NUREG/CR-0980
ORNL/NUREG/TM-347

. OAK
RIDGE
 NATIONAL
' LABORATORY

umo~ : Heavy-Section Steel Technology
v Program Quarterly Progress
Report for April-June 1979

G. D. Whitman
R. H. Bryan

120555031837 2 ANR
o, ey
DOCU
SRANCS hi%e OCUMENT ROOM
Y
AL TRER YN 0C 20555
F’E'pd’!‘_‘(] for the U S. Nuclear ”H;L;'RI("} Commission

Office of Nuclear Regulatory Research
U'nder Interagency Agreements DOE 40-551-75 and 40-552-75

OPERATED BY ;
UNION CARBIDE CORPORATION 1439 217

FOR THE UNITED STATES

DEPARTMENT OF ENERGY 79113006 31




U.S. Department of Commerce

Printed in the United States of America Available from
National Technical Information Service

5285 Port Royal Road, Springfield, Virginia 22161

any of thewr empioyees. makes any warranty, exprassed or imp

use of any intormation. apparatus, product or Procass dnclosed
represents that s use by such third party would not infnnge
nghts

Trus report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States nor any agency thereot. nor

eaq. or assumes

any legal iability or responsibility for any 1hird party's use or the results 3f such

i thie report, or
privately owned

S ——

- 1437 213




NUREG/CR-0980
ORNL/NUREG/TM-347
Dist. Category RF

Contract No. W-7405-eng~-26

Engineering Technology Division

HEAVY-SECTION STEEL TECHNOLOGY PROGRAM QUARTERLY
PROGRESS REPORT FOR APRIL—-JUNE 1979

G. D. Whitman R. H. Bryan

- Manuscript Completed — September 26, 1979
Date Published — October 1979

WOTICE: This document contains information of a preliminary
nature. It is subject to revision or correction and there-
fore does not represent a final report.

Prepared for the
U.S. Nuclear Regulatory Commission
Of fice of Nuclear Regulatory Research
Under Interagency Agreements DOE 40-551-75 and 40-552-75

NRC FIN No. BO119

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORATION
for the
DEPARTMENT OF ENERGY

1439 219




iii

CONTENTS

PREFACE L I A v
SIWARY T LR Vil
ABSTRACT DR I L 1

l. mOGRAIM AmINISmTION AND PR(X:URMNT TR R L I 1

2. FRACTURE MECHANICS ANALYSES AND INVESTIGATIONS — A COMPUTER
PROGRAM FOR DIRECT EVALUATION OF K FACTORS FOR ARBITRARILY
SHAPED FLAWS AT PRESSURE VESSEL NOZZLE CORNERS sscecvscccssccs 3

References cscocssesesocossesnossssssssssssssssssossnssssssses

3 EFFECT OF HTGH-TEMPERATURE PRIMARY REACTOR WATER ON THE SUB-
CRITICAL o ¥ GROWTH OF REACTOR VESSEL STEELS sesecsccocsccss 9

3.1 Crack .rowth Rate Behavior of Welds and Heat-

Affected Z0NES sessvsssssscssssssssssssssssssosssssscnsse 9
3.2 Effects of Ramp and Hold Time eeeecceccscccsssscscsnnssene 10
3.3 Crack Growth Rates at High AK secescescccscsscssssssncscsce 3%
References seceseessssscesssosssassosovsssssssssssnssssscsness 35

4, TINVESTIGATIONS OF IRRADIATED MATER.ALS seeececesc-vscossscccsns 36

/.1 Toughness Investigations of Irradiated Materials —
Fourth HSST Irradiation Series .ccccessscccssccsosscscsces 36

4,2 Ductile Fracture Toughness from the J-R Curve Method
Using Computerized Unloading Compliance Testing seeeeeses 36

4,2,.1 Scope R R 37
4,2,2 Procedure ssscssssocecssssscessnsessessssosnssenso 37
40203 Results and discussion seeeceecsssccsscsssscncsnns 40

42

References R R R R R e L A
5. PRESSURE VESSEL INVESTIGATIONS R R R R RN EE RN aa
6. T“ERMAL SHOCK INVESTIGATIQNS R R R I B I L I 45

6.1 INEroduction cevevcesscsscccssossscssssesssssssssscncnnse 45
6.2 Calculation of Stress-Intensity Factors for TSE-2

Intermediate and Final Crack Shapes ccssesecsssssssccscns 45

6.3 TSE=5 Design and Pretest AnalysSisS seevssccceccecsscsssccss 51

.« Purpose Of TSE=5 .s¢cscesssescnccscssesssosossocssocse 52

- - Testing technique LI N B R R 52

Proposed experiment (TSE-S) I L 55
Fracture mechanics characteristics of
TSE-S (pretest) - ......Cl‘..l.....‘..l..........

6.4 Thermal-Hydraulic Experiments with TSC-1 in LNp=TSTF .... 63

606.1 General seesscesccssscsssccssssscsssscsssesssncene 63
6.‘.2 First thermal-hydraulic test (LNZ’TSE’TH-I) crsran 63

= e e e
w W w W
S WN -

58

1439 220



6.“.3 Secom themal"hydl’aulic test (LNz-TSE-TH-Z) DR
6.5 TSC~1 Flﬂ"iﬂs D@VQ’OPNQ“C R
6.6 Thermal ShOCk-Temper Study R

ReferencCes scscecossosssssscssssssssscssssssssssnssssocssesscse

CONVBRSION FACTORS R R R R R R R R R R R R

1439 221




PREFACE

The Heavy-Section Steel Technology (HSST) Program, which is spon-
sored by the Nuclear Regulatory Commission (NRC), is an engineering re-
search 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 in April through June
1979, except for subcontractor corntributions which may cover the t'ree-
month period ending in May. 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 Engi-
neering Technology Division and the Metals and Ceoiamics 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. I11), ORNL/TM-
4729 (Vol. I1), ORNL/TM-4805 (Vol. Il), ORNL/TM-4914 (Vol. I1), ORNL/T™M=-
5021 (Vol. I1), ORNL/TM-5170, ORNL/NUREG/TM-3, ORNL/NUREG/TM-28,
ORNL/NUREG/TM-49, ORNL/NUREG/TM-64, ORNL/NUREG/TM-94, ORNL/NUREG/TM-120,
ORNL/NUREG/TM-147, ORNL/NUREG/TM-166, ORNL/NUREG/TM-194, ORNL/NUREG/TM-
209, ORNL/NUREG/TM-239, NUREG/CR-0476 (ORNL/NUREG/TM-275), NUREG/CR-0656
(ORNL/NUREG/TM-298), and NUREG/CR-0818 (ORNL/NUREG/TM-324).
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SUMMARY *

1. PROGRAM ADMINISTRATION AND PROCUREMENT

The Heavy-Section Steel Technology (HSST) Program is an engineering
research activity conducted by the Oak Ridge National Laboratory (ORNL)
‘or 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 primary-coolant containment
systems of light-water-cooled nuclear power reactors. The principal area
of investigation i~ the behavior and structural integrity of steel pres-
sure vessels containing cracklike flaws. Current work is organized into
the following tasks: (1) program admiristration and procurement, (2) frac-
ture mechanics analyses and investigations, (3) effect of bhigh-temperature
primary reactor water on the subcritical crack growth of riactor vessel
steels, (4) irvestigations of irradiated materials, (5) ressure vessel
investigations, and (6) thermal shock investigations.

The work performed under the existing research and development sub-
contracts is included in this report.

Thirteen program briefings, reviews, or presentations were made

during the quarter.

2. FRACTURE MECHANICS ANALYSES AND INVESTIGATIONS

Work on the mesh generaticn feature of the finite-element computer
program (NOZ-FLAW) for analyzing nozzle-corner flaws was essentially
completed. Stress-intensity factor (KI) distributions were calculated
for four geometries for which measurements were previously made photo-
elastically. The l(I distributions were also calculated by the BIGIF

computer program, which gave results in reasonable agreement with

-
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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NOZ-FLAW. However, there are some discrepancies between results of cal-

culations and experiments.

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

Fatigue testing of four specim'ns was completed. Weld metal speci-
mens tested at a low R ratio with a saw-tooth wave form gave nearly
identical results to t'ose tested with sinusoidal loading. The heat-
affected-zone (HAZ) specimen also gave similar resul.s.

The last test in the ramp- ana 1. ‘d-time study was -~ompleted. It
was generally shown that the noi! time does not affect crack growth rate
in the pressurized-water reactor (PWR) environment. As previously re-~
ported, decreasing the ramp rate enh:nce= che crack growth rate. The

results of this study have been summarized in Chap. 3.

4. INVESTIGATIONS OF IRRADIATED MATERIALS

Final design of the capsules for the fourth irradiation series was
completed, and preparation of the facility and specimens is in progress.

The a/W-sidegroove test matrix initiated in the previous quarter and
utilizing 1T compact specimens was completed and analyzed. Analyses in-
cluded that agreed upon by the HSST contractors in September 1978 and

several others pursued in an attemnt to improve the analysis procedures.

