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PREFACE

The Heavy-Section Steel Technology (FSST) Program, which is spon- ,

& sored by the Nuclear Regulatory Commission, is an engineering research
activity devoted to extending and developing the technology for assessing
the margin of safety against fracture of the thick-walled steel pressure

; _3 vessels used in light-water-cooled nuclear power reactors. The program
L ' is being carried ou in close cooperation with the nuclear power industry.
'

This report covers HSST work performed in October 1983-March 1984. The
work performed by Oak Ridge National Laboratory (ORNL) and by subcontrac-
tors is managed by the Engineering Technology Division. Major tasks at
ORNL are carried out by the Engineering Technology Division and the
Metals and Ceramics Division. Prior progress reports on this program are
'ORNL-4176, ORNL-4315, ORNL-4377, ORNL-4463, ORNL-4512, ORNL-4590, ORNL-
4653, ORNL-4681, ORNL-4764, ORNL-4816, ORNL-4855, ORNL-4918, ORNL-4971,
ORNL/TM-4655 (Vol. II), ORNL/TM-4729 (Vol. II), ORNL/TM-4805 (Vol. II),
-ORNL/TM-4914 (Vol. II), ORNI /TM-5021 (Vol. II), ORNL/TM-5170, ORNL/
NUREG/TM-3, ORNL/NUREG/TM-28, ORNL/NUREG/TM-49, ORNL/NUREG/TM-64, ORNL/
NUREG/IM-94, ORNL/NUREG/TM-120, ORNL/NUREG/TM-147, ORNL/NUREC/TM-166,
ORNL/NUREG/TM-194, ORNL/NUREG/TM-209, ORNL/NUREG/TM-239, NUREG/CR-0476
(ORNL/NUREG/TM-275), NUREG/CR-0656 (ORNL/NUREG/TM-298), NUREG/CR-0818
(ORNL/NUREG/TM-324), NUREG/CR-0980 (ORNL/NUREG/TM-347), NUREG/CR-1197
(ORNL/NUREG/TM-370), NUREG/CR-1305 (ORNL/NUREG/TM-380), NUREG/CR-1477
(ORNL/NUREG/TM-393), NUREG/CR-1627 (ORNL/NUREG/TM-401), NUREG/CR-1806

,- (ORNL/NUREG/TM-419), NUREG/CR-1941 (ORNL/NUREG/TM-437), NUREG/CR-2141/
Vol. 1-(ORNL/TM-7822), NUREG/CR-2141, Vol. 2 (0RNL/TM-7955), NUREG/CR-
2141, Vol. 3 (ORNL/TM-8145), NUREG/CR-2141, Vol. 4 (ORNL/TM-8252),
NUREG/CR-2751, Vol. 1-(ORNL/TM-8369/V1), NUREG/CR-2751, Vol. 2 (ORNL/

*~
TM-8369/V2), NUREG/CR-2751, Vol. 3 (ORNL/TM-8369/V3), NUREG/CR-2751,
Vol. 4 (ORNL/TM-8369/V4), NUREG/CR-3334, Vol. 1 (ORNL/TM-8787/V1),
NUREG/CR-3334, Vol. 2 (ORNL/TM-8787/V2), and NUREG/CR-3334, Vol. 3 (OPEL/
TM-8787/v3).
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SUMMARY
,

1. PROGRAM MANAGEMENT
,

, - .

The total program tasks were slightly arranged during this period
* into ten tasks: (1) program management, (2) f racture methodology and

analysis, (3) material characterization and properties , (4) environmen-
tally assisted crack growth studies, (5) crack-arrest technology, (6) ir-
radiation effects studies, (7) stainless steel cladding evaluations,
(8) intermediate vessel tests and analyses, (9) thermal-shock technology,
and (10) pressurized-thermal-shcck technology. Starting with this issue, e

progresa reports will be issued on a semiannual basis, and tie chapters
"

will correspond to the ten tasks. A detailed 5-year program plan was
completed during this period , and it addresses each of the ten tasks.

The work performed at Oak Ridge National Laboratory (ORNL) and under
existing research and development subcontracts is included in this re-

'

port. During the repo rt period, 23 program briefings, reviews, or pre-
7

sentations were made, and four technical documents were published. The
-

meetings included the Eleventh Nuclear Regulatory Commission (SRC) Water F

Reactor Safety Research Information Meeting, where this program made four
technical cont ributions .

.

* 2. FRACTURE METHODOLOGY AND ANALYSIS

.

* Finite-element analyses were performed of pressurized-thermal-shock
loadings to confirm the superposition calculations of the OCA/ USA com-
puter program, to ensure agreement between CRNL/ IBM and ORNL/CYBER ver-
sions of the ORMGEN/ADINA/ORVIRT, and to compare sharp and blunt crack
models. Previous closed-form solutions were extended to cover deep, con-
tinuous, internal, longitudinal surf ace cracks subjected to pressure as
well as thermal loadings with complete ligament yielding.

'
;

At the University of Maryland, testing was begun on three-point-bend
specimens of A508 steel to determine the loss-of-cleavage temperature for
this material . The presence of carbide clusters in the cavities observed
fractographically in regions of fibrous sepa ation in A508 and A533B steel f
was confirmed . A topical ceport was prepared on the two-dimensional dy-

_

namic finite-element program SAMCR. Further results were obtained using
photoelastic coatings on compact tension specimens regarding the recover- ;
ability of nonlinear crack-opening-disglacements during crack-arrest .

testing.

.

3. MATERIAL CHARACTERIZATION AND PROPERTIES

*

Development of crack-arrest tes ting technology continued at ORNL,
and scoping tests for the American Society for Testing and Materials #

(ASTM) round robin were completed at RTNDT + 29 C. Specimens for both -
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.ORNL and University of Maryland round-robin testing were fabricated. A
.;

prototype system was developed for performing fatigue crack-growth and'

J-R testing 9 sing the potential drop technique.

a

:4. ENVIRONMENTALLY ASSISTED CRACK-GROWTH TECHNOLOGY

< 1

' A new. matrix of tests has been initiated for a heat of A533B steel
. with high sulfur to study cyclic crack-growth rates as a function of tem-

perature and loading frequency in the light-water reactor (LWR) environ-
. ment. Crack growth under sustained loads continued through the use of
' bolt-loaded. specimens. A second test of reference electrodes was ini-
.tiated as a part of efforts to continuously monitor the environment by
' measurement of electrochemical potential.

5. CRACK-ARREST TECHNOLOGY

~ Preliminary . plans were made for performing crack-arrest tests . of
single-edge notch wide plate specimens under tensile load and transverse
temperature gradient. An interagency agreement was established to permit
the National Bureau of-Standards (NBS), Gaithersburg, to perform these
-tests in'their large tensile machine. Preliminary analyses were per-
formed to assess the range of capability of the NBS test system. The *

University of Maryland developed sample wide plate test scenarios and
also performed model tests to demonstrate the feasibility of using strain
gages to monitor crack behavior in fracture specimens such as the wide s

' plates. In connection with the ASTM round robin, blanks for all three
. test' materials were shipped to participants.

In the Battelle Columbus Laboratories support program, crack-arrest
Ltests were completed on pre aurized-thermal-shock test (PTSE-1) material
and low-upper-shelf weld material- from intermediate vessel ITV-8A. K,7' . values for PTSE-1 were slightly above the American Society of Mechanical
Engineers -(ASME) K . curve up to a temperature just above the onset of
the Charpy upper sk$1f. The range of test temperatures for V-8A was more

= limited,'but this raterial also exhibited values close to K The
crack-arrest data base was expanded to 344 points. Statistfha.l analyses
of toughness vs temperature are presented; they result in simple expres-

~

sions for the mean and. standard deviation for both K and K .yc r

6. IRRADIATION EFFECTS STUDIES

Tensile tests of the' four low-upper-shelf weldments used in the *

JThird HSST Irradiation Series were completed, and the property values are
summarized for both unitradiated and irradiated conditions. Charpy
V-notch (CVN) tests were completed for a Federal Republic of Germany *

. material-that was included in the Fourth Irradiation Series. Cooperative
testing by Materials Engineering Associates and ORNL continued for the

a
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: first three capsules of the fourth series, with tensile testing being
completed along with all .unirradiated 1TCS tests. Scoping tests of the
irradiated ITCS specimens were initiated. Concerning the Fifth Irradia-
tion Series, two-thirds aof the 0.25% copper weldments and one-third of

*' . the ;0.35% copper weldsents were received from the fabricator. Specimens
of 'the high copper weldsents are being assembled in the first two cap-
sules :(each containing two 4TCS and twelve CVN specimens). Design of the
capsules for. the ITCS and 2TCS specimens were nearing completion.a

To provide 'an initial evaluation of the potential degradation of
properties for weld-deposited stainless steel cladding, tensile, CVN, and
precracked Chargg specimens from a single-wire cladding were irradiated
to about 2 x 10 neutrons /m2 (E > 1 MeV) at 288'C. Tensile and CVN
testsavere completed, and the data were compared with unitradiated test
results.

p 7. CLADDING EVALUATIONS

The FY 1984 program plan deferred work in this tash until data are
available on the effects of irradiation on the fracture properties of

Lstainless steel' cladding. However, a subcontract is in place with Com-
.bustion Engineering to provide three-wire series-arc clad plates for fu-
' ure studies, and delivery is now expected in the second half of FY 1984.

,

:e

8.- INTERMEDIATE VESSEL TESTS AND ANALYSES

'
s; ,

During this' reporting period, as had been planned, no significant
' work was done on this task.- _ In the next reporting period , the posttest
evaluation and reporting on V-8A will be performed.

.

9. THERMAL-SHOCK TECHNOLOGY'

Preliminary exploratory fracture-mechanics (FM) calculations were
conducted for proposed thermal-shock experiment TSE-8, an objective of
which is to investigate crack behavior in the upper-transition and upper-

- shelf temperature regimes. The study suggests that the present liquid-
. nitrogen test facility and associated experimental technique will not be
adequate; however, use of a higher initial temperature (~300*C), a long
_ axial initially blunted flaw, " instantaneous" sharpening of the flaw dur-

b - ing ~ the transient, and spray application of liquid nitrogen to induce the
thermal shock will result in satisfactory _ test conditions.

~*
Modifications were made to the deterministic-probabilistic FM com-

puter code, OCA-P, to include crack arrest on the upper shelf, multiple
U flaw zones, importance sampling, error analysis, and an increase in the

* - number of _ flaw depths simulated. The latter modification was made af ter
conducting-a detailed study to determine the effect of the number and
relative -values of the flaw depths simulated.

Il
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Stress-intensity factor influence coefficients, which had previously
been calculated for 6/1 and 1.8-m-long semielliptical inner-surface flaws
'in the absence of cladding, were calculated for the cladding effect for
the same two flaw geometries and were then added to OCA-P and OCA-II.

The probabilistic FM study for the Oconee-I vessel for the Inte- -

grated Pressurized-Thermal-Shock (IPTS) Program was completed, and a pre-
liminary feasibility study associated with the possibility of conducting
TSEs with the German HDR facility was begun. .

10. PRESSURIZED-THERMAL-SHOCK TECHNOLOGY

The first pressurized-thermal-shock test, PTSE-1, of a pressure
vessel was performed. The objectives of the test were to investigate
(1) the effects of warm prestressing on initiation of propagation of an
existing crack and (2) to determine the nature of arrest of a rapidly
propagating crack at temperatures on the ductile upper shelf. In PTSE-1
the intended conditions were produced, and a preliminary study of the in-
formation collected in the experiment indicates that the desired objec-
tives were attained. Two crack initiations and arrests occurred after a
succession of warm prestressing episodes. Preliminary analyses imply
that the initiations occurred at stress-intensity factor K7 values of 157
and 221 MPa'di at temperatures T of 100 and 120*C, respectively. The
corresponding arrest values were Ky = 177 and 265 MPa+/m at T = 157 and
168'C, respectively. .

In preparation for PTSE-1, final modifications to the test facility
were completed; test material characterization tests were performed; a
preliminary shakedown test series, PTSE-0, was performed; extensive frac-

.

ture analyses based on characterization data were performed; and the
PTSE-1 vessel was flawed, instrumented, and tested.

.
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HEAVY-SECTION STEEL TECFNCLOGY PROGRAM SEMIANNUAL
PROGRESS REPORT FOR OCTOBER 19834| ARCH 1984*

C. E. Pugh
.

ABSTRACT
.

1 .

The Heavy-Section Steel Technology Program is conducted
for the Nuclear Regulatory Commission. The studies relate to
all areas of the tech- 'ngy of materials fabricated into thick- "

section primary-coolt: .sntainment systems of light-water-
. . cooled nuclear power reactors. The focus is on the behavior

and structural integrity of steel pressurs vessels containing
' ( cracklike flaws. Starting with FY 1984, the program was reor-

f ~ ganized from seven into ten tasks: (1) program management, 1

| (2) fracture methodology and enalysis, (3) material character- I
'

ization and properties, (4)'anvironmentally assisted crack- |
"

l- growth studies, (5) crack-crrest technology, (6) irradiation
effects studies, (7) claddirg evaluations, (8) intermediate j

'

vessel tests and analysis, (9) thermal-shock technology, and
, - j (10) pressurized-ttermal-shock (PTS) technology. PTS analy-

5 ses were perf ormed to' cinfirn the OCA/ USA computer program.
Previous clos'ed-form r71utions were extended to cover longi-
tudinal, internal,- surdace cracks subjected to pressure and.

thermal loadings. A topical report was draf ted on the dynamic,

_racture code SAMCR. A new ma:rix of cyclic crack-growth ratef'

: 1
i ; tests was initiated for a hicn eulfur heat of A533B i.ceel.,

Prelimir.ary plans were develop >d for parforming crc:i ~ rest
tests bf wide-plate' n$ecimens exposed to tensile loads and a
trancverse temperature 7tadient'. ' A subcontract was pieced to
initiate.a study of viscoplastic effecta on run-arrest events

7- ,in speQ1riens such as the wide plotes. Test material was sent3

to pc.rcicipants in the American Society of Testing and Mate-'

ri Als rownd robin on crack arrest. Teasile testing was com-); pleted it1 the Third Irradiation Series. Cooperative testing'( ' continued dor the Fourth Irradiation . Series. Initial speci-
mens (4TCS 'a nd CVN) were f abricated f rom the high copper weld-

\ ment's +for the Fif th Irradiation Serie's. One-wire process'
stainless etteixcladding specimens were irradiated and tested.

,'Freliminary calculations were carried out on a possible TSE-8'

,

' to Examine crack beharior in the upper-shelf temperature re-''

;gimah A probabilistic fracture-mechanics study for Oconee-I
vessel' was compleedd'. The first PTS experiment (PTSE-1) was

'

performed af ter ' final facility preparations were mais, the
vessel,vas flawed snd instrumented, arterial p;operties data

'*
<

were evaluated, eitensive analyses were performed, and a de-
tailed shdn'down hest .(PTSE-0) was performed.,

NA.

4, ( ,

(. i

* Conversion /frpy SI to English units for all SI quantities are
listed on a foldout page at the end of this report. s

\
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.1. PROGRAM MANAGEMENT

op . C. E. Pugh .
I. . .

|

'

.
'

s The Heavy-Section Steel Technology (HSST) Program, a major safety
''

7 program , sponsored by the' Nuclear Regulatory Commission (NRC) at the Oak, , ,

** 1Ridgef ational Laboratory.(ORNL), is' concerned with the structural integ-N +

rity tof the primary systems [particularly the reactor pressure vessels
L(RPVs)] of light-water-cooled nuclear power reactors. . The structural in-
tegrityLof these vessels is ensured by (1) designing and fabricating RPVs
according _ to standards set by the' code for nuclear pressure vessels,

'

'(2) detecting flaws. of significant size that occur during fabrication
'and in service, and (3)-developing methods of producing quantitative es--

1 ,

timates of conditions .under which fracture could occur. The program is
concerned ;mainly with developing pertinent fracture technology, including
knowledge of:(1) theimaterial used in these thick-walled vessels, (2) the,

> flaw-growth rate, and (3) the combination of flaw size and load that

would cause fracture. and thus limit the life and/or the operating condi-<

_ tions of this type of reactor plant..

.The program is' coordinated with other. government agencies and with
.the manufacturing and utility ' sectors of the nuclear power industry in,

i

. the L United States and ~ abroad. .The overall objective is a quantification
* of ' safety-assessments for regulatory agencies, for professional code-

. writing bodies, and.for the nuclear power industry. Several activities
|are{ conducted under subcontract by research facilities in the United * '

. States and-through informal cooperative effort on an international basis.
Three research and development subcontracts are currently in force, and

- two additional subcontracts are being finalized at this time.
.

.

/ Effective with the beginning of FY 1984 (October 1,1983), the pro-
gram tasks were rearranged according to the work breakdown structure -

shown'in Fig. l.1.' Accordingly, the chapters of this progress report.

-correspond L to' these ten tasks.' During this period, a 5-year program
lplan was completed and is being used as the reference document for man-

agement' reporting to the NRC. The plan will.be distributed to the NRC-RF
category early in the next -report period.

NRC granted approval for two foreign technical. specialists to be as-
_ ' signed temporarily. to - the' HSST program: Dr. Robert- Wanner of the Swiss'

Faderal- Institute for Reactor Research for 1 year. . and Dr. - Hermann Stamm
. of the = Institute fur Reaktorhauelemente, Karlsruhe, Federal Republic of

ECermany for 9 months. Steps to obtain ORNL and Department of Energy ap-,

proval of: these ' assignments were initiated.

Duriag . this quarter, 23 program briefings, reviews, or presentations i

were made by the HSST staff .at technical meetings and at program reviews
2for the' NRC staff or visitors. This includes four contributions -5 to

the Eleventh NRC Water Reactor Safety Research Information Meeting, which ;

s and one-was held October 24-28, 1983. One technical progress report |*

7' topical report were published during the quarter.

.
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1. ORNL Staf Y , Heavy-Section Steel Technc logy Pive-YJar Plen VV 198 F n,

1987, NUREG/CR-3S95 (ORNL/TM-9008), Union Carbide Nuclear niv., Oak
_

Ridge Notl. Lab., Praft, November 30, 198't . -

!
'

2. J. G. Merkle, " Evaluations of he Irein Aljustment for Small Speci-
men Fract.ure T(.ughness Data, Proceedings of Vleventh Vater Peactor

'

Safety Reasearch Infomation 4eeting at the YS, Gaithersburg, Md . ,
October 26 and 27, 1983, NUP.EG/CP-0048, Vol. 4, U.S. Nuclear Regula-

-

- tory Commission :1983).

3. B. R. B+.ss, ''Compe.r a ional Methods for Fracture Analysis of HSST

Pressure Vessel Experiments, Prcreadings ^# :Geven+4 Vater Reactor
' Safety Research Infor' nation Meeting at the VRS, Galthersburg, Yd.,
; Octobe" 26 and 27, 1983, NUREG/CP-4048, Vel . ', U.S. Nuclear Pecula--

tory Commission (19E3).=

- 4. R. D. Cheverton, D. G. Ball, and S. E. Bol 't nite-Flaw Extension
- Under Thermal 9 hock: TSE-7 Test and Eve a >n Proceedings o#
'

Elenenr.h Wate.* Reactor Safety Rose. t-:>n Meeting at the
NBP, Gaithershung, Yd., October RR ' . ' , NUREG/CP-0048,-

Vol. 4, U.S. Nuclear Regu1Cory Car 2. ,s r '' ) .
.

5. R. D. Gheverton, and D. G. B:' l i , 'The ORNL Pros abilistic Fracture-

. Mechaatcn Code OCA-P, ' 'roceeRnge of V'.aocnt'i Vater Peact a* Safety
? Research Infornution 4ee ing at the Un% Gait % ~nbung, Md . , Octo-.

| ber 26 and "7, IP8J, NUREG/GP-0048, vol. 4, if.S . Nt -lear Regulatory

Commission (1983).;
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6. C. E. Pugh, Heavy-Section Steel Technology Program Quart. Prog. Rep.
April-Vune 1983, NUREG/CR-3334, Vol. 2 (ORNL/TM-8787/V2), Union
Carbide Corp. Nuclear Div., Oak Ridge Natl. Lab., December 1983.

' D. G. Ball et al., OCA-II, A Code for Calculating the Behavior of 2-D *

and 3-D Surface Flave in a Pressure Vessel Subjected to Temperuture
and Pressure Transients, NUREG/CR-3491 (ORNL-5934), Union Carbide Nu-
clear Div., Oak Ridge Natl. Lab., February 1984. .
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2. FRACTURE METHODOLOGY AND ANALYSIS

2.1 Comparison of Sharp Crack and Blunt Crack
Finite-Element Analyses of an ITV Subjected

*
to Pressurized Thermal Shock

B. R. Bass.-

A cylindrical vessel (ITV) with an outer surface crack subjected to
pressurized-thermal-shock (PTS) loading was analyzed with the ORMGEN/
ADINA/0RVIRT -3 fracture-mechanics (FM) system. This study utilized1

both linear and nonlinear material models, three different three-dimen-
sional (3-D) finite-element geometries, and the OCA/ USA EM program. The
objectives of the analysis were three-fold: (1) to compare the response
of a sharp crack model with a blunt crack model stilizing linear and non-
linear constitutive relations and different rnesh refinement, (2) to con-
firm the superposition calculations from the OCA/ USA computer program,
and (3) to ensure agreement between the Oak Ridge IBM version and the
CYBER 205 version of the OmiGEN/ADINA/0RVIRT system.

Figure 2.1 depicts a segment of the ITV containing an outer surf ace
crack with a depth ratio of a/w = 0.08, a width of w = 147.6 mm, and an

ORNL-DWG84-4466 ETD
,

0
TSURF ACE " 22 5 C a/w = 0.08
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Fig. 2.1. Segment of ITV with outer surface crack analyzed at time
t= 199 s in PTS transient PTSE-1A.
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inner radius of Ri = 343 mm. The cylinder is subject to plane strain
boundary c.onstraints, an internal pressure p = 2 MPa, and a thermal gra-
dient attained at time t = 199 s in PTS test transient PTSE-1A (see Chap.
10 of this report). The cylinder was antlyzed with the ORMGEN/ADINA/

*

ORVIRT system using the three different finite-element models summarized
in Table 2.1. The sharp crack model utilized quarter-point nodes around

'

the crack tip to introduce a 1//i stress singularity approprite for
- linear-elartic fracture mechanics. Collapsed prism elements with midside *

nodes were employed in the blunt crack model for the appropriate 1/r sin-
gularity of elastic plastic material response.4 Models 1 and 2 utilized
26 nodes between the outer surface and the crack front, while for model 3
the corresponding number of nodes was 14.

The results of the analysis from the 3-D finite-element models are
presented in Table 2.1. For the linear thermoelastic material model, re-
sults from the sharp crack model 1 and from the blunt crack model 2(a)
differ by 2%. Both 3-D calculations differ by <1% from the OCA/ USA 2-D
superposition calculation of K . When the crack-tip region of blunty
model 2(b) is allowed to yield, crack-mouth-opening-displacement (040D)
values are increased by 2.5% and Ky values are reduced by 13%. When

Table 2.1. Analysis of ITV with outer surface crack
at time t = 199 s in test transient PTSE-1A"

3-D Model CMOD K .

Description Igp g
No. Nodes Elements

1 1930 318 Sharp crack with linear 0.2498 151.4 -

-

thermoelastic material
model, quarter point
nodes around crack tip

2 1944 318 (a) Blunt crack with 0.2502 149.0
linear thermoelastic
material model

(b) Blunt crack with 0.2564 129.0
multilinear deforma-
tion plasticity
material model

3' 654 79 (a) Blunt crack with 0.2446 144.8
linear thermoelastic
material nodel

(b) Blunt crac' with 0.2574 126.7
multilinear deforma-
tion plasticity ,

material model

"PTSE-1A transient is described in Chap. 10 of this report.
bThe corresponding result from an OCA/ USA 2-D superposition calcula-

tion is given by Ky = 150 MPa */m.

- |
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model 2 is replaced by the relatively coarse mesh of model 3, the calcu--

lated K values are reduced by ~3%. This change is due in part to they
coarse -mesh of model 3 being relatively stiffer than the model 2 mesh.

The set of 3-D calculations in Table 2.1 corresponding to models 1
,

and 2 were performed on both the CYBER 205 version and the IBM versionW

of 'ORNGEN/ADINA/ORVIRT and produced results that were identical.
t

:- . . -

~2.2 Elastic-Ideally-Plastic PTS Analysis for a Deep, Continuous,
Internal, Longitudinal Crack in a Cylinder1

+ J. G. Merkle

.

-la previous progress reports, closed-form solutions were presented
for analyzing 1(1)'the effects of thermal-shock loading under elastic con-
ditions on deep, continuous, internal, longitudinal,5 and circumferen-
.tial6caurface cracks in pressure vessels; and (2) the effects of com-, og

^ ' plate ligament yielding without strain hardening in the case of internal-

' longitudinal cracks.7 More recently it has become necessary to consider'

the effects of vessel internal pressure as well as those of thermal-shock
loading. .Therefore, a previous analysis was developed in support of the

'

- design of ITV experiments using internal pressure, external flaws, and
s

. - external ~ thermal-snock loading.8 The objective of the analysis to be
presented Chere is to extend the previous analyses to cover deep, con-

' 7g . .tinuous, internal, longitudinal surface cracks subjected to pressure as
'wel1~as\ thermal: loading with complete ligament yielding, but without
strainf ardening.h

,

h i -J;
, Because the crack is assumed to be deep, it is reasonable to adopt-

^* * the strip yield model philosophy by. assuming that yielding occurs only
; on' the plane ahead of the crack tip. When the ligament is completely

' yielded,' the stress distribution directly ahead of the crack is an ide-
ally ~ plastic stress distribution, and the crack plane displacements are
the' elastic ring bending displacements corresponding to the applied

' loading and the crack plane tractions.7
~

To ~ calculate the elastically _ induced displacements of the crack
fL aces,La section of the cylinder is modeled as a cut ring, with one end
fixed ' and the other end f ree. (Fig. 2.2). For bax = 2w and radially* o-

47 : symmetric loading, X, = 0; the total relative displacements . of the crack
faces are equal 'to the elastically calculated displacements of the free

i end, given by
n

.

0 2rr -2nr2 - g
. J_." a (2.1),

A -2wr2 3nr3 y
y

' 9 ,.

._
. where positive displacements . and rotations are defined as those occur-

J6: t ring in the directions of the positive tractions.

.

)

-

--_ _ _ ...___.m- - - , . - ._
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Fig. 2.2. Cut ring model of cylinder containing continuous longi-
tudinal surface crack.

Peferring to Fig. 2.3, the moment, causing bending deflections,
that acts on the crack plane is given by *

~

-d2 + dw - - (2.2)Ma " -MB+#Y .

,

where M is tha moment of the total stress distribution acting in theB
uncracked ring taken about the neutral axis of the uncracked ring cross
section. The moment MB can be represented by

e"
B

M (2.3)B" 6 ,

where o is the linearized inside surface thermal stress. The force,
B

causing bending deflections, that acts on the crack plane is given by

Y, = -cy ( 2d - b) - o w , (2.4)p

where
.

(2.5)o =p .
p

._
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Fig. 2.3. Ideally plastic model of uncracked ligament in cylinder
containing internal lor.gitudinal surface crack.

.

Referring again to Fig. 2.3, the crack plane displacement-rotation
relations are given by

{-d (2.6)+A =0 ,y

and

6 = --6(b - d ) . (2.7)

Note that the sign convention adopted here results in the crack-tip-open-
ing displacement 6 being positive when the crack-opening angle 0 is nega-

' tive for an internal surface crack.
The problem solution is obtained by using Eq. (2.6) to eliminate A y

in Eq. (2.1), then eliminating 0, and solving Eq. (2.1) for (d/b). This
locates the hinge point, which is the point of stress reversal in the*

fully yielded remaining ligament. The resulting equation for (d/b) is

I IIIIIlg Ill
. . . . . ... . . . . . .
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f -C2| +Cil -Co=0, (2.8)

.

where

. -

f(((3(+1 + (( +Co - 1-

_ .

. .

[*B\
\ 1

~

I+f +f 1- (2.9)x ,

\v
- .

[ r)2 / b o \ /rh 1 1 (o h 1 bh / b\
B 1

C t = 31 - |+| 2+- 1 ||- l+-+- i
- |

I b +A - 'I 1-- 1, (2.10)
"Y ) \* ) \ *Y) \*) \ *)\") \ *

,

and
.

2 = 3(h) (h+ h) . (2.11)C

For the case of (d/b) > 0, corresponding to the hinge point located
inside the remaining ligament, Eq. (2.8) can be solved by iteration, us-
ing the rearranged form

(e) -(e) (e)'ce + c2
(2.12,

" *

C 1

The crack plane moment can be obtained by noting that

(d ) - (t)(') .
'

<2 13)

.
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- and then combining Eqs. (2.2) and (2.3) to readq

-

. .

M' 6 d 2 d 1 b b
~~

(oB "Y } ." .

" "

;c.

The crack plane bend angle and centerline vertical displacement are

given by

Ir h (o /r)2
| - | l

B | |( M )
0.

*
+ 12 ' - (=2 --

2 * *Y \" / \ #Y/ \ B) \"/M'

L' . .

/b) /dh la
- I - | + 2 l - | + l P.T

-

U I (2.15)x ,

\*/ \") ,\*Y/
. .

and

2-a /r) /JBg / M i r

=2(-| ,,a_ i , ggI

| o_j| g M
_

.
2wc ry .w/ "(y B/

.

q, + 2 [q,T
d (o )/b i
!+ | (2*16)* ~ \ *y

.

# Finally, the crack-tip opening displacement (COD) is calculated by rear-
ranging Eq. (2.7) to read

7o

6 = -0w ( (1 .
(2.17).

