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PREFACE

The Heavy-Section Steel Technology (HSST) Program, which is sponsored
' by the Nuclear Regulatory Commission, is an engineering research activity

devoted to extending and developing the technology for assessing the mar-
gin of safety against fracture of the thick-walled steel pressure vessels

k
used in light-water-cooled nuclear power reactors. The program is being
carried out in ''ose cooperation with the nuclear power industry. This
report covers u m work performed in April-June 1983. The work performed
by Oak Ridge National Laboratory (ORNL) and by subcontractors is managed
by the Engineering Technology Division. Maj or tasks at ORNL are carried
out by the Engineering Technology Division and the Metal s 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), ORNL/TM-5021 (Vol . II), CRNL/TM--5170, ORNL/NURE/TM-3, ORNL/
NURE/IM-28, ORNL/NURE/TM-49, ORNL/NURE/TM-64, ORNL/NURE/TM-94, ORNL/
NURE/TM-120 ORNL/NURE/TM-147, ORNL/NURE/TM-166, ORhl/NURE/TM-194,
ORNL/NURE/TM-209, ORNL/NURE/TM-239, NURE/CR-0476 (ORNL/NURE/TM-275),,
NURE/CR-0656 (ORNL/NURE/TM-298), NURE/CR-0818 (ORNL/NURE/TM-324),
NURE/CR-0980 (ORNL/NURE/TM-347), NURE/CR-1197 (ORNL/NURE/TM-370),
NURE/CR-1305 (ORNL/NURE/TM-380), NURE/CR-1477 (ORNL/NURE/TM-393),
NURE/CR-1627 (ORNL/NURE/TM-401), NURE/CR-1806 (ORNL/NURE/TM-419),*
NURE/CR-1941 (ORNL/NURE/TM-437), NURE/CR-2141/Vol.1 (ORNL/TM-7822),
NURE/CR-2141, Vol . 2 (ORNL/TM-7955), NURE/CR-2141, Vol . 3 (ORNL/TM-
8145), NURE/CR-2141, Vol . 4 (ORNL/TM-8252), NURE/0R-2751, Vol .1 (ORNL/,

TM-8369/V1) , NURE/CR-2751, Vol . 2 (ORNL/TM-8369/V2), NURE/CR-2751, Vol .
3 (ORNL/TM-8369/V3), NURE/CR-2751, Vol. 4 (ORNL/TM-8369/V4), and NURE/
CR-3334, Vol .1 (ORNL/TM-8787/V1) .

.
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SUMMARY

1. PROGRAM ADMINISTRATION AND PROGRFMENT
E

The Heavy-Section Steel Technology (HSST) Program is an engineering
b research activity conducted by the Oak Ridge National Laboratory (ORNL)

for the Nuclear Regulatory Commission (NRC) in coordination with other
research sponsored by the federal government and private organizations.
The program comprises studies related to all areas of the technology of
material s f abricated into thick-section primary-coolant containment sys-
tems of light-water-cooled nuclear power reactors. The principal area of
investigation is the behavior and structural integrity of steel pressure
vessels containing cracklike flaws. Current work is organized into the
following tasks: (1) program aaministration and procurement, (2) f rac t ur e-
mechanics analysis and investigations, (3) investigations of irradiated
ma te rial s, (4) thermal-shock inve stiga tions, (5) pressure vessel investi-
gations, (6) stainless steel cladding investigations, and (7) environmen-
tally assisted crack growth studies.

The work perf ormed at ORNL and under existing research and develop-
ment subcontracts is included in this report. During the quarter,11 pro-
gram briefings, reviews, or presentations were made, and 3 technical re-
ports were published. The meetings included a comprehensive program re-
view before the Vessel Integrity Review Group on June 14, 1983.

e

2. FRACIVRE-MEGANICS ANALYSES AND INVESTIGATIONS
4

Extensive analyses were performed to determine material parameters,

j . and pressure-tamperature transients compatible with pressurized-thermal-
sheck (PTS) test scenarios and with the capability of the PTS test f a-
cility at ORNL. The computer program OCA/ USA was used to determine stress-
intensity factors Ky and times when Ky = Kye, Ky = Kya, and Ky ( 0. An
upper-shelf fracture model was implemented in these analyses to examine
the scenario in which the crack initiates in cleavage and propagates into
a region where the temperatures are suf ficiently high for ductile f rac-
ture.

In its HSST support program, Battelle-Columbus Laboratories (BCL)
carried out work in support of structural tests, crack-reinitiation tests,
and crack-arrest studies. In connection with structural test support,
TSE-7, PTSE-1, and low-upper-shel f weldsent (frce ITV-8A) test materials
were received by BCL. Crack-arrest testing will be performed on each.
Further evidence was obtained sugge sting that the reinitiation technique
using compact specimens is capable of providing conservative estimates of

* initiation toughness in thermal-shock cylinders. Fur ther crack-arrest
experiments were performed on the retempered thermal shock material from
TSE-6 and involved thicker specimens and positive temperature gradients.

*

The crack-arrest toughness agreed with the thinner specimen isothermal
data obtained earlier. Values of K, associated with reinitiated cleavage
cracks also appear to give good agreement with the balance of the data.

_ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ .
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For temperatur es above RTNDr + 50*C, the Ka vs T data obey a thermally
activated rate proce ss equation of the kind found for ESSO tests. Fi-
nally, impact tests of specimens f abricated f rom electron-beam weld zones
suggest that f ailure of cracks in duplex specimens to penetrate the test
sections is related more to base-metal behavior than to weld zone behav- *

.ior. The computerized crack-arrest data base task continued with 1134

points now included.
'The study continued at the University of Maryland on understanding

the transition from brittle cleavage at lower temperatures to ductile
f racture at high temperatures. During the current report period, fabrica-
tion and assembly of the testing fixtures for spring-in-series testing of
large-bend specimens of A508 stool were nearly completed. Fractographic
and microstructural examirstions of specimens of A514 bridge steel frac-

,

tured during spring-in-series testing at Piccatini Arsenal were started. !

Some preliminary _ tests were performed in an ef fort to resolve the contro-
versy regarding treatment of accumulated plastic displacements in crack- |

'arrest testing. Improvements were made to the SAMat dynamic f racture
code, which substantially enhance its usef ulness for modeling and predict- |

ing run/ arrest phenomena.
|

3. INVESTIGATION OF IRRADIATED MATERIALS |

The main sets of Charpy V-notch (CVN) tests on both unirradiated
*

-and irradiated specimens have been completed in the Fourth Irradiation
Series cooperative program by ORNL and Materials Engineering Associates,

(MEA). Scoping tests on unirradiated f racture toughness (1TCS) specimens ,

, were also begun. The transition tempe ature shif ts and the upper energy
I drops de termined f rom statistical analyse s of the CVN da ta were found to

be less than the guideline values in the NRC Regulatory Guide 1.99. Work
continued on high-copper weldment f abrication for the Fif th Irradiation
Series, and the prototype 4TCS capsule is scheduled for installation in
the Oak Ridge Research Reactor early in the next quarter. The first ir-
radiation ' experiment of stainless steel cladding (Seventh Irradiation,

! Series) was initiated at the Nuclear Science and Technology Facility re-
actor and is expected to be completed by the end of July. The CVN and,

| tensile specimens are included.

: 4. THERMAL-SHOCK INVESTIGATIONS 1

i

During this period, thermal-shock experiment 13E-7 was conducted,
the ORNL probabilistic f racture-mechanics code OCA-P was modified to in-
clude a new flaw size distribution function and finite-length flaws, and ,

OCA-P was used to analyze several Oconee postulated transients to de ter-
mine the ef fect of cladding and the benefit of using certain thre0-dimen-
sional flaws in lieu of two-dimensional flaws. Material properties and .

'

heat treatment studies were performed in support of TSE-7.

i

_ _ _ - .__ _ . _ _ . _ _ _ _ . _ _ _ _ _ _ _ __ __ _ . _ _ . _ _ _ , _ . _ _ __. .. _ . _ . _
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5. PRESSURE VESSEL INVESTIGATIONS

' Preparations continued along many fronts for the first pressurized-
* thermal-shock test, PTSE-1. Fabrication of two test vessel s was com-

pleted, and a series of material characterization tests for PISE-1 was be-
gun. . The maj or f acility construction phase was compit .cd, and testing on

5 the completed systems was undertaken while further facility modification
was in progress. An instrumented but unflawed vessel was prepared for
preliminary tests (PTSE-0) to detennine the test f acility operating char-
acteristics and to rehearse pressure-temperature transients for the f rac-

ture test PTSE-1.
A new computer code OCA/ USA was developed to combine the capabili-

ties of the OCA-II code for linear-elastic f racture analysis and the

PTSUSA code for upper-shelf ductile tearing analysis. Improvements to
both codes were made to f acilitate evaluation of PTS experiments and to

incorporate elastic plastic fracture analysis and ligament tensile in-
stability. OCA/ USA is being used in conj unction with the results of
material characterization tests for planning PTSE-1.

6. STAINLESS STEIL CLADDING INVESTIGATIONS

Further testing of one-wire-clad plate specimens has been deferred
g until data on the ef fects of irradiation have been obtained. A contract

to procure three-wire series-are-clad plates for future study was final-
ized.

o

7. INVIRONMENTALLY ASSISTED CRACE-GROW 1H STUDIES

Westinghouse Electric Corporation's Power Systems, Nuclear Technology
Division continued studies to characterize the ef fects of chemistry on the

environmentally assisted acceleration of f atigue crack growth. Te st s f or
corrosion f atigue at a high R ratio (R = 0.7) were carried out for the
round robin being coordinated by the International Cyclic Crack Grewth
Rate Review Group. Other tests concentrated on better characterizing the

!

ef fect of material s chemistry on environnental enhancement. The first
test for a high-sulfur plate showed crack growth rates somewhat in exce ss
of the ASME Sect. II ref erence growth law at high range of applied stress-
intensi ty f actor AK. An electrode system has been designed and built for
continuous moni toring of water environment.

o

J
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HEAVY-SECTION STEEL TECHNOLOGY PROGRAM QUARTERLY
PROGRESS REPORT FOR APRIL-JUNE 1983* |

C. E. Pugh
9

ABSTRACT
n

The Heavy-Section Steel Technology (HSST) Program is an
engineering research activity conducted by the Oak Ridge Na-
tional . Laboratory (ORNL) for the Nuclear Regulatory Commis-
sion. The program comprises studies related to all areas of
the technology of materials fabricated into thick-section pri-
mary-coolant containment systems of light-water-cooled nuclear
power teactors. The investigation focuses on the behavior and
structural integrity of steel pressure vessels containing
cracklike flaws. Current work is organized into seven tasks:
(1) program administration and procurement, (2) fracture-
mechanics analyses and investiga tions, (3) investigations
of irradiated materials, (4) thermal-shock inve stiga tions,

(S) pressure vessel investigations, (6) stainless steel clad-
ding inve stigations, and (7) environnentally assisted crack-
growth studies.