5. PRESSURE VESSEL INVESTIGATIONS

Preliminary studies of the feasibility of further fracture tests in
thick-section vessels were initiated. Two concepts of interest are (1)
a critical evaluation of the capability of elastic-plastic fracture me-
chanics to characterize upper-shelf behavior and (2) an experimental
investigation of crack growth in a structure under cyclic thermal and

pressure loadings.
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6. THERMAL SHOCK INVESTIGATIONS

Preliminary three-dimensional finite-element linear elastic fracture
mechanics analysis results were obtained for thk flaws associated with
test TSE-2. As before, the results of less precise methods of analysis
indicate that warm prestressing may have been involved; but there is still
too much uncertainty to be reasnnably sure.

Two thermal-hydraulic experiments were conducted with test cylinder
TSC-1 in the liquid nitrogen thermal shock test facility, and the results
indicate that satisfactory quench rates and symmetry in quenching can be
obtained for test TSE-5. Subsequently, final preparations for TSE-5 were
commenced.

Development of the electron-beam (EB)-weld flawing technique was
completed, a full~length EB-weld flaw was generated successfully in the
TSC-1 prolongation, and final preparations were made for generating the
flaw in TSC-1.

The fracture toughness vs tempering temperature study for TSC-1 ma-
terial was completed, and a tempering temperature of 613°C was selected
for TSC-1. Both TSC-1 and its prolongation were tempered at this tem-

perature prior to generation of the EB-weld flaws.
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HEAVY=-SECTION STEEL TECHNOLOGY PROGRAM QUARTERLY
PROGRESS REPORT FOR APRIL—-JUNE 1979

G. D. Whitman R. H. Bryan

ABSTRACT

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

A user-oriented finite-element computer program for
calculating mixed-mode stress-intensity factors for nozzle-
corner flaws of arbitrary shape is being developed. Ramp-and-
hold fatigue tests have been completed. Procedures for un-
loading compliance J tests of irradiated fracture specimens
were prepared. Studies of additional intermediate-vessel test
concepts were initiated. Preparations were continued for the
first thermal shock test in the liquid nitrogen facility.

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
for nuclear pressure vessels, by detecting flaws of significant size that
occur during fabrication and in service, and by developing methods ca-
pable of producing quantitative estimates of conditions under which frac-

tures coculd occur. The program is concerned mainly with developing
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pertinent fracture technology, including knowledge of the material used
in these thick-walled vessels, the flaw growth rate, and the combination
of flaw size and load that would cause fracture and thus limit the life
and/or operating conditions for this type of 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 industry. 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 rrganized into six 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 the subcritical crack growth of reactor
vessel steels, (4) investigations of irradiated material, (5) pressure
vessel investigations, and (6) thermal shock investigations.

During this quarter, 13 program briefings, reviews, or presentations
were made by the HSST staff at technical meetings and at program reviews

for the NRC staff or visitors.
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2. FRACTURE MECHANICS ANALYSES AND INVESTICATIONS — A
COMPUTER PROGRAM FOR DIRECT EVALUATION OF K
FACTORS FOR ARBITRARILY SHAPED FLAWS AT

PRESSURE-VESSEL NOZZLE CORNERS*™

Satya N. Atluri# K. Kathiresan* J. W. Bryson

Work on the mesh generation feature of the finite-element computer
program NOZ-FLAW was essentially completed during the current reporting
period. Final examination and debugging of all of the various options
available in the mesh generator are currently under way.

Stress-intensity factor distributions were calculated for four noz-
zle-corner flaws in a pressurized boiling-water reactor (BWR) vessel
employing the fully automatic mesh generation mode. These came flaws
were investigated by C. W. Smith et al.' using the frozen-stress photo-
elast! technique. Figure 2.1 shows the four flaw geometries considered.
In acuition, KI distributions were calculated at Oak Ridge Nationul Lab-
oratory (ORNL) for the four flaw shapes using the BIGIF? (Boundary In-
tegral Generated Influence Functions) computer program. This program
was developed by Failure Analysis Associates under Electric Power Re-
search Institute (EPRI) sponsorship and is based on an influence function
approach that requires a prior stress analysis of the uncracked structure.
The stress analysis was obtained at ORNL from the finite-element com-
puter program CORTES-EP. ? Figure 2.2 shows the junction region of the
mesh generated by CORTES-EP.

Comparisons of calculated results from NOZ-FLAW with both photo-
elastic and BIGIF results are shown in Figs. 2.3 through 2.6. A Pois-
son's ratio of 0.45 was used in NOZ-FLAW, whereas the photoelastic re-
sults are for v = 0.5. 1In BIGIF, the four flaw shapes were idealized as

quarter-circular flaws haviag a radius equal to the depth of the flaw at

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

+Hork sporsored by HSST program under UCCND Subcontract 7565 be-
tween Union Carbide Corporation Nuclear Division and Georgia Institute
of lachnelogy.

¥
School of Engineering Science and Mechanics, Georgia Institute of
Technology, Atlanta, Ca. 30332.
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Fige. 2.1. Nozzle-corner flaws investigated photoelastically by
Smith et al. (Ref. 1).
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Fig. 2.2. Finite-element mesh generated by CORTES-EP for nozzle-
vessel junction region of a BWR vessel.
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45° from the point of flaw intersection with the vessel wall (r = a).
Also, the influence functions employed in BIGIF are derived for solid
infinite bodies and do not fully consider the effects of certain finite
nozzle dimensions (i.e., the back-free-surface effect and out-of-plane
nozzle curvature). Recent studies, however, irdicate that the BIGIF
idealized nozzle-corner flaw model will give accurate results for a/T <
0.5 for nozzle dimensions typical of a BWR feedwater nozzle.”’

NOZ-FLAW and BIGIF give reasonably good agreement for three of the
four nozzle corner flaws. As might be expected from the above discus-
sion, less satisfactory agreement was obtained between the two for the
deep flaw (Fig. 2.6) where a/T = 0.81 > 0.5. Comparisons between NOZ-
FLAW and the photoelastic results (Smith et al.!) indicate opposite
trends for the KI distribution for moderately deep (a/T = 0.53, Fig.
2.5) to deep (a/T = 0.81, Fig. 2.6) nozzle-corner flaws. NOZ-FLAW zal-
culates a KI distribution along the flaw front having an increasing slope
with respect to the angle of rotation measured from the point of flaw
intersection with vessel well, but the photoelastic results display the
opposite trend for these two flaws. Attempts are presently being made
to understand and explain the above discrepancies between calculated and
photoelastic results. Both the calculated and photoelastic results are
planned to be presented at the forthcoming Fifth Sti-uctural Mechanics

in Reactor Technology (SMIRT) Conference.“®®

References
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3. EFFECT OF HIGH-TEMPERATURE PRIMARY REACTOR WATER
ON THE SUBCRITICAL CRACK GROWTH OF
REACTOR VESEL STEELS**

W. H. Bamford* &
&
D. M. Moon L. J. Ceschini

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. Four environmental chambers are

being used, and the following areas are being investigated:

Weld and heat-affected-zone 3 chambers (14 MPa, 288°C)
materials, starting conditions
(2T-WOL, 2T CT specimens)

Crack growth rate at high K 1 chamber (14 MPa, 288°C)
(4T-WOL, 4T CT specimens)

During this report period, four specimens were completed, including
two welds and one heat-affected-zone specimen and the last of the speci-
mens to be tested under the ramp- and hold-time matrix. This report will
present a summary report on all the ramp- and hold-time tests, as well

as the results of the weld specimens tested to date.

3.1 Crack Growth Rate Behavior of Welds
and Heat-Affected Zones

Three additional specimens of the same submerged arc weld tested
previously were completed during the report period. Two were from the
weld itself, with the crack propagating along the welding direction, and
the third specimen had a crack propagating in the heat-affected zone (HAZ).

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

+

Work sponsored by HSST program under UCCND Subcontract 3290 be-
tween Union Carbide Corporation Nuclear Division and Westinghouse Elec-
tric Corporation.

+Hestinghouse Electric Corporation.
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The results of these individual specimens are shown in Figs. 3.1 through
3.3. All the specimens were tested with R ratio = 0.2 and showed equiv-
alent results. Results of these recent tests are compared with those of
previous tests on the same weldment in Fig. 3.4.

Specimens C-7 and C-9 were tested to complete the characterization
of this weld at low R ratio, using a positive saw-tooth wave form to com-
pare with the previous results obtained with a sinusoidal wave form. As
may be seen in Fig. 3.4, the results were entirely equivalent to the pre-
vious results, and, in fact, the results from specimen C-9 were nearly
identical with those of specimen C-2 (tested at one cycle per min), even
including a sizable arrest event that occurred about halfway through the
test. All the tests were started at precisely the same value of AK, that
is, 22 MPavin., to allow for a good comparis-m.