Referring to Fig. 2.3 when the distance d is reduced to zero, the
remaining ligament becomes completely yielded in tension, although a

|f] strain gradient still exists in the ligament. For this condition, Eq.
(2.8) reduces to

Co a 0 .- (2.18)
4

Consequently, using Eq. (2.9), the ligament size for a given loading at
P which the ligament becomes completely yielded in tension is given by the

2L



. , _ . .. . _ . . , _. _. . , . . . . . . . . . . . . . , , , . , . . _ . . , ._ . . . . . ..

12

solution to the quadratic equation,

. .

2 \ +

(*b
*

b| +1
"/ [E + 11

\w 2/
. . .

+I

("B) (#
1

=0. (2.19)
% %I [L + Eh

\w 2)
- -

Also by rearranging Eq. (2.19), the pressure at the onset of complete
tensile yielding in the remaining ligament for a given ligament size and
thermal loading is

,'(E+f) b b 2 1a b
l=-+ "

(2.20)$ (#)(3h+1),w-
- +3 ." g

,
_

For the case of (d/b) = 0, the crack plane moment, bend angle, center-
.

line vertical displacement, and the COD can all be obtained from Eqs.
(2.14)-(2.17) by setting (d/b) = 0.

For the case of the remaining ligament fully yielded in tension
with the hinge point located outside the ligament, the stress distribu-
tion in the ligament is independent of the hinge point location, being
the same as for d = 0. Therefore, using Eq. (2.14), the crack plane
bending moment is given by

"a
- ~

-1. (2.21)=

l -

\h

The crack plane bend angle and vertical centerline displacement are
given by .

/r) fo /M /r ) [o bh0

= 2 1 - 1i B)1I a)| + 12- l 1 I - P- - - I, (2.22)- ,

D \"/ (N ) \ "B / \" / (9 "/
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and:

/ r h (o -

h- fr)
= 2. l ' | B)| |/ M

-A .

1 -.P- - - )I
(a b

Y a

*:' J Y \ " / ("Y ) ( M--
I + 18 1 - l (2.23)2*8 # .

B/ ("/ (% "/

Finally, using Fig 2.3, ' the C0D is given by
po

6=-A + Ow -
. (2.24)y

.

: For purposes of comparison with elastic analysis, the calculated CODS
can be axpressed in terms of equivalent stress-intensity factors by us-

. c -:ing the conversions

J=o6, (2.25)-g7 y
i

and1

y_ f @ . (2.26)K

'

3'
-

2.3 Investigation of Damping and of the Cleavage-Fibrous
Y . Transition in Reactor-Grade Steel *

'' .
W. L. Fourneyi R. J. Sanfordt.

G. R. Irwini C. W. Schwartzt,

R. Chonai X-J. Zhangt'

6 .2.3.1 Cleavage-fibrous' transition studies
_

-2.3.1.1 potermination of the temperature for loss of cleavage in
A36. A514. and A3338 steels.. Two technf ques are being used to determine
1the temperature elevation necessary for loss of dominant cleavage frac-

0:t turing. One method employs fractographic examination of the fracture
'

i surfaces'of standard'Charpy V-Notch (CVN) impact specimens, whereas the
" ~ other uses J1arger (25- to 50-mm-thick) side-grooved specimens, in which

!the initial ~ fit,rous crack extension from a fstigue precrack is converted
; to-rapid cleavage by using a spring plate in series with the load train

, ;of'a stiff testing machine. The steels examined have A36, A514, and'

A333B: designations.*-

* Work sponsored. by HSST Program under UCC-ND Subcontrt et 777b
# between'UCC-ND and the Univers$ty of Maryland.

ADepartment of Mechanical Engineering, University of Maryland,
.

College Park.
.s

,

I

,.

'
b _ . . , , _ - . *
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No significant differences have been found in the loss-of-cleavage
temperature determined from the two methods except in the case of the
air-cooled A36 bridge steel for which the required temperature concluded
f rom the CVN data was somewhat higher.

Comparisono of the same kind are in progress using 61-mm-thick *

three-point-bend specimens of A508 steel, tempered at 613*C to provide
properties similar to the cylinders used for ORNL tests TSE-6 and -7.

CVN impact test results were used to estimate the value of RTNDT as 46*C. -

During fatigue precracking of the large bend specimens, rapid crack pro-
pagation occurred as the crack exited the chevron in the first two speci-
mens prepared. For the first of the two specimens, the one-second Kyc
estimate was in the range of 80 to 90 MPa./m, and the crack did not ar-
rest in the ja ecimen. In the second specimen, the one-second KIc value
was 59 MPa./m, and the crack arrested at an a/w of 0.7. Results from
this test can therefore be usefully employed. Additional A508 material
has been received from ORNL and a complete series of tests will be made
during the next reporting period.

2.3.1.2 Fractographic examination of A508 specimens. It was pre-
viously suggestedW that carbide clusters were associated with the small
cavities typically seen in regions of fibrous (hole-joining) separations
in A508 and A533B steels. This feature is of potential importance in
understanding the fracture transition behavior in these steels. Al-
though it is difficult to prepare an accurate transverse section through
a small cavity (typically 3 to 6 sm in size), partial success has been
achieved. Figure 2.4(a) shows a scanning electron microscope (SEH) sec-

" tion view in which two cavities are reasonably clear. In each case, a-

*

carbide cluster is in contact with the bottom of the cavity. Figure
2.4(b) shows an optical microscope view in which a single cavity can
clearly be seen. A thin coating of chromium was applied by evaporation .

to the f racture surface prior to nickel plating and sectioning. Once
'

again, a carbide cluster is in contact with the bottom of the cavity.
Investigations of the relationship between voids and carbides are con-
tinuing.

A CVN specimen of A508 steel was broken at a relatively low tem-
perature (-40*C) for comparison purposes. Fractographic examinations
clearly showed the tendency of connections between non-coplanar cleavage
elements to separate in a tearing or fibrous manner. Figure 2.5 shows
transverse section views of a 1.5-mm branch of cleavage separation that
was bypassed by the main fracture surf ace. The branch cracks have been
highlighted by arrows in the figure. During initial examinations of this
section, the collection of debris in the branch crack opening was objec-
tionable, and efforts were made to eliminate this by nickel plating and
additional polishing. The resulting deposition of nickel into the crack
openings can be seen in Fig. 2.5.

The final opening of the branch crack decreases steadily with dis-
tanto from the main fracture surface. It is obvious from the tip-region

*

crack openings that cleavage cracking involves negligible plastic strain.
The increase of the crack opening at smaller distances from the main
crack can be ascribed to plastic strains at branch crack connections

*that developed during deformation and fracture of late-breaking connec-
tions on the main f racture surf ace.

.__ _ _ _ _ _ _ _ _ _ _ .. .
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Fig. 2.4. (a) SEM view of transverse section showing small cavities '

and carbide cluster in contact with bottom of each cavity; and (b) opti- !
cal microscope view of transverse section showing single cavity and car-
bide cluster in contr.ct with bottom of cavity.

2.3.1.3 Investigations of weld metal. Inquiries have been re-.
,

ceived from utility personnel on whether this project will include in-
,

|
vestigations of weld metal. Arrangements have been made with ORNL to

,

! obtain a small block of low upper-shelf weld metal. It is believed that i.

fractographic and microstructural examinations using only CVN impact ,

specimens will be of considerable value with regard to these inquiries. '

!

I
l
|
,
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Fig. 2.5. Transverse section views of region below main fracture ,

surface in CVN specimen of A508 steel showing branch of cleavage sepa-
ration that was bypassed by main fracture surface. The branch crack is
highlighted by arrows.
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2.3.2 Plastic zone studies

The correct manner of handling a sizeable plastic zone around the
initial starter noten is presently of some interest with regard to crack-.

arrest testing. The presence of this plastic zone gives rise to non-
linear load-displacement records and consequently affects the calculated
values of K and K , which are based upon the measured CMODs. An un-

, o a
resolved question is how much of the nonlinear displacement componer.t
should be included for purposes of evaluating K and K *o a

10A series of experiments were conducted earlier in which compact
tension (CT) specimens of 7075 aluminum alloy with a blunt, sawcut
" crack" were loaded to some maximum load, unloaded, and crack extension
simulated by extending the crack in a quasi-static manner with a fine
(0.25-mm-thick) jeweler's saw. The specimens had a birefringent coating
bonded onto one face, and examination of the fringe pattern as well as
measurements of fiducial marks placed at the crack mouth indicated that
most of the " residual" opening displacement present af ter unloading was
recovered when the crack was extended past the plastically deformed re-
gion. However, as pointed out in Ref. 20, those results were prelimi-

nary and represented plastic zone sizes of the order of 2ry/W = 12.5%.
Examination of this problem continued during the current period.

Several tests were conducted with larger plastic zones, using both mono-
tonic loading and sequential load unload ' cycling, .as called for in the
proposed American Society for Testing and Materials (ASTM) crack-arrest
toughness measurement procedure. These tests used specimens similar to.

those used earlier, namely CT specimens fabricated from 6.4 mm-thick
7075-T651 aluminum alloy with a 1 mm-thick birefringent coating (Photo-
lastic PS-1) bonded onto one face, a width W of 152 mm, and a sawcut,

crack terminating in a drilled hole at an a/w of 0.42.
Typical results are shown in Fig. 2.6: it shows the fringe patterns

in the coating at 62) maximum load, (b) af ter unloading to zero load be-
fore crack extension, and (c) af ter extension of the crack with a jewel-
er's saw. There is little evidence in the fringe pattern of Fig. 2.6(c)
of the initial plastic zone, other than the low-order disturbance related
to the permanent stretch in the plastic zone and comparable in size to

the 2ry value of 38 mm calculated for this test (2ry/W = 25%). Measure-
ments of the CMOD showed that, of the maximum opening of 5.6 mm for this
test, 0.69 mm was still present after unloading to zero load. Extension
of the crack past the plastically deformed region led to the recovery of
most of this residual opening, and the final permanent opening displace-
ment was 0.076 mm, which is 1.4% of the maximum opening displacement re-
corded.

A total of three tests were conducted, two using monotonic loading
and one using sequential load unload cycling. The results from all three
tests were similar and are suumarized in Tables 2.2 and 2.3. These re-

*
suits confirm the indications obtained previously: most of the nonlinear
displacement component is recoverable when the crack is extended past the
plastically deformed region. It remains unclear at this time as to when

* this recovery occurs. This question will be investigated further during,

! the next reporting period.
|

\
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Fig. 2.6. Isochromatic fringe patterns in birefringent coating on
CT specimen of 7075 aluminum alloy showing (a) stress field at maximum
load; (b) redistributed elastic residual stress field caused by presence
of a region of plastic deformation ahead of notch tip - after unloading
to zero load and before extending crack; and (c) permanent residual field
remaining after extension of crack by sawcutting. (Circles marked on
each photograph are of diameter = 2r .)y
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Table 2.2. Conditions for tests with large plastic zones
.

Test No. K$ Kg rI 2ry/Wa /w a ff " (MPa * ) (mm)(MPa +6)and loading o e.
(%)

* * *

(Mono onic)

If g 0.42 189 0.53 167 19.1 25

0.42 157 0.51 141 13.5 18
S d)

a K = K-value calculated using a /w and the measured crack moutho o
opening, A .

9
b K,gg = K-value calculated iteratively using a ff = ao + ry ande

A.

* Table 2.3. Measured displacements for specimens tested
with large plastic zones

.

A" A p! oTest No. o r r o p
and loading (mm) (mm) (%) (mm) (%)

(Monofonic) 5.61 0.69 12 0.08 1.4

(,,,;1 5.54 0.66 12 0.10 1.8
,,1,,

4.57 0.74 16 0.08 1.7
(g,q9, gg,1)

"Ao = CMOD at maximum load; measured with a clip gage.
har = WOD af ter unloading to zero load, before extending

crack; measured with a clip gage and from fiducial marks on
specimen.

OAp = WOD af ter extending the crack by sawcutting;+

measured from fiducial marks on specimen.

>

. . . _ . . . . . . . _ _ _
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2.3.3 - Dynamic' run-arrest calculations

During the current reporting period, efforts concerning the dynamic
fracture . code SMCR.have focuse,i on

.

1. . ' incorporating thermal offects -into the SMCR code formulation;
: 2._- - performing dynamic run-arrest analyses of the different events in.

ORNL thermal-shock tests TSE-5, -5A, and -6; and -

'3. ' preparing a topical. report on dynamic run-arrest calculations as
well as a. user's asnual for the SMCR code.

L _ .TSE-h,he run arrest events observed in ORNL Thermal-Shock Experiments
T
y -5A, and -6 were modeled using SMCR. Attention was focused on

-the second event in TSE-5, the third and fourth events in TSE-5A, and<

the'second event in TSE-6. A 180* segment of the test cylinder was mod-
,

eled in each case, with the crack oriented along the positive branch of
: the x-axis. A change in. mesh between the TSE-5 series and TSE-6 was

_

necessitated by the smaller wall thickness in the latter.s

.. Input data pertaining to the radial temperature distribution and
initial crack depth for-each event were obtained from ORNL. The static
finite-element program, D0 ASIS, was used to generate the initial dis- |

placement.-and thermal strain distribution in the cylinder wall prior to
each dynamic event. The temperature transient associated with a particu-
.lar' event. was assumed to remain unchanged during the run arrest segment.,

- The variation with temperature of the arrest toughness K , of A508 steelg
was modeled by the dashed curve shown in Fig. 2.7. The data in Fig. 2.7 *

' represent a compilation of the static analysis test results from the TSEs

experiments and the mean values obtained from the A533B steel tested in

the Cooperative Program on Crack-Arrest Testing. The last piece of .

input data required by SMCR, namely the relationship between crack-tip
stress-intensity factor K and crack speed c, was obtained from Rosenfield

- et ' al. 'll where it is suggested that for RPV steels

K(c, T) = K (T) * f(c) , (2.27)

'where
,

jl,e<340m/s
f(c) = q(828 + 2.45c)/(2000 - c), e > 340 m/s (2.28).

L .

A comparison of the experimental and SMCR predicted crack jumps
for each event analyzed is presented in Table 2.4. A better picture of :
the predicted crack extension behavior is, however, obtained from an ex-
amination of Figs. 2.8(a) and (b), that show, respectively, crack exten- -

sion vs time and stress-intensity factor vs time from the analysis re-
suits for the second jump in TSE-5. The crack [ Fig. 2.8(a)] starts out

- with's relatively large velocity, which decreases at about 50 ps and re- .
,

asins nearly constant thereaf ter until crack arrest occurs. As with the I

modified compact tension (MCT) analyses discussed previously l0 numerous
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f

short segments of run-arrest are seen within the overall crack extension'

history. This is more readily understood by an examination of Fig. 2.8(b)
in conjunction with Eqs. (2.27) and (2.28). The computed dynamic K-value
falls sharply at first, but then follows a gradually rising trend before

. peaking at about 375 us, af ter which it begins to fall. This is consis-
tent with the static Kg vs crack-depth behavior calculated for this

t' transient by Cheverton.12 However, in the dynamic analysis, this be-
i

havior in the computed K-value has the effect of keeping K just above or
just below the threshold K , value. From Eqs. (2.27) and (2.28), it isg
then obvious that the crack speed will vary somewhat discontinuous 1y be-$

tween a value of ~350 m/s and O. This is confirmed by the predicted in-
stantaneous crack speed vs time data.

The large initial velocity is also a consequence of the constitu-o-

tive relation specified. The steadily increasing nature of the c-K re-
lationship ' defined by Eqs. (2.27) and (2.28) allows large crack speeds

y
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Table 2.4. Comparison between predicted and
observed crack jumps in ORNL thermal-shock

experiments TSE-5, -5A, and -6

.-

Experimental Predicted Run-arrest Average crack
TSE

crack jump crack jump time velocity
***"

(mm) (mm) (m/s) (m/s),

TSE-5 65.5 77.9 473 165jump 2

SE-5A 18.3 16.3 368 44
jump 3

SE-5A 33.0 39.4 454 87jump 4
-

50.3 47.2 460 103jump 2

aAnalysis of TSE-6 jump 2 was halted when the forward leg of
the J-contour passed outside the finite-element mesh. Crack
velocity at this time was 25.4 m/s.

'
(in excess of 10% of shear wave speed) during the early stages of the
analysis, even though the K-value is falling. A large segment of the
total crack extension therefore occurs during this period. The differ-

,

ence between predicted and observed crack jump (78 mm vs 65.5 mm) is
thus closely linked to the nature of the c-K relationship that has been
used and about which little is known. The overall picture of a slowly
advancing crack that does not exhibit large dynamic ef fects over most of
its propagation history is in agreement with the expectations of what
would happen in a large structure such as the test cylinder.

Figures 2.9 and 2.10 show crack extension vs time for the fourth
jump in TSE-SA and the second jump in TSE-6, respectively. In neither
instance does one see the large initial velocities of Fig. 2.8(a). This
is probably due to differences in K-levels for these jumps and/or dif-
ferent crack-tip temperatures, which placed these events lower down on
the c-K curve at initiation. An observation from Fig. 2.10 (TSE-6 jump
2) is the indication in the computations of an intermediate arrest for
40 us, af ter the crack had jumped about 35.6 mm. This is consistent

13 forwith the COD and f racture-surf ace observations made by Cheverton
this test. Unfortunately, the analysis for this event was halted at 460
us af ter initiation, when the crack depth became large enough for the
leading edge of the J-integral contour to pass outside of the finite-.

element mesh being used. The crack had extended 47.2 mm f rom its start-
ing position at that time and was moving with a very low velocity (of
the order of 25.4 m/s). By comparison with the other TSE analyses per-,

formed, it could therefore be expected to arrest without penetrating the

cylinder wall much further.

:

- - - - - + _ - - - - - - - - _ _ _ _ _ - - - _ _ _.--_-_
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Note that the small internodal spacing in the r-direction required
to accurately model the thermal gradients, when combined with the size

of the cylinder, requireu the use of ~1400 nodal points to model the
thermal shock problem. The increase in compu t a t ior.a l time over some of

* the other analyses that have been perf ormed with S AMCR was t he re f o re
very large. The time step size used was typically of the order of 0.2 us,
and a computation for 400 to 500 ps extended over 2000 or more time

* steps.
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3. . MATERIAL CHARACTERIZATICN AND PROPERTIESg

R. K. Nanstad <J. J. McGowan

z; y. , s;g W. R. Corwin D. P. Edmonds
-

,

% __ A section of the test cylinder for Thermal-Shock Experiment No. 7
% .,

,' (TSE-7) was received and prepared for. sectioning into specimens for metal-
.y . riographic and scanning electron fractographic analyses. Prior to section-

'

Ling, photographs were taken of the fracture surface. The scanning elec-
1

. ' tron fractography will specifically examine the arrest and retnitiation
-regions for evidence of ductile-dimple fractures.>

3 ,

Development of crack-arrest testing technology in the laboratory has~ :

continued.: Our primary activities have revolved around the American Soci-
ety|for. Testing ;and Materials- (ASTM) 1ound robin on crack-arrest tough-4

_ .,

7 ness. ; We have completed most of the scoping tests with 50-mm-thick com--

'y pactL Osck-arrest specimens (2TCCA) of A533 grade B class 1 steel for the
round robin. Those tests were performed at temperatures up to 29'C aboveg;

~ 'the RTg (RTNDT + 29'C). The next series of scoping tests will be per-
-

: formed at temperatures up to RTMnT + 50*C in an attempt to measure crack-
- arrest toughness K , values; as Mgh above RTNUT as possible. The resultsy
from the ' scoping tests willv be used to determine the temperature range

j 'and specific test temperatures for the round-robin -testing of the A533
material.

' - The -testing system has been upgraded with the installation of a new
' .

5 ; electronic' conditioning package and the installation of a hot-air systers
for, testing at temperatures ' above room temperature. Additionally,,we have

' . completed'the fabrication of fixturing for testing of CCA specimens with
planar; dimensions from 100 by 100 mm to' 200 by 200 mm with both right-side.-

'

|up and inverted-split pin configurations. We have fabricated the A533,

grade B- class' 1 2TCCA specimens for both Oak Ridge National Laboratory
'gg. - :(ORNL) ' and ' University - of Maryland round-robin test series. An optimiza-

' tion of' welding procedures program was conducted to minimize' cracking ten-
dancies of the Hard-X N weld crack atarter.

' A' prototype system for performing. fatigue crack-growth and J-R test-
ing'using'the potential drop technique has'been developed. The system is,

W completely microcomputer driven and yields ' report-quality graphs upon test.,

fcompletion._ Resolution of crack extension measurements has been achieved<-

V - fas: low.as 5 um. The advantages of this technique are (1) the potential,

- Efor obtaining continuous'J!vs crack extension seasurements, thus eliminat-
' ing the need for ' the unloading step inherent in the unloading compliance
technique; (2) the potential for performance of dynamic J-R curves; and

?(3) the flexibility. allowed for complex loadings. The elimination of the,

unloading steps is particularly advantageous for remote testing in the hot'

.
-cell environment.< Activities during the next report ' period will involve

I investigations of loading rate ' effects and direct comparisons with unload-
7 '

ing compliance results.-
'

* .

Regarding the' wide plate crack-arrest program, plans for material-
characterisation have been completed and sectioning of the test plate has

'

' *\ begun.' A' piece .has been removed for metallographic examination and hard-
. ness testing to ' determine the gradient through the thickness..,

m.

'
p.

1
*
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! 4. ENVIRONMENTALLY ASSISTED CRACK-GROWTH TECHNOLOGY *

W. H. Bamfordt R. J. Jackot
L. J. Ceschinit

.

4.1 Introduction

.

The objective of this task is to characterize the crack-growth rate
properties of light-water reactor (LWR) materials exposed to primary-
coolant environments. The work now being conducted falls into four major
areas:

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

2. static load K tests in simulated PWR environment;ISCC
3. fractographic examination of specimen fracture surfaces; and

. 4. characterization of environment by measurement of electrochemical
I potential.

4.2 Fatigue Crack-Growth Results

. Recent results in corrosion fatigue crack-growth rate testing have
shown that there can be significantly different levels of environmental ,;
enhancement for different heats of the same steel. This enhancement was
related to the sulfur content of the steels, as rarS.or conclusively demon-,

'
strated b
ported.I g a test matrix conducted in this program and as previously re- ,

'

A new matrix of tests has now been formulated to provide more de-
tailed information on the behavior of a steel that is expected to show
a high level of environmental enhancement. The heat chosen for study is
a pressure vessel steel with a sulfur content of 0.025 wt %, among the
highest contents that are known and typical of the oldest nateriale in
service in operating plants. (As time has passed, vessel stecis have been
produced with lower sulfur contents to improve the fracture toughness.)
The fatigue crack-growth characteristics of this material will be studied

as a function of temperature and frequency at two values of R ratio (Kmin/
K,,x). A preliminary matrix of cests to evaluate these parameters has
been provided in Table 4.1.

During this report period testing bagan on this matrix, and a number
of results have been obtained. The first step was to perform b sic tests
to benchmark the material relative to other materials that have been

.

characterized in this program. This was done by testing standard 2TCT
!

1
.__

* '

* Work sponsored by HSST Program under Union Carbide Corporation-
Huclear Division (UCC-ND) Subcontract 11X-21598C between UCC-ND and
Westinghouse Electric Corporation, Nuclear Technology Division.

,

tWestinghouse Electric Corporation, Power Systems, Nuclear Technology
,

Division, Pittsburgh, Pa. 15230. '
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Table 4.1. Test matrix f'bc study of frequency and
temperature effects for hign sulfur A533B steci

'

R ratio = 0.2 R ratio = 0.7
Test

Fre ency
{[

"#6Y SpecimenC Specimen
,

t-
*

288 1 CO2-5 1 CQ2-6'

10 CO2-11-

, t
/! 004 1 CQ2-7s<s ,<.

5 ' . ' i!93 '

t !
-

a ~

l -

\~'
, ,

r 1

(5.08-em-chick) s'pecimens under sinusoidal; loadings at I cpm. These tests
were completed, and the result for R ratio' = 0.7 is shown in Fig. 4.1 for
specimen CO2-6. Figure 4.1 indicates that this material shows an irregu-
lar crack-growth behavior at high R ratio, with the growth rate both in-
creasing and decreasing sa the ' test. progressed. Overall, the crack-growth
rate showed somewhat less environmental acceleration than had been ex-
pected based' on previous tests of similar materia.ls, but the lack of sus-*

tainable high growth rates at high R has been observed many times before.
. Specimen 002-5 was tested at low R ratio (R = 0.20), and the crack-growth
behavior was much more accelerated,' as seen in Fig. 4.2. This behavior.

t' falls in with the higher levels of crack-growth rate observed earlier at
this value of R ratio, as seen by comparison with the American Society of
Mechanical Engineers (ASME) reference curve. Thus, further study of this
material apparently. will be valuable in better characterizing the older
vessel steels.

The high R ratio testing was carried further during this report pe-
riod to study the ef fects of temperature and f requency on crack growth.
Thus far, data scatter makes strong conclusions difficult, but some obser-
vations are in order. Figure 4.1 shows results obtained at two tempera-
tures (204 and 288'C), and the behavior is very similar for each. There
is a great deal of acceleration and deceleration in crack-growth rate for
both tests, but the highest observed crack-growth rates were found at
288'C.

A preliminary view of the effect of frequency can be seen in
Fig. 4 21, where tests conducted at I and 10 cpm are shown. Again there
are many accelerations and decelerations in ;he crack-growth rate in both
these tests, but it la ' clear that the growth rate at I cpm is much greater

* than those at 10 cpm.
During the next reporting period, further testing will be carried out<

on this matrix, and the range of temperatures and f requencies will be
expanded.*

!
---
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A. second area of investigation during this report period involved the
level of crack-growth rate enhancement for low sulfur steels in water en-
vironments. Earlier tests of two heats of A533B class I steel with nomi-
nally the same sulfur content (0.004 wt %) resulted in remarkably differ-
ent. behaviors, as shown in Fig. 4.4, for specimens W7-2C7 and W-1. These
two heats were tested under identical conditions, so that no difference
in behavior was expected. Several tests of heat W were conducted under

,o - these conditions and resulted in similar behavior 1 so during this report
period a second test was conducted on heat "W7." Results of this test are
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Fig. 4.4. Fatigue crack behavior of two low sulfur heats of A533B
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also presented in Fig. 4.4 and show a behavior similar to that obtained: x

t for(hsat. '"TW." Thus, _ two tests of heat "W7" are now available that show
much different crack-growth rates. This difference in behavior is too' *

. great ' to te . the result of data scatter, so further investigation is under
,

_

way.- .

4.3 Static load Testing .

. 'The, behavior of_ cracks in the pressure vessel steels and welds of'
' ' ' nterest 'in .the PWR environment has been under investigation using bolt-i

-loaded specimens since 1974. The specimens are WOL type, 2.54 cm thick,
and~1oaded to a fixed displacement by a bolt of the same material. The

,.

" : specimens'are positioned in the bottom of two of the operating corrosion
' fatigue-autoclaves. A summary of the information generated thus far in

I this portion of the program appears in Ref. 3. |
' Cracking .under static load has been observed in several of the heat- I

Laffected _ zone (HAZ) materials and in a single heat of A533B class 1 plate.< <

The : incubation time for the HAZs has been rather short, around 2,000 h,

but_for-the plate material the time to first cracking exceeded 37,000 h
in the' environment. ~No cracking has occurred in the welds or forging ma-

. ..

' ' 'terial'as yet,'after over 70,000 h, 48,000 in the environment. Table 4.2~

-

.shows=the status of all specimens tested to date.
A total of. 25 specimens have undergone testing in the environment,~

Lincluding specimens from A533B class 1, A508 class 2, and welds and HAZs
,

made .with Linde 80, Linde 124, and Linde 0091 fluxes. Twenty specimens
- ' remain in-testing. The specimens have all been prepared in the same man--

ner.c They are precracked'in air at low loadings in compliance'with ASTM
'

. ' E399. requirements, then loaded to a predetermined value of stress-
fp intensity factor-K, which is obtained by tightening the bolt until the

~

- ' face' opening of the specin W crrespondss to that K, as determined by a
' compliance relationship.- If the crack propagates, it should stop at a,

tiength that corresponds _to the threshold for stress corrosion cracking
This value is easily calculated from the final crack length, be-(KISCC.

h h
.

.cause : the face opening of the specimen remains constant even t ough t e
' ; 1oad- drops _ as the crack propagates. Thus, the applied K will decrease

as the.: crack propagates, stopping at K = KISCC. This process is compli-
1cated: considerably by the fact that incubation times are involved that

.

:may-beLvery long in some cases. Even when cracking occurs, as it has
' Lin some . specimens, it is irregular and occurs by fits and starts. The

method used to expose the specimens _to the environment is somewhat defi-
:cient because the crack length can only be monitored periodically as the
autoclave is. opened for specimen insertion or repair of seals. Nonethe-

iless, through numerous -removals, considerable . information has been ob--
Ltained on the behavior of these specimena.

:As-can be seen in Table 4.2, some crack extension appears to be .

still occurring in a few specimens,- with a tendency for cracks to propa-
; gate unevenly at first and then to even out on each side. As the cracks
propagate into the specimen, the applied stress-intensity factor K de- ,

: creases and should reach a common value for a given material, regardless
Tof initial loading. This appears to be happening to a degree, but the

,

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

p Applied stress- Total time Time in

Material Specimen intensity factor loaded environment
(MPa*E) (h) (h)

' A533 class 1 04A-112 110 70,630 48,638
plate 04A-114 90 70,630 48,994
(HSST plate 4) 04A-116 88 70,630 48,994

A508 class 2 F-13 110 71,650 51,430
forging F-14 99 71,650 51,430

F-15 88 71,650 51,430

Linde 124 C-13 110 71,650 51,430
weld C-14 99 71,650 51,430

Linde 124 weld CQ-1-HAZ 110 24,320 (1,816)" 12,394 (1,262)
HAZ CO-2-HAZ 99 24,320 12,394

CQ-3-HAZ 88 24,748 (3,360) 12,274 (2,616)

Linde 0091 D-7HAZ 99 22,420 10,368
bweld HAZ D-8HAZ 88 22,420 (7,196) 10,368 (4,160)

D-9HAZ 77 22,420 10,368

Linde 124 K-3HAZ 66 360 336
weld HAZ K-4HAZ 77 360 336

K-5HAZ 88 360 336

Linde 0091 DD-3HAZ 66 192 168.

weld HAZ DD-4HAZ 77 192 168
DD-5HAZ 88 192 168

<rHours at first observed crack extension..

kxtensionsincelast report.

uneven crack propagation makes accurate calculation of the applied stress-
intensity factor difficult. The stress-intensity factor has been calcu-
lated based on the average of the two side measurements from the specimen.
The applied K values appear to be stablizing in a range of 44 to 55 MPa*/m.

