NUREG/CR-~5451

TI90 017530

Crack-Arrest Behavior in SEN
Wide Plates of Low-Upper-Shelt
Base Metal Tested Under
Nonisothermal Conditions:

WP-2 Series

Manuscript Completed: July 1990
Date Published: August 1990

Prepared by

D. J. Naus, J. Keeney-Walker, B. R. Bass, G. C. Robinson, Jr.,

S. K. Iskander, R. J. Fields,! R. deWit,! S, R. Low,! C. W. Schwartz,?
D. J. Alexander, L.-B. Johansson3

Oak Ridge National Laboratory
Operated by Martin Marietta Energy Systems, Inc.

Qak Ridge National Laboratory
Oak Ridge, TN 37831

'National Institute of Standards and Technology, Gaithersburg, MD 20849
2Department of Mechanical Engineering, University of Maryland, College Park, MD 20742
3Royal Institute of Technology, 100 44 Stockholm, Sweden

Prepared for

Division of Engineering

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555

NRC FIN B0119

Under Contract No. DE~-AC05-840R21400 M ASTE E%

GUMENT 16 UNLIMITED

TION OF THiIS DO

DISTRIBU #




DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

document.




iii
ABSTRACT

Current pressure vessel safety assessment methods are based largely
on Sects. IITI and XI of the American Society of Mechanical Engineers
Boiler and Pressure Vessel Code (ASME B&PVC). These documents take the
position that the fracture-toughness correlations cannot be assumed for
a crack-arrest toughness value >220 MPa-/m for light-water reactor
pressure vessel steels. This limit is imposed largely because until
recently essentially no crack-arrest toughness (Kj_ ) data existed at or
above this level and because Charpy tests show that impact energy levels
exhibit an upper-shelf behavior. Certain pressurized-thermal-shock
scenarios can lead to conditions where the driving force (K;) on a
propagating crack increases to levels in excess of the ASME limit.

The Heavy-Section Steel Technology (HSST) Program at the Oak Ridge
National Laboratory under the sponsorship of the Nuclear Regulatory
Commission is conducting analytical and experimental studies aimed at
understanding the circumstances that would initiate the growth of an
existing crack in a reactor pressure vessel (RPV) and the conditions
leading to arrest of a propagating crack. Objectives of these studies
are to determine (1) if the material will exhibit crack-arrest behavior
when the driving force on a crack exceeds the ASME limit, (2) the
relationship between K a 2and temperature, and (3) the interaction of
fracture modes (arrest, stable crack growth, unstable crack growth, and
tensile instability) when arrest occurs at high temperatures. In meet-
ing these objectives, crack—arrest data are being developed over an
expanded temperature range through tests involving large thermally
shocked cylinders, pressurized thermally shocked vessels, and wide-plate
specimens. The wide-plate specimens provide the opportunity for a
significant number of data points to be obtained at relatively afford-
able costs. These tests are designed to provide fracture-toughness
measurements approaching or above the onset of the Charpy upper-shelf
regime in a rising toughness region and with an increasing driving
force. ’

The HSST wide-plate crack-arrest tests are being performed at the

National Institute of Standards and Technology, Gaithersburg, Maryland,

in their 27-MN capacity testing machine. The third series of tests,
which used a Charpy low-upper-shelf base metal, are discussed. Each
test used a 1 x 1 x 0.1 m or 1 x 1 x 0.15 m thick single—edge-notched
plate specimen (a/w = 0.2) that was subjected to a linear thermal
gradient along the plane of crack propagation. The thermal gradient was
applied to the specimen by cooling the notched edge and heating the
other edge. Through selection of the crack-tip temperature and trans-
verse temperature profile, the initiation load and depth of crack propa-
gation was changed from test to test. During each test, strain and tem-
perature measurements were obtained as functions of position and time.
Load, crack-opening-displacement, accelerometer, dynamic displacement,
and acoustic-emission data were also obtained as functions of time.
Results obtained from the WP-2 series of crack-arrest tests have
produced crack-arrest toughness values well above the limit recognized
by current ASME Code guidelines with arrests occurring at temperatures
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up to 102°C above the material drop-weight nil-ductility transition
temperature (DWypr = 60°C) and up to 12°C above the onset of Charpy
upper-shelf energy (temperature onset = 150°C). Crack propagation has
been predominantly cleavage until arrest occurred, and even for very
high driving forces, ductile tearing occurred only after arrest. The
fracture data support (1) the use of current linear-elastic fracture-
mechanics concepts to analyze cleavage run-arrest events, (2) the
analytical treatment of cleavage run—-arrest and ductile fracture modes
as separate events, and (3) the fact that cleavage arrest can and does
occur above the ASME limit.




CONTENTS

ABSTRACT ooo.o.n.;..u0-.oocco;cooaooooooooo..o-0-.-..-..0..000.

LIST OF FIGURES ® 5 0 080000000000 00000000068088080000000000000c0s00a00cce
LIST OF TABLES 00 000000000000 00000000000060600000600006000c0c00000000

FOREWORD 0606800800 0000000000000000000060000000060000080000606600000e0

ACKNOWLEDGMENTS ® 9 0000060 06000000000600060800606000 0006000000000 0a0ce0csne
EXECUTIVE SUMMARY @ 0000006000800 0000080080000 06060006060000060600600sss0e0

1.

2.

INTRODUCTION cccecoecccccocaccocosnacsccoacsccsssncsssacnccs
REFERENCES «cevecescccescscccscsccncscsessacccssscccosccanassse
BACKGROUND secececccccocoonsvassosaccssssscacscnasccssnnnnsse
REFERENCES +eescessccscccccccscssncccsonssncsocssncccssancccs
CHARACTERIZATION OF WIDE-PLATE SERIES 2 MATERIAL ..ccceceeece
3.1 INTRODUCTION coevvccccsoccoccossccoscnscsonascccnssnce
3.2 DROP-WEIGHT TESTING cccceccesccceccseccsssccoccsncccsns
3.3 CVN TESTING cccocceccccccccenscencsosccccsccsscncscascs
3.4 TENSILE TESTING .ecccccccccsvoccscosccaccccccacnancnsce

* 3.5 CRACK—ARREST TESTING $ 0006000000000 000nss00s00s000 0000

3.6 FRACTURE-TOUGHNESS TESTING Sseses0css0sresssssevssssssen
REFERENCES © 6000000000000 0000600000000000000c00000s00000c0s0s

SPECIMEN PREPARATION, INSTRUMENTATION, AND TESTING
PROCEDURE S 0 6 0000009 0000080 0000800000000 000000000 sSPININOSOSISOE

4.1 SPECIMEN PREPARATION ..cccecesccccccccccccscccssccnasnsne
4.2 TINSTRUMENTATION .ccccccsecoscccsccsncccccscccsocsnascce
4.3 HEATING-COOLING-INSULATION SYSTEMS ...ccccceccccccsaccas
4.4 TESTING PROCEDURE ceetcecsccccsccsccscossscccnconsanea
REFERENCES ceecoevccaccsosnssccscccccacnccccscccsascsaccnas

SUMMARY OF WIDE-PLATE CRACK~ARREST TESTS WP-2.1
THROUGH WP—2-6 ® 6 0 6 6 000000 QPO O OSSO QPO LB SV eGSO OPSIOOSEIDSESeDHN

5.1 TEST WP-2.1 090068000000 00000000000800060006080000600000s0s
502 TEST WP-Z.Z 900000000 0000000006000000000800600000000ss0c0er
5.3 TEST WP'2.3 00 000000306060 00000000000000060a00000000080s0

5.4 TEST WP“2.4 ® 0000000 020000000000 8000060000000008000s008s
5.5 TEST WP—Z.S © © 0 0000060 0000080006 0006000000606060808c6000000000s0

iii
vii
xix
xx1i
xxxi

xxxiii

00 00 O b W =

10
11
11
19
23
30

32
32
36
51
53
53

54
54
61
71
84
99




vi

Page
5.6 TEST WP_2.6 ® © 0 00 5 0086 0O ORGSO S S OO S e 0PSSO L EOEs PN eS s 115
REFERENCE ® 6 0 6 0 0000 O OB G OO OO0 LD 0N OSSO D OSSN OSSR e 00 129

6. POSTTEST ANALYSES, CRACK-ARREST TOUGHNESS RESULTS,

AND COMPARISON OF DATA WITH OTHER LARGE-SCALE TEST
RESULTS ® 0 0 00000 SO O SO0 0PSSO0 E 00O 0NN NSO N N Ol el 130
6.1 POSTTEST ANALYSES ® 0 00 00 0050 000800 O OOOB L eEDOONSENNSSE SN 130
6.1.1 Posttest 3-D Static AnalySes ccceeeccscccsccsase 130
6.1.2 Posttest 2-D Static and Dynamic Analyses .ec.c.. 133
6.2 CRACK_ARREST TOUGHNESS RESULTS ® O 050 5D OSSO OBOEN S L0 145

6.3 COMPARISON OF WIDE-PLATE CRACK-ARREST TOUGHNESS

DATA WITH OTHER LARGE-SCALE TEST RESULTS .ccsccccecccs 148
REFERENCES ® ® 0 00 08 0 0000 00D OSSOSO OO OGSO N OSSOSO N0 S00 e 0s N e 150
7. CONCLUSIONS ® 0 80000 000006 600 PO OSSP O SO0 OS S L0 SsOLE PO S LSS SRS 153
APPENDIX A. SUMMARY OF INSTRUMENTATION RESULTS .cosesccecsceasns 155

APPENDIX B. EFFECTS OF LOAD-POINT BOUNDARY CONDITIONS
AND ANALYSIS METHOD ON WIDE-PLATE CRACK-
ARREST TEST RESULTS ® 6 0 0060068005060 060 0506000808000 241

APPENDIX C. EFFECTS OF TUNNELING .ccocsececsccsccccscoscccsnes 253




vii

LIST OF FIGURES

Figure 3 Page
2.1 Summary of large-specimen, high-temperature crack-
arrest data ......‘........‘........‘I‘..I............... 5
3.1 Allocation of 2 1/4 Cr-1 Mo 159-mm-thick LUS steel
plate for Various tests, ® & 0000060000 0008000008000 0 08080000 9
3.2 CVN test results in T-L orientation for material
from halves of wide-plate specimens WP-2.1 and -2.5 .... 13
3.3 Curve fits of CVN impact energy vs temperature for
characterization block PTCl (2 1/4 Cr-1 Mo steel)
for T-L orientation and at various plate depths «iececces 15
3.4 Comparison of WP-2 material tensile strength test
results with 99% confidence interval obtained from
PTCl characterization block material teStS seecssssccascs 16
3.5 Typical room-temperature stress-strain curve for

‘material obtained from characterization block
PTCl in direction transverse to material rolling
orientation ® 0 5 6 60 0 00685000 0600008008000 0806060048600 00080 00000 18

3.6 Comparison of posttest crack—arrest toughness (Ka)
values obtained for specimens fabricated from plate
halves of specimens WP-2.1 and -2.5 with those
obtained from PTCl material and ASME Ky 6 curve ..ceecee. 19

3.7 Comparison of regression fits of crack-arrest
toughness data for all PTCl (T-L and T-S
orientations) material data and for WP-2

and PTCl materials (T-L orientation) .ceeeececessccsccccs 22
3.8 Comparison of crack—arrest toughness test results

obtained from PTCl and PTSE-2 LUS 2 1/4 Cr-1 Mo

materials ® 0 ¢ ¢ 6060 6060608506856 008 0800680000000 090 0080000600008 23
3.9 Comparison of posttest initiation toughness (KJc)

for specimens fabricated from plate halves of

specimens WP-2,1 and -2.5 with range of values

exhibited for specimens fabricated from PTCl

characterization BlOCK eeseecccsscccsscccsccccsscasssone 24

3.10 Graphical output from analysis of a typical fracture
toughness test at 80°C using single-specimen
unloading compliance method .e.ecesveccresccccssssccancns 25

3.11 Comparison of J-integral (J ) resistance curves at

three temperatures for specimens obtained from WP-2.5
material at midthickness in T-L orientation .cceeccccces 29

4.1 Schematic of HSST wide-plate crack-arrest specimen ..e.. 32

4.2 Wide-plate test specimen undergoing hydrogen
charging of an EB weld .ccceccrcesceccccssncssncssnncons 33

R ———




Figure

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

5.4
5.5
S.6

5.7

5.8

5.9

5.10

5‘11

viii

Schematic of chevron configuration of crack front ......

Overall specimen dimensions for (a) tests WP-2.1
and -2.2, (b) tests WP-2.3 and -2.4, and (c) tests
WP‘ZQS and —206 ® T B 0002880000060 00600600060000000060000b0000

Out-of-plane deviation vs axial position from top

1oad pin 0006006000600 0000000000080 0000000c00CCtessss00sDBTSES

Thermocouple locations for wide-plate, crack-
arrest specimens (a) WP-2.l1 and -2.4; (b) WP-2.2,
-203, and 2.6; and (C) WP-ZQS L R N N N N I N N N N R

Schematic of HSST wide-plate, crack—arrest data
acquisition System S 0 & 05 000008 000000 S O P E O OO OE NSO ESSS

Strain-gage locations for wide-plate, crack~arrest
specimens (a) WP-2.1l and -2.5, (b) WP-2.2,
(C) wP-2-3’ and (d) WP-204 S0 0000600000000 0000000000 B0ON

Strain—-gage locations for wide-plate, crack-arrest
specimen WP-2.6 ® 9 6 800000 006008500008 00000 T G0 EPO6se NS Oees

HSST wide-plate, crack—arrest test specimen
installed in NIST testing machine ...ececececssccceccass

Transverse temperature profiles at approximate time
of crack initiation-arrest events: WP-2 series .ecseceses

Fracture surfaces of WP-2 series specimens eeececececscccee

Actual and ideal temperature distributions across
specimen width (a) at start of test, (b) at 9.2-MN

load, and (c) at ~10 s before initiation of

fracture events: test WP-2.1 ..cceceeccsccoasssccccsannss

Load history for test WP—2.1 S0 eesv0s0seresnensessss e
Fracture Surface Of specimen WP-2-1 0000 0scsenscessccecance

Reduction—-in-thickness contour map of specimen

WP—2.1 9008080000000 0006000000000 000a80000600000s00000s0000e

Strain-gage~derived crack-front position vs time:

test wP-201 0000000000000 00000000s0000000s00s000000000000

Actual and ideal temperature distributions across
specimen width during warm prestressing: test

wP—2.2 9 8 8 0600000000000 0000008000000a80008000808c88%0000s0ssssTe

Load vs (a) time and (b) front-face COD during
warm prestressing! test WP=2.2 ...ceeececcccasscccccones

Actual and ideal temperature distributions across
specimen width (a) at start of loading and (b) just
before initiation of cleavage crack run—arrest

events: test WP-2.2 . .cceceecccsccscocscnrcscsccscsnssnans

LOad hiStOry fOt test WP—2.2 06000000 s 0000000000000

Page

34

37

40

41

44

45
49
52

56
57

58
59
60

62

62

66

67

68
69




Figure
5.12,
5.13

5014 *
5.15

5.16
5.17

5.18

5.19

5.20

5.21
5.22
5.23:

5.24

5.25
5.26

5.27

5.28
5.29

5.30

R

Fracture surface of specimen WP-2.2 ..cceeveccccscsasnas

Reduction-in-thickness contour map of specimen

WP-Z.Z S 0000800080000 06000008 0000008000880 0a008000sP0ss000e0

Strain-gage-derived crack-front position vs time:

test wP-2.2 ® 0 9080000008 00080800080 0000000000600 000ssss0e000

Actual and ideal temperature distributions across
specimen width (a) at start of test and (b) a few
seconds before fracture: test WP-2.3 .eccescsccccscnasae

'Fracture Surface of specimen Wwp-2.3 eeeescvesesesssssses

Close—up of cleavage and loss-of-cleavage regions
(a) without cleavage run-arrest events highlighted,
and (b) with cleavage run-arrest events highlighted:

teSt WP‘2.3 ..f...o..oo-.o.oooo-...a“-o-...o-oooo.ool.o

Reduction—-in-thickness contour map of specimen

wP—203 5 0060000800800 000000000008080000600800060800c0cs000s0sseoe

Strain-gage—~derived crack-front position vs time
for (a) results for first 50 ms of test and
(b) results for entire ~950 ms of test:

teSt wP-2.3 0 900606806 0006000000080 0300000060008 00008080s00cs0000

Actual and ideal temperature distributions across
specimen width at approximate time of specimen
fracture: test WP-2.4 ® 9 8 000 00850050008 0OHON OSSNSO ESSSES SBe

Load history for test WP-204 2 00 0 0 5000080680000 0000000 000
Fracture surface of specimen WP-2.4 .iccecececcccccccnes

Close-up of initial flaw and region of pop-in:

test wP—2.4 2 9 600 0060000080000 00080080600008080000sss0000ee

Pop—in detected by strain gages 1—-3 on plate
front face and 13 and 14 on plate back face:

test WP—2.4 ® 0 000600 060005000 COO0 0L OO OO SS9 eSS EEE eSS
Reduction—-thickness contour map of specimen WP-2.4 .....

Strain-gage-derived crack-front position vs time:

test wP—2.4 0000000060000 0 0000000000000 060000000s0000000se

Fracture surface of specimen WP-2.4, showing how
the fracture surface was sectioned for further

examination © 0 0000008000000 0000000060806000063300008000s0000s0

A view of a portion of tip of precrack for
specimen WP-2.4, Sect. 1 (Fig. 5.27) <cececececscccnscsas

Detail of ductile tearing from EB weld flaw,
Sect. l (Fig. 5.27) ® 0 G 8 0 60 605 E OO0 5P O OSSO B EE O SBs e RS LePBNODS

Apparent initiation site for first crack run-—
arrest event, Sect. 1 (Fig. 5.27) secsescscsescscsescane

76

77
78

79

80

83

85
85
86

87

88

89

89

93

94

95

96

RN
Y NP U LTt
O A G R




Figure
5.31

5.32

5.33

5.34
5.35
5.36
5.37

5.38

5.39
5.40
5.41

5.42

5.43
5.44

5.45
5.46

5.47

5.48

5.49

Page
Section 2 (Fig. 5.27) showing first arrest event
on part of fracture surface .(.cecvecccscsccscccssnscsssene 97
Apparent initiation site for second crack run~-
arrest event, Sect. 2 (Fige 5.27) seesceccsscsccccocnans 98

Actual and ideal temperature distributions across

specimen width (a) at start of test, (b) at

crack pop-in event, and (c) at approximate time

of fracture events: test WP-2,5 ...cvecsccccccsscccccas 100

Load history fot test wP_Z.S ® 9 05 00 05 0 PO O SOPESOOE NSNS PSS 101
Fracture surface for specimen WP=2.5 ..eiscccccorscsocsss 102
Close-up of fracture surface for specimen WP-2.5 ..ceees 103

Close—up of initial EB weld-generated crack and
region Of pop‘ini test WP—2.5 #s 000 00scereseersertssnson e 104

Pop-in as detected by strain gages 1-3 on plate
front face and 13 and 14 on plate back face:
test WP-ZGS S 0 80 800 8RR L RGN 0000 N OO Q0L SN0 000000088000 E00e 0 106

High-resolution strain-gage records for companion
crack-line gages during pop-in event: test WP-2.5 ..... 107

High-resolution accelerometer records during the
pOp—in event: test WP_ZQS L R N N R A N I I A R I I I N I AN S 108

Strain-gage-derived crack-front position vs
time: test WP—ZDS ® 0 0 60 60 000040 0 S G E RSt EEeH SO SO 111

Fracture surface of specimen WP-2.5, showing how
the fracture surface was sectioned for further
examination ® 8 8 % 8 8 68 06688600 EE L OO0 OOS OO PEONOOSOSISOSDNES 112

Precrack and initial tearing from specimen WP-2.5,
Sect.A(Fig. 5.42) 0 8 0 6 00 00000 00000080 OO E S SERREOON 0SSN 113

View of apparent initiation site for first crack
run—arrest event, Sect. A (Fig. 5.42) .ceevececacccnscase 114

First arrest location from Sect. B (Fig. 5.42) .ccvecess 116

Ductile tearing strip from Sect. B (Fig. 5.42)
after first crack run~arrest event .ecesosccsscscccccacs 117

Actual and ideal temperature distribution across
specimen width during warm prestressing: test

wP—206 ® 6 0000000 000000000800 0000000000000008000000800000000 118

Load vs (a) time, (b) front-face COD, and
(c) back-face COD during warm prestressing?
test wP-2.6 0 0 05 00000600080 6000060600060 0600¢9°0080 0000066000008 119

Actual and ideal temperature distributions across

specimen width (a) at start of loading and

(b) just before initiation of cleavage crack

run-arrest events: test WP-2.6 ..ieceecoccrcccncecsaces 120




xi

Figure Page
5.50 Load history for test WP_2.6 ® 0 0 0000600060 0600088000 08sse 121

5.51 Fracture surfaces of bottom and top plate halves
of Specimen WP—206 ® 9 6 06 00 0 00 506000666606 80608 0000800008000 500H 122

5.52 Close~-up of cleavage and loss-of-cleavage regions
(a) without and (b) with arrest locations high-
1ighted: test wP-2.6 ® 0 0 0 000 0900066500000 00000 OSBOLESESTSTS 123

5.53 Reduction-in-thickness contour map of specimen

WP—2.6 EERNERNERFNFENENNI W NI I NI NN I NI A NN NE BRI AR R RS B ] 124
5.54 Strain-gage~derived crack-front position vs

time: test wP-2.6 6 0 60 0000000000000 0000000006000 0008 00000 128
6.1 Example of finite-element model used for dynamic

analysis of wide-plate crack-arrest testS ecececescecsees 131
6.2 Detail of crack—-tip region from 3-D finite-element

model of 102-mm~thick wide-plate specimen ..ccccecccscss 132
6.3 Statically calculated crack lengths: test WP-2.4 ...... 134
6.4 Determination of arrest toughness at initiation

load Of 8085 MN: test WP'2.4 tescsc0sssccscsccscssssssnnee 135

6.5 Complete static and stability analyses for
initiation load of 8.85 MN: test WP-2.4 ..cececececscees 136

6.6 Dynamic-analysis, crack-depth history:
test wP-2.4 EEEREEEEFNEREN XN NN NN I A N I A BN B R B B B R B B N ] 137

6.7 Dynamic factor, static toughness, quasi-static
displacement-controlled factor, and crack velocity
vs instantaneous crack length: test WP-2.4 .cecececcces 138

6.8 Crack-depth history from front-face strain gages:
test WP-204 9 0 0P 0 00 00000 000008000 085880680008 0000s0880000s00 140

6.9 Calculated stress—intensity factor vs time from
generation-mode dynamic analysis (fixed-load
Case): test wP_2.4 @ 0 0 6 8 0000 0000006000080 0800008080000 000 140

6.10 Actual and computed strain histories for front-
face crack-line gages 1—4: test WP-2.4 ...ccceevceccces 142

6.11 Actual and computed strain histories for crack—
line gages 5, 17, 7’ and 8: test WP-2.4 eo0esscsescscocce 143

6.12 Actual and computed strain histories for front-
face crack-line gages 9—12: test WP~2.4 .ceecsccscccans 144

6.13 Actual and generation-mode dynamic analysis
computed COD at a/w = 0.15 for front-face
gage (fixed—load case): test WP—2.4 eev0esceossvs00ssss o0 145

6.14 Fixed-load, generation-mode, dynamic finite-
element crack-arrest toughness results for
HSST Wide—plate tests [ EEEREEEERERNREXEREEN NN N I BB B S B A AN I 148




Figure
6.15

6.16

A.2
A.3
A.4

A.5

A.6

A.8

A.9

A.10

A.11

xii

Relationship of WP-2 series initiation and arrest
events to CVN energy vs temperature CUrVEe secececssscccssss

HSST wide-plate crack—-arrest data (fixed-load,
generation-mode dynamic finite—element calcula-

tions) show trend consistent with other large-

specimen crack-arrest test reSUltS ceeesesesceacsssccccas

Strain histories for companion crack-line gages:
test WP-Zol (gages 1—4 and 13—15) 000 0esececosssensssees

Strain histories for companion crack-line gages:
teSt WP_ZQI (gages 5—8 and 16—19) S0 0000000t 0s00000000000 0

Strain histories for companion crack-line gages:
test WP-2.1 (gages 9-12 and 20—22) ..eiveescnccccssccses

Near— and far-field strain histories: test WP-2.1
(gages 23’ 24, 26’ and 27) ® 9 0 0 200 0 00T OO OGSO OO OO NN oSS e

Strain histories for gages 1—4 showing crack
passing under strain gage 1 and arresting
before reaching strain gage 2: test WP-2.1 ..ccecevocsce

Strain histories for gages 2-5 showing crack
passing under strain gages 2 and 3, arresting
momentarily before passing under strain gage 4,
and arresting before passing under gage 5:

test wP—2°1 $ 8000005000060 006080 0008080006000 0080600a0c00e00ssccs

Strain histories for gages 2-5 showing momentary
arrest between gages 3 and 4! test WP-2.1 . ..ccecvccces

Twenty-millisecond records of strain gages 4—7

showing previous crack run—arrest events and

crack passing under gage 5 and arresting

before reaching gages 6 and 7: test WP-2.1 ceececcecccces

Fifty-millisecond records of strain gages 5-8

showing fibrous tearing after a cleavage arrest

just past gage 5, followed by cleavage fracture,
reinitiation just past gage 6, another arrest,

and cleavage fracture reinitiation that passes

under gage 8 and arrests: test WP-2.1l ...cveescccacscas

Strain histories of gages 9-12 showing fibrous
tearing past these gages: test WP-2.1l ..eeeeescaccnccas

Strain histories for gages 13—16 showing
crack passing under gages 13 and 14 before
arresting before gage 15: test WP-2.1 .iiesecaccccncans

Strain histories for gages 15-18 showing crack

passing under gage 15, reinitiating, passing

under gage 16, arresting, reinitiating, passing

under gage 17, arresting, reinitiating, and

passing under gage 18: test WP-2.1 ...eeessecncccasscas

149

149

156

157

158

159

160

161

162

163

164

165

166

167




Figure
A.13

A.14

A.l5

A.16

A. 17

A.18

A.19

A.20

A.21

A.22

A.23
A.24
A.25
A.26
A.27

A.28

xiii

Strain histories for gages 19-22 showing fibrous
tearing past these gages: test WP=2.1 .cceecceccaceccas

AE results for various time resolutions:

teSt WP"Z.]. 0006 0 000080060000 080080 0006060000800 006060000000s0000e

Longitudinal acceleration results at various time
resolutions measured by top and bottom '‘damped"
accelerometers mounted 3.653 m above and 3.655 m

below crack plane, respectively: test WP=2.1l .cceeccace

Front and back COD histories obtained from gages
mounted at a/w = 0.15: test WP=2.l ..ccceeccccossccccne

Strain histories for companion crack-line gages
showing cleavage crack passing these gages:
test WP-2.2 (gages 1, 2, and 13) .ecececcccccccccconcscce

Strain histories for companion crack-line gages
showing cleavage crack passing these gages: .
test WP-2.2 (gages 3’ 4, 15, and 16)' ® 0 0 00008 OGO OSSO OE SO

Strain histories for companion crack-line gages

showing cleavage crack propogating past gages

5 and 17 and arresting just past gages 6

and 18: test WP=2.2 ..cceecosccccscscscscscsascannccnasncs

Strain histories for companion crack-line gages

showing cleavage crack passing these gages

followed by cleavage crack run-arrest events:

test WP-2.2 (gages 7, 8, 19, and 20) .ceccvecscccscccaces

Strain histories for front-face crack-line gages

showing arrest of cleavage crack propagation

past gage 9 with subsequent fibrous crack

propagation past gages 10—12: test WP-2.2 .cveccccccsss

Strain history for near-field gage 21 (a) during
cleavage run-arrest events and (b) during entire
fracture process: test WP-2.2 .cc.ceccccscccoccccccrccne

Strain histories for far-field gages 22-25 during
cleavage run—arrest events: test WP=2.2 .cceccescccoese

Strain histories for far-field gages 22—25 during
entire fracture process: test WP-2.2 <cceceescccnccscace

Front— and back~face COD histories at two time
resolutions: test WP-Z.Z 'Y EEEEEEENEENENXENRNE N N N I N N B B B AN B N A N N ]

Dynamic displacement and longitudinal acceleration
histories at two time resolutions: test WP-2.2 ..cecceces

Strain histories for companion crack-line gages:
test WP-2.3 (gages 1_4 and 13—15) eees s 00t eesssss 0B

Strain histories for companion crack-line gages:
test WP-2.3 (gages 5-8 and 16—19) seeseesescessesssnsscsen

168

169

171

172

173

174

175

176

177

178

179

180

181

182

184

185




Figure
A.29

A.30

A.31

A.32

A.33

A.34

A.35 °

A.36

A.37

A.38

A.39

A.40

A.41

A.42

A.43

Page

Strain histories for companion crack-line gages:
test WP-2.3 (gages 9_12 and 20?22) f:.oo-oo.ooooo-o-oooo 186

Crack run-arrest events as detected by near- and
far-field strain gages: test WP-2.3 (gages
24, 26, and 27) @ 0 © 8 000 0000 00O S GOS0 L OO OB OO OSSN NEESS BSDSPSDS 187

Strain histories for gages 1—4 showing crack
passing under gages 1 and 2 and arresting
before reaching gages 3 and 4: test WP-2.3 ..ccvveasces 188

Strain histories for gages 1—4 showing reinitiation

of crack propagation as detected by gages 1 and 2

and crack passing gage 3 with a subsequent arrest

before reaching gage 4: test WP-2.3 .tievseecccoccccccsas 189

Strain histories for gages 5—-8 showing propagation

of the crack past gage 5, a subsequent arrest

before reaching gage 6, and reinitiation with the

crack propagating past gages 6—8: test WP-2.3 ..ievecss 190

Strain histories for gages 5—-8 showing crack
paSSing gages 6—8: test WP—2o3 Se0 00t secsorrssncsesase 191

Strain histories for gages 9-12 showing crack
passing these gages: test WP-2.3 ..ciiceeiercccccscncses 192

Strain histories for back-face gages 13—15 showing
crack passing gages 13 and 14 and then arresting
before reaching gage 15: test WP=2.3 ..iceeeescccconnses 193

Strain histories for back-face gages 13-15 showing
multiple crack run-arrest events: test WP=2.3 ..eeececee 194

Strain histories for back-face gages 17 and 18
showing early crack run—arrest events followed
much later by crack passing gage 18: test WP-2.3 ...... 195

Strain histories for back-face gages 19-22 showing
propagation of crack past these gages: test WP-2.3 .... 196

Longitudinal acceleration results at two levels

of time resolution measured by top and bottom

"damped" accelerometers mounted 3.585 m above

and 3.589 m below the crack plane, respectively:

test WP~2.3 eceenercsccccacscsvssccccnssssccncnsssanssse 197

Bottom displacement gage results (a) during
initial crack run-arrest events and (b) during
entire test: test wP-2.3 ® 5 0 00 0000000000000 060605008000000 198

COD gage results during initial crack run-arrest
events: test WP—203 R R R R R R R N N A S A S AP S AP S S AP S S 199

AE results for various time resolutions:
test wP—2.3 ® 0 0 0 0 0600000 20000 OO OO OO OO SO PO OSSO NN E SN 200




Figure
AJ44

A.45
A.46

A.47

A.48

A.49

A.50

A.51

A.52
A.53

A.54

A.55

A.56

A.57

A.58
A.59

A.60

Strain histories for companion crack-line gages:
test WP-2.4 (gages 1—4 and 13-15) eeccesesscssecssssconse

Strain histories for ‘companion crack-line gages:
test WP_2u4 (gages 5—8 and }6—19) noo-ono-o.o--.o;oio.oo

Strain histories for companion crack-line gages?
test WP-2.4 (gages 9—12 and 20_22)".o.o.oo.-oooooo..o...