The specimen from the HAZ performed no differently than the speci-
mens where the crack propagated entirely in the weld. The crack propa-
gated entirely in one plane throughout the test, which was not entirely
expected, because some earlier tests of Charpv specimens showed that the
crack jumped out of the HAZ and propagated in the base metal immediately
adjacent to k. Apparently, fatigue loadings of less intensity and at
slower rates allow the crack to remain in the HAZ. The fatigue-crack-
growth rstes obtained were approximately in the middle of the data for
the weld specimens, so it appears that no special treatment is necessary
for the HAZ material. This conclusion was also reached for a BWR envi-
ronment by Hale et al.’?

A series of tests is being conducted on this weld and HAZ under the
positive saw-tooth loadings at high R ratio, and results will be reported

next quarter.

3.2 Effects of Ramp and Hold Time

The completion of testing for specimen R-9 during this report period
marks the completion of the series of tests to study ramp- and hold-time
effects. Results of this test are shown in Fig. 3.5 and are typical of
other results obtained with a 1-min ramp. Because the study of ramp and

hold times extended over more than two years, it is important to summarize

1439 235



11

ORNL-DWG 79-6108 ETD

AK (MPa \/m)
10-3 2 4 6 8 10 2 4 6 8107
e T T v Pty
—
6 —
4 |} —q102
— 6
2 P iy
O@O -1 4
8 -
10“d+_— @ OO
. g 0&9 o) -1 ?
I ® S
©4 p— O p— £
< @) vl 3
= Lo e P
$ 1. &
© Rny %
'02 - — ©
— 4
105 —
8 P — 2
6 b
| SPECIMEI. C-7
4 | SUBMERGED ARC WELD i
PWR ENVIRONMENT, 14 MPa, 288°C r—
L R =020 et E.
1-min RAMP - NO HOLD — 6
2 |— WAVE FORM MM it
— 4
> Lol L1l
100 2 4 6 8 10 2 4 4 6 8 10°

AK (ksiy/in. )

Fig. 3.1. Fatigue-crack-growth rate test results — specimen C=7.

1439 256



12

ORNL-DWG 79-6109 ETD

AK (MPa /)
10-3 2 4 6 8 10 2 4 6 810?
el T T TTI T TTITI],
6 —_—
4 — _10—2
L. — 8
— 6
2 - s
0
— 4
O —
1074 — 0
8 |— Y
:56 — O 3
E I o) z
S s 0 —d103 =
< .z — =
o a O — 8 E
% ao — =
2 (@] - ¢ P
Y2 - - -
- 4
0 -
10°° o
8 p— s 3
6 —
| SPECIMEN C-9
a4 | SUBMERGED ARC WELD "
PWR ENVIRONMENT, 14 MPa, 2889C -0
— R =020 — 8
1-min RAMP — NO HOLD : .
2 b— WAVE FORM MM -
— 4
e Ll LT
100 2 4 6 8 10 2 4 4 6 8 102
AK (ksiv/in.)
Fig. 3.2. Fatigue-crack-growt! _-ate test results — specimen C-9,

1439 257



13

ORNL-DWG 79-6110 ETD

_\K(MPa\/Tﬁ)
10°3 2 46 10’ 2 8 102
ST T, T T T,
6 —

4 _10-?
- s
&R —
2 oo 718
< — 4
0% > =
1074 — e d
8 - Y .
6 = s
%
2 I 8
St - —103
> — 8
;o ~] 6
'02 s ]
—t &
1075 f— T
- -t 2
& b
| SPECIMEN C-24-HAZ-1
4 | SUBMERGED ARC WELD "
PWR ENVIRONMENT, 14 MPa, 288°C ot
L R=020 -1 8
1-min RAMP — NO HOLD *A
, | WAVE FORM MM 3"
— 4
sk Lol Ll
109 2 a 6 810 _ 2 4 1 6 810
AKH-S|\.’|n )
Fig. 3.3. Fatigue-crack-growth rate test results — specimen
C=-24-11A7~-1.

1439 238

da/dN (mm/cycle)



14

ORNL-DWG 79-6111 ETD

AK (MPa /)
10°3 2 4 6 8 10 2 4 6 8102
cE T T TTIrap T T TIrr],
6 p—
B UPPER BAND
4 | 0.5, 1.0 cpm DATA 102
BASE METAL -4 o
- R=0.2 =~
-— 6
2 - -
— 4
gy o
8 L - 2
5 s
L>)- o [ [‘Zf %
4 |} ; A ——— 10-3 _
i SUBMERGED ARC WELD ‘e B - E
= [ 3 -t =
z [T ONECYCLE/MINUTE . ® Y — >
o C-2 (2TWOL) ® v o —6 3
2 - C-3 (2TWOL) @ - — ©
ONE MIN RAMP/NO HOLD e - 4
C-7 (2TWOL) & _ -
5 C-9 (2TWOL) v Be
ol #
8 }— SUB-ARC WELD HAZ . - 3
6 |  ONE MIN RAMP/NO HOLD
- C-24-HAZ-1 (2TCT) ©
4 - PWR ENVIRONMENT, 14 MPa, 288°C —aq 1074
® —
-5 ALL SPECIMENS 0.2 < R < 0.24 -t &
— 6
2 e —d
— 4
i Lol o4 b kdies
10° 2 4 6 810 _ 2 4 4 6 810°
AKl'kSl\/ln)

Fig. 3.4, Summary of fatigue-crack-growth rate test results —
Linde 124 welds tested at low R ratio.

1439 239



15

ORNL-DWG 79-6i12 ETD

AK (MPa /)
10-3 2 4 6 8 10 2 4 6 8107
. T R | IIIIWTLz
6 —
4 |— —4107?
— 6
2 = =
— 4
L (f‘ﬁ
8 - o -1 2
2;5 _— © @
W i s
=8 P o — 1073 ;
= . — £
-~ il () — 8 £
£ ; e z
- 8 —6 T
T2 - - s
— 4
105 e
- -l 3
6 —
| SPEC!MEN R-9
4 | SAB508 CLASS 2 FORGING N
PRESSURIZEN WATER REACTOR CNVIRONMENT —
| 14 MPa, 28t C, ¥ =02 —1 8
1-min RAMP, 17 -min HOLD = P
2 b— WAVE FORM MV il
— 4
s T Gl R EULTT L LT
109 2 a 6 8 10 2 a 4 6 8 10°

AK(kSI\/Fi

Fig. 3.5. Fatigue-crack-growth rate test results — specimen R-9,

1439 240

J

-



16

the results of the entire program, even though many of the individual
specimen results have been previously reported.

The study was conducted on specimens taken from two heats of SA508
Class 2 forging steel, machined into 50.8-mm-thick specimens, both wedge-
opening loading (WOL) and compact (CT) type. Tests were conducted by
both Westinghouse and the Naval Research Laboratory (NRL) using a test
matrix designed to allow comparison between laboratories and to optimize
the use of available facilities. Ramp times included were 1 sec and 1,

5, and 30 min, and hold times were 1 sec and 1, 3, and 12 min. Tests
were conducted at both 93 and 288°C. Results are now available for all
the ramp times listed except the 30-min ramp-time tests, which are con-
tinuing at NRL. The test results indicate that ramp time is more im-
portant than hold time in affecting fatigue-crack-growth rates; thus,
the summary to follow is presented in figures that show different hold-
time tests having a common ramp time.

A summary of results obtained with a l-sec ramp time is found in
Fig. 3.6, which shows that, at such a fast ramp rate, the environment
did not have time to enhance the crack growth rate significantly. Several
different hold times were tried, but they had no effect on the data, which
show growth rates only slightly higher than results obtained in air. Data
of Cullen et al.’ from the NRL are included and show good agreement with
these data, even though the R ratio was slightly lower. Two test temper-
atures have been included in this data summary and show that essentially
the same data were produced at 288 and 93°C.

Increasing the ramp time to 1 min results in considerably enhanced
crack growth rates, and results of the tests conducted at 93°C are sum-
marized in Fig. 3.7. Growth rates increase very quickly at the beginning
of the test and then begin to increase at a slower rate, causing the
logarithmic portrayal of growth rate vs range of applied stress-intensity
factor to bend over somewhat, in this case trending back toward the air
growth rates at AK equal to 77 to 99 MPaYin. The data presented in Fig.
3.7 show a relatively tight scatter band and again reveal excellent agree-
ment with those of Cullen et al.’ There is no perceptible effect of hold
time on the data and no effect of specimen type, because the "F'" specimens

were WOL type and the specimens of Ref. 3 were CT specimens.
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Results of l-min ramp-tiwe tests conducted in higher-temperature
water euvironment of 288°C show considerably more scatter than those at
the lower temperature. Again, .he growth rate increases steeply at the
beginning of the test, and tbe environmental enhancement is clearly evi-
dent. The crack growth rate has been found to be difficult to sustain
in the region where it is increasing so rapidly, and it has a strong
tendency to revert back to the air behavior. This tendency is further
enhanced when test interruptions occur, such as shutdowns caused by
hardware problems or electrical outages.

There were several specimens in this series that showed large de-
creases in growth rate following such interruptions; therefore, the data
were ignored after the interruption. Examples are F-10 and F-9, where
the retarded data have been discarded. This behavior has been verified
with striation measurements and is discussed in some depth in Ref. 4.