Two new matericls were added to those in testing during this report
period, to provide further insight into the behavior of a wide range of
pressore vessel steels and welds. In conjunction with these tests, fa-
tigue crack growth rate tests are being carried out on the same materials,
to provide further insight into the mechanisms involved (see Table 4.3).
A review of efforts to date to relate crack-growth rates in fatigue to

'
those obtained under constant load was provided in a previous progress
report."

.

_ ,. - - - - -
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. Table 4.3. Fatigue crack-growth' rate testing to-

g
' complement static load tests-

,

,

qi

R = 0.2 R = 0.7 *

~

' Test material - Fregoency FrequencySpe imen S ecimen
. (cpm) (cpm) *

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

Liinde 124 weld .HAZ 'l CQ-1 HAZ 1 CO-2 HAZ

|
-

~

-material ~"CQ" 5 CO-3 HAZ,

. ~Linde 80 weld HAZ 1 C-3 HAZ 1 C-4 IMZ j
| material "C"

' 'A533B' plate "04" 1 2D 3Q-6 1 02GB-2
1 2D-3Q-5 1 2010-2

ULinde 0091 weld 1 D-1 HAZ 1 D-2 HAZ
material?"D' 1 D-4 HAZ

1 D-6 HAZ

-Linde.124. weld
material."KH"

.

Test results not yet available .,

..Linde-0091-weld'
material "DD"

.

:x .

' 4.4 Characterization of Test Environments Through Free
? Corrosion Potential Measurements

1:
'

' The objective of' this phase of the work is to monitor the environment-
~

'

mate' rial interaction with time by continuous measurement of electro-
" chemical | potential . Different reference electrodes have been incorporated
into the corrosion fatigue test loops: an external silver-silver chloride
(Ag/AgCl)< reference electrode and two paladium-hydrogen (Pd/H) reference
electrodes. - One Pd/H reference electrode has been placed in the corrosion
. fatigue chamber. The tip of the electrode is adjacent to the notch of the
CT test specimen.1 Other electrodes are located in a separate electrode

.

Jchamberfin the autoclave effluent line. The current experimental arrange-
, ment is 'shown in Figs. 4.5-4.7. The electrode chamber - presently contains

an Ag/AgCl reference ~ electrode, a Pd/H reference electrode, a A508 steel
'

- sample, a thermocouple, Land a'Pt counter electrode.
E . Limited expeZiments have been conducted during this reporting period,

and- those were' confined to measuring the free corrosion potential of the
- A508 and ' Pt coupons vs the: Pd/H and Ag/AgCl reference electrodes in the *

: test chamber. Both reference electrodes appeared to operate satisfac-
'torily during initial qualification tests. A posttest calibration test on

P

. _ .--km 6
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Fig. 4.5. Photograph of electrochemical measurement apparatus.
Note that inside white box in foreground is separate test chamber for |

checking out various measurement devices, as shown in Fig. 4.6. |
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L the Ag/AgC1 reference electrode revealed that the electrode potential had
changed by <18 mV over the 200-h exposure at test temperature of 288'C.

: ;In an effort to optimize the Ag/AgCl electrode performance, impedancet

tests have been performed to optimize the zirconia plug that acts as an
( -ion exchange barrier between the test ' environment and the dilute kcl in- *

ternal electrolyte. The ac impedance studies have been performed on sev-
,

eral batches of zirconia and commercial reference junctions. The objec-
|

tive of the testing is to determine a qualification test that will index '

the behavior of the plug. This will be correlated with the plug srability
. and the long-term electrode performance. Figure 4.8 is a block diagram of
the experimental apparatus used for the impedance studies. An ac current

g is passed through a known resistance and across the plug that is emersed !
-in 0.1 M kcl.: Assuming that the electrode impedance is mainly resistive '

at the. frequency of the measurement, the impedance of the plug in the cell I

is given.by:

'

R = R,[V /V,] (4.1)x x ,

where

R = impedance across the cell,x
R, = impedance across the known resistor,
V = v Itage drop across the cell,x
V, = voltage drop across 'the whole resistor.

.

The voltages are measured using Keithley 169 voltmeters that have
input impedances of >10 MQ and are shunted by <100 pF. These instruments
provided useful readings over the frequency range from 30 Hz to 5 KHz. *

-Sample test data from duplicate specimens from two batches of zirconia are
listed in Table 4.4. The measured impedances are higher than expected.

Table 4.4. Impedance results measured on porous
zirconia plugs in 0.1 M KC1

Frequency Plug B1 Plug B2 Plug C1 Plug C2
(Hz) (MD) (MG) (MG) (MG)

30 11.11 9.68 '10.80 10.81

. 100 9.89 9.85 10.24 9.81
300 7.56 7.41 8.47 4.55
1K 3.12 3.11 4.04 2.76 .

3K 1.19 1.19 1.59 1.03

SK 0.83 0.85 1.11 0.72 .

10K 0.o1 0.60 0.80 0.52
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:-Impedance . values" ranging from 20 to 200 KD were expected based on similar
measurements nade' by Andresen on. zirconia plugs used for similar reference
. electrode applications. Apparently, the zirconia that is being used in
Ethis' project has much less porosity than that used by Andresen. The in-

;;p c fluence of the higher electrode impedance on the Ag/AgCl reference elec- .

trode performance -is being investigated.
' A 'second test of - the reference electrodes has been initiated. The

test stand is being slowly heated from room temperature to 288'C. The .

autoclave 'is being allowed to stabilize at several temperatures during
the process of heating. - At 150*C, the free corrosiun potential of the

-~A508 was approximately -250 mV with respect to the Ag/AgCl reference
electrode;containing 0.01 M KC1. Once the appropriate temperature has~ ;

been obtained, the present intent is to allow the reference electrodes
to ' operate for time' periods in excess Hof 500 h. Some polarization mea-

_

surements will' also be performed. using the A508 coupon in the test cell.

4.5 International Cyclic Crack-Growth Rate Group

.The International Group on Cyclic Crack-Growth Rates (ICCGR Group)
is an interdisciplinary group set up to share information on corrosion
fatigue.: The group was formed in 1977 at the initiative of the Nuclear

-negulatory Commission (NRC) and Electric Power Research (EPRI), the two
major- U.S. sponsors of zresearch in corrosion fatigue of pressure vessel
: steels in light-water reactor (LWR) environments. They realized that a

*. systematic study cf- the variables- affecting corrosion fatigue and their
.

possible synergistic interactions would be prohibitively expensive and
time consuming:if ' undertaken by a single organization. This initiative
. received ' enthusiastic support in Western Europe and Japan and resulted in *

' ' the formal charter of the ICCGR Group in November 1978. A review of the
group's function and achievements in its first 4 years of existence has

. been given by Slama' and Jones.5
The general objective of the ICCGR Group is to coordinate the re-

' search and development efforts on environment-assisted cyclic crack growth
finLpressure boundary materials in light-water service environments under-
taken in Western Europe, North America, and Japan. Specific objectives
ar'e to i

1. provide a forum for the timely interchange of information, ideas, and
.

.

test data between research workers;
~

~

-2. plan and perform cooperative research programs;
3. ' develop consensus . test procedures and data reduction methods and en-'

courage tie transfer of such procedures and methods to the appropriate-

" standards" activities;

4. develop well-qualifed crack-growth rate data bases and improved under-
standing of the rate determining factors; and ,

5. f aake recommendations on the application of research results and labo-
ratory test data to engineering practice and encourage the transfer
of this information by organizing symposia, interacting with code com-

,

mittees and - regulatory bodies, etc.

i

|
-
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The focus of the group activities to date has been on the pressure
= vessel steels A533B1, A508-C12, and A508-C13, but work on other nuclear

' ' pressure boundary materials is also reported and discussed during the
semiannual ~ meetings, which alternate between the United States and Western

:' Europe. Currently, 36 organizations from 11 countries participate in the
activities of , the ICCCR Group.- Members include experts in mechanics,
corrosion chemistry, and metallurgy; as required, additional experts are

e: invited to the meetings. Task groups were formed to concentrate on
specific. topics. Three such task groups are active at present in the
areas of' Test Methods and Results, Mechanisms, and Data Collection and
-Evaluation.

Participation in the-ICCCR meetings is one of the key elements of
this work, because it is the . best' forum presently available for exchanging

information- on current research in the areas of corrosion and corrosion
fatigue in LWR materials. Therefore, the status of the group's activities
will be . reviewed periodically in these reports. The most recent meeting
of this group was held in Schenectady, New York, in October 1983, and the
-discussions held in each of the areas of technical interest of the group
are reviewed below.

~

4.5.1. Test methods and results group

The emphasis of this subgroup has been to develop standardized meth-
ods of testing and data analysis and reporting. The testing methods have
been refined through round-robin testing and.other-comparisons, and now

~*
= good agreement is found between virtually all member laboratories for
-tests' performed under similar loading conditions. A good summary of the
way in which this was accomplished is found in Ref. 5. The present empha-

~

' ' " sis in the area of test methods is measuring the open' circuit electro-

_
; chemical potential on a test specimen. This information is presently
. viewed as the best characterization of the overall water environment.
Recent work has been aimed at developing reliable long-term measurement
devices and developing a method of reporting electrochemical potential
measurements relative to a standard hydrogen scale. Two separate measure-

_

- ment surveys have been carried out and. have resulted in significant im-
provements in measurement techniques in a relatively short period of time.
Presently the most reliable measurement techniques are the Ag/AgCl elec-

6trode developed by Andresen and the Pd/H electrode; work is continuing
to further refine these two methods.

The second area aof interest to this group involves sharing of recent
results in both corrosion and corrosion fatigue tests. Apparently, two
major parameters can affect the results of fatigue crack-growth rate
tests, which are otherwise conducted under the same range of applied
stress-intensity factor and water' chemistry. These parameters are the
flow rate of the water environment and the inclusion content of the steel,

;

of ten ' characterized- by the sulfur content. It is clear that the amount
,_

of enhancement in crack growth due to the water environment is strongly
-increased in steels with high sulfur content and for tests conducted under
lower-flow conditions. A great deal of experimental work is presentlyc
under way to further' investigate the conditions that can exist in the

..
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, - ' crack-tip . region, because it is becoming clear that the level of environ-
- mental enhancement :is controlled by the events occurring in this region.
|The sulfur content affects crack growth because the manganese sulfide in-

, '
clusions dissolve, releasing sulfur into the water and causing acidifica-'

' tion. tThe; bulk flow rate _of_the test environment affects the level of ,

enhancement, because it controls the refreshment rate of the crack-tip en-
:vironment. - A series 'of tests have recently demonstrated these conclusions
. qualitatively.

,

4.5.2 Mechanisms group'

s

.The : thrust ' of 'the work by this subgroup has been to provide mechanis-
tically based explanations for the differences observed in corrosion and
'corrosionLfatigue data-in the water environment. Thus , the work of this
- group involves close interaction with the efforts of the test methods and
results subgroup.- The work includes developing and proving theories con-
corning the mechanisms involved through small-scale tests, study of avail-
able data, and study of fracture-surfaces of tested specimens. It pres->

ently. appears that most available crack-growth rate results can be ex-
. plained 'in terms of the crack-tip strain rate and the quantities that af-
;fectuit, for example, the passivation rate, liquid diffusion rates, and
oxide rupture rates. This approach tas resulted in the beginnings of a
_ quantitative ' understanding of the effects of sulfur and bulk flow rate.

,

4.5.31 Dsta collection and evaluation group
,

2 This , subgroup has responsibility for establishing a data base of the
'

2 existing corrosion and corrosion fatigue crack-growth data and developing
reference laws for-the prediction of crack extension. Validation tests

*

are also' designed to test the usefulness of predictive models. This
' subgroup' works in close cooperation with the MPC/PVRC working group on
_ crack propagation technology, whose task is to develop reference curves
'.for ASME Code pressure vessels and piping. The work of this subgroup is
now accelerating. es .tM testing methods have been refined for consistency

m and the mechansias are raw beginning to be understood. Recent efforts of
:the group have~ Ireluded contributions to development of a reference crack-
groath rate curve for stainless steels and a consideration of spectrum
load and componene tests for validation of reference crack-growth laws.,
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1982.
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5. CRACK-ARREST TECHNOLOGY

h
5.1 Crack-Arrest Studies at ORNL

.

, 5.' 1.1 ' Preliminary wide plate test planning (C. E. Pugh)

- During this report period, plans were made for the performance of a *
_

-series'ofLsix crack-arrest tests on plate specimens whose dimensions are
|

,

about 1 x -1 x 0.1 m. . The plans were developed af ter an exploratory dis- |
' cussion between the Nuclear Regulatory Commission (NRC) and Japanese orga-3;

nizations revealed that a practicable cooperative program using Japanese
' test systems could not be forthcoming. After assessing the suitability_

and availability of existing large-capacity tensile equipment, it was de-
cided that the tests would be performed at the National Bureau of Stan-

Ldards-(NBS) in Gaithersburg, Maryland. The NBS was selected, in part,
because of the ease'of Oak Ridge National Laboratory (ORNL) working with
another' federally owned facility and because of supplemental NBS studies

, _ that will be carried . out. The NBS machine has a tensile load capacity to
26.7 MN (6 million pounds). Although this loading capacity is considera-
bly less ;than the 100 MN (22 million pourds) that the Japanese machine can
apply, very meaningful tests can be performed.

The objectives of the test are threefold: (1) develop crack-arrest-
_ _ | toughness data at temperatures high in the transition region and hopefully* in the upper-shelf region of Charpy test date; (2) provide data, such as

crack velocities, dynamic strain fields, and loadings, that will be used *

to validate or improve elastic and vicoplastic dynamic fracture mechanics
(FM) models; and (3) provide improved experimental dynamic fracture meth-

- .ods. . The basic test begins by initiating the propagation of a crack in *

-the'' cold region of a single-edge-notched (SEN) wide plate that is loaded
transverse to the crack path and that has a linear temperature gradient in
the direction of the propagation. The crack is then to arrest in a warm
region where the~ crack-arrest toughness K , is im2ch higher. The specimen1

-is to be attached to pull tabs that are sufficiently long (see Fig. 5.1)
so that stress waves will not be reflected from the pull pin region until
af ter the run-arrest event has been completed. To obtain meaningfully
high K , values, a warm prestressing (WPS) technique is ta be used toy

J permit application = of an initial load that is greater (by as much as a
factor of 2 or more) than that required for the stress intensity K to be
equal to Kyc. . Professor G. R. Irwin of the University of Maryland sug-
gested, in private communications, procedures similar to those shown below.

. Step 1. Heat the entire plate up to or above the temperature where arrest
is expected to take place.

Step 2. -Apply tensile load so that K is equal to the desired initiation
- level (e.g., Ky = K ).o

-Step 3. Unload specimen by about 10% while maintaining uniform tempera- ,

ture.
Step 4. Apply the temperature gradient across specimen that is to be used

in the test. *

Step 5. Increase load until initiation occurs.
,

..
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- The test specimens are to be taken from the Heavy-Section Steel Tech-
nology.(HSST) plate 13-A of A533 grade B c1 css 1 steel, which has vendor-
provided property values: yield stress of 414 MPa, ultimate. tensile
stress of ' 550 MPa,' and nil ductility . temperature of 29'C. The material
is to1 e -fully. characterized by tensile, Charpy, fracture toughness, andb -

crack-arrest toughness through the use of laboratory specimens. This same
material util also be .used in the viscoplastic characterization studies to
be carried out at the Southwest Research Institute. as part of Task 2 of .

_

the RSST Program. The effectiveness of the WPS procedure is to be studied
by ;the NBS. (Boulder) through some beam tests (101 x 152 x 762 mm).

5.1.2 : Preliminary wide plate test analyses (B. R. Bass, J. W. Bryson,
.J. G. Merkle, C. E. Pugh, and D. A. Steinert)

.

During this report . period, scoping . analyses were conducted in support
of defining the series of SEN wide plate crack-arrest tests. Basically,
'the analyses considered the test configuration proposed in Ref. 1. In

particular,- the test plate has a width and length equal to 1 m, and the
-

specimen is - attached to upper and lower pull plates (see Fig. 5.1).
Tentatively, the plate thickness will be 100 mm, with 12.5 percent-of-
thickness- side grooves to control crack-plane. and crack-front straight-
ness. The scoping analyses considered initial cracks having a depth

_ ratio a,/w in the rangeaof 0.029 to 0.20. These cracks would initiate
under tM applied tensile load and thermal gradient and would arrest at
an ag/w value in the range of 0.40 to 0.60.

*

First, finite-element analyses were performed for one case to esti-

. mate the through-thickness variation of Ky values; the computed Kr values
were also compared with results from selected empirical formulas. Three-

'dimensional finite-element models of the SEN specimen (without side
grooves) were generated and analyzed with the ORMGEN/ADINA/ORVIRT FM sys-

.

tem. Here the plate thickness t = 76.2 im, initial crack-depth ratio

- ay/w = 0.2, and arrest ratio -ag/w = 0.45. Because of symmetry considera-
tions, only a quarter of the plate was modeled. Analyses for the inital

. crack-depth ratio a /w = -0.2 utilized both linear and nonlinear materialo
models.. In the linear-elastic calculations, quarter-point elements were

^ used at the , crack front for a 1//r singularity in the stress and strain.

fields; ' the finite-eleneat model consisted of 2858 holes and 570 20-noded
isoparametric elements. For tie elastic plastic calculations, collapsed

| prism elements "were used to allow for a 1/r singularity at the crack
front. The nonlinear material response was modeled by the Ramberg-Osgood
power-hardening law that in the uniaxial case takes the form

c/c = c/o, + a (a/a,)" . (5.1)
>

' Materials constants were selected to approximate the response of A533B< .

5pressure vessel steel: Young's Modulus E = 2.07 x 10 MPa, Poisson's
ratio v = 0.3, yield stress a = 414 MPa, strain-hardening exponento
n =.10,Jand constant a = 0.05. ,

For the SEN models having a /w = 0.20, a uniform tensile stress a =o
L 120.7 NPa was applied on the transverse plane located 1 m from the plane
!

i,

- . - . _ . - - _ . . .- .. - - _ _ - - _ . . _-
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of the crack. The through-thickness Kr distribution from the linear model
is given in Fig. 5.2, along with the pseudo-Kt values obtained from the
nonlinear calculation of J and from the relation Ky = /E/J(1 - 2v). Also
included in the figure is the K r value computed from the empirical formula" from Ref. 2,

;. K = a /wa F(a /w) . (5.2)7
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where

0.752 + 2.02(a/w) + 0.37 1 - sin

F(a/w) = tan
_ 2w -

. (5.3) +

C 8

/In Fig. 5.3. the SEN model having the arrested crack-depth ratio af w = .

0.45 was analyzed for two different boundary conditions assuming a linear-
distribution for the applied load case waselastic material model. The Ky

obtained using the same stress boundary condition (a =120.7 MPa) that was
applied to the models of a /w = 0.2. For the applied displacenent case,n
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the axial deflections computed for the stress loading plane of the linear
.model of a /w' = 0.2.were applied to the model of ag/w = 0.45. In Fig.o
' 5.3, .these results are compared with an empirical relation for Ky sug-,

1gested by Irwin
Y..

-

/waf\ - 1/ 2
K =a wa seck2w). (5.4).y _ f

'

' The results of Fig. 5.3 yield estimates of the K-reduction that would

result because of dynamic effects for a rapid crack approaching crack-~

arrest.
To aid in scoping the NBS test system for application to the wide-

plate tests, Ky approximations were made using Eq. (5.2), the Irwin
formula - [Eq. (5.4)], and the following equations : Japanese ESSO,3

-

/waf \- 1/ 2

2wtank2w).K =o ; (5.5)7

Rolfe and Barsom,4

K = a[wa ] F(a /w) ; (5.6)7 f f

g7 and modified Rolfe,

K = dwa ] Ma,/w) (5.7)y g ,

where F(a/w) is given by Eq. (5.3). For an arrested crack-depth ratio
' ' ag/w = 0.45, Fig. 5.4 depicts the relation between K , which is calculated

from Eq. (5.2), and the arrest values K , from the Irwin relation [Eq.y
(5.4)] for initial crack-depth ratios ranging from 0.029 to 0.20. These
curves are used to estimate the arrest value K , that could be expectedy
for,a given initial crack-depth ratio a /w and applied K The P =
6000. curve denotes the maximum K , value (~360 MPa*[E), g value.o

associated withy
/

arrest ratio af w =)0.45 that can be achieved at the maximum load capacity[26.7 MN (6000 kips ] of the NBS ' test system. The RLS = 70 denotes the
K , values (~295 MPa*[d) associated with an average net ligament stressg

g, . equal to the flow stress of 484 MPa (70 kai). Figure 5.5 depicts this
/upper bound in K , as a function of arrest depth ratio af w over the in--

y
' terval 0.4 to 0.6. As the figure indicates, the maximum K , curve isy
W~ independent of the initial depth ratio a /w. Figure 5.6 gives an estimateo

of the reduction in K values caused by dynamic effects for a fast cracky
approaching arrest. The Rolfe curve indicates the variation of static K y

/values with arrest depth ratio af w; while the ESSO, Irwin, and modified9 ,

Rolfe approximate the reduced dynamic values. These results are presented '

for a far-field stress of a = 120.7 MPa.

I
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5.2 Crack-Arrest Studies at The University of Maryland *

!

W. L. Fourn yt G. R. Irwint ;

R. Chonat
8'

5.2.I ' Analysis and expariments in support of wide plate tests

*
1Nto experiments were conducted with compact tension (CT) specimens

fabricated from 7075 aluminum in which straia gages were placed 12.7 and
25.4 mm ahead of the starter notch and 12.7 mm above the crack line. The
outputs from these gages were recorded on Nicolet digital oscilloscopes as
the crack initiated and propagated across the specimen. Figure 5.7 shows
the strain gage outputs f rom the two gages for one experiment. Sharp
peaks in the -y-directional strain (cyy) can clearly be seen as the crack
ran past the gages. Further study is planned to correlate such strain
gage outputs with' crack-tip location and crack-tip stress intensity. This
will be done with hybrid analysis techniques utilizing high-speed photog-
raphy, dynamic photoelasticity, and computations with SMACR, a dynamic

1 fracture computer code.

* Work ' sponsored by HSST Program under UCC-ND Subcontract 7778 between
UCC-ND and the University of Maryland.

tDepartment of Mechanical Engineering, University of Maryland,
College Park, Maryland._,.

1
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' 1.2.2 J ASTM round robin on K ,. testing5 y

.' A: round-robia L testing _ program' is being conducted under the auspices
'

|

Lof American . Society for Testing and Materials (ASTM) Task Group E24.01.06
,

Lon, Crack Arrest to verify the validity _ of a proposed test method for de-
. termining the crack-arrest . fracture toughness of .ferritic materials. The

method utilises t a crack-line-wedge-loaded compact specimen and measure-
'

i nents ;of the crack length and crack opening displacement at arrest to cal- *

' : culate the arrest _ toughness using a static analysis. The proposed method
Jactually :providesian estimate of the true ,value of K , which is a measurer ;

.

-of the ability . of a material to arrest a fast-running crack.
The specimen geometry,. testing -procedure, and type of data analysis

'were' decided"upon following the experience gained in a Cooperative Test
_ Progrank that was completed by 1980. Unlike the Coop Program, the round' 4=

robin places a heavier emphasis on independent use of the test procedure
b7 y the participants. Loading fixtures and specimens are to be prepared
by.the par.ticipants,.with_only specimen blanks being provided. .

, In the.round robin, each participant will test 12 specimens. Six
~"

Lopecimens- are of A5338 reactor pressure vessel (RPV) steel and are to be
. tested at two-specified temperatures. The other six specimens are of two
' bridge steels-(A514 rand A588) with three specimens of each tested at a
. specified temperature. - Upon completion of the testing, the results are
: to _ be forwarded to the program administrators, who will then be respon-
sible for preparation of a . final report . prior to consideration of the test,

method by the membership.of ASTM Committee E-24 for possible adoption as
*-an ASTM standard.:

7 The round-robin program is being supported by the ORNL/HSST Program,
Electric Power Research Institute (EPRI), and Federal Highway Authority
-(FHWA). . ; The RPV ' steel has_ been provided - by ORNL, 'and the cutting and *

' packaging costs for_ the RPV steel and the bridge steels are being paid- by
; EPRI and FHWA,' respectively. The overall management of the program is
> carried. out by the Department of Mechanical Engineering at the University
of Maryland,,under ORNL support.; Twenty-five laboratories have volun-
teered to participate in the program, with nine laboratories located in

'the. United. States.
~ Specimen blanks of ~ all three steels were prepared during the current

: reporting' period and shipped to the participants in early February. This,

was_somewhat later than originally planned, but'the delay allowed both the'

bridge- and RPV steels to be shipped at the same time, resulting in a sub-
stantial' savings in shipping costs. Some of the participants have indi-

: cated that . specimen preparation is under way.
The Task Group E24.01.06 met in Pittsburgh in November to discuss

'- the choice 'of . test temperatures for the different steels. Data obtained
from R. Roberts (Lehigh University) on material properties, impact tests,

befkge, and- crack-arrest toughness measurements for the A514 and A588
RT,

steels were circulated to the members. The consensus was that both .

bridge' ateels could pose problems in testing due to their tendency to de-
laminate; sad display various degrees of eplitting normal to the main frac-
ture surface. . In addition, the data were unclear as to a precise testing

,

: temperature for the A514 material, and there were indications that testing
of the A588 material would require sequential load-unload cycling. It

o
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' . . . N
was : therefore decided to recommend a test temperature of -30*C '(-13*F) for,

ag, 'both the A588 ' and A514 specimens, since this temperature would still be
.

.within the range L of practical iriterest of FHWA. It was also decided that-.,

QW' he A514f and A568 specimens be tested first and that the participa'nts ;
3'

,

7 4 (' should be alerted to potential problems that could occur during testing. I,

# , ) A, short writeup -has been prepared by G. R. Irwin and is being circulated
""

-

4 to the round-robin. participants.
%j [ - ORNL agreed -to perform some preliminary tests on the A533B materiald

,,'j:m} sto establish appropriate test temperatures. (It is desirable to test at
~~

temperatures.'that would provide data as far into the transition range as1

possible, without jeopardizing the probabiliity of successful testing.)
g ; Problems, encountered with preparation.of th brittle-weld crack-starter '

,

'' . notches have delayed a decision on the test cemperatures to be used for
;P 'the RPV steel. .However, the preliminary hsts have served to highlight
X M L a'potenti'aliproblem that could have caught the participants unaware.

MP. N. Mincer ~and C. W. Marschall' [Battelle Colunibus Laboratories (BCL)]
0-

.

have prepared a set of . guidelines for notch embrittlement, based on their
. d extensive experience in crack-arrest testing. It is anticipated that the4_

' k-f"3r1 '' test Ltemperatures will be selected very soon.
.

f' ' _|-
~

' ''

5.3 Crack-Arrest Studies at BCL*,

-n
A. R. Rosenfieldt C.W)Marschallt

i P. N. Mincert 1,. S. W. Rusti j.

4
ol : n (l4 ,

U. 15.3.1 Overcooling experiment support
,

Z h
'# The objective of. this task. is to provide crack arrest characteriza-

tion data in support of overcooling experiments carried out at ORNL. Dur-
* ing this. reporting period, experiments were con pleted on the PTSE-1 mate-
T* rfal and a section from the low-upper-shelf-energy weld o' vessel V-8A.

Concerning ITSE-1 steel,'results from britjtle-weld specimens were
given in the previous' report,6 and the data warn for temperatures from 25

W. - to 93*C. Attempts to initiate rapid cracks at higher temperatures were
' , [{h- unsuccessful, even when inverted split pins were used. Because the goal

~

'N was to provide K,' values up-to a temperature of 150*C and/or a K ,value, y
C of.150 ' MPa*M, duplex specimens -were fabricated. ' Some of these specimens

-were provided with contoured side grooves. However, even use of duplex
specimens with contoured side grooves and inverted split pins resulted 'in;

?some cracks arresting at the interface betOeen the starter section and the
test section. In those' cases, data were obtained by reinitiating the
arrested. cracks.

t The new results are shown in Table b.1, for which the notations are
,

3-

Nefined in Table 5.2. Unstable fracture and crack arrest were obtained
'suce'essfully up to 150*C. This temperature is slightly above the onsetq

.w-

* Work ~ sponsored by HSST Program under UCC-ND Subcontract 85X-17624C
3. . Lbetween UCC-ND and BCL.

3 ', .

9, N
. ' f Battelle Columbus Laboratories, Columbus, Ohio.

k~
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. Table-5.1. Crack-arrest toughness of steel from PTSE-1 material"

.-.

D YieldSample Sampge. Temperature K
ID . type ('C)' (MPa M K,$1R s e th Comments

-

.