Initiation of first crack run—arrest event
as detected by strain gage 1 for two time
resolutions: test wP-2.4 ......'.....0....'.............

Propagation of crack during first crack run-arrest
event as detected by companion crack-line gages 2
and 3 and 13 and 14 test WP-2.4 eecessescccccssonncnse

Arrest and reinitiation of crack propagation as
detected by companion crack-line gages 4 and 15
at two levels of time resolution: test WP-2.4 ..cecsces

Additional crack run—-arrest events as detected.
by companion crack-line gages 5 and 6 and 16
and 17: test WP-2.4 coooo‘;oo..ooooosoo-.;tc-.ooo..oo.o

Additional crack run—-arrest events as detected
by companion crack-line gages 7 and 8 and 18
and 19: test WP-2¢4 '-.oooo..oo.-oooooooo-oo.onooo.ooooo

Ductile tearing as detected by companion crack-
line gages 9 and 10 and 20 and 21: test WP=2.4 <eccecces

Ductile tearing as detected by crack-line gages
11’ 12’ and 22: tést wP-2.4 90 G 0D OOOOOSGEEOOONSOOENPNOSIBSONOEBSOLES

Crack run-arrest events as monitored by near-
field strain gages 23 and 25 and far-field
strain gages 26 and 27: test WP=2.4 .cceccccccccccccccs

AE results at different levels of time
resolutions: test WP-2.4 esecseecsccssesssococsscnstsosee

Longitidual acceleration during test measured
by "damped" accelerometer mounted 4.041 m below
Ctack plane: test WP-2Q4 seecesvssescsessscsnsescnstes

Longitidual acceleration during test measured
by "shock" accelerometer mounted 4.038 m below
Ctack plane: test WP-2.4 eeeevsessesssssssesssassecsene

Front- and back-face COD at various time spans
after fracture initiation: . test wP"2-4 secscsccrsssecnces

Strain histories for companion crack-line gages:
test WP-ZQS (gages 1—4 and 13-15) ®eccsccscconsvscsncons

Strain histories for companion crack-line gages:
test WP”ZoS (gages 5—8 and 16_19) sesss0csessscscscenscee

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218




xvi

Figure ' Page
A.61 Strain histories for companion crack-line gages:

test WP-Z‘S (gages 9_12 and 20—22) 0000000 s0ssssnss000 e 219

A.62 Near— and far-field strain histories: test WP-2.5
(gages 23’ 24’ 26’ and 27) ® & & 0 00 O PO O OO O OO OO LS L O eN e 220

A.63 Strain histories for front—-face gages 1-3,
indicating that crack passes gages 1 and 2
and arrests before reaching gage 3
(t = 0.344 ms): test WP-2.5 .icseeeccacssccscosanssanss 221

A.64 Strain histories for front-face gages 5, 6, 9,
and 10 indicating multiple crack run-arrest
events (see Table 5.6): test WP-2.5 ..cececveacscncocsas 222

A.65 Strain histories for back-face gages 13-15
indicating that crack passes gages 13 and 14
with a subsequent arrest (t = 0.54 ms) before
reaching gage 15: test WP—2.5 .ceceeececcscccccccsssnnne 223

A.66 Strain histories for back-face gages 15-18,
indicating that crack passes gages 15 and 16,
arrests (t = 8.16 ms) before reaching gage 17,
reinitiates (t = 11.16 ms), passes under gage 17,
arrests (t = 11.49 ms) before reaching gage 18,
reinitiates (t = 19.11 ms), and then passes
under gage 18: test WP-2.5 .(iiceecccecaccccsccccccscnas 224

A.67 Strain histories for back-face gages 19—-22 showing
crack passing gage 19, arresting (t = 27.95 ms),
converting to fibrous tearing, and then passing
under gages 20—22: test WP-2.5 .ccccececcssccscssccccas 225

A.68 Accelerometer outputs during first crack run-
arrest event? test WP“Z.S ses v e0es0es0s0c0000s00tscsB0 0 227

A.69 Front- and back-face CODs during the fracture
event: test wP-ZQS S @ ¢ 0 00 0 000800000 OP OO SO EH OO0 e N0 B e 228

A.70 Strain histories for front-face crack-line gages:
test WP—2.6 (gages 1—4) @0 0ces s 00000 0ssensestssRsssEROLES 229

A.71 Strain histories for front-face crack-line gages:
test WP‘2.6 (gages 5_8) et 08 etes0etossteetos Lt OEsOBOLROOLES 230

A.72 Strain histories for front-face crack-line gages:
test wP-2.6 (gages 9—12) 0000000000000 00s000000000000e 231

A.73 Strain histories for back-face crack-line gages:
test WP—Z.G (gages 13_16) G0 eceesssessssesoenserteceesen 232

A.74 Strain histories for back-face crack-line gages:
test WP_206 (gages 17_20) s enrcsesssencantretesesssssne s 233

A.75 Strain history for near-field gage 21 at two time
resolutions: test WP—206 IR R R R R R R RN I I W A I A R A AN By 234




Figure
A.76

A.77

A.78

A.79

B.l
Bl2

B.3

B.4

B.5

B.6

B.7

B.8

B.9

B.10

c.1

xvii

Strain histories for far-field gages 22-25 during
entire fracture process: test WP=2.6 .ccccceoscscscccsns

Front- and back~face COD histories at two time
tesolutions: test WP-256 .l.....l.............‘.........

Longitudinal acceleration (at two levels of time
resolution) measured by top and bottom 'damped"
accelerometers mounted 3.491 m above and 3.398 m

below crack plane, respectively: test WP-2.6 .ceoesscas

Dynamic displacement history at two levels of

time resolution of a point 3.393 m below the

crack plane during (a) cleavage crack run-arrest

events and (b) entire fracture: test WP—2.6 .cceccccens

K vs time results from linear generation-mode
analyses: test wP_2.4 S 9 6 0000060000000 00 000000000 sLLILTS

CMOD from linear generation-mode analyses:

teSt WP—2.4 9 2 00 0000000080000 00000000000 000000000000000F

Acceleration vs time data measured by ‘'damped"
accelerometer near the lower load point: test

WP-2.4 0 0 0000 00000000000 000600008000800606000000ca00008000s0s00e

Influence of test frame inertia on computed K
vs time: test wP—2.4 ® 0 0 00 0 0O T OSSOSO OO0 L 0 HOHSNOeHNON I

Influence of test frame inertia on computed
cMoD: test WP-2-4 'EEEENNENRENENE NI NI NN N B I NI NI B R R BECECEC AN A N A A W ]

Influence of test frame inertia on computed
load~point axial displacement: test WP-2.4 .cieocccecss

Computed nodal accelerations at ''damped"

accelerometer location near lower load point

(linearly elastic fixed-load analysis, lumped

mass at load point): test WP=2.4 .ceceescccsscccccsanes

Computed nodal accelerations at load point
(linearly elastic fixed-load analysis, lumped
mass at load point): test WP-2.,4 ...cceccccscccccscsces

Computed velocities at load point (linearly
elastic fixed-load analysis, lumped mass at
]-oad point): test WP_204 ® 0 0 90000 668 08085060060 00600000080808s0

Effect of analysis method and boundary con—
dition on calculated crack—-arrest toughness
Values fot test WP-2-4 ® 0 8 0 6 6 0000000 0800 0H0 OISO LHOLLSOSEOSSDSS

Idealization of crack tunneling in (a) low~
toughness and (b) high-toughness material

(Ref. C03) 0 0 0 000000 ECE0E 0020000000000 000NCGRIISIBSLIOELOESEDNPES

235

237

238

239

242

242

244

246

246

247

247

248

248

250

254




Figure
C.2
c.3
C.4
C.5

C.6
C.7

xviii

Illustration of superposition principle for
determining the stress—intensity factor
(Ref. c.3) ® 0 0 6060800000000 000000060E060680000s6000s0000000 254

Smith's model for restraining effect of
]-igaments (Ref. C.4) .;............‘...........Q........ 256

Extension of Smith's épproach to triangular
ligament geometry ® 5 0050080600000 000808008000608000060806000se 257

Comparison of Popelar's and Smith's tunneling
correction approaches for parabolic and
triangular ligament gZeOmMEtriCS .eeecsecssssscccsscscacss 259

Fracture surface of WP-1 series specimens .eccecececececscses 261

Corrected crack-arrest toughness vs temperature
for WP"]. test Series ® 60 0000000008000 00000000006680060000 262




Table

3.1
3.2

3.3
3.4
3.5

3.6

3.7

3.8
3.9
3.10

3.11

4.1
4,2

5.1

xix

LIST OF TABLES

Results of drop-weight testing on 2 1/4 Cr-1.Mo
material from 1/2t depth of broken halves of
specimens WP-2.1 and -2.5 (T~L orientation) .cececececcces

Charpy impact. .test results for 2 1/4 Cr-1 Mo
material from broken halves of specimens WP-2.1
and -2 5 (T-L orlentatlon) @ O O 080000000 OO OSOSHOOLLEHNOLESIGSS

Curve-fit parameters of CVN impact energy: .
WP-Z S&tieg matetial (T-L Otientation) 6e0os0ccssscsnsves

Curve-fit‘pa;ametets of CVN impact energy:‘
PTCl characterization block (T-L orientation) .«ciecceeees

Summary.of .results for drop-weight and CVN impact
tests: broken halves of WP-2.1 and WP-2.5
specimens*and PTC; charac;erization block ceevsceccscecsss

Ténsile properties of transverse-oriented specimens

- machined from broken halves of specimens WP-2.1

!8nd —2 5 .....0..00.0.00.0o.....ooo.....l.ooo.o..oo‘.oo.t

Tensile propert1es of Speclmens machined transverse
to rolling d1rect1on of material from character-
1zat1°n block PTcl ......Q......l..‘..............l....l'

Crack-arrest toughness data from specimens WP-2.1
and ~2.5 material for both weld-embrittled and
duplex specimens in T-L orientation «ececceccocccceccccccss

Crack-arrest (K ) data for PTCl material (T-L
orlentatlon) [EEEREEEEENEENENENENEENEENNEN NN N N N BN N N N I B N B B N B B N B N B N B )

Transition region fracture-toughness results from
posttest characterization using 25-mm C(T) specimens
(1/2t) machined from broken halves of specimens

WP-2.1 and -2.5 (T-L orientation) .eeceecccccccccscccccss

Ductile~shelf fracture-toughness results from

posttest characterization using 25-mm C(T) specimens
(1/2t) machined from broken half of specimen

WP-2.5 (T-L orientation) ..cececscccceccsccsccsssascascscs

WP~2 series test specimen dimensionNs .eececcssccccccsscns

Presence and location of accelerometer and dynamic
displacement instrumentation used in WP-2 series

teStS 06 0600000000000 8000000600008 0600000008006 00css000s0ma0e

Summary of HSST:wide-plate crack-arrest test
conditions and results for specially heat
treated 2 1/4 Cr-1 Mo steel: WP-2 Series eececceccccccssse

Page

10

12
14

14

15

16

17,

20

21

26

28
35

50

55




Table Page
5.2 Crack position vs time and velocity: test WP-2.1 ....... 63
5.3 Crack position vs time and velocity: test WP-2.2 .,...... 73
5.4 Crack position vs time and velocity: test WP-2.3 ....... 81
5.5 Crack position vs time and velocity: test WP-2.4 ....... 90
5.6 Crack position vs time and velocity: test WP-2.5 ..e0cs. 109
5.7 Crack position vs time and velocity: test WP=2.6 ..acess 125

6.1 Summary of WPSTAT results for WP-2 series tesStS eeeececesss 135

6.2 Summary of application-mode dynamic analyses for
wP-Z Series tests ® 0 6 & 609 0000000 O OO OS O SO OSSO OSSO EOODSPEESDS 139

6.3 Summary of generation-mode (fixed-load) dynamic
analysis results for test WP-2.4 ..ciccecceccccecsscasses 141

6.4 Summary of HSST wide-plate crack-arrest test
conditions and crack-arrest toughness values for
specially heat-treated 2 1/4 Cr-1 Mo steel: WP-2

Series ® O G 8 0000050 0060 OO LSO S DL PO L 0L P NN eSO OO SO0 PE 0N 146
B.l Summary Of computed reSultS fOr test wP—204 se0sccsosnnsvcoe 243
B.2 Computed crack-arrest toughness values for

Wide-plate Crack-arrest test WP_204 0000000 sss0sccs0sses e 249
c.1 Ligament geometry parameters for WP-1 test series

specimens .l......'....OO.»..........Ol...'............'.. 260
Cc.2 Corrections for tunneling effects in WP-1 test

SerieS 9 0 00 0000080000000 IILLPPPESEE0000RCGOEROIBEOIROOIOIOOOIOGETSES 260




FOREWORD

The work reported here was performed at Oak Ridge National Labora-
tory under the Heavy-Section Steel Technology (HSST) Program,
W. E. Pennell, Program Manager. The program is sponsored by the Office
of Nuclear Regulatory Research of the U.S. Nuclear Regulatory Commission
(NRC). The technical monitor for the NRC is M. E. Mayfield.

This report is designated HSST Report 103. Prior and future
reports in this series are listed below.

1. S. Yukawa, Evaluation of Periodic Proof Testing and Warm Pre-
stressing Procedures for Nuclear Reactor Vessels, HSSTP-TR-1,
General Electric Company, Schenectady, N.Y. (July 1, 1969).

2. L. W. Loechel, The Effect of Testing Variables on the Transition
Temperature in Steel, MCR-69-189, Martin Marietta Corporation,
Denver, Colo. (November 20, 1969).

3. P. N. Randall, Gross Strain Measure of Fracture Toughness of
Steels, HSSTP-TR-3, TRW Systems Group, Redondo Beach, Calif.
(November 1, 1969).

4, C. Visser, S. E. Gabrielse, and W. VanBuren, A Two-Dimensional
Elastic-Plastic Analysis of Fracture Test Specimens, WCAP-7368,
Westinghouse Electric Corporation, PWR Systems Division, Pitts-
burgh, Pa. (October 1969).

5. T. R. Mager and F. O. Thomas, Evaluation by Linear Elastic Frac-
ture Mechanics of Radiation Damage to Pressure Vessel Steels,
WCAP-7328 (Rev.), Westinghouse Electric Corporation, PWR Systems
Division, Pittsburgh, Pa. (October 1969).

6. W. 0. Shabbits, W. H. Pryle, and E. T. Wessel, Heavy~Section Frac-
ture Toughness Properties of A533 Grade B Class 1 Steel Plate and
Submerged Arc Weldment, WCAP-7414, Westinghouse Electric Corpora-
tion, PWR Systems Division, Pittsburgh, Pa. (December 1969).

7. F. J. Loss, Dynamic Tear Test Investigations of the Fracture
Toughness of Thick-Section Steel, NRL-7056, Naval Research Labora-
tory, Washington, D.C. (May 14, 1970).

8. P. B. Crosley and E. J. Ripling, Crack Arrest Fracture Toughness
of A533 Grade B Class 1 Pressure Vessel Steel, HSSTP-TR-8, Mate~
rials Research Laboratory, Inc., Glenwood, Ill. (March 1970).

9. T. R. Mager, Post-Irradiation Testing of 2T Compact Tension Speci-
mens, WCAP-7561, Westinghouse Electric Corporation, PWR Systems
Division, Pittsburgh, Pa. (August 1970).

10. T. R. Mager, Fracture Toughness Characterization Study of A533,
Grade B, Class 1 Steel, WCAP-7578, Westinghouse Electric Corpora-
tion, PWR Systems Division, Pittsburgh, Pa. (October 1970).

1l1. T. R. Mager, Notch Preparation in Compact Tension Specimens,
WCAP-7579, Westinghouse Electric Corporation, PWR Systems Divi-
sion, Pittsburgh, Pa. (November 1970).




12.

13.

l4l

15.

16.

17.

18.

19‘

20.

21.

22,

23.

xxii

N. Levy and P. V. Marcal, Three-Dimensional Elastic~Plastic Stress
and Strain Analysis for Fracture Mechanics, Phase I: Simple
Flawed Specimens, HSSTP-TR-12, Brown University, Providence, R.I.
(December 1970).

W. O. Shabbits, Dynamic Fracture Toughness Properties of Heavy
Section A533 Grade B Class 1 Steel Plate, WCAP-7623, Westinghouse
Electric Corporation, PWR Systems Division, Pittsburgh, Pa.
(December 1970).

P. N. Randall, Gross Strain Crack Tolerance of A 533-B Steel,
HSSTP-TR-14, TRW Systems Group, Redondo Beach, Calif. (May 1,
1971). .

H. T. Corten and R. H. Sailors, Relationship Between Material
Fracture Toughness Using Fracture Mechanics and Transition Tem-
perature Tests, T&AM Report 346, University of Illinois, Urbana,
I11. (August 1, 1971).

T. R, Mager and V. J. McLaughlin, The Effect of an Environment of
High Temperature Primary Grade Nuclear Reactor Water on the
Fatigue Crack Growth Characteristics of A533 Grade B Class 1 Plate
and Weldment Material, WCAP-7776, Westinghouse Electric Corpora-
tion, PWR Systems Division, Pittsburgh, Pa. (October 1971).

N. Levy and P. V. Marcal, Three-Dimensional Elastic-Plastic Stress
and Strain Analysis for Fracture Mechanics, Phase II: Improved
Modelling, HSSTP-TR-17, Brown University, Providence, R.I. (Novem-
ber 1971).

S. C. Grigory, Tests of 6-in.-Thick Flawed Tensile Specimens,
First Technical Summary Report, Longitudinal Specimens Numbers 1
Through 7, HSSTP-TR-18, Southwest Research Institute, San Antonio,
Tex. (June 1972).

P. N. Randall, Effects of Strain Gradients on the Gross Strain
Crack Tolerance of AS33-B Steel, HSSTP-TR-19, TRW Systems Group,
Redondo Beach, Calif. (June 15, 1972).

S. C. Grigory, Tests of 6-Inch-Thick Flawed Tensile Specimens,
Second Technical Summary Report, Transverse Specimens Numbers 8
Through 10, Welded Specimens Numbers 11 Through 13, HSSTP-TR-20,
Southwest Research Institute, San Antonio, Tex. (June 1972).

L. A. James and J. A. Williams, Heavy Section Steel Technology
Program Technical Report No. 21, The Effect of Temperature and
Neutron Irradiation Upon the Fatigue-Crack Propagation Behavior of
ASTM A533 Grade B, Class 1 Steel, HEDL-TME 72-132, Hanford Engi-
neering Development Laboratory, Richland, Wash. (September 1972).

S. C. Grigory, Tests of 6-Inch-Thick Flawed Tensile Specimens,
Third Technical Summary Report, Longitudinal Specimens Numbers 14
Through 16, Unflawed Specimen Number 17, HSSTP-TR-22, Southwest
Research Institute, San Antonio, Tex. (October 1972).

S. C. Grigory, Tests of 6-Inch-Thick Tensile Specimens, Fourth
Technical Summary Report, Tests of 1-Inch-Thick Flawed Tensile




24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

xxiii

Specimens for Size Effect. Evaluation, HSSTP-TR-23, Southwest
Research Institute, San Antonio, Tex. (June 1973).

S. P. Ying and S. C. Grigory, Tests of 6-Inch-Thick Tensile Speci-
mens, Fifth Technical Summary Report, Acoustic Emission Monitoring
of One-Inch and Six-Inch-Thick Tensile Specimens, HSSTP-TR-24,
Southwest Research Institute, San Antonio, Tex. (November 1972).

R. W. Derby, J. G. Merkle, G. C. Robinson;, G. D. Whitman, and
F. J. Witt, Test of 6-Inch-Thick Pressure Vessels. Series 1:
Intermediate Test Vessels V-1 and V-2, ORNL-4895, Oak Ridge
National Laboratory, Oak Ridge, Tenn. (February 1974).

W. J. Stelzman and R. G. Berggren, Radiation Strengthening and
Embrittlement in Heavy Section Steel Plates and Welds, ORNL-4871,
Oak Ridge National Laboratory, Oak Ridge, Tenn. (June 1973).

P. B. Crosley and E. J. Ripling, Crack Arrest in an Increasing
K-Field, HSSTP-TR-27, Materials Research LaboFatory, Inc., Glen-
wood, Ill. (January 1973).

P. V. Marcal, P. M. Stuart, and R. S. Bettes, Elastic-Plastic
Behavior of a Longitudinal Semi-Elliptic Crack in a Thick Pressure
Vessel, HSSTP-TR-28, Brown University, Providence, R.I. (June
1973).

W. J. Stelzman, R. G. Berggren, and T. N. Jones, ORNL Character-
ization of Heavy-Section Steel Technology Program Plates 01, 02
and 03, NUREG/CR-4092 (ORNL/TM-9491), Oak Ridge National Labora-
tory, Oak Ridge, Tenn. (April 1985).

Canceled.

J. A. Williams, The Irradiation and Temperature Dependence of Ten-
sile and Fracture Properties of ASTM A533, Grade B, Class 1 Steel
Plate and Weldment, HEDL-TME 73-75, Hanford Engineering Develop-
ment Laboratory, Richland, Wash. (August 1973).

J. M. Steichen and J. A. Williams, High Strain Rate Tensile
Properties of Irradiated ASTM A533 Grade B Class 1 Pressure Vessel
Steel, Hanford Engineering Development Laboratory, Richland, Wash.
(July 1973).

P. C. Riccardella and J. L. Swedlow, A Combined Analytical-Experi-

mental Practure Study of the Two Leading Theories of Elastic-
Plastic Fracture (J-Integral and Equivalent Energy), WCAP-8224,
Westinghouse Electric Corporation, Pittsburgh, Pa. (October 1973).

R. J. Podlasek and R. J. Eiber, Final Report on Investigation of
Mode III Crack Extension in Reactor Piping, Battelle Columbus
Laboratories, Columbus, Ohio (December 14, 1973).

T. R. Mager, J. D. Landes, D. M. Moon, and V. J. McLaughlin,
Interim Report on the Effect of Low Frequencies on the Fatigue
Crack Growth Characteristics of A533 Grade B Class 1 Plate in an
Environment of High-Temperature Primary Grade Nuclear Reactor
Water, WCAP-8256, Westinghouse Electric Corporation, Pittsburgh,
Pa. (December 1973).




36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

xxiv

J. A. Williams, The Irradiated Fracture Toughness of ASTM A533,
Grade B, Class 1 Steel Measured with a Four-Inch-Thick Compact
Tension Specimen, HEDL-TME 75-10, Hanford Engineering Development
Laboratory, Richland, Wash. (January 1975).

R. H. Bryan, J. G. Merkle, M. N, Raftenberg, G. C. Robinson, and
J. E. Smith, Test of 6-Inch-Thick Pressure Vessels. Series 2:
Intermediate Test Vessels V-3, V-4, and V-6, ORNL-5059, Oak Ridge
National Laboratory, Oak Ridge, Tenn. (November 1975).

T. R. Mager, S. E. Yanichko, and L. R. Singer, Fracture Toughness
Characterization of HSST Intermediate Pressure Vessel Material,
WCAP-8456, Westinghouse Electric Corporation, Pittsburgh, Pa.
(December 1974).

J. G. Merkle, G. D, Whitman, and R. H. Bryan, An Evaluation of the
HSST Program Intermediate Pressure Vessel Tests in Terms of Light-
Water~Reactor Pressure Vessel Safety, ORNL/TM-5090, Oak Ridge
National Laboratory, Oak Ridge, Tenn. (November 1975).

J. G. Merkle, G. C. Robinson, P. P, Holz, J. E. Smith, and R. H.
Bryan, Test of 6-In.-Thick Pressure Vessels. Series 3: Inter-
mediate Test Vessel V-7, ORNL/NUREG-1l, Oak Ridge National Labora-—
tory, Oak Ridge, Tenn. (August 1976).

J. A. Davidson, L. J. Ceschini, R. P. Shogan, and G. V. Rao, The
Irradiated Dynamic Fracture Toughness of ASTM A533, Grade B, Class
1 Steel Plate and Submerged Arc Weldment, WCAP-8775, Westinghouse
Electric Corporation, Pittsburgh, Pa. (October 1976).

R. D. Cheverton, Pressure Vessel Fracture Studies Pertaining to a
PWR LOCA-ECC Thermal Shock: Experiments TSE-1 and TSE-2, ORNL/
NUREG/TM-31, Oak Ridge National Laboratory, Oak Ridge, Tenn.
(September 1976).

J. G. Merkle, G. C. Robinson, P, P, Holz, and J. E. Smith, Test of
6-In.-Thick Pressure Vessels. Series 4: Intermediate Test Ves-
sels V-5 and V-9 with Inside Nozzle Corner Cracks, ORNL/NUREG-7,
Oak Ridge National Laboratory, Oak Ridge, Tenn. (August 1977).

J. A, Williams, The Ductile Fracture Toughness of Heavy Section
Steel Plate, NUREG/CR-0859, Hanford Engineering Development
Laboratory, Richland, Wash. (September 1979).

R. H. Bryan, T. M. Cate, P. P. Holz, T. A. King, J. G. Merkle,
G. C. Robinson, G. C. Smith, J. E. Smith, and G. D. Whitman, Test
of 6-in.-Thick Pressure Vessels. Series 3: Intermediate Test
Vessel V-7A Under Sustained Loading, ORNL/NUREG-9, Oak Ridge
National Laboratory, Oak Ridge, Tenn. (February 1978).

R. D. Cheverton and S. E. Bolt, Pressure Vessel Fracture Studies
Pertaining to a PWR LOCA-ECC Thermal Shock: Experiments TSE-3 and
TSE-4 and Update of TSE-1 and TSE-2 Analysis, ORNL/NUREG-22, Oak
Ridge National Laboratory, Oak Ridge, Tenn. (December 1977).

D. A. Canonico, Significance of Reheat Cracks to the Integrity of
Pressure Vessels for Light-Water Reactors, ORNL/NUREG-15, Oak
Ridge National Laboratory, Oak Ridge, Tenn. (July 1977).




48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

XXV

G. C. Smith and P. P. Holz, Repair Weld Induced Residual Stresses
in Thick-Walled Steel Pressure Vessels, NUREG/CR-0093 (ORNL/NUREG/
TM-153), Oak Ridge National Laboratory, Oak Ridge, Tenn. (June
1978).

P. P. Holz and S. W. Wismer, Half-Bead (Temper) Repair Welding for
HSST Vessels, NUREG/CR-0113 (ORNL/NUREG/TM-177), Oak Ridge
National Laboratory, Oak Ridge, Tenn. (June 1978).

G. C. Smith, P. P. Holz, and W. J. Stelzman, Crack Extension and
Arrest Tests of Axially Flawed Steel Model Pressure Vessels,
NUREG/CR-0126 (ORNL/NUREG/TM-196), Oak Ridge National Laboratory,
Oak Ridge, Tenn. (October 1978).°

R. H. Bryan, P. P. Holz, J. G. Merkle, G. C. Smith, J. E. Smith,
and W. J. Stelzman, Test of 6-in.-Thick Pressure Vessels.
Series 3: Intermediate Test Vessel V-7B, NUREG/CR-0309 (ORNL/
NUREG-38), Oak Ridge National -Laboratory, Oak Ridge, Tenn.
(October 1978).

R. D. Cheverton, S. K. Iskander, and S. E. Bolt, Applicability of
LEFM to the Analysis of PWR Vessels Under LOCA-ECC Thermal Shock
Conditions, NUREG/CR-0107 (ORNL/NUREG-40), Oak Ridge National
Laboratory, Oak Ridge, Tenn. (October 1978).