In several cases, these arrests in crack growth have occurred early in a
test and have been so severe that the specimens were abandoned.

The imposition of hold times also tends to enccurage this behavior,
as can be seen in Fig. 3.8. The ramp time of 1 min corresponds to a
sinusoidal frequency of 0.5 cycles per min, and the data fall well short
of the upper band of the sinusoidal data. Thus, the conclusion is that
l1-min ramp data with various hold times are somewhat less severe than
sinusoidal data for an equivalent loading rate.

Behavior of the pressure vessel steels in the light-water reactor
(LWR) environment at ramp times longer than 1 min has not been studied
extensively, because the tests require long periods to perform. The
available data for a 5-min ramp time and the equivalent 0.1 cycle per
min data are summarized in Fig. 3.9. Again the same general behavior is
obtained as with the l-min ramp, but two specimens test.d at 288°C show
data that exceed the upper scatter band of the sinusoidal data obtained
at 0.5 and 1.0 cycles per min. The previously believed saturation in
the growth rates at sinusoidal frequencies of between 0.5 and 1.0 cycles
per min is somewhat refuted b these data, but a strong conclusion is not
possible because of the lack of sufficient data. Results from a test
conducted at 93°C fall near the middle of the data.’
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The growth rates of specimens R-6 and R-11, which exceeded the
upper band of the sinusoidal data, were subjected to considerable fracto-
graphic study to verify the macroscopically observed rates. The results
of these studies are shown in Figs. 3.10 and 3.11 and verify the macro-
scopic rates in general. For specimen R-6, the striation measurements
follow the specimen behavior even through a sizable arrest event. The
striation measurements for specimen R-11 are in agreement with the macro-
scopic data at the beginning and the end of the test, but they do not re-
flect the apparent arrest that occurred near the middle of the test.

This "arrest" may have been caused by the fact that the crack front was
very uneven during the middle of the test, as shown in Fig. 3.12. Cer-
tainly the striation measurements on both specimens confirm that the
growth rates were indeed higher than the upper band of the siausoidal
data.

Specimen R-11 displayed a character in its fracture surface that
had not been observed before — an alternating light- and dark-banded
appearance that was visible to the naked eye. This is shown in Figs.
3.12 and 3.13, where magnifications of both the light and dark bands are
provided. The reason for this banded behavio: is currently unknown, but
striations are clearly visible in both regions and give comparable growth
rate measurements. The only real difference between the two types of
regions is that the dark regions appear to have a rougher texture with
more crack branching, as seen in Fig. 3.13.

A number of other specimens were studied fractographically to con-
firm the macroscopic growth rates, and the resulting measurements are
shown in Table 3.1. The striation measurements matched the macroscopic
growth in all cases for tests conducted at 288°C, as shown further for
specimen F-9 in Ffig. 3.14. Tests conducted at 93°C produced striations
that did not match the macroscopic growth, however, as shown in Fig. 3.15
for specimen F-8. This is particularly interes*ing because the macro-
scopic growth rates of the specimens tested at the two temperatures are
comparable. This indicates the presence of a corrosion component that
adds to the mechanical growth in the lower-temperature specimen.

The fracture suri-_:es of specimens tested at the two temperatures

are considerably different, however, and this at least partially explains
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Table 3.1. Crack growth rate determinations from striation
spacing measurements for ramp- and hold-time specimens

d
Spec imen Applied AK  Striation spacing Macroscopic data

(MPavm) (mm per cycle) (mm per cycle)
F=2 56,2 7.6 x 107"
56.4 1.0 x 107° 1.7 x 1073
57.0 1.3 x 1073
F-9 28.4 2.3 x 10-3 2.5 x 1073
28.4 2.5 x 10=3
33.0 2.8 x 10~° 2.2 x i0~3
R-6 38 6.9 x 10~° 3.66 x 103
38 9.7 x 10-3
44 1.1 x 1072 1.0 x 10~%
44,6 1.5 x 10~
47.7 1.5 x 1077 1.10 x 10-?
63.4 1.7 = 10™° 1.48 x 1077
78.0 2.3 x 1073 1.77 x 1073
R-11 29 2.8 x 107° 2.0 x 10~°3
29 4.1 x 103
33 1.1 x 10~2 2.8 x 10~3
38 1.0 x 10~° 3.0 » 1073
48 7.4 x 1073
48 8.6  10™° 1.5 x 10~7
55 1.2 x 1072 3.12 x 1073
55 1.9 x 10~?
85 1.4 x 10-2
85 1.5 = 10~° 3,15 x 10=2
F-8 (93°C) 52 7.6 x 107"
52 1.0 x 10~3 4.11 x 10~3
52 1.3 x 107°

the inconsistencies be ween macroscopic and striation measured growth
rates. The fracture surfaces of specimens F-9 and F-8 are shown in Figs.
3.16 and 3.17. The fracture surface of the high-temperature specimen
shows entirely striated growth, while that of the low-temperature speci-
men displays a mixture of cleavage and ductile striated growth. This is
shown very clearly in the bottom picture of Fig. 3.17.

Besides the intended assessment of the effects of ramp and ..0ld

time and temperature on fatigue crack growth, a number of other things
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were learned in the study. One of the most interesting and most diffi-
cult to explain is the tendency of the accelerated growth to revert back
to the unaccelerated air behavior when interruptions occur in the test,
as has been previously discussed. Another very important point is that
the accelerated growth is never attained if the specimen is begun at toco
high a value of applied AK or Kmax' This effect is shown, for example,
in Fig. 3.18 and is believed to be related to cthe mechanisms of crack
growth rate acceleration in the water environment. There is likely a
definite relationship between this starting effect and the effect of in-
terruptions in causing the growth rates to reert to a nonaccelerated be-
havior.

The process of fatigue crack growth in a water environment is com-
plicated indeed, and it is helieved to be accelerated by the effects of
hydrogen produced in the crack-tip water-steel reaction. If the mechani-
cal loading rate on the cracked geometry exceeds the rate that hydrogen
is produced and diffuses to the region ahead of the crack, the growth
will not be accelerated by the water environment. The rate at which
hydrogen is produced is affected by many things, only some of which are
well understood. On the basis of present evidence, the electrochemical
cell set up at the crack tip that supplies hydrogen to the crack-tip
region during a test is apparently easily affected by changes in the
specimen loadings. Hydrogen is probably produced most efficiently dur-
ing slow regular loadings, of which the sinusoid is a good example.
Irregular loadings — for example, those that include hold times or tests
that are interrupted — cause this cell to operate less efficiently; thus,
the acceleration is not as pronounced. There must be a very fine balance
between the mechanically induced loading rate and the environmentally
produced hydrogen to result in highly accelerated growth. If the me-
chanical loading, as measured by the stress-intensity factor K, occurs
at too fast a rate, the crack will tend to propagate mechanically faster
than the environment can influence it, and no enhancement will be ob-
served. This effect has been observed before and is exemplified by com-
paring l-sec and l-min ramp test results, but the same mechanism may be
the cause of the starting conditions effect shown in Fig. 3.18. 1If the
specimen is initially loaded at a relatively high AK (or Kmax)’ the
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mechanically induced crack growth rate is faster than the environment can
influence it, and no enhancement is observed. In the reactor water en-
vironment, this lack of environmental influence is continued throughout
the test, while in other steel-environment combinations, the environment
will gradually catch up to the moving crack, and the enhancement will
intensify until a steady-state behavior of full enhancement is obtained.®
Further evidence that this effect is strongly dependent on the material
and environment combination is provided by a serizs of tests conducted

in hydrogen sulfide gas, as shown in Fig. 3.19. In this environment,
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Fig. 3.19, Effect of starting conditions on fatigue-crack-growth

rates in reactor pressure vessel steel in hydrogen sulfide at room tem—
perature,
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there is no effect of starting conditions, presumably because the envi-
ronmental kinetics are so fast that the hydrogen can keep up with the
crack no matter how fast it is growing.

Clearly t'iere is mu:h more to be done to fully understand this ele-
ment of the environmental crack growth rate behavior, but, for the pres-
ent, it mus®’ oe emphasized that crack growth rate tests should not be
started at high values of applied stress-intensity factor. Based on
present evidence, to avoid this ettect, a test should not be started at

an applied Kmar greater than 33 MPavm.

3.3 Crack Growth Rates at High AK

Testing is continuing or specimen 04AEl, a 101.6-mm-thick specimen
of HSST Plate 04, being tested at R = 0.7.
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&, INVESTIGATIONS OF IRRADIATED MATERIALS*

4.1 Toughness Investigations of Irradiated
Materials — Fourth HSST
Irradiation Series

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

Final detailed design of the capsules for the Fourth HSST Irradia-
tion Series is complete, Fabrication of capsule parts, prenaration of
neutron dosimeters, specimen preparation, and control system modifica-
tions for the first capsule are all in progress.

Four weldments are now on hand, and two additional materials are
being obtained for irradiation in the other three capsules planned for

this irradiation series.