P10R-1 1 79.0 78.0 1.974 609.0 |-

8P10R-l'a- 12 67.0 149.0 4.049 612.0
- P10R-2 'l- 93.0 73.0 1.661 606.0
P10R-2a' 12- 51.0 33.0 0.963 616.0

- P10R-3 1 51.0 53.0 1.546 616.0 I
0' ' P10R-3e '12 25.0 46.0 1.442 622.0 l

--P10R-4- 1 79.0 89.0 2.253 609.0 l
8P10R-4a. 12 52.0 47.0 1.366 616.0 l

P10R-8a 13 '67.0 147.00 3.995 612.0 |
P10R-5 1 66.0 53.0 1.448 613.0

0P10R-5a 12 :29.0 39.0 1.213 621.0
8P10R-10 9 150.0 140.0 1.494 593.0
0P10R-11 14 53.0 70.0 2.026 616.0
0P10R-12 9- 107.0 90.0 .1.787 603.0

P10R-15. 11 66.0 92.0 2.513 613.0 d
8P10R-16 9 121.0 106.0 1.779 559.0

:- P10R-17 -11 81.0 117.0 2.921 610.0 d, e
i P10R-18 14 68.0 73.0 1.973 612.0 d0

0P10R-13 9 122.0 117.0 1.937 599.0 -

8- P10R-6' 10 137.0 .128.0 1.701 596.0
P10R-7 14 137.0 88.0 1.170 596.0

#
A complete printout of the raw data and subsidiary calculations is

- available from the ' authors upon request.
hSee Table 5.2'for key to notation.
0
Dimensions are too small to satisfy the tentative ASTM require-

-- inen ts .

dCrack ran badly out of side grooves.

# ery irregular crack f ront.V
~

7 thatof the Charpy upper shelf (~140*C), consistent with past experience
the upper-shelf-onset temperature is about the limit for obtaining crack-
arrest data using current BCL procedures. However, despite the Charpy
specimen behavior, low power fractographic examination (30x) revealed that
the compact-specimen crack-jump mechanism at 150'C was cleavage. .

It.also should be pointed out that the 150'C specimen does not
satisfy the tentative ASTM size requirements. The main concerns are the
length of the remaining ligament, which is only 70% of the minimum allowed

.

value, and the thickness, which is only 80% of the minimum allowed value.

-. - - .. . . _ - , -. -- .- .
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Table 5.2. Sample types

.

Type. Specimen Startgr Split pig 3 d
a Other

No. geometry notch ' geometry,

s

'I_ Compact -BW N O

2 . Contoured DCB F Mschine loaded-

o. ~3 Cylinder H l- Thermal shock
''

4 DCB e, D - s

5 Compact' sD N O Test after 1/1/80+

" 6: ESSO'- x

-7 Compact BW I O.

8' Compact D N O. Tested after 12/31/?.9<s s

'0' -9i Conp'act D I
*

,

10' 'Conpact 'D I vE Pc Contoured s'de grooves
- -11 n Compect D -N '

R; ., ;
' 12 '- JCompact 'BW N R -

13 . Compact BW
'

K14 Compact ."D
.

I - R .

I R Contoured side grooves
Machine loaded15 ' Compact '.F- -

-aDCB'= dduble-cantilever' beam P ['

--

bBW = britt,le wid ,' /
',

D -= duplex specimen ,,
.

,<

H = hydrogen-charged brittle weld '
F = fatigue;precrack- ' '', j,

fN'=' normal (choulderup), 7' '

~,.,s
~

. %' ',
*

' d' 'a, initial crack jump- 0 /

R G reinitiation if -

.
.

b' '
E.

i J,
'

,

A. .i ., w -,

Based,pa'Ev.idence that departures of this magnitude do not affect the re-
porte.d arrest toughness,8P the K ,value at 150*C is considered representa-y
tige'of:large-specimen behavior. The same conclusion holds true for all
of'the othhr Table 5.1 specimens that apparently were of insufficient
size. // ' ,3

The complete PTSE-1 crack-arrest data are plotted in Fig. S'.8. The
- bulk of' the points are a fair fit to a straight line (correlation coeffi-

cf ent[R' = 0.85):
-t Gy

. . .

' K"" ' = 21.9 + 0.712T . , (5.8)~

'

:Ia ,

where<the units are MPa+E and degrees celsius. Note that Eq. (5.8) does
.:
l' not include the two very high points for specimens that exhibited very

itte' gular crack gdometries and that are considered nonrepresenta tive (dis-
. * 5.3.4 en crack-arrest data base). Figure 5.8 also

jf(cussedfurther_ insect.compares..the PTSE-1 data with the ASME KIR curve (for RTNDT = 70*C).*
. This curze, is geen to provide a useful lower bound to the . compact-specimen.3-

t4.
.Ep,

<

7/~ <*A determination of RT is reported in Chap.10 as 91.3*C.
NDT

i,.

s.

'f*.

',f

m.a. - -
>

'

: .* ..
'#

2,
,

[. . +
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Fig. 5.8. Crack-arrest toughness of steel from PTSE-1 material.

.

:

data. However, the K, data appear to be represented by KIR at t he upper i

and lower ends of the temperature scale.

5.3.2 Low-upper-shelf-energy weld f rom vessel V-8A

A low-upper-shelf-energy I'rV-84 weld from ITV-8A has been included
to gain experience in testing a material of this type in prevaration for
future PTS tests.

'

Because the snount of weld metal available for specimens in piece
V-8A-D was appreciably less than was originally thought, only eight com-
pact crack-arrest specimens were fabricated. Speciinens numbered 17, 18,
and 19 were for testing at temperatures near RT be
~25'C), and they were ~100 mm square by 10 mm tkT (estimated tock. Specimens 12-16
were fabricated for testing at somewhat higher temperatures, and they
were ~150 mm square by 35 mm thick. In each specimen, the crack plane
coincided with the plane of the weld , and the crack extended in the thick-
ness direction f rom top to bottom.9 All were duplex specimens in which
a hardened AISI 4340 steel crack-starter was electron-beam welded to the
test section. The duplex design was selected for the larger 7pecimens to
ensure initiation of an unstable fracture at the higi er test temper tures.
It was selected also for the smaller specimens to conaerve the scarce test

,

material and permit several more specimens to be fabricated than would be
possible if brittle-weld specimens were used.

-
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In the past, fabrication of duplex specimens from weld metal samples
has proven dif ficult because of gas evolution in the molten zone of the
electron-beam weld, resulting in porosity.10 As was noted in earlier
reports,6,9 trial electron-beam welds made on blanks cut from the charac-
terization weld of vessel V-872 revealed that oscillating the electron*

beam parallel to the weld path reduced the porosity significantly. Based
on those trials, all duplex specimens fabricated in this task employed the
beam-oscillation procedure.e

At the time of this report, testing of all specimens fabricated from
piece V-8A-D had been completed, with the exception of specimen 13, which
contained obvious cracks in the electron-beam weld. The highest test tem-
perature investigated (66*C) was only about 40*C greater than the esti-
mated RT Although it was planned originally to test at temperatures
somewhatkg.her than 66*C, this was not done because of difficulties en-
countered in getting the crack to penetrate into the test section even at
temperatures as low as 42*C.

Results of the crack-arrest experiments are given in Table 5.3 and
Fig. 5.9. In only one of the seven specimens tested (specimen 19) did the
rapid crack, which was initiated in the hardened starter section, pene-
trate into the test section prior to arrest. As was reported previously,6

oRNL-DWG84-4484 ETD
| | | |

Cf CRACK STOPPED AT ELECTRON-BEAM WELD'

6 CRACK RAN OUT OF SIDE GROOVES
g DISPLACEMENT AFTER ARREST WAS NEARLY

400 - TWICE THE INITIATION DISPLACEMENT -

t O CRACK DID NOT ARREST; Ka CALCULATION
{ ASSUMED THAT CRACK ARRESTED AT

a = 0.95W,

300 -

[E 618A
-

/

616A
3 17A d14A
/

_
12A6 U15A

178

100 -

14Df ' bl68 -

K
g18B~~158 IR

F

g f/ NDT (est.)RT

*

O 20 40 60 80 100

TEMPERATURE ( Cl

Fig. 5.9. Results of crack-arrest tests on submerged-are weld from*

vessel V-8A.
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Table 5.3. Crack-arrest tests of duplex compact specimens fabricated from piece V-dA-D, low-toughness weld.

Specimen Displacement Crack length Stress intensity

Test dimensions (mm) (mm) (MPa.6)
Specimen tempe ra tu re (mm)

" I b =Initiation Arrest Initiation Arresty , gg a

Q
19 24 84.6 18.5 13.7 1.21 2.26 25.7 76.5 266 120

b 0
17A 52 84.6 18.5 13.7 1.16 1. 39 25.9 41.l 2 54 226

d
17B 24 84.6 18.5 13.7 1.78 1.96 41.1 72.4 289 130C

b 0
12A 44 127 34.9 25.4 1.43 1.52 40.6 59.7 252 2l0
12B 44 127 34.9 25.4 1.28 1.77 59.7 !!6.8 177 70C

#13 127.0 34.9 25.4
0 b

14A 66 124.6 34.2 20.4[ 1.42 1.50 41.1 58.4 275 231
# g148 66 124.6 34.2 20.4 g g g g g% d9s ,h0 h h

14C 55 124.6 34.2 20.4 1.22 1.24 58.4 98.0 188 d# 4 h h 90 ,4
14D 44 124.6 34.2 20.4 1.43 g,44 98.0 105.7 110

b
15A 56 127.0 34.2 25.6 1.46 1.55 43.2 58.4I 246 215 I
15B 25 127.0 34.2 25.6 1.38 ~1.51**/ 58.4 >l20.7'*k 191 <45.5 e#

Nb b
16A 56 125.3 34.1 20.6I 1.50 1.61 41.5 58.4 287 247

d96 ,h# h % h
168 56 125.3 34.1 20.6 1.35 1.29 58.4 99.8 207

I b
18A 42 84.6 18.5 13.7 1.42 1.67 . ~25.9 ~38.9I ~311 ~285

C 5 5,k 258' <62"*I18B 10 84.6 18.5 13.7 1.52 1.68 8J 38.9 >80.4

aThe test was unusual in that the displacement af ter arrest was nearly twice the initiation displacement; when the
latter was used to calculate X,, the result was 64 MPa 6.

' bCrack stopped at electron-beam weld.

# einitiation of arrested crack.R

dCrack ran out of the side grooves and hed large unbroken ligaments at the specimen surfaces.

# ot tested because of cracks detected in the electron-beam weld.N

[The side groove was contoured from a depth of 25% at the notch tip to 40% at and beyond the electron-beam weld.
9 Unstable crack growth was not initiated.
NCorrected for plasticity by the use of Fig. I in Ref. 6.
ICrack did not arrest.
/ Displacement shown is 1.1 times the initiation displacement.
kCrack length shown is 0.95 W.
IEstimated upper bound of K,, assuming that the crack arrested at a = 0.95 W.
Not corrected for pronounced plasticity that was observed during the test.

. .
4 ,e .
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specimen 19 exhibited unusual behavior; namely, the displacement after ar-
rest was nearly twice that at initiation rather than 5 to 10% greater as
is usually observed. In the six remaining specimens , tested at 42 to
66*C, the rapid f racture arrested at the electron-beam weld at K-levels
greate* than 200 MPa /m. Contoured side grooves, which have had some pre-=

vious success in promoting crack penetration through the electron-beam
weld,7 were used without success on specimens 14 and 16. The results for
the six specimens in which the crack arrested at the electron-beam weld.

are shown in Fig. 5.9 for information purposes only; they are not believed
to be representative of the crack-arrest toughness of the submerged-arc
weld. Each K value for specimens that exhibited arrest at the electron-a
beam weld was more than 1.5 Kyg: as discussed below, statistical analysis
of data in Battelle's crack-arrest data bank (see Sect. 5.3.4) suggests
that K, values in excess of 2.5 K are unrepresentative.IR

Each of the six specimens that displayed arrest at t he elect ron-beam
weld line was retested at the same or a lower temperature. In two in-
stances, specimens 15B and 18B, the rapid crack either did not arrest or
it arrested ~0.99W, thus precluding calculation of K An estimate of an
upper-bound K value was obtained by assuming that t$e.a crack had arrested
at 0.95W and that the arrest displacement was 10% greater than that at
initiation. Notice in Fig. 5.9 that the K value calculated in thisa
manner for specimen ISB f alls on the ASME K curve.7q

. The results (Fig. 5.9) suggest that K v lues f r this submerged-arca'. weldment lie only slightly above the K curve at temperatures above RTIR NDT
'

and may lie below the K curve at lower temperatures. Several of thelR
values shown were for specimens in which the crack ran out of the plane,

- of the side grooves (specimens 14C, 14D, 16B, and 17B); this condition
_ usually causes some elevation of the apparent K value. The resultsa'

obtained for piece V-8A-D will be compared with results obtained on other,

submerged-arc weldments in the next progress report.
With respect to future crack-arrest testing of submerged-arc welds,

the work performed in the task reported here has been helpful from several
standpoints. First it suggests that brittle-weld crack starters may be
preferable to duplex specimens at temperatures near and somewhat above
RT Second, at higher temperatures where rapid crack initiationNDT.
becomes difficult in brittle-weld soecimens, merely switching to duplex
specimens may not suffice, owing bot h to porosity problems from electron-
beam welding and to dif ficulties in penetrating the electron-beam weld
line with the rapid crack. Third, the porosity problem encountered in
passing an electron-beam through submerged-arc weld metal can be reduced
greatly by oscillating the beam along the weld path, tourth, contouring
the side grooves from 25% depth at the notch tip to 40% at the electron-
beam weld line to achieve a greater K value at the latter location may not
be sufficient to achieve crack penetration of the test section; additional
deepening of the side grooves at the electron-beam weld line may be neces-
sary. Finally, cracks that a. rest at the electron-beam veld line often'

can be reinitiated by testing at the same or a lower temperature. When
retesting is done, appreciable plastic deformation may occur prior to
reinitietion because the crack tip is adjacent to the lower strength test

*

material. A suitable method of accounting for this plastic deformation is
required to avoid overestimation of K values. Uce of sequential load-a
unload cycles,11,12 measurement of displacement at two locations,13 or

_ . _.- . .
.
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- estimating the plastic component of displacement from Fig. 1 in Ref. 11
appears to be satisfactory.

~

5.3.3 Crack-arrest test refinement ,

An objective of this task is to examine alternative methods for in-
strumenting crack-arrest test specimens in order to answer unresolved

'

questions concerning plasticity and dynamic effects. During this period,
preliminary experiments on both topics were performed.

Plaeticity. A problem with crack-arrest testing is that the load
.

must be inferred from the displacement. Two experiments were undertaken
'' t.o' estimate arrest loads from direct postarrest measurements. Conven-

tional weld-embrittled specimens (150 x 150 x 25 or 37 mm) were provided
with two added loading holes positioned as for crack-initiation compact

-specimens. The specimens were first wedge-loaded in the manner prescribed
.by the draft ASTM Crack-Arrest Standardl2 using the cyclic technique.Il
Residual displacements due to plasticity were recorded. Following rapid
crack propagation and arrest, the specimens were unloaded and some reverse
dispiscenents occurred. Pin-loading fixtures were then attached, and the
specimens were reloaded until the total displacements reached those at-
tained prior to the unloading but subsequent to crack arrest.

The arrest loads had been inferred previously from Ripling's compli-
ance relationl4 using both the elastic displacement on the final wedge-
loading cycle- and the total displacement (elastic plus plastic) just af ter
crack arrest. A comparison of the different arrest-load calculations is

*

shown-in Table 5.4. As was anticipated, the estimated arrest load was
lower when only elastic displacements were used in the calculations than
when plasticity was includede However, the direct-reload values are in-

*consistent, one being higher and the other lower than both displacement-
based values.

5.4. Estimation of crack-arrest load

Arrest load, KN

(1b)

est
i' Specimen go ~

from elastic Estimated Estimated
Estimated

em ure a
No. (gp +[m)

displacement from total from reload
on final displacement experiment
cycle

'i7-OR-6a 38 66 7.1 (1600) 8.0 (1860) 12.1 (2720)
bP1-OR-9 79 64 18.6 (4170) 20.5 (4(20) 14.6 (3280) ,

aSteel from TSE-7; earlier crack-arrest data were reported in Ref. 1.
bSteel from PTSE-1; additional crack arrest data reported in Table 1. ,

# alculated using electric displacement at arrest on final loading cycle.C

-
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DInsig'ht into the~ sources of the problem was obtained from closer
, examination of . the reload-displacement -curves. As shown in Fig. 5.10,
these curves were nonlinear and exhibited hysteresis and lack of closure.
(Subsequent reloadings to the same displacement still resulted in open'*'
curves;' however, peak loads were slightly lower, and there was no residual-

. displacement at zero load). In addition to load data, an additional clip ,

gage luul been~ located at the 0.30W location to provide effective crack-
J ee . length data.13 Figure 5.11 shows the results f rom these experiments.

Although the two specimens behaved differently, both results indicated
:thatithe' effective crack length was less than the actual crack length.
' The most ~1ikely explanation of such a discrepancy would be the presence of

, . . unbroken :11gaments ' generated during the run-arrest event. In support of
-this' suggestion, a lack.of closure due to the presence of ligaments is
consistent with the- f racture-topography studies of Kobayashi et al.15

.These _results, pointing to a significant contribution of ligaments to
( the experimental record, clearly present a problem in evaluating the plas-
-ticity contribution. Experimentally, it will be difficult to separate
- ligament and plasticity effects. Furthermore, any analytical model would
. have to be' extremely complex, given the three-dimensional nature of liga-
mented cracks.lO Finally, such questions as predicting the size and loca-

'

. . tion of | ligaments have not been resolved. Further experimental techniques
~

will be needed, and several are under evaluation.
, : Dynamics. It 'is important to determine the extent to which dynamic

~

'

effects- influence both the ' test specimen record and the behavior of a
s

. = crack in a vessel undergoing. a' thermal transient. A review of the litera-s; ture. reveals several points.
1. - = Predictions of crack-jump length obtained from fully dynamic '

analyses;of thermally shocked cylinders differ only slightly from those' ~

;obtained from static analyses.1 ,18
LL ?,

+ -

Al ~
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2.: Although dynamic effects may be significant in the early stages
of _ crack propagation in a wedge-loaded compact specimen they do not play
an important role in crack deceleration and arrest.19,20

3. . Statically calculated stress intensities at arrest in compact
,

specimens provide good, conservative estimates of the results of thermal-
shock experiments at ORNL.21

From all of these considerations, we can conclude that dynamic ef-
*

"fects should be minimized in crack-arrest property testing. The best way
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Fig. 5.11. Double-displacement records of reloading specimens that
contained arrested cracks. Dashed lines show theoretical curves asso-

*
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(af w). (a) Reload of specimen 7-OR.6 and (h) reload of specimen/
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to accomplish this is to adhere as closely as possible to fixed-grip con-
ditions.

Dynamic effects may be introduced into the compact specimen, particu-
larly when inverted split pins are used to f acilitate rapid ersck initia-
rion at relatively high cest temperature.22 These effects probably are*

minimized by the formation and rupture of ligaments, which have been shown
to effectively damp specimen vibrations.22 Nevertheless the question of
the influence of dynamic effects on crack-arrest toughness measurements*

still needs to be investigated.
Experiments are planned in which arm motion and crack length will

both be measured as functions of time during propagation and up to a few
milliseconds af ter arrest. Creek position will be monitored by strain
gages bonded to the specimen surface and oriented normal to the crack
plane.

A calibration experiment was carrf d out to determine the optimum

gage locations. Gages were located at various distances from the specimen
centerline, and their responses to a given displacement were measured.
The starting notch was then extended by sawing, and the response was re-
measured. The procedure was repeated until the saw cut extended 90% of
the specimen width. Figure 5.12 shows one such record. Note that the
peak strain response is reached before the sawcut reached the gage and
that the curve is asymmetric: the falloff after peak strain response was
sharper than the rise before it.

It vas found that the height of the strain-response peak was influ-
enced surprisingly by the side grooves. From elastic analysis, the strain

'*

response would be expected to decrease sharply with increasing separation
of the strain gage from the centerline. Figure 5.13 shows that the side
grooves perturb this response so that the maximum response being recorded

* by the gages located 19 mm from the centerline. At the same time, the
f allof f in strain as the crack approached and passed the strain gage was
sharper the closer the gage was to the centerline. Despite this observa-
tion, it has been decided to use the maximum response location in the
dynamic experiments, because the less severe falloff will allow fewer
gages to be used and still obtain useful information on the region between
gages.

Finally, note that the gages can provide semiquantitative information
about crack-tip stress intensities and may be helpful in sorting out the
ligament plasticity question.

5.3.4 Data base

The objectives of this task are to maintain and expand the comput-
erized data base and to issue an FY 84 inventory report. During the re-

porting period, 231 crack-arrest (Kla) points have been added, making a
total of 344 points. Currently all of the data are for unirradiated base

* plate.
Crack arrest. Table 5.5 summarizes the data base contents. About

one-half of the specimens were tested in rec 2sonable conformaace with pro-
cedures being considered by the ASTM Task Group on Crack Arrest. Slightly*

over one-half (198) were tested at BCL.

-
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Table 5.5. Classification of data-base contents

"" * #S ecimen design LaboratoriesP,

Wedge loaded
* Compact 204 (170)a BCL, MRL, Kawasaki

Double-cantilever beam 35 BCL

Machine loaded

Compact 29 Westinghouse
Contoured double-cantilever beam 46 MRL
ESSO 17 Kawasaki,

Mitsubishi

Thermal shock

Cylinder 13h ORNL, Framatome

Total 344 (170)a

GIhe numbers in parentheses indicate the specimens for which raw
data are available and for which results were computer-calculated at
BCL.

h. Ihe number listed is the total number of jumps from five
cylinders.

-

The statistical analysis was performed by assuming that the ratio
KIa/EIR obeys a temperature-dependent Weibull distribution,6 where K isIR
the ASME Boiler and Pressure-Vessel Code Sect. XI lower-bound toughness
curve. Fifteen points (4.4% of the data) fell below KIR, but most of
these points fell within 5% of KIR, were tested at temperatures below
RT r both. This observation is consistent with past estimates; 16,23NDT,

although KIR represents a small, but finite, cumulative probability level,
it can be considered an acceptable lower-bound estimate. There were no
points for K ,/KIR values between 2.5 and 3.0, but nine points (2.6%) werey

above 3.0. While these very high values are suspect, they were included
in the analysis because their effect on the final result was minimal. The
median value of K Ia was found to be well represented by the equation

K , = 30.0 + 48.176 exp (0.0146 AT) (5.9)g ,

*
where AT is T -- RTNDT and the units are MPa./m and degrees celsius. The
spread of the data increases with increasing temperature so that the
coefficient of variation (standard-deviation /mean) is approximately con-

_*
utant, varying between 0.26 and 0.31. This observation, which means that
the K ,/KIR ratio is essentially temperature independent over the rangeg

!
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| | considered, has been used in the analysis of crack initiation that-

p follows.-

% _
. Crack initiation. ' A simplified statistical analysis was applied to

E. :the |Battelle crack-initiation ' data and to the literature thermal-shock
; data .with two objectives: (1) judging how well methods using compact *

! specimens ' represent large-specimen data, and (2) developing a preliminary
' * ;KIc distribution function.

,_ The : analysis .used the assumption that the quantity KIc/K, (K, E the -

.

;ASME Boiler and Pressure. Vessel Code KIc curve) forms a temperature-
^~ '

independent population. To calculate the individdal points, the following,

"
- equation was fitted .to the ASME plot:

-
_ . .

-
. .

. _ ~ K, = 29.43 + 31.50 exp[0.0321 AT] (5.10),

1.

Twhere - AT , = ' test temperature minus - reference temperature and the units are
MPa*E and degrees celsius. The data were obtained from large thermally

' reinitiated ,6, 7, 9,,24- 2613; and . conventional- compact specimens. 27-30 The last
1 shocked. cylinders compact specimens in which arrested cracks were

-

group was corrected-for plasticity.using the available energy tech-
nique.28,30 The reinitiation data were separated into cleavage precrack

*
'

.and ductile precrack subsets, with the ductile precrack data being elimi-,

nated-to provide a set of points with equivalent crack-tip morphologies.,

As shown11n Fig. - 5.14, the remaining data were fitted to Weibull distribu-
tion of slope equal to four. This procedure resulted in fairly good de-

cscriptions of the two methods of analyzing fatigue precracked compact'
.

specimens .but was not ' adequate for either the reinitiation or the cylinder
^

L ; data. . However, the agreement between these latter two sets suggests that
they are members of the same population. Accordingly, both sets were com- .

bined and replotted as shown in Figure 5.15. The combined distribution
'is satisfactorily , described by a Weibull plot of slope equal to three.

, .
The characteristics of the'Weibull distributions from Figs. 5.14

'

_ and 5.15 are . listed in Table 5.6. Because the values of a are in a range
'

' '
where the Weibull distribution is very close to the Gaussian distribution,
the means and standard deviations in the table can be used with a Gaussian

''

distribution. Whichever distribution is used, it is recommended that the
combined cylinder-reinitiation data be used in any evaluation that re-
quires lower-bound toughness values. Also, the data are limited to tem-

.peratures' less than (RTNDT + 30'C). Above this temperature, the distribu-
! tion may:not apply.

The most interesting point .of the analysis concerns the agreement be-
,

'

- - tween reinitiation and thermal-shock data. The common points between the
- . specimens in those two types of experiments are that neither employs a

~

-

fatigue precrack and neither' experiences stable crack growth prior to:

cleavage. To the extent that the BCL data are representative of the be-
L havior of' steel within the ductile-brittle transition region in general,

'
-it appears'that fatigue'does not provide the sharpest possible crack tip,

contrary to the underlying assumption of ASTM E399. In contrast to the
.reinttiation data, the fatigue precrack results were significantly higher,

L than the cylinder values, even when adjusted for plasticity prior to
*

H cleavage'. Initiation. 'However, there was suf ficient overlap between the
. adjusted fatigue precrack data and the cylinder data to confirm the proven )

L

g
[
L
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' Table 5.6. Distribution functions for K yc

{-
Weibulla

KIc/Ko *
Number of Parameters''

** **
specimens

StandardA m Mean deviation -

'Thermally shocked 13
-cylinders

Compact specimens > 2.15 3 1.92 0.70
Reinitiation of 27
an arrested

~ cleavage crack
,

Fatigue precrackb 41 3.06 4 2.77 0.78
Fatigue precrack" 30 4.06 4 3.68 1.03

aThe cumulative Weibull distribution is
F = 1 - exp[-(KIc/AK )9o

DAvailable energy.
CEquivalent energy.

,

success of the available energy method (and the Merkle S correction).31 -

Thus, these latter procedures are considered acceptable,ealbeit less ef fi-
cient, predictors of cylinder behavior.
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6. IRRADIATION EFFECTS STUDIES

'- R. K. Nanetad
-;s

.

6.1 ' Third HSST Irradiation Series
_

~ ' -
'J. J.'McGowan R. G. Berggren ,

T. N. Jones R. K. Nanstad

The ; third 4TCS irradiation experiment contained miniature tensile -
gy , : specimens , ofJ four low-upper-shelf weldments. The irradiation conditions
26

, were reported in Ref.1, and the results from Charpy V-notch (CVN) speci-
mena tested in this eeries have been reported in Ref. 2. The chemical
composition of these submerged-arc welds is shown in Table 6.1. The final

g | item to'be completed in this series was the tensile testing, which has now
,been completed sad is reported below. ,

' The two types of miniature tensile specimens used in this study are
shown in Fig. 6.1. ~ The sizes were selected because of the space available
in the irradiation capsule. The diameters of both long and short speci-

; mens were 4.52 um with the . total lengths of the long and the short speci-
men being 5.5 and 5.0 cm, respectively. The tensile strength properties
of the welds are summarized in Tables 6.2 and 6.3 for the unirradiated and

tirradiated condition, respectively. The unirradiated strengths of the
welds are similar with weld 66W showing slightly higher (10% to 15%) val-

.. ues than1 the other three welds. Irradiation at 252 to 290*C to a fluence *
,

fin;the' range of 2 to 10 x 1022 neutrons /m2 (E > 1 MeV) produced a signifi-
: cant increase in the strength of the four welds. (Figure 6.2 shows the
_ behavior of sold 65W.) ' The yield strength of all four welde was more sen-> *

-sitive (10%) to irradiation than the ultimate strength as shown in Table
-6.4. The strength of welds 64W and 67W was generally more sensitive (10%)

i<

to irradiation than welds 65W and 66W.
. The elongation properties of the welds are listed in Tables 6.2 and<

.

6.3 for the unitradiated and irradiated condition, respectively. The
g total elongation ' changed up to _2% with irradiation as shown in Table 6.5.

_

6.2 Fourth HSST Irradiation Series

J. J. McCowan R. G. Berggren
T. N. Jones R. K. Nanstad

R. I.. Swain

- The fourth capsule of the Fourth HSST Irradiation Series contained '

- materials supplied by the Federal Republic of Germany (FRG). The CVN in-
,

pact' tests were completed on both irradiated and unieradiated specimens, *

and'posttest measurements are in progress. The cooperative testing
f- 3program on specimens from the first three capsules of the Fourth HSST

Irradiation Series is continuing. Tensile testing has been completed. .