Analyses were performed to determine material parameters
and pressure-temperature transients compatible with potential'

pressurized-thermal-shock experiments. Subcontractors contin-
ned studies on crack arrest, crack reinitiation, fracture tran-

*
| sition, and environmentally assisted crack growth. Charpy

tests were performed for both irradiated and unirradiated
specimens (state-of-the art welds) in the Fourth Irradiation
Series. Irradiation of the first two capsules containing
Charpy and tensile specimens of one-wire stainless steel clad-
ding was begun. Thermal-shock experiment TSE-7 was conducted,
and properties for the ISE-7 test material were determined.
Preparations for the first pressurized-thermal-shock experiment'

! (PTSE-1) continued. Construction of the test f acility was com-

pleted; analyses of potential test histograms were performed;'

fabrication of the two vessels for use in the shakedown test
and the PISE-1 was completed, and the vessels were delivered to
ORNL; and vessel instrumentation, thermocouple thimble fabrica-

,

| tion, da ta acquisition system preparation, and other f acility
apparatus development have been carried out.

i

I

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

listed on a foldout page at the end of this report.

,

|
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1. PROGRAM ADMINIS'IRATION AND PROCUREMENT .

C. E. Pugh

9

The Heavy-Section Steel Technology (HSST) Program, a maj or safety
program sponsored by the Nuclear Regulatory Commission (NRC) at the Oak

I dRidge National Laboratory, is concerned with the structural integrity of
the primary. syst ems [particularly the reactor -pressure vessel s (RPVs)] of
l ight-water-cool ed nucl ear power reactors. The structural integrity of
these vessel s is ensured by (1) de signing and f abrica ting RPVs according
to standards set by the code for nuclear pressure vessels, (2) detecting
flaws of significant size that occur during f abrication and in service,
and (3) developing methods of producing quantitative estimates of con-
ditions under which fracture could occur. The progran is concerned
mainly with developing pertinent fracture technology, including knowledge
of (1) the material 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 conditions
of this type of reactor plant.

The program is coordinated with other government agencies and with
the manuf acturing and utility sectors of the nuclear power industry in the
United States and abroad. The overall obj ective is a quantification of
safety assessments for regulatory agencies, for prof essional code-writing
bodies, and for the nuclear power industry. Several activities are con-

'

ducted under subcontract by research f acilities in the United States and
,

through informal cooperative ef fort on an international basis. Three re-
search and development subcontracts are currectly in force. ,

Administrative 1y, the program is organized into seven tasks, as
reflected in this report: (1) program administration and procurement,
(2) fracture-mechanics analysis and investigations, (3) investigations
of irradiated material, (4) thermal-shock investigations, (5) pr es sure
vessel investigations, (6) stainless steel cladding investigations, and
(7) environmentally assisted crack growth studies.

'

During this quarter,11 program briefings, rev iew s, or presentations
were made by the HSST staff at technical meetings and at program reviews
for the NRC staff or visitors. This includes a comprehensive program re-
view that was given bef ore the Vessel Integrity Review Group on June 14 in
Oak Ridge. Three technical reports were publishedt-s during the quarter.
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2. - FRACIURE-MEGANICS ANALYSIS AND INVESTIGATIONS

2.1 Connutational Methods for Analysis
,

*

[ of PTS Exneriments

i B. R. Bass * R. H. Bryan .

[
J. W. Bry son J. G. Merkle '

Extensive camputational analyses have been performed to determine
material parameters and optimum pressure-temperature transients compatible

,

with proposed pressurized-thermal-shock (PTS) test scenarios and with the
capability of the PTS test f acility.t,s Both linear and nonlinear mate-

.
rial models have been employed, as well as two- and three-dimensional (2-D

! and 3-D) finite-element representations of crack geometries. Computa-
tional economy required application of certain techniques suitable for
parameter studies involving the analysis of a large number of transients.,

These techniques have been incorporated into the OCA/ USA computer program,
which _ represents an enhanced version of the OCA-I (Ref. 3) program. Es-
sential features of the OCA/ USA program, including applications to the PTS
test configuration, are de scribed below.

i The computer program OCA/ USA is structured around the OCA-I code,
with enhancements for 3-D crack analysis as well as limited inelastic and
upper-shel f capabilities. The OCA-I program assumes an infinitely long

'crack geometry and uses superposition techniques to calcniste stress-
intensity factors for time-dependent combined pressure and thermal load-

: ings. For each crack depth, the computed stress-intensity factors K , theI ,

i. initiation f actors KIe, and the. arrest f actors K , are interpolated to de-I

termine the times in the transient at which EI=KIc, KI=Kla, and dK /I
; dt = 0. To obtain improved estimates of KI value s for planning PTS tran-
' sients, the 3-D superposition technique for finite-length surf ace cracks

de scribed in Ref.' 4 was implemented in OCA/ USA. This option was motivated
i by resnits from direct 3-D calculations performed on finite-length cracks

of-interest in the PTS studies using the ADINA-ORVIRT computer system
(cracks with surf ace length 2b = 1000 mm and a range of crack-depth-to-wall

,

i ratios of 0 < a/w I 0.6, in a cylinder with wall thickness w = 147 mm and
L inner radius Ri = 343 mm) . These calculations indicated that for deeper

cracks, the KI value for the infinitely long crack significantly overesti-
mates the maximum Ky value for the finite-length surf ace crack of the same
maximum depth (for certain test transients, K exceeded KI -D max YI -D2 3ISn for a/w = 0.5).

Figure 2.1 compares results f rom the 3-D superposition technique of
OCA/ USA with those f rom the direct 3-D ADINA (Ref. 5)-ORVIRT (Ref. 6)
analyses for the parameters of the PTS transient sh own. The surf ace
cracks considered have depth-to-thickness ratios of a/w = 0.1 and 0.6,

*and the OCA/ USA rosnits are for infinitely long cracks with the same a/w
ratios. The latter results illustrate the discrepancy be tween infinite
crack and finite crack models f or deeper cracks in this ' series.

,

* Computer Science s Division, Union Carbide Corporation-Nuclear Divi-
sion (UCC-ND) .

,
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Fig. 2.1. Comparison of OCA/ USA 3-D superposition with 3-D direct
analysis of finite-length cracks on outer surf ace of cylinder.

,

Another enhancement of OCA/ USA was motivated by a proposed FIS test
scenario in which the crack initiates in cleavage and propagates into a re-

,

gion where temperatures are suf ficiently high for completely ductile f rac-
ture. To incorporate ductile behavior into the OCL/ USA analysis, an upper-
shelf fracture model? was developed and implemented in the program. The
model assanes the existence of a towperature T , above which ductile f rac-D
ture prevails and below which fracture is entirely by the cleavage mode.
Continued growth of a crack in the region T > TD is assumed controlled
by a tearing resistance J , which generally is a function of incrementalR
crack growth and crack-tip temperature. The technique converts II (sub-
j ected previously to a plastic zone size correction) to JI and computes
stable and unstable upper-shelf points based on the relationship be tween

JI and J . Several applications of this model are presented in Ref. 7.R
Another consideration in the PTS transient is that the upper shelf be

reached at a crack depth / pressure combination that preclude s tensile in-
,

stability of the remaining ligament. At the unstable crack depth corre-
sponding to the ligament fully yielded in tension, stretching of the liga-
ment causes large increases in crack-mouth opening displacement (CMOD)..

The model* implemented in OCA/ USA for this problem assumes a deep continu-
ons surf ace crack with complete ligament yielding without strain harden-
ing. Because the crack is deep, a strip yield type model was adopted so

_ ._ _ .. . _ _ _ _ _ _. _ _ . - - _ _ _ _ _ _ . _ . _ . . . _ _ _ _ _ _ _ . _ - _ . _ - . . _ _ _ _ _ _ _ _ _ _ _ _ . .
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that yielding occurs only on the plane ahead of the tip. Based on a com-
plately yielded ligament, JI is calculated for a range of crack depths at
each time step in the transient. In addition, the crack depth correspond-
ing to ligament instability is also determined. To evaluate the reli-

*
ability of this yielded ligament model, direct thermo-elastic plastic
analyses were performed using a representative multilinear strain-harden-
ing curve and reported in Ref. 9.

,
,

For the PTS transient shown in Fig. 2.1, KI value s computed by GCA/
USA for the infinitely long crsck model are plotted in Figs. 2.2 and 2.3.
These are composite curves, constructed by the program at each crack depth

i

2000 OQNL-DWG 83-5399 ETD
.I .I- I- I- .I- .I- I- I I l~ ~l

4 |

1833.3 -

I

I
f

1666.7 - TIME b) _

A 0.00
f8 60.00

C 120.00 e

1500 - 0 180.00 f

E 240.00 I

F 300.00
G 360.00 1

1333.0 -

f
i

t

_ 1168.7 -

| P 82.7 MPa ~ '=

E, f To 190.6 C=

1 .iT -213.9 K=

000 -

h 5675 W/m K ~=

[- t = 6 min

833.3 - j -

666.7 - -

'

-

MO -

G - -

/

333.3 - B -

166.7 - A -

.