4.2 Ductile Fracture Toughness from the J-R Curve
Method Using Computerized Unloading
Compiiance Testingt

Jo KA WIIIiams* Ke We Carlson*

Based on the results reported in the previous quarterly progress re-
port, a set of procedures for conducting unloading compliance J-R curve
tests using the interactive computer data acquisition and processing sys-
tem was developed. Contained in these procedures are numerous checks on
the systems and test conditions. Having established these guidelines,
the "a/W-sidegroove test matrix” was completed and analyzed; these i~-
sults are summarized in this progress report. Also during this quarter,
preliminary work leading to the testing of 0.5T irradiated CT specimens

was initiated.

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

TResearch performed under Purchase Order 11Y-50917V for the Oak
Ridge National Laboratory, operated by Union Carbide Corporation.

*Hanford Engineering Development Labhoratory.
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4.2.1 Scope

In light of the needs of the J-integral fracture toughness test-
ing criteria, the objective of this investigation was to determine the
effects of relative crack length, a/W, and sidegrooving of the remaining
ligament section on the J-R curve. Sidegrooving is of interest because
it increases the degree of stress-state triaxiality ahead of the crack
tip, thus imposing a larger degree of plane strain behavior. Because of
the desirability of a single specimen test for nuclear reactor applica-
tions, the unloading compliance technique was employed to generate the
J=R curve. Therefore, a second objective of this study was to explore
and establish analytical procedures for unloading compliance J-R curve

tests,

4,2,2 Procedure

The material used in this investigation was AST™ A533 Grade B Class
1 (A533-B1) steel; the composition and mechanical properties are reported

elsewhere, ="

In an attempt to encourage comparable data, a set of
guide!ires for testing and analysis was agreed upon by a group of HSST
contractors at a meeting in Annapolis, Maryland, in September 1978.
These guidelines served as a basis for this investigation and are de-
scribed in this section.

To systematically assess the effect of a’'W and sidegrooving on the
J=R curve, a test matrix was established varying a/W and depth of side-
grooving. All specimens were IT compact specimens (CSs) with varying
notch depths so that, after fatigue precracking, there were three speci-
men groups each having a/W values of 0.5, 0.6, 0.7, and 0.8. 1In each of
these groups, one specimen was left with a smooth surface (0% sidegroov-
ing), one was given 45° V-shaped sidegrooves to a total depth of 10% (5%
on each side) of the thickness, and the third was given sidegrooves to a
total depth of 20% of the thickness.

The fracture toughness tests were conducted at 149°C, where upper-
shelf behavior was observed. The temperature was controlled to ~*2 K in
an air-circulating electri-ally heated furnace. The specimen temperature

was sensed with a thermocouple attached to the specimen surface.
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The tests, which were performed on an 89,0-kN-capacity (20,000-1b),
closed-loop, servo-controlled, hydraulic test system, were conducted
in stroke control at a rate of 0.5 mm/min. Loading clevises with flat
bottom holes were used to test the compact specimens, and the load was
monitored by the system load cell. Two independent extensometer systems
were used to measure displacement, A dual linear variable differential
transformer (LVDT) system described elsewhere® was mounted on the front
face straddling the load points on each side of the specimen, The sig-
nals from the LVDTs were added to give average displacement measurements.
An electrical resistance clip gauge (CG) was also mounted on razor blades
affixed to the crack notch at the load line.

To compute J for the compact specimens, the formula developed by
Rice et al.,6 modified for the tensile component of load after Merkle
and Corten,’ and shortened by the AST™ Task Group E24.01,09,% was used:

2A (1 + a)
J = — ———, (1)
Bb (1 + a?)

where

2a \? 4a /2 f2a
a=|{—) +—2+2 —-(-—9—+1 , (2)
b b b

and
A = area (energy) under the load-deflection record,
5 = thickness (net section thickness for sidegrooved specimens),
b = remaining uncracked ligament,
. initial crack length.

To compute crack length from the measured compliance, the compliance

equation developed by Saxena and Hudak®? was used:

a/W = 1.000196 — 4.06319 U + 11.262 y?

— 106.043 U3 + 465.335 U* — 650.677 U° , (3)
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where

U= 1/('ECB + 1)1
E = elastic modulus,

C = compliance.

The initial crack length was computed from the mean of ten compliance
measurements at very low load levels. Crack extension was computed by
subtracting this value from subsequent computed crack lengths.

To determine the Jy. value, representation of the crack-tip blunt-
ing behavior and crack extension behavior was necessary. The intersec-

tion of the lines representing these two phenomena was taken as the Jy.

value. The analysis agreed on was based on the recommended procedures.8
The blunting line was taken as following the theoretical relationship
Aa = J/20o > (4)

where

g, = flow stress = (cy + ots)/Z,
oy = yield stress (0.2% offsct),

Ots = ultimate tensile stress.

The crack extension data points used were cuntained in the interval de-
fined by two lines parallel to the blunting line, Eq. (4), displaced
0.754 and 1.397 mm along the crack extension (Aa) axis. The crack ex-
tension portion of the R curve was a least-squar2s linear regression
through these points.

After completion of the test, the specimen was heat-tinted in a
furnace at 649°C and then broken after cooling in liquid nitrogen. The
blue oxide coating clearly delineates both the fatigue precrack and the
crack extension from the fracture toughness test; these quantities were
measured under a microscope with a vernier calibrated traveling stage.
To measure crack extension on curved crack f -onts, crack extension mea-
surements were made at nine equally spaced points along the crack front.
The crack extension was taken as the mean of eight points: the seven

interior measurements plus the average of the two surface measurements.
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The initial crack length, as measured on the specimen fracture surface,
was used to recompute the J values.

A minicomputer system described in previous quarterly progress re-
ports was used for data acquisition and computation. Durirg an unloading
compliance J-integral test, the specimen is unloaded about 10%Z at fre-
quent intervals and the compliance measured. The system was programmed
to accurately measure load and displacements, compute *'e ~n~mpliance, and
assess the accuracy of compliance measurements., keal~time computations
of the crack length, the compliance, and the estimated J values were made
and printed at the time of each unloading; all data were stored on a mag-
netic disk. While performing these tasks, the x-y recorder was auto~
graphically producing the load-deflection record. Cn completion of the
test, the data from all the unloadings were assembled and plotted as a
temporary J-R curve. After subsequent crack length measurements were
made from the broken specimen, the data were recalled from the magnetic
disk, and new J and Aa data were computed and plotted as a final J-R
curve; these new data were also stored on the magnetic disk. With all
data permanently stored on the magnetic disks, the data were easily re-

trievable for subsequent analyses or replay.

4.,2.3 Results and discussion

The analysis agreed on for use in this investigation utilized the
blunting line approximation given in Eq. (4). The data points included
for analysis of the crack extension line of the R curve were those be-
tween the two offset lines described. The intersection of the blunting
and crack extension line was defined as the onset of crack extension, and
the J value at this point was attributed to the Jj. designation. Paris
et al.l? have suggested that the slope of the crack extension line is re-
lated to a parameter that describes stahle crack extension; the "tearing

modulus,” T, is given by

T = (dJ/da) (E/o %) , (4.5)
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where

dJ/da = slope of the crack extension line,
E = modulus of elasticity,

oo = flow stress.,

The Jy., dJ/da, and T results for this matrix of tests will be presented
in detail in a topical report that is in preparation. Some of the impor-
tant ubservations derived from these results include the following.

l. The R curves developed from crack extension computed from the
LVDT and clip gauge compliances are different from one another for the
same test. In some specimens, particularly those with smaller a/W and
no sidegrooving, the difference was large. For deeper cracks and side-
grooves, the differences were essentially negligible. The disparity be-
tween the R curves developed from the clip gauge and LVDT compliance is
the subject of an ongoing investigation.

2. The two extensometers are attached at physically different lo-
cations and give different compliance values on a given specimen. Thus,
it was deemed expedient to model the compliance behavior of each exten-
someter separately by employing different compliance relationships. The
Saxena-Hudak relationship was found to work quite satisfactorily for the
clip gauge location at the load line on the crack plane. A tenth-order
polynomial was developed to model the LVDT behavior for 1ts location
mounted on the front face straddling the load line.

3. The compliance equations were accurate for predicting the ini-
tial crack lengths where the crack fronts were relatively straight., Fi-
nal crack lengths were consistently underestimated, because crack front
tunneling produced a deviatio: between the measured average crack length
and that predicted by the compliance relationships. Therefore, the crack
extension was consistently underestimated.

4. As both a/W and the depth of sidegrooving increase, *he degree
of triaxiality through the thickness of the specimen at the crack tip
increases. The resulting higher constraint tends to give straighter

crack fronts with tunneling reduced or eliminated.
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5. Another consequence of the increased cons.raint is that Jy. de-

creases, in general, as a/W and depth of sidegrooving increase. Ji.

seems to approach some minimum plane strain value.

6, It was also noted that the slope of the crack extension line on

the R curve decreased as a/W and depth of sidegrooving increased.

7. Further work is needed to obtain an understanding of the rela-

tionship between compliance behavior of each of the extensometers and th«

crack-tip blunting and crack extension phenomena at the crack tip.

complish this, multiple-specimen heat-tint R curves should be developed

for a number of specimen sizes in the test matrix studied in this investi-

gation,

1.