Testing of all unirradiated ITCS specimens has been completed, and the
scoping tests of the irradiated ITCS specimens have been initiated. The

~ .- , . . _ _ _ . . _ _ _ . _ _ _ __ _ _._ _.____ _ _._,._ _._
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~ Table 6.1. Chemical composition of' submerged-arc welds
for Third RSST-Irradiation Series

aAverage composition
("" }

Material

C Mn .P S Si- Cr Ni Mo Cu V

64W ' O.085 1.59 0.014 0.015- 0.520 0.092 0.660 0.420 0.350 0.007

0.070 1.54 0.012 0.014 0.445 0.074 0.600 0.410 0.310 0.006
0.10 1.64 0.017 0.016 0.600. 0.110 0.720 0.430 0.390 0.008

65U 0.080 1.45 0.015 0.015 0.480 0.088 0.597 0.385 0.215 0.006

0.070 1.42 0.014 -0.013 0.450 0.076 0.585 0.370 0.180 0.005 D
0.090 1.49 0.017 0.017 0.610 0.106 0.610 0.400 0.250 0.008

66W 0.092 1.63 0.018 0.009 0.540 0.105 0.595 0.400 0.420 0.009

0.075 1.59 0.017 0.009 0.480 0.090 0.580 0.380 0.350 0.007
0.110 1.67 0.020 0.010 0.600 0.120 0.610 0.420 0.490 0.012

67W 0.082 1.44 0.011 0.012 0.500 0.089 0.590 0.390 0.265 0.007

0.070 1.40 0.010 0.012 0.410 0.067 0.580 0.370 0.220 0.005

0.095 1.48 0.013 0.013 0.590 0.110 0.600 0.410 0.310 0.010

UNumbers shown below each entry indicate range of corposition measurements.
|
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Table 6.2. Tensile properties of unieradiated welds
Third HSST Irradiation Series *

Test Yield Ultimate Uniform Reduction Total".gg,% ,

tenPerature strength strength strain in area elongationh*
(*C) -(MPa) (MPa) (%) (%) (%)

,

.64W10b - 27 467 583 9.9 65.8 19.5lih. 27 469 581 9.6 64.5 18.8
12b' 151- 426 539 9.0 65.5 17.2
13' '151 418 533 9.9 67.4 18.9
14b :286 398 547 8.4 60.0 16.0
158 288 398 549 9.6 52.7 15.8
166 27 458 575 10.1 64.1 18.4

'17b 151 407 519 9.0 66.7 17.4
.186 286 398 533 8.6 51.5 14.4

65W108 27 461 572 10.1 63.9 19.6
118 27 460 571 9.5 64.4 17.2
128 151 425 535 7.7 62.9 15.4
13b 150 428 538 8.0 63.6 15.2
14b 288 423 550 7.5 55.5 13.3
156 -288 414 548 7.8 57.3 14.3
16b 27 451 571 9.5 67.2 17.6 a

17b 150 416 526 7.4 66.0 15.2
18h 288 398 550 9.1 61.1 16.9

-66W1 27 533 639 8.4 63.3 17.1 '

2 150 507 599 7.2 64.9 14.7
6 287 496 610 6.8 46.3 12.7
7 27 534 639 6.8 63.4 14.8
8 149 506 595 6.2 63.5 13.5
10 288 500 607 6.4 47.0 11.7

67W1 27 445 569 8.2 65.8 16.2
.2 27 461 581 8.5 67.7 17.2
3 150 424 538 6.5 67.9 14.3
5 149 429 543 6.5 63.9 13.7
6 288 431 565 7.3 61.0 13.9
7- 288 433 567 7.7 55.1 13.8

-8 27 479 600 11.4 66.1 20.2
10 148 433 544 7.3 64.6 15.0
11 288 427 554 7.3 57.7 12.8

~1Elongation for 31.75-am sage length.

bBhort specimens, all others are long specimens. .

o

-m_
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Table 6.3. Tensile properties of irradiated welds
Third RSST Irradiation Series

Specimen Fluence Irradiation Test Yield Ultimate Uniform Reduction Totala
temperature temperature strength strength strain in area elongation

(1022 neutrons /m ) (*C) (*C) (MPa) (MPa) (%) (%) (%)2*

64w1 4.5 273 288 519 640 7.5 39.0 11.9
h 6.7 281 33 610 709 10.0 58.4 17.14
b 6.7 282 288 527 656 8.3 40.4 14.05
b6 2.4 289 33 594 688 10.9 56.5 17.1
6 2.4 290 289 525 658 7.2 52.1 12.27
h 6.4 273 149 524 626 7.5 56.5 14.88

65W3 3.8 281 151 476 612 9.3 61.3 16.6
h 7.6 279 28 582 676 11.2 63.0 20.24
b 7.6 284 287 507 644 9.3 53.6 16.7S

6h 2.0 288 288 504 627 8.2 62.1 14.7
7b 2.0 287 28 562 662 10.6 57.7 18.6 [j

h 6.0 268 150 493 592 9.1 62.4 17.18
h 6.0 270 288 475 601 8.0 49.5 15.09

66W3 6.4 284 149 599 684 6.7 67.4 13.4
4 5.6 27 9 149 603 692 6.8 52.4 13.3
5 5.2 279 287 573 683 7.1 50.8 12.8
9 4.0 282 34 635 715 6.8 59.3 14.8

b 8.7 281 290 580 683 6.0 42.2 11.211
12b 8.7 286 34 671 746 8.0 60.8 18.2

67W4 5.4 282 149 566 645 6.7 66.3 13.5
9 4.2 282 149 553 655 7.5 60.8 13.9

h 9.5 261 288 519 632 7.1 60.7 13.015
16h 9.5 252 288 511 627 7.1 52.7 12.8
17b 1.8 284 34 613 691 8.6 61.4 15.4
ISb 1.8 286 288 529 655 8.0 59.7 13.3

aElongation for 31.75-mm gage length.

DShort specimens, all others long specia-ns.

. ..
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c TOTAL LENGTH :

DIMENSIONS IN CENTIMETERS
GAGE TOTAL

LENGTH LENGTH
(cm) (cm)

LONG SPECIMEN 3.175 5.5
SHORT SPECIMEN 2 924 5.0

Fig. 6.1. Tensile specimen configurations.

A

Table 6,4. Average tensile strength
Third HSST Irradiation Series"

e

# #
Y,I Y,U U,1 U,U

,Y,U ,Y,I ,U,U ,U,IMaterial
-

(Wa) (Ma) a (Ma) (Wa) oy,y U,U
(%) (%)

64W 422 537 27 541 644 19 .

65W 427 501 18 542 590 9

66W 509 608 19 606 695 15

67W 434 561 29 552 655 19

a herew

o\ y = average unitraMated yieN strength from 22 to 288'C
.

c = average irradiated yield strength from 22 to 288'cyy

c = average unitradiated ultimate strength from 22 to 288*C ,y,y
o = average irradiated ultimate strength from 22 to 288 Ng,g
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Fig. 6.2. Tensile strength of irradiated and unirradiated weld 65W.
s:. .

Table'6.5. Average total elongation
. Third HSST Irradiation Serieso

#
Material *T,U ''T I *T I T,U

(%) (%) (%)

64W 17 15 -2,

65W 16 17 1

66W 14 la 0

67W. 15 14 -1

a herew-

.

c - averase unieradiated total elongation from 22 to 288'cT,U i
,

c = average irradiated total elongation from 22 to 288'c

.-

L
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CVN results for the first three capsules have been reported previously in
Ref. 4. 2 A summary of the CVN results is shown in Table 6.6. Plate 02 was
the most sensitive to irradiation, whereas welds 68W and 71W were the
least sensitive. The chemical composition of these materials is shown in
Table 6.7.. *

The long-type miniature tensile specimen shown in Fig. 6.1 was used
in this' study. The diameter was 4.52 mm, and the overall length was

15.5 ca. The tensile strength properties of the materials are summarized =

:in Tables' 6.8 and 0.9 for the unirradiated and irradiated condition, re-
.spectively. The unirradiated strengths differ considerably with weld 69W
- being the ' strongest; welds 70W and 71W were the wekest. Irradiation at
- 288'C .to a fluence of 11 to 23 x 1022 neutrons /m2 (E > 1 MeV) produced
varied responses in the tanterials. The behavior of welds 70W and 71W is

shown in Figs. 6.3 and 6.4, respectively. The yield strength was gener-
ally affected more than the ultimate strength as shown in Table 6.10.
The strength of plate 02 was more affected by irradiation (10%) than the

. welds.
The elongation properties of the materia.ls are listed in Tables 6.8

y and 6.9 for the unirradiated and irradiated condition, respectively. The
_

total elongation changed *1% with irradiation as shown in Table 6.11.
All testing of unirradiated ITCS specimens at Oak Ridge National

' Laboratory (ORNL) has been completed, and only limited testing of unir-
. radiated ITCS specimens remains at Materials Engineering Associates (MEA).
. Some preliminary tests of irradiated ITCS specimens have been performed
at-ORNL. Both laboratories used unloading compliance to measure crack
length, and all specimens had razor blades mounted at the load line. The e

ORNL testing system used an 11P-9836 microcomputer to control the test and
acquire data; as a result, the crack length could be determined within
0.02 m during each unloading. The specimen was loaded under load-line .
displacement _ control at a rate of 0.2 mm/ min. A 1-min hold at constant
load-line displacement was performed prior to each unloading to minimize
hysteresis problems. Smooth-sided specimens were used in the transition
region, whereas 20% side-grooved specimens were used in the upper-shelf

' region.- When applicable, K according to ASTM E399 (Ref. 5) was deter-
mined;otherwise,theModifbd-ErnstJ-Integral6 was used to infer Ky=

3EJ where E(GPa) = 207.2 - 0.57 T('C). If there was no significant cracke
growth (the J vs Aa curve did not intersect the 0.15-am exclusion line),r
J to maximum load was used to determine K . If there was significanty
crack growth (the Jt vs As curve did intersect the 0.15-am exclusion
line), Jge was used to determine K . A typical J-R curve is shown iny
Fig. 6.5. Note that J is determined both with the power law and ASTMye
E813 (Ref. 7) procedure. A summary of results from all the unirradiated

. tests with nonsignificant crack growth is shown in Tables 6.12 and 6.13
for ORNL and MEA, respectively. A summary for all unirradieted tests with
significant crack growth is shown in Tables 6.14 and 6.15 for ORNL and
MEA, respectively. 'A summary for all ORNL irradiated tests with nonsig-
nificant crack growth is shown in Table 6.16. A summary for all ORNL ir- *

radiated tests with significant crack growth is shown in Table 6.17. A
comparison of the fracture-toughness data for the two laboratories is
shown in Figs. 6.6-6.10. Note that there is no significant variation *

.between the two laboratories. The welds shew substantially more scatter
in the fracture toughness (*50 MPa* m) because of their relative

_ - _ _ - _ _ _ - - - - _ - - -
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Table 6.6. Charpy property-degradation of low-copper velds and plate
produced by irradiation to 2.0 x 1023 neutrons /m2 (288'C) -

Content

-(wt %) Observed transition Observed upper-shelf
g g,7

temperature shift energy change
Cu Ni ('C) (%)

Plate 02 0.14 0.67 78 4 -14 1 2 ao
"

Weld 68W 0.040 0.13 14 3 -3 1 4

Weld 69W 0.120 0.10 Si t 4 0t6
Weld 70W 0.056 0.63 37 t 6 +0.5 t 3

Weld 71W 0.046 0.063 15 t 7 +12 t 4
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Table 6.7. Chemical composition c.f plate 02 and submerged-are velds -

for Fourth HSST Irradiation Series

Average composition-

'NMaterial

C ' Mn P .S Si Cr Ni Mo Cu V

Plate 02 0.23 1.55 0.009 0.014 0.20 0.04 0.67 0.53- 0.14 0.003

Weld 68W 0.15 1.38 0.008 0.009 0.16 0.04 0.13 0.60 0.04 0.007 $-

Weld 69W 0.14 1.19 0.010 0.009 0.19 0.09 0.10 0.54 0.12 0.005

Weld 70W 0.10 1.48 0.011 0.011 0.44 0.13 0.63 0.47 0.056 0.004

Weld 71W 0.124 1.58 0.011 0.011 0.54 0.12 0.63 0.45 0.046 0.005

|

|
.

|
,

O . g e # 9

. . _ , . "
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. Tahle 6.f. ' Tensile properties of unteradiated welds and plates

<q Fourth itSST Irradiation Series

. 3pecimen Test h Yield Ulttaate Unifore Reduction Total
-M '

( ($C) . (MPa) (MPa) (2) (1) (1)
.. %o . temperature strength strength strain in area elongation

4;

A-
, _ f( '. .

1 68W1' *140 772 821 ',f 9.3 69.0 18.9
'. 4 1140 816 847 11c6 ,67.0 20.3

'''

5

8 ^ -40 588 693 9.7 * g12.7 20.5
12 124 . 519 599 ').5 12.1 ,13.6

JT - 13 287~ 497 624 1.4 73.1 '15.9
i 14 287 493 618 6.9 72.8 15.2

"
u

69W1- -140 873 927 12.4 65.8 21.5g

2 -90 737 838 10.1 = 66.2 2013
3 -40 678 780 9.2 69.9 17.3

~7 642 723 7.6 68.3 16.2.. -4 2
"'

S 123 600 688 6.5 68.0 13.9
>s 7 204 ' 571 696 7.3 67.4 14.M

.. g . . . ;d' 8 287 ' 572 714 9.1 59.2 16.3
'.i n N ' 10 -140 849 920 9.8 67.2 18.3s

4 11.- W 679 779 8.4 67.9 16.8s
mf: 16 ' 21 ' 635 721 6.8 71.1 15.4

-- 19 - 122 601 681 5.9 70.5 13.6
. 20 287 582 708 6.8 60.5 13.4.o-

,

70W1 -140 686 809 18.4 57.1 26.0s.

,'.,.: 2- ' -90 574 715 11.8 64.2 23.3'

NW 3 -40' 524 658 11.5 68.0 22.4s e-
4 'T ng 4 :27 480 593 10.3 68.1 19.8

'
'

5 122 453 558 8.3 68.8 16.1
6 203 436- 561 7.3 66.7 15.8

287 436 578 8.1 65.5 15.4/ ., 9 .
,

N ' 140 664 784 12.7 62.7 22.911* -
~

12 -40 $25 a 655 12.0 67.2 21.2
15 27 476 594 9.1 69.4 18.2
17 124 452 556 8.3 67.8 16.9

h
,

18 288 429 573 8.4 64.1 16.3
y

,.. i( '-
71W1- -140 669 795 13.7 60.8 21.9

2' -91 566 718 13.4 62.1 22.2
1 . - .4 -40 506 659 12.5 64.2 20.9
O' %I' 5- - 27 469 600 9.3 67.3 18.2
-"

7 122 447 557 8.7 ' 66.1 16.0
8 203 429 557 8.3 64.2 15.9
10 289 430 581 8.2 59.6 14.6

h. 12 .-140 681 806 13.9 58.7 23.5
'

13 -40 511 658 12.4 65.2 20.5
14 . 27 469 598 10.0 68.3 19.4
16 122 442- 558 8.7 64.9 16.0
18 289 428 568 8.7 60.9 15.1

02CA510 28 466 621 9.1 68.2 17.8 s
511 28 468 623 9.1 69.4 18.9g- ;

J 514 -40 517 687 12.2 67.2 20.0
g_. 515 -40 50 5 683 11.1 68.1 19.9
?- 516 -90 559 746 11.8 62.6 20.7
k- 517 -90 ~ 569 755 12.2 55.8 18.8

$18 122 448 569. 7.5 68.1 15.2y
%t4 519 123 441 584 7.3 65.7 15.2E k; * $20 203 426 586 7.9 66.9 15.5,

:1 521 203 423 582 7.7 65.5 15.3
k: 523 289 433 622 9.6 56.8 18.0
# 524 -140 684 836 12.9 58.3 23.4

F, '. 525 -140 678 846 12.8 55.4 20.1
$32 289 432 621 9.0 59.5 16.5

..

4

e _ _ _ _ _ - _ - _ . ._ -
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Table 6.9. . Tensile properties of irradiated welds and' plates
Fourth MSST Irradiation Series ~

2 ##* ** ** ** * * **** * ' ' ' * ** ** ***Specimen Fluence
neutrons /m ) temperatore temperature, strength strength- atrain in area elongation22 2No. (10 ( C) -( C) (MPa) (MPa)- (%) -(%) -(%)

68W2 7.5 288 36 555 634 6.1 72.5 15.0
6 13.0 288 122 537 612 5.7 77.0 14.0
7 14.6 288 36 573 656 6.9 69.6 16.0
9 16.9 288 287 575 641 6.3 76.9 16.1
15 12.8 288 289 521 633 6.8 70.2 15.3

69W6 8.0 288 35 704 776 8.4 65.0 17.4
12 13.6 288 121 674 747 7.0 66.8 14.4
14 16.6 288 288 652 755 7.4 59.2 14.2
15 15.8 288 122 675 749 6.5 68.9 14.1
17 13.8 288 34 717 792 7.1 65.7 15.3 .,
18 10.5 288 287 653 756 6.8 59.5 14.0 o'

70W7 10.4 288 288 467 615 9.1 62.0 16.9
8 16.5 288 28 534 649 10.3 64.6 19.0
10 19.8 288 121 499 607 9.1 60.8 17.1
13 21.1 288 288 472 615 9.2 48.8 15.7
16 14.0 288 122 495 597 10.1 68.7 18.0

71W3 10.2 288 288 461 592 7.9 60.1 14.5
9 19.5 288 122 498 604 10.1 60.3 18.0
11 20.8 288 288 470 608 8.3 48.5 13.6
15 18.6 288 29 539 649 10.3 62.2 18.8
17 13.7 288 121 487 592 9.2 63.8 17.0

02GA503 17.6 288 34 609 749 10.4 61.1 18.1
504 22.5 288 288 533 706 8.5 50.3 14.7
505 22.0 288 121 581 712 8.2 54.4 14.4
506 21.4 288 31 617 753 9.4 52.9 16.8
508 13.9 288 121 566 699 9.5 62.5 16.1
509 13.6 288 288 519 696 9.3 61.3 15.3

. . , , - *

. - - . - _ . _ -- -- - --
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Table 6.10. Average tensile strength
Fourth HSST Irradiation Series'

3 --

# #
Y,I Y,U U,I U,U *

! Material. fY,U - Y,I U,U U,I
#

(Wa) (MPa) O (MPa) (MPa) GYU U,U
(%) (%)

*

-

<

Flate 02 ~ 432 564
~

31 590 707 20

Weld 68W. 496 590 19 604 620 3

Weld 69W 584 672 .15 692 752 9

Weld 70tf 440 493 12 562 608 8

Weld 71W- 430 489 14 563 602 7

a herew-

o - = average unirradiated yield strength from 22 to 288'Cy,U

o = average irradiated yield strength from 22 to 288'cgg

'o =. average unirradiated ultimate strer.gth from 22 to 288'CU,U ,

a = average hvaMaced ultimate strength from D to M
y,7

., .

Table 6.11. Average total elongation
Fourth HSST Irradiation Seriesa

Material._ "T,U T.I T.I T,U
'

(%) (%) (%)

Plate 02 15 16 +1

Weld 68W 16 15 -1

Weld 69W 15 15 0

Weld 70W 17 17 0
~

Weld 71W 16 17 +1 l
' '

. ,

8vhere

-c = average unirradisted total elongation from 22 to 288'c *y

c = average irradiated total elongation from 22 to 288*C

- _ - - _ . _ _ _ _ _ _ .
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Table 6.12.. ORNL transition region test data summary.
~

unirradiated ITCS-specimens

Test
Specimen- . temperature- (a/W)g J *

,. max Ky~ KIc KgCN** stress-
("c) ' (kJ/=2) - (** * 6) (wa.6) (wa.6) .(ap,)

.02GA283 -95 0.619 57.3 593.1
02GA296 -40' .0.617 22.81 69.1- 59.6 529.4
02GA30' -40 0.621 26.60 74.7 62.6 529.4
02GA312. -95 0.612 42.0 593.1
02GA350 -80 0.622- 13.36 53.2 50.1 574.3
02GA367 0 0.622 75.50 125.1 79.5 492.0
02GA415 -100 0.614 44.4 599.6
02GA417 0 0.606 76.04 125.5 79.6 492.0

68WCB -80 0.601 59.5 683.7 .68WDD -30 0.616 216.82 212.8 113.4 614.7 *
68 WEB -135 0.597 40.2 775.6
68WKD -80 0.604 70.87 122.5 92.9 683.7

69W103 -100 0.595 42.4 778.8
-69W109 -100 0.597 40.7 778.8
69W124 -20 0.605 58.31 110.2 87.4 679.9
69W128 -5 0.599 '44.31 95.9 79.7 664.8
69W136 -60 0.596 60.8 725.5
69W140 -60 0.587 56.1 725.5
69W151 20 0.600 118.25 156.1 101.6 642.0

70W103 -135 0.550 35.9 652.1
70W120 -40 0.552 59.23 111.4 78.9 540.0
70W127 -135 0.549 47.3 652.1
70W143 -65 0.546 58.12 110.7 80.5 565.8

71W105 -90 0.547 47.8 587.0
71W107 -50 0.544 35.07 85.8 68.6 540.7
71W114 -10 0.553 61.02 112.6 76.4 501.6

_ _ _
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Table 6.13. MEA transition region test data summary-
unirradiated-1TCS specimens

Test J K K K Yieldaax yc yc ScSpecimen
temperature (a/w)g (kJ/m ) (MPa+E) (MPa+E) (MPa+E) stress2

No* .('C) (MPa)

02G-292 -45 0.617. 8.8 43.2 44.4 42.1 593
02G-300 -95 0.623 15.6 57.6 58.7 53.8 593
02G-308 -45 0.620 9.1 44.1 45.2 42.8 593
02G-297 -5 0.619 74.2 124.1 79.5 496
02G-304 -5 0.619 90.6 137.2 83.2 496
02G-313 -5 0.619 81.8 130.3 81.3 496

68W-JE -125 0.603 29.4 79.4 72.9 757
68W-HA -120 0.599 16.2' 58.9 59.8 56.9 749 e

68W-JC -95 0.597 40.2 92.5 79.6 707
68W-HE -80 0.60P. 107.3 150.8 103.3 684

69W-135 -100 0.592 9.6 45.1 46.6 44.6 779
69W-104 -60 0.597 30.6 80.3 72.7 725
69W-111 -5 0.604 39.4 90.5 76.8 665
69W-158 -5 0.600 84.4 132.4 95.5 665

70W-102 --115 0.544 21.5 67.8 61.7 625
70W-109 -115 0.546 8.3 42.0 44.1 41.2 625
70W-121 -65 0.546 32.8 83.2 68.6 566
70W-122 -65 0.548 73.0 124.1 85.2 566
70W-141 -35 0.566 89.5 136.9 86.7 535

71W-132 -95 0.550 16.8 59.8 55.4 593
71W-113 -45 0.548 17.7 61.4 56.5 593

. . . .. .

_ _ _ _ _ _ . _ . _ _ _ _ _ . _ _ _ _____
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' Table 6.14. OSNL upper-ehelf-J-t curve data.

sumary, umstradiated ITCS opecimaa

.

Test ' Side,
Jge Kje T.,g

Flow
P,** I"* temperatura : Greeve -. '(a/w)g, Aa, Aa,-Aa , Power AS1M Peuer ' ASTM Pauer ASTN etrees ) 9, gy* (*c) (2). (mm) tem) lav . (gj/,2) (ny ./,)(ny../,)

la. law Oea) .2(kJ/m ) .

02CA299 50 20 . 0.620 3.091
. -0.215 182.2 187.2 191.0 193.6 142.2 135.6 500.3 1251.4 vatte

0.086 244.1 247.2 223.4 224.7 - 132.7 129.4 '531.2 2168.1 ~ Valid
02CA303 121 '20 0.620 3.063 -
01CA321 204 20 0.626 3.089 0.166 158.9 1 54.1 176.3 173.6 110.2 112.9 498.5 969.8 valid
02CA325 121 24 - 0.622 4.107 0.155 145.7. 138.6 1F0.8 166.6 146.7 139.7 500.3 1291.0 Valid
02CA326 204 20 0.623 5.728 0.042 139.7 137.7 165.3 1 64.1 102.7 103.6 4 98.5 903.8 Valid

' 02CA327 288 20 0.632 6.007 -0.140 141.7 140.3 1 64.4 163.6 65.3 68.9 534.0 574.6 valid
02CA357 288 20 0.627 3.729 -0.042- 137.4 136.0 '161.9 161.1 93.9 95.3 534.0 826.3 Valid

68WAA 2 88 20 0.598 3.205 -0.610.. 268,5 256.8 226.3 221.3 122.6- 128.3 5el.6 1078.9 .
68WM8 '121 20 0.607 3.124 -0.233 234.2 178.6 216.6 189.1 203.4 221.2 542.5 1789.9 -Vatte
68WKA 23 20 0.604 2.784 0.292 213.9 -146.7 - 2 09.9, 173.8 211.6 226.7 600.1 1862.1 valid

69W117 121 20 0.598 3.178 0.297 172.9 169.4 .186.1 184.2 85.8 85.0 630.5 755.0 Vaite
69W125 50 20 0.591 2.715 0.318 175.8 168.5 109.6 185.6 74.6 77.3 664.1 656.5 Valid
69W141 121 20 0.595 3.200 0.400 180.1 188.6 109.9 1 94.4 82.2 79.5 630.5 723.4 Valid
69W145 204 - 20 0.603 3.6 58 0.255 144.9 144.5 168.3 168.1 59.7 62.1 623.1 525.4 Valid
69W154 288 20 0.5 98 3.307 -0.069 126.3 123.5 155.2 153.5 49.9 51.6 6 50.9 439.1 Vetto
69W161 288 20 0.598 3.929 -0.058 144.8 148.0 168.5 168.0 50.3 52.4 650.9 442.6 Valid
69W169 204 20 0.609 2.891 0.437 102.3 103.1 141.5 142.0 62.0 62.6 623.1 54 5.6.

70W114 121 20 0.552 3.274 0.251 130.4 116.4 161.6 152.7 151.2 156.1 4 94.4 1330.6 Valid
70W116 288 20 0.553 3.800 0.017 121.4 118.8 152.2 1 50.6 83.5 86.2 511.2 7 34.8 Valid
70W135 121 20 0.544 2.977 0.319 114.3 90.4 151.3 134.5 171.0 179.4 494.4 1504.8 Valta

- 70W144 204 20 0.553 2.809 0.2 30 147.1 126.5 169.6 157.3 124.9 135.2 4 86.6 1099.1 Valid
70W147 204 20 0.553 3.010 0.271 126.5 125.4 157.3 156.6 108.0 108.4 4 86.6 9 50.4 Valid
70W150 50 20 0.543 2.995 0.330 146.5 115.4 173.0 153.6 168.1 179.8 526.2 1473.3 Valid
70W152 2 88 20 0.545 3.053 0.033 117.7 112.4 149.8 146.5 92.1 95.4 511.2 810.5 Vatte

71W103 121 20 0.556 3.330 0.252 112.5 108.8 150.1 147.6 117.7 118.1 4?9.3 1035.8 Valid
75W124 50 20 0.556 3.012 0.338 98.2 78.6 141.7 126.8 160.2 162.8 52a.5 1409.8 valid
71W125 204 20 0.553 3.190 -0.288 113.6 113.2 149.1 148.8 86.6 88.0 482.1 762.1 Valid
71W127 289 20 0.553 3.868 0.0 58 72.9 73.4 117.9 118.3 65.0 64.6 500.2 572.0 ve114

02GA293 23 0 0.619 ' 1.059 -0.240 208.9 166.4 207.4 185.1 164.7 194.5 549.9 1473.1
02CA309 23 0 0.617 0.559 -0.165 258.1 230.5 124.6 549.9 1096.5
02CA374 40 0 0.623 3.838 -0.945 259.6 192.2 230.7 198.5 251.1 274.7 537.7 2209.7

69W132 22 0 0.591 0.942 -0.228 95.0 47.0 139.9 98.3 101.0 120.8 684.4 888.8

71W130 30 0 0 . 54 7 3.686 -0.3;5 95.0 56.4 139.7 107.7 204.2 203.6 534.8 1797.0
71W131 -10 0 0.551 0.455 -0.074 160.5 182.6 146.8 56 7. 3 1291.8

.

.

.
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Table 6.16. ORNL tranettien region test data summery
irradiated ITCS epecimene (preliminary data)

.

Test Fluence Irradiated Yield

NO IC (neutrons /m ) C - ' ( /s ) (W ) (Wa *N) ( a )2
.

02GA288 79 , 20.4 288 0.615 83.10 129.8 89.1 590.8
02CA407 50 20.5 288 0.606 18.12 60.9 56.4 604.3 $
69W113 29 12.4 288 0.599 51.80 103.2 85.7 713.9
69W142 -36 13.4 288' O.597 52.0 752.7

.

714122 -13 20.5 288 0.535 56.11 108.0 79.6 567.3
71W143 -73 19.4 288 0.527 34.4 616.1

b.
.

h



--

; .yp .y
- . m - , - g. - , :; -

-

" ? .9 ' i, . /pg -
'

p ,. ;1|% s"
'

> t.

,

i- r r <

,, , _
, -

+ *
, . 94 < .

'

-!.
,

,

W

&

"

u .

., .

r

h

.

5

.

9

' Table 6.17..' OIUR. upper-ehelf J-R curve date summary
irradiated ITC$ specimens (preliminary date)-

.

Test Fluence Side Irradiation ___

' Kj , .T.,g,Je g
FlavSpecimen

temperature 1022 groove temperature -(a/W)g &a Power ASTM Poier ASTM Power ASTN strese
2 ,y*

(*C) (neutrons /m ) (g) (*C) (mm) law ' lae low - (We) *

(kJ/m ) (kJ/m ). (,../;) (up..f,)2 2

69W116 52 14.0 0 248 0.588 '1.124 80.31' 57.6 128.1 108.4 61.9 69.3 734.5 544.7

71W140 16 21.2 0 288, 0.535 0.392 ' 140.5 170.2 81.6 603.3 718.1 .

.

. .

.
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Fig. 6.5. Typical J-R curve from ORNL microcomputer testing system.
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< .; inhomogeneity. The K8c values were calculated using the Merkle method 8
~ to estimate. lower-bound fracture toughness in the transition region.

A-summary of the fracture-toughness parameters for.the five materials
is1shown in Table 6.18. Weld 68 had the lowest transition temperature,
and .. weld 69W had the highest. The estimated irradiation-induced transi- -

tion temperature shift-is within 15'C:of'that predicted from CVN results
(Table 6.6).- Weld 68W had the highest upper-shelf toughness, whereas weld
71W- had. the lowest. Testing should be completed shortly with the final .

