Double-Ended-Pipe-Break LOCA-ECC
Parametric Analysis

As a finale to the first phase of the Thermal Shock Program, a "sig-
nificance'" report was writtc covering the four thermal shock experiments
(TSE~1 to ~4) and their relation to the analysis of reactor pressure ves-

sels. A section of this report constitutes a brief fracture mechanics
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parametric analysis associated with the PWR double-ended pipe break
LOCA-ECC. The parametric nature of the analysis consisted of variations
in RTNDT' fast-neutron fluence, and temperature of the emergency core
coolant; the case matrix is shown in Table 6.i. The analysis is based
on the PWR reference calculational model described in Ref. 6 except that
somewhat different curves for KIc and KIa ve T = RTNDT and ARTNDT vs
fluence and copper concentrations were used. Reference 7 indicates that
the KIC and KIa curves given in Section XI of the ASME Code may include
an unnecessary 40°F shift, at least from the standpoint of an accident
analysis. The 40°F shift was removed for the parametric analysis., The
new ARTNDT curve is that specified in Regulatory Guide 1.99, Rev. 1,
Sept., 16, 1966, The flaw geometry was limited to long axial and contin-

uous circumferential (two-dimensional models).

Table 6.1. Cases con-
sidered in parametric

analysis

ot Po (10°*

NDT neutrons/cm?)
(°F)

2 4 6

0 X
40 X Xa X
80 : 4

“Ta = 70, 90, 130°F.

The results of the parametric analysis are presented in the form of
KI vs time curves with crack depth as a parameter and curves of frac=-
tional critical crack depth (ac/w) vs time for (KI/KIC) = 1 and for
(KI/KIa) = 1, The first set of curves indicates the minimum crack depth
for which warm prestressing is effective, and the second set provides an
estimation of the maximum depth of crack penetration with and without the
beneficial effects of warm prestressing. Selected data from these curves

are included in Table 6.2.
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In order to establish the sensitivity of the results to variations
in the several parameters considered, a base case was selected with the
following parameter values: sink temperature = 70°F, surface fluence =

4 % 10'? neutrons/cm® and RT T (for zero fluence) = 40°F. As shown in

ND
Table 6.2, results for this case indicate that for low-copper vessels
the maximum K ratios for the two crack geometries (long axial and con-
tinwous circumferential) are less than unity (no crack initiation). For

the high-copper vessel the threshold fractional crack depth for warm pre-

stressing is 0,30, and the maximum depth of crack penetration, assuming
warm prestressing to be effective, is 0,40, If warm prestressing is not
effective, the deepest point of arrest would be 0.70 for the circumferen-

tial crack and »0.80 for the long axial crack,

As shown in Table 6.2, considering a range of RTNDT from 0 to 80°F
does not change the results substantially. For the low-copper vessels
with RTNDT = 80°F, there is a small range of crack depth for which the
K ratio is greater than unity. However, if warm prestressing is effec-
tive, its threshold is so low that flaws will not initiate. In the ab-
sence of warm prestressing, the maximum arrested crack depths for the two
cracks are 0.47 and 0,36,

Reduc ing RTNDT from 40 to O°F reduces the maximum arrested crack
depth from 0.40 to 0.34 for the high-copper warm-prestress case, but
without warm prestressing the maximum arrested crack depth is still
greater than 0.8.

The sensitivity of the calculated results to fast-neutron fluence

was investigated by considering a range of 2 X 10'? to 6 x 10'? neutrons/cm*

for the case of a long axial flaw. As shown in Table 6,2, this range in

fluence had about the same effect as the above range in RTNDT (0 to 80°F).

The effect of variations in sink temperature over the range 70 to 130°F
was found to be quite small.

It is apparent from this sensitivity analysis that the ranges of
parameters congidered do not substantially change the situation associ=-
ated with the base case. That is, if warm prestressing is effective,
crack penetration is limited to ~50%; if warm prestressing is not effec-
tive, crack penetration for long axial flaws in high-copper vessels will

be in excess of 80%, while that of couvtinuous circumferential cracks will
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be limited to “80%. Low-copper vessels may experience crack propagation
in the absence of warm prestressing} but the penetration is limited to
v50%.,

References

1. R. D. Cheverton, Heavy-Section Steel Technology Program Quart. Prog.
Rep. October—December 1977, ORNL/NUREG/TM-194, pp. 63-73.

2, R. D. Cheverton, Heavy-Section Steel Technology Program Quart. Prog.
Rep. Oetober—December 1376, ORNL/NUREG/TM=-94, pp. 5964,

3. R. D. Cheverton, Heavy-Section Steel Teahnology Program Quart. Prog.
Rep. January-March 1977, ORNL/NUREG/TM-120, pp. 73-101.

4., R. D. Cheverton, Heavy-Section Steel Technology Program Quart. Prog.
Rep., April—June 1977, ORNL/NUREG/TM-147, pp. 6989,

5. K. D. Cheverton, Heavy-Section Steel Technology Program Quart. Prog.
Rep. July-September 1977, ORNL/NUREG/TM-166, pp. 109-14,

6. R. D. Cheverton, Pressure Vessel Fracture Studiee Pertaining to a
PWR LOCA-ECC Thermal Shock: Eaperiments TSE-1 and TSE-2, ORNL/NUREG/
T™-31 (September 1976).

7. Background and Application of ASME Sect. XI, Appendix A, Flaw Evalu-
atton Procedures: Seciion (, Material Properties, Final Draft,
O, 2k, 1977,




46

7. TFOREIGN RESEARCH

W. L. CGreenstreet

The objective of this task is to systematically collect, maintain,
and review products of foreign research that are applicable to safety of
LWR primary gystems. The areas covered are fracture mechanics, metallurgy,
welding, and structures fabrication. The validity and usefulness of for-
eign results for application to safety and licensing of LWRs are to be
identified to NRC, and recommendations are to be made concerning the
application of pertinent well-founded research results.

Lists of foreign reports published in Nuelear Safety through Vol., 19,
No., 3 (May-June 1978) have been reviewed to identify topics of interest in
the metallurgy and materials areas. A total of 23 foreign language re-
search reports have been identified, and requests for translated copies
have been submitted to NRC. Seven translated documents have been received,
two of which were not on the request lists. These 7 plus 12 English lan-
guage documents have been reviewed to date. However, the reviews con-
ducted have not revealed new results to be brought to the attention of
NRC .

A combined summary of light-water reactor research programs in the
Federal Republic of Germany, France, and Japan was prepared from published

1=%  The combination of abbreviated summaries is given

program descriptions.
in Table 7.1, which provides a basis for comparing the individual programs
and indications of cooperative and/or complementary study areas. The
table is structured to focus on study categories, components and systems
involved, and the specific activities in each country.

Several installations and facilities are used in each country to
carry out the individual safety programs. However, in each case, a par-

ticular project and associated facility are emphasized or given particular

attention, These special projects and facilities are briefly described in
Table 7.2.

|
|
|
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Conversion factorsa

SI unit English unit Factor
mm in. 0.0393701
em in. 0,393701
m £t 3,28084
m/s ft/s 3.28084
kPa psi 0.145038
MPa ksi 0.145038
MNem=3/2 ksivin. 0.910048

(MPJ°JE)

J ft-1b 0.737562
K °F or °R g

kJ/m? in.-1b/in.? 5.71015
Wem 2eK™? Btu/hr-ft°-°F 0.176110

T(°F) = 1.8 T(°C) + 32

aMultiply 81 quantity by given fac-
tor to obtain English quantity.
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