0 - l- I- l- l- l- l-~1- l- l- l

0 0.0833 0.1667 0.2500 0.3333 0.4167 0.5000 0.5833 0.s '67 0.7500 0.8333 0.9167 1
.

a/w

Fig. 2.2. Composite K1 variation with crack depth for infinitely
long crack on outer surface of cylinder.
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Fig. 2.3. Composite Ky variation with time for infinitely long
crack on outer surf ace of cylinder.

| frce the larger KI value calculated in two analyses: the ideally plastic

! ligament analysis and the superposition analysis with plasti:: zone size
,

; correction. The sharp break in the curves of Fig. 2.2 indicates the point
; of impending tensile instability of the remaining ligament.
,

e

!

i
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2.2 BE HSST Sunnort Program *

A. R. Rosenfieldt C. W. Marschallt
T. A. Bishopt J. K. McCoyt

,

F. T. Freulert P. N Mincert
S. W. Rusti

e

2.2.1 Task 1: Administration - Introduction and summarv
,

,

i The obj ective of the Battelle-Columbus (BCL) Heavy-Section Steel
Technology (HSST) Support Program is to develop small scale test

' procedures to provide data for steels used in overcooling experiments at
Oak Ridge National Laboratory (ORNL) . The program consists of four re-
search tasks, and the progress in each is reported below.

2.2.2 Task 2: Overcoolina-ezneriment suonort

. Work was initiated to obtain crack-arrest data on a low-upper-shelf
energy weld f rom the ORNL Intermediate Test Vessel ITV-8A. The piece weld
received at BCL has been de signated as Piece V8A-D and has dimensions
~390 mm long by 170 mm wide by 150 mm thick. Originally, it was thought
that the low-toughness automatic-submerged-arc weld extended for the en-
tire length of the picco so that all of the material, except for a 19-am-
thick discard piece at the flame-cut end, could be used for preparing i

crack-arrest specimens. How ev er, it was determined subsequently that less
than half the length of the piece was welded autanatically; the remainder
included a length of manual woldsent and a length of base metal. Thus, *

the number of crack-arrest specimens that could be machined was f ewer than

| e xpe c t e d.

|- The CVN upper-shelf energy of the weld in the width-longitudinal (WL)
orientation was reported by ORNL to be 57 J (42 f t-lb) (Ref. 10) . With
respect to fracture appearance, 50% shear was observed at about 50*C and
100% shear at about 100*C (Ref.10) . At 150*C, the yield strength was
about 400 MPa (Ref.10) in a direction perpendicular to the weld center- L

line, and Jyc was ~43 kJ/m (Ref. 11) (Krc = 97 MPa./m) ~ in both the width-
tr ansverse (WT) and WL orientations [ Babcock and Wilcox (B&W) orientation
code].

In addition to Piece V8A-D, ORNL also f urnished to BCL two pieces of
a B&W characterization weld sean, V872, similar in composition and proper-
ties-to V8A-D. These additional piece s were furnished for BCL's use in
development of f abrication and testing procedures.

Piece V8A-D was cut to obtain a total of 16 crack-arrest spe cimens,

following the cutting plan shown in Fig. 2.4. The specimen sizes, orien-
tations, and proposed test temperatures are listed in Table 2.1. It was

discovered by grinding and etching that only blanks 12, 13, 14, 15, and '

16, plus a 19-mm-thick piece to the lef t of blanks 15 and 16, contained

.

' Work sponsored by HSST Program under UCC-ND Subcontract 85X-17624C
be tween UCC-ND and BE.

tBE, Columbus, Ohio.

. . _ - - - - _ . _ _ _ . _ _ _ _ _ . . _ . _ . _ . _ . _ . - _ _ _ . _ . . _ _ _ . _ _ . . _ _ . _ _ _ _ - - -
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Table 2.1. Cutting plan for low-upper-shelf weld Piece V8A-D

|
'

Approximatg Proposed testSpcimen Crack
Pisces "*** "" **"" ******atype direction

(mm) (*C)
!

1, 2 BWCCA Radi al 100 x 100 x 25 RTNUT
*

3, 4 BWCCA Longitudinal 100 x 100 x 25 RTNDT
5, 6 BWCCA Radial 100 x 100 x 25 RTNDT + 20 |

7, 8 BWCCA Radial 100 x 100 x 35 RTNUT + 40
9, 10 DCCA Radial 150 x 150 x 35 RTNUT + 60 |
11, 12 DCCA Radial 150 x 150 x 35 RTNUT + 800
13, 14 DCCA Radial 150 x 150 x 35 RTNUT + 1000 |
15, 16 DCCA Radial 150 x 150 x 35 RTNDI + 1200 '

SWCCA refers to brittle-weld compact crack-arrest spe cimens;
DCCA refers to duplex compact crack-arrest spe rime ns.

Dimens!ons shown may have to be reduced slightly, depending |
on the act nel cross section of the piece.

i

#
These temperatures are tentative and are included for plan-

ning; the highest temperatures employed will depend on results ob- i

tained at somewhat lower temperatures. I

'

the low-toughne ss weld me tal . Thus, the most recent plans are to f abri-
'cate three 100 x 100 x 15 nun duplex compact crack-arrest (DCCA) specimens

f rom the piece at the lef t end of the blank. These will be tested at
|,

RTNUT and RT rr + 2080. Blanks 12-16 will be used to f abricate five 150 x
'

NI
150 x 35 mm DCCA specimens for testing at RTNDr + 40*C and above.

,

BQ,has, on earlier occasions, experienced problems rith defects '

in electron-beam welds used in making duplex crack-arrest specimens f rom i

weldsents. Recent Japanese investigations have shown that the quality of |

electron-beam welds sometimes can be improved by oscillating the beam for-
ward and backward along the weld path.11 The usefulness of this technique |

'

for this task was investigated through the use of 117-mm-long by 38-am-
wide by 35-am-thick blanks that were cut from weld seam V872. B(1, had

weldsents made under four different conditions at Youngstown Welding and
Engineering Company. The electron beam was oscillated in three of the |

welds, but not in the fourth. All piece s were welded f rom both side s,
using beam penetration depths that were slightly greater than one-half the
sample thickness. Each specimen was radiographed in two orientations to

check for defects. 'Ihe results shown in Table 2.2 indicate that oscillat-
ing the beam at 100 Hz produced a weld with markedly less porosity than
was obtained without beam oscillation. Beam oscillations nt either 100 or
1000 Hz with a table speed of 510 mm/ min produced welds with less porosity .

than welds made without beam oscillations, but they had more porosity than

welds made with a table speed of 380 nun / min. Additional electron-beam
welding trials will be carried out on weld Va72 to further optimize the *

use of the bena-oscillation technique. Depending on specimen fabrication
activities in other tasks, the actual welding of duplex specimens from
Piece V8 A-D could be delayed until August.

i

|
:

-~ ~_ , . . . , _ . _ _ _ . - _ _ . . - , . . _ _ _ _ _ . _ _ , , _ . -_.... _ _ _ . _ . . _ . . . . . . _ - . . _ . _ . , . _ _ _ . ,
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Table 2.2. Results of trial electron-beam welds on
samples of characterization weld V872

*""Table
Sample sc 11ationspeed Remarks =

No. freque ncy
g ,,f ,g,),

(Hz)

1 380 0 Normal welding conditions; sig-
nificant porosity present in
weld

2 380 100 Very little porosity evident

3 510 100 Porosity slightly greater chan
in sample 2

4 510 1000 Porosity similar to sample 3

2.2.3 Isth 3 : Crack initiation
Procedures are evolving to maximize the number of data obtainable

f rom a single specimen. By use of the reinitiation technique, it is now,

possible to obtain one initiation (Eq) and two arrest (K ) values f rom thea
same test piece. Comparisons have been made for consistency be tween com-
pact-specimen reinitiation data and full-scale test results, including .*

cross comparisons of the arrest data using several techniques. A problem
remains in deciding how to account for the unbroken ligaments in evaluat-
ing the stress intensity associated with reinitiation.

The reinitiation method of esticating IIc (Refs. 13 and 14) has two
distinct advantages. First, because reinitiation toughness is obtained
following a crack-arrest test, the two crack jumps of a reinitiation

specimen can provide one Kg and two K, values. Second, reinitiation ex-

periments eliminate costly and time-consuming f atiguo precracking.
The maj or problems are that the effects of experimental variables

(such as procrack conditions) are not clearly established and that no
independent verification of the method has been carried out. It has also
been found that reinitiation toughness values associated with arrested
cleavage cracks are lower than those associated with dimpled rupture.

Figure 2.5 summarizes the available data. The BCL compact-specimen
data are those reported earlierts,24 plus the new data listed in Table 2.3.
(Note that the table does not include data from duplex samples where the
precrack arrested in the weld zone. For those specimens, the only usable
result of the reinitiation experiment is the final K. value.) The data in*

Fig. 2.5 and Table 2.3 include a single result on a 50.8-mm-thick specimen
ia which cleavage reinitiation was achieved at RTNUT + 8 5' C. If the ini-

tiation upper shelf is judged to be the point where the ASME KIe curve'

reaches 220 MPa* /m', cleavage in this specimen was unexpected; but it rein-
forced the suggestion that arrested cleavage cracks are more potent than
are stably growing dimpled rupturss.

- . _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 2.3. Reinitiation of arrested cleavage cracks: retempered TSE-6
forging de signated TSE-6R

Reinitiation
Pretest

DisplacementSpecimen Test Crack lengthaTestNo. K, tempe ra tur e (mm) htemperature
(MPa /E) ('C) Ko

f (*C) -0.25w 0.3 03 w (MPa*/E)/l oca tion l oca tion "P * 8e/7

4

4 23 205 0 2.57 1.25 0.853 0.813 216 t;
6 39 134 -28 1.66 0.77 0.881 0.767 111

4

8 53 207 0 1.11 0.48 0.873 0.695 130
#16 56 150 54 2.13 0.93 0.828 0.706 212

"a = physical crack length, a, = ef fective crack length, w = specimen width.p
b

Cal cula ted f rom a,.
#
Specimen was 50.8 x 197.6 x 203.2 mm; all other specimens were 34.9 x 148.2 x 152.4 mm.

!

l

;

!

!