2.

3.

be

S5e

6.

7.

8.
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5. PRESSURE VESSEL INVESTIGATIONS

R. H. Bryan

The feasibility of a number of types of tests utilizing intermediate-
scale vessels 1s under consideration. Two types of experimental investi-
gations of particular interest are conceptually possible. One type of
test would demonstrate the behavior of low upper-shelf material; the
other involves thermal fatigue tests and pressurized thermal shock tests.

The behavior of low upper-shelf material is of interest for at least
two reasons. The practical reason is that such material is in use in
some reactor pressure vessels. Secondarily, a critical comparison of th:
theory of elastic-plastic fracture mechanics (EPFM) with experimental ve-
sults from a test at upper-shelf temperatures of this material has .ot
been carried out. Thus, there has been no experimental demonstration of
how well, 1f at all, EPFM characterizes upper-shelf fracture behavior in
the material of interest. A test vessel for this type of investigation
might have a flaw implanted in a specially designed weld a-posit in the
cylindrical course of the vessel.

Thermally induced stresses are known to generate cracks, particu-
larly in nozzle-corner regions. For this reason, as well as the fact
that analysis of nozzle-corner cracks is still a developing art, a series
of tests of nozzle-corner cracks under cyclic pressure or thermal loads
is being considered.

Further work must be concluded before the feasibility of either con-

cept can be determined.
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6. THERMAL SHOCK INVESTIGATIONS*

R. D, Cheverton

6.1 Intri.duction

During this report period for the Thermal Shock Program, a three-
dimensional fracture mechanics analysis of TSE-2 was performed, final
preparations were made for TSE-5, two thermal-hydraulic thermal shock ex-
periments were conducted in the liquid nitrogen thermal shock test fa-
cility (LN,-TSTF), development of the EB-weld flawing technique for TSE-5
was completed, and an appropriate tempering temperature for TSC-1 was

determined.

6.2 Calculation of Stress-Intensity Factors for TSE-2
Intermediate and Final Crack Shapes

S. K. Iskander D. G, Ball
R. S. Wallace

The flaws involved in TSE-2!:? were three-dimensional in nature
and are being calculated by means of a three-dimensional finite-element
(FE) analysis technique. The FE meshes for the TSE-2 intermediate and
final crack shapes were presented in the previous quarterly progress re-
port.3 This report discusses preliminary FE analysis results for these
crack shapes.

For the purpose of the FE analyses, the actual crack fronts for the
initial, intermediate, and final crack shapes are represented by circular
arcs., The initial flaw is semicircular and thus (s represented by a sin-
2le arc with its center on the iiner surface of the test specimen. The
intermediate and final crack shapes are not symmetrical, and, with the
exception of one segment of the intermediate crack, they are not normal
to the inner surface. Each of these crack shapes is represented by two
different arcs tangent to each other at the deepest point of the crack
and with their centers located off the surface of the test specimen, as

shown in Fig., 6.1.

*Conversions from SI to English units for all SI quantities are listed

on a foldout page at the end of this report. 7'”
0 [}
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The FE results for the intermediate crack shape at the instant this
crack shape developed (30 sec) are given in Table 6.1, Some of these
data are plotted in Fig. 6.2, which shows K; as a function of position
along the crack front.

Table 6.1, Stress-intensity factors and K;/Ky. for
TSE-2 at 30 sec (KICTYP = 5)

Tangential
Angle Radius Depth Temperature Ky _ K
(4 (mm) () *V (*c) ey (padm)  (wpadm) K1/K1c
Upper segment
1.9 139,598 18,948 0,130 212.8 134,58 68,87 295,44 0,233
7.06 138,227 17,577 0,120 205.3 159.63 80,70 23] .68 0,287
10,08 136,271 15,621 0,107 193.5 199,82 88,69 260,32 0,341
16.0 132,182 11,532 0,079 163,7 302,07 98, 34 209,97 0,468
18,8 129.362 B,712 0,060 139.6 386,24 99,71 173,01 0.576
21.3 126,492 5.842 0,040 112,7 482,11 94,48 138,88 0,680
25.25 121,183 0,533 0,004 58.9 679,99 17,13 96,92 0,796
Lower segment
-3.3 139,675 19,025 0,130 213.2 15337 52,07 296,18 0,176
-12.3 139,268 18,618 0,127 211.1 140,39 49,86 292,22 0,171
-18,8 138,684 18,034 0,123 207.9 151.01 50.41 286,38 0,176
~26,9 137.643 16,993 0.116 201.9 171,07 52,34 275,51 0,190
-33,2 136,576 15.926 0,109 195.4 193,20 55.36 263,78 0,210
41,9 134,823 14,173 0,097 183,7 233,18 60,04 243,26 0,247
48,1 133,375 12,725 0,087 173.0 269,68 65.29 225.29 0,290
56,5 131,166 10,516 0,072 155.3 331,19 73.82 196,70 0,375
63,1 129,261 8.611 0,059 138,7 389,46 82.09 17..69 0,478
-71.8 12¢ <19 5.969 0,041 113,9 477,67 91,18 140.20 0,650
-78.1 124,587 3,937 0,027 93,8 550,58 101,64 121.2° 0,838
-86,.8 121,717 1.067 0,007 64,4 659,24 110,19 0r .36 1,098

As shown in Fig. 6.2, the values of K; are markedly differeat for
each of the crack segments., For the arc segment with the smallest radius
of curvature (lower segment), the Ky values decrease monotonically from
the value at the surface *o a minimum near the bottom. The uprer segment
of the crack has a maximum Ky about 8,9 mm below the surface. A similar
shift in position of the maximum Ky value from the surface to below the
surface as the crack shape changes from semicircular to semielliptical
was previously obtained with an approximate technique for calculating KI“

and was reported in Ref. 1.
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The K{/Ki. ratio* has also been plotted on Fig. 6.2, As indicated,

essentially all of the crack front has K ratios of less than unity. This

is reasonable, because, at this time in the transient, the crack has just

arrested,

The final crack shape (Fig. 6.1) developed at ~1.5 min into the ther-

mal transient and was analyzed for temperature distributions corresponding

to times of 1, 1.5, 2, 3, 5, 8, and 15 min., The K; values reached a maxi-

mum at ~3 min, and the variation of K; with respect to the position on the

crack front for this time is shown ir. Fig. 6.3. Plots for the other times

*The values of Kic are from Ref, 5.
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in the transient are similar in shape but are shifted vertically downward
with respect to the one shown.

The variation of Ky and Kie with reecpect to time for two points
(¢= 16,0 and 1.9”) on the upper segment of the final crack front is
shown in Fig., 6.4, The point ¢ = 16,0° is ~l1 mm below the surface and
is the approximate location of (Ky)p.x for the times mentioned above
(see Fig. 6.3); & = 1.9° is near the deepest point of the crack (~19
wm). The Ky/Ky. values for a point near the inside surface of the test
specimen (¢ = 25,25°) were all less than 0.8,
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At the time the final crack shape first appeared (~l.5 min), the K
ratios along most of the crack front were less than unity, as indicated
by the data in Fig. 6.,4. This would be expected, because the fliw had
just arrested. At later times, the K ratios over much of the crack front
became equal to and greater than unity; yet, reinitiation did not take
place. This may be because, by this time, K; all along the crack front
was decreasing with time. However, because of the uncertainties In the
actual values of Ky and Ky., the possibility also exists that the actual

values of (K1/Kio)pax were simply less than unity.

6.3 TSE-5 Design and Pretest Analysis

6.3.1 Purpose of TSE=5

Four thermal shock experiments have been conducted thus far as a part
of the ORNL HSST Thermal Shock Program. The puivose of these experiments
was to investigate the behavior of shallow surface flaws in thick-walled
steel cylinders under severe thermal shock conditions similar to those that
might be encountered in a pressurized-water resctor (PWR) during a loss-of-
coolant accident (LOCA). The tests were conducted on 533-mm-OD x 152-mm-
wall x 914-mm-long cylinders fabricated from A508 class 2 material (forg-
ing-grade LWR pressure vessel steel). A quench-only heat treatment was
used to achieve low toughness, simulating to some extent the radiation dam—
age in a PWR vessel after ~40 years of service. For three of the experi-
ments, the initial fiaws were ~10 mm deep and extended the full length of
the cylinders, while for the remaining experiment, a semicircular flaw
with a radius of 19 mm was used; in all four tests, the flaws were on the
inner surface of the test cylinder. These experiments demonstrated initia-
tion and arrest of shallow flaws under severe thermal shock conditions and
indicated that, at least for shallow flaws, linear elastic fracture mechan—
fcs (LEFM) 1s valid for these loading conditions. These experiments are
discussed in Refs. 1, 2, 5, and 6.