R. H. Bryan, D. A. Canonico, P. P. Holz, S. K. Iskander, J. G.
Merkle, J. E. Smith, and W. J. Stelzman, Test of 6-in.-Thick Pres-
sure Vessels, Series 3: Intermediate Test Vessel V-8, NUREG/CR-
0675 (ORNL/NUREG-58), Oak Ridge National Laboratory, Oak Ridge,
Tenn. (December 1979).

R. D. Cheverton and S. K. Iskander, Application of Static and
Dynamic Crack Arrest Theory to TSE-4, NUREG/CR-0767 (ORNL/NUREG-
57), Oak Ridge National Laboratory, Oak Ridge, Tenn. (June 1979).

J. A. Williams, Tensile Properties of Irradiated and Unirradiated
Welds of A533 Steel Plate and A508 Forgings, NUREG/CR-1158 (ORNL/
Sub/79-50917/2), Hanford Engineering Development Laboratory,
Richland, Wash. (July 1979).

K. W. Carlson and J. A. Williams, The Effect of Crack Length and
Side Grooves on the Ductile Fracture Toughness Properties of ASTM
A533 Steel, NUREG/CR-1171 (ORNL/Sub/79-50917/3), Hanford Engineer-—
ing Development Laboratory, Richland, Wash. (October 1979).

P. P. Holz, Flaw Preparations for HSST Program Vessel Fracture
Mechanics Testing; Mechanical-Cyclic Pumping and Electron-Beam
Weld-Hydrogen Charge Cracking Schemes, NUREG/CR-1274 (ORNL/NUREG/
TM-369), Oak Ridge National Laboratory, Oak Ridge, Tenn. (May
1980). )

S. K. Iskander, Two Finite Element Techniques for Computing Mode I
Stress Intensity Factors in Two- or Three-Dimensional Problens,
NUREG/CR-1499 (ORNL/NUREG/CSD/TM~14), Computer Sciences Division,
Union Carbide Corp. Nuclear Division, Oak Ridge, Tenn. (February
1981).




59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

xxvi

P. B, Crosley and E. J. Ripling, Development of a Standard Test
for Measuring K,  with a Modified Compact Specimen, NUREG/CR-2294
(0RNL/Sub/81—77§§71), Materials Research Laboratory, Glenwood,
I11. (August 1981).

S. N. Atluri, B. R. Bass, J. W. Bryson, and K. Kathiresan, NOZ-
FLAW: A Finite Element Program for Direct Evaluvation of Stress
Intensity Factors for Pressure Vessel Nozzle-Corner Flaws,
NUREG/CR-1843 (ORNL/NUREG/CSD/TM-18), Computer Sciences Division,
Oak Ridge Gaseous Diffusion Plant, Oak Ridge, Tenn. (March 1981).

A. Shukla, W. L. Fourney, and G. R. Irwin, Study of Energy Loss
and Its Mechanisms in Homalite 100 During Crack Propagation and
Arrest, NUREG/CR-2150 (ORNL/Sub/79-7778/1), University of Mary-
land, College Park, Md. (August 1981).

S. K. Iskander, R. D. Cheverton, and D. G. Ball, 0OCA-I, A Code for
Calculating the Behavior of Flaws on the Inner Surface of a Pres-—
sure Vessel Subjected to Temperature and Pressure Transients,
NUREG/CR-2113 (ORNL/NUREG-84), Oak Ridge National Laboratory, Oak
Ridge, Tenn. (August 1981).

R. J. Sanford, R. Chona, W. L., Fourney, -and G. R. Irwin, A Photo-
elastic Study of the Influence of Non-Singular Stresses in Frac-
ture Test Specimens, NUREG/CR-2179 (ORNL/Sub/79-7778/2), Univer-
sity of Maryland, College Park, Md. (August 1981).

B. R. Bass, S. N. Atluri, J. W. Bryson, and K. Kathiresan,
OR-FLAW: A Finite Element Program for Direct Evaluation of
K-Factors for User-Defined Flaws in Plate, Cylinders, and Pres-
sure-Vessel Nozzle Corners, NUREG/CR-2494 (ORNL/CSD/TM-165), Oak
Ridge National Laboratory, Oak Ridge, Tenn. (April 1982).

B. R. Bass and J. W. Bryson, ORMGEN-3D: A Finite Element Mesh
Generator for 3-Dimensional Crack Geometries, NUREG/CR-2997,
Vol. 1 (ORNL/TM-8527/V1), Oak Ridge National Laboratory, Oak
Ridge, Tenn. (December 1982).

B. R. Bass and J. W. Bryson, ORVIRT: A Finite Element Program for
Enerqgy Release Rate Calculations for 2-Dimensional and 3-Dimen-
sional Crack Models, NUREG/CR-2997, Vol. 2 (ORNL/TM-8527/V2), Oak
Ridge National Laboratory, Oak Ridge, Tenn. (February 1983).

R. D. Cheverton, S. K.]Iskander, and D. G. Ball, PWR Pressure Ves-
sel Integrity During Overcooling Accidents: A Parametric Analy-
sis, NUREG/CR-2895 (ORNL/TM-7931), Oak Ridge National Laboratory,
Oak Ridge, Tenn. (February 1983).

D. G. Ball, R. D. Cheverton, J. B. Drake, and S. K. Iskander, OCA-
II, A Code for Calculating Behavior of 2-D and 3-D Surface Flaws
in a Pressure Vessel Subjected to Temperature and Pressure Tran-
sients, NUREG/CR-3491 (ORNL-5934), Oak Ridge National Laboratory,
Oak Ridge, Tenn. (February 1984).

A. Sauter, R. D. Cheverton, and S. K. Iskander, Modification of
OCA-~I for Application to a Reactor Pressure Vessel with Cladding
on the Inner Surface, NUREG/CR-3155 (ORNL/TM-8649), Oak Ridge
National Laboratory, Oak Ridge, Tenn. (May 1983).




70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

'80 L

xxvii

R. D. Cheverton and D. G. Ball, OCA-P, A Deterministic and Proba-
bilistic Fracture-Mechanics Code for Application to Pressure Ves-
sels, NUREG/CR-3618 (ORNL-5991), Oak Ridge National Laboratory,
Oak Ridge, Tenn. (May 1984).

J. G. Merkle, An Examination of the Size Effects and Data Scatter
Observed in Small Specimen Cleavage Fracture Toughness Testing,
NUREG/CR-3672 (ORNL/TM-9088), Oak Ridge National Laboratory, Oak
Ridge, Tenn. (April 1984).

C. E. Pugh et al., Heavy-Section Steel Technology Program — Five-
Year Plan FY 1983-1987, NUREG/CR-3595 (ORNL/TM-9008), Oak Ridge
National Laboratory, Oak Ridge, Tenn. (April 1984).

D. G. Ball, B. R. Bass, J. W. Bryson, R. D. Cheverton, and J. B.
Drake, Stress Intensity Factor Influence Coefficients for Surface
Flaws in Pressure Vessels, NUREG/CR-3723 (ORNL/CSD/TM-216), Oak
Ridge National Laboratory, Oak Ridge, Tenn. (February 1985).

W. R. Corwin, R. G. Berggren, and R. K. Nanstad, Charpy Toughness
and Tensile Properties of Neutron Irradiated Stainless Steel Sub-
merged-Arc Weld Cladding Overlay, NUREG/CR-3927 (ORNL/TM-9309),
Oak Ridge National Laboratory, Oak Ridge, Tenn. (September 1984).

C. W. Schwartz, R. Chona, W. L. Fourney, and G. R. Irwin, SAMCR:
A Two-Dimensional Dynamic Finite Element Code for the Stress
Analysis of Moving CRacks, NUREG/CR-3891 (ORNL/Sub/79-7778/3),
University of Maryland, College Park, Md. (November 1984).

W. R. Corwin, G. C. Robinson, R. K. Nanstad, J. G. Merkle, R. .G.
Berggren, G. M. Goodwin, R. L. Swain, and T. D. Owings, Effects of
Stainless Steel Weld Overlay Cladding on the Structural Integrity
of Flawed Steel Plates in Bending, Series 1, NUREG/CR-4015 (ORNL/
TM-9390), Oak Ridge National Laboratory, Oak Ridge, Tenn. (April
1985).

R. H. Bryan, B. R. Bass, S. E. Bolt, J. W. Bryson, D. P, Edmonds,
R. W. McCulloch, J. G. Merkle, R. K. Nanstad, G. C. Robinson,
K. R. Thoms, and G. D. Whitman, Pressurized-Thermal-Shock Test of
6-in.-Thick Pressure Vessels. PTSE-1: Investigation of Warm Pre-
stressing and Upper-Shelf Arrest, NUREG/CR-4106 (ORNL-6135), Oak
Ridge National Laboratory, Oak Ridge, Tenn. (April 1985).

R. D. Cheverton, D. G. Ball, S. E. Bolt, S. K. Iskander, and R. K.
Nanstad, Pressure Vessel Fracture Studies Pertaining to the PWR
Thermal-Shock Issue: Experiments TSE-5, TSE-5A, and TSE-6, NUREG/
CR-4249 (ORNL-6163), Martin Marietta Energy Systems, Inc., Oak

- Ridge National Laboratory, Oak Ridge, Tenn. (June 1985).

R. D. Cheverton, D. G. Ball, S.-E. Bolt, S. K. Iskander, and R. K.
Nanstad, Pressure Vessel Fracture Studies Pertaining to the PWR
Thermal~Shock Issue: Experiment TSE-7, NUREG/CR-4304 (ORNL-6177),
Martin Marietta Energy Systems, Inc., Oak Ridge National Labora-
tory, Oak Ridge, Tenn. (August 1985).

R. H. Bryan, B. R. Bass, S. E. Bolt, J. W. Bryson, J. G. Merkle,
R. K. Nanstad, and G. C. Robinson, Test of 6-in.-Thick Pressure
Vessels. Series 3: Intermediate Test Vessel V-8A — Tearing




81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

xxviii

Behavior of Low Upper-Shelf Material, NUREG/CR-4760 (ORNL-6187),
Martin Marietta Energy Systems, Inc., Oak Ridge National Labora-
tory, Oak Ridge, Tenn. (May 1987).

R. D. Cheverton and D. G. Ball, 2 Parametric Study of PWR Pressure
Vessel Integrity During Overcooling Accidents, Considering Both
2-D and 3-D Flaws, NUREG/CR-4325 (ORNL/TM-9682), Martin Marietta
Energy Systems, Inc., Oak Ridge National Laboratory, Oak Ridge,
Tenn. (August 1985).

E. C. Rodabaugh, Comments on the Leak-Before-Break Concept for
Nuclear Power Plant Piping Systems, NUREG/CR-4305 (ORNL/Sub/82-
22252/3), E. C. Rodabaugh Associates, Inc., Hilliard, Ohio (August
1985).

J. W. Bryson, ORVIRT.PC: A 2-D Finite Element Fracture Analysis
Program for a Microcomputer, NUREG/CR-4367 (ORNL-6208), Martin
Marietta Energy Systems, Inc., Oak Ridge National Laboratory, Oak
Ridge, Tenn. (October 1985).

D. G. Ball and R. D. Cheverton, Adaptation of OCA-P, a Probabilis-
tic Fracture-Mechanics Code, to a Personal Computer, NUREG/CR-4468
(ORNL/CSD/TM-233), Martin Marietta Energy Systems, Inc., Oak Ridge
National Laboratory, Oak Ridge, Tenn. (January 1986).

Je. W. Bryson and B. R. Bass, ORMGEN.PC: A Microcomputer Program
for Automatic Mesh Generation of 2-D Crack Geometries, NUREG/CR-
4475 (ORNL-6250), Martin Marietta Energy Systems, Inc., Oak Ridge
National Laboratory, Oak Ridge, Tenn. (March 1986).

G. D. Whitman, Historical Summary of the Heavy-Section Steel Tech-
nology Program and Some Related Activities in Light-Water Reactor
Pressure Vessel Safety Research, NUREG/CR-4489 (ORNL-6259), Martin
Marietta Energy Systems, Inc., Oak Ridge National Laboratory, Oak
Ridge, Tenn. (March 1986).

C. Inversini and J. W. Bryson, ORPLOT.PC: A Graphic Utility for
ORMGEN.PC and ORVIRT.PC, NUREG/CR-4633 (ORNL-6291), Martin
Marietta Energy Systems, Inc., Oak Ridge National Laboratory, Oak
Ridge, Tenn. (June 1986).

J. J. McGowan, R. K. Nanstad, and K. R. Thoms, Characterization of
Irradiated Current—-Practice Welds and A533 Grade B Class 1 Plate
for Nuclear Pressure Vessel Service, NUREG/CR-4880 (ORNL/TM-
10387), Martin Marietta Energy Systems, Inc., Oak Ridge National
Laboratory, Oak Ridge Tenn. (July 1988).

K. V. Cook and R. W. McClung, Flaw Density Examinations of a Clad
Boiling Water Reactor Pressure Vessel Segment, NUREG/CR-4860
(ORNL/TM~10364), Martin Marietta Energy Systems, Inc., Oak Ridge
National Laboratory, Oak Ridge, Tenn. (April 1987).

D. J. Naus et al., Crack-Arrest Behavior in SEN Wide Plates of
Quenched and Tempered A 533 Grade B Steel Tested Under Noniso-
thermal Conditions, NUREG/CR-4930 (ORNL-6388), Martin Marietta
Energy Systems, Inc., Oak Ridge National Laboratory, Oak Ridge,
Tenn. (August 1987).




91.

92.

93.

94.

95.

96.
97.

98.

99.

100.

101.

XxXix

D. B. Barker et al., A Report on the Round Robin Program Conducted
to Evaluate the Proposed ASTM Standard Test Method for Determining
the Plane Strain Crack Arrest Fracture Toughness, Kro» of Ferritic
Materials, NUREG/CR-4966 (ORNL/Sub/79-7778/4), University of Mary-
land, College Park, Md. (January 1988).

W. H. Bamford, A Summary of Environmentally Assisted Crack-Growth
Studies Performed at Westinghouse Electric Corporation Under Fund-
ing from the Heavy-Section Steel Technology Program, NUREG/CR-5020
(ORNL/Sub/82-21598/1), Westinghouse Electric Corp., Pittsburgh,
Pa. (May 1988).

R. H. Bryan et al., Pressurized-Thermal-Shock Test of 6-in.-Thick
Pressure Vessels. PTSE-2: Investigation of Low Tearing Resist-
ance and Warm Prestressing, NUREG/CR-4888 (ORNL-6377), Martin
Marietta Energy Systems, Inc., Oak Ridge National Laboratory, Oak
Ridge, Tenn. (December 1987).

J. H. Giovanola and R. W. Klopp, Viscoplastic Stress-Strain Char-
acterization of A533B Class 1 Steel, NUREG/CR-5066 (ORNL/Sub/87-
SA193/1), SRI International, Menlo Park, Calif. (to be published).

L. F. Miller et al., Neutron Exposure Parameters for the Metal-
lurgical Test Specimens in the Fifth Heavy-Section Steel Tech-
nology Irradiation Series Capsules, NUREG/CR-5019 (ORNL/TM-10582),
Martin Marietta Energy Systems, Inc., Oak Ridge National Labora-
tory, Oak Ridge, Tenn. (March 1988).

Canceled.

D. J. Naus, J. Keeney-Walker, B. R. Bass, S. E. Bolt, R. J.
Fields, R. deWit, and S. R. Low III, High-Temperature Crack-Arrest
Behavior in 152-mm-Thick SEN Wide Plates of Quenched and Tempered
A 533 Grade B Class 1 Steel, NUREG/CR-5330 (ORNL/TM-11083), Martin
Marietta Energy Systems, Inc., Oak Ridge National Laboratory, Oak
Ridge, Tenn. (April 1989).

K. V. Cook, R. A. Cunningham, Jr., and R. W. McClung, Detection
and Characterization of Indications in Segments of Reactor Pres-
sure Vessels, NUREG/CR-5322 (ORNL/TM-11072), Martin Marietta
Energy Systems, Inc., Oak Ridge National Laboratory, Oak Ridge,
Tenn. (August 1989).

R. D. Cheverton, W. E. Pennell, G. C. Robinson, and R. K. Nanstad,
Impact of Radiation Embrittlement on- Integrity of Pressure Vessel
Supports for Two PWR Plants, NUREG/CR-5320 (ORNL/TM-10966), Martin
Marietta Energy Systems, Inc., Oak Ridge National Laboratory, Oak
Ridge, Tenn. (February 1989). .

D. J. Naus et al., SEN Wide-Plate Crack-Arrest Tests Utilizing
A 533 Grade B Class 1 Material: WP-CE Test Series, NUREG/CR-5408
(ORNL/TM~11269), Martin Marietta Energy Systems, Inc., Oak Ridge
National Laboratory, Oak Ridge, Tenn. (November 1989).

D. J. Naus et al., High-Temperature Crack—Arrest Tests Using
152-mm~Thick SEN Wide Plates of Low~Upper—-Shelf Base Material:
Tests WP-2.2 and WP-2.6, NUREG/CR-5450 (ORNL/TM-11352), Martin




102.

103.

Pt e e S

Marietta Energy Systems, Inc., Oak Rldge, Natlonal Laboratory, Oak
Ridge, Tenn. (March 1989).

L. F. Miller et al., Neutron Exposure Parameters for the Metal-
lurgical Test Specimens.in the Sixth Heavy-Section Steel Tech-
nology Irradiation Series Capsules, NUREG/CR-5409 (ORNL/TM-11267),
Oak Ridge National Laboratory, Oak Ridge, Tenn. (to be published).

This report.




J ot il

. ACKNOWLEDCMENTS

The-- authors wish 'to 'acknowledge  the significant contributions
made to “this -testing' program by those ‘who are not otherwise referred
to in this report: D. E. Harne at -the National Institute of Standards
and ‘Technology (performance of tests); G." R. Irwin, D. B. Barker,
J. W. Dally, and W. L. Fourney at the University of Maryland (assis-
tance in development of specimen design, instrumentation and testing
techniques, and analysis of test results); R. K. Nanstad and E. T.
Manneschmidt of the Metals and Ceramics (M&C) Division at Oak Ridge
National Laboratory (ORNL) (material characterization); S. E. Bolt and
W. F. Jackson of the Engineering Technology Division (ETD) at ORNL
(specimen preparation, special test fixturing design, and fabrication);
and C. E. Pugh and J. G. Merkle of the ETD at ORNL (test program defini-
tion).

SO
s




xxxiii
EXECUTIVE SUMMARY

The pressurized-thermal-shock (PTS) issue for pressurized-water
reactors (PWRs) involves a broad range of fracture phenomena. In PTS
scenarios, flaws in the inner surface of the reactor pressure vessel
(RPV) have a high propensity to propagate because they are located in
the region of highest stress and lowest fracture toughness (lowest
temperature and greatest irradiation damage). If such flaws begin to
propagate radially through the vessel wall, they will extend into
regions of higher fracture toughness because of the higher temperatures
and less irradiation damage. Certain PTS scenarios lead to conditions
where the driving force on a propagating crack increases to levels well
in excess of the ASME crack-arrest fracture-toughness limit (220 MPa-/m)
contained in the American Society of Mechanical Engineers Boiler and
Pressure Vessel Code (ASME B&PVC). Assessment of the integrity of an
RPV under such a postulated crack run—arrest condition requires predic-
tion of the arrest potentialj the potential for reinitiation including
stable and unstable ductile crack growth; and structural instability of
the remaining vessel-wall ligament.

Work being conducted under Task H.5 of the Heavy-Section Steel
Technology (HSST) Program at Oak Ridge National Laboratory is concerned
with understanding the ability of RPV materials to arrest running cracks
as they propagate into regions of higher toughness and conditions of
increasing values for the stress—intensity factor. As a part of this
task, the HSST Program in late FY 1984 initiated an investigation of the
run—-arrest behavior of cracks in large plates that possess steep tough-
ness gradients. These tests use wide~plate (1 x 1 x 0.1 m or
1 x 1 x 0.15 m) specimens that possess a single-—edge notch (crack) that
initiates cleavage propagation at low temperature and arrests in a
region of increased fracture toughness. The toughness gradient is
achieved through a linear transverse temperature profile across the
plate. The experiments require the application of large tensile loads
and are being conducted at the National Institute of Standards and Tech-
nology in Gaithersburg, Maryland. The overall objectives of these tests
are to determine (1) if RPV materials will exhibit crack-arrest behavior
when the driving force on a crack exceeds the ASME limit (220 MPa-/m);
(2) the relationship between crack—arrest toughness and temperature for
Kia > 220 MPa-/m; and (3) the interaction of fracture modes (arrest,
stable crack growth, unstable crack growth, and tensile instability)
when arrest occurs at high temperatures.

In meeting these objectives, three series of wide-plate tests have
been conducted: WP-1 (A 533 grade B class 1 steel), WP-CE (second heat
of A 533 grade B class 1 steel), and WP-2 [low-upper-shelf (LUS) base
material]. This report contains results for the six tests that
comprised the WP-2 series, which utilized a Charpy LUS base material
(specially heat treated 2 1/4 Cr-1 Mo steel). Following are highlights
of each chapter to aid readers who are interested only in certain
aspects of the report.




1. INTRODUCTION

Limitations imposed by the ASME B&PVC are discussed. Objectives of
the crack-arrest studies and program goals are presented.

2. Background

Prior crack-arrest studies and their limitations are discussed. A
summary of large-specimen crack-arrest toughness data is presented in
Fig. 2.1.

3. MATERIAL CHARACTERIZATION

A description of the Charpy LUS material used in the WP-2 test
series is provided. Drop-weight (Table 3.1), Charpy V-notch
(Table 3.2), tensile (Table 3.6), crack-arrest toughness (Table 3.8),
and transition-region (Table 3.10) and ductile shelf (Table 3.11) frac-
ture toughness properties are provided. Equations (3.2) and (3.5) pre-
sent the relations for K, and Ky, respectively, that were used in the
analysis of the test results.

4. SPECIMEN PREPARATION, INSTRUMENTATION, AND
TESTING PROCEDURE

Procedures used for precracking and assembling the test articles
are outlined. Instrumentation used to obtain pertinent data during a
test (load, strain, temperature, crack-opening-displacement, dynamic
displacement), as well as the data acquisition system, are described.
The heating, cooling, and insulation systems used to produce the desired
specimen transverse temperature profile are delineated. The technique
used to conduct a wide-plate crack-arrest test (Fig. 4.9) is presented.

5. SUMMARY OF WIDE-PLATE CRACK-ARREST
TESTS WP-2.1 THROUGH WP-2.6

General test conditions (Table 5.1) for each wide-plate test are
delineated, and transverse temperature profiles for each test are sum-
marized (Fig. 5.1). The highlights for each test, as well as pertinent
test data, are reiterated. Fracture surfaces for each test specimen are
presented (Fig. 5.2).
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6. POSTTEST ANALYSES, CRACK-ARREST TOUGHNESS RESULTS,
AND COMPARISON OF DATA WITH OTHER
LARGE-SCALE TEST RESULTS

Posttest static and dynamic fracture analyses conducted for each
wide-plate crack-arrest test are described. The development and use of
dynamic analysis methods were required to incorporate the significant
dynamic effects exhibited by the wide-plate specimens; that is, multiple
crack run-arrest events occurred in each test over a relatively short
time (up to seven crack run-arrest events in <7 ms). Crack-arrest
toughness results determined by dynamic analyses (fixed-load and genera-
tion-mode) are presented (Table 6.4). The relationship between fixed-
load, generation-mode, crack-arrest toughness values for tests in the
WP-2 series, as well as for other wide-plate crack-arrest tests (WP-1
and WP-CE test series), and the Ky curve of the ASME B&PVC is shown
(Fig. 6.14). The HSST wide-plate crack-arrest test results are compared
with other large-scale test results (Fig. 6.16).

7. CONCLUSIONS

Results of the investigation are summarized. Wide-plate tests
demonstrate that crack-arrest values above the 220 MPa-/m limit in the
ASME Code are achievable and that crack arrest can and does occur at
temperatures up to and slightly above those that correspond to the onset
of Charpy upper-shelf behavior.
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1. INTRODUCTION

In pressurized-thermal-shock (PTS) scenarios, flaws on the inner
surface of a reactor pressure vessel (RPV) have a high propensity to
propagate because they are in the region of highest thermal stress and
lowest fracture ‘toughness (i.e., lowest temperature and greatest
irradiation damage). If such flaws begin to propagate radially through
the vessel wall, they will extend into regions of higher fracture tough-
ness because of the higher temperatures and less irradiation damage.
Assessment of the integrity of an RPV under such a postulated crack run-
arrest scenario requires prediction of the arrest potential; the
potential for reinitiation, including stable and unstable ductile crack
growthy and structural instability of the remaining vessel-wall
ligament.

Current light-water reactor (LWR) pressure-vessel safety assess-—
ment methods are based largely on Sects. III and XI of the American
Society of Mechanical Engineers Boiler and Pressure Vessel Code (ASME
B&PVC). The fracture~toughness correlations contained in the ASME B&PVC
embody the position that one cannot assume a crack—arrest toughness
value (Ky,) >220 MPa-/m for LWR pressure-vessel steels. The imposition
of this limit is based partly on the fact that no K;_ data existed at or
above this level and because Charpy and ‘''small" C(T)-specimens exhibit
an upper—-shelf behavior. Therefore, the nature of crack-arrest behavior
and Ky, extrapolations to temperatures higher than that at which this
limit occurred could not be presumed.

The ASME limit does not impose difficulties in making assessments
for LWR pressure vessels undergoing thermal shock transients with very
low accompanying- pressure levels. However, PTS scenarios could lead to
conditions under which the driving force on a propagating crack in-
creases to levels well in excess of the current ASME limit. Thus,
safety assessment methods for this type of condition would require an
understanding of the following points.

1. If the driving force on a crack exceeds 220 MPa-/m by a significant
margin, can the material exhibit crack-arrest behavior?

2. If the material exhibits high Ky, values with increasing tempera-—
ture, what is the relationship between K; and temperature? That




is, does a temperature limit exist above which cleavage crack pro-
pagation cannot continue regardless of how high the driving force?

3. If crack arrest occurs at high temperatures where the material
behavior 1is typically dominated by ductile behavior, then what
interactions exist between the various fracture modes, including
arrest, stable crack growth, unstable crack growth, and tensile
instability?

The pressurized-water reactor (PWR) PTS issue has been under inten-
sive investigation at Oak Ridge National Laboratory (ORNL) since 1973 in
the form of two Nuclear Regulatory Commission (NRC)-sponsored programs:
Integrated Pressurized Thermal Shock (IPTS) and Heavy-Section Steel
Technology (HSST). The IPTS Program is primarily concerned with an
overall estimate of the frequency of vessel failure for specific PWR
plants and thus included the identification of dominant transients, as
well as the contributions of design and operating features of these
plants. One important component of the IPTS study is a probabilistic
fracture-mechanics analysis of the reactor vessel and, in particular,
the role of crack-arrest in mitigating the consequences of the postu-
lated PTS transients. Results of the IPTS studies!,? indicated that
crack arrest in the probabilistic fracture-mechanics model does not sub-
stantially influence the calculated frequency of vessel failure. How-
ever, the influence could be different if K; (T) was significantly
different than that assumed for Ky, > 220 MPa-/m. Furthermore, there
are still significant questions regarding flaw behavior for low-upper-
shelf (LUS) materials. Thus, the HSST Program is continuing to pursue
these areas of uncertainty.

The primary objective of the wide-plate crack-arrest studies under
the HSST Program is to generate data for understanding the crack—arrest
behavior of prototypical RPV steels at temperatures near and above
the onset of the Charpy upper-shelf region. Program goals include
(1) extending the existing Ky, data bases to values above those asso-

ciated with the upper limit in the ASME B&PVC; (2) clearly establishing
that cleavage crack arrest occurs before fracture-mode conversionj}
(3) observing the relationship between arrest data and machine/specimen
compliance behavior; and (4) wvalidating the predictability of crack
arrest, stable tearing, and/or unstable tearing sequences for ductile
materials. In the present study, the program objectives and goals were
investigated for a material that met the American Society of Testing
Materials (ASTM) A 387 grade 22 chemical composition (2 1/4 Cr~-1 Mo) but
was specially heat treated to produce a base metal having a low Charpy
upper-shelf toughness and a high transition temperature.
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2. BACKGROUND

Under the HSST Program, crack-arrest data have been generated over
an expanded temperature range in tests involving large thermally shocked
cylinders!s2 (TSCs), pressurized thermally shocked vessels3,* (PTSVs),
stub-panel specimens,5 and wide-plate specimens.6—8 The TSCs and PTSVs
also provide data under multiaxial transient and high-restraint loadings
for validation of fracture models and analysis methods. A thermal-shock
experiment (TSE) has also been conducted in France.? While the HSST and
French TSEs have generated a significant number of data points, the
driving force in these experiments has been thermal stress only, and,
consequently, crack-arrest data have not ranged above.~150 MPa-/m. An
important conclusion of the TSEs is that the K;, data from these highly
restrained propagations fall well within the range of Ky, data from the
small laboratory specimens and above the ASME reference toughness (Kip)
curve, which provides a lower bound of crack arrest (KIa) and dynamic
fracture toughness (K;,) as a function of the temperature relative to
the reference nil-ductility temperature (RTNDT)‘ The HSST pressurized-
thermal—-shock experiments (PTSEs) can provide higher K;, values under
similar highly restrained conditions, as evidenced by the first two
PTSEs, which produced K;, data as high as ~420 MPa-/m at temperatures up
to ~90°C above the drop-weight NDT for the vessel insert material
(~75°C).  Although the stub-panel test series has just begun, early
indications are that those tests can be used to provide crack-arrest
toughness values at temperatures up to those corresponding to the Charpy
upper—-transition region. Crack—-arrest tests that used wide-plate speci-
mens fabricated from A 533 grade B class 1 material have produced Kia
data >500 MPa-/m (fixed-load, generation-mode analysis) at temperatures
up to 115°C above the material RTyp. (—23°C).