.
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The large-cylinder data in Fig. 2.5 are from the ORNL thornal-shock'

series (TSE-4, -5, -5A, and -6) *8,28 and f rom a recently reported
Fr am a t om e re s ul t.1' Although the scatter in the compact data is greater
than _ that for the large cylinders, the small-specimen results appear ca-

*pable of providing a lower-bound estimate using relatively few specimens.
This result, combined with the arrest data reported below, provides

encouragement for continued use of the reinitiation technique. The pro-
,

cedure to be employed will be to do a crack-arrest test, heat tint the
s pe cime n, reinitiate at a temperature about 40*C lower, and heat tint
again. The second heat tint will be done at a temperature lower than

,

'

the first._ This procedure will be used on TSE-7 and PISE-1 material.
As was mentioned previously, an additional problem has arisen in the L

interpretation of- the reinitiation results. This has to do with account-
' - ing' for the presence of unbroken ligaments bridging the f aces of the ar-

rested crack. Initially, BCL suggested that ligaments cause dhe effective6

crack length to be less than the physical crack length because they act as L,

pinching f orce s.1: Howev e r, physical examination of broken specimens has
revealed that those that are heavily lignesated are also those with' ef fec-
tive crack lengths most in exce ss of the physical crack length. A quanti-
tative analysis of this problem has been developed by Mile 11a,18 who sus-

. ge sted that the eff ect of ligaments can be analyzed in terms of compli-
'

ance. With the aid of a de tailed examination of test records, he was' able
to deduce the " lost" compliance arising f rom lignments. He al so concluded'

i that the ef fective crack length of a ligament-containing specimen in a
displacement-controlled system is larger than the physical crack length. .

This conclusion follows f rom the realization that if the unbroken liga-
'

ments were severed, the crack would have to advance if the stress inten-
sity were to remain constant under fixed grip conditions. +

| Mile 11a's method requires that the load on the specimen be calculated
from the Inad en the wedge, using an estimate of the coefficient of fric-

,
'

tion be tween the wedge and split pins. Such information is available f rom
cyclic loading, a procedure not used in the reinitiation experiments.
Further investigation of this protles with a view towards procedure modi-
fica tion is planned.

I 2.2.4 Task 4: Crack arrest
t

During the last report period, K , data were obtained at temperaturesI
corresponding to the onset of the upper shelf in the CVN impact test.
During this quarter, attention turned to crack-arrest experiments using a
positive temperature gradient. New isothermal experiments also were car-
ried out. All specimens were of the duplex contoured-side groove design.1*
Loading was accomplished using inverted split pins.18

The temperature gradient was imposed by wrapping the end of the
specimon's test section with electrical-resistance heating tape while

,

cooling the starter-section end with granulated dry ice. As is shown in

,
Fig. 2.6, gradients on the order of 1.5'C/mm were achieved. This is three

! to ten times the steepness in typical ESSO tests **, s2 and is nece ssitated
.

by the much man 11er crack path available in the compact specimen.
TWo other points are indicated on Fig. 2.6. The upper curse, repre-

sentative of three samples, was de signed so that the entry point of the

.

O

RWA

-- --_, i__________m _ _ _ _ _ . _ _ -
-
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Fig. 2.6. Temperature profiles in crack-arrest tests of specimens
with temperature gradients.

i e

crack into the test section was at a temperature about equal to the high-
i

,

| est towperature at which crack arrest had been obtained in an isothermal
test (7180). All three of tlese tests resulted either in weld cracking or
arrest at the weld line. The second point concerns the specimen tested at
lower temperatures. Here, arrest occurred after the crack had propagated

through the region of positive temperature gradient and had reached an,

| essentially isothermal region.
A group of larger specimens has also been tested with the aim of

|
extending the isothermal test temperature higher. Their dimensions were
the same as those of specimens used on the Cooperative Test Program. Two
of those specimens resulted in weld zone arrest at the highest temperature
where data had been obtained successf ully using smaller specimens. A third
specimen was tested at the arrest temperature of the gradient specimen and
produced K value s very similar to it, both af ter initiation and af tera
reinitiation.

Table 2.4 summarizes the data obtained during this quarter on the

retempered TSE-6 forging de signated 6R. Figure 2.7 contains those da ta,

as well as those reported last quarter. The new data tend to lay along
the KIR curve at room temperature and above (RTNDr = -29'C) . Figure 2.7,

also reflects the suggestion made regarding multiple data free a single
specimen. Many of the reinitiation data reflect salvage of specimens
where arrest occurred initially in the electron-beam weld zone. However,

,

there were two specimens, 6R-6 and -8,14 where K,both obtained after ini-
tiation and reinitiation was augmented by a reinitiation Eq. The third

specimen where this happened, 6-14, was very heavily ligamented, and the

- _ . _ _ . - - _ _ _ . . - . _ _ _ _ . _ . _ _ . _ . _ . _ . _ _ _ _ _ _ _ - _ - - . _ . _
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Table 2.4 Additional crack-arrest data for retempered TSE-6 forstas designe ted TSE-6R

(Duplex specimens, contoured side grooves, and inverted split pla loading)

*** " I"****I*TDisplacement Crack length"" *
Specimen (mm) (mm)tempe ra tur e

I*U I*I* 'I'" "" *
Ini tia tion Arrest Initiation Arrest

6R-1 94 1.73 1.84 40.6 a 275 a
-lh 22 1.02 1.11 63.1 107.8 180 84
-2 e 1,46 1.5i 40.6 a 233 a
-20 24 0.97 0.99 60.3 100.4 169 86
-3 e d d d d d d
-3h -1 1.33 1.40 55.7 113.9 259 85
-6 39 1.73 1.88 40.6 94.0 276 134
-6h -28 1,66 1,66 94.0 111.9 119 74
-11 578.8 1.95 2.06 41.2 86 .2 3 09 170
-12 e 1.58 1.67 40.6 a 252 a
-12h 24 0.94 0.98 59.9 103.3 117 81
-157 72 1.67 1.82 54.0 a 252 a

'

b-15 ./ 39 1.59 1.68 80.9 140.1 250 1187
-16f $6 1.69 1.858 54.5 126.6 254 166
-16 ./ 54 2.13 2.13 126.6 140.2 191 150b

-19f 74 1.75 1.84 54.3 a 263 a
-19 .f 40 1.30 1.38 81.2 143.8 204 900

" Arrested in weld zone.
*

Reinitiation of arrested crack.
#
Temperature gradient imposed on specimen.

Crack in electron-beam weld. 4

#
Temperature at point of crack arrest.

ISpecimens were 50.8 x 197.6 x 203.2 me; all other specimens were 34.9 x 148.2 x
152.4 mm.

# stimated a; rest displacements clip gage came cut of seating biocks.E

| crack possibly branched. For this reason, the points are shown in paren-
! theses on the graph and are not considered further.
'

A comparison also was made be tween these data and a relation for ten-
perature dependence appearing in the Japanese literature.ss,ss Susukida
et al.81 heve plotted ESSO data as if crack arrest were a thermally ac-
tivated process:

so eXP [-A/T] (2.1)Ea"E

where K and A are material parameters, T being absolute tesiperature. .ao
Susukida e t al . 81 found that Eq. (2.1) was obeyed above NITT for AS'Di A533B
steel with A ~ 3100 K. Naka no 8 8 showed a similar relation for combined

compact and ESSO data for temperatures straddling RT yr for A533B. How-NI .

ever, Nakano's slope was only 640 K. Figure 2.8 shows that the B(L data
can be de scribed by two line segments, each obeying Eq. (2.1). The high-
temperature slope was drawn to eque.1 that of Susukida et al.,81 but the

,.

. . . . , . - - , _ . . - , , . . , , , . . . - - , , . , . . . - . - . ,,-.w.,,, , - - - - -
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Fig. 2.7. Crack-a-rest data for TSE-6R forging.

low-temperature slope is only half of Nakano's. The agreement with
Eq. (2.1) is surprisingly good and sugge sts that some variant of it may
be usef ul in formulating K vs T relations. However, the reasons for the

variation in slope among investigators needs further examination. Becauseo
it is also not clear how to incorporate dif ferences in transition tempera-
ture into the thermally activated approach, Eq. (2.1) was not used to cor-
relate the large quantities of varied data that are considered in the fol-,

lowing data base section.
Additional experiments were carried out to determine whether high

weld zone toughness in duplex specimens contributes to the difficulties

_________- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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Fig. 2.8. Thermal-activation plot of crack-arrest data for retem-
*

pered TSE-6R forging.

of penetrating into the test sections at high test temperatures. A modi-
fled CVN specimen, in which the crack path traverses the weld zone, was
de scribed in the previous report.14 The absorbed impact energy was found
to be roughly independent of temperature between 20 and 150*C for TSE-6
steel, where great difficulty was experienced in penetrating into the test
section. New data were obtained on TSE-6R steel, where a high crack-
arrest-test succe ss rate was achieved. The results are shown in Fig. 2.9.
He data for TSE-6R at 71*C represent different welds and sugge st some
scatter due to weld procedure. The sharp rise in energy between 71 and
93*C for ISE-6R may explain why penetration was not achieved for that heat
treatment at 93*C. However, overall ISE-6R weld zones appear as tough as,

or tougher than, TSE-6 weld zones. Thus, the overall conclusion obtained
by comparing unsucce ssful TSE-6 with succe ssful TSE-6R is that the lack of
crack penetration arises from test section toughness and not from weld *
zone characteristics.

*
2.2.5 Task 5: Data base

The methods of collecting, tabulating, and analyzing "the available
KIa data have been de scribed in previous quarterly reports. Several data

..
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Fi g. 2.9. Impact energies of weld zones cut f rom duplex crack-arrest

spe cimens.

O

sets were analyzec' using a temperature-dependent Weibull formulation in
which the f ailure probatsility P is given by

e

K ,/S(T) am (2.2).P = 1 exp -

I ,

with a and $ being temperature-dependent parameters. The main result in
the last report is illustrated by a comparison of the ORNL TSE. data and
the corresponding BCL small-specimen da ta (Fig. 2.10) . Although based on
a limited number of points, the graph shows reasonably good agreement be-
tween the two laboratories, both in the central tendency (63rd percentile)
and the lower bound (5th percentile) . How ev e r, the limited da ta base re-
sulted in serious discrepancies in the confidence limits on the fif th per-

centile.
During the current quarter, the data input and statistical computer

programs were linked together, and some initial production runs were made.
A total of 113 points was selected to represent a variety of data sources

,
and test procedures, as listed in Table 2.5. Two new analyses were made:

'
(1) all data, and (2) all U.S. wedge-loaded brittle-weld compact-specimen

data. The tabulated data are available separately by request to BCL.
Results for the largest sample (113 points) are given in Fig. 2.11.*

The calculated fif th percentile is shown at tha lower edge of the pointsL

to represent an estimated lower bound of these data. The 95% confidence
'

limits on this percentile curve are quite narrow over most of the ten-*
:

perature range, being +5-10 MPa 6 up to RTNDT + 3 0* C. The confiderase
interval then broadens continually as temperature increases, reaching

134 NPa-[m at RTNUT + 85'C. This broadening reflects both the smaller

.