Analysis of the PWR loss-of-coolant accident followed by injection
of emergency core coolant (LOCA-ECC) (Refs. 1, 2, and 6) indicates that,

under some circumstances, a preexisting flaw on the inner surface of the
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vessel could propagate deep into the wall and that the extent of propaga-
tion would be influenced by the vessel diameter-to-thickness ratio and
also by warm prestressing (WPS). Neither of these effects could be in-
vest igated in the first four :xperiments because the test specimen diam-
eter-to~thickness ratio was too small and because the toughn2ss associ-
ated with the quench-only heat treatment was too low. Thus, additional
experiments were in order,

The purpose of TSE-5 is once again to demonstrate initiation and a:-
rest of an inner-surface flaw under severe thermal shock conditions but
this time in tempered material and in a cylinder large enough to allow
deep penetration as a result of a larger diameter-to-thickness ratio. A
minimum wall thickness of ~150 mm, independent of diameter, was selected
much earlier in the program1 on the basis of heat transfer and fracture

mechanics consideraticns. A secondary purpose is to demonstrate WPS.

6.3.2 Testing technique

Because tempered material is to be used for the TSE-5 test cylinder
(designated TSC-1), the sink temperature must be much less tha. used pre-
viously for cracking to occur. Liquid nitrogen (—=196°C) appeared to be an
appropriate coolant, and three years of development effort / have culmi-
nated in techniques for overcoming film boiling and vapor binding problems
associated with quenching in LN,. For TSE-5, the inner surface of TSC-1
will be coated with a thin layer (~0.8 mm) of "rubber cement” {3M=-NF34)
to suppress film boiling, and the ends and outer surface will be well in-
sulated. The thermal shock will be administered to the inner surface by
first lowering TSC-1 into a container of LN, and then suddenly releasing
a nitrogen-gas bubble from the interior cavity, allowing LN, to flood the
cavity. Natural convection will provide circulation of liquid up through
the central cavity and down over the insulation on the outside of the speci-
men., Nitrogen vapor will exit through the top of the tank containing
the LNz, and most of the entrained liquid will fall back into the tank.
Makeup will be provided as necessary. A schematic of the test facility
is shown in Fig. 6.5, and Fig. 6.6 is a photograph of the facility as
TSC-1 is being lowered into the LN, tank during a preliminary thermal-
hydraulic experiment. |
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Data retrieved from TSC-l include indications of crack initiation
and arrest [crack-opening displacement (COD) gauges, acoustic emission,
ultrasonics]; and 12 thermocouples are used to measure the radial tem=
perature distributions in the wall as a function of time at 15 locations
around and along the length of the test specimer, as shown in Fig. 6.5.
Thes? actual temperatures are used in the posttest fracture mechanics
analysis of the experiment.

The severity of the thermal shock and the tendency for vapor accumu-
lation to create axial asymmetry in quenching is controlled by the uni-
formity and thicknes. of the rubber cement coating on the inner surface.
There is an optimum thickness for maximum heat transfer rates, but this
high rate of heat removal can result in excessive vapor accumulation near
the upper end of the specimen and thus a reduced heat transfer rate in this
location., Minimizing the heat transfer coefficient and the length of the
test cylinder (consistent with other requirements) tends to alleviate the
situation. However, conflicting requirements for minimizing end effects
In the stress analysis8 and achieving a sufficiently severe thermal chock
generallyv increase the required heat transfer coefficient and the length
of the specimen; even so, a reasonable compromise was possible, A coat-
ing thickness greater than opt imum was used, and the length of the speci-
men was reduced to the minimum permissible.

Another limitation imposed by the particular testing technique is
the initial temperature of TSC-l., Early experiments® with the rubber
cement coating indicated a maximum permissible temperature of ~120°C as~

sociated with coating deterioration.

6.3.3 Proposed experiment (TSE=5)

The nroposed TSE~5 thermal shock experiment is designed to demon-
strate initiation, arrest, and WPS of a long axial flaw on the inner sur-
face of a tempered, thick-walled steel cylinder having a sufficiently
large diameter that bending effects for fractional crack depths (a/W)
greater than 0.2 will have a substantial effect on the stress-intensity
factor. Two additional criteria for the experiment are that (1) calcu-
lated values of (Ky/Ky.)pax for crack depths corresponding to in.tiation

and WPS events must be large enough to accommodate uncertainties in K1
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and Ky, so that initiation prior to WPS is ensured and so that, if at
an appropriate time in the transient reinitiation does not take plac.,
this nonevent will be a clear indication that WPS was effective in pre-
venting further propagation; and (2) the length of the test specimen must
be sufficient to represent an infinitely long cylinder as far as crack be-
havior and analysis are concerned.

As shown in Fig. 6.7, the dimensions of TSC-1 are 991 mm OD x 152 mm
wall x 1220 mm long. There are fifteen 25-mm-Adiam holes through the wall
that accommodate the thermocouple thimbles shown in Fig. 6.8. The flaw

ORNL — DWG 79-6214 ETD
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Fig. 6.7. Detailed design of TSC-1.
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is located on the inner surface of the cylinder halfway between two of
the three equally spaced banks of thimble holes and is 15 to 18 mm deep.
The actual depth of the initial flaw w'll be determined posttest by de-
struct ive means.

The material for TSC-1 is A508 class 2 that has been tempered at an
appropriate temperature (613°C) for achieving fracture toughness proper=
ties similar to those for HSST Plate 02,10

The thickness of the rubber cement coating on the inner surface of
TSC-1 will be ~0,8 mm, and the initial tempecature of the specimen will
be 93°C. Conditions for TSE-5 are summarized in Table 6.2.

Table 6,2, Tlest conditions for TSE-5

Test specimen TSC-1
Test specimen di #nsions, m
ob 0,99
ID AT,
Length 1.22
Test specimen material A508 Class 2
Test specimen heat treatment Tempered at 613 C for 4 hr

Kic vs temperature curve specified HSST Plate 02 (Ref., 10)

Kic and Ky, curves used in final ASME Section XI, Appendix A
analysis (Refs. 11 and 12)
RTypr = —34°C

Flaw Long axial sharp crack,
a=15 mm

Temperatures, °C

wall (initial) 93

Sink -196
Coolant LN,
Flow rate Natural convection loop
Coating on quenched surface Rubber cement (3M-NF34)
Coating thickness, mm 0,76

6.3.4 Fracture mechanics characteristics of TSE-5 (pretest)

During the design phase of TSE-5, calculations were made for differ-
ent heat iransfer and material property conditiens, and, finally, the

test conditions specified in Table 6.2 were selected. As indicated in
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this table, the static fracture toughness and arrest toughness curves used
in the final analysis are those in Section XI of the ASME Codells12 yith
RTypr = —34°C; these curves are shown in Fig. 6.9, The static fracture
toughness curve obtained in this manner duplicates the nominal HSST Plate
02 data!? in the temperature range of interest (—46 to +10°C), Early
studies had indicated that the HSST Plate 02 data would be appropriate
for TSE-5,

Results of the analvsis corresponding to the conditions in Table
6.2 are presented in Figs. 6,10 and 6.11. Figure 6.10 is the critical-

crack-depth set of curves showing crack depths vs time corresponding to

ORNL - DWG 79-6245 ETC
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Fig. 6.9. Staric fracture and arrest toughness curves used in pre-
test analysis of TSE-5 [ASME Section XI, ippendix A, RTypr = —34°C
(=30°F)]. |
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initiation (Kp = K1.), arrest (Kp = K15), Ky = (Kp)pax, and Ky/Kq, =
(Ki/Kie)maxe The crack-tip temperatures corresponding to initiation
events and specific values of (Ky/Ky.)max are also shown ir Fig. 6.10.

The dashed line in Fig. 6.10 indicates the possible behavior of the long
axial flaw, assuming that the initial fractional flaw depth (a/W) is 0,10,
As indicated, the crack front advances in a series of initiation-arrest
events, and, if WPS is effective, the final arrestec crack depth will be
at a/W ~0,56,

Incipient warm prestressing (IWPS) for sharp flaws occurs at a/W =
0.48; if a flaw of this depth initiated, it would arrest at a/W = 0,70,
This is the maximum depth to which a flaw could extend, because flaws with
depths greater than 0,48 could not initiate, assuming WPS to be effective.
The calculations indicate that if WPS is not effective the flaw will ex—
tend nearly all the way through the wall.

The crack-tip temperature for the first initiation event is approxi-
mately —22°C, and the maxin m associated with a subsequent initiation
event is 4°C and corresponds to a fractional crack depth of 0.4. As in-
dicated by the curves in Fig. 6.9, this temperature range corresponds to
the lower transition region of the fracture toughness curve. Values of
Ki (or Ki.) at the times of initiation can be obtained from Figs. 6.9 and
6.11, The maximum value, which corresponds to an initiation temperature
of 4°C, is ~127 MNen~3/2,

The requirement that (Ky/Kyc)max be sufficiently greater than unity
to ensure initiation for a/W < (a/W)yyps and that it leave no doubt regard-
ing the effectiveness of WPS, should initiation not take place for a/W 2
(a/W)ryps, is satisfied. For the initial crack depth, (K1/Kic)max *

2.3, and for the maximum arrested crack depth (a/W = 0.7), (Ki/Kic)max =
1.7,

The actual performance of TSE-5 will depend on how well the assumed
heat transfer rate is duplicated and how closely the actual Kie and Kpg
data match the data specified and used in the pretest calculations. Pre-
liminary heat transfer and fracture toughness data obtained specifically

for TSE-5 are discussed in the following sections.
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6.4 Thermal-Hydraulic Experiments with
TSC-1 in LN2-TSTF

6,4,1 General

Two thermal-hydraulic experiments were conducted in the LN,-TSTF
with the test specimen (TSC-i) to be used for TSE=5. The purpose of
these tests was to shake down equipment, check operational procedures,
and investigate further the heat transfei characteristics of the LN;
quench. The continuing concern over heat transfer is associated with a
tendency for axial asymmetry in quenching. Earlier experiments? with
smaller test specimens and a qualitative analysis13 indicated that a
satisfactory degree of symmetry could be achieved with the TSE-5 test
facility and test specimen, but testing with the actual equipment and
procedures was necessary for confirmation.