Crack—arrest data for RPV-grade materials were also developed under
an Electric Power Research Institute (EPRI) Program (EPRI Research
Program RP-2180-3) conducted by Combustion Engineering, Inc. (CE).10
The analytical/experimental program was conducted to determine the
response of precracked specimens subjected to thermal and mechanical
loadings in the range of temperature and pressure conditions that might
occur in PWR primary coolant systems during extreme cooldown/depressur-—
ization/repressurization situations. The test specimen used to study
the effects of a crack running from a brittle material into a ductile
material was a moment-modified compact-tension specimen (MMCT).
Material toughness was varied in the direction of crack propagation by
cooling one edge by liquid nitrogen chill blocks and heating the other
edge with electrical resistance heaters. A rising stress-intensity
factor was achieved by imposing an initial high tensile stress across
the specimen test section. Thermal gradient stresses were simulated by
wedge—-loading a fatigue precrack. The wedge-loading was applied in
small increments until a crack-propagation event occurred. The MMCT
tests produced Ky, data as high as ~150 MPa:-/m at temperatures up
to ~51°C above RTypte

Recently, considerable testing of wide-plate specimens has been
done in Japan.l!1-16 Some of the specimens are referred to as double-




tension specimens!* because they used a notched tensile-loaded tab
attached to the edge of the specimen as an auxiliary crack—-starting
device. Other Japanese tests employed ESSO specimens!? and produced Kia
data as high as ~380 MPa-/m at temperatures up to ~90°C above RTypr.
Figure 2.1 presents a summary of KIa data for the HSST Program
TSEs, PTSEs, stub-panel experiments, and wide-plate tests (WP-1 series);
the French TSE; the CE/EPRI MMCT tests; and the Japanese tests. As
shown in the figure, few crack-arrest toughness measurements were made
above 150 MPa-/m, except for data produced in the HSST Program PTSEs and
wide-plate tests and the Japanese wide-plate specimens. To meet the
HSST Program objective of understanding the crack-arrest behavior of
prototypical RPV steels at temperatures near and above the onset of the
Charpy upper-shelf region, either PTSEs or wide-plate tests were re-
quired. Because the wide-plate tests have the ability to provide a
significant number of data points (Ky, > 220 MPa:-/m) at relatively
reasonable cost, they were selected for use in the investigation.
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3. CHARACTERIZATION OF WIDE-PLATE SERIES 2 MATERIAL

3.1 INTRODUCTION

The chemical composition of the material used in the WP-2 series of
wide-plate experiments is in accordance with ASTM Standard Specification
for Pressure Vessel Plates, Alloy Steel, Chromium-Molybdenum (A 387),
grade 22 (2 1/4 Cr—1 Mo). A 159-mm-thick plate was procured by Babcock
and Wilcox! (B&W) for the HSST Program to provide material for
the second series of wide-plate tests (WP-2) and the second pressurized-
thermal-shock experiment (PTSE-2).2 It was specially heat treated to
produce LUS toughness and a high transition temperature.

Allocation of the material is shown in Fig. 3.1. Material charac-
terization for pretest analyses of PTSE~2 and WP-2 has been conducted
with the characterization piece PTCl. Charpy V-notch (CVN), tensile,
drop weight, hardness, fracture-toughness, crack-arrest toughness, and
metallographic results have been reported previously.3—5 The pretest
characterization and the physical properties also have been included in
the final report on the PTSE-2 experiments.?

The purpose of posttest characterization is to determine (using a
smaller number of specimens than would normally be used to fully charac-
terize the material) if the wide-plate properties are significantly
different from those inferred from characterization block PTCl. PTCl
received a stress-relief heat treatment of 524 * 14°C for 7.25 h. The
wide plates and a characterization block WPQl were stress-relieved as
one piece at 552 #* 14°C for 7 h. The plate stock used for PTSE~2 and
the wide-plate tests was found to exhibit anomalous variations in
properties thought to be associated with the primary heat treatment
process. The properties of the WP-2 series material have been deter-
mined to be similar to those of PTCl, although PTCl received a stress—
relief heat treatment, which differed slightly from that of the wide
plates and WPQl. Block WPQl was not representative of the wide-plate
material and is mentioned solely for completeness (the results of tests
on WPQl are given in Ref. 1).

The posttest characterization of the WP-2 series material was con-
ducted with specimens machined from thé broken halves of plates WP-2.1
and -2.5. All characterization was performed in the T-L orientation;
that is, the fracture plane of the test specimens was parallel to the
fracture plane of the wide plates. Drop-weight NDT temperature, CVN,
tensile, initiation fracture toughness, J-R, and crack—-arrest tests have
been performed. The results of the posttest characterization are com-—
pared with those from block PTCl. For purposes of analyzing the results
of the wide-plate structural tests, the differences between the PTCl and
wide~plate material found in the CVN, tensile, and crack—arrest tests
may be considered insignificant. However, for material from the wide
plates, the NDT temperatures are higher by ~10 K, and the initiation
fracture toughness Kj. is noticeably lower than for PTCl.
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3.2 DROP-WEIGHT TESTING

Drop-weight testing was conducted with standard P-3 specimens per
ASTM Standard Method for Conducting Drop-Weight Test to Determine
Nil-Ductility Transition Temperature of Ferritic Steels (E 208-85). 1In
accordance with E-208-85, a single-pass-weld crack starter bead was used
to prepare the drop-weight specimens. This standard explicitly states
that, although the drop-weight test is insensitive to specimen orienta-
tion, all specimens should be of a single orientation, which must be
noted in the test report. The specimen orientation used was T-L (for a
crack propagating along the surface on either side of the crack starter
bead).

The results of individual specimens for material from midthickness
(1/2t) of each of the two plates are given in Table 3.1. The NDT tem-
perature was determined to be 60 and 55°C for material from plates WP-
2.1 and -2.5, respectively. Note that NDT for material from character-
ization block PTCl at 1/4t was 49°C; although there was insufficient
material for a full determination, a tentative pretest NDT for specimens
machined from a portion of WP-2.4 was estimated to be 60°C (see p. 62 of
Ref. 5). This value agrees with the posttest value obtained for WP-2.1
material. The 5°C difference between NDT for plates WP-2.l and ~2.5 may
not be significant, considering the variability that this material has
exhibited; an NDT of 60°C is used in this report.

Table 3.1. Results of drop-weight testing
on 2 1/4 Cr-1 Mo material from 1/2t depth
of broken halves of specimens WP-2.1
and -2.5 (T-L orientation)

Test Test results
Specimen temperature
(°c) Break No break NDT

WP-2.1 material

WP2.101 65 v
WP2.110 60 Y

WP2.112 65 v 60

WP-2.5 material

WP2.505 65 4
WP2.503 60 7/
WP2.502 55 v
WP2,506 50 7/
WP2.512 45 7/

WP2.508 50 v

WP2.509 55 v

WP2.501 60 4 55
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3.3 CVN TESTING

CVN testing has been performed on 12 specimens from the 1/2t depth
of each of plates WP-2.1 and -2.5. 1In addition, 12 specimens were
tested from the 1/4t depth of plate WP-2.1. All specimens were in the
T-L orientation and tested at the same temperature intervals. The
temperature ranged from 25 to 250°C for comparing with previous work.l,3

Table 3.2 gives the data obtained during CVN testing. Figure 3.2
shows plots of the CVN test results vs temperature for all three mate-
rial regions (WP-2.1 at 1/4t, WP-2.1 at 1/2t, and WP-2.5 at 1/2t depths)
and hyperbolic tangent curve fits. The curve fit parameters are pre-
sented in Table 3.3. For comparison, the corresponding parameters for
PTCl are given in Table 3.4 (reproduced from Ref. 3).

If the CVN energies of material from the three regions are com-
pared, there is a small difference in the upper-shelf-energy (USE)
levels that range from 61 to 65 J, a *3% variation about the mean. The
range of variation of USE of PTCl was approximately *12% about a mean of
57 J. For both WP-2 and PTCl materials, USE decreases consistently with
increases in plate depth.

The WP-2 material exhibits relatively little difference in energy
absorbed in the midtransition region (at 100°C). The greatest differ-
ences (%10 J) were exhibited in the lower-transition region around
NDT. The knee of the upper shelf is reached at ~150°C when judged by
the attainment of 100% shear fracture appearance {(see Table 3.2 and
Fig. 3.2). This temperature compares favorably with the results for
PTCl (Fig. 3.3). The midcurve transition temperatures, which range from
76 to 82°C, compare well with those of PTCl, 74 to 81°C (Table 3.4). The
results of drop-weight and CVN testing are summarized in Table 3.5.

An RTypq (in accordance with Subarticle NB-2330 of ASME B&PVC,
Sect. III) cannot be determined because a minimum 68-J CVN impact energy
was not attained for specimens fabricated from either the WP-2.1 or the
~2.5 plate materials (see Table 3.2).

3.4 TENSILE TESTING

Tensile tests were performed using 6.3-mm-diam specimens. The
results are given in Table 3.6 and plotted in Fig. 3.4 together with the
99% confidence band of the tensile test results using material from
characterization block PTCl. The tests on PTCl were obtained using
4,52-, 6.35-, and 12.7-mm-diam specimens, and the results are given in
Table 3.7.

The 0.2% yield strength is highly dependent on prior straining
history. Figure 3.5 shows a typical stress-strain curve from a room-
temperature tensile test on a 12.7-mm-diam specimen from PTCl material
and illustrates the difficulty of defining the 0.2% yield .strength
because of the very short linear portion of the diagram. Moreover, if
the material were strained even to values <0.2% yield and then unloaded,
this can increase the 0.2% yield strength. This is because the linear
portion of the stress strain diagram will be extended and the 0.2%
offset line will intersect the stress-strain curve at a higher stress.




Table 3.2.
material from broken halves of specimens
WP-2.1 and -2.5 (T-L orientation)

12

Charpy impact test results for 2 1/4 Cr-1 Mo

Test

Lateral

. Energy . Appearance
Specimen temperature expansion
(oc) (J) (mm) (Z shear)

WP-2.1 (1/4t depth)
WP2101 30 7.1 0.0508 0
WP2102 30 6.1 0.0254 0
WP2103 60 18 0.254 10
WP2104 60 26 0.343 10
WP2105 100 39 0.546 40
WP2106 100 41 0.597 40
WP2107 150 64 1.04 99
WP2108 150 63 1.08 99
WP2109 200 60 0.94 100
WP2110 200 59 1.04 100
WP2111 250 61 1.05 100
WP2112 250 60 1.09 100

WP-2.1 (1/2t depth)
WpP2121 30 6.8 0.0254 0
WP2122 30 6.8 0.0254 0
WP2123 60 15 0.178 0
WP2124 60 14 0.178 0
WP2125 100 45 0.737 40
WP2126 100 39 0.686 50
WP2131 150 68 1.09 99
WP2132 150 65 1.09 99
WP2129 200 60 1.09 100
WP2130 200 60 0.94 100
WP2127 250 56 1.07 100
WP2128 250 57 1.02 100

WP-2.5 (1/2t depth)
WP2501 30 7.1 0.0508 0
WP2502 30 8.5 0.0508 10
WP2503 60 29 0.381 20
WP2504 60 23 0.305 30
WP2505 100 43 0.66 40
WP2506 100 42 0.711 50
WP2507 150 66 1.12 99
WP2508 150 69 1.12 100
WP2509 200 64 1,07 100
WP2510 200 65 1.12 100
WP2511 250 62 1.12 100
WP2512 250 59 1.04 100
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Fig. 3.2. CVN test results in T-L orientation for material from
halves of wide-plate specimens WP-2.1 and -2.5. (a) CVN impact energy,
(b) percent ductile fracture, and (c) lateral expansion.




Table 3.3. Curve-fit parameters of CVN impact energy:
WP-2 series material (T-L orientation)

= — a
E (4/2){1+tanh[B(T-C)]} E at Temperature

Region nggh N N c ??g) NDT at 41 J
3 (°c-1) (°c (3) (°e)
WP2.1 1/4 62 0.01996 79 b 20 96
WP2.1 1/2 61 0.02595 82 60 15 96
WP2.5 1/2 65 0.01939 76 55 20 90
@E = CVN impact energy at temperature T in °C,
A = USE,
B = related to slope of curve in transition region,
C = temperature corresponding to energy equal to one-half USE.
bNot calculated; drop-weight NDT temperature was determined with
specimens from 1/2t.
Table 3.4. Curve fit parameters of CVN
impact energy: PTCl characterization
block (T-L orientation)
= - a
E = (A/2){1+tanh[B(T-C)]} E at Temperature
Depth NDT of at 41 J
(t) A B c 49°C (°c)
3 (°c-1) (°c) (@)
0 60 0.02062 81 b 99
1/4 59 0.01998 74 16 94
1/2 50 0.01675 76 b 120
3/4 64 0.02255 73 b 87
1 b 92

63 0.02112 78

CVN impact energy at temperature T in °C,
USE,
related to slope of curve in transition region,

ag
A
B
c temperature corresponding to energy equal to

one-half USE.

bNot calculated; drop-weight NDT temperature was deter-

mined with specimens from 1/4t.
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Fig. 3.3. Curve fits of CVN impact energy vs temperature for
characterization block PTCl (2 1/4 Cr-1 Mo steel) for T-L orientation
and at varioug plate depths.

Table 3.5. Summary of results for drop-~weight and

characterization block

CVN impact tests: broken halves of WP-2.1
and -2.5 specimens and PTCl

Averages?
from WP-2.1 PTC1
and -2.5
Drop-weight NDT temperature, °C 60 49
CVN
Energy at pr temperature, J 1520 16
Usge, J 61-65 5064
Temperature at 41 J, °C ‘ 90-96 87-120
Temperature at onset of 100% 150 150
ghear, °C .
Temperature at 50% of USE, °C 76—82 73-81

4pverages of results for matefial from both plates,
including tests from quarter- and half-thickness depths in
. plate.
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Table 3.6. Tensile properties of transverse-oriented specimens
machined from broken halves of specimens WP-2.1 and -2.5

Strength
(MPa) Total
Temperature elongation Reduction

Specimen o 0.2% yield Ultimate (Z) of area

(cc) (%)

Test Test b c
result result a ,
WP-2.1 material
WP2-110 23 31 595 26 25 50
WP2-101 23 318 315 598 596 23 © 23 51
WP2-102 100 262 544 21 20 50
WP2-112 100 271 267 544 544 23 23 51
WP2-103 200 249 519 23 21 44
WP2-106 200 249 249 523 521 22 19 46
WP2-105 300 263 527 22 19 44
WP2-108 300 281 272 533 530 15 16 38
WP-2.5 material

WP2-505 23 292 292 597 597 21 20 50
WP2-508 100 287 287 554 554 19 18 46
WP2-504 200 226 472 23 21 51
WP2-506 200 222 224 472 472 22 21 50
WP2-501 300 285 285 543 ~543 16 16 40

2Averages of results at this temperature.
bps determined from gage length.

€As determined from change in total specimen length divided by length
of reduced section.
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Table 3.7. Tensile properties of specimens machined transverse to the
rolling direction of material from characterization block PTCl

Strength
T (HPa) Fracture . @ Reduction
S . a emperature - tr Elongation £
pecimen (°c) Yield . stress ) of area
Ultimate (MPa) %)
b c

4.52-mm-diam specimens
PI97 —-100 512 715 573 35 50
PI93 . =100 503 719 572 41 51
PI94 =50 - 348 664 470 28 51
PI127 0 321 603 466 26 53
PI118 0 346 599 468 25 56
P1123 . 100 320 537 441 21 48
PI98 200 269 493 411 20 50
PIll4 300 327 533 478 15 38

6.35-mm-diam specimens
PI283 24 266 348 574 467 26 51
PI291 24 314 314 586 501 25 44
P1285 100 265 359 530 446 22 47
PI1286 100 266 337 523 432 24 50
PI1292 100 259 340 530 449 26 47
PI287 200 241 315 511 447 20 46
P1288 200 248 315 509 434 19 46
PI1293 200 234 330 513 442 20 45
PI289 300 290 344 520 454 16 41
PI290 300 244 325 513 454 17 43
P1294 300 248 335 515 461 16 41

12.7-mm-diam specimens
PI369 24 275 336 578 26 47
P1370 25 295 603 27 50
PI1371 100 256 536 23 46
P1372 100 276 554 24 46
PI374 200 263 534 23 47
PI373 300 254 524 21 42

2A11 specimen machined from 1/4t depth in plate with transverse orientation.

byjeld strength obtained from x-y plot of load vs strain extensometer
(25.4-mm gage length).

CYield strength obtained from strip-chart recording of load vs crosshead
speed.

. 9Ccomputed from strip-chart readings of elongation of specimen, corrected to
a gage length of four diameters when necessary. The elongations for the 12.7-mm-
diam specimens were computed from gage marks in the specimens.
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Fig. 3.5. Typical room—temperature stress-strain curve for

material obtained from characterization block PTCl in direction trans-—
verse to material rolling orientation.

As may be seen from Fig. 3.4, most results from the present tests
fall within the 99% confidence interval of results obtained previously
from the PTCl material. The only deviations were two specimens using
WP-2.5 material tested at 200°C, in which both the yield and ultimate
strength are about 10%Z less than the averages obtained from WP-2.1
material. Tensile properties generally do not exhibit much scatter, and
it is assumed that the cause of this deviation is experimental error.
Thus, it may be concluded that the posttest material from the WP-2
plates had not been subjected to any significant strain levels, either
during the fabrication or testing of the large 10-m-long, single-edge-
notch (SEN) specimens.




3.5 CRACK-ARREST TESTING

Crack—arrest tests were performed according to the ASTM Test for
Determining Plane-Strain Crack-Arrest Fracture Toughness, K;,, of
Ferritic Steels (E 1221-88) using 33 x 150 x 150 mm specimens. From
each of plates WP-2.1 and -2.5 seven specimens were fabricatedj three
specimens were duplex, and four were weld embrittled. The test results
are given in Table 3.8 and plotted in Fig. 3.6. Also plotted in
Fig. 3.6 are the results from previous T-L orientation tests on the PTCl
characterization block (given in Table 3.9). Only one specimen, WP213,
from the WP-2.1 material and tested at 70°C was valid in strict accord-
ance to ASTM E 1221 and gave a Ky, of 82 MPa-/m. The ASTM E-1221 mea-
sures of validity have also been included in Table 3.8. The letters A-E

refer to the corresponding criteria given in Table 2 of ASTM E 1221-88.
The first row of values given for each specimen in the table are the
lengths of the unbroken ligament (A and B), specimen thickness (C), and
the crack jump (D and E). The values in parentheses are the minimum
ones specified in ASTM E 1221-88. Some specimens are marginally
invalid, and others grossly so. - ‘
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Table 3.8. Crack-arrest toughness data from WP-2.1 and
-2.5 material for both weld-embrittled and
duplex specimens in the T-L orientation

ASTM E 1221 validity criteria?

. measured and minimum
Specimen

Temperature K, values?
D Type® (°c) (MPa-/m) (mm)
A B c D E
WP-2.1 material

WP212 WE 70 97 46 46 33 35 35
(19)  (49) (39) (23) (36)
WP213 WE 70 82 37 37 33 43 43
(19) (35) (28) (23) (35)
WP214A WE 70 52 18 18 33 63 63
(19) (14) (11) (23) (30)
WP211 WE 80 124 63 63 33 18 18
: (19) (81) (65) (23) (35)

WP216 DX 88 160 45 45 33 24

. (19) (143) (114) (25)

WpP218 DX 90 187 62 62 29 7

(19) (194) (155) (20)

WP215 DX 100 158 53 53 29 15

(19) (141) (113) (20)

WP-2.5 material

WP252 WE 50 51 7 7 33 73 73
(19) (13) (11) (23) (41)
WP253 WE 50 72 24 24 33 57 57
(19) (27) (21) (23) (51)
WP254 WE 70 107 57 57 33 24 24
(19) (60) (48) (23) (33)
WP251 WE 60 55 14 14 33 67 67
(19) (16) (13) (23) (42)

WP256 DX 80 124 43 43 33 26

(19) (86) (68) (24)

WP257 DX 90 164 56 56 33 13

(19) (148) (119) (24)

WP255 DX 110 164 59 59 33 9

4The letters A-E refer to the validity criteria per ASTM 1221-88
paragraph 9.3, Table 2.

bMinimum values are in parentheses.

CWE = weld-embrittled specimenj DX = duplex specimen.
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Table 3.9. ‘Crack—arrest\(Ka)*déta for
PTCl material (T-L orientation)

. Test . .K

Specimen temperature a -
(oc) (MP? /m) ,
Weld embrittled, 33 x 152 x 152 mm
P1320 0. 44
PI321 0 37
P1313 . 49 - 73
P1318 49 129
P1314 68 81
P1316 69 97
-P1317 79 106
P1319 79 97
P1315 89 149
PI322 89 141
Duplex, 33 x 152 x 152 mm
PI308 90 144
PI310 100 145
PI311 110 140
PI312 120 191
Precracked, 33 x 152 x 152 mm

PTClA =75 38
PTC1C —-75 38
PTC1B o . 64

All T-L orientation data from both PTCl and WP-2 material were used
to obtain the regression fit of the curve shown dashed in Fig. 3.6. The
equation was of the form K, =a+ b exp (0.0287 T), where T = tempera-—
ture (°C), K, is the crack-arrest toughness (MPa-/m), and a and b are
constants to be determined by regression. The resulting equation is

K, =55+ 5 exp (0.0287 T) MPa-/m . (3.1)

The constant 0.0287 was chosen for consistency with previous wide-plate
test results (see p. 37, Ref. 6). Equation (3.1) may also be written in
a form used in previous work as

K, = 55 + 30 exp [0.0287 (T — NDT)] MPa-/m , (3.2)

where NDT = 60°C.

R e
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In the analysis of the PTSE-2 experiment,? the same form of equa-
tion was regression-fit to both T-L and T-S small-specimen data and gave
Ka = 34 + 1] exp [0.02413 T], which can be rewritten as

K, = 34 + 36 exp [0.02413 (T — NDT)] MPa-/m , (3.3)

where, for PTCl, NDT = 49°C. Equations (3.2) and (3.3) have been
plotted together in Fig. 3.7 for comparison. Note that Eq. (3.2) is an
"average' one in the least-squares sense, with the coefficient of the
temperature 0.0287 chosen "a priori." The parameters in Eq. (3.3) were
adjusted to give a better fit to the temperatures of interest. As may
be seen from Fig. 3.7, the differences between K_ calculated from either
Eq. (3.2) or (3.3) for temperatures above NDT are relatively small,
while there are substantial differences below NDT.

The results of the crack-arrest testing, in spite of invalidity in
strict accordance with ASTM E 1221-88, appear to agree reasonably well
with those of PTCl. Moreover, the trends exhibited by both valid and
invalid small-specimen data from PTCl, T-L and T-S orientations,* agreed

*Incidently, there seems to be no noticeable differences between
the T-L and T-S orientations in the small-specimen crack—arrest data
from PTCl, as can be seen from Fig. 3.7.
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well with the results of PTSE-2 (Fig. 3.8). This agreement tends to

further reinforce the belief that the validity cr1terla of ASTM E 1221-
88 may be overly restrictive.
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Fig. 3.8. Comparison of crack-arrest toughness test results

obtained from PTCl and PTSE-2 LUS 2 1/4 Cr-1 Mo materials.

3.6 FRACTURE-TOUGHNESS TESTING

Fracture—~toughness testing was conducted with 25-mm compact speci-
mens C(T) machined from halves of plates WP-2.1l and -2.5. The same pro-
cedures and methods of analysis were used as for the characterization of
PTCl. The specimens were machined from midthickness (1/2t) in the T-L
orientation. In the temperature range 40 to 60°C, where cleavage was
expected, the specimens were not. side grooved. One trial specimen with
no side grooves was tested at 80°C and did not cleave. Thus, those
remaining to be tested at 80°C or higher were side grooved 20%. Because
of the limited purpose of posttest characterization, only specimens from
WP-2.5 material were tested at 80°C or higher.
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In the 40 to 80°C transition range, a Kj. value was calculated by
determining the modified J-integral?7 at the point of cleavage (Jc) and
using the relationship K2 = EJ., where E is Young's modulus (a value of
205 GPa was used). For ‘the single specimen, WP2504, that experienced
significant stable ductile tearing without final cleavage failure, a
"J " was determined at the point of maximum load, resulting in a "KJc"
of 206 MPa-/m. Specimen WP2504 also experienced a pop—in at 120 MPa-/m,
and this is the value used on the plot of transition region fracture
toughness given in Fig. 3.9, and not the 206-MPa-/m value, because no
cleavage is associated with the latter. The unloading compliance method
was used to estimate crack extension, but the test is conducted so as
not to preclude a possible determination of K;. per ASTM Standard Test
Method for Plane-Strain Fracture Toughness of Metallic Materials
(E 399). The graphical output from the analysis of a typical test is

shown in Fig. 3.10. Crack extension was determined using the nine-point
averaging technique. .
The results of the 40, 60, and 80°C K;. tests are shown in Table

3.10. Also given in Table 3.10 are the Kge values calculated using the
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toughness test
method.

method described by Merkle8 and the measured stable ductile crack
No valid K c values were obtained, even

extension (including blunting).
because of the low yield strength of this material. The
At 80°C,

at 40°C,
scatter is typical of that exhibited in the transition range.
is about twice the lowest one, but this ratio

The results are also shown in Fig. 3.9, which

the upper value of Kje
There 1is no

decreases to 1.3 at 40°C.

includes the 99% confidence band of PTCl results.
significant difference in results between material from WP-2.1 and that
from WP-2.5,. but the ‘WP-2 material overall has noticeably lower initia-

tion toughness than PTCl, at least >40°C.
Data from the tests at 40 and 60°C were used to obtain a regression

fit to an equation of the form K. = a + b exp (0.036 T), where T = tem—
perature in °C, L is the fracture toughness in MPa-/m, and a and b are
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Table 3.10. Transition region’fta;ture—toughness results
from posttest characterization using 25-mm C(T) specimens
(1/2t) ‘machined from broken halves of specimens
WP-2.1 and -2.5 (T~L orientation)

Stable

. Test Side K K ;

Specimen temperatu roove - Je ‘B¢ crack
emperature g (MPa-/m) (MPa-/m) extension
WP-2.1 material
WP2109 40 0 95 51 0.0
WP2115 40 0 113 55 0.0
WP2108 40 0 101 g 53 0.0
WP2107 40 0 96 52 0.0
WP2104 60 0 141 59 0.7
WP2118 60 0 129 57 0.7
WP21062 60 0 133 58 0.1
WP2101 60 0 150 61 1.0
WP-2.5 material

WP2506 40 0 106 54 0.0
WP2526 {40 0 121 57 0.0
WP2503 40 0 110 . 55 0.0
WP2511 40 0 111 - 55 0.0
WP2521 40 0 91 51 0.0
WP2514 60 0 94 51 0.2
WP2518 60 0 118 55 0.3
WP2505 60 0 155 62 0.9
WP2508 60 0 147 . . 60 0.9
WP25040 80 20 120 52 0.4
WP2504€¢ 80 20 - 206 63 5.9
WP2510 80 20 198 63 - 4.5
WP2516 80 20 191 62 3.3
WP2517 80 20 151 57 2.0
WP2534 80 20 210 " 64 . 4.7

@pop-ins at 82 and 115 MPa-v/m.

bpop-in at cycle 13; values given are at maximum load of
cycle 13, .

CNo cleavage; values are final ones:-when test was discon-
tinued and are not included in Fig.-3.10.
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constants ,to be:determined by regression. . The resulting equation is

. ¢ 4 . ' s s L - e
S, ‘. P . B » P

Kjoc = 78 + 6 exp (0,036 T) MPaww/@ .- . . (3.4)

The temperature coefficient 0. 036 was chosen for consistency with pre-
vious work (WP-l -test series). Equation (3.4) may also be written in
the form ) : T n '

-~
IR

Ky = 78 + 56 exp [0.036 (T — NDT)] MPa-/@m , (3.5)

where NDT = 60°C.

The results of toughness testlng performed at 120, 160, and 200°C
are given in Table 3.11., A power-law of the form J = A(Aa + B)¢ + D was
fit to the Jy data, with the parameters given in Table 3.11. The inter-
section of the power-law fit with the 0.2-mm offset line is used to
determire J. . The table gives J-integral values calculated by deforma-
tion theory, Jp» as recommended in the ASTM Test for Jic» A Measure of
Fracture Toughness (E 813 — 87), as well as modified J-integral,? Jye
The values of K; were determined from the respective values of J by

the expression given above. The tearing modulii were obtained from the
nondimensional expression

T = [E/(og)2](dI/da) ,

where

slope of a straight line joining the intersection of the
power-law fit and the 0.15- and 1.5-mm exclusion lines,
Young's modulus (205 GPa),

flow stress, an average of the ultimate strength and 0.2%
offset yield strength at test temperature.