- - - ww +e- - + - - + g 4 --9--w -w-ii.r--+-w--p----nw--,.-g -,a, e--w,y,e. --w. g-y,,wi,-m~g -p .-4.it-g--p4--+.www-e---- re-g y---y--memer7
- , ,--
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Fig. 2.30. Comparison of statistically calculated percentiles of

crack-arrest da ta f rom ORNL and B(L. e

i

Table 2.5. Classification of data analyzed

" ISpecimen de sign Laboratories
,

Wedge loaded

Brittle-weld compact 80 (66)a BCL, MtL, Kawa saki

| Duplex double-cantilever beam 5 BCL

Machine loaded

.
Contoured double-cantilever beam 14 MtL
Esp 0 4 Kawasaki

I H ermal shock

bThermal-shock cylinder 10 ORNL
.

113 (66)a

he nuber in parentheses indicates specimens for which raw '

data were available and for which results were computer-calculated
at BCL.

b
Number listed is total nuber of japs f sce four cylinders.

-- . . . . . _ , .-_ _ _ _ ,



. . . _ _ _ _ _ _ _.

21

ORNL-DWG 83-5400 ETD
280 i ; , .;...g. . . . . .. .

e . O.
|

240 - -

O O -

, . .

200 - -

.

,

_ 160 -

O O O

f O SO O @O
0 0 _'m - 0

0 0 0.
x O ~

m Oq

b OO o
O 0og O -l 80 -

hO '

O0 00 O'

4 ooe O O
. g go oO

, O

Q .

CALCCLATED 5th
-

'

PERCENTILEv

e ..| | ..l l 1

.

. . . . . . . . . .
n
-90 --60 -30 0 30 60 90

T-RTuoy ( C)

Fig. 2.11. B(L crack-arrest data bank indicating e stimated fif th

percentile.

,

number of samples and the broader scatter in the raw data at higher tem-
peratures.

While Fig. 2.11 might be considered an update of the ASME KIR curve,
several cautions are in order.

.

1. The BCL data bank has not been completely computerized. The points on
Fig. 2.11 represent an estimated 20 to 30% of those existing currently.

2. No welds are included in Fig. 2.11.

3. For purpose s of calculation, all data were considered equally valid.*

When the ASH Task Group on Crack Arrest Testing produce s a draf t
standard, the statistical program will be rerun using only specimens
that pass its criteria.*

4. The fif th percentile was chosen arbitrarily to represent the " lower
bound" of the data. Appropriate choice s of percentile and confidence
criteria need to be made.

,

--na- --, , , . . - - . . - , , - - + - - - - - - - , r-.- ..-,-..,m-.m.w v., - -,--g,,-..re. -c e -..---m-vea rw we----r- ~e-t-- - - - -- v - + - ----w-w ---
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Pending resolution of these points, the lower bound in Fig. 2.11 should
be considered only illustrative.

Results for all three data sets are compared in Figs. 2.12 and 2.13.
Figure 2.12 is a plot of the central tendency as characterized by the p

,parameter of Eq. (2.2), while Fig. 2.13 is a plot of the relative breadth
of the distribution as characterized by the a parameter. A small value of
a reflects broad scatter, and it has been shown that a ~ I/s, where I is

e

the mean and s is the standard deviation of a Weibull distribution.ss
In Fig. 2.12, the temperature dependence of p is seen to be similar

for all three da ta se ts. There is a tendency for the middle-size set
(compact specimens only) to lie slightly below the other set, but the
significance of this observation is not clear.

While the differences in contral tendency were slight, Fig. 2.13
shows thai; the differences in scatter between sets are considerable. The
partial BCL data (25 data points), representing the initial data on TSE-4,
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Fig. 2.12. Temperature dependence of p, 63rd percentile of crack-
arrest-toughness distribution function.
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Fig. 2.10. Temperature dependence of Weibull modulus of crack-arrest-
' toughness distribution function.

-5, -5A, and -6 steel s, have a very narrow distribution at low temper -
tures. The distribution broadens considerably as the temperat -e is

raised, with a f alling below four at the two highest temperatures. Ad-
dition of the other compact-specimen data (half-filled points) broadens

the distribution below RTNITr and narrows it slightly above RTNITf. The
further addition of data from other specin.en de signs (filled points) uni-

formly broadens the distribution.
The half-filled points are represented by a values close to five,

while a = 4 for the filled points. These values are interesting in view

of a recent theory by Wallin et al.84 They argue that the a value is al-

ways four for crack initiation by cleavage. This viewpoint can be ratio-
nalized by recognizing that a full develor:nent of weake st-link statistics

,

adds a volume term to the exponent and replaces the K term of Eq. (2.2)'

with a critical stress. The volume referred to is that of the plastic

! zone, which varies as K4 (at constant thickness), while the stress term is*

independent of K. The a values close to four for K, da ta sugge st that the
micromechanism of crack propagation may be similar to that for initiation:,

| f racture of hard particles slightly ahead of the crack followed by cleav-*

' age of the intervening region. While this suggestion is, of course,
i

speculative, data analysis would be considerably simplified if the exis-
| tence of a unique temperature-independent a value could be demonstrated.

I
'

. . - - -.
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2.3 Firi te-El emert Arsivse s of ESSO Te st s*

M. F. Kanninent J. Ahmadt
C. R. Barnest

a

1

2.3.1 Introdas.tJ.ga
.

The obj ective cf this task is to assess the validity of wide plate
tests (ESSO, Double Tension) to provide reliable upper-shelf crack-arrest
toughness data for use in thermal-shock analyses. The effort includes:

1. a literature search for existing wide plate test data containing
enough information to enable dynamic finite element interpretation
of the test results,

'
2. a limited number of elastodynamic finite-element analyses of wide-

plate tests, and,

3. recommendations for suitable instrumentation of the test specimens.

2.3.2 Work acconolished

The literatare search was completed. It was fcund that the work of
Kanazawa and Machida contains suf ficient data to allow a complete dynamic
f racture-mechanics interpretation of results. Both generation and appli-
cation phase finite-element computations were performed using the FRACTDYN .

code. It was found that while the experimental measurements made by the
procedure developed by Kanazews et al. appear to be accurate, some dis-
crepancies exist in the analytical interpretation of the measurements. 4<

A preliminary set of recommendations for instrumenting the test
specimens for future expe.-inents was al so completed.

2.3.3 Work in troaress

During this quarter attempts were utde to resolve the discrepancies
be tween the analytical results reported by Kanazawa and Machida and those
obtained at BCL. A possible source appears to be the insccuracy in read-

| ing the plot of crack velocity vs time data reported by Xanazawa and
Ma chida . Professor S. Machida has been contacted to obtain, if possible,
a more accurate description of these data. Once these da ta are available,

; a re-evaluation of the analytical results will be made.

2.3.4 Work nianned for next anarter

Final evaluation of both analytical and experimental procedures will
be comple ted, and recommendation for proper instrumentation of test speci- -

mens will be finalized. The final report on this task will be submitted.

*

* Work sponsored by HSST Program under UCC-ND Subcontract 851-17624C
be tween UCC-ND and B1.

tB1, Coimbus, Ohio.
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2.4 Inve stimation of n==nina and of the Cle avame-Fibrous
Trammition in Reactor-Grade Stegl*

W. L. Fourneyt K. Ogawat
* G. R. Irwint R. J. Sanf ordt

R. Chonat C. W. Schwartz t
I-J. Zhangt

,

2.4.1 Introduction

The research at the University of Maryland is aimed at increasing the
understanding of rum / arrest behavior of cracks in nuclear reactor pressure
vessel steels. The studies emphasize the behavior of various steels in
the transition temperature range. That is to say, scanning electron mi-
cro scope (SEM) and metal 1Fgraphic studies are being conducted to investi-
gate the transition from pure ductile f racturing at high temperatures to
brittle cleavage at lower temperatures. In particular, the attempts are
to assess what is responsible for the conversion of slow fibrous fractur-
ing into rapid cleavage.

The approach includes the examinstion of the specimen halves tested
in very compliant loading machines. Single- and double-width Charpy test-
ing is also used to evaluate f racture toughness and to determine the tem-
perature above which slow fibrous f racturing could be expected for the
steels under investigation. This research into transition behavior is
aimed at formulating a mechanistic model that could be used to aid the*

understanding of this complicated transition behavior.
Dynamic calculations are al so 'being performed with a dynamic finite-

' element computer code (SANCE) to predict run/ arrest events in standard
specimen geometries and thermal-shock cylinders. Crack-arrest studies are
also supported by the testing of transparent and opaque models covered
with photoelastic coatings.

2.4.2 Cleavame-fibrous transition studies

Fabrication and assembly of testing fixtures for spring-in-series
testing of large-bend specimens of A508 steel is nearing completion. The
material has an elevated yield strength and should be similar to the A508
material used in TSE-6 at ORNL. The 3 point loaded bend specimens have a
thickness (B) of 60 mm, a depth (W) of 102 mm, and a loading span (S) of
406 mm. The titanium alloy spring plate is designed to provide nearly
2.54-mm midspan deflection at the expected large st f racture loads. The
spring plate stif fness is relatively large to encourage rapid load recov-
ery if abrupt increments of crack extension occur and cause load drops.

An initial group of fractured specimens f rom spring-in-series tests j

of a 38.1-mm-thick bridge steel plate of A514 steel has been received f rom.

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

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

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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a testing program at Picatini Arsenal. The yield strength of the A514
steel is about 730 MPa. Completion of the A508 and A514. tests, along with
comparison to CVN fractures and f ractographic examinations, will provide
supporting data for conclusions regarding loss of cleavage with increases

*in temperature.
Fractoaranhv and microstructure. SEM examinations of fracture sur-

f ace s, including stereo pair photographs and topological measurements,
*have assisted in a better understanding of cleavage fracture mechanisms.