~

draft report being' completed in the next 6 months.

Table 6.18. Fracture toughness parameters summary
Fourth HSST Irradiation Seriesa

| Material T,U TI T I,US
(*C) ('C) ('C) (MPa'6)

Plate 02. -10 80 90 171

L Weld 68W -75 NA NA 205

Weld 69W 10 50 40 166
.

Weld 70W. .-45 'NA~ NA 155

Weld'71W^ -15 10 25 140 ,

.a her'sv
..

T = estimated unitradiated 125 MPa* 6 transition temperature~

T,U

T,I '= estimated irradiated 125 MPa* 6 transition temperatureT

AT = estimated transition temperature shift, T -T
T 7 T,U

I,US = estimated average upper-shelf toughness from 121 to 288*C

NA = not available

6.3 Irradiation-Induced K Curve Shift7e

R. G. Berggren- K. R. Thoms
R. K. Nanstad F. B. Kam

.

This study (Fifth HSST Irradiation Series) has been described in pre-
Lvious reports.9,10 Eight of .the twelve required 1.22-m-long (4-f t) weld-
ments of the lower copper (Cu) composition (HSST 72W; 0.25% Cu) and four .

of the' twelve required '1.22-a-long weldments of the higher copper composi-
-tion (HSST 73W; 0.35% Cu) have been received from Combustion Engineering,

|
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Inc. (CE, Inc.), Chattanooga, Tennessee. Fabrication of the remaining
weldments is in progress.

The base plate for these weldments is a 220-mm-thick plate of SA533
grade'B class 2 steel. The welding wires are from two special heats of
AWS AS.23, type EF-2, with copper added to the melts to achieve two levelso

of copper content. One lot of Linde 124 flux is used for all the welds.

The submerged-arc welding is done with a tandem-arc, alternating current<

procedure using a O' bevel (constant-width) weld groove. The width of thee

completed welds ranges from 28 to 32 mm. Postweld heat treatment is per-
formed at 607'C for 40 h. A cross section of one of these welds is shown
in - Fig. 6.11.

Chemical compositions are being determined for each drum of welding
wire, weld test coupons, weld runouts from. each weldment, and cross sec-
tions from the weldments. Table 6.19 lists chemical analysis results for
the plate materials, weld wires, weld test coupons, and weld metal from
the runout tabs for the weldments received to date. All values are aver-
ages of a number of determinations. Compositions for the sections taken
from the main weldments are not yet available. The compositional varia-
tions in ' this table are those usually found as a result of segregation
in the ingot and dilution in the weld nugget. The two weldments are of
nearly the same composition with the exception of the desired dif ference
of copper content. The copper contents, 0.23% for HSST 72W and 0.32% for
HSST 73W, are close to our desired 0.10% Cu difference.

- Mechanical properties tests were conducted by CE, Inc., and results
from the weld test coupons are presented in Table 6.20. Both welds meet

43 . our. specifications. We have also conducted CVN impact tests on specimens
from a 1.22 m weldment of HSST 73W, and our results agree with the CE,
Inc. results.

Fabrication of specimens from the weldments r.ow on hand is in prog-. . .
ress. Specimens for the first two irradiation capsules are being assem-
bled in the capsules. These first two capsules will er.ch contain 2 4TCS
specimens and 12 CVN specimens of the higher copper composition (HSST
73W). Design of the capsules for 4TCS specimens was completed; capsule
designs for ITCS and 2TCS specimens are nearing completion.

6.4 Irradiated Crack-Arrest Studies
-n

W. R. Corwin R. K. Nanstad

Weidment ~ materials for this future irradiation study (Sixth HSST Ir-
radiation Series) will be from the same weldments being fabricated for the
Fifth HSST Irradiation Series. The irradiations are tentatively scheduled
to begin near the beginning of FY 1986.

Preparations for this study involve participation in the ASTM Crack-
;( Arrest Round Robin and continuing involvement in the development of an

f optimum crack-arrest-toughness specimen and test procedures.

; '.-

w_



'

8

.
1 sk 1
6 'C.,w ':

a;?m.j;p? . 'Y9

9
. V ,, ,. ' 4;.

-

5 .

i s
.

fa .v. .

g,
1

-

- f ,f. -Y

O
-

, g:s e.OQ
.

O . . n,.
-

T .- s
.

-

H .,bg4 .
'

P .

.?w
.

C 9 .

& gf
.

.u
.

.
, . .

M - ' :. , .n . 5 W-

. : . , . . - 3
. .. ' ; ;;'2. .

7
.

.

-
. T

. p:- + , . ~
.

. ,

S. . ' . .j
' S

;.
.

H, ;-

:,e >
'

t
. r .. .

, n.
,. e

-

. . . . . . . l

.. . ,
. ' . m

'

, . d
~ -

3~ .

w

. . . . e
^

-

.

-_ . . [- f
- -

. o- .. . '
- '

_
.

[ .

.

_
. .Q , ,. . c. k ; g1

1 n-

' oi

l - i

.

.

.

r
a A, . . t

.
y, 4 ' .

,

>n .
as7 .

.s c2. .

.
; , a. w!a Ws .e
4 p

yw
a 5 3 s

, .- .

. 4

. Y' . e a. v* s
c. - - ' .N,2 l

7
V

. .g.'-* ,-
- o

r ..
; p L,

a.a.
)

cf
.

', |4

e

%' ,,g :ex %
:. g- , h

. - _.

_
.

d. j
_ w

E. - '< e
.

:w.x J '
9 : c
. sV . t

.q
- iM

-

as: ep g - og . ' . o r
,C;a_u

.

c_ .

... . . . a.M;
- t st

;_
. -

. ' ..
' .;

. .|,.- -

..

a>4 a.
_ ' ,: ,
.

..
;

,

;.w u .
-R :

- 1

' . *e.|'.g;g|aq
>

R:6: m i

-

. . ,

- . . 1
:,s.

-

.
:, .

k )a h( a 6
. h' m..

.
wJ

-

!nmh~.
J . y:8,.

-

t .
.

.
|

.

. ) r*. @q; O-;
:

g. ..

. @~ ~ y'w %x.,hfzmv.)x
:

_
* i_

.

t, ._

c
-

.Y.
' .,

-

F,

, -
-

-

. $7;~.qm5wn
s u_

'' ;

3o }y:5
-

;,

a.- gt n._ 1

_ -
. eQ,.. *g. ~ Qw

a.-

_ L -

_ - .n p
. s;)-
.

. - ;, _

.
~ . ~ . < -

'J.,,, ' u. f :, d ' .9 - q;- .k

.qn ' W & . h ;;;. g".-
_

_

, . _

- -

7
-

.75 .
:

.

J (' . , .

;

.

-
-

_

_

.

_

_
_
_

_
_

_

,2| ; u' ] ,.i 4'



gL + 4 < , q; , .. , , ,
.

'
-

'
* -

'
.; Jg # ;7: / x"x ** ' '; ' u,

,
.

'
'

,

[< , - %,| ,
,

. _ o,
, ,, , .

-

,

'
,

' t

,,
,

~

}
Table'6.19. Average chemical compositions of materials , for the Fif th HSST : Irradiation Series

CompositionG
(wt %)-

C. Mn P- S Si. 'Ni Cr Mo V' -Co Cu Al As Sn

Base metal for test velde and runout babs-
0.21 1.41 _.0.007 0.004- 0.21 0.62 '0.04 0.50 0.002 0.014- 0.04 0.020. 0.016 0.003

Base plate for min velds (midthicknese)
~

Ingot top |end 0.19 1.22 0.008 0.004 0.23- 0.65 0.12 0.53 0.003 0.015 0.11 0.042 0.007 0.008
Ingot bottom end 0.24 -1.26 0.008 0.003 0.23 '0.68 0.12- 0.56 0.003 0.015 0.12. 0.038 0.007 '0.009 -

S
HSST-72W (lov copper)

Weid wire 0.11 2.15 0.004 0.002 0.06 0.64 0.31 0.57 0.003 0.032 'O.25 0.002 0.002 0.003
Test weld coupon 0.083 1.52 0.006 '0.006 0.48 0.62 0.28 0.58 0.004 0.032 0.24 0.006 ,0,002 0.003
Runout tabs 0.085 1.53 0.006 0.005 0.45 0.60 0.26 0.56 0.003 0.030 0.23 0.006 0.002 0.003

(weld metal)

HSST-73W (high copper)

Weld wire 0.12 2.03 0.004' O.002 0.07 0.62 0.28 0.56 0.003 0.032 0.35 0.005 0.004 0.002
Test weld coupon 0.097 1.46 0.006 0.005 0.38 0.61 0.23 0.55 0.003 0.030 0.30 0.006 0.004 0.002
Runout tabs 0.089 1.50 0.006 0.005 0.43 0.61' O.25 0.56 0.003 0.030 0.32 0.006 0.002 0.003

(weld metal)

aFor all materials, the following additional elements were determined: Cb/Ta < 0.01, Ti < 0.01,
B < 0.001, W < 0.01, and Zr < 0.001.
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Table 6.20. Mechanical properties of
HSST welds 72W and 73W

(Weld test coupons)
.

72W 73W
.

. Yield strength (MPa) 517 .500

Tensile strength (HPa) 624 607

Elongation in 50 mm (%) 24.5 26.0

Reduction of area (%) 65.4 65.8

Drop-weight NDT ('C) -50 -50

'Charpy-V transition -30 -45
temperature (41 J),
(*C)

-Charpy-V upper-shelf 133 142
energy (J)

,

6.5 -Irradiated Stainless Steel Cladding, ,

W. R. Corwin R. G. Berggren
R. K. Nanstad

.6.5.1 Introduction-

It has been proposed that the existence of a tough surface layer of i

weld-deposited stainless steel cladding has potential to keep a short sur-
face flaw from becoming long either by impeding the initiation of exten-
sion of;a' static flaw and/or by arresting a running flaw. To obtain pre-

Eliminary material properties typical of those needed to make such an
evaluation, a program has been established to obtain data on the degrada-

-tion ~(or lack thereof).on the fracture properties of stainless steel weld
ll has indicated theoverlay cladding. A recent review of the literature

^ ' possibility for significant degradation of fracture properties of stain-
less steel weld metal under irradiation conditions relevant. to light-water
reactors'(LWRs). To evaluate this potential degradation, tensile, CVN, ,

and precracked Charpy specimens of stainless steel weld overlay cladding
23 neutrons /m2 (E > 1 MeV) at 288'C. Thewere irradiated to ~2 x 10

results of the . tensile and CVN tests will be reported here and compared '12- 14with data from unirradiated specimens. Previous quarterly reports
provide additional details in this area.

!
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6.5.2 Materials I

,,
.

The' specimens were all taken from a single laboratory weldment 15 fab-
"ricated using the single-wire oscillating submerged-arc procedure for a, '

4- companion _ program investigating structural effects cf stainless steel

cladding on composite specimens. The weldment consisted of a lower layer
'of type _309 stainless steel deposited on A533 grade B class 1 plate, fol-4

4 . lowed by two ' upper layers of type 308 stainless steel cladding. This was
.done to provide adequate- cladding thickness to obtain specimens. Sub-

16sequent metallographic examination showed that the upper two layers ap-
peered typical of IMR stainless steel clad overlay, whereas the lower

-layer had incurred excessive dilution of base metal during welding. Two
sets of specimens were carefully fabricated to be contained as fully as
possible within _either the upper two layers (nominally type 308 specimens)
or.the lower layet (nominally type 309' specimens). The specimens from the
lower layer with excess base metal dilution are more typical of examples
of cladding that have been shown to exist in IMRs,17,IB where off-normal~

welding conditions occurred.

<All specimens were fabricated such that the specimen axis was paral-
-lel to the welding direction. The notch of the Charpy specimens was
parallel to-the-plate surface in all cases.

. .

' 6.5.3 Irradiation historys

[' The specimens _were' irradiated by MEA in the core of the 2-MW pool'.;

reactor -(UBR)' at ,the Nuclear Science and Technology Facility, Buffalo, New
York. . Theo separate capsules were used, one each for the| types 308 and 309
specimens,_respectively. The . capsules were instrumented with _thermocou-

*. ples and dosimeters and were rotated 180* once during the irradiation for
~

. fluence balancing. Capsule UBR 51-A, containing'the type 308 specimens,
- reached a fluence of 2.09 x 1023 neutrons /m2 (E > 1 MeV) *10% during 679 h

of , irradiation.' Capsule UBR 51-B, containing the type 309 specimens,
reached a fluence of 2.02 x 1023 neutrons /m2 (E > 1 MeV) *5% in 508 h.

~ Temperatures were maintained-at'_288 * 14*C except for the initial week ofg
W' irradiation. During that time, temperatures as low as 263*C were recorded
?| , for the type.308 specimens.
<

-6.5.4 Results and discussion'

Tensile testing was conducted at room temperature, 149, and 288*C.
. Irradiation increased the yield strength of the type 309 specimens by 30%

, _

. to 40%, whereas the increase of the type 308 specimens was only 5% to
25%.. Surprisingly, the total elongation and reduction of areas of bothc
materials tended to increase following irradiation (see Table 6.21).

. .
-.While transition type behavior was observed in the Charpy impact

f -properties of both materials, the effect of ircadiation on the type 308
weld metal microstructurally typical of good practice weld overlay clad-
' ding was minimal'.(Fig. 6.12). Only'a very slight shift in transition

,C temperature and drop in upper shelf were observed. Fracture surfaces
of selected specimens were examined in the lower-transition and upper-
shelf regions. Macrographs of the irradiated type 308 specimens tested

E- c2
_- _ _ _ _ _ ,. _ _ _ _ . . .__ . , . . _ _ _ . _ , . - . _ .
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Table 6.21. Tensile properties.of stainless' steel cladding |before and after. irradiation

Temperature . StrengthFhe % . Total ReductionSpecimen Material (- } ( *)E > 1 MeV elongationc 'of areaNo. -type
(neutrons /m2 x 1023) . (g) -(g) -

C PL-80 309 0 27 299 593- 28.4 30.6
CPL-83 309 0 27 273- 586- 49.5 55.5

' C PC-72 308 0 27 268 589- 40.0 55.0
CPC-73 308 0~ 27. 276 568 42.4 58.0
C PL-81 .309 2. 0 - 288 29 388 606 39.4 48.0
C PL-85 309 2.0 288 29 364 624 45.4 58.0
CPC-70 308 2.1 288 '29 289 605 51.5 62.3
CPC-75 308 2.1 288 29 300 589 60.1 67.1
C PL-86 309 0 149 213 448 31.9 55.5
CPL-89 309 0 149 236 450 30.4 63.4 E
CPC-77 308 0 149 221 445 31.3 44.0 #

CPC-78 308 0 149 213 444 32.4 52.0
C PL-82 309 2.0 288 149 297 508 57.2 57.9
CPL-87 309 2.0 288 149 345 526 48.6 60.4
CPC-71 308 2.1 288 149 290 501 56.3 59.3
CPC-76 308 2.1 288- 149 262 485 53.8 58.1
CPL-90 309 0 288 195 429 31.7 51.5
C PL-91 309 0 288 207 423 32.4 52.2
C PC-79 308 0 288 205 393 28.5 51.4
CPC-80 308 0 288 205 402 27.6 53.3
CPL-84 309 2.0 288 288 277 475 52.9 56.6
CPL-88 309 2.0 288 288 290 501 56.3 59.3
CPC-74 308 2.1 288 288 198 422 51.9 55.0
CPC-81 308 2.1 288 288 232 427 49.5 59.8

GType 309 consists primarily of the first metal pass, type 308 primarily the third (last pass).
b 14*C.

CGage length / diameter = 7.

. . , , , .
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Fig. 6.12. Effect of irradiation on Charpy impact energy of type
#'1 308 stainless stee1~ cladding.

at temperatur(s low in the transition show flat fracture with clear defi-
nition.~of - some of the large grains produced during welding (Fig. 6.13).
By comparison, specimens at upper-shelf temperatures produced fracture
. surfaces more typical of wrought stainless with deep shear lips and a dull- '

. appearance. ' Scanning electron microscopy'(SEM) of unirradiated specimens
tested in the lower-transition and upper-shelf regions clearly show the
transition from a_ cleavage to a fibrous-fracture mode (Fig. 6.14).

By comparison, the interpretation of the type 309 specimens is more
complicated. Since~the. type 309 weld pass was not thick enough to obtain
specimens composed entirely of type 309 weld metal, a portion of all the
specimens nominally called type 309 is indeed type 308. Macrographs of
the ~ irradiated specimen fracture surfaces show that over the range of the

_ ' ' r. full Charpy curve, the portion made up of type 309 weld metal remains,

. bright and faceted-(Fig. 6.15). The remainder of the fracture surface,

. composed of upper cladding layers of type 308 weld metal, exhibits the

7.y 'same behavior seen in the fully type 308 specimens.
Examining a lower-transition range unirradiated specimen in the SEM

(Fig. 6.16? - illustrates the very dif ferent fracture morphology of the type

O
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4 Fig.'6.14. SEMs of fracture surfaces of nonirradiated type 308

stainless steel cladding Charpy impact specimens. (a) Specimen CPC-283
tested at -100*C on lower shelf showing brittle fracture (500x) and

% (b) specimen CPC-298 tested at 150*C on upper shelf showing fibrous
fracture (500x).
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| Charpy impact specimens (nominally type 309) clearly showing bright, *

I faceted type 309 weld metal pass directly below notch and duller type 308
|

weld metal comprising rest of specimen. (a) Specimen CPL-515 tested at
O'C in very low-transition region and (b) specimen CPL-518 tested at

| 250'C on upper shelf.
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Fig. 6.16. SDi of fracture face of unirradiated Charpy specimen CPL-
516 (nominally type 309) tested at -32*C in transition region. Dimpled
area at left is specimen notch, central flat portion is type 309 weld
metal, and rough portion at right is first type 308 weld pass (30x).'

.

309 weld metal just below the notch and rest of the fracture surface com-
posed of type 308 weld metal. The type 309 is very flat and forced pre-
dominately by cleavage (Fig. 6.17) at a temperature (-32*C) at which the
type 308 weld metal is still mixed mode (Fig. 6.18). Although the type
309 and 308 weld metals can still be distinguished in the SDi at upper-

,

l- shelf temperatures, both fail in a fibrous manner (Fig. 6.19).
In the nominally type 309 specimens, interpreting the Charpy impact

curves demands that the dual fracture properties of the type 308 and 309
portions of the material be taken into consideration. Examining the im-
pact data reveals a bimodal population depending on the amount of the
tougher type 308 weld metal present in the sample. The compilation of the
unirradiated and irradiated impact data in Tables 6.22 and 6.23, respec-
tively, includes the percentage of type 308 weld metal measured visually
on each fracture surface. Using this percentage as a yardstick, the im-
pact data were divided into low- and high-energy populations. The most
appropriate criterion for separating the low-energy populations appeared

* to be less than 70% and 80% type 308 weld metal for the unirradiated and
irradiated data sets, respectively (Figs. 6.20 and 6.21).

Once these populations were established, the effect of irradiation
,*-~

was seen to be quite appreciable (Fig. 6.22), with both populations ex-

i periencing large drops in upper-shelf energy and shif ts in transition tem-

| perature.
|
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*magnification view of notch, type 309 weld layer, and type 308 weld layer
,

| each comprising roughly one-third of micrograph from left to right, re-
spectively (30x); and (b) detail of type 309 weld layer showing fibrous

'
fracture.
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- Table 6.22. Charpy impact energy of
*

~

unirradiated nominally type 3093
stainless steel cladding

1.
'S.

""
Test ImpactSpecimen

-
type 308

' temperature energy weld metal
- f i ;, ('C) (J)

*

f

+
"t' Loo-energy populationb

~

.[
' CPL-530 -30 12.7 65
CPL-516- -32 9.5 65,

'
,

CPL-534 10 33.4 60
6 CPL-514- 203 ./ ;28.5 65,

CEL-545 50 4 '36.2 60,

CPL-542 66 34.6 55
CPL-517 '93 ' 67.1 601

CPL-524 ' - 177 80.3 60~-
,,,'

_

CPL-522 260 72.3 40,

- z.:- - -s

5_ High-energy populatione
m . CPL-519 -100 5.4 85

- CPL-539 -73 6.9 75
*- ~

CPL-520 -40 12.9 75
L l - CPL-540. -30 11.5 75f

E CPL-529- -4 44.7 95:
J- . CPL-532 4 54.2 95

f- CPL-547 4- 30.5 70
x- - CPL-544 10 65.1 100
^

CPL-527 20 63.0- 80, 3

CPL-535 50 83.9 80
CPL-525 66 69.2 80
CPL-537 150 93.3 70
CPL-549 150 94.9 70,

aAs measured on the fracture surface.
D msa than 70% type 308 weld metal.I

~

CGreater than or equal to 70%
. type 308 weld metal..
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Table 6.23. - Charpy impact energy of
~ y, . nominally type 309 stainless steel

cladding irradiated to

(Q~ 2 x 1023 neutrons /m2
(E > 1 MeV)

*

at 288'C

^" "" '10est. Impact
. Specimen type 308temperature energy

No. weld metala(.C) (J)
(%)

. Low-energy populationb'
<

CPL-515 0 10.8 60
. CPL-543 40 17.0 75
CPL-541 65 25.1 65
CPL-548 85 15.6 40
CPL-521 100 25.1 60
CPL-523 150 40.7 65
CPL-518 250 42.7 70
CPL-528 288 36.6 75

High-energy populatione
CPL-533 -20 12.0 80
CPL-538 0 21.7 90 *

CPL-526 28 40.7 100
CPL-531 80 54.2 95

- C PL-546 120 51.5 80 +

CPL-536 130 56.9 85

aAs measured on the fracture surface.
h

g Less than 80% type 308 weld metal.

CGreater than or equal to 80%
type 308 weld metal.

The extensive degradation seen in the type 309 material as compared~'

with very little degradation in the type 308 is probably a result of the
~ higher fraction of ferritic phases in the type 309 resulting from the
c.tcessive base metal ~ dilution.16

'6.5.5 Conclusions and recommendations for future work,

e .

On the basis of irradiation of one weldment of stainless steel over-
lay under conditions similar to those at end-of-life for an LWR, it seems
.that.very little degradation of good quality cladding would occur. It ,

must be stressed, however, that this is only a single case and that no

-
._- - _ . - - , ,
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E.&
f cooclusions,- positive or negative, can be drawn regarding welding proce-

dures or material chemistries producing material appreciably different
than that studied here.

'

'

It would be very valuable to repeat this type of experiment on clad
r overlay' produced-in a manner similar to existing cladding in LWR reactor

pressure" vessels - (e.g. , multiple wire or strip cladding). *

Results from the highly diluted type 309 weld inetal do shod apprecia- '

ble ' radiation-induced degradation. In the few cases where out of-specifi-F *
y2ation welding has produced cladding with excessive dilution, tLis may bei
cause for.. concern.
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--- -- - 7.--CLADDING EVALUATIONS

. L:.

The.FY'1984 program plan deferred work in this task until data are
'

!available.~on the effects of-irradiation on the fracture properties of
stainless-steel cladding, 'However, a subcontract is in place with Com-
bustion' Engineering to provide three-wire series-arc clad plates for fu-
ture studies, and delivery is now expected in the second half of FY 1984. *
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8. INTERMEDIATE VESSEL TESTS AND ANALYSES''' "''

z During- this reporting period, as had been planned, no significant
t-- uork. was done on this task. In the next reporting period, the posttest

evaluation and reporting on V-8A will be performed.
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.9. THERMAL-SHOCK TECHNOLOGY
' < '

R.1D. Cheverton

.

9.1 Summary-
.

.

: Preliminary exploratory fracture-mechanics (FM) -calculations were
'

conducted for the ~ proposed thermal-shock experiment TSE-8, an objective
> nofLwhich;is to investigate crack behavior in the upper-transition and

upper-shelf temperature regimes. It appears that the present liquid-
J nitrogen f test facility :and associated experimental technique will not be

. adequate;xhowever, use of a higher initial. temperature-(~300'C), a long'

axialt initially blunted flaw, " instantaneous" sharpening of the flaw dut
Ling 'the- transient, and . spray application of liquid nitrogen (LN ) to in-2} duce the thermal. shock will result in satisfactory test conditions.

- Modifications were made to our deterministic probabilistic FM com-
puter code, OCA-P,1 to include crack arrest on the upper shelf, multiple
flew sones,-importance sampling, error analysis, and an increase in the
number of flaw, depths simulated. The latter modification was made after

-conducting a- detailed study to determine the effect of the number and
relative values of the flaw depths simulated.

E Stress-intensity factor influence coefficients, which had previously .

:been : calculated for 6/1 and 1.8-a-long semielliptical inner-surf ace flaws
. in the _ absence of cladding, were calculated for the cladding effect for .

the same two flaw geometries and were then added to OCA-P and OCA-II.2,

The 1probabilistic FM study for the Oconee-I vessel for .the Inte-
grated Pressurized-Thermal-Shock -(IPTS) program was completed, and a pre-

.

liminary. feasibility study associated with the possibility of conducting
_ thermal-shock experiments with the German HDR facility was begun.

9.2 Thermal-Shock Experiment TSE-8

R. D. Cheverton Keith Reading

JThe~ objective of TSE-8, a proposed thermal-shock experiment, is to
4

- : investigate crack-arrest behavior in a rising K . field at temperatures
corresponding to 'the upper-transition' and upperyshelf portions of the
fracture-toughness curve. Temperatures for arrest events in previous

- thermal-shock experiments have been limited to midtransition; proposed
( wide-plate tests that have the same objective ' as TSE-8 may lack adequate
crack-tip restraint; .and the HSST pressurized-thermal-shock (PTS) experi-
ment, which 'also has the capability for investigating crack arrest at

~ elevated . temperatures, tends to be more expensive and introduces the risk
of . through-wall? cracking. ,

. The present thermal-shock facility, which uses a liquid nitrogen
heat -sink, a rubber-cement coating on the inner surface of the test cyl-
inder to enhance heat transfer, and a maximum initial test cylinder tem-

|

,

.perature . of ~100*C, does not have the capability of achieving the TSE-8 '

objective because of the limitation on initial temperature.

|

i
1
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% - '/ The maximum permissible temperature in the present thermal-shock fa-"

cility is . limited by the properties _ of the rubber-cement coating. It is
possible that higher-temperature coatings could be developed. However,

ca an attractive alternative is to spray the liquid nitrogen against the
: surf ace, allowing liquid droplets to penetrate the vapor barrier and con-.,

tinuously strike the surface. In principle, this technique will result
-

Lin an effectively higher leat transfer coefficient and thus a more severe

r 2 . thermal transient than achieved with the surface coating of rubber cement
in. combination with complete submergence of the test cylinder in LN .2
Development of the spray technique is scheduled for the immediate future.

; -
* An exploratory FM analysis f or TSE-8 indicates that a combination of

' frangible crack initiation, long crack jump, and arrest (?) at elevated
temperatures can be achieved by using the LN2 spray technique in combina-

: tion with an initial temperature of ~300*C and an initially blunted,
. l'ong, Laxial flaw to postpone initiation until late in the transient. A
' parametric study. indicates that combinations of temperature, K , and the

tdepth at _ which specific pairs of these values occur can be controlled
- over a reasonably wide range by proper selection of time of induced-crack

initiation, initial temperature, - heat transfer coefficient, wall thick-
ness, and-RT A set of critical-crack-depth curves for a typical com-NDT.
bination of conditions is illustrated in Fig. 9.1; the corresponding test

.

conditions are given in Table 9.1, and a conceptual schematic of the tert

j

e ,

io= Table 9.1. TSE-8 test conditions
corresponding to-Fig. 9.1

...

Test parameter Specification
._

-
Cylinder dimensions, em

'

Outside diameter -991
Wall thickness 152

Material

c4 - Type A508 Class 2
RT C -18NDT,

LFlaw

,
Type . Long, axial, blunted

- Method of generation Machined
Depth, et.t ~8

Thermal shock

jv , Quench medium LN2
'

~

' Application technique Sprag
~

Heat-transfer coefficient, 5700
2W/m ..C3

aAssumed for analysis.

b_
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Fig. 9.1. Critical-crack-depth curves for TSE-8 indicating flow
path using blunted flaw.

facility is shown in Fig. 9.2. Note that fully tempered material can be
used.

As indicated in Fig. 9.1, the opecified time for crack initiation
and an initial flaw depth of 8 mm results in (1) a very low temperature .

(-100*C) ~and a high value of K1 (190 MPa+ 6) for the crack-initiation
event and (2) Ky values up to 350 MPa+ 6 and temperatures above the onset
of upper-shelf temperature for crack arrest.

,

; The specified time for initiating the flaw is well past the time of
warm prestressing (WPS). The delay is made possible by using a blunted

t



_ _ _ _ _ _ __
_

k
N

,

125

,..

ORNL-DWG84-4506 ETD

VENT % LN SUPPLY2

- -

7I W* W.*; - ~. ,,.

.O M LN PRESSURIZED2
SPR AY TANK

$ LN2

/ -
-y- BLUNT FLAWm

*

4-.--TEST CYLINDER

I
SPRAY |

~
l O., ' '. ':-
l O,_-,

D' ' I O*--- H EATE RS
I..