(dJ/da)

E
o

The " power-law curve fits' to the Jy data for all seven specimens
tested [120°C (three specimens), 160°C (two specimens), and 200°C (two
specimens)] have been plotted in Fig. 3.11. The number of specimens
tested is too small to permit statistical analysis or firm conclusions
regarding comparisons-with PTCl, but the scatter of the data from WP-2.5
material seems to be smaller than that exhibited by PTCl.2 The values
of Jy for WP-2.5 material seem to fall in the scatter band exhibited by
PTICl. The averaged and interpolated tearing modulii for PTCl at 120,
160, and 200°C were approximately 90, 80, and 67, whereas for WP-2.5
material they were 71, 70, and 66, respectively. Thus, the tearing
modulii for WP-2 material at 120 and 160°C are ~80% of those for PIC1,
but almost the same at 200°C. The trends exhibited by the tearing




Table 3.11. Ductile-shelf fracture-toughness results from posttest
characterization using 25-mm C(T) specimens (1/2t) machined from
broken half of specimen WP-2.5 (T-L orientation)

Jic KJIc ' Curve fit pararéxetetsc
2 . a -
Specimen Test (k3/m2)  (MPa-/m) Crack® Tearing J=A(ba + B)C + D
1D tempsrature extension modulus

(°c) Jgp Iy Jp Iy (mm) A B c D
WP2515 120 61 60 111 110 6.6 70 113 0.069 0.449 -10
WP2519 120 50 47 100 97 7.5 70 101 0 0.477 -6
WP2507 120 54 53 104 103 5.9 72 111 0 0.449 -9
WP2509 160 54 52 103 101 7.6 62 92 0.035 0.467 -1
WP2532 160 50 47 99 96 1.4 77 142 0 0.349 42
WP2523 200 49 48 98 97 7.0 57 81 0.037 0.459
WP2529 200 37 35 88 85 7.4 75 122 0 0.362 38

8¢

dMeasured final crack extension.
bcalculated from intersection of power-law fit and offset lines.

cJM data were used.
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Fig. 3.11. Comparison of J-integral (J_) resistance curves at

three temperatures for specimens obtained from WP-2.5 material at
midthickness in T-L orientation.

modulii for both materials are consistent because there is a decrease in
modulus with increasing temperature. .
The K values for the tests that did not undergo cleavage frac-
c

ture are much lower than many of the Kj. values from specimens that did
undergo mode conversion from stable tearing to cleavage fracture.
Table 3.10 shows, for example, that specimen WP2534, tested at 80°C,
experienced 4.7 mm of stable crack extension before cleavage fracture
with a K value of 210 MPa-/m. The J-R curve for that specimen is
shown in Fig. 3.9. A J;. value (using modified J) for that specimen is
~44 kJ/m2, which is lower than those shown in Table 3.11 for specimens
that did not cleave at 120°C. The resulting KJI value is 95 MPa-/m and

compares with the Kj, values at 80°c, whié; ranged from 120 to
210 MPa-v/m. This comparison reinforces the observation that cleavage
fracture-toughness values in the mid-to-upper-transition region can be
substantially greater than the toughness determined at the onset of
ductile tearing. .

A dynamic fracture-toughness relation (see p. 38, Ref. 6) for use
in analyses of the wide-plate tests is written as

.2 )
Kip = K, + A(T) a° , (3.6)
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where Ky, is given by Eq. (3.2). For

T — RTypr > —13.9 K ,

A(T) = [329.7 + 16.25 (T — RTypp)] x 1076 MPa-s2-m—3/2

and for

A(T) = [121.7 + 1.2962 (T - RTNbT)] x 10-6 MPa-s2.m~3/2 .

Units for Kip» a, and T are MPa-/m, m/s, and °C, respectively. The form
of the K, expression in Eq. (3.6) and relations for A(T) are derived
from Ref. 9 by estimating that RTypr = —~6.1°C for the material used in
that study. Much of the data used in Ref. 9 are presented in Ref. 10.
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4, SPECIMEN PREPARATION, INSTRUMENTATION,
AND TESTING PROCEDURE

4.1 SPECIMEN PREPARATION

The 1 x 1 x 0.1 mor 1 x 1 x 0.15 m test articles, shown schemati-
cally in Fig. 4.1, were machined and precracked by ORNL before being
sent to the Nat10na1 Institute of Standards and Technology (NIST). The
precracking was done by hydrogen charging an electron-beam (EB) weld
(Fig. 4.2) located at the base of a premachined notch.! The notch
(a/w ~ 0.2) was composed of a 25.4-mm-wide gap that was machined to a
depth of 187 mm (X in Fig. 4.1) plus the EB weld-generated crack that
had a depth of ~12.7 mm at the end of the gap. Each face of the speci-
men was side-grooved to a depth equal to 12.5% of the plate thickness,
and the grooves had a 0.25-mm-root radius. The initial crack was
parallel to the rolling direction. With the exception of test specimens
WP-2.3 and -2.6, the crack front of each specimen was then cut into a
truncated chevron configuration (Fig. 4.3) to reduce the tensile’ load
required to achieve crack initiation. Table 4.1 presents dimensions for
each test article in the WP-2 series.

ORNL-DWG 85-4318B ETD
CRACK PLANE (SIDE GROOVED)7
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& 10} | &
i i

031 INITIAL FLAW

Vo 10
| -
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X TE/S g — ! D
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‘ X~/
L)
-3
e Feh
PLAN

1.0

_,/". ENLARGED DETAIL
0.1020R 0.152 ] {_ 7 )
ELEVATION DIMENSIONS IN meters

Fig. 4.1. Schematic of HSST wide-plate crack-arrest specimen.
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Table 4.1. WP-2 series test specimen dimensions

Initial . Chevron Pop-in .
Specimen crack Thickness, tggza:::s thickness  Width, crack Tgtcigess
designation length, B B ’ at ag, W length, B,O’
a, N B, ag c
WP-2.1 © 199 152.3 113.9 61.5 1000 a a
WP-2.2 211 152.4 113.9 71.9 1000 a a
WP-2.3 200 “152.4 A 113.8 . a 1000 a a
WP-2.4 203 101.7 76.3 .. 40.5 1000 251 75.5
WP-2.5 199 101.6 76.2 40.7 999 264 76.2%
WpP-2.6 224 152.4 113.9 a 1000 a a

dNot applicable.

berack length after pop-~in was past the region of the plate where crack front had
been cut into a truncated.chevron configuration, '

GE
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Upon receipt of the test article from ORNL, NIST welded it to pull
plates,* which were nominally 103 mm thick for the 102-mm-thick test
articles and 153 mm thick for the 152-mm-thick test articles. The pull
tabs at the end of the pull plates were strengthened by being 152 mm
thick for the 103-mm-thick test articles and 162 mm thick for the
152-mm-thick test articles. (Chapter 2 of Ref. 2 presents a discussion
of the development of the test specimen geometry.) Figure 4.4 gives the
dimensions for each of the WP-2 test assemblies. Note that the specimen
lengths changed from test to test because of removal of the test article
and adjoining weldment from the pull plates after each test. Before
application of axial load, the out-of-plane deviation of each of the
wide-plate assemblies was determined as a function of axial position
from the top load pinj the results are shown in Fig. 4.5.

4.2 TINSTRUMENTATION

To obtain pertinent data during each test, the specimens were
instrumented with five types of devices: thermocouples, strain gages,
crack-opening~displacement (COD) gages, accelerometers, and a displace-
ment transducer. Reference 3 gives more detailed information on speci-
men instrumentation than that presented below.

Up to 40 thermocouples were positioned on each specimen, as shown
in Fig. 4.6. The thermocouples were attached by inserting and gluing
them into 1.5-mm~diam by 3-mm-deep holes that had been drilled in each
specimen. The hole and thermocouple were then covered with a protective
silicone coating. Additional thermocouples, not indicated in Fig. 4.6,
were used to control heating and cooling of the wide-plate specimen.
The thermocouples were sequentially monitored on a periodic basis and
corrected for room temperature, and the results were both recorded on
magnetic tape and displayed on the computer screen (Fig. 4.7). During
the heating and cooling processes, the thermocouples adjacent to the
crack plane [Nos. 0-10 in Fig. 4.6(a) and Nos. 0-19 in Fig. 4.6(b) and
(c)] were displayed graphically in real time to indicate the relation-
ship between the actual and desired thermal gradient across the specimen
width. The other thermocouples were used to indicate the temperature
distribution at other positions on the specimen and pull plates during a
test for use in posttest analysis.

The total number of strain gages, as well as positioning on the
specimen, has varied from test to test. Up to 29 strain gages have been
used in a test to provide dynamic strain-field measurments for deter-
mination of crack velocity and to provide far-field strain measurements
for assessing boundary conditions. Strain gage locations used for the
WP-2 series tests are presented in Figs. 4.8 and 4.9. The crack-line
gages [gages 1-22 in Fig. 4.8(a), (c¢), and (d); and gages 1-20 in. Fig.
4.8(b) and Fig. 4.9] were two-element, 90° stacked, 350-Q Karma alloy
(nickel-chromium a}loy) gages on a polyimide backing. The gages had a
coefficient of thermal expansion similar to that of the test specimens.

*Automated, dual-shielded metal insert gas (MIG) process used to
join test articles WP-2,1, -2.3, -2.4, and -2.5 to pull plates.
Electroslag process used to join test articles WP-2.2 and -2.6 to pull
plates.
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ORNL-DWG 90-3558 ETD
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10 A

[
-
o

AXIAL POSITION FROM TOP LOAD PIN (m)

Fig. 4.5. Out-of-plane deviation vs axial position from top load
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 THERMOCOUPLE LOCATION
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Fig. 4.8. Strain-gage locations for wide~plate, crack—arrest
specimens (a) WP-2.1 and -2.5, (b) WP-2.2, (c) WP-2.3, and (d) WP-2.4.
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Fig. 4.9 Strain-gage locations for wide-plate specimen WP-2.6.
(a) Plate front face, (b) plate back face viewed from front, and
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Outputs of the crack~line gages for tests WP-~2.1 through -2.5 were
proportional to the difference between the longitudinal and transverse
strains. Outputs of crack-line gages positioned on the front face of
specimen WP-2.6 were also proportional to the difference between the
longitudinal and transverse strains; however, crack-line gages 13-20
positioned on the back-face of specimen WP-2.6 were rotated 45° relative
to the orientation of that used for other crack-line gages (Fig. 4.9).
This change in strain gage orientation was used to increase the sensi-
tivity of the gages to the effects of the crack. Near- and far-field
strain gages were uniaxial 350-Q Constantan alloy gages on a polyimide
backing. The strain gages were attached to the plates with an elevated-
temperature cured epoxy. All gages were connected to low-reactance
bridges (half-bridge configuration for crack-line gages), the imbalances
of which were amplified by wide-band differential amplifiers. The
strain-gage signals were vrecorded by a multichannel, wide-band,
frequency-modulated, magnetic tape recorder, shown schematically in
Fig. 4.7.

Additional instrumentation included capacitance-based COD gages
mounted on the front and back faces of each specimen at a/w = 0.15. The
gages measured the displacement between points 30 mm above and 30 mm
below the crack plane. Accelerometers were located on the specimen's
centerline near the upper and lower pull pins. In addition, specimens
WP-2.1 and -2.3 were instrumented with an acoustic emission (AE) trans-
ducer located on the specimen's lower pull plate, and specimens WP-2.2,
-2.3, and -2.6 were instrumented with a dynamic displacement transducer
mounted on the specimen centerline near the bottom accelerometer. The
displacement gage measured the movement of the point on the specimen
where it was attached relative to that of the large columns of the
testing machine. Table 4.2 indicates the presence and location of the
accelerometer and dynamic displacement instrumentation for each test.

Table 4.2. Presence and location of
accelerometer and dynamic displace-
ment instrumentation used in WP-2
series tests

Accelerometer .
Test location? ‘Dynamlc
specimen dlsplacemgnt
Top Bottom 528¢ location

Wp-2.1 3.653  3.655
Wp-2.2 3.458 3.453
Wp-2.3 3.585 3.589 3.589
WP-2.4 4.038 4.041
WP-2.5 3.911 3.934
WP-2.6 3.491, 3.398 3.393

4Distance in meters above (top) or
below (bottom) the crack plane.

bpistance in meters below the crack
plane.
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4.3 HEATING—COOLING-INSULATION SYSTEMS*

After being instrumented, the specimen was placed into the NIST
testing machine (Fig. 4.10), and eight individual electric-resistance
strip heaters were attached to the back edge of the plate. Each heater
was 2.8 cm wide with a heating element 61 cm long and rated at
1.9 W/cm2. The heaters were attached to the plate in pairs and backed
with l.3-cm~thick sheets of insulating board (Marinite I) to hold them
against the plate surface and to provide insulation. The heating level
during a test was controlled by two means: (1) a variac transformer,
which adjusted the power level or heat output of each heater, and
(2) separate on/off temperature controllers, which interacted with
thermocouples at the edge of the plate to regulate two zones of heating.
The primary heating zone was formed by two pairs of heaters attached to
the specimen edge above and below the fracture plane. The second heat-
ing zone, consisting of two areas on either side of the first zone, was
heated by two outward pairs of heaters. Temperature levels in the two
zones were independently controlled to better achieve and maintain a
linear thermal gradient across the specimen.

The cold edge of the specimen was cooled by spraying liquid nitro-
gen (LN,) onto the notched edge of the specimen. A 2.6-m-long insulated
chamber was affixed to the specimen edge, equally spanning both sides of
the notch. The LN, was pumped into the chamber and sprayed directly
onto the specimen surface with a copper-tube manifold consisting of
sprayers at 18-cm increments. The cooling level could be controlled by
two methods. Initially, when establishing a linear thermal gradient,
the temperature was controlled by adjusting the LN, flow rate by
manually setting a hand wvalve. When. the desired temperature was
achieved, that level was maintained by controlling the LN, flow with an
on/off temperature controller interface with a thermocouple at the cold
edge of the specimen. The temperature controller powered an electric
solenoid gas valve that could stop or allow the flow of LN, into the
cold chamber.

Two types of thermal insulation were used to insulate the front and
back faces of the specimen. (1) On the hot side of the plate, 5-cm—
thick by 6l-cm-wide mineral wool bats were used. The bats were posi-
tioned on the specimen face at the vertical centerline of the specimen
and extended beyond the heated edge and the strip heaters. (2) The cold
side of the plate was insulated with 6l-cm-wide by 5-cm-thick styrofoam
sheets, which butt up against the mineral wool at the specimen center-
line and extend beyond the cooled edge or to the cold chamber. The cold
chamber was insulated with 2.5-cm-thick styrofoam sheets. All insula-
tion was held tight against the plate surface and, in total, covered an
area 3 m above and 3 m below the fracture plane on both the front and

*Appendix B of Ref. 2 presents more details on development and
checkout of the temperature gradients system and also contains a
discussion of the effect of the tqmﬁggature gradient on the specimen
thermal strain and stress state. T
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ORNL PHOTO 6718-85

Fig. 4.10. HSST wide-plate, crack-arrest test specimen installed
in NIST testing machine.
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back surfaces. Additional mineral wool and styrofoam insulation were
placed on the specimen edges above and below the heaters and cold cham-
ber to cover the same length on the specimen as the back— and front-face
ingulation, :

4.4 TESTING PROCEDURE

After completion of specimen insulation, all instrumentation was
attached to the data acquisition systems. Checkout was conducted to
demonstrate that all instrumentation systems were operational. A tem—
perature gradient was imposed across the plate by LN, cooling of the
notched edge while heating the other edge.* LN, flow and power to the
heaters were continuously adjusted to obtain the desired thermal
gradient. Final check out of strain gages, COD gages, and the load cell
were completed just-before initiation of specimen testing. Tensile load
was then applied to the specimen at a rate of 10-25 kN/s (range for WP-2
test series) until fracture occurred. Details of each test are
presented in Chap. 5.

*Before establishing the thermal gradient, specimens WP-2.2 and
-2.6 were warm prestressed (WPS). Details of the WPS procedure used for
these specimens are presented in Chap. 5.
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5. SUMMARY OF WIDE-PLATE CRACK-ARREST
TESTS WP-2.1 THROUGH -2.6

Table 5.1 presents a summary of the general conditions for tests
that have been conducted under the WP-2 series of wide-plate crack-
arrest tests. Test specimen dimensions were presented previously in
Table 4.1. Transverse temperature profiles at the approximate time of
the crack-initiation events are summarized in Fig. 5.1. Figure 5.2 pre-
sents the fracture surfaces of each test specimen. The remainder of
this chapter contains a brief summary of each test, including presenta-
tion of pertinent results.

5.1 TEST wWpP-2.1

The purpose of test WP~2.1 was to initiate crack propagation in
cleavage with arrest occurring in the central portion of the plate width
at a temperature (~150°C) that approximates the onset of Charpy USE
energy (see Sect. 3.3). After obtaining a satisfactory thermal gradient
[Fig. 5.3(a)], specimen loading was initiated at a rate of 15.5 kN/s.
As the specimen loading increased from 9.2 to 11.4 MN, the temperature
at the crack tip decreased from 59 to 55°C [20-cm location in
Fig. 5.3(b) and (c¢)]. The cause of this change is unknown. At a load
of 11.9 MN, the fracture event initiated. The complete fracture event
(cleavage and ductile tearing) lasted ~100 ms, with the cleavage run-
arrest events occurring over an ~35-ms interval before the onset of
tearing. A small (23-mm) ligament remained intact after fracture. Com-—
plete separation of the plate was obtained by reloading the specimen to
850 kN. Figure 5.4 shows the load vs time relationship that occurred
during test WP-2.1.

The fracture surface of specimen WP-2.1 is shown in Fig. 5.5(a).
Figure 5.5(b) gives a closeup of the fracture surface and shows more
clearly the cleavage crack propagation-arrest events. Each cleavage
arrest was delineated by a small line of fibrous fracture. The width of
this line increased as the arrests occurred at higher temperaturesj; that
is, at the first arrest the width of the fibrous fracture region was a
fraction of a millimeter; however, at a/w ~ 0.5 the width of the fibrous
fracture region had increased to several millimeters.* Small (l-mm-
diam) islands of cleavage were visible at a/w = 0.58, which is beyond
the final cleavage-arrest position. The fibrous fracture extending from

*The width of the fibrous fracture region increased with each
subsequent arrest of cleavage crack propagation because of increasing
dominance of tearing fracture. Reinitiation of cleavage crack propaga-
tion after the first crack run—arrest event resulted because of the
dynamic nature of the stress—intensity factor resulting from the test
setup, that is, reflected stress waves and specimen compliance. The
process of tearing, reinitiation of cleavage crack propagation, and
arrest continued until ductile fracture dominated and the specimen tore.
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Table 5.1. Summary of HSST wide-plate crack—-arrest test conditions
and results for specially heat-treated 2 1/4 Cr-1 Mo steel:

WP-2 Series
Test Crack-tip Crack-tip Initiation Arrest Arrest Arrest
No location  temperature load location temperature T — DWypr
* (cm) (°c) (MN) (cm) (°c) (°c)
Wp-2,1A2 19.9 55 11.90 27.5 80 20
WP-2.1B 27.5 80 11.90 33.5 96 36
WP-2.1D 33.5 96 11.90 37.0 105 45
WP-2.1E 37.0 105 11.90 40.0 112 52
WP-2.1F 40.0 112 11.90 45.0 125 65
WP-2.1H 45.0 125 11.90 49.0 135 75
Wp-2.11 49.0 135 11.90 52.7 145 85
Wp-2.1J 52.7 . 145 11.90 55.5 152 92
WpP-2,242:b 21.1 58 17.0 43.5 120 60
WP-2.28 43.5 120 17.0 46.5 129 69
WP-2,2C 46.5 129 17.0 47.8 133 73
WP-2.2D 47.8 133 17.0 49.9 139 79
WP-2.2E 49.9 139 17.0 51.0 142 82
WP-2.2F 51.0 142 17.0 53.8 150 90
WP-2,2G 53.8 150 17.0 58.2 162 ) 102
WP~2,3A 20.0 66 15.3 34.0 97 37
WP-2.3B 34.0 97 15.3 37.5 106 46
WP-2.3D 37.5 106 15.3 39.7 111 51
WP-2.3F 39,7 111 15.3 T 45,7 126 : 66
WP-2,4A% 20.3 45 7.52 25.1 61 1
WP-2.4B 25.1¢ 61 8.85 33.8 86 26
WP-2.4C 33.8 86 8.85 39.7 102 42
WP-2.4D 39.7 102 8.85 41.3 107 47
WP-2.4E 41.3 107 8.85- 46.2 121 61
WP-2.4F 46.2 121 8.85 48.4 127 67
WP-2.4G 48.4 127 8.85 51.5 137 77
WP-2.4H 51.5 137 8.85 55.5 149 89
WP-2.542 19.9 66 7.53 27.2 86 26
WpP-2.5B 27.2¢ 86 8.90 35.0 104 44
WP-2.5C 35.0 104 8.90 43.5 124 64
WP-2.5D 43.5 124 8.90 47.8 135 75
WP-2.5E 47.8 135 8.90 51.6 144 84
WP-2.5F 51.6 144 8.90 56.0 154 94
wp-2.6A9 22.4 65 19.3 35.7 104 44
WP~2.6B 35.7 104 19.3 39.7 115 55
WP~2.6C 39.7 115 19.3 41.0 119 59
WP~2,6D 41.0 119 19.3 43.0 125 * 65
WP-2,6F 43.0 125 19.3 46.0 133 73
WP-2,6G 46.0 133 19.3 48.0 139 79
WP~2,6H 48.0 139 19.3 54.0 156 96

4Crack front cut to truncated chevron configuration.
bgpecimen was WPS by loading to 16 MN at 124°C.

CAfter pop-in event.

dgpecimen was WPS by loading to 15.6 MN at 110°C.
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Fig. 5.1. Transverse temperature profiles at approximate time of
crack initiation—-arrest events: WP-2 series.
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Fig. 5.3. Actual and ideal temperature distributions across speci-
men width (a) at start of test, (b) at 9.2-MN load, and (c) at ~10 s
before initiation of fracture events: test WP-2.1.
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Fig. 5.4. Load history for test WP-2.1.
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Fig. 5.5. Fracture surface of specimen WP-2.1. (a) Overall frac-
ture surface, (b) close-up of initial crack and cleavage crack-run-
arrest region, and (c) close-up of initial crack and cleavage crack run-
arrest region with arrest location highlighted.
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a/w = 0.55 to the end of the plate was extremely fine, or flat, compared
with the fibrous fracture regions in the WP-1 test series! (A 533 grade
B class 1 material). :

Examination of the fracture surface indicates that initiation of
cleavage crack growth was in the plane of the side grooves, but as the
crack extended, it gradually deviated from this plane. By the loss-of-
cleavage location (a/w ~ 0.58), the crack was 14 mm below the plane of
the side grooves. Once fibrous fracture took over, the crack returned
to the side-grooved plane. Reduction-in-thickness contours surrounding
the crack plane are shown in Fig. 5.6.% .

Evaluations of strain-gage records? and the fracture .surface were
used to deduce the crack length (position of the crack front) vs time,
and the results are presented in Table 5.2. These strain-gage positions
have been modified from those shown in Fig. 4.8(a) because the peak
strain occurs at an angle of 72° in front of the crack tip. A plot of
crack—front position vs time derived from the front-face and back-face
strain gage outputs is presented in Fig. 5.7. The strain-gage-derived
apparent crack position as a function of time indicates that for about
the first 27.5 ms, the crack front advance was greater at the back face
of the plate than at the front face. At elapsed times >27.5 ms, the
crack front advance at comparable elapsed times was fairly consistent at
the front and back faces.

5.2 TEST WP-2.2

Before testing, specimen WP-2.2 was WPS at a crack-tip temperature
of 124°C (Fig. 5.8) by slowly loading it to 16 MN, holding the load
constant at this value for 5 min, and slowly reducing the load to 3 MN.
The load history and load vs front-face COD results during warm pre-
stressing are shown in Fig, 5.9. While maintaining the load constant at
3 MN, the thermal gradient was developed. :

After obtaining a satisfactory temperature profile (Fig. 5.10), the
specimen was loaded at an average rate of 16.2 kN/s. At a load of
17 MN, cleavage crack propagation initiated, and within ~9 ms seven
crack run-arrest events occurred. After the seventh crack run-arrest
event, tearing fracture reinitiated with complete separation of the
plate occurring ~34.5 ms after first initiation of cleavage crack pro-
pagation. Figure 5.11 presents the load history for test WP-2.2.

Figure 5.12 presents overall and close-up views of .the fracture
surface of specimen WP-2.2. The entire fracture took place.in the plane

- *Reduction—in—-thickness measurements are performed using a deep-
throated micrometer with a resolution of #0.025 mm. The ‘measurements
are of total thickness with no differentiation between front and back
deformation. ’

tDetailed presentation and discussion of the instrumentatiowm
results for each test are contained in Appendix A.
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Table 5.2 (continued)

Indicator?

Position

(mm)

Time

(ms)

Velocityb
(m/s)

Front-face measurements {(continued)

SG10 619
SG11 669
SG12 719
Remaining ligament 980
a, 207
SG13 279
SGl4 319
Arrest A 345
Reinitiation 345
SG15 359
Arrest C 390
Reinitiation 390
SGl6 399
Arrest D 410
Reinitiation 410
Arrest E 430
Reinitiation 430
SG17 439
Arrest F 460
Reinitiation 460
SG18 479
Arrest G 490
Reinitiation 490
Arrest H 505
Reinitiation 505

51.35

58.30

66.00

101.50

Back-face measurements

0
0.092
0.184

0.242
7.55

7.63

17.98

18.12
20.04

20.06

20.18
24,78

24.98
27.04

783
435

448

175

258

90

138

333

450

150

950

92

75

93
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Table 5.2. Crack position vs time and
velocity: test WP-2.l
. a Position Time Velocityb
Indicator (mm) (ms) (m/s)
Front-face measurements
a 199 0
° 458
5G1 254 0.120
284
Arrest A 275 0.194
Reinitiation 275 7.23
16
5G2 279 7.48
200
SG3 319 7.50
133
Arrest B 335 7.62
Reinitiation 335 7.68
600
SG4 359 7.72
220
Arrest D 370 7.77
Reinitiation 370 11.48
1450
SGS 399 11.50
5
Arrest E 400 11,70
Reinitiation 400 17.96
438
5G6 439 18.04
110
Arrest F 450 18.14
Reinitiation 450 24,68
104
SG7 479 24,96
69
Arrest H 490 25.12
Reinitiation 490 27.04
69
SG8 519 27.46
50
Arrest I 527 27.62
Reinitiation 527 33.18
156
Arrest J 555 33.36
Reinitiation 555 37.94
4
SG9 569 41.15
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Table 5.2 (continued)

Indicator? Position
(mm)

Time

(ms)

Velocity?
(m/s)

Back-face measurements {(continued)

Arrest I 518
Reinitiation 518
SG19 519
Arrest J 545
Reinitiation 545
Arrest K 568
Reinitiation 568
SG20 . 569
SG21 619
$G22 669
Remaining ligament 974

27.18
32.94

33.00

33.06
34.62

34.76
34.76

39.66
50.15
58.35

101.50

17

433

164

0.2

4These strain-gage positions have been modi-
fied because the peak strain occurs at an angle of

72° in front of the crack tip.

Also, the crack-

arrest locations are averages of the quarter-
thickness crack length and the crack length at the

side groove.

bVelocity is an average calculated velocity
of crack propagation between the corresponding
indicator positions.
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of the side grooves. Examination of the fracture surface indicates that
multiple (six to seven) crack run-arrest events occurred before the
onset of ductile fracture. The reduction-in-thickness contour map for
the specimen is presented in Fig. 5.13. Note that significant reduc-
tions in thickness occurred only after the location corresponding to the
initial arrest; that is, a/w ~ 0.44.

The strain-gage records (Appendix A) and fracture surface were used
to deduce the crack lengths (apparent position of the crack front)
during the fracture process, and the results are summarized 1in
Table 5.3. The crack-line strain-gage positions have been modified from
those shown in Fig. 4.8(b) because the peak strain occurs at an angle of
72° in front of the crack tip. Figure 5.14 presents a plot of strain-
gage—derived crack-front position vs time from the front- and back-face
strain-gage results. Crack propagation at comparable elapsed times
during the test was fairly consistent at the plate front and back faces.

5.3 TEST Wp-2.3

Test WP-2.3 was the first test in the WP-2 series that did not have
the crack front cut into a truncated chevron configuration. After
obtaining a satisfactory thermal gradient (Fig. 5.15), specimen loading
was initiated at a rate of 14 kN/s. At a load of 15.3 MN, the fracture
event began and lasted about 950 ms (crack run-arrest events plus duc-
tile tearing). Figure 5.16 shows the overall fracture surface for test
specimen WP-2.3. A close~up of the cleavage and loss-of-cleavage
regions with the cleavage run-arrest events highlighted is shown in
Fig. 5.17. As noted in these figures, three cleavage run-arrest events
occurred at the front face of the plate and four at the back face. The
run—-arrest events in Fig. 5.17(b) have been labeled A through F accord-
ing to the apparent order in which they occurred. Examination of the
fracture surface also indicates that initiation of crack growth in
cleavage was in the plane of the side grooves, but as the crack ex-
tended, it deviated from this plane at several places. The maximum
deviation was 6 mm below the plane of the side grooves on the lower half
of the fracture surface. Once fibrous fracture took over, the crack
returned to the plane of the side grooves. Reduction-in-thickness
contours surrounding the crack plane are presented in Fig. 5.18.