For these first two experiments, TSC-1 did not contain a detectable
flaw. Further, the material was in the quench-only (high-strength) con-
dition so that the thermal shock would not result in stresses greater

than the yield strength and thus in residual stresses.

6.4,2 First thermal-hydraulic test (LNp=-TSE-TH-1)

In preparation for this experiment, the inner surface of TSC-1 was
spray coated with ~0,86 mm of rubber cement (NF-34) in five separate ap-
plications. The spray apparatus performed satisfactorily, and the coat-
ing was uniform in thickness and surface appearance. Heating of the test
cylinder to the desired initial temperature of 93°C was started ~24 hr
be fore the test. At test time, there was a linear axial gradient in tem
perature from 82°C at the bottom end to 93°C at the top.

The test took place on Apri' 19, 1979, without difficulty, although
some modifications in equipment and procedures were indicated and were
made posttest in preparation for the second test. A photograph of the
test specimen being lowered into the LN, tank during LN,~TSE-TH-1 is
shown in Fig. 6.6.

Results from the experiment indicate that the degree of axial sym—
metry was very good. This is illustrated in Fig. 6,12, which shows the

temperature at the innermost thermccouple location (1.27 mm from inner
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Fig. 6.12. Temperature vs time for points 1.27 mm from the inner
surface during LN;-TSE-TH-1.

surface) for the five thimbles in one bank of thermocouple thimbles as
a function of time. The upper-thimble temperature lags ~17 K behind the
average of those for the other four axial locations, and temperatures at
these four locations are grouped within a 6 K range. Part of the 17 K
lag is due to the initial 11 K axial gradient. The largest difference
circumferentially during the transient was only 8 K.

Figure 6.13 shows a comparison of the surface-temperature transient
measured during the experiment with that assumed for the pretest TSE-5
analysis. The measured temperature initially drops off more rapidly than

the calculated value but later decreases more slowly. The conclusion is

that the measured quench rate will be satisfactory for TSE-5.
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Fig. 6.13. Comparison of LN;-TSE-TH-1 and TSE-5 assumed surface—
temperature transients.

6.4.3 Second thermal-hydraulic test (LN2-TSE-TH-2)

For this experiment, a higher heat transfer rate was desired so
that there would be a greater tendency for vapor binding in the upper
portion of the cylinder and thus a greater degree of asymmetry in quench-
ing. This was accomplished by using a more nearly optimum thickness
(~0,48 mm) of the rubber cement coating; otherwise, test conditions were
the same as before. The experiment was conducted on May 17, 1979,

As shown in Fig. 6,14, the quench rate was indeed greater than be-
fore, and, as shown in Fig. 6.15, the degree of axial asymmetry was con-
siderably greater. Again, innermost temperatures at the lowe:i four ther-

mocouple thimble locations were within 6 K; however, the temperature
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Fig. 6.14, Comparison of LN-TSE-TH-2 and TSE-5 assumed surface—
temperature transients.

at the upper thimble lagged behind the others by as much as 44 K, even
though the initial axial temperature gradient was less than before.

These results indicate a rather abrupt change in heat transfer coeffi-
client with increasing vapor fraction. From a heat transfer point of
view, a solution to the problem would be to reduce the length of the
cylinder. However, to avoid the necessity for a three-dimensional frac-
ture mechanics analysis, the length cannot be reduced. Thus, even though
thermal shocks more severe than those required for TSE-5 are attainable,

they may not be permissible in future experiments because of excessive

axial asymmetry in quenching.
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Fig. 6.15. Temperature vs time for points 1.27 mm from the inner
surface during LN2-TSE-TH-2.

6.5 TSC-! Flawing Development

P P Holz

Development efforts for achieving a long axial flaw of appropriate
depth in TSC-1 by means of the EB-weld technique have been completed.
The final test weld was made in the TSC-1 prolongation. Cracking of
this weld by means of hydrogen charging was completed, and a typical
fracture surface from this weld is shown in Fig. 6.16, Figure 6.17
shows the T5C-1 prolongation in the weld box just prior to the welding
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EB-WELD FRACTURE

FRACTURE AT CRYOGENIC TEMP.

Fig. 6.16., EB-weld fracture surface from test weld in TSC-1 pro-
longation.

ope tion, and Fig. 6.18 shows the prolongation during hydrogen charg-
ing of the EB weld.

Weld parameters for the TSC-l1 prolongation EB weld were as follows:
55.2 kV, 218 mA, 60% filament dial setting, focus sharp + 14, and a travel

speed of 35 mm/sec.

6.6 Thermal Shock-Temper Study
D. A. Canonico W. J. Stelzman

We are continuing the evaluation of the effect of tempering tempera-
ture on the fracture toughness properties of the SA508 Class 2 steel forg-
ings that will be used in the next series of thermal shock experiments.
During this quarter, we completed the testing of CT-oriented IT CS and
determined the tempering temperature for test c’linder TSC-1l. The test
material was obtained from a prolongation of TSC-1, which was normalized
at 927°C for 8 hr, austenitized at 860°C for 9 hr, and quenched in water.
Radial segments were removed from the prolongation and were vsed to in-
vestigate the effect of tempering temperature on toughness and tensile
properties. Tempering was done for 4 hr at 705, 675, 650, 595, 450, and
370°C. The test results obtained from these materials were presented in

previous reports,!%s15
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The conditions for the thermal siock experiment are based on the Kie
curve shown in Fig. 6.9, which is based on data reporte4 or A533 Grade B
Class 1 steel. The fracture toughness results of the 595 and 650°C tem-
pers bracketed the values desired for the test. Therefore, additional
radial segments from the TSC-1 prolongation were tempered at 600°C for 4
hr to define more accurately the toughness relative to the desired values.
All of the compact specime s were machined ad jacent to the inside sur-
face of the prolongation with the fatigue crack tip close to the pro-
posed crack-tip site in the test section. The results from CT-oriented
IT CS are given in Table “ 3 and plotted in Fig. 6.19. Included in Fig.
6.19 are the 595 and 650°C IT CS results previously reported!® and the

Table 6.3. Static gracture toughness (Ky.4) from IT
compact specimens” of quenched prolongation TSC-1
after tempering at 595, 600, and 650°C

‘renperb Test Static fracture
temperature temperature to:gh:ess,
[°C (°F)) [°c (°F)) (MN*m=2/2 (ksi /in)l
595 (1100) —46 (=50) 39 (36)
~18 (0) 83 (75)
-18 (0) 84 (77)
10 (50) 105 (95)
600 (1110) -46 (=50) 41 (37)
—46 (=50) 57 (52)
—46 (=50) 83 (76)
-18 (0) 101 (92)
=18 (0) 66 (60)
—-18 (0) 104 (94)
=18 (0) 65 (60)
10 (50) 92 (84)
10 (50) 67 (61)
10 (50) 106 (96)
10 (50) 69 (62)
10 (50) 160 (145)°
38 (100) 208 (189)°
38 (100) 186 (169)°
38 (100) 98 (89)
38 (100) 217 (197)°
650 (1200) —46 (=50) 113 (103)
-i8 (0) 119 (109)°
-18 (0) 114 (103)°
10 (50) 162 (148)°

2cr-oriented .
h‘l‘e-pered for 4 hr, air cooled. ] 439 296

e
Nonvalid per AST™™ E399,
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Fig. 6.19. Effect of temperature on static fracture toughness of
quenched TSC-1 prolongation after tempering at 595, 600, and 650°C: CT-
oriented IT CS.

Kic curve from Fig. 6.9, From these results, the conclusion was that
tempering o. the TSC-1 material at 610°C for 4 hr followed by an air cool
should provide the desired toughness properties.
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CONVERSION FACTORS®

SI unit English unit Factor
mm in. 0.0393701
cm in. 0.393701
m ft 3.28084
m/s ft/s 3.28084
kN 1bf 224.809
kPa psi 0.145038
MPa ksi 0.145038
MNem™3/2 ksi Vin. 0.910048

(MPa*Vm)

J ft-1b 0.737562
K °F or °R 1.8
kJ/m? in.-1b/in.? 5.71015
Wem™2.K"1 Btu/hr-ft2-°F 0.176110

T(°F) = 1.8 T(°C) + 32

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