During the current reporting period sections taken along the fracture and
normal to the fracture surf ace have been examined. The tro matching f rac-
ture surf aces are cleaned, coated with a nickel coating, and sectioned

| along the same line. In this manner, the f racture topologies of the upper
| and lower fracture surf ace s can be compared. In addition, the microstruc-

ture beneath the fracture surf aces can be observed.
Figure 2.14 shows SEM photogrephs of both fracture surf aces for a

; 25.4-mm-thick side grooved compact specimen of A533B steel fractured at

| 4*C by the Naval Ship Research and Development Center (NSRDC) (Annapolis)
using a spring plate. Af ter nickel plating, the se surf aces were sectioned
along the corresponding lines E and E', These lines are parallel to the
direction of fracturing and pass close to the probable cleavage initiation
site A. Vertical section views of both sides are shown in Fig. 2.15.
De tail s of the large late-breaking region on the right in Fig. 2.15 were
shown in previous progress reports. Attention was drawn to small cleavage

| cracks, probably associated with cleavage undercutting, which were opened
by plastic strain during fibrous separation of the late-breaking region. ,

Another group of small cleavage cracks in the section view of the upper
f racture is indicated in Fig. 2.15 and will be discussed later.,

Figure 2.16 shows a higher magnification cf the portion of Fig. 2.15 ,

adj acent to the f atigue precrack. A late-breaking region, man 11er than

that noted previously, is indicated by an arrow. A trace of the upper
f racture surf ace topology is superimposed. Except for the two late-break-
ing regions mentioned, the upper and lower fracture contours can be closed
with little mismatch. Along the regions where closure of the upper and
lower contours shows little mismatch, frequent interruptions to the spread
of cleavage f acets can be seen. However, these fibrous ridges and late-
breaking regions are on a very fine scale. Evidently the cleavage-domi-
nated portion of the separation occurred with minimal plastic strain.
Indications of large plastic deformation were restricted to the close
neighborhood of the larger late-bresking ligaments.

Enlarged views of the maall cleavage cracks, indica ted on Fig. 2.15,
are shown in Figs. 2.17(a) and (b) . From previous work at BCL, when small
cracks of this nature tre- traced, they are consistently found to be con-

nected with the main f racture surf ace. For the larger cracks shown in

Fig. 2.17(a), this is obvious because the crack surf ace s have a small
nickel coating. The tight cleavage crack shown in Fig. 2.17(b) penetrated
into adj acent ferrite grains with interruptions at the grain boundaries .

I and represents the normal appearance of cleavage in the material prior to
distortion f rom subsequent plastic strain.

I Initial fractographic examinations have been made of three f racture ,

surf aces of A514 steel from spring-in-series tests at Picatini Arsenal.
The testing temperatures were -29, -18, and 4eC. The result at 4*C is of

special interest because that test temperature may be nearly high enough
|
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Fig. 2.15. Low-magnifica tion section views along lines E-E and E' ."'

normal to fracture surfaces shown in Fig. 2.14, showing deformed cleavage
cracks (C) near large late-breaking ligament and smaller cleavage cracks
(C'). (Original reduced 6%)
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for loss of cleavage. Figure 2.18(a) shows the general appearance of the
fracture surf ace. Initial crack extension began in a fibrons manner and
was accompanied by the opening of a vertical split. Beyond the maximum
load point, the speed of crack extension causel initiation of regions of
cleavage-dominated fracturing on each side of the vertical split. The,

edge of the vertical split then acted like a large and rather stiff late-
breaking region, causing temmination of cleavage and a return to fibrons
crack extension..

Figures 2.18(b) and (c) show selected portions of the regions of
change from fibross-to-clesvage and cleavage-to-fibrons mode s of crack
extension, respectively. A degree of graduality in these changes is
similar to the graduality of the fibrons-to-cleavage change observed in
a spring-in-series fracture of A533B steel tested at 54*C.s s

2.4.3 Plastic zone studies

The correct manner of handling a sizable plastic zone around the ini-
tial starter notch is presently of same interest with regard to crack-
arrest testing. The presence of this plastic zone infinsaces the measured
CMODs and consequently affects the calculated values of K a and E.. An
saresolved question is how much of the plastic displacement should be in-
cl ude d. A series of experiments has been conducted to gain same insight
into this problem. Compact tension specimens f abricated from 6.4-mmrthick
7075 aluminum were used, with a 1-mm-thick birefringent coating (Photo-
elastic PS-1) bonded onto one f ace. The specimens all had a width w of,

152 mm and a sawcut " crack," terminating in a drilled hole, to give an a/w
of 0.42. A total of four tests were conducted using this seasetry, which
is shown in Fig. 2.19.,

The specimen used in Test I of the series was loaded in steps to
47 kN and then completely unloaded in steps. The loss vs CMOD record is;

ahown in Fig. 2.20. Each step in the load-displacement rei ord corresponds|

; to a point where the loading was stopped to allow the photoelastic fringe
j pattern to be photographed and the strain sage readings to be taken at
i locations 12.7 and 25.4 mm ahead of the crack tip along the crack line.
'

The strain sage measurements are abown in Fig. 2.21. The nonlinearity of
the loading cycle strain measurements clearly indicates the presence of
some plastic deformation ahead of the crack tip, and this can be confirmed
from the fringe patterns shown in Figs. 2.22(a) and (b), which correspond
to maximum load (P ~ 47 kN and E - 120 MPa*/m) and zero load (af ter unload-

' ing), re spe ctively. The plastic zone size, 2r , can be calculated as be-
ing of the order of 20 mm for this case. A ci cle of this diameter has
been marked on Fig. 2.22(b). Note that the fringe pattern of Fig. 2.22(b)
does not represent the plastic zone itself, but rather shows the self-

! equilibrated redistribution of the elastic stress field that is produced
| by the presence of a maall yielded region ahead of the crack tip.
'

The specimen was then removed from the testing machine and the slot.

i

extended to an a/w of 0.7 by saw-cutting with a jeweler's slitting saw of
0.25-me thickness. Care was taken to remove only small amounts of mate-
rial at a time to minimize the introduction of thermal stresses into ei-.

ther the aluminum or the coating material. A continous stream of coolant,

was also used for the same reason. The residual stress pattern remaining

- ~ , . - - - .JTC...'::': ---- ----- - - --- - -- - - - - - - - - - - - - - - - - - - - -



_. - _. _ _. -
-. _ _ . . _.- ... -._ -.-- - . _- .. ,

'.

.<

1

,

E

,

FATIGUE FIBROUS C

PRE--CRACK REGION RE

_ i ;;a ,
( :as * ' ''|N'

.- F

| +

I f'

|!
!

j<

sr

I

i .

{7 f,
p

d^ N
y 13 z

$>(> t*fli , .<' |< ,
Q

\n
's:

|
\

|
|

|

Fig.
4*C at Pic;

surface, (;
fibroustr{

|

s

__

w, , ,.yww-- , -w---,y---w.---w--,s- _.m------w-w-wwe---.mv.mi.w--ea v.--o-_m.-w-



-

--

3 32

ORNL PHOTO 5140-83 ETO

CARD -
.

.

' -

-

V' /' *

, ., , .- g .,

'
, ,

' * * d, -
.

}'~ .; ,

| _

[
.

^.[-- sy; ,.! .
.-n ..

_ , J. . (i . -
. ,-* , , '

* -

..
% i

y
.

's

VAGE FibdOUS
' 'b. .~.

ff - ,tI NS REGION , ,
.

f,.- '- | _ ,~'

.- 1, -..

* .

. .

:'
'

' ' ~

9"i .
'

(, c ;
>

s 4< 4 .
+

* I (" '
b . - ,

CRACK PROPAGATION OIRECTION

..

G
.

*

-

_.- i

' r[0 f ;H
-- t ___-..;,'*

u ' , .. fkfY'
_.| } ~

e 10 mm
, , . . .

-

i f.' I
** ' ~

. .; .

..
~.

; m; . .

.<

% 0.5mm H ;
.. . . . ~ 8-^.Nf*" h - e -

'.18. Fracture appearance of A514 steel bend specimen tested at
tini Arsenal. (a) Low-magnification photograph of fracture

-) fibrous-to-cleavage transition region, and (c) cl e av a ge- to-
3nsition region.

AISO 2\ V a g al e N
Aperture Card

8401230066 -o(_ _
- _ _ - _ _



. . .... ._-

33

ORNL-OWG 83-5411 ETD t

6.25-mm 7075
ALUMINUM

[*

(.
4

*~ 1.0-mm PHOTOELASTIC
FS-1 BIREFRINGENT

COATING

I 's m
J

+

I

Fig. 2.19. Compact tension specimen used f or plastic zone studies.

o

ORNL-DWG 83-5412 ETD
50,

? 40 - -

,

2 30 - -

5
c.
d
<
O
J 20 - -

10 - -

''
o . . . e i

0 1 2 3 4 5 6

CR ACK MOUTH OPENING
' DISPLACEMENT, .1 (mm)

Fi g. 2.20. Load vs CMOD record for Test I.

i
.

1

2

-w -
,, - . , , , , , - , , , . , - - , , , - - . - , . - . . , , - - - ,,, r ,,, ~ - , , . , - - , , . , , , , .--,,,- ,- ,n --- .-- --



- - . - - _. .

i

34

oRNL-DWG 83-5413 ETD

0 STR AIN GAGE AT 12.7 mm ,-.6000 -

/

A STRAIN GAGE AT 25.4 mm -
'p'

,

'~ p ,-
'

' *p-
E s'
} 4000 if-

3 /

/
s _-
< i t'
h
8
z

| 9 2000 -

" ,' -A'

. ,_a__
,_ a -

*** h-. ,

r**;

O
' ' ' ' I I

O to 20 30 40 50

LOAD, P (kN) .