Evaluation of the strain-gage records (Appendix A) and the fracture
surface were used to deduce the crack length (position of the crack
front) during the fracture process, and the results are summarized in
Table 5.4. The strain-gage positions have been modified from those
shown in Fig. 4.8(c) because the peak strain occurs at an angle of 72°
in front of the crack tip. A plot of the strain-gage-derived crack-
front position vs time from the front-face and back-face strain gage
results for the first 50 ms of the test is presented in Fig. 5.19(a).
The crack front advance at comparable elapsed times during the cleavage
crack run-arrest events was more rapid near the back face of the plate
than near the front face. An expanded scale plot of the crack-front
position vs time derived from the front- and back-face strain gage
results over the %950-ms duration of the test 1is presented in
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Table 5.3. Crack position vs time
and velocity: test WP-2.2

. Position Time Velocity?
a y
Indicator (ram) (ms) (m/s)

Front-face measurements

Initial crack 211 0

875

SG1 218 0.008
870

SG2 258 0.054
1538

SG3 298 0.080
. 541

SG4 338 0.154
500

SGS 378 0.234
476

SG6 418 0.318
213

Arrest A 435 0.398

Reinitiation 435 0.870
‘ 411

SG7 458 0.926
66

Arrest B 465 1.032

Reinitiation 465 1.546
232

Arrest C 478 1.602

Reinitiation 478 1.946
1111

SG8 498 1.964
500

Arrest D 499 1.966

Reinitiation 499 2.266
204

Arrest E 510 2.320

Reinitiation 510 3.628

2333
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Table 5.3 (continued)

. a Position Time Velocityb
Indicator (mm) (ms) (m/s)
Front-face measurements
Arrest F 538 3.640
Reinitiation 538 7.830
(tearing) 11
5G9 548 8.77
317
Reinitiation 567 8.83
(cleavage) 188
Arrest G 582 8.91
Reinitiation 582 9.46
(tearing) 7
SGl0 598 11.91
20
SG11 698 16.81
28
SG12 798 20.39
14
End of plate 1000 34,48
Back-face measurements
Initial crack 215 0
150
SG13 218 0.020
1429
SGl4 258 0.048
690
SG1S 298 0.106
500
SGl16 338 0.186
667
SG17 378 0.246
588
SG18 418 0.314
257
Arrest A 436 0.384
Reinitiation 436 1.248

239




75

Table 5.3 (continued)

.. . .. b
. a Position Time Velocity

Indicator (mm) (ms) (m/s)

Back-face measurements

SG19 458 1.340
600

Arrest B 470 1.360

Reinitiation 470 1.934
417

Arrest C 490 1.982

Reinitiation 490 2.242
1000

SG20 498 2.250
105

Arrest D 506 2.326

Reinitiation 519 3.516
(cleavage) 159

Arrest E 532 3.598

Reinitiation 561 7.780
(ductile) 6

Reinitiation 567 8.830
(cleavage) 63

Arrest F 572 8.910

Reinitiation 572 9.460
(ductile) 17

End of plate 1000 34.48

2These strain-gage positions are all reduced
by 32 mm from the actual gage position shown in
Fig. 4.8(b) because peak strain occurs at an angle
of 72° in front of the crack tip.

byelocity is an average calculated velocity
for crack propagation between indicator points.
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Table 5.4. Crack position vs time and
velocity: test WP-2.3
. a Position Time Velocityb
Indicator (mm) (ms) (m/s)
Front-face measurements
a, 200 0
729
SG1 243 0.059
1667
SG2 268 0.074
47
Arrest A 275 0.222
Reinitiation 275 12.489
’ 388
SG3 308 12.574
211
Arrest C 345 12,749
Reinitiation 345 37.344
150
SG4 348 37.364
2000
SG5 388 37.384
. 86
Arrest E 400 37.524
Reinitiation 400 43,324
' 0.3
SG6 428 136
0.06
SG7 468 812
0.9
SG8 508 856
: 2.6
SG9 558 875
: 6.7
SG10 608 882.5
(8.3)
SG11¢ 658 (888.5)
(14.3)
SG12°€ 708 (892)
(11.4)
Ligament (993) 917.0
0.3
End of plate 1000 942.5
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Table 5.4 (continued)

. a Position Time Velocityb
Indicator (mm) (ms) (m/s)
Back-face measurements
a, 200 0
1700
SG13 268 0.040
541
SGl4 308 0.114
327
Arrest A 340 0.212
Reinitiation 340 3.160
98
SG15 348 3.242
338
Arrest B 375 3.322
Reinitiation 375 13.004
SG1l6 388 Not 314
working
Arrest D 397 13.074
Reinitiation 397 38.464
SG17 428 Too 500
noisy
Arrest F 457 38.584
Reinitiation 457 44,304
0.02
SG18 468 688
0.26
SG19 508 842
2.17
SG20 558 865
2.94
SG21 608 882
6
5G22 650 889
12
Ligament 993 917
0.27
End of plate 1000 942.5

4These strain-gage positions are all reduced
by 32 mm from the actual gage position because the
peak strain occurs at an angle of 72° in front of

the crack tip.

bVelocity is an average calculated velocity
for crack propagation.

CGage broke before peak formed.
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Fig. 5.19. Strain-gage-derived crack-front position vs time for
(a) results for first 50 ms of test and (b) results for entire ~950 ms
of test: test WP-2.3.
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Fig. 5.19(b). As presented in this plot, the crack-front advance across
the plate width did not become fairly uniform until the crack advance
had reached an a/w ~ 0.6, while ductile tearing was occurring.

5.4 TEST WP-2.4

Loading of test specimen WP-2.4 at 11 kN/s was initiated after
obtaining a satisfactory thermal gradient (Fig. 5.20). At 7.52 MN, or
~85% of the final peak load, a pop—in event occurred. When the load
reached 8.85 MN (Fig. 5.21), the fracture event began and lasted about
90 ms (crack run—arrest events plus ductile tearing). The strain-gage
records and fracture surface indicated that up to seven crack run-arrest
events had occurred over an ~29-ms interval before the onset of tearing.
A small (7-mm) ligament remained intact after the main fracture events.
Complete separation of the plate was achieved by applying a 254-kN load.
With the exception of strain gage 6 and the top accelerometer, all gages
functioned during the test. Some data, however, from strain gages
19-22, were lost late in the test because of saturation of amplifiers.

An overall view and a close-up of the fracture surface of specimen
WP-2.4 is shown in Fig. 5.22. Examination of the fracture surface in
the chevron region (Fig. 5.23) revealed that a crack pop-in had occurred
to a crack depth of ~251 mm before initiation of the main crack run-
arrest events. This pop-in is substantiated by examining records for
strain gages 1-3 on the front face of the specimen and strain gages 13
and 14 on the back face of the specimen, which all show a sudden in-
crease in strain at ~500 s into the test (Fig. 5.24). Following the
sudden increase in strain, each of these gages exhibited an increase in
strain rate even though no change in loading rate had occurred. (This
suggests that the crack had suddenly advanced or popped—-in.) As noted
in Fig. 5.24, the strain and strain rate increases were less pronounced
for the front-face gages than for the back-face gages, suggesting that
the crack advance was less at the front-face than at the back-face of
the specimen.

Examination of the fracture surface indicates that initiation of
crack growth in cleavage was in the plane of the side grooves, but as it
extended, it gradually deviated from this plane. By the time the crack
had reached the depth at which tearing instability initiated, the crack
was 8 mm below the plane of the side grooves. Once fibrous fracture
took over, the crack returned to the side-grooved plane. Reduction-in-
thickness contours surrounding the crack plane are shown in Fig. 5.25.

Examination of the strain-gage records (Appendix A) and the frac-
ture surface were also used to deduce the crack length (position of the
crack front) during the fracture process, and the results are presented
in Table 5.5. In the table the strain gage positions have been modi-
fied from those shown in Fig. 4.8(d) to account for the fact that the
peak strain occurs at an angle of 72° in front of the crack tip. Also,
the crack lengths listed in the table are averages of the quarter-
thickness crack lengths and the crack lengths at the side groove. Plots
of the crack-front position vs time, derived from the front-face and
back-face strain-gage results, are presented in Fig. 5.26.
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ORNL PHOTO 5728-86

Close-up of initial flaw and region of pop~in: test

5.23.

Fig.
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Table 5.5. Crack position vs time and
velocity: test WP-2.4

. a Position Time Velocityb
Indicator (mm) (ms) (m/s)
Front-face measurements
Pop-in (Arrest A) 251 0
SG1 254 0

1250

SG2 279 0.02
667

SG3 319 0.08
950

Arrest B 338 0.10

Reinitiation 338 8.00
91

SG4 359 8.23
422

Arrest C 397 8.32

Reinitiation 397 15.82
2

SG5 399 16.70
88

Arrest D 413 16.86

Reinitiation 413 17.80
306

Arrest E 462 17.96

Reinitiation 462 19.08
16

SG7 479 20.12
18

Arrest F 484 20.40

Reinitiation 484 23.46
33

Arrest G 515 24,40

Reinitiation 515 25.46
3

SG8 519 26.88
82

Arrest H 555 27.32

Reinitiation 555 28.86
3

SG9 569 33.98
5

SG10 619 43,16
9

SG11 669 48.62
12

SG12 719 52.90
7

Remaining ligament 993 90.46
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Table 5.5 (continued)

_ . -..b
. a Position Time Velocity
Indicator (mm) (ms) (m/s)

Back~-face measurements

Pop-in (Arrest A) 251 0
833
SG13 276 0.03
860
SGl4 319 0.08
50
Arrest B 329 0.28
Reinitiation 329 8.24
750
SG15 359 8.28
800
SGl6 399 8.33
380
Arrest C 418 8.38
Reinitiation 418 14,50
18
Arrest D 429 15.12
Reinitiation 429 16.56
56
SG17 439 16.74
269
Arrest E 474 16.87
Reinitiation 474 18.02
2
SG18 479 20.20
61
Arrest F 490 20.38
Reinitiation 490 23.43
600
Arrest G 514 23.47
Reinitiation 514 27.00
210
Arrest H 556 27.20

4These strain-gage positions have been modi-
fied because the peak strain occurs at an angle of
72° in front of the crack tip. Also, the crack
lengths listed are averages of the quarter-thick-
ness crack lengths and the crack lengths at the
side groove.

bVelocity is an average calculated velocity
for crack propagation.
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After examination of the strain-gage records and fracture surfaces
to deduce the apparent crack-front position as a function of time,
fractographic analyses of specimen WP-2.4 were conducted. After careful
visual examination, the specimen fracture surface was cut into small
pieces to allow them to be inserted into a scanning electron microscope
(SEM). Figure 5.27 shows the fracture surface and indicates how it was
sectioned. Section 1 in the figure was examined to determine if initial
loading produced any ductile tearing from the sharp precrack produced by
the EB-weld procedure. Figure 5.28 shows a portion of the fracture
surface at the end of the EB-weld-generated precrack. The EB weld is on
the right in the figure, and the cleavage fracture of the first crack
run—-arrest event is on the left., Ductile tearing was observed at the
end of the welded region, and its width is given on the figure. The
average width of the tearing region was ~800 uym. Figure 5.29 shows a
detail of the ductile tearing from the end of the tearing strip, as
indicated by the box marked on the bottom of Fig. 5.28. The EB-weld
structure can be seen in the upper-right corner of Fig. 5.29(a), and a
detail of the tearing is shown in Fig. 5.29(b). The apparent initiation
site for the first crack run-arrest event is shown in Fig. 5.30. Figure
5.30(a) shows the area marked in the upper box in Fig. 5.28. Visual
examination of the ridges on the fracture surface indicate that the
fracture initiated in this region. Figure 5.30(b) presents a detail
from the center of Fig. 5.30(a), which shows the ductile tearing that
preceeded the cleavage fracture of the crack run-arrest event. Figure
5.30(c) presents a detail from the center of Fig. 5.30(b), which shows
the apparent initiation site from a clump of particles at the center of
the figure. Figure 5.30(d) presents a detail of the clump of particles.

A section was taken through section 1 in Fig. 5.27, and a surface
perpendicular to the fracture was polished and examined metallographi-
cally. The heat-affected zone associated with the EB weld was noted,
and from the length of this zone, it was determined that the initiation
site was located in the base metal rather than in either the weld or its
heat-affected zone.

Visual examination of section 2 in Fig. 5.27 suggests that an
arrest event had occurred on at least part of the fracture surface of
that section. Figure 5.31 shows a view of this fracture surface and
reveals that an arrest event did occur. The strip of ductile tearing
that is associated with the arrest event and subsequent reloading
following arrest, is indicated on the figure. The width of the ductile
tearing strip varies, with an average value being ~700 um and a maximum
width of ~1000 pm. The tearing strip bowed out across the surface, was
not continuous across the entire specimen width, and was apparent on
only about one-third the specimen width. This tearing is believed to
reflect reinitiation of crack growth, before cleavage occurs, rather
than the arrest process. The apparent cleavage initiation site for the
second crack run-arrest event is shown in Fig. 5.32. The initiation
site area, shown in Fig. 5.32(a), is located near the bottom of Fig.
5.31 at one end of the strip of ductile tearing. Figure 5.32(b) shows a
view of the initiation area, located at the center top of Fig. 5.32(a).
The apparent initiation site is shown in Fig. 5.32(c) and in greater
detail in Fig. 5.32(d). The cleavage fracture appears to have initiated
at a small particle near the center of Fig. 5.32(d).
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ORNL PHOTO 2016-90

Fig. 5.28. A view of a portion of tip of precrack for specimen
WP-2.4, Sect. 1 (Fig. 5.27).
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ORNL PHOTO 2017-90

Fig. 5.29. Detail of ductile tearing from EB weld flaw, Sect. 1
(Fig. 5.27). (a) EB-weld structure and (b) detail of tearing.




Fig. 5.30. Apparent initiation site for first crack run-arrest event, Sect. 1 (Fig. 5.27).

) Low magnification view of tearing zone shown in upper box in Fig. 5.28 with apparent initiation site

indicated by arrow, (b) detail from (a) showing ductile tearing and cleavage fracture, (c) detail of
(b) showing initiation at a particle clump, and (d) detail of (c).
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ORNL PHOTO 2019-90

Fig. 5.31. Section 2 (Fig...5.27) showing first arrest event on
part of fracture surface.




ORNL PHOTO 2020-90

Fig. 5.32. Apparent initiation site for second crack run-arrest event, Sect. 2 (Fig. 5.27).
(a) View of initiation area from bottom of tearing strip in Fig. 5.31 with apparent initiation site
indicated by arrow, (b) higher magnification view of initiation region, (c) detail of initiation site
showing initiation from a particle, and (d) detail of (c).
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It is interesting to compare the extent of stable crack growth and
the stress—intensity values at the initiation of cleavage fracture with
fracture-toughness tests performed on material from the broken halves of
specimen WP-2.5 (see Sect. 3.6). As noted in Table 3.10, tests of
25.4-mm-thick compact specimens of the TL orientation were performed at
40 and 60°C. Tests at 40°C showed no stable tearing and K;. values from
91 to 121 MPa-/m. Crack initiation for test WP-2.4 occurred at 45°C at
a stress—intensity factor of 143 MPa-/m (see Table 6.3), which is =18%
higher than the largest value observed with the 1T compact specimens,
but after ~800 uym of stable tearing. This amount of stable tearing is
quite different than that observed in the 1T specimens, where no stable
tearing occurred at 40°C. The second initiation for specimen WP-2.4
occurred at a location where the temperature was estimated to be 61°C.
Compact specimen tests at 60°C gave final K values from 94 to 155
MPa-/m with stable tearing from 200 to 900 pym. The estimated K value of
178 MPa-/m (Table 6.3) after 700 um of stable tearing for the second
initiation event for test WP-2.4 is again ~15% greater than the highest
value observed in the compact specimen tests.

5.5 TEST WP-2.5

After obtaining a satisfactory thermal gradient (Fig. 5.33), load-
ing of test specimen WP-2.5 was initiated at 25 kN/s. At 7.53 MN, or
86Z of peak load, a pop-in event was heard and was later supported by
the strain-gage outputs, accelerometer readings, and examination of the
fracture surface.* Specimen loading was continued, and at a load of
8.9 MN (Fig. 5.34), the fracture event began and lasted ~90 ms (cleavage
fracture plus ductile tearing). A small 8.5-mm plate ligament remained
intact after the fracture event. While all instrumentation was func-
tional at the start of the test, the COD gage's responses, which for
this test were recorded on a transient oscilloscope, were not complete.
Because of an improper selection of triggering parameters, the first few
milliseconds of COD data were not recorded (see Appendix A, Fig. A.69).
In addition, strain gages 4, 7, 8, 11, and 12 became inoperative during
the test.

' The entire fracture surface of specimen WP-2.5 is shown in Fig.
5.35(a). Figure 5.35(b) shows the entire fracture surface with the
cleavage run—arrest events highlighted. Similarly, close-ups of the
cleavage and loss-of-cleavage regions without and with the cleavage run-
arrest events highlighted are shown in Fig. 5.36(a) and (b), respec-
tively. Examination of a close-up of the fracture surface in the region
of the chevron (Fig. 5.37) confirmed that a pop—in event had occurred to

*As noted previously, specimen WP-2.4 also experienced a pop-in
event before the main crack run—arrest events. Both tests WP-2.4 and
-2.5 used specimens that were 102 mm thick. The remainder of the WP-2
series tests that used 152-mm~thick specimens did not experience a pop-
in event.
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(b)

Fig. 5.35. Fracture surface for specimen WP-2.5. (a) Entire
fracture surface, and (b) entire fracture surface with cleavage run-—
arrest events highlighted.
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an estimated average crack depth of 264 mm before initiation of the main
fracture event. This is further substantiated in Fig. 5.38, which
presents strain—gage records for strain gages 1—3 on the front face of
the specimen and strain gages 13 and 14 on the back face of the speci-
meny each record shows a sudden increase in strain at ~480 s into the
test, followed by a sudden increase in strain and strain rate even
though no change in loading rate was made by the operator. As noted in
Fig. 5.38, the strain and strain rate increases were more pronounced for
back—-face gage 14 than its companion front-face gage 3, indicating that
the crack had advanced more near the back-plate surface than the front-
plate surface. A selection of high-resoluticn strain gage and acceler-
ometer records during the crack pop-in are presented in Figs. 5.39 and
5.40, respectively.

Examination of the fracture surface indicates that initiation- of
crack growth in cleavage was in the plane of the side grooves, but as it
extended, it gradually deviated from this plane. By the time the crack
had reached the final cleavage—arrest location (a/w = 0.56 at plate back
face) it was 8 mm below the plane of the side grooves.

Evaluation of the strain-gage records (Appendix A) and the fracture
surface were also used to deduce the crack length (position of the crack
front) during the fracture process, and the results are presented in
Table 5.6. The strain-gage positions have been modified from those
shown in Fig. 4.8(a) because the peak strain occurs at an angle of 72°
in front of the crack tip. Also, the crack-arrest locations listed are
averages of the quarter—thickness crack lengths and the crack lengths at
the side groove. A plot of the strain-gage-derived crack-front position
vs time using the front-face and back-face strain-gage results is pre-—
sented in Fig. 5.41. Results in this figure indicate that the crack
front advance at comparable elapsed times during the cleavage crack run-—
arrest events was more rapid near the plate back face than near the
plate front face. As noted in Table 5.6, it was not until the crack
advance had reached an a/w ~ 0.669 (while ductile tearing was occurring)
that the crack front advance was fairly uniform across the plate width
(as indicated by the strain gages).

After examination of the strain-gage records and fracture surfaces
to deduce the apparent crack-front position as a function of time,
fractographic analyses of specimen WP-2.5 were conducted. As was done
for specimen WP-2.4, the fracture surface of specimen WP-2.5 was cut
into smaller pieces for insertion into the SEM. Figure 5.42 shows the
fracture surface and indicates how it was sectioned. Because the
fracture surface of specimen WP-2.5 had not been as well preserved as
that of specimen WP-2.4, which was discussed earlier, it was somewhat
difficult to identify features of interest. Investigation of section A
in Fig. 5.42 revealed ductile tearing at the tip of the EB weld that was
followed by the cleavage area associated with the first crack run-arrest
event. Figure 5.43 shows the tearing strip at the tip of the EB weld.
The apparent initiation site is presented in Fig. 5.44. Figure 5.44(a)
shows the ductile tearing strip and cleavage in the initiation area
shown in the dashed box in Fig. 5.43. The average width of the tearing
strip was ~1200 um. Details of the initiation site are presented in
Figs. 5.44(b) and (c). As noted earlier, damage to the fracture surface
is evident in Fig. 5.44(c) and made it impossible to identify the exact




106

ORNL—-DWG 87—3895A ETD

x 1073
35 -
SG1
3.0
25
=20
< / NO COMPANION GAGE
Eis
|_
(%]
1.0 %
05 2
0 1|
0 1 2 3 4 5 8 7 8(xXit)
TIME (s)
(X 1073 x 1073
3.5 T 3.5 T
SG2 $Gi3
3.0 3.0 /
25 / 25
/
Z 20 A 2 20
2 [ I
E 1.5 = 1.5
w
4
10 1.0 7
0.5 0.5 ,/
» [
0 S 0 -
0o 1 2 3 4 5 6 7T 8(X109 0 1 2 3 4 5 6 7 B(X109
TIME (s) TIME {s)
(x 1073 {x 1073
3.5 T 3.5 T
SG3 SG14
3.0 3.0
2.5 25
z 20 Z 20 /
x <
1.5 Eis
& b
10 7 1.0 v
05 4 0.5 P
e
0 e ol 0 r
0 1t 2 3 4 5 6 7 B(X109 0o 1 2 3 4 5 8 7 8(X109
TIME {s) TIME (s)
FRONT—FACE GAGES BACK—FACE GAGES
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Table 5.6. Crack position vs time and

velocity: test WP-2.5

. a Position Time Velocityb
Indicator (mm) (ms) (m/s)
Front-face measurements
Pop-in (Arrest A) 250 0
133
SGl 254 0.03
1250
SG2 279 0.05
71
Arrest B 300 0.344
Reinitiation 300 7.87
: 1900
SG3 . 319 7.88
116
Arrest C 385 8.45
Reinitiation 385 11.33
140
SG5 399 11.43
7
Arrest D 400 11.58
Reinitiation 400 18.39
51
SG6 439 19.15
69
Arrest E 450 19.31 .
Reinitiation 450 27.79
183
Arrest F 523 28.19
Reinitiation 523 33.11
18
SG9 569 35.67
6
SG10 619 43.89
. 13
SG11 : 669 47.85
. 9
Remaining ligament 990.5 84
Back-face measurements
Pop-in (Arrest A) 272 0
SG13 276 0
614
SGl4 319 0.07

66




110

Table 5.6 (continued)

. a Position Time Velocityb
Indicator (mm) (ms) (m/s)
Back-face measurements (continued)

Arrest B 350 0.54

Reinitiation 350 7.90
450

SG15 359 7.92
800

SGl6 399 7.97
189

Arrest C 435 8.16

Reinitiation 435 11.16
80

SG17 439 11.21
139

Arrest D 478 11.49

Reinitiation 478 19.11
10

SG18 479 19.21
168

Arrest E 516 19.43

Reinitiation 516 27.63
21

SG19 519 27.717
228

Arrest F 560 27.95

Reinitiation 560 29,01
10

SG20 569 29.93
5

SG21 619 40.29
7

S$G22 669 47.81
9

Remaining ligament 990.5 84

4These strain-gage positions have been modified
because the peak strain occurs at an angle of 72° in

front of the crack tip.

Also, the crack lengths

listed are averages of the quarter—thickness crack
lengths and the crack lengths at the side groove.

bVelocity is an average calculated velocity

for crack propagation.
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ORNL PHOTO 2241-90

2 mm

Fig. 5.43. Precrack and initial tearing from specimen WP-2.5,
Sect. A (Fig. 5.42). The tearing strip from the initial loading is
marked. The EB weld is to the right and the: first crack- run=arrest
event to the left.
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ORNL PHOTO 2242-90

Fig. 5.44. View of apparent initiation site for first crack run-
arrest event, Sect. A (Fig. 5.42). (a) View of ductile tearing zone and
cleavage fracture from dashed box in Fig. 5.43 with apparent initiation

site indicated by arrow, (b) detail of apparent initiation site, and
(c) detail of (b).
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‘feature associated with the initiation event. Section B of Fig. 5.42
contains the first arrest front and the second crack run-arrest event.,
The arrest front is marked by a band of ductile tearing, ~1500 pm wide
and is shown in Fig. 5.45. The ductile tearing from a region in the
center of the specimen, as indicated by a box in Fig. 5.45, is shown in
greater detail in Fig. 5.46. The initiation site for the next crack
run—-arrest event could not be 1dent1f1ed because of the damage noted
earlier to the fracture surface.

5.6 TEST WP-2.6

Specimen WP-2.6 was the second specimen in WP-2 series to not have
its crack front cut into a truncated chevron configuration. It was also
the second WPS specimen in this series. The warm prestressing procedure
consisted of slowly loading the specimen to 15.56 MN while maintaining
the crack tip temperature at 110°C (Fig. 5.47), holding the load con-
stant at this value for 5 min, and slowly reducing the load to 3.25
MN. The load history and load vs front- and back-face COD results
during warm prestressing are shown in Fig. 5.48. While maintaining the
load at 3.25 MN, the thermal gradient was developed.

After obtaining a satisfactory temperature profile (Fig. 5.49), the
specimen was loaded at an average rate of 9.6 kN/s. At a load of
19.33 MN, cleavage crack propagation initiated, and within an ~10.5-ms
interval seven crack run-arrest events occurred. After the seventh
crack run-arrest event, tearing fracture reinitiated with complete
separation of the plate occurring ~34.5 ms after first initiation of
cleavage crack propagation. Figure 5.50 presents the load history for
test WP-2.6.

Figure 5.51 shows the fracture surface of specimen WP-2.6. As
noted in Fig. 5.52, which presents a close-up of the region where the
crack run—arrest events occurred, there were numerous crack run—arrest
events during this test. As the crack propagated, it deviated from the
plane of the side grooves, reaching ~10 mm above the plane at the
furthest extent of cleavage crack propagation. Reduction-in-thickness
contours surrounding the crack plane are shown in Fig. 5.53.

The strain-gage records (Appendix A) and fracture surface were used
to deduce the crack length (apparent position of the crack front) during
the fracture process, and the results are summarized in Table'5.7. 1In
the table, the strain-gage positions have been modified from those shown
in Fig. 4.8(e) to dccount for the fact that the peak strain occurs at an
angle of 72° in front of the crack tip. Figure 5.54 is a plot of
strain-gage-derived crack—-front position vs time from the front-face and
back-face strain gage results during the entire fracture process.
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ORNL PHOTO 2244-90

Fig. 5.46. Ductile tearing strip from Sect. B (Fig. 5.42) after
first crack run-arrest event. (a) Detail of ductile tearing from box
shown in center of Fig. 5.45, and (b) detail of ductile tearing.
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Table 5.7. Crack position vs time and
velocityt test WP-2.6

. a Position Time Velocityb
Indicator (mm) (ms) (m/s)
Front—-face measurements
SGl1 218 0
Initial crack® 225 0

971

SG2 258 0.034
625

SG3 298 0.098
435

SG4 338 0.190
232

Arrest A 357 0.272

Reinitiation A 357 1.000
467

SG5 378 1.045
317

Arrest B 397 1.105

Reinitiation B 397 1.405
108

Arrest C 410 1,525

Reinitiation C 410 1.945
27

SG6 418 2.237
145

Arrest D 430 2.320

Reinitiation D 430 3.255
, 49

SG7 458 3.830
8

Arrest F 460 4.090

Reinitiation F 460 7.165
73

Arrest G 480 7.440

Reinitiation G 480 10.380

1064
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Table 5.7 (continued)

.. . . b
. a Position Time Velocity
Indicator (mm) (ms) (m/s)
Front-face measurements (continued)
SG8 530 10.427
108
Arrest H 540 10.520
Reinitiation H 540 12.910
20
SG9 580 14.900
' 114
SG10 630 15.340
N 22
SG1l1 - 730 19.790
20
SG12 830 24.760
18
End of plate 1000 34.470
Back~-face measurements
SG13 218 0
Initial crack® 223 0
921
SG1l4 258 0.038
952
SG15 298 0.080
299
SG16 338 0.214
465
SG17 378 0.300
333
Arrest A 380 0.306
Reinitiation A 380 1.396
14
Arrest C 390 1.532
Reinitiation C 390 1.854
103
SG18 418 2.126

175
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Table 5.7 (continued)

.. . .. b
. a Position Time Velocity
Indicator (mm) (ms) (m/s)
Back-face measurements (continued)
Arrest E 425 2.166
Reinitiation E 425 3.152
198
Arrest Gl 480 3.430
Reinitiation Gl 480 7.160
71
SG19 " 490 7.300
167
Arrest H1 520 . 7.480
Reinitiation H1 520 7.480
(ductile) 6
SG20 530 9.190
(ductile tearing , 5
past)
Reinitiation Hl 535 10.250
(cleavage) 20
Arrest H2 ' 540 10.500
Reinitiation H2 540 10.500
(ductile) 19
End of plate 1000 34.47

aThese strain-gage positions are all reduced
by 32 mm from the actual gage position shown in
Fig. 4.8(e) because the peak strain occurs at an
angle of 72° in front of the crack tip. Also note
that back-face gages 13-20 have been rotated 45°
relative to companion front-face gages.

byelocity is an average calculated velocity for
crack propagation between indicator points.

CDuring warm prestressing the crack grew past
initial crack-line gages on plate front and back faces.
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6. POSTTEST ANALYSES, CRACK-ARREST TOUGHNESS RESULTS,
AND COMPARISON OF DATA WITH OTHER
LARGE-SCALE TEST RESULTS

6.1 POSTTEST ANALYSES

Posttest analyses were conducted for each of the wide-plate, crack-
arrest tests in the WP-2 series to investigate the interaction of
parameters (plate geometry, material properties, temperature profile,
and mechanical loading) that affect the crack run-arrest events. Three-
dimensional (3-D), static, finite-element analyses were performed to -
determine the static stress-intensity factor at the time of crack
initiation. These analyses were conducted using the ORMGEN/ORVIRT
fracture analysis system!,2 in conjunction with the ADINA-84 finite-
element code.3 Quasi-static analyses use the ORNL computer code WPSTAT"
to evaluate static stress-intensity factors as a function of crack
length and temperature differential across the plate. WPSTAT also cate-
gorizes arrested crack lengths in terms of three types of instability
limits: reinitiation, tearing instability, and tensile instability.