'

'

-CHISEL POINT

)-
-'

PROJECTILE

O

|o
+=1

O g

i

I
* i

I

W
LN PRETEST BARRIERy g i

3 ! ( )AND INSULATION

'
ACTUATOR
PF.ETEST: UP h

. Nj
TEST MODE: DOWN

CROSS SECI'lON OF
BLUNT FLAW AND
CHISEL POINT

. Fig. 9.2. Conceptual schematic of LN -spray thermal-shock test2
facility.

flaw.- It is believed that this flaw can be made to propagate at a speci-
~of fied time by suddenly and locally sharpening the tip mechanically, ex-

' tending the sharpened tip' beyond the compressive plastic zone, thus over-
cosing WPS. This crack sharpening operation would be done near midlengthW of the flew and presumably would be accompanied by axial as well as ra-
dial extension of the flaw, with axial extension being confined to the

"

path defined by the initial full-length blunted flaw. The mechanical

-

f,.

g. .
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Esharpening .of the flaw might be accomplished by firing a projectile at a
chisel point located .in the crack opening as shown in Fig. 9.2. Also,

because at the specified time K /K7e >> 1, the plastic zone size is very
~

y
smail:and the temperature is very low at the tip of the flaw, a machining
: process such _as milling or broaching might be used to sharpen the blunted

-

-

flaw. . A development effort will soon be under way to explore these pos-
sibilities.

<

9.3 Modifications to OCA-P
-

, .
-

R. D. Cheverton D. C. Ball
.

OCA-P is a deterministic-probabilistic E4 code designed specifically
"for analysis of PWR reactor pressure vessels under transient thermal and
pressure loadings.1 The code is under development at ORNL under the aus-

7
- pices of the Heavy-Section Steel Technology (HSST) and (IPTS) programs
- and has . boen operational since May 1983. Since OCA-P is rather new and
complex, .it-is undergoing almost continuous change. Recent modifications
to OCA-P Land features that have not been discussed in previous progress
reports are discussed in the following paragraphs.

9.3.1. Crack ' arrest on the upper shelf

A provision is made in OCA-P for limiting K , to some maximum7 ,

value, (K ,),,,. .One way to select a value of (K ,),,, is to use a K,yy y
value corresponding to the upper portion of an appropriate J vs Aa curve
(J-resistance curve), as illustrated in Fig. 9.3. This figure shows the .

- radial distribution of fracture toughness through the wall of the vessel
at. some time during a typical postulated overcooling accident (OCA). At
temperatures -less than T , it is assumed that the flaw will behave in aD
frangible manner, and above TD only ductile tearing will take place. In ,

accordance with this model, it is not likely that the load line will in-
tersect the steeply rising portion of the J vs Aa curve. Thus, it is

sufficient to extend (K ,for crack arresty ),,,across the TD line as shown. It is then
possible in the analysis to take place on the upper

shelf, if the load line rises steeply enough to miss the knee of the K ,y
curve and then drops back down .again, as it does for some of the postu-
lated OCAs.

A particular J vs Aa curve of interest corresponds to a specific
low-upper-shelf weld [ referred to as 61W (Ref. 3)}, which was irradiated
to a' fluence of ~1.2 x 1019 neutrons /cm2 at a temperature of ~290*C and
was tested at ~200*C. The upper portion of the curve is essentially ho-
~ rizontal and equivalent to a Ky value of ~220 MPa+/m. This value has
been used for (K in the MA studies, but the user may specify a
different value.y,) max '

.

. 9.3.2 Consideration of multiple flaw zones
.

If the results of OCA-P are used in an absolute sense, the flaw den-

sity must be estimated. It is also necessary to estimate the fraction of
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vessels that have no flaws whatsoever, since these vessels are not ac-
''

counted for in the flaw-depth density function. The number of flaws in
a vessel at the time the vessel goes into service is

v
NV f(a)B(a)da , (9.1)

where

a = flaw depth,
N = flaw density,
V = volume of vessel area of concern,
w = vall thickness,

f(a) = flaw-depth density function prior to final preservice in-
spection and repair,

B(a) = probability of nondetection of flaws during final preservice
inspection.

If this number [Eq. (9.1)] is less than unity, more than one vessel must-'o

be generated to have a vessel with a flaw; if each vessel that has a flaw
has only one flaw, then

number ___of vessels with flaws - NV f(a)B(a)da . (9.2)total number of vessels o

"-
____ _ _ _ _ _ _
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OCA-P calculates (number of failures)/(number of vessels with flaws).
Therefore, if the number of flaws per vessel is less than one,

y

P(F|E)=[\numberofvesselswithflaws/\
""" # ""**

*

1

number of vessels with flaws
(9.3)x etotal number of vessels '

winere P(F|E) is Line conditional probability of vessel failure.
'If there is more than one unique zone * of concern in a vessel and if

it is assumed that there is fewer than one flaw per zone, then P(F|E) can
be'obtained as follows.

Let the flaw density be uniform throughout all areas of concern.
Then

V
5 [N (9.4)N =vj {V j

,vj

J'

and'

*
fj w

P(F|E)=d N j - f(a)B(a)da (9.5),

vj j

s -

where

N,3 = number of vessels simulated with a flaw in the jt_h, zone,h

Vj = volume of the jg zone,
-Ngj = number of vessels that fail as the result of a flaw in the jth

zone.

The actual values of N used in the analysis often do not satisfyyj
Eq. (9.4). However, they can be included in Eq. (9.5) as follows:

N'jC
j g w

P(F|E)= V f(a)B(a)da , (9.6)
C) N J

> .

.

.

* Uniqueness defined in terms of che.nistry, initial reference tem-
perature, and fluence.

_ _ _ _ _ _ _ _ _ _
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where

N'd
= actual nuiaber of failures calculated for vessels with a flaw

'
in the jth zone,

@ '

N'3
= actual number of vessels simulated that contain a flaw in the

V jQ zone,a

*
= _.

8 ,

l' (9.7)C =

V N'j - *%. -
j.

-

i

Equation . (9.7) is obtained from Eq. (9.4) as follows:
;

Nyt V1 N{rt (9.8)--- *

J Cj N'jNyj V

Substituting Eq. (9.7) into (9.6) yields

N'
:P(F|E)'= [ VNfw f(a)B(a)da . (9.9)

0j vj
:

Each term in Eq. (9.9) represents the . probability of a flaw in the jt_hh -

% . sone resulting in vessel failure.
w

9.3.3 Methods'for accelerating the convergence of P(F|E)
'

When P(F|E) is very small, the value of N'j required to achieve rea-
sonable . accuracy (see Sect. 9.3.4) becomes quite large. Under some cir-
cuestances,.the value.of N'j can be reduced by using-importance sampling
of.one er more of the parameters simulated. Two provisions of this type
- are included in OCA-P as optional methods for calculating P(F|E), and
both deal _only with the simulation of flaw depth.

.

In many cases, particularly those that do not include cladding or
flaws-in the. cladding, the shallowest simulated flaw (3.2-mm depth) does

- not' contribute much to failure; however, ~70% of the flaws normally simu-
~ 1sted .have this depth. If simulated vessels containing the 3.2-mm flaw

are counted but not calculated, the number of simulated vessels actually
calculated can be reduced significantly.

The'other option makes use of a stratified sampling technique" in.

which a uniform distribution of flaw depths is assumed when simulating*
.

The results of the subsequent analysis are then weightedflaw depths.
1.,

+

--

9e

k
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by the actual flaw-depth density to obtain
1 -

Aa' f(a)B(a)daN'

.P(F|E) = [ [ N NV f(a)B(a)da (9.10) *

,

3 *$ f(a)B(a)da
-

.

where
z- -

N'fij = number of vessels that fail with a flaw in the jth zone with
depth in Aa g,

N = number of vessels simulated with a flaw in the jth zone with
depth in Aag.

.The stratified sampling procedure is useful for low probability
transients that are characterized by high pressure and mild thermal

-shock.>

.

9.3.4 Error analysis

When the number of-vessels simulated is quite large, the central
climit theorem" can be used to estimate the uncertainty in calculated
values of the conditional probability of vessel failure as a function of

.

the number of veesels simulated. Using this approach and specifying a
95% confidence level yields

. .

P(F|E)) = P NV) f(a)B(a)da i 1.96 a (9.11)3,

where

P(F|E)j=truevalueoftheconditionalprobabilityofvesselfail-L

ure for those vessels having flaws in the jg zone only,
y = one standard deviation,o

N'3ya

P) = N'j
*

v

For'the direct approach (no importance sampling),

*

'Pj(1 - P )"1/2 w

3;j _

NVj ,fo
$ f(a)B(a)da . (9+I2)oj =

_

.

_
- , . -._ _ _-_ _ ___ _ . ____
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When stratified sampling is used,

' - ( -2 '1/2
. . ' J f(a)B(a)da

- pij (i _, pij f ,AaQ f, ., ,

|
i N

, f(a)B(a)da .
yij

,

, . .
;

'
e

w

-x NV) f(a)B(a)da (9.13),

where

N'g3gn-
~ *

ij N

The' values of a corresponding to all of the vessels simulated, including
those without flaws, is

.

I 'P(F|E)" #j (9 I4)'

J

'

and the error c) associated with the j g zone is
'-

1.96 a)
7-

(9,15)c = ,

'

P NV f(a)B(a)da
j j

The total error c, considering all zones-of interest, is

[ 1.96 o (F|E)P
C" (9.16).-

'

,

P) NV) f(a)B(a)da

'' -
Two criteria are used in OCA-P for limiting the value of N'dd the

One.

is to just achieve a user-specified value of c in Eq. (9.15), a

other is simply a user-specified maximum valee)of N'). This latter cri-(
terion is included because the former can result in an exorbitant value
of N .

.

__
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9.3.5 Simulation of the flaw depth

When simulating flaw depth in OCA-P, it is necessary to consider
ranges of flaw depths and then use the averages of these ranges for the
deterministic analysis. Thus, there is a question regarding the number -

and sizes of the ranges that must be used to accurately represent flaw
behavior. For instance, the first increment, which extends from zero
crack depth upward, contains a range of suberitical crack depths. How- +

ever, if the average crack depth for that increment is critical, all
flaws in the first increment are considered critical.

The original version of OCA-P included seven crack-depth increments
with averages of 3.2, 6.3, 12.7, 19.0, 25.4, 38.1, and 50.8 mm, extending
from the inner surface outward. Recently, comparative studies were con-
ducted with 7, 9,11, and 13 increments; for each of these four configu-
rations, the size of the first increment was the same (0-4.3 mm), and the
deepsst increment had an extreme of 57.2 mm. The size of each increment,

other than the first, was established on the basis of a geometric pro-

gression.
.Therelativevaluesof2(I|E)*fortheabovefourcasesaredepen-

dent to some extent on the severity of the transient. Thus, the compara-
- tive studies were conducted for several transients characterized by an

exponential decay of the coolant temperature and a constant pressure of
15 MPa. The initial temperature of the coolant and vessel was 288'C, the
exponential decay constant was 0.15 min-1, and the heat transfer coeffi-

2cient was ~6000 W/m ..C. The asymptotic coolant temperature, T , was
changed to vary the severity of the transient; valuesconsiderekranged .

from 66 to 149'C.
Results of the comparative study are presented in Table 9.2, which

shows the effect on P(I|E) of changing the number of crack-depth incre- .

ments for four different transienta. In terms of estimating the prob-
,

abilityofvesselfailure,thedifferencesinP(I|E)wereconsidered
small, and it was concluded that nine increments would be sufficient.

*The comparisons were made using the conditional probability of
crack initiation, P(I|E), rather than P(F|E).

Table 9.2. Influence of number of simulated
crack deptts on P(I|E)

P(I|E)atTg (*C)Number of ,

increments
66 93 121 149

7 (2.7 * 0.1)E-1 (7.3 * 0.3)E-2 (6.1 t 0.4)E-3 (9 i 2)E-5 -

9 (2.6 * 0.1)E-1 (7.1 * 0.3)E-2 (6.0 * 0.4)E-3 (9 * 2)E-5
11 (2.7 * 0.1)E-1 (6.9 * 0.3)E-2 (5.9 t 0.4)E-3 (8 * 2)E-5 .-

13 (2.7 * 0.1)E-1 (6.9 * 0.3)E-2 (5.9 * 0.4)E-3 (8 * 2)E-5

.

t
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The size' of the first increment. tends to have a particularly large
effect on P(I|E) because small flaws are more abundant and because, as
mentioned above, the shallower flaws in the first increment are suberiti-
cal. !To investigate the effect of the size of the first increment, cal-

-P~ -culations were made for the most severe of the above transients and also-

for a large-break loss-of-coolant accident (LBLOCA), using nine incre--

ments .and a range of sizes for the first increment. For the exponential
E 1.; ' transient, the size of the first increment had to be reduced from 4.3 to-

- 2.5 mm to' effectively eliminate initiations in the first increment. For,
'

L ~ the LBLOCA,Lthe range was reduced from 4.3 to 1.8 mm to effectivelyjy

eliminate initiations in the first increment. The corresponding reduc-
tions in P(I|E) were 20% and 44%, respectively. As expected, the effect:

is greater for the more severe transients.
_

c - It was concluded that 'a Aa of 4.3 mm for the first increment and a
_ total _ of nine increments would be satisfactory for transients of interest
If~ to the IPTS program.

!

' 9.4 Influence Coefficients for Cladding

R. D. Cheverton D. G. Ball

'

:ks . discussed in Refs. 2, 5, and 6, stress-intensity-factor influence
- coefficients can be used in conjunction with superposition techniques to

' . accurately calculate, at. reasonable cost, stress-intensity factors for-

Eboth -two- and three-dimensional (2- and 3-D) surface flaws in pressure
vessel walls containing arbitrary stress distributions. The coefficients,

are calculated for specific sets of vessel dimensions, using a finite-*

element' analysis.7,8 This cost is relatively high, but once the coeffi-
cients are available, they can be used for any stress distributions;
thus. the coefficients are particularly suitable for transient and para-.

metric: analyses.
.

- Reference 2 describes the general method for calculating and apply-
ing 2-D oflaw coefficients for a cylinder wall with or without cladding,-

whereas Ref. 6 provides similar information for semielliptical surface> ,

..

flaws without cladding. When using coefficients for 3-D flaws, it is
~

necessary sto represent the stress distribution in the uncracked cylinder
with a third-order polynomial, and thus the discontinuity in the thermal
stress at _the ' cladding-base material interface presents a problem. How-

- ever, this problem is overcome by calculating influence coefficients for
the cladding ' stresses alone and then in effect superposing the corre-s

-

sponding K value on the Kg value caused by stresses in the base mate-r
rial.- As indicated in Fig. 9.4, this is accomplished by first calculat-
ing a K :value .for a. continuous-function stress distribution obtained byy

~ s ' linear extrapolation of the stress distribution in the base material
,y ~ into the cladding. Then a Kt value is calculated for a stress distribu-

tion lLn the cladding which is obcained by subtracting the extrapolateds

distribution from the actual distribution in the cladding, which is also
gg assumed to = be linear. The total Ky value is simply the sum of the two.

Since the stress distribution in tk cladding is essentially linear, only
'

- a first-order polynomial is used for the cladding coef ficients.'
,

4
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Fig. 9.4. Stress distributions used in superposition technique for .

including effect of cladding on K .r

Cladding coefficients were recently calculated for 1.8-m-long inner-
surfaen semielliptical flaws with depths ranging from 20% to 90% of the
wall thickness of a clad cylinder that has an inner radius of 2184 nun, a
wall thickness of 216 mm, and a cladding thickness of 5.4 nun. These co-
efficients and the previously obtained coefficients have been incorpo-
rated in the PWR pressure-vessel FM computer codes OCA-112 and OCA-P. I

9.5 Integrated Pressurized-Thermal-Shock
Program Studies

,

R. D. Cheverton D. G. Ball

.

The general purpose of the IPTS program is to estimate the f requency
of failure of specific PWR pressure vessels during overcooling accidents
that are postulated for the specific plant. The effort includes defining -

transients, estimating the frequency of these transients, calculating the :
corresponding primary-system pressure and downcomer coolant-temperature

.
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transients, and finally a probabilistic FM analysis of the pressure ves-
.sel. In addition,-' sensitivity and uncertainty analyses are performed,'

m" .. ' and the effects of proposed remedial measures are investigated. Studies

..f .
N of this type were recently. completed for the Oconee-I nuclear plant and

c'ere 'under way for the Calvert Cliffs and H. B. Robinson plants. FM as-
, _ . pects 'of these' studies have been reported previously ,10 and are updated

'
~ 9

in the following paragraphs.-
t.

iMk , ).5.1.-Contribution to P(FlE)-of flaws in the circumferentialWgp welds and the base material

% Flaws anywhere11n the beltline region of the reactor vessel will
contribute to the conditional probability of vessel failure, P(F|E).4-

However, aside from the effect of flaw depth, some contribute more than'

f others = because of differences in orientation, length, local chemistry of"

;the'esterial, and local fluence. Axial flaws have the highest values of
K , and -in Oconee-I the axial welds have higher concentrations of copper-

,tkanthecircumferentialweldsandthebasematerial.
. c

'Because the difference in copper concentration between the axial
* '

velds tand base material is rather large in terms of radiation damage, the
extended surface length of an axial flaw in a weld tends to be limited to

,

the height.of a shell course. For deep flaws, this limit on surface'

length results in significantly lower K1 values than for much longer
flaws. The ' surface length of extended flaws in the circumferential welds

g and in the base material are not li_mited by this mechanism, although the
lengths of these flaws may.be limited by gradients in fluence and coolant

W temperature.:
Thus far our FM model has not been sophisticated to the point of

being. able to consider gradients in' fluence and coolant temperature along
the specified surf ace flaw path. In lieu of considering this sort of de-
tail, all flaws in the circumferential welds and in the base material
were assumed to be 2-D.. It was believed that even under these conserva-
tive conditions, flaws in the circumferential welds and in the base mate-
rial would not be dominant in terms of the calculated probability of ves-

" sel fsilure.
To be 'certain that. the above assumption was reasonable, a few com-'

.parison calculations were made 'for circumferential flaws in the circum-
,

ferential welds, for axial flaws in the base material, and for axial
I flaws in the axial welds. The flaw density was assumed to be the same-

for the three ' categories 'of flaws considered, and since the volume of the
; base material is much greater than that of the welds, the base material
contributed many more flaws than the welds.-

In an attempt to account for the azimuthal variation in fluence in
the base ' plate without dividing the plate region into several zones, each
with's different fluence, an average fluence was used. Also, the initial
| values of RT for the base material were reduced by- 14'C to account for_ 4.

. a lower radibon damage rate in the base material than in the welds.ll
-The radiation-damage trend curve [ ARTNDT = f(F, Cu, Ni)] in the FM model

V - corresponds to weld material only.
The comparison calculations were made for transient 44 and for 32

-effective-full power years (EFPY).- The results indicate that the circum-
forential flaws add ~5% to P(F|E) and the base material ~30%. Since the

_

D
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contributions were small, flaws in the base material and the circumferen-
L eial welds were not included in the remainder of the studies.

|9.5.2 Sensitivity analysis .

A sensitivity analysis was conducted by determining the change in
.P(F|E) corresponding to e change in the mean value of each of several pa- ,

remeters.. The mean value of only one parameter was changed at a time,
while all: other parameters retained their original mean values. The pa-

rameters changed were Kyg, y NDT, Cu, F, fluid-film heat-transferK RT
coefficient, downcomer coolan,, temperature, primary-system pressure, andt

flaw density. The amount of the change for each parameter was one stan-
dard deviation; and for some parameters, both plus and minus changes were
made ' because of a suspected , strong nonlinearity.

The. values of a used in the sensitivity analysis for KIc' KIa, RTNDT'
Cu, and F are listed in Table 9.3, and the values of the flaw density N,

2 and 10-2 times the origi-corresponding to the application of *lo were 10
nel mean value. *he lo change in the downcomer coolant temperature con-

- stituted a If near change in temperature from zero at time zero to 28'C at
.a time corresponding to the minimum point in the temperature vs time
curve. From ' that point on in time the change in temperature was a con-
stant value of 28'C. The lo change in the heat-transfer coefficient h
was 0.25 h, and for the pressure it was 0.34 MPa.

.

Table 9.3. Parameters simulated in OCA-P
.

Standard
Parameter deviation, Truncation

(a)

Fluence (F) 0.3 p(F) F=0

Copper 0.025%

Nickel 0.0
h

RT 9C 3
NDT0 b

ART 13*C b
NDT

K 0.15 p(KIc) i30
Ic

K 0.10 p(K ,) *30
Ia r

" Normal distribu ton used for each
*

parameter.
b ? 2 ~

1/2
g(RTNUT) . g(RINDTo) + a(ARTNDT) '

truncated at t30. -
- *

!
i

~ ,. - ..-- _ - - . - - - _ - , , - - , -m, , _
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9.5.3 Summary of results for oconee-I

A complete summary of results for the Oconee-I studies is beyond the
n scope of this report. Furthermore, the full significance of the FM re-
-- *~ sults cannot be appreciated without combining these results with esti-

mated frequencies of: occurrence of- the postulated transients, which is
.also beyond the scope -of this report. However, a few points of particu-i_~ 1ar interest will he discussed below.

< Although a million or so.end points of event trees were considered,
=only 18 postulated transients were actually -subjected to a probabilistic- "+ '

.

;FM analysis. For.most of the others, it was apparent that either the
frequency .or the conditional probability of vessel f ailure P(F|E) was in-
.significant, or-that some transients were very similar to others. A de-
tailed description of the transients calculated is included in Ref.12.

. Values of P(F|E) were calculated as a function of EFPY for the 18
. transients, and the results are presented in Fig. 9.5. Note that at 32
( EFPY(normalendofplantlife),P(F|E)rangesfrom~10-6 to ~10-2,

Transients' with P(F|E) < 10-6 were not included in the detailed FM stud-L

Lies; and generally speaking, the transients with the higher values of
P(F|E)-had the lower frequencies of occurrence.

Results of the sensitivity study indicate that aside from the sensi-
tivity to.N, P(F|E) is most sensitive by far to the reduction in down-
comer coolant temperature and is about a factor of 6 less sensitive to a
reduction in K and an increase in RT The probability of failure isye NDT.
least sensitive to variations in the heat transfer coefficient and the*-* primary-system pressure.

- For most' of the Oconee-I postulated transients, WPS could be a fac-
tor because the calculations indicate that K does not become equal to7(*

. Ic unt11 'af ter the' time of WPS (KI = 0). The effects of WPS were notK
,

included in the calculation of P(F|E) because in most cases the Ky vs t
curves for the shallow . flaws were very flat, making it difficult to de-
termine where the maximum was located. Furthermore, unforeseen perturba-

itions in pressure and coolant temperature might exist and defeat WPS.
Even so, it is of interest to see what the effect is for the idealized

transients. The results of this study are presented in Table 9.4. As
indicated,WPSreducesP(F|E)substantiallyformostofthetransients.

9.6 Thermal-Shock Investigations Related
to HDR Reactor Vessel

R. D. Cheverton

. . Some consideration has been given to the idea of conducting pressur-'

ised thermal-shock experiments with the reactor pressure vessel at the. .

' E, German HDR facility. Presumably, this would be a cooperative effort be-
tween ORNL-HSST and Staatliche MaterialprGfungsanstalt (MPA).

:A number of thermal-hydraulic tests and nozzle-corner cyclic thermal-,

'' | stock experiments have already been conducted with the HDR vessel. Pre-
sumably, the particular experiment of interest now would involve an inner

,

C
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Table 9.4. Effect of including WPS in
. calculationofP(F|E)at32EFPY

A
~

P(F|E) Time of P(F|E)
'

Transient ~ without WPS with
WPS (min) WPS

1 13 x 10-7 27' <10-7
1 A , 5 ,. 7 5.2 x 10-6 18

4,~9 2.0 x 10-3 22 <10-6

6 1.7 x 10-6 28 <10-7

10 9.8 x 10-6 28 <10-7

14 1.3 x 10-3 36 <10-6

21 9x 10-7 40 <10-7" w
24. 1.0 x 10-4 18 9 x 10-7

0
'

25 5.2 x 10-4 17 3x 10-5.

26, 27, 32 6.2 x 10-4 28 3x 10-4,.

t
28 30. 4.0 x 10-4 18 4 x 10-5a=

W 29 3.0 x 10-3- 20 <2 x 10-6
: 33 6.5 x 10-4 18 3x 10-6.

34- 1,8 x 10-3 18 5 x 10-5
1

'

411 '1.8 x 10-3 30 <10-64

44 5.4 x 10-3 22 <10-6
~

46 1.0 x 10-6 20 <10-7
~

57 1.5 x 10-4' 20 1 x 10-5
,

%_ l

>

% -;
.

r

-

' ' '
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surface axial flaw in the beltline region and a thermal shock similar to
that used in the HSST program.

E
The dimensions of the HDR vessel (1510-mm inner radius,112-mm wall

thickness) and the thermal-shock capability of the HDR f acility are such
that thermal-shock experiments of interest to the U.S. PWR safety studies .

may not be practical.
For the purpose of conducting a preliminary FM analysis, it was as-

sumed that an initial temperature of the vecsel of 288'C, a pressure of .

10.3 MPs, a coolant temperature of 21*C, and a fluid-film heat transfer

coefficient of 5700 W/m2.ec could he achieved. To account for the ther-
mal effect of the cladding, the inner surface heat-transfer coefficient

2was reduced from 5700 to 1700 W/m .oc. The stress effect of the clad-
ding, which will enhance K , was neglected.t

Assuming RT = -18, 66, and 93*C and using the ASME Sect. XI
toughness curves $, the calculations indicated that WPS would prevent
cradk~ initiation. Even if WPS were ignored, the minimum critical crack

depth for RTNDT = -18 C was 45% of the wall thickness, indicating that
pressure stresses were controlling. For RTNDT = 66 and 93*C, shallow
flaws would initiate, if it were not for WPS.

To delay the time of WPS, various pressure ramps were used; however,
the delays were not long enough to permit crack initiation. Further
studies will be required to see if a more severe thermal shock will be of
benefit.

*
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-10.? PRESSURIZED-THERMAL-SHOCK TECHNOLOGY

! R. H. Bryan.
>r .

~
,

r' 'During'-this reporting period, the first pressurized-thermal-shock
- '(PTS) test, PTSE-1,'of a pressure vessel was performed. The objectives

of,the test were;to investigate (1) the effects of warm prestressing (WPS) '

'on : initiation of. propagation of an existing crack and (2) to determine
m , - .the: nature of arrestiof;a rapidly propagating crack at temperatures on

the. ductile upper - shelf. f The' intended conditions were produced in PTSE-1,
andf a' preliminary study of'the information collected in the experiment
| indicates that .the desired . objectives were attained. Two crack initia-
tions|and arrests occorred after.a succession of WPS episodes. Prelimi-
nary. analyses imply that the initiations occurred at stress-intensity fac-
tor'Kg values if 157 and 221 MPa* a atitemperatures T of 100 and 120*C,
respectively. ? The corresponding arrest values were Kt = 177 and 265

- MPa* a at T = 157 and 168'C, respectively.
j . During .the reporting period, modifications to the test facility were

completed; characterization tests were completed;'the preliminary test
series, PTSE-0, uns performed;' extensive fracture analyses based on
characterization data were performed; and the PTSE-1 vessel was flawed,
instrumented, and tested.

-

-10.1 . Experimental Planning *

'

u.
R.,H. Bryan G. D. Whitman

,

PTSE-1 wasiplanned to be conducted in two phases, as discussed in
detail in an earlier progress report.1 The objective of the first phase

:was to initiate.the propagation of's shallow crack in the cleavage mode
and to achieve arrest in the transitional toughness regime prior to the
onset of WPS. .During the WPS interlude, the stress-intensity factor of-
the arrested crack would attain the critical value, Krc, but-the crack
would not propagate -because of WPS. In the second phase of the test, the
crack would be forced to propagate again (by increasing the pressure

' loading) with the objective of causing the crack to propagate into mate-
rial in the upper-shelf toughness regime. The conditions of the test were'

.

selected to favor the arrest of the crack prior to penetration of the
wal1~of the vessel.

Definition of a suitable transient for PTSE-1 involved the evalua-
. tion of a large number of parameters that generally fall into two cate-
gories:-

'1. characteristics of the test vessel - .

flaw size (length, depth)

fracture toughness (Kye, K ,, JR vs T)g
ductile-brittle transition temperature (T )D -

yield strength
thermoelastic properties

' '

, _ _ _ . - _ . _ . _ _ _ _ _ _ . _ _ _ _ _
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'2.- facility-related characteristics of transients -
pressure vs time (t).

% convective heat transfer coefficient, h vs t
..

*
initial vessel temperature, To,

f, coolant teuperature, T vs t. c

Pr'elimidar fracture analyses of the type now being performed by the
OCA/ USA' pr'ogram{ were the basis for designing the teet vessel and the,

facility. the de-
signed ch Early material charseterization data confirmed thataracterist'ic's}wereprobablysatisfactory. The selection of test
transients depended ore the actual characteristics of the vessel and the
facility /as determined by preliminary tests. Material properties, except
for K ,, were determined by the Babcock & Wilcox Company, and K , deter-y y
minations were made by Battelle Columbus Laboratories, as presented else-
. here in this report. .The principal results of these two investigationswg

1 are shown in Figs. 10.1 and 10.2. OCA/ USA and ADINA-ORVIRT analyses per-+

s
formed prior to the first test were based on the vessel and material.

characteristics given in Table 10.1 and Figs. 10.1-10.3.
The. basic three-dimensional (3-D) analyses for the vessel with closed

ends and a flaw.-of' finite length were performed by the ADINA-ORVIRT system
of programs. These analyses included the consideration of plasticity.
ADINA-ORVIRT was used to calcul' ate the 3-D influence coefficients for the
OCA/ USA code. Parameter studies were performed with the OCA/ USA program

'

by which variations of many of the parameters identified in Table 10.1
were considered. These' studies defined flaw depths to be considered for
the PTSE-1 vessel and transients to be investigated experimentally in the. . ,

-PTSE-0 series of tests. The initial flaw depth was selected prior to the
performance of thermal transient tests to maintain a reasonable schedule

, , - for preparing tne PTSE-1 vessel for testing in January 1984.
The' ideal' plan for PTSE-1 is illustrated in Fig.10.4, which shows

the evolution of crack-tip; conditions. Ky and Kyc vs time curves are,
,

shown for three crack depths: ao, the initial crack depth; a l, an inter-
a mediate depth; and a2, the final depth. In the phase t < ti, the initial

crack is guberitical and should not propagate. If it does not propagate
at-ti, it may still propagate at some time prior to t2, at which time the
initial crack would become warm' prestressed. In the interval t1<t<t2

'K /K for the initial crack may become much greater than unity, but they
loadkeng rate K diminishes. A crack propagating at t = t1 would arresty

= K , (point B). K for the intermediate crackat a depth at, for which K7 r y
would continue to rise until t = t3, at which time the intermediate crack
would be warm prestressed (point C). The crack would again become criti-

~ . cal at t = tg (point D), but it would not propagate immediately because
of its warm prestressed state, When ts < t < t7 (af ter point E), the

.