Fig. 2.21. Microstrain measured 12.7 and 25.4 mm ahead of crack tip
during loading and unloading of specimen for Test I. .

in the coating af ter slot extension was photographed (see Fig. 2.23) . The
only visible effect of the initial plastic zone is a low-order residual
fringe pattern related to the permanent stretch in the plastic zone and

comparable in size to the 2ry value of 20 mm. D e absence of most of the
fringes of Fig. 2.22(b) indicates relief of the yielded region due to slot
extension. The load-displacement record for this test (Fig. 2.20) shows
that, af ter discounting the relaxation displacements, a permanent opening
of 0.48 mm was present after unloading. (The maximum opening was 48 mm.)
Optical measu ements before and af ter slot extension indicated a recovery
of 0.36 mm of opening displacement, giving a final residual opening of

| 0.12 mm.
His test sequence was repeated with another specimen, but with two

important difference s. Firstly, loading was continuous to eliminate any
rel axation stair-steps in the load-displacement record, such as those seen
in Fig. 2.20. Secondly, the specimen was unloaded to about 10 kN andi

,

the crack wedged open with a drill rod prior to saw-cutting. This was
prcepted by a desire to avoid taking the yielded region f rom tension to
compression, which seemed to have occurred in Test I. (Note the change ,

in slope in the unloading strain records at approximately this load in
Fig. 2.21.) The residual fringe pattern af ter extending the crack by saw-
cutting and removing the drill rod is shown in Fig. 2.24. Once again, no

- . . . . , . . - _ . - __ --. - - .- - ._ . - - . . . - - - - - - - . , , , - - - . _ . - . -_
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'
visible residual stress pattern can be seen in the birefringent coating,
other than the low-order fringe in the lef t half of the specimen, compa-

rable in size with the 2ry of the original plastic zone. (The f ringe pat-
; torn in the right half of. the specimen is the result of a man 11 of f-axis

.'
! crack that popped in during loading.) Optical measurements prior to load-

ing and-af ter completion of the test sequence indicated a final residual
CNOD of 0.15 mm, which compares well with the result of 0.12 mm obtained4 ,

f rom Te st I. Note that the CMOD at agrimum load and the associated plas-
tic displacement could not be measured because of the small crack that
popped in.

A fine (0.25-mm-thick) jeweler's saw was used to extend the crack in
~

.

each of Tests I and II. This procedure differs f rom the run of a crack

; during a run/ arrest event because the removal of material by the saw blade
allows for the closure of the crack to an extent that would not be possi-
ble in a crack-arrest test due to impingement of the mating f racture sur-
faces. Tests III and IV were therefore performed to study this effect.;

Specimens of the type de scribed earlier were used, with 20% side grooves-

on the one. side and the coating on the other side split with the 0.25-mm
saw. Beth specimens were loaded to f alinre; this occurred at loads of the
order of 30 kN and K-values of about 90 MPa*/s, which corresponds to a 2ry
of 11 mm. The residual fringe patterns photographed after the run of the
crack in Tests III and IV are shown in Figs. 2.25 and 2.26, respectively.
The residual patterns are similar to those obtained with Tests I and II,

i indicating the possibility of similar behavior with regard to opening
displacements also.i .

Care utst be taken when trying to apply these preliminary results to
the proposed crack-arrest test procedure. Firstly, the plastic zone sizes

in the specimens tested were relatively usall (2ry values of 11 and 19 mm)=

when compared with the lateral dimensions of the specimen (w = 152 mm) .
4

Secondly, the results obtained from Tests III and IV, in which the crack.

ran through the specimen, have to be interpreted in a qualitative f ashion,

! because photographs of the residual fringe pattern prior to crack propaga-
! tion could not be recorded and residual plastic opsning displacements

could not be measured. We therefore intended to pursue this investigation
f urther during the coming quarter, with a view towards using larger plas-
tic zones and perhaps taking flash photographs of the propagating crack-
tip fringe patterns.

2.4.4 Dynamic run/ arrest calculations

Innrovements to the SAMCR code. Substantial progress towards improv-

ing our 2-D dynamic finite-element code, SANCR, has been made during the
current report period. Source s of particular concern in the computer code
results have been identified previously88-se as being the oscillations
with time in the computed K-value s, the discontinuous changes in K that

,

were associated with the shif t of the J-integral contour as the crack tip

completed its advance f rom one node to the next, and the rather long time
required for K to decay from its starting value. No evidence of such phe-

,

nomens has been seen in the many plastic model tests conducted in our dy-
namic photoelastic studies of run/ arrest fracturing, and it was felt that

i the computational resnits were a consequence of some flaw in the computer
l

|
!
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code sigorithms or the manner in which the propagation of the crack was
being modeled.

Previous results f rom our continuing critical appraisal of the for-
sulations used in SANCR and other computer code s had led to moutfications

, ,

to SANCR: (1) the use of element stiffness corrections to controt key-
stone rode deformations,8 8 (2) change s in the J-contour geometery used,8 7

'

and (3) the use of man 11 amounts of viscous damping in both bulk and key-,

stone mode s.8 8 The computed K vs time data obtained f rom the modeling of
one dynamic photoelastic test following these improvements are shown in
Fig. 2.27 for the first 150 ps of crack propagation. (These results were
originally reported in ORNL/TM-8787/V1.) Although these results repre-
sented a substantial improvement over those .obtained previously, they dis-
play a strong underlying oscillation, as well as some abrupt change s in K l
(though of a much greater diminished magnitude than before). The period ),

of the K-oscillation is of the order of 15 to 20 ps, which compares |
'

! closely with the transit time of the crack tip f rom one node to the next. i

This suggested a closer examination of the J-integral algorithm and the
algorithn governing the intermode crack propagation.

Three further improvements have therefore been made to the SAMOR
code: (1) a change in the calculation of the net nodal force at the node
that is immediately behind the crack tip and currently being released,
(2) a more continuous transition from the partially released to the fully
released condition for the released node, and (3) the use of a "continu-4

onsly moving" J-contoar - that is, a linearly interpolated J-value ob-
tained using contours centered on the nodes immediately ahead of and imme-.

distely behind the crack tip.
Figure 2.28 shows the results f rom the revised analysis for K as

a function of time for the same test whose r uits were presented in*

Fig. 2.27. The predicted drop in K af ter crack initiation more closely
follows that observed experimenta11y;8' discontinuous changes in K are now
completely eliminated, and the level of any oscillations is of a degree to
be expected in any dynamic analysis of this type.

An extensive series cf verification analyse s involving dynamically
loaded uncracked plates and plates with nonpropagating fractures has been
performed using the revised code. These changes in combination with those

,

listed previously have improved the performance of the code substantially.
However, we are continuing detailed sensitivity studies and comparisons
be tween analytical, numerical, and experimental results for further devel-
opsent and enhancement of the SANCR code.

Connarisons be tween nhotoel astic exneriment s and SAMM result s. The
revised formulation of SAMCR has been used to predict run/ arrest behaviori

! in wedge-loaded modified compact tension (MCT) specimens f abricated f rom
Homalite 100. The specimens all had a width w of 203 mm, a thickne ss of
12.7 mm, and an initial crack length of a/w = 0.44. Computer runs were
made with low, intermediate, and high values of initial stress-intensity

* f actor Eg to model three experiments for which data had previously been
obtained using dynamic photoelasticity. The same three tests had been
analyzed with SAMCR (Ref. 29), and the intermediate test was being used

*
for the different trials with SAMCR reported in the past several quarterly

reports.

a
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ne analysis results for all three tests are quite similar and only
the lowest Kg test (Test P9) will be discussed in detail. Figures 2.29-
2.31 show, respectively, K vs time, crack extension vs time, and energies
vs time for this test, over a time span of 500 ps. These results compare

'well with the experimental measurements superposed in Figs. 2.29 and 2.30.

.
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Some minor difference s merit further comment. 7he computed K-value (Fig.
* 2.29) drops quickly from the initiation level but not quite as rapidly as

the experimental data. At the other end of the propagation phase, arrest>

does not occur as a single event but rather as a series of short run/ar-
*

rest segments, followed by a much longer arrest that is typically of 150-
to 200 ps duration in a computational time span of 500 ps. Table 2.6
shows the comparison be tween predicted and observed crack extension for
the three tests analyzed. Predicted crack j umps differed from the mea-
sured values by (7% for all three cases.

Sensi tiv ity studies. Several parameters governing the internal de-
tails of the calculations in the computer code have been identified in

| -

|
| Table 2.6. Comparison of observed and predicted

crack extension for wedge-loaded
Homalite 100 MCT specimens

,

|

|
|

Ratio of predictedWedge-load
Test to obsmed j umpg)

Obse rv ed Predicted*

P9 0.51 67.3 65.5 97.5
.

| P7 0.56 79.5 74.2 93.4

P10 0.65 86.1 89.9 104.0

!

_ . __ _ . _ . _ _ . _ . _ _ _ - . __ .__ _ . _ _ _ _ _ _ _ . __ _ _ _ . .



.- _ _ _ _ _ _ _ _ _

44

this and previous progress reports. These include the geometry selected
for the J-contour, the level of viscous damping, and the exact form of the
force decay function for the node being released. The ef fects of varying

' these parameters on the code results have been examined to some degree. ,

It has been found that the SANCR results are relatively insensitive
to the de tails of the J-contour, the viscosity level, and the restrained
nodal force decay function. The maximum difference in crack j ump, for ,

example, was found to be (9%. Arrest time did show a greater sensitivity
to the specified viscosity with a maximum dif ference of about 20%. The
slight oscillations still present in the computed K-values were also found
to vary somewhat with viscosity level and forcc decay function, as would
be expected. Detailed results from verification analyses and sensitivity
studies are too lengthy for discussion in a progress report, but they will
be included in a topical report on the SAMOR code.

Sone interesting results were obtained when the computations for
the wedge-loaded MCT specimens were carried out to times of the order of
1500 ps, which is of course much longer than the run/ arrest time of 400 ps
typical of the experimental tests used for comparison. After arresting

for time periods of the order of 150 to 200 ps, the code results predicted
a reinitiation resulting in an additional increment of crack extension
late in the event.

The reasons for this additional sognent of predicted crack extension
are not immediately clear. Such behavior was not observed experimentally
in the tests being modeled, for which the f racture surf aces of the speci-
mens clearly showed a single run/ arrest se que nce. An examination of the -

computed K-values in the reinitiation phase showed that these rarely
exceeded K by more than 7.5%. It is generally agreed that an elevationa
in K of 5 to 10% is necessary for reinitiation of an arrested crack; this '

requirement is not included in the present code. Al so, polymeric mate-
rials such as Homalite 100 display a sensitivity of elastic modulus to
strain rate. The use of a strain-rate dependent modulus would lower
K-value s obtained f rom J-calculations by up to 10%, which would eliminate
this late reinitiation f rom the computational results. The current ver-
sion of SAMOR does not account for strain-rate effects in the J-to-K con-
version and does not allow for elevation of initiation toughness af ter a
long arrest period.