Two-dimensional (2-D) elastodynamic analyses* were carried out
using the ADINA/VPF dynamic crack analysis code5 that is capable of per-
forming both application- and generation-mode analyses. In the applica-
tion-mode analysis, the crack tip is propagated incrementally when K,
the dynamically computed stress-intensity factor, equals the specified
dynamic fracture-toughness value Kip» which depends on the crack
velocity a and the temperature T [Eq. (3.6)]. In the generation-mode
analysis, the crack tip is propagated incrementally according to a
prescribed crack-position-vs-time relationship, and values of fracture
toughness are determined from the dynamically computed K;. For both
modes of analysis, the dynamic stress-intensity factor is determined in
each time step from the dynamic J-integral containing the appropriate
inertial and thermal terms.

6.1.1 Posttest 3-D Static Analyses

The 3-D finite-element model used for the wide-plate analyses
incorporated a segment of the plate assembly measured from the crack
plane to the top of the load-pin hole! (Fig. 6.1). The crack-tip region

*The development and use of dynamic analysis methods was required
to incorporate the significant dynamic effects exhibited by the wide-
plate tests, that is, multiple crack-run-arrest events.

tThe length of the segment modeled varied from test to test as a
result of the cutting procedure used to remove a test article before
welding the next test article to the pull plates. For wide-plate speci-
mens WP-2.1 through -2.6 the segments modeled (dimension Y in Fig. 6.1)
were 4.58, 4.38, 4,62, 5,00, 4.90, and 4.36 m, respectively.
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Fig. 6.1. Example of finite-element model used for dynamic analy-
sis of wide—-plate crack-arrest tests.

of the model included the chevron cutout (if present),* the side groov—
ing, and the edge notch (Fig. 6.2). Table 4.1 and Figs. 4.1 and 4.3
present specimen dimensions. From symmetry conditions that neglected
out-of-plane eccentricity, one-quarter of the partial pull-plate
assembly was modeled using 3751 nodes and 720 20-noded isoparametric
elements.

The thermal deformations computed from a posttest 2-D analysis were
superimposed on a 3-D finite-element model to account for the in-plane

*Specimens WP-2.3 and -2.6 did not have their crack front cut into
a truncated chevron configuration.
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Fig. 6.2. Detail of crack-tip region from 3-D finite-element model
of 102-mm-thick wide-plate specimen.

thermal bending effect in the 3-D analyses. The 2-D thermoelastic
analysis used a temperature distribution from a heat—conduction analysis
based on assumptions that the heated and cooled edges of the plate were
fixed at T,  and T . , respectively, along a 2.4-m length (centered
relative to the crack plane) and that the pull-tab edges were maintained
at T = 20.0°C.* The edge temperatures were selected to yield a tempera-
ture distribution in the crack plane (0.2 < a/w < 0.6) that agreed with
the measured values presented in Chap. 5 for each specimen, for example,
Fig. 5.20 for test WP-2.4. Computed load-line (through the top of the
load-pin hole) eccentricities produced by the in-plane thermal bending
in tests WP-2.,1 through -2,6 were 2.01, 1.96, 1.74, 2,37, 1.97, and 2.02
cm, respectively, relative to the geometric center of the plates.

In the 3-D analysis a uniform line load, statically equivalent to
the initiation load, was applied. at the leocation corresponding to the
top of the load-pin hole. The results of this analysis yielded a static
stress—intensity factor (K;) at the center of the plate. Values of K;

*Values of T . and T _ for wide-plate tests WP-2.1 through -2.6

were 0 and 274°C, -2 and 280°C, 19 and 253°C, —11 and 275°C, 17 and
263°C, and 0 and 290°C, respectively.
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that were obtained for tests WP-2.1 through -2.6 were 126, 183, 136,
143, 141, and 174 MPa-/m, respectively. Comparison of these computed K;
values with the small-specimen static initiation values, K;.» evaluated
from Eq. (3.5) using the appropriate specimen crack-tip temperature
(Table 5.1) and a DWypp = 60°C, yields K;/Kj. ratios of 1.01, 1.4, 0.92,
1.07, 0.72, and 1.2, ?or tests WP-2.1 through -2.6, respectively.

6.1.2 Posttest 2-D Static and Dynamic Analyses

6.1.2.1 Static and Stability Analyses

Posttest quasistatic 2-D analyses for both crack arrest and crack
stability were done using the ORNL computer code WPSTAT.% As described
in Ref. 4, the WPSTAT code evaluates static stress—intensity factors as

a function of crack length a and temperature differential AT = Thmax —

Tmin across the plate. These factors are computed for fixed-force

conditions Kg (a, AT) and for fixed load-pin displacement conditions
K?SP (a, AT) by superposing contributions from tension and bending
finite-element and handbook solutions. Also, WPSTAT categorizes
arrested crack lengths in terms of the three types of instability limits
described below.

For the WP-2 series wide-plate tests the posttest WPSTAT calcula-
tions of the static factors K? (a, AT) and K?SP (a, AT) used the actual
temperature profiles at the approximate time of initiation of the crack
run-arrest events shown in Fig. 5.1. For these specified temperature
profiles, the dependence of the arrested crack lengths and crack sta-
bilities upon the applied initiation load F; (Table 5.1) was investi-
gated with WPSTAT, and the results are presented in Fig. 6.3 for test
WP-2.4,% Figure 6.3 includes the statically calculated final crack
length ag. and the‘instability crack lengths for reinitiation a,.0in? fOT
tensile instability ay;, and for tearing instability a;,. The temsile
instability calculation is based on the average stress in the remaining
ligament equal to an ultimate stress o, = 500 MPa, which represents the
lowest value for the temperature range of interest. For the tearing
instability calculation, the material tearing resistance is assumed to
be represented by a power-law J-resistance curve of the following form
Jp = c(Aa)™, where € = 0.1114, m = 0.3832, and the units of Jp and Aa
are kJ/m? and mm, respectively. In Fig. 6.3, the statically computed
arrest length corresponding to the measured initiation load F; = 8.85
MN is ag, = 0.432 m. This computed arrest point is between the tensile
instability curve a;; and the tearing instability curve aj,, implying an
unstable condition. The measured initial arrest point afm, = 0.338 m
is below the tearing instability curve.

*0Only the results for test WP-2.4 are presented in the remainder of
this section. Posttest static and stability analyses for tests WP-2.1,
-2.2, -2.,3, -2.5, and -2.6 are contained in Refs. 6, 7, 8, 8, and 7,
respectively.
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Fig. 6.3. Statically calculated crack lengths: test WP-2.4.

In Fig. 6.4, the Ky, function presented in Eq. (3.2) is evaluated
on the arrest crack-length curve ag, on the incipient tearing-insta-
bility curve a;,, and on the cleavage-reinitiation curve 8raine The Ky,
function presented in Eq. (3.5) is evaluated on the curve a,.; (F).
Evaluation of the Kj, curve at the initiation load F; = 8.85 MN yields
an arrest toughness of Kyg = 190 MPa-/m at the computed arrest point

sz*; 0.432 m where the crack-tip temperature would be 112°C (see Table

The complete static fracture-mechanics and stability analyses are
depicted in Fig. 6.5 for the initiation load F; = 8.85 MN. Included in
the figure are curves for initiation toughness K;.» arrest toughness
Kl]?I SP

K;,» displacement-controlled stress-intensity factor , and force-

controlled stress-intensity factor Kg. ‘The regions of tearing and

*Although only the results for test WP-2.4 are discussed in this
section, Table 6.1 presents a summary of WPSTAT results for each of the
tests in the WP-2 series. More detailed information on the analyses for
each test can be obtained from the references noted previously.
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Fig. 6.4. Determination of arrest toughness at initiation load of
85 MN: test WP-2.4.

Table 6.1. Summary of WPSTAT results
for WP-2 series tests

Initiation Predicted Temperature Crack-arrest
Test " load, arrest crack at arrest ¢ s
specimen F, length, ag¢ point, Tg tou%;;e?j%)KI
(M3 (m) (°c) ‘ a
Wp-2.1 11. 0.347 99 148
WpP-2.2 ©17. 0.452 125 250

1.9
7.0
5.3
Wp-2.4 8.9 0.432 : 112 190
8.9 -
WpP-2.6 19.3 0.451 131 284
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Fig. 6.5. Complete static and stability analyses for initiation
load of 8.85 MN: test WP-2.4,

tensile instability and the computed initial arrest point ag. are also
identified in Fig. 6.5.

6.1.2.2 Application-Mode Dynamic Analysis (F1xed—Load
Boundary Condition)

Elastodynamic fracture analysis was performed using the finite-
element method and the implicit Newmark-Beta scheme for the time inte-
gration. The dynamic stress-intensity factor K; is determined in each
time step from the dynamic J-integral containing the appropriate iner-
tial and thermal terms. The crack-growth modeling technique of these
codes uses a scheme in which crack-plane nodes, initially restrained
normal to the crack plane by stiff springs, are released incrementally
according to the selected analysis mode.

Elastodynamic analyses of wide~plate test WP-2.4 were carried out
with the ADINA/VPF (Ref. 5) dynamic crack analysis code. The 2-D plane-
stress finite-element model of the wide-plate configuration used in the
analyses consists of 894 nodes and 264 eight-noded isoparametric ele-
ments. Thirty-one spring elements are used in the crack plane to model
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propagation of the crack tip. Side grooves are taken into account by
adjusting the resulting stress-intensity factor calculated in each time
step of the analysis, that is, multiplying by /B/B_.

A posttest application-mode analysis of wide-plate test WP-2.4 was
performed using the material properties given in Chap. 3. The global
deformation of the assembly caused by thermal strains was incorporated
into the analyses. For finite-element applications, static thermo-—
elastic analyses were performed with the ADINA/ADINAT finite—element
codes?® to determine the thermal deformation of the plate assembly. The
thermal displacements were added to the nodal coordinates. The tempera-
ture distribution for the analyses was interpolated from the data mea-
sured along the crack plane (Fig. 5.20) and used only for determination
of dynamic fracture toughness. For the dynamic analysis, the load was
fixed at the value of the measured fracture load, 8.85 MN, as a pre-
scribed concentrated load. The time step was set at At = 5 us.

The calculated crack-depth history (plate front face) from this
analysis is presented in Fig. 6.6. Figure 6.7 shows the dynamic stress-
intensity factor K?YN, the static  toughness K;,, and the crack
velocity a as a function of instantaneous crack depth. In Fig. 6.7, the
crack velocity decreases smoothly, and crack propagation continues at
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Fig. 6.6. Dynamic-analysis, crack-depth history: test WP-2.4.
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ment-controlled factor, and crack velocity vs instantaneous crack
length: test WP-2.4.

small velocities for values of a/w > ~0.43. Because it is unlikely that
a real crack would propagate at these low velocities for an extended
period of time, arrest has been arbitrarily defined to occur when the
crack velocity drops below a threshold velocity of 2% of the shear wave
velocity (Cs); that is, 0.02 C_ = 64 m/s. Based on this assumption, an
arrest is predicted from the application-mode analysis at ap_ = 0.44 m,
where the crack-tip temperature would be T = 118°C and the arrest tough-
ness would be Ky, = 200 MPa-/m. The predicted arrest point exceeds the

first measured arrest point, afp, = 0.338 m, where T = 86.3°C and Ky, =

122 MPa-/m. The analyses were terminated at time t = 3 ms (see Table
6.2%).

*Table 6.2 presents a summary of application-mode dynamic analysis
results for each of the tests in the WP-2 series. More detailed infor-
mation on the analyses for each test can be obtained from the references
noted previously.
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Table 6.2, Summary of application-mode dynamic
.analyses for WP-2 series tests

Initiation Predicted Temperature Crack-arrest
Test load, arrest crack at arrest
specimen F. length, ag a point, T tou%;gesjl)KIa
() (m) 7 °c) as/m
Wp-2.1 11.9 0.371 102 143
Wp-2.2 17.0 0.452 124 251
WP-2.3 15.3 0.429 118 220
WP-2.4 8.9 0.439 118 200
Wp-2.5 8.9 0.371 109 181
WpP-2.6 19.3 0.430 125 253

4Arrest has been defined to occur when the crack velocity
drops below a threshold velocity of 2% of the shear wave velocity
(C.); that is, 0.02 C; = 64 m/s. The value.given is for the first
crack run—arrest event.

6.1.2.3 Generation—Mode Dynamic Analysis.(Fixed Load
Boundary Condition T -

From the output of the crack-line gages and from an inspection of
the fracture surface, estimates of the crack position as a function of
time were constructed and listed in Table 5.5 for the plate fromt and
back faces for test WP-2.4.*% Figure 6.8 depicts the apparent crack
position vs time that was derived from Table 5.5 and used as input for
the posttest generation-mode elastodynamic analysis of test WP-2.4. For
these analyses, the load point was fixed at the value of the initiation
load, 8.85 MN, as a prescribed concentrated load, and the time step was
set at At = 10 us. From these calculations, the stress—intensity factor
as a function of time is given in Fig. 6.9. The generation-mode analy-
sis (fixed-load-point boundary condition)? results for the seven crack
run-arrest events (plate front face) of test WP-2.4 are given in
Table 6.3.

The computed strain histories corresponding to selected points
close to the front-side gage 1-12% [see Fig. 4.8(d) for gage locations]

*Only the results for test WP-2.4 are presented in this section.
Generation-mode dynamic results for the other tests in the WP-2 series
are summarized in Sect. 6.2. More details on each test can be obtained
by consulting the appropriate references noted earlier.

prpendix B discusses the importance of the analysis method (static
vs dynamic) and boundary condition (fixed~load or fixed-load-pin dis-
placement) used to interpret the wide-plate crack-arrest tests.

fNote that because strain gage 6 did not function during the test,-
computed and actual strain histories for its companion back-face gage
(17) are presented.
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Table 6.3. Summary of generation-mode
(fixed~load) dynamic analysis
results for test WP-2.4

Event Time A K
(ms) (m) (MPa-y/m)

Initiation 0.0 0.251 143
First arrest 0.10 0.338 137
Reinitiation 8.00 0.338 178
Second arrest 8.32 0.397 188
Reinitiation 15.82 0.397 281
Third arrest 16.86 0.413 281
Reinitiation 17.80 0.413 281
Fourth arrest 17.96 0.462 249
Reinitiation 19.08 0.462 318
Fifth arrest 20.40 0.484 307
Reinitiation 23.46 0.484 322
Sixth arrest 24.40 0.515 381
Reinitiation 25,46 0.515 355
Seventh arrest 27.32 0.555 397
Reinitiation 28.86 0.555 389

are depicted in Figs. 6.10 to 6.12 for test WP-2.4. Also shown in the
figures are the actual strain histories derived from the gages. The
sharply defined strain peaks in the figures correspond to the point in
time when the fast-running crack passes under a gage point. As crack
propagation slows, the peaks are transformed into more blunted curves.
Pertinent events during a test (arrests, reinitiations, etc.), as
detected by the strain gages, are noted on selected strain histories in
Appendix A.

In Fig. 6.13 the COD calculated at a/w = 0.15 (from the plate cold
edge) using the generation-mode analysis is compared with measured data
from the front-face gage.
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6.2 CRACK-ARREST TOUGHNESS RESULTS

Crack—-arrest toughness values for the WP-2 series wide-plate tests
have been determined by static and dynamic analyses, as well as by hand~
book techniques. Appendix B presents a discussion of the importance of
the analysis method (static vs dynamic) and boundary conditions (fixed-
load or fixed-load-pin displacement) used to interpret the wide-plate
crack-arrest tests. For reasons discussed in Appendix B and because of
the long durations of the crack run-arrest events (t > 9 ms) observed
for the LUS WP-2 series materials, considerable load adjustment can take
place as a result of specimen/pull-plate compliance. Therefore, the most
meaningful calculations of crack-arrest toughness values for such condi-
tions should take these factors into. account through the use of a
dynamic finite-element analysis. As shown in Appendix B, the 1long
fracture durations of these tests lead to dynamic results that approach
those predicted by load-controlled static conditions. Fixed-load,
generation-mode, dynamic finite-element determinations of crack-arrest
toughness values as well as test conditions for the WP-2 series tests
are summarized in Table 6.4. Figure 6.14 presents a plot of crack-
arrest toughness values against the arrest-toughness temperature minus
DWNDT (60°C) for the WP-2 series tests. Also included in the figure are
previous wide-plate crack—arrest tests that used A 533 grade B class 1




Table 6.4, Summary of HSST wide-plate crack-arrest test conditions
and crack-arrest toughness values for specially heat-treated
2 1/4 Cr-1 Mo steel: WP-2 Series

Crack Crack Initiation Arrest Arrest Arrest Crack-arrest
Test location temperature load location  temperature T - DWypr toughnqgsa
(cm) (°c) (MN) (cm) (°c) (°c) (MPa-ym)

wp-2.1aP 19.9 55 11.90 27.5 80 20 106
WP-2.1B 27.5 80 11.90 33.5 96 36 153
WP-2,1D 33.5 96 11,90 37.0 105 45 158
WP-2.1E 37.0 105 11,90 40,0 112 52 170
WP-2.1F 40.0 112 11.90 45.0 125 65 201
WP-2.1H 45,0 125 - 11.90 49,0 135 75 293
Wp-2.11 49,0 135 11.90 52,7 145 85 371
Wp-2,1J 52.7 145 11.90 55.5 152 92 406
wp-2.2ab.-¢ 21,1 58 17.0 43,5 120 60 201
WP-2.2B 43,5 120 17.0 46.5 129 69 259
Wwp-2.2C 46.5 129 17.0 47.8 133 73 281
WP-2.2D 47.8 133 17.0 49.9 139 79 277
WP-2.2E 49.9 139 17.0 51.0 142 82 380
Wp-2,2F 51.0 142 17.0 53.8 150 90 364
WP-2.2G 53.8 150 17.0 58.2 162 102 446
WP-2.3A 20.0 66 T 15.3 34.0 97 37 144
WP-2.3B 34.0 97 15.3 37.5 106 46 232
Wp-2,3D 37.5 106 15.3 39.7 111 51 255
WP-2.3F 39.7 111 15.3 45.7 126 66 258
Wwp-2.,4AP 20.3 45 7.52 25.1 61 1

WP-2.4B 25,19 61 8.85 33.8 86 26 137
WP-2.4C 33.8 86 8.85 39,7 102 42 188
WP-2,4D 39,7 102 8.85 41,3 107 47 281
WP-2 .4E 41,3 107 8.85 46.2 121 61 249
WP-2.4F 46,2 121 8.85 48,4 127 67 307
WP-2.4G 48 .4 127 8.85 51.5 137 77 381

WP-2.4H 51.5 137 8.85 55.5 149 89 397

91



Table 6.4 (continued)

Crack Crack Initiation Arrest Arrest Arrest Crack-arrest
Test location temperature load location temperature T - DWypr toughness?
(cm) (°c) (MN) (cm) (°c) (°c) (MPa-/m)
‘Wp-2,5AP 19.9 66 7.53 27.2 86 26
WP-2.5B 27.29 86 8.90 35.0 104 44 171
WP-2.5C 35,0 104 8.90 43.5 124 64 190
WP-2.5D 43.5 124 8.90 47.8 135 75 268
WP-2,5E 47.8 135 8.90 51.6 144 84 306
WP-2,5F 51.6 144 8.90 56.0 154 94 366
WP-2.6A° 22.4 65 19.3 35.7 104 44 204
WP-2,.6B 35.7 104 19.3 39.7 115 55 259
WP-2.6C 39.7 115 19.3 41.0 119 59 286
WP-2.6D 41.0 119 19.3 43.0 125 65 350
WP-2.6F 43.0 125 19.3 46.0 133 73 328
WP-2.6G 46.0 133 19.3 48.0 139 79 411
WP-2.6H 48.0 139 19.3 54.0 156 96 413

3pynamic finite-element analyses (fixed load) using ORNL program ADINA/VPF (Ref. 5). Kia
values are presently being reassessed to incorporate tunneling effects and should therefore not be
considered as final. Incorporation of tunneling effects will result in a slight reduction in Kia
valves presented (i.e., <10-20%) as noted in Appendix C.

berack front cut to truncated chevron configuration,
CSpecimen was warm prestressed by loading to 16 MN at 124°C.
dAfter pop~in event.

éSpecimen was warm prestressed by loading to 15.6 MN at 110°C.

AR
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Fig. 6.1l4. Fixed~load, generation-mode, dynamic finite—element
crack-arrest toughness results for HSST wide-plate tests.

materials (WP-1 and WP-CE series)®-!1 and the Kg curve from Sect. XI of
the ASME B&PVC. The crack-arrest toughness results obtained from the
HSST wide-plate crack—arrest tests consistently extend above the refer-
ence fracture—toughness curve. At temperatures near and above the onset
of Charpy USE (T — RTypp = 78, 85, and 90°C* for the WP-1, WP-CE, and
WP~2 series materials, respectively), the K;, values increase with
temperature at an accelerating rate. Also, as noted in Fig. 6.15, crack
arrests in the WP-2 test series have occurred at temperatures up to
102°C above the DWypr (60°C) and up to 12°C above the temperature cor-
responding to the onset of Charpy USE (150°C).

6.3 COMPARISON OF WIDE-PLATE CRACK-ARREST TOUGHNESS DATA
WITH OTHER LARGE~SCALE TEST RESULTS

The trend for Ky, values to extend above the limit proposed in ASME
B&PVC Sect. XI, as shown in Fig. 6.14, is further substantiated in
Fig. 6.16. Included in the figure are K;, data from several large-scale
tests!2-23 plus the wide-plate results. The rate of Kia increase in
these tests appears to increase significantly at T — RType* above ~90°C.

*T — DwNDT value for WP-2 series material.
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with other large-specimen crack-arrest test results.
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7. CONCLUSIONS

The HSST Program has an integrated effort under way to extend the
range of applicability of current state-of-the-art crack-arrest prac-
tices and to develop alternatives where improvements are needed. A
consistent trend is formed when the crack-arrest data now available from
the three types of HSST large-specimen tests are combined on a plot of
Ki, vs T — RTyppe Collectively, these data, along with other large-
specimen test results, show that arrest can and does occur at tempera-
tures up to and above those that correspond to the onset of Charpy
upper—-shelf behavior, and the measured K;_ values extend above the limit
included in Sect. XI of the ASME B&PVC. Results obtained from the pres-
ent study further substantiate this trend and indicate that even a
degraded (simulated) material (Charpy USE ~65 J, DWypy = 60°C) will
exhibit high crack-arrest toughness (KIa values >400 MPa-/m). Further-—
more, cleavage crack propagation and arrests for this material have
occurred at temperatures up to and slightly above that corresponding to
the onset of its Charpy USE (150°C). Although some tearing fracture
followed arrest events in each test, the results indicate that arrest
occurred before conversion to ductility tearing and that these fracture
modes can be treated analytically as independent events.

In summary, the results obtained from the three series of wide-
plate crack-arrest tests support (1) the use of fracture-mechanics
concepts to analyze cleavage run-arrest events, (2) the treatment of
cleavage- and ductile-fracture modes as separate events, and (3) the
fact that cleavage arrest can occur. at toughness levels well above the
ASME limit and at temperatures above those that correspond to the onset
of CVN USE for good—quality A 533 grade B class 1 material (WP-1 and WP-
CE test series) as well as for a degraded (simulated) material (WP-2
test series).
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Appendix A

SUMMARY OF INSTRUMENTATION RESULTS

A.1 TEST WP-2.1

A.l.1 Strain Gages

Strain-gage records [see Fig. 4.8(a) for strain-gage locations] for
companion front- and back-face gages adjacent to the crack propagation
plane are shown in Figs. A.l1 to A.3. Available near- and far-field
strain-gage results are presented in Fig. A.4. Evaluation of the
strain-gage records and examination of the fracture surface indicate
that multiple (eight to ten) crack run-arrest events occurred during the
test. More details of these crack run-arrest events followed by fibrous
tearing are presented in Figs. A.5 to A.13., Figure A.5 shows the crack
passing under strain gage 1 and arresting (t = 0.194 ms) before reaching
strain gages 2—4. The crack passing under strain gages 2 and 3, momen-
tarily arresting (t = 7.62 ms) before passing under strain gage 4, and a
major arrest (t = 7.77 ms) occurring before reaching strain gage 5 are
illustrated in Fig. A.6. The momentary crack arrest (t = 7.62—7.68 ms)
that occurred between strain gages 3 and 4 is depicted in Fig. A.7. The
20-ms records for strain gages 4—7 are shown in Fig. A.8 and reveal that
the crack passed under strain gage 5 and arrested again (t = 11.70 ms)
before reaching strain gages 6 and 7. The 50-ms records of strain gages
5-8 are shown in Fig. A.9 and cover the period for the cleavage arrest
(t = 11.70 ms) just past strain gage 5 and subsequent arrests that
occurred between strain gages 6 and 7 (t = 18.14 ms), strain gages 7 and
8 (t = 25.12 ms), and after strain gage 8 (t = 27.62 and 33.76 ms).
Fibrous tearing occurred as the crack passed strain gages 9-12 (Fig.
A.10). Outputs for strain gages 13-16, located on the back face of the
plate adjacent to the crack propagation plane, are presented in Fig.
A.1l and show the crack running past strain gages 13 and 14 prior to
arresting (t = 0.242 ms) before strain gage 15. Thirty-five- to fifty-
millisecond records of strain gages 15-18 (Fig. A.12) cover the period
for the arrest (t = 7.75 ms) just past strain gage 15 and subsequent
crack run-arrest events, with arrests occurring between strain gages 16
and 17 (t = 9.04 and 11.48 ms) and strain gages 17 and 18 (t = 18.12).
Outputs of strain gages 19-22 for an 80-ms period are presented in Fig.
A.13, which covers the time interval in which the arrest events occurred
between gages 18 and 19 (t = 20.18, 24,98, and 27.18 ms) and gages 19
and 20 (t = 33.06 and 34.76 ms), followed by fibrous tearing.

A.1.2 Additional Instrumentation

Output from the AE transducer mounted on the lower pull plate 3.6 m
below the crack plane is presented in Fig. A.l4. Longitudinal accelera-
tions recorded by “damped" accelerometers mounted 3.653 m above (top
accelerometer) and 3.655 m below (bottom accelerometer) the crack plane
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are shown in Fig. A.15. Front— and back-face COD results for gages
located at a/w = 0.150 are presented in Fig. A.16. COD values obtained
from the back-face COD gage, at comparable times during the fracture
event, were consistently higher than values obtained from the front-face
COD gage. This correlates with the results presented previously in
Fig. 5.7, which indicated that for the time period monitored by the COD
gages, the apparent crack front advance was more rapid at the back-face
of the plate. As shown in Fig. A.16, the measurement capacities of the
front- and back-face COD gages were exceeded ~36 and 31 ms, respec-—
tively, into the fracture event.

A.2 TEST WP-2.2

A.2.1 Strain Gages

Figures A.17 to A.20 present strain histories [see Fig. 4.8(b) for
strain-gage locations] for companion front- and back-face crack-line
gages. Figure A.17 shows the cleavage crack propagating past gages 1
and 2 on the plate front face and gage 13 on the plate back face (strain
gage 14 did not operate correctly). Propagation of the cleavage crack
past gages 3 and 4 on the plate front face and gages 15 and 16 on the
plate back face is shown in Fig. A.18. Continued propagation of the
cleavage crack past gages 5 and 6 on the plate front face and gages 17
and 18 on the plate back face is presented in Fig. A.19. Also shown in
Fig. A.19 are arrest of cleavage crack propagation just past strain
gages 6 (plate front face) and 18 (plate back face) and multiple
reinitiations and arrests of cleavage crack propagation. Cleavage crack
propagation past gages 7 and 8 on the plate front face and gages 19 and
20 on the plate back face, with subsequent arrests and reinitiations of
cleavage crack propagation, are shown in Fig. A.20. . Strain histories
for front-face crack-line gages 9—12 (Fig. A.21) show arrest of cleavage
crack propagation just past gage 9 with subsequent fibrous crack propa-
gation past gages 10—12, Figure A.22 presents the strain history for
near—-field gage 21 (a) during the cleavage crack run-arrest events and
(b) during the entire fracture process. Far-field strain histories for
gages 22—-25 during the cleavage crack run-arrest events are presented in
Fig. A.23. Strain histories during the entire fracture process for far-
field gages 22—25 are presented in Fig. A.24,

A.2.2 Additional Instrumentation

Front~ and back-face COD histories at two time resolutions are pre-
sented in Fig. A.25. Longitudinal accelerations recorded by a 'damped"
accelerometer mounted on the specimen's centerline at 3.458 m below the
crack plane are presented in Fig. A.26 at two time resolutions. Also
presented in Fig. A.26 are dynamic displacements of the specimen, rela-
tive to that of the large columns of the testing machine, as measured
3.453 m below the crack plane. The dynamic displacement results cover
the same time intervals as the accelerometer data.
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A.3.1 Strain Gages

Strain-gage records, shown in Figs. A.27 to A.29 for companion
crack-line gages [see Fig. 4.8(c) for strain-gage locations], indicate
that four major cleavage crack run-arrest events occurred during the
test. Near— and far-field strain-gage results are presented in Fig.
A.30. More detailed information on the cleavage crack run—arrest events
followed by fibrous tearing is presented in Figs. A.31 to A.39. Figure
A.31 shows the crack passing under strain gages 1 and 2 and arresting
(t = 0.222 ms) before reaching strain gages 3 and 4. Reinitiation of
crack propagation at t = 12.489 ms, as detected by strain gages 1 and 2,
and the crack passing strain gage 3 (t = 12.574) with a subsequent
arrest (t = 12.749 ms) before reaching strain gage 4 are shown in Fig.
A.32, Strain histories for gages 3 and 4 in the figure also show
reinitiation of crack propagation at t = 37.344 ms. Propagation of the
crack past strain gage 5, a subsequent arrest (t = 37.524 ms) before
reaching strain gage 6, and reinitiation (t = 43.324 ms) with propaga-
tion past strain gages 6—8 are shown in Fig. A.33. An expanded time
scale in Fig. A.34 for strain gages 5-8 shows the crack (now converted
to fibrous tearing) passing strain gages 6—8. Propagation of the crack
(fibrous tearing) past strain gages 9-12 is presented in Fig. A.35.
Strain histories presented in Fig. A.36 for back-face gages 13—15 show
the crack passing gages 13 (t = 0.040 ms) and 14 (t = 0.114 ms) and then
arresting (t = 0.212 ms) before reaching gage 15. Multiple crack run-—
arrest events, as detected by strain gages 13—-15, are presented in
Fig. A.37. In particular, reinitiations at t = 3.160, 13.004, and
38.464 ms are evident. Although detailed interpretation of the strain
output for gage 17 is not possible because of signal noise, results for
strain gage 18 in Fig. A.38 indicate the early crack run-arrest events
followed much later by the crack passing (t = 688 ms) the gage. Propa-
gation of the crack (fibrous tearing) past strain gages 19-22 is shown
in Fig. A.39.