.. nominal WPS condition (11 < 0) no longer obtains; and, since K
Thfs> running

K
7 ge,^ ''

the crack should again propagate, for example, at point F.

y = K , (point G).crack should again arrest at a depth a2 for which K r
~- . In any persistent transient, there is generally a time ty beyondo

which an arrested crack in the upper-shelf regime would not be stable,
4 : either- because :of a tearing instability or a net ligament tensile insta-

% bility.- Since it is essential to the interpretation of the experiment to

preserve evidence of the arrested crack geometry, it is necessary that ty
be predictable and that the transient be terminated at some time t7<ty
-(point H)..

.l-
"

.
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Table 10.1. . Characteristics of the FTSE-1 vessel used in
OCA/ USA pretest analysis; 91

.

Parameter- Value .

. 7

1 Toughness
.

K Curve A, Fig.10.1re
~K,| Curve, Fig. 10.2rm

[F pUpper-shelf.tgresholdtemperatureTD,''C 175
"|- .JR Parameters

c. 2.60,

di ~ n 0.359

Elastic-plastic parameters

Yield strength, o , for OCA/ USA, MPa 600
Stress-strainrelEtionshipfor Fig. 10.3
:ADINA-ORVIKT

. Thermoelastic' parameters

Young's modulus E, MPa 209,600
' Coefficient of thermal expansion, a (K-1) 1.445 x 10-5
Poisson's ratio, v 0.3
Conductivity k, W.m-l*K-1 41.54
Heat: capacity C, Jekg-l * K-1 502.4 .

Density p, kg/m3 7833
,

Geometry of ' vessel
.

Inside radius rt, em 343>

Wall thickness w, um 147.6
Flaw length 2b, um- 1000
Flow depth a, um Various

, _ "J = c(Aa)"; J in /s . Aa in m.R R

Af ter the PTSE-0 tests were completed, it was recognized that a sin-
gle'~ thermal shock might not be the best means of attaining the PTSE-1 ob-
jective. It was decided, therefore, to plan three tests (PTSE-1A, -1B,
and -1C), ,the first of which would he' designed to provide the best oppor-

~

.

tunities to be a complete test. For this to be the case, an initial crack
. propagation .would have to occur promptly (when Ky=Kre), and arrest would
have to - take place at an optimum depth for initiation in the second phase
of - the transient. If ~the objectives were not fulfilled by the PTSE-1A
test, L then one or two additional transients (starting with high initial -

'. C .teeperatures) would be conducted. The strategy for the B and C tests was
to produce : conditions in the B test that would have a high probability of
causing the crack to propagate to an intermediate depth and in the C test -"

. to produce conditions that would drive the intermediate crack to the upper
-ehelf..

~

W

5 -^

-

:,,
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10.2 PTSE Test Facility and Vessel Preparation

R. H. Bryan S. E. Bolt"
G. C. Robinson

1 -p-

Most of the construction and modification activities were completed,
and the PTSE-O series of tests was initiated during the preceding report-,

ing period." In the current period all modifications were completed, and
~

the . facility tests above ambient temperature were performed with the un-
flawed PTSE-0 vessel.- Four thermal transient tests, designated PTSE-0A,
-05, -0C, and .-0D, were . performed under conditions specified in Table
;10.2.- In addition to the thermal transients, many pressurization tests
were conducted while the vessel was at Idgh, nearly isothermal tempera-
ture.

- Operating characteristics of the heating, refrigeration, pressuriza-
. tion, and main coolant . systems were determined. Several problems were

Table 10.2. PTSE-0 test conditions

Test
Parameter

<.- , A B C D

Date 11/2/83 11/8/83 11/16/83 11/17/83
..

Initial vessel temperature, 285 278 283 284c

nominal, *C

Initial coolant temperature, *C 7.5 7.5 7.5 7.5
Flow control valve openings, %

Main loop 100 28.6 28.6 34.2Bypass loop- 100 100 100 100
Main loop flow, ' nominal, m /s 0.1100- 0.0685 0.0661 0.0880

3

Heat transfer coefficient" 10,000 6,700 6,000 6,500-nominal, W+m-2.g-1

Pressure transient nominal
Po, MPa 1 20 0.4 0.7
paax,1MPa 25 20, 49h

-p, MPa/sj. 0.43

"These values were calculated on the basis of indirectly estimated
a

' bulk coolant temperature and are, therefore, considered imprecise.,

.: y
Transient consisted of two positive pressure ramps, each followed

by a depressurization.

{
_ _ .__ _ _. -- . - -
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experienced, some of which limit operating ranges that are currently
practicable: high compliance of the test vessel ballast; asymmetric
temperatures during heatup, evidently associated with the large access ,

nozzle at the beltline of the outer test vessel; and instability of the |
main flow control valve near the 35% position. *

A crack 1000 mm long and 11.4 nra deep was placed in a radial-axial
plane of the vessel in the plug of specially tempered material, as 11-
lustrated in Fig. 10.5. This flaw was generated by the electron-beam .

welding, hydrogen-charging technique used in flawing many other HSST test

vessels and cylinders.5
The PTSE-1 test vessel was instrumented to measure transient tem- )

perature profiles in the wall of the vessel, surface strain, crack-mouth-
opening displacement (CMOD), and internal pressure (Fig. 10.6). A data
acquisition system samples and records the output of sensors at the rate
of 10,000 points /s. Values of pressure, te:nperatures, and CMOD are dis-
played in the control room during the PTSE transients by digital and
graphic displays to permit proper coordination of the thermal and pres-
sure transients.

ORNL-DWG 82-6072B ETD
M

HEAD AND ACCESS NOZZLE
SUBASSEMBLY g

, 381 mm tD .

*

"
h<

4 --
; . .

686 mm ID
/

, 991 mm OD
FLAW

1372 mm

x
9 1372 mm

-~ c. 1000 mm

/
- M ~

152-mm-THICK WALL

|
~

j ,- SUPPOR T
'

] STRUCTURE
"318' m wm

.. _b *

TEST REGION
*WELD INSERT

|

Fig. 10.5. PTSE-1 test vessel geometry.
|

|
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Fig. 10.6. PTSE-1 test vessel after instrumentation was applied.;

| Ends of two thermocouple thimbles directly facing the camera (~16-mm,

diam) are visible. About 250 mm to right of thimbles is vertical array
of CMOD gages crossing 1-m-long flaw.
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10.3 Analysis of PTSE-1

R. H. Bryan B. R. Bass ,

'

J. W. Brysoa J. G. Merkle
*

D. A. Steinert

The final pretest. analysis of PTSE-1 was based on the results of the ,

PTSE-0 series in conjunction with the known vessel characteristics. The
. initial flaw depth of 11.4 asi had been measured ultrasonically, and all
material characterization tests had been completed. Upon consideration
of the| operating characteristics observed in PTSE-0, the PTSE-0B (thim-
ble 3) thermal transient was selected as the prototype for PTSE-1.

The PTSE-0B temperature vs time and position data were used in OCA/
USA analyses directly. This was accomplished by means of a series of
data processing programs developed to facilitate the evaluation of per-
formance of instrumentation and equipment and to produce data sets of
experimental temperature profiles for OCA/ USA input.

Each thermocouple thimble contains 12 thermocouples distributed at
various' depths in the outer 100 mm of the 147.6-am-thick vessel wall.6
Transient tests of individual thimbles showed that thimble temperatures
deviate significantly from wall temperatures late in a transient.7 Ac-
cordingly, a mapping procedure was used to extend the domain of the tem-
perature profiles from the depth of the thimbles to the full thickness
of the vessel wall.

In the OCA/ USA analyses discussed in this report, the K values havey ,

been~adje.sted for a plastic zone size based on oy = 600 MPa (Table 10.1).
K values were computed from both two-dimencional (2-D) and 3-D influencey
coefficients; values presented are 3-D, center-of-crack values unless it

'

is specified otherwise. Generally for a/w < 0.1, OCA/ USA calculates Ky
only,from-2-D influence coefficents. This approximation is convenient
and _ acceptable, since full 3-D ADINA/ORVIRT analyses have shown that for

values ata/w = 0.1, OCA/ USA 2-D Ky values are very close to the 3-D Ky
the center of a long flaw.2

10.3.1 PTSE-1A pretest analysis by OCA/ USA

The first test, PTSE-1A, was planned as a complete experiment, con-
sisting of a thermal shock with two phases of increasing pressure (curve
A, Fig. 10.7). The input for the OCA/ USA analysis is defined in Table 10.1
and Fig.10.7, and the results are presented in Figs.10.8 and 10.9.
According to this analysis, crack propagation and arrest would have oc-
curred twice during the first pressurization phase with a third initia-
tion during the anti-WPS phase of the test.

-In addition to this particular analysis, other analyses were per-

formed to show the effects of deviations of the vessel and transient from
*the assumed characteristics. An analysis of the type required by Sect.

XI of the ASE Boiler and Pressure vesssZ Code was also performed. The
drop-weight and Charpy V-notch impact test results indicated that the

'

material in which the flaw resides has an RTNDT = 91.3 C. On that basis,

an OG/ USA analysis of the proposed PTSE-1A transient implied that the

. . .
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Fig. 10.7. Pressure transients planned for PTSE-1A, -1B, and -lC.

crack would penetrate the wall of the vessel at ~100 s in the transient,
which is a time at which the pressure is low.

' 10.3.2 Crack-depth analyses for the PTSE-1 test series

In preparation for the PTSE-1A, -1B, and -lC series, extensive pre-
test analyses were performed with the ORMGEN/ADINA/ORVIRT fracture-
mechanics system and the CYBER 205 computer of CYBERNET Services.
Results from these analyses were used to correlate incremental changes in
crack depth with measured changes in OiOD during a PTS transient. This
was accomplished by employing a superposition technique that combines
midplane OiOD values for pressure loading with those values for thermal*'

effects over a range of crack-depth ratios and selected times in the
trensient.

N For: test PTSE-1A, 3-D finite-element analyses were conducted for a
series of crack depths in the test vessel subjected to unit internal pres-
-sure. loading only. Each finite-element model in this series consisted of

L
. . _ _ _ -

_ _
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Fig. 10.8. Critical-crack-depth loci from the PTSE-1A pretest
analysis. Initiation and ' arrest loci are computed from 3-D influence
coefficients.

3496 nodes and 688 isoparametric elements. Material properties were
taken to be Young's modulus E = 2.00 x 105 MPa, Poisson's ratio v = 0.3,
and thermal expansion coefficient a = 13.0 x 10-6 g-1 The selected
crack depths (all 1 m in length) and the midplane CMOD corresponding to
internal pressure, p = 1 MPa, are given in Table 10.3. For the same
series of finite-element models, a second set of 3-D analyses was per- -

formed with the vesse1 subjected only to thermal loading. The tempera-
ture distributions for these computations were selected from the PTSE-0B
test data (thermocouple thimble 3) at times in the transient given in *

Table 10.4. The selected time intervals 55 < t < 155 and 240 < t < 280
define the periods in which crack initiation events were anticipated in

_
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Fig. 10.9. Ky vs. time and a/w from the PTSE-1A pretest analysis,
;.. . based on 2-D' analysis.

. Table 10.3. . Calculated midplane
.CMOD for selected crack-depth.

ratios a/w in test vessel
'

PTSE-1 (internal pressure
. p =-1 MPa)

"

CMOD#!" .(rm)

0.08 0.0592 x 10-2
0.10 0.0761 x 10-2
0.15 0.1213 x 10-2

; 0.20 '0'.1726 x 10-2
0.30 0.3022-x 10-3

'Q 0.50 0.7308.x 10-2
0.60 1.0690 x 10-2

. _

E
.
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..
. Table 10.4. Calculated midplane CMOD for selected

*' crack-depth ratios a/w and times t in test trans-

ient PTSE-0B (feternal pressure p = 0)

.

Time
(s) .

a/w

55 85 115 240 260 280

0.08 0.242 0.233 0.218
0.10 0.236 0.231 0.225
0.20 0.544 0.549 0.537
0.30 -0.779 0.814 0.812 0.755 0.741 0.726
0.50 1.395 1.374 1.352
0.60 1.763 1.738 1.713

..

>

. test PTSE-1A. a ncluded in the same table are the calculated midplane
CMOD values for . thethal-only loading.

A computer program was then developed that utilized the prescribed
. pressure transient of the test and the unit pressure CMOD values of Table .

10.3 ~ to estimate Ch03 because of pressure only during prescribed time in-
tervals. These results were superimposed with thermal CMOD values from
Table 10.4 to produci CMOD estimates for a range of crack-depth ratios

.

and. prescribed time intervals. These estimates of crack-depth . ratio as:

, a function'of CMOD are displayed in Fig. 10.10 for time interval 55 < t <
115 and the prescribed PTSE-1A pressure transient of Fig. 10.7.

For1 test PTSE-1A, the initial crack-depth ratio was assumed to be
a/w = 0.08. To correlate measured changes in CMOD with arrested crack-_

depth' values during the proposed PTSE-1A transient, the curves of Fig.:

10.10 were offset by the CHOD values for a/w = 0.08. These offset curves,
' displayed in Fig.10.11, express a/w as a function of ACMOD with time t

'

- as a parameter.- Because crack initiation was not achieved in the PTSE-1A
test, - no ertimates of arrested 'a/w were made with these curves.

.For rest PTSE-1B, the above procedure for estimating a/w as a func-
tion of ACMOD and t was repeated, but revised thermal loading calcula- -

tions were performed to replace thore of Table 10.4. This revision was
necessary because of changes in the nominal heat transfer coefficient is
.on the vessel outer surface. The shift in h .resulted from a change of
the bulk coolant- fluid from water to methanol to permit a lower initial
coolant temperature and, consequently, a more severe thermal shock. Be-
:cause measured temperature data were not available for the new bulk cool- *

ant, -it was necessary to repeat the thermal calculation using a range of
values for. h, of which two are given in Table 10.5. The h values of

- Table 10.5 were used in OCA/ USA calculations to estimate the thermal *

gradient. as . a functioa of time. The computed thermal gradients at times
t = 50 s and t = 130 s (which define the interval of anticipated crack
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Fig. 10.10.~ a/w vs CMOD for proposed PTSE-1A transient, 55 < t < 115 s.

Table 10.5. Calculated O(OD for crack-
depth ratios a/w = 0.08 and 0.30

in two proposed PTSE-1B
test transients

Heat transfer a/w,

coefficient(* (Wam-2.K-l) 0.08 0.30

50 4545 0.225 0.726
50 6250 0.244 0.779

130 4545 0.211 0.799s ,

130 6250 0.220 0.835

..x,

5
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Fig. 10.11. a/w vs ACMOD for proposed PTSE-1A transient, 55 < t < *

115 s, offset by CMOD for a/w = 0.08.

initiation) were employed in the ORMGEN/ADINA analyses to produce the
CMOD values of Table 10.5. Figure 10.12 depicts the variation of a/w

with ACMOD and time obtained from superposition of values from Tables10.3 ~ and 10.5 (for h = 6250 W+m-2.K- ), again offset by CMOD values for
a/w = 0.08. Included in the figure is the measured change A = 0.175 nm
that accompanied crack initiation at ~67 s in the PTSE-1B transient.
The graphical result from Fig. 10.12 indicates that crack arrest occurred
at a crack-depth ratio of a/w = 0.144. The high h curves are used here
because it was observed from measured temperature data early in the
transient that the higher h value more accurately reflected surface con-
'ditions for the vessel.

For PTSE-1C, the superposition procedure was repeated using values
from Table 10.3 for pressure loading, the proposed pressure transient of
Fig.10.7, and values from Table 10.5 (h = 6250 W m-2.g-1) for thermal *

loading. The ' resultant curves of Fig.10.13 are offset by CMOD values
- for a/w = 0.15, the approximate arrested depth ratio of test PTSE-1B. In
PTSE-1C, crack initiation was achieved at t = 124 s in the transient with *

a measured change in CMOD of 0.353 mm. This implies crack arrest at e
depth ratio of a/w = 0.25, as indicated in Fig.10.13.

b
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10.4 Results and Analyses of PTSE-1

R. H. Bryan B. R. Bass"

S. E. Bolt J. W. Bryccn
*

J. G. Merkle G. C. Robinson
G. D. Whitman

' Results reported are tentative at this time because quantitative in-
formation from'the test is still being evaluated, adjusted from calibra-
tion data, and analyzed.

10.4.1 Results of PTSE-1A

The conditions actually experienced in the test are presented in
Figs.'10.14-10.16. The crack did not propagate. Figure 10.15 indicates
that the ' crack was in a warm prestressed state' in the time intervals 54
s < - t < 71 s and 111 s < - t < 235 s. The first period of WPS was inadver-
tent.

Tentatively, the PTSE-1 A results imply the following.
-. 1..-The assumed toughness relationship (curve A, Fig. 10.1) is too

low at the crack temperature at the time of initial WPS (t = 54 s). Ac-
'cordingly, the KIc expression used for the posttest OCA/ USA analysis and

' for subsequent pretest analy[5 at 't = 54 s and T = 100 4*C
ses was adjusted (as in curve B, Fig. 10.1)

to make Ky=KIc = 133 MPa+ . .

:q - , < -

n..

- ORNL-DWG 84-4307A ETDc*- $4 . . . , ,

INITI AL CRACK-DEPTH RATIO = 0.08,

.48 - INITIAL VESSEL TEMPERATURE - = 280.5 C _0

m. INITIAL COOLANT TEMPERATURE = 15 C

![- 42 HEAT TRANSFER COEFFICIENT (NOM) = 8000 W m-2.g-1

4 COOLANT FLOW RATE = 0.08 m /s3

36 0
q. ~K, = 51.276 + 2.2 . e .036 T _

g

30
~K,, = 35.0 + 4.0177 . ,o 02m 6

~

. 3"

o
$ 24 - _

g
' 18 - ~

, ,

12 - -,

a: 6 - -

1 i ' ' ! !# - c 0
~~ ''

O- 60 120 180 240 300 360 420

TIME (s)

Fig.'10.14. Actual PTSE-1A pressure transient and other test
"i - . parameters.

p- ,

N ,.

C:. ._
_ _ _ _ . _ __o
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Fig. 10.15. Results (parameters vs time) of posttest OCA/ USA analy-
sis - of PTSE-1 A. . Values are computed from measured temperatures (thimble
5)-and pressures. Ky values are. based on 2-D calculations.
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2. During the initial period of WPS the ratio K /K reached ay Ic
value of ~1.24.

3. Duri
to ~136 MPa*(jn the first anti-WPS period, 71 s < t < 111 s, K increasedy

m and K /Kre to ~1.65.t
> 4. During the last anti-WPS period, 235 s < t < 280 s, Ky reached a

peak of ~122 MPa*6 and K /Krc of ~1.85.I

Since the crack did not propagate in PTSE-1A, the methods of analy-
* sis and the parameters used in the OCA/ USA and ADINA-ORVIRT calculations

were reevaluated. Consequently, the values for E and a were reduced from
the values'shown in Table 10.1 to 200,000 MPa and 1.3 x 10-5 g-1, re-
spectively. This adjustment of parameters reduces all parameters propor-

# .tional.to.K by ~14%. All OCA/ USA analyses performed subsequent to they
~PTSE-1A test used the lower values of E and a as well as the revised Km ye
-expresuion.in Curve B of Fig. 10.1.

10.4.2 Test PTCE-1B

The initial flaw having been warm prestressed at a K1 level of ~136
MPa*6, it was necessary to plan the- PTSE-1B test so as to excced that
level. Also, to keep the predicted initiation event in a temperature

range for which the Kyc curve is credible, the coolant temperature had to
be decreased.

The strategy for tests PTSE-1B and -1C was to produce conditions in
the B test that would have a high probability of causing the crack tosy

-propagate to an intermediate depth and in the C test that would drive the
intermediate crack to the upper shelf. Contingency plans were made for

. , -
_ _

if during the test it-the.B test to add a secondary pressure transient,
appeared that conditions would be conducive to attaining the upper-shelf

-crack depth.
The coolant was changed to a methanol-water mixture so that tempera-

tures at the crack tip would be generally lower without diminishing the
sttainable K level. The pressure transient planned for the test isg
shown in Fig. 10.7 (curve B). Since a preliminary thermal-hydraulic test
was not feasible, the pretest analysis was based entirely on estimated
-heat transfer parameters, shown in Table 10.6. The effects of variations
from the nominal performances were considered in selecting the transient
and in making contingency plans for a secondary pressure transient.

: The pretest predictions for the nominal h(t) case (see Table 10.6)
are shown in Figs. 10.17 and 10.18. Two successive crack jumps to a/w =

.0.14 and 0.20 were predicted. The actual thermal transient was more
severe than in the nominal pretest case, the actual value of h being
possibly 40% higher. In any case, the' crack propagated in PTSE-1B to a
depth of. 22.1 num (a/w = 0.15), estimated by 3-D analysis from the sea-
sured Of0D. The results of posttest analysis, based on measured tempera-

p t'ures and pressures, are shown in Figs. 10.19-10.22. The fracture me-
'

chanics parameters in the posttest analysis are identical to the pretest
y values at initiation and arrest were ~157 and 177 MPa*E,parameters. K

b respectively. Before the end of the transient, the K1 of the arrested
crack reached ~215 MPa*E. The values for a/w > 0.1 were calculated from
the OCA/ USA 3-D influence coefficients.
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Table.10.6.--Basis for planned transients:for PTSE-1A, -15,;and,-1C;and pretest analyses
, .

1 Test
i-
i PTSE-1A PTSE-1B. ~PTSE-1C
i

Thermal transient T data-from thimble-3,. .T data from thimble 5,
: .PTSE-0B PTSE-1B-
? Equivalent parameters

Initial vessel temperature, *C 284 290 -293.3'
! Coolant temperature T(t), 'C 10 to 34 -25:to -I -22 to O
! h(t), Wam-2.g-1 8000 to 6000 4550 to 3700. 5500 to 6500
:

! Pressure transient (planned) Curve A, Fig. 10.7 Curve B, Fig. 10.7 Curve C, Fig. 10.7 g
i

.

N
i Material properties
4

j K Curve A, Fig. 10.1 Curve B, Fig. 10.1 - Curve B, Fig. 10.1I

| K ,c Curve, Fig. 10.2 Curve,' Fig. 10.2 Curve, Fig. 10.27
Upper-shelf temperature T , C 175 - 175 175-D
c, n (note a) 2.60, 0.359- 2.60, 0.359 2.60, 0.359,

y (MPa) 600 600 600o
E (MPa) 209,000

. 200,000 200,000
i' a (K-1) 14.45 x 10-6 13 x 10-6 13 x 10-6

Initial flaw depth
>

>

; a , nun 11.4 11.4 22.1 I

^

a/w 0.077 0.077 0.15

aJR = c(Aa)", where JR is in MJ/m2 and Aa is in m.
1

,

1

. . * S, g
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Fig. 10.17. Critical-crack-depth loci from PTSE-1B pretest analy-
sis. Initiation and arrest loci are computed f rom 3-D influence coeffi-
cients. Note that two crack jumps were predicted.

In a posttest analysis of PTSE-1B, 3-D finite-element analyses were
performed for crack-depth ratios a/w = 0.08 and 0.143 for the measured

I pressure and temperatures at the time of the initiation-arrest event...

[* - The crack length was held constant at 1 m, and a semielliptical shape was
assumed. The computed ACMOD for these two analyses is plotted in Fig.

g_ 10.23 as a function of the axial position along the crack. Also included
in the figure are measurea aCMOD values. The distribution of these
measured values suggests an asymmetric configuration for the shape of the
arrested crack.

Lu.
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Fig. 10.18. Ky and KIc vs T for a/w = 0.077 from PTSE-1B pretest 2

- analysis.
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Fig. 10.19. Actual PTSE-1B pressure transient and other test pa-
' rameters.
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-Fig. 10.20. Results (parameters vs time) of the posttest OCA/ USA
analysis of PTSE-1B.- Values are computed from measured temperatures
(thimble 5) and pressures. Ky and K /Kyc curves are based on 2-D calcu-y
lations.
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Fig. 10.21. Results (parameters vs T) of posttest OCA/ USA analysis
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Fig. 10.22. _ (critical-crack-depth loci) of posttest OCA/ USAResults
.

analysis of PTSE-1B. Initiation and arrest loci are computed from 3-D
.

*influence coefficients. Note that an arrested crack with a/w = 0.15
should have reinitiated by a small margin, but crack-tip temperature is

high in. transition (~120*C when Ky=KIc)*
,

-10.4.3- Test PTSE-1C

.

The plans for PTSE-1C were made on the basis of heat transfer per-
. formance demonstrated in PTSE-1B.- The thermal transient in the B test
-was satisfactory for promoting crack propagation in the C test to the
upper-shelf temperature range (T > 150*C). However, the intermediate

level of ~215 MPa+ 6 , which neces-crack was warm prestressed to a Kr
sitated that a higher value be attainable in PTSE-1C. Accordingly, a
pressure transient to 90 MPa (~1.3 x design pressure) was planned (irig.,

10.7, curve C). As indicated in Fig. 10.24, the pretest analysis pre-
dicted a single crack jump to an a/w = 0.23 at t = 105 s.

Results of the actual transient are shown in Figs. 10.25-10.28. The ,

crack jumped at t _= 125 s to a depth of 36.9 m (a/w = 0.25). Ky values
at initiation and arrest were ~221 and 265 MPa*E, respectively. The
crack-tip temperature at the time of arrest was 168'C, which is ~20 K ,

above the onset of the Charpy upper shelf as indicated by 100% shear frac-
ture appearance.
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V '- analysis of PTSE-lC. Values are computed f rom measured temperatures

curves are based on 2-D calcu-(thimble 5) and pressures. K1 and K /Krcy
lations.
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- 10.5 Conclusions
.

; Three PTS . sequences' were imposed on the ' flawed PTSE-1 vessel. In;g
.the first, PTSE-1A, :the 1-m-long initial crack experienced three periods'

#,"

:of'WPS1(in the sense'that Ky < 0) and two periods of anti-WPS (K > 0),
y was greater than ny Inthesubsequentsequence(PThE-1B),

'

Ewhereas K,

' before : the crack propagated, t$e.' K level was raised about 13% above thet. 7'' maximum K | attained previously. This seems tc imply that, af ter WPS has
occurred,y

,

the ~ ccaditions Ky>K and f > 0 are not sufficient to initi-.

4
.

ate cleavage crack propagation.yc
y

"

- PTSE-1B and -1C produced two pairs of K and K , values. Both ar-Ic y
rest events 1 occurred in a positive Ky gradient. The values appe-r to be
-reasonably.close to K and K curves based on small specimen data;
however, the values in$icated In this report are subject to adjustments
.forJ oensor calibrations,' 3-D analysis, and actual crack depth.

: . ; An arrest in the- Charpy upper-shelf temperature range -- one of the
' principal 1 objectives of thef test -- was achieved. .If posttest examination,

..of the fracture surface confirms the final arrested crack depth inferred
ifroastest data, the determination of.K from this event would be a rareIa,

'' Laessurement of crack-arrest toughness, perhaps the only one at a Charpy
| upper ~-shelf t temperature.

"

The Kre;and Ky - values inferred from FISE-1 are summarized in Fig.
10.29 -and compared w,ith the curves from Figs. 10.1 and 10.2 based on=1

- temalifspecimen data and'with the ASMS Cbde Sect. XI values.. Although Ky
ist - the time of crac'k arrest in PTSE-1B was below the Sect.~ XI limit-"; (220gMPa* 6), the crack' arrested in PISE-1C~at ~265 MPa*[m.

. . _ . _ . The ' Sect. XI curves are 'for an RTNDT = 91.3*C, which is the value
Ih.i. ' determined from the PTSE-1 Charpy and drop-weight data in accordance with

"?! a strict ~ interpretation-of Sect. III of the Code.

-. Visual inspection of:the vessel shows that'the initial flaw grew
V42 ' axially tatf each end by ~120 mm. . The extension near the hemiepherical

Ehead Lof z the -vessel was bifurcated at the end of the initial flaw. Test
b'? Edata 'show that all axial extensions were concurrent . with the _ crack jump_

in:the PTSE-1B test. A posttest ultrasonic scan-of the flaw indicates
~ that the flaw-is :30 to 40 men deep over ~20% of the length and shallower.

- (~20 mm) nearest the hemispherical head. The flaw is being excised for
ifractographic: examination.
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CONVERSI0tt FAC11MtSo

SI unit: English unit Factor
s

. um in. ~0.0393701
cm in. 0.3937dlt

i .

a ft 3.28084
m/s ft/s 3.28084:
kN Ib 224.809

,

g-
; kPa psi 0.145034

-

MPa. ks1 0.'145033;
,

MPa*/m ksi+E 0.9.80048
.

,

! J feelb 0.737562

i K *F or *R- 1.8
3

-

2kJ/m - in.-lb/in.2 5.710152

1 .
W*m' *K' Stu/h-ft *F 0.176110 .2

kg Ib 2 ?O462
3kg/m lb/in.3 3.61273 x 10''

sum /N in./lbg 0.175127'.

j T(*F) = 1.8 T(*C) + 32
,1

# ultiply SI quantity by given factorM"

to obtain English quantity.
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