A.3.2 Additional Instrumentation

Longitudinal accelerations recorded by "damped" accelerometers
mounted on the specimen's centerline at 3.585 m above (top) and 3.589 m
below (bottom) the crack plane are presented in Fig. A.40. Results
obtained from the displacement gage mounted at the same location as the
bottom accelerometer are presented in Fig. A.4l. Front- and back-face-
COD results obtained from gages located at a/w = 0.150 are presented in
Fig. A.42., AE results obtained from a transducer mounted on the lower
pull tab are presented for four levels of time resolution in Fig. A.43.
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A.4 TEST Wp-2.4

A.4.1 Strain Gages

Strain-gage records for companion crack-line gages [see Fig. 4.8(d)
for strain-gage locations] are presented in Fig. A.44 to A.46. Fig-
ure A.47 shows 1initiation of the first crack run-arrest event as
detected by strain gage 1. Propagation of the crack during the first
crack run-arrest event, as detected by companion crack-line gages 2 and
3 and 13 and 14, is presented in Fig. A.48. Arrest and reinitiation of
crack propagation as detected by companion crack-line gages 4 and 15 at
two levels of time resolution are shown in Fig. A.49. Figure A.50
presents additional crack run—arrest events as detected by companion
crack-line gages 5 and 6 and 16 and 17. Additional crack run-arrest
events as detected by companion crack-line gages 7 and 8 and 18 and 19
are presented in Fig, A.51. Figure A.52 shows ductile tearing as
detected by companion crack-line gages 9 and 10 and 20 and 21. Figure
A.53 presents ductile tearing as detected by crack-line gages 11, 12,
and 22. The fracture event, as monitored by near—-field strain gages 23
and 25 and far-field strain gages 26 and 27, is shown in Fig. A.54.

A.4.2 Additional Instrumentation

Output from the AE transducer mounted on the specimen lower pull
tab is presented in Fig. A.55. Longitudinal acceleration recorded by a
"damped" accelerometer located 4.041 m below the crack plane is shown in
Fig. A.56. Longitudinal acceleration recorded by a "shock" acceler-
ometer located 4.038 m above the crack plane is presented in Fig. A.57.
Front—- and back-face COD results at various times after fracture initia-
tion are shown in Fig. A.58.

A.5.1 Strain Gages

Strain records, shown in Figs. A.59 to A.61 for companion crack-
line gages, indicate that six cleavage crack run-arrest events occurred
during the test [gage locations are presented in Fig. 4.8(a)]. Near-
and far-field strain-gage results are presented in Fig. A.62. More
details on the crack run—arrest events followed by fibrous tearing are
presented in Figs. A.63 to A.67. Figure A.63 shows the crack passing
under strain gages 1 and 2 and arresting (t = 0.344 ms) before reaching
strain gage 3. The longer strain history for gage 3 in Fig. A.63 shows
reinitiation of crack propagation at t = 7.87 ms and the crack passing
under gage 3 at t = 7.88 ms. Strain histories for gages 5, 6, 9, and 10
(Fig. A.64) show multiple crack run—arrest events. Figure A.65 presents
strain histories for gages 13-15, indicating that the crack passes
gages 13 and 14 with a subsequent arrest at t = 0.54 ms before reaching
gage 15. The longer strain history shown in Fig. A.65 for gage 14 shows
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reinitiation of crack propagation at t = 7,90 ms. Strain histories for
gages 15—-18, shown in Fig. A.66, indicate that the crack passes gages 15
and 16, arrests (t = 8.16 ms), reinitiates (t = 11.16 ms), passes under
gage 17, arrests (t = 11.49 ms) before reaching gage 18, reinitiates
(t = 19.11 ms), and then passes under gage 18. Figure A.67 shows the
crack passing strain gage 19, arresting (t = 27.95 ms), converting to
fibrous tearing, and then passing under strain gages 20-22.

A.5.2 Additional Instrumentation

Longitudinal accelerations recorded by 'damped" accelerometers
mounted 3.911 m above (top) and 3.934 m below (bottom) the crack plane
during the first crack run—arrest event are shown in Fig. A.68. Front-
and back-face COD results obtained from gages located at a/w = 0.150 are
presented in Fig. A.69 (note that the first 15 ms of the fracture event
was not recorded because of an error in the selection of triggering
parameters for the gages).

A.6 TEST WP-2.6

A.6.1 Strain Gages

Figures A.70 to A.72 present strain histories for the front-face
crack-line gages. (Gage locations are presented in Fig. 4.9.) Propa-
gation of the cleavage crack past gages 1—4 with arrest of crack propa-
gation just past gage 4 is shown in Fig. A.70. Also noted in the figure
presenting the strain history of gage 4 is that a total of five crack
run-arrest events occurred within ~4 ms of initiation. Examination of
the strain histories for gages 5-8 (Fig. A.71) shows two additional
crack run—-arrest events. Strain histories for gages 9-12 (Fig. A.72)
indicate fibrous crack propagation past these gages with the gages
breaking as the crack approaches and passes because of high strain
levels.

Strain histories for the back-face crack-line gages are presented
in Figs. A.73 and A.74. Note that these gages were rotated 45° relative
to the orientation of the crack-line gages positioned on the plate front
face and that when the crack passes one of these gages the strain gener-
ally passes through zero. Figure A.73 shows the crack initiating near
gage 13, with gage output being initially negative because the crack had
been past this gage as a result of crack growth during the warm-
prestressing phase. Also shown in Fig. A.73 is crack propagation past
gages 14—16. Crack propagation past gages 17-20 is presented in Fig.
A.74, with arrests evident by breaks or discontinuities in the strain
records.

Figure A.75 presents the strain history for near-field gage 21 at
two levels of time resolution. Complete separation of the plate is
indicated by a leveling off of the strain output, which occurs ~34.5 ms
after initiation. Far-field strain histories for gages 22—25 are pre-
sented in Fig. A.76.
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A.6.2 Additional Instrumentation

Front~ and back-face COD histories at two time resolutions are pre-
sented in Fig. A.77. Longitudinal accelerations recorded by 'damped"
accelerometers mounted on the specimen's centerline 3.491 m above (top)
and 3.398 m below (bottom) the crack plane are presented in Fig. A.78.
Dynamic displacement of the specimen, relative to that of the 1large
columns of the testing machine, as measured 3.393 m below the crack
plane, is presented in Fig. A.79 at two time scales.
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Appendix B

EFFECTS OF LOAD-POINT BOUNDARY CONDITIONS
AND ANALYSIS METHOD ON WIDE-PLATE
CRACK—ARREST TEST RESULTS

B.1l EFFECT OF LOAD-POINT BOUNDARY CONDITION

Long-duration (7- to 10-ms and longer) viscoplastic analyses of the
wide-plate geometry will be influenced significantly by the boundary
conditions imposed at the specimen load points. The two limiting cases
for the load point are a fixed-load boundary condition, in which the
specimen is free to stretch axially during the analysis, or a fixed-
displacement boundary condition. In the fixed-displacement case, the
effective axial load decreases with time as the test specimen compliance
increases during crack advance.

A series of generation-mode analyses based on data measured during
test WP-2.4 were conducted to investigate the influence of the load-
point boundary conditions., All analyses were performed using the
linearly elastic dynamic fracture code SAMCR (Ref. 1) and were carried
out for 40 ms of specimen response. During this response duration,
seven crack jumps were observed in the test. The computed K values for
each fracture event are summarized in Table B.l.

Figure B.l compares the computed K vs time values for the two
11m1t1ng cases of fixed-load and fixed-displacement boundary condi-
tions. The two analyses produced identical results for the first milli-
second of response. After ~10 to 15 ms of response, the two cases begin
to diverge significantly; at 40 ms, the fixed-load K value was 75%
greater than the corresponding value for the fixed-displacement case.
Similar results for the crack-mouth—-opening displacement (CMOD) vs time
are shown in Fig. B.2 along with the experimentally measured data from
the testy in this figure, CMOD is defined as one-half of the total
symmetric crack separation. Again, significant differences between the
fixed-load and fixed-displacement cases appear only after ~15 ms of
response. The computed CMOD values begin to diverge from the experi-
mentally measured data at ~10 ms; at 40 ms the measured data are several
times larger than the largest computed values. Recalling that the
analyses assumed linearly elastic constitutive behavior, the deviations
between the measured and computed CMOD values are most likely the result
of plastic yielding in the test.

Although the fixed-load and fixed-displacement boundary conditions
represent the upper and lower limits for the dynamic response of the
specimen (assuming linear behavior), the true boundary conditiom for the
test specimen is most probably somewhere between. There will be iner-
tial coupling between the specimen and the test frame because of the
stiffness and effective mass of the test frame at the load point. To
define the actual boundary conditions during the test, accelerometers
were placed near the load points of the specimen in test WP-2.4. Two
types of accelerometers were installed: damped and undamped. The
records from the undamped accelerometers were unfortunately plagued by a
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Table B.l. Summary of computed results for test WP- 2 4

K (MPa-v/m)
Time A .
Event (ms) (m) Fixed Fixed load
) displacement No mass Lumped mass
Initiation 0.0 0. 250 152.2 152.2 152.2
First arrest 0.190 0. 334 - 145.9 145.9 156.22
Second arrest 8.350 0.408  187.9 . - ">193.3 207.8
Reinitiapion 15.160 0.408 247.4 - 242.2 273.7
Third arrest 15.990 0.421 239.4 283.7 266.5
Reinitiation 17.180 0.421 257.4 326.2 302.2
Fourth arrest 17.420 0.468 263.9 320.4 296.2
Reinitiation  18.550 0.468 = 261.8 317.5 301.1
Fifth arrest 20.390 0.487 1 279.2 321.3 328.7
Reinitiation 23.440 0.487 296.9 347.6 367.7
Sixth arrest 23.940 0.514 307.0  387.6 372.0
Reinitiation 26.230 0.514 323.7 414.9 417.4
Seventh arrest 27.260 0.555 314.0 422.4 418.2
Reinitiation = 28.860  0.555 352.0 441.2 472.3

dpiffers from fixed- dlsplacemeht and fixed-load/no-mass values
because of minor differences in spec1f1cat10n of crack history during
first jump.

large amount of high-frequency oscillations that made interpretation
difflcult, in the damped accelerometers, this high-frequency component
is inherently filtered from. the records. Figure B.3 provides the
acceleration vs time data measured by the damped accelerometer located
at the bottom load point of the specimen. The peak acceleration mea-
sured during the test was ~300 g.

Some caution must be exercised -in interpreting the data in Fig.
B.3, however. Double integration of this acceleration record yields a
final load-point displacement of 8 cm -at" 40 ms. This unrealistically
large value implies an average elastic‘stress increase of >3000 MPa in
the spec1men, clearly, this cannot occur. 'The most plausible explana-
tion for this hlgh-dlsplacement prediction is that it includes a large
r1g1d body component; that is, both the top and bottom load points moved
in the same direction by approx1mate1y the same amount during the test.
Unfortunately, an accelerometer record for the top load point is
unavailable for verifying this hypoqhesis.
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Fig. B.3. Acéeleration vs time data measured by "damped" acceler-
ometer near the lower load point: test WP-2.4.

Although the magnitudes of the accelerations and the derived dis-
placements are suspect, the record shown in Fig. B.3 nevertheless con-
tains valuable information regarding the natural periods of the
response. Initially, there is an ~0.8-s interval during which there is
no accelerometer response; this corresponds to the stress wave transit
time from the crack plane to the load point. Overall, the accelerometer
record suggests that the specimen vibrates in an axial fundamental mode
for ~16.5 ms. Superimposed on this global vibration mode is a higher-
frequency mode with a period of ~1 to 2 ms; this again appears to corre-~
spond to stress wave reflections within the specimen.

The period of the specimen vibration modes can be used to estimate
the 1inertial coupling between the specimen and the test frame at the
load point. As a first approximation, the test frame stiffness and
effective mass can be treated as a simple spring and lumped mass
attached to the load point. The solution for the longitudinal vibration
modes for a uniform bar having a supplementary lumped mass and stiffness
at its end is given by?

TICi )
E. tan g, = —, (B.1
1 1 Ci n
in which
E. = Eif
3 9
i VL
_ mf
nEE
mg p?
; =
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and where

p. = natural frequency for mode i,

m = mass per unit length of bar,
¢ = length of bar,

Vi, = longitudinal wave velocity for bar,
M = additional lumped mass at end of bar,

k = spring constant for additional stiffness at end of bar.

The test frame compliance had been estimated previously3 as
approximately five times the compliance of the specimen itself. Con-
sequently, little error 1is introduced by neglecting the test frame
stiffness contribution at the load point {i.e., k = 0 in Eq. (B.1l)] and
considering only the effective mass from the test frame cross arm.
Equation (B.1) can then be solved for the effective mass of the test
frame at the load point given the WP-2.4 test geometry and the measured
fundamental period of 16.5 ms, yielding a wvalue of 27,100 kg for the
effective mass.

The fixed-load generation-mode analysis for test WP-2.4 was
repeated with this additional 27,100-kg mass at the load point. As
before, linearly elastic constitutive behavior was assumed for the
specimen, and the analysis was performed for 40 ms of specimen response.
Comparisons between the fixed-load analyses with and without the addi-
tional lumped effective mass for the test frame are given in Fig. B.4
for K vs time, Fig. B.5 for CMOD vs time, and Fig. B.6 for load-point
axial displacement vs time. As is clearly shown in all three figures,
the differences in the computed results between the two cases are
negligible.

Unfortunately, the accelerations computed in the analyses cannot be
directly compared with the measured accelerometer data. The computed
nodal accelerations vs time at the accelerometer location are plotted in
Fig. B.7. The computed accelerations are characterized by a very high
level of high~frequency oscillations; no low-frequency periodicity can
be detected in the computed record, and the peak accelerations are
nearly four times the corresponding measured values. It is believed
that these features of the computed accelerations are spurious products
of the numerical algorithms employed in the finite—element code.

At the load point, the large added lumped mass severely damps the
computed nodal accelerations, as shown in Fig. B.8. The computed peak
acceleration at the load point is substantially lower than the peak
value measured in the test, and any low-frequency periodicity is masked
by the comparatively large amplitude high-frequency vibration modes.
The period of this high-frequency vibration is on the order of 1 to
2 ms, which matches closely the period of the high-frequency component
in the measured accelerometer response. Low-frequency periodicity is
evident in the velocity vs time record for the load point, as shown in
Fig. B.9; it is also evident to a lesser extent in the load-point dis-
placement record shown previously in Fig. B.6. The period of this low-
frequency component is ~20 ms, which is close to the target period of
16.5 ms measured during the test.
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These conclusions were drawn from this investigation of boundary
condition effects: (1) fixed-load and fixed-displacement analyses for
the wide-plate test geometry produce identical results for the first
millisecond of response; (2) substantial discrepancies between fixed-—
load and fixed-displacement analysis results. do not occur until after
~10 to 15 ms of response; (3) reasonably good agreement between computed
and measured load-point behavior (at least in terms of vibration
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periods) can be obtained - by neglecting the test frame stiffness and
considering only the test frame inertia as a lumped effective massj and
(4) the influence of the test frame inertia on the computed results
along the crack plane (e.g., K vs time) is negligible. These conclu-
sions suggest that a fixed-load boundary condition without additional
lumped mass is an appropriate and adequate boundary condition for
medium~ and long-duration dynamic viscoplastic analyses.

B.2 EFFECT OF ANALYSIS METHOD

Crack-arrest toughness values have been determined by static and
dynamic analyses, as well as by handbook techniques. Table B.2 summar-
izes values for test WP-2.4. The effects of the analysis method (static
vs dynamic) and the boundary condition (fixed load or fixed load-pin
displacement) used to interpret the wide-plate crack-—arrest tests are
demonstrated by comparing values listed in Table B.2. These effects are
illustrated in Fig. B.10, which presents selected K;, results in Table
B.2 vs T — DWynp for the pop-in and seven crack run-arrest events of

Table B.2. Computed crack-arrest toughness values
for wide-plate crack-arrest test WP-2.4

Crack-arrest toughness values

(MPa-v/m)
. Dynamic finite element

Test Static SEN Fedderson

- - alternate Generation mode

Displacement Load secant Application
controi? control?®  formula® mode Fixed Fixed
load displacement

WP~2.4A 104 113 79
WP-~2.4B 155 186 111 122 137 137
WP-2.4C 168 234 124 155 188 193
WP-2.4D 171 249 128 166 281 249
WP-2.4E 181 303 140 207 249 232
WP~-2.4F 185 332 145 229 307 276
WP-2.4G 191 378 153 269 381 257
WP-2.4H 198 451 165 —397 276

prom Ref. 4 (pp. 2.10-11), while assuming a = ag and no further bending
occurs because of propagation of the crack.

bgrom Ref. 4 (pp. 2.10-11) while assuming a = ag and full bending according
to SEN formula when the final crack depth is used.

Cv na\]t/2 . .
Ky = ¢ |na sec (fﬁ) s where o = far-field tensile stress, a = ag = final

crack length, and w = full plate width.5
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Fig. B.10. Effect of analysis method and boundary condition on
calculated crack—arrest toughness values for test WP-2.4.

test WP-2.4.* As shown in the figure, values of Kia determined using
the secant equation and the Tada fixed-load condition represent approxi-
mate lower and upper bounds, respectively, for the results. For long-
duration crack run-arrest events (t > 10 ms), considerable load adjust-
ment can take place as a result of specimen pull-plate compliance.
Therefore, the most meaningful values of K;, should reflect this occur-
rence and would involve a dynamic finite—element generation-mode analy-
sis.

*For test WP-2.4 the duration of the crack run—-arrest events was
~27.3 ms.
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Appendix C

EFFECTS OF TUNNELING

Crack tunneling is commonly observed during the fracture of tough
and ductile materials. The loss of constraint near the free surface of
the specimen permits development of yielded ligaments that may extend
for considerable distances behind the leading edge of the crack front.
These yielded ligaments restrain the crack—-tip displacements and alter
the crack-tip stress fields. A significant portion of the apparent
fracture toughness measured for a deeply tunneled crack may be caused by
the restraining effects of these yielded ligaments.

Calculations by Popelar! suggest that correcting for the restrain-
ing effects of tunneling may substantially reduce the actual fracture
toughness inferred from test data. Because considerable tunneling has
been observed in several of the wide-plate tests, notably the WP-1 test
series,? questions have been raised regarding the appropriateness of 2-D
analytical models that implicitly ignore tunneling.

C.1 ANALYTICAL APPROXIMATIONS TO TUNNELING EFFECTS

Several analytical approximations have been proposed in the litera-
ture to account for the restraining effect of the yielded ligaments
flanking a tunneled crack in Mode I fracture. All are based on simple
superposition principles; that is, the restraining effects of the
tunneling can be simply subtracted from the conditions existing at the
crack front in the absence of tunneling. Superposition requires assump-
tion of linear-elastic fracture-mechanics (LEFM) small-scale yielding
conditions; that is, no shielding because yielding ahead of the crack
tip is considered (small-scale, yielding assumption), and the crack tip
state can be characterized by the stress-intensity factor K. The
approximations all assume self-similar crack growth once the ligaments
have fully developed. The ligament stresses are replaced by an equiva-
lent set of crack-face tractions, and the stress-intensity factor as a
result of these tractions represents the tunneling correction. This
correction is subtracted from the stress—intensity factor for the corre-
sponding cracked body without tunneling.

Popelar3 considered the two cases for the ligament geometry shown
in Fig. C.1: (a) strip ligaments, characteristic of low-toughness duc-
tile materials, and (b) parabolic ligaments, characteristic of high-
toughness ductile materials. The superposition approach for approxi-
mating the effects of the yielding ligaments is illustrated in Fig. C.2,
where :

o g — K, (c.1)

in which K, is the stress—intensity factor in the absence of tunnel-
ing, KY is the stress—intensity factor as a result of the crack-face
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tractions (i.e., the tunneling correction), and K, is the net or cor-
rected stress—intensity factor.

K, is calculated using standard 2-D LEFM solutions. K_ is computed
uging a weight-function approach assuming that the stresses in the
ligaments equal the plastic flow stress o, and that these ligament flow
stresses can be averaged across the thickness. For the assumed strip
and parabolic ligament geometries, respectively, these averaged or
"effective" crack-face stresses o ¢ can be expressed as

B .
ogp = 2 (5—) o, (C.2)

and

Oeoff

o [1-@"] | (c.2

The corresponding stress~intensity values K_ as derived by Popelar3
uging the weight-function approach are given for the strip and parabolic
ligament geometries, respectively, as

X, = 4o, (2977 () [+ 3 (4) (2]
and
KY =0, (%9>1/2 [; + gl (g) + ?; (%)2] , (c.5)

in which m, and m, are geometry-dependent dimensionless coefficients
having values of ~5 and 2, respectively, for the wide-plate specimen
geometry at the typical arrest condition of a/w = 0.5.

Smith% had earlier proposed a solution for the influence of tunnel-
ing based on a superposition approach similar to Popelar's but with a
different formulation for the K_. correction term. Smith considered an
infinitely.long crack with an infinitely long crack front that contains
regularly spaced ligaments of rectangular geometry, as shown in
Fig. C.3. As an approximation, a finite-width crack front under plane-
stra1n conditions can be taken as the area between the centerlines of
two neighboring- llgaments. The stress in the ligaments is assumed equal
to the flow stress for the material.

Sm1th's solution is not based on an averaging of the ligament
restraining stresses across the thickness. Instead, K is evaluated for
the point (marked by a dot in Fig. C.3) on the crack front midway




256

ORNL-DWG 90M-3679 ETD

“hn

Fig. C.3. Smith's model for restraining effect of ligaments
(Ref. C.4).

between two ligaments as the integral over the ligament areas of the
solution for a point force applied to the crack face.5 Using Popelar's
notation, Smith's solution for the rectanguldar ligament geometry is
expressed as

2/2 ¢ B nd/B ,
K =___9_if taoh x 4 (c.6)
Y T /B (4] /x

For small values of d/B (<~0.3), the integral in Eq. (C.6) can be
approximated analytically as

R = %Ti o (%9\)1/2 <§—f> (%). (c.7)

For large values of d/B (>~3), Eq. (C.6) approaches Popelar's thickness-
averaged solution. The integral in Eq. (C.6) must be evaluated numeri-
cally for intermediate value of d/B; for moderately deep tunneling, for
example, when d/B = 1, the value of the integral is ~2. Smith observes
that thickness-averaging procedures (such as Popelar's) overestimate the
restraining effect of the ligaments for small-to-moderate amounts of
tunneling.

As noted by Popelar, rectangular ligament geometries are charac-
teristics of low-toughness materials. Ductile reactor steels such as
A 533 grade B typically exhibit parabolic or triangular tunneling geome-
tries, as was often observed in the WP-1 test series. We have therefore
extended Smith's methodology to parabolic and triangular ligament geome—
tries. '
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Consistent with Smith's approach, the crack front is treated as
being infinitely long with regularly repeating ligaments of the speci-
fied geometry. Figure C.4 illustrates the assumed conditions for the
triangular ligament geometry. As an approximation, a finite-thickness
specimen under plane-strain conditions can be taken as the width between
the centerlines of two neighboring ligaments. The restraining effect of
the ligaments for both the parabolic and triangular geometries can be
expressed as

4+
K, =9, /B 2 ko, (c.8)

n=-o

vhere n refers to the individual ligaments. The k, terms for the para-
bolic ligament geometry are given as

n+ 1/2
kn = —%: . arctan (1 + v2 ¢) — arctan (1 — /2 §)
wT n—1/2
1+ /7p + ¢2|({dE
(1 + ¢'+)1/2 /g ’ (Coga)
where
_[a_carmy (2 = w2]*/? (C.9b)
¢ g 9
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Fig. C.4. Extension of Smith's approach to triangular ligament
geometry.
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and for the triangular ligament geometry as

n-1/2+Bs/B
k = N / arctan (1 + /2 ¢) — arctan (1 — /2 ¢)

n-1/2
n+l/2
— 1n 1+ /2 ¢+ o2 . 1 arctan (1 + /2 ¢)
(1 + ¢o4) JE Jr
w n+1/2-B_/B
— arctan (1 — /2 ¢) — 1n 1+ /2 + ¢* 3 , (C.10a)
(1 + ¢2) |\/E
where
d B d /2 _y/,
= (e - 1/2) (=])| (£ ’ (c.10b)
o) e o ] @

where

Y/B .

™y
I

These integrals are evaluated numerically and summed to obtain the
value for K.

For completeness, we have also extended Popelar's approach to tri-
angular ligament geometries

o, (27 G [ 2 s S ey]

A comparison of the solutions for parabolic and triangular ligament
geometries using Popelar's and Smith's approaches is given in Fig. C.5,
which plots dimensionless K, vs depth of tunneling for a deep crack.
Popelar's approach predicts tunneling correction factors that are con-
siderably larger than those from Smith. This difference is largest for
very shallow tunneling, where Popelar's approach is much more sensitive
to tunneling depth. The differences decrease as the depth of tunneling
increases, but at a tunneling depth of d/B = 2 the discrepancies are
still >50%. As indicated in the Fig. C.5, the ligament geometry has
only a relatively minor influence on the tunneling correction factor.
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Fig. C.5. Comparison of Popelar's and Smith's tunneling correction
approaches for parabolic and triangular ligament geometrics.

C.2 APPLICATIONS TO WP-1 TEST DATA*

The restraining effects of tunneling have been analyzed for 10-cm-
thick WP-1 test specimens WP-1.1 through -1.6 using Popelar's and
Smith's solutions and our extensions to these solutions. These analyses
have been performed independently from Popelar's earlier interpretations
of the WP-1 tests. The material properties, loads, arrest points, and
other test conditions are as described in Ref. 1. The flow stress is
taken as the average of the static yield and ultimate strengths for
A 533 grade B steel at the crack tip arrest temperature. The uncor-
rected arrest toughness [K; in Eq. (C.1)] is taken as the elastodynamic
generation-mode value. The interpretation of the tunneled crack front
geometry frequently involves subjective judgments. Our estimates of the
ligament geometries are summarized in Table C.l, which was developed
from Fig. C.6.

The results from our tunneling analyses are summarized in
Table C.2. As previously presented by Popelar, his approach predicts a
large reduction in the computed arrest toughness, particularly for
events WP-1.2B and -1.4A, where the tunneling corrections are ~30 and
60%Z, respectively, of the uncorrected arrest toughness values. The
Smith approach, however, predicts a significantly smaller correction for

*The effects of tunneling have not been applied to the WP-2 series
test results; however, it is anticipated that tunneling corrections to
the crack-arrest toughness results for the WP-2 test series will be less
than for the WP-1 test series because of reduced tunneling.
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Table C.1., Ligament geometry
parameters for WP-1 test
series specimens

Triangular

(mm) Parabolic
Event d
(mm)
d B
WP-1.2A 120 28
WP-1.2B 87
WP-1.3 10 402
WP-1.4A 50
WP-1.4B 84 24
WP-1.5A 30 178
WP-1.5B
WP-1.6A 15 584
WP-1.6B 47 652

dAssumed split symmetrically
about specimen midthickness.

Table C.2. Corrections for the effects of tunneling
in the WP-1 test series

K Popelar approach  Smith approach
Test T = RIypr 8 (MPa - /m) (MPa-/m)
(°c) (MPa-/m)
Kb KC Kb KC
8 a [\ o
Wp-1.,2A 85 440 88 352 35 405
WP-1,.2B 115 523 139 384 56 467
WP-1.3 77 243 29 214 23 220
WP-1,4A 52 158 99 59 32 126
WP-1,4B . 83 397 56 34 21 376
WP-1.5A 79 229 22 207 5 224
WP-1.5B 95 300 56 244 N/ad N/A
WP-1.6A 77 285 52 233 61 224
aKB = Arrest toughness from generation-mode elastodynamic
analyses.
st = Ligament correction.
K =K, — K. = net arrest toughness.

a B 8
dNot applicable.
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tunneling effects; the tunneling corrections for events WP-1.2B and
-l.4A now equal only ~10 and 20%, respectively, of the uncorrected
arrest toughnesses.

The variation with temperature of arrest toughness including the
restraining effect of tunneling is illustrated in Fig. C.7. The cor-
rected data based on Smith's approach lie between .the uncorrected values
and the corrected values from Popelar's approach in all cases. None of
the Smith-corrected data points lies below the ASME reference curve.
For both tunneling corrections, the trends in the data clearly show
increasing toughness with temperature, continuing significantly above
the cut-off in the ASME reference curve. This trend is more pronounced
for data corrected using the Smith approach. :
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