We are currently pursuing comparisons be tween computer code results
and crack-arrest experiments for 4340 steel MCT specimens; additional
verification and sensitivity studies; the incorporation of thermal effects
for TSE support analysis; and the analysis of geonetries such as the sin-
gle edge-notch, which is similar to the specimen proposed for ESS0-type
testing.
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3. INVESTIGATION OF IRRADIATED MATERIALS

R. K. Naastad

9

3.1 Egyrth HSST Irradiation Series

R. G. Berggren T. N. Jones .

R. K. Nanstad

The cooperative testing program on specimens f rom the first three1

capsules of the Fourth Heavy-Section Steel Technology (USST) Irradiation
Study is continuing. In . this progr am, Charpy V-notch (CVN) impact tests
and f racture toughness tests on ITCS specimens are divided be tween two
f acilities, Oak Ridge National Laboratory (ORNL) and Materials Engineer-
ing Associates (MEA). The main sets of CVN tests on both unirradiated
(control) and irradiated specimens have been completed by the two f acili-
ties. The CVN tests of the few " unassigned" specimens will be conducted
af ter completion of a statistical study of the results obtained to date.
Scoping tests on unirradiated f racture toughness (1TCS) specimens were
started. The main body of fracture toughness tests should be completed
in the next quarter.

The fourth capsule of the Fourth HSST Irradiation Study contains
materials supplied by the Federal Republic of Germany (FRG). A proposed
test program has been submitted to the FRG, and testing should begin soon .

af ter consensus is reached on the test program.
Some statistical analyses of the CVN impact tests (unirradiated and

irradiated) on materials (chemical compositions previously reported 1) .

from the first three capsules have been conducted by the method presented
pr ev iously. 8 In this method of analysis, (1) the transition region and
upper-shelf region of unirradiated specimen data are separately fitted
to linear f unctions, and (2) the difference s be tween irradiated specimen
data and the straight-line function for unirradiated specimen data are
the input to a fitting procedure using an eguation with a linear copper
content term and a power function of neutron fluence term. The results
are presented in Table 3.1. While all transition temperature shif ts and
upper-shelf energy drops in Table 3.1 are less than the " guideline" val-
ne s of the U.S. Nuclear Regulatory Commission (NRC) Regulatory Guide 2.99,
Rev. 1 (Ref. 3), several things should be considered in using these data:
(1) the " observed" results are statistical best fits, while the guide-
line (Regulatory Guide 2.99) values are essentially lower-bound values;
(2) the tolerance s in Table -3.1 are 1 a tolerance s on the de termination ,

of transition temperature shif t and upper-shelf energy drop and are not
tolerances on individual test results; and (3) the radiation-induced

changes are based on best fits of the unirradiated specimen data, and,

tolerances are associated with those data. If we use a 2-a criterion, -

the transition temperature shif ts for plate HSST-02 and weld 70W could
exceed the guideline values. While statistical analyses of radiation-
induced property change s can, and should, be be tter than " eyeball" analy- '

se s, care must be exercised in applying results of such analyses.

. . .
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Table 3.1. Charpy property degradation of low-copper welds and plate
produced by irradiation at 288'c to 2.0 x 10** neutrons /cm8

compared with the predictions of Regulatory Guide 1.99

.

1ransi tion ten- Uppe r-shel fContent
Perature shif t energy change(wt %)Ma terial ('C) (%).

Cu Ni Obse rved Guidel ine Obse rved Guideline

Plate HSST-02 0.14 0.67 78 t4 83 -14 1 2 -28
Weld 68W 0.040 0.13 14 1 3 39 -314 -22
Weld 69W 0.120 0.10 51 1 4 71 016 -31

l

Weld 70W 0.056 0.63 37 1 6 39 +0.5 1 3 -22

Weld 71W 0.046 0.63 1517 39 +12 1 4 -22

Three of the submerged-arc welds showed essentially no decrease of
upper-shel f energy, and the fourth gave an increased upper-shelf energy
after irradiation. Statistical analyses conducted to date indicate that,

| this observation is real . However, we cannot presently provide a veri-
fled physical explanation for a radiation-induced increase of upper-shelf
energy.;- ,

Hyperbolic tangent f unctions were fitted to both unirradiated and
irradiated specimen results and are presented in Figs. 3.1-3.5. The
curve fitting of unirradiated specimen results was previously presented.4.

The curve fits for irradiated specimen results were not corrected for
variations in f ast neutron fluence. Some of the individual resul ts ap-
pear to exceed the guideline value s, but f urther statistical analysis is4

t required. We are continuing the statistical analysis ef forts to obtain ,,

' confidence limits that account for several uncertainties inherent in the
experimental procedures and material s.

,

1
(

l' 3.2 Irradiation-Induced KIe Curve Shift

R. G. Berggren R. K. Nanstad

|

|
This study (Fif th HSST Irradiation Study) was presented in previous

! reports.s,* A purchase order for f abrica tion of the 94 f t of 8-3/4-in.-
thick weldsents for this irradiation study was placed with Combustion
Engineering (CE), Chattanooga. The plato and one composition (0.35% Cu)
of weld wire were delivered to CE. Plate cutting and edge preparation

'

,

for welding are in progress. A test weld has been f abricated to verify
welding procedures and mechanical properties of the material, but testing

; i s not compl ete.
,

| Assembly of a prototype 4TCS capsule was completed. This capsule
will be operated in the poolside f acility of the Oak Ridge Research Re-
actor (ORR) to obtain data on operational parameters of the capsule and

:

i

!
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associated instrumentation and to finalize design parameters. In addi-
tion to measurements in the prototype capsule, temperatures will be .re-
corded at various points on the gamma shields and reactor core box to
determine the adequacy of natural-convective cooling. We have prepared
for addition of forced-convective cooling if necessary. We will al soi*

determine the reactor reactivity effect of the capsule and gamma shields.
. A dummy capsule has also been f abricated for neutron spectral character-
ization of the f acility. We plan- to operate the prototype 4TCS capsule*

in the ORE in August. How eve r, the neutron spectral characterization
experiment has been postponed entil anticipated changes have been made in
the ORR core configuration. Preliminary calculations have indicated that
these changes will have minimal ef fects on the HSST experiments.

!
3.3 Irradiated Stainless Steel Cladding

R. G. Berggren -R. K. Nanstad

This task, discussed previously,4,7,a is to obtain fracture tough-
ness properties for irradiated stainless steel vessel cladding. The'

first irradiation experiment, containing CVN and tensile specimens f rom
type 309/308 three-layer cladding deposited by the single-wire series-arc
process, was installed in the Nuclear Science and Technology Facility
reactor in Buf f alo, New York, in June. We expect the irradiation to be
cmapleted around the end of July. Specimens will be shipped to ORNL in*

Sept embe r, and tasting sill begin in October.

.
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4. 'IBERNAL-SHOCK INVESTIGATIONS

R. D. Goverton

.

During this report period, thermal-shock experiment TSE-7 was con-
ducted, the ORNL probabilistic f racture-mechanics code OCA-P was modified
to include a new flaw-size distribution function and finite-length flaws,.

and OCA-P was used to analyze several Oconee postulated transients to
~ de termine the effect of cladding and to determine the benefit of using
certain three-dimensicnal (3-D) flaws in lieu of two dimensional (2-D)
fl aw s. Material properties and heat treatment studies were performed in
support of TSE-7.

,

4.1 Thermal-Shock Exneriment TSE-7

R. D. Geverton D. G. Ball
S. E. Bolt

,

4.1.1 Introduction

Thermal-shock experiment. TSE-7 was the eighth in a series of experi-
ments conducted for the purpose of investigating the behavior of surf ace,

flaws in thick-walled steel cylinders subj ected to severe thermal shock.;- ,
j For each of the previous experiments, except TSE-2 (Ref.1) and to some

extent TSE-5 (Ref. 2), the initial flaw exterded the full length of the
test cylinder, constituting a 2-D or effectively infinitely long, axi ally,

oriented, inner-surf ace flaw. fMch flaws have been considered by some to,

I be reasonable for use as initir1 flaws in the analysis of pressurized-
water reactor '(PWR) overcooling accidents (OCAs). However, initial flaws
are much more likely to be short than effectively infinitely long, and

I. short flaws may have less tendency for radial propagation, or because of
dynamic effects they may have a greater tendency. Because of this latter
possibility, TSE-2 was conducted earlier with an axially oriented short
flaw (semicircular flaw with a = 19 mm) . Relatively high K ratios near
the inner surf ace resulted in some axial extension of the flaw (~100 mm),
but more extensive axial extension and eventual radial propagation did not
take place because of a lack of driving force; that is, the thermal-shock
capability of the test f acility was not adequate for further extension.

. The crack extension that did take place was in reasonably good agreement
with a 3-D linear-elastic f racture-mechanics (LE9f) static analysis, and
it was concluded that dynamic effects were not significant.

During TSE-5 (Ref. 2) a very short and shallow cross crack in the

electron-beam (EB) weld, which was used to generkte the intended long
axial flaw, extended on the surface the full circumference and branched at.

many points to also extend in an axial direction to the ends of thc cylin-
der. The depth of penetration was ~40% of the wall thickness. This event
was not properly recorded because it was not expected, but it did demon-+

strate the ability of a short flaw to effectively become infinitely long
as a result of severe thermal shock.

__ . _ _ . _ . . _ . . _ _ . _ _ . . . - . _ _ . . _ . _ _ . . _ _ _ _ . . _ _ . _ _ _ _ _ . . . _ _ _ _ - - _



. - .- -_ _ _ . _--

4

58
,

If a short and shallow flaw can effectively become infinitely long
without propagating radially, and if dynamic effects associated with short
flaws ~ do not result in a lower critical value of RINUT than for 2-D flaws,

i then in the analysis of DCAs, initial flaws should be modeled as 2-D
'

fl aw s. How ev er, if these conditions are not satisfied, it might be neces-

sary or at least .de sirable to model the flaw in three dimensions. One

purpose of TSE-7 was to evaluate the behavior of a finite-length surf ace
,

flaw in the absecco of cladding and under severe thermal-shock loading,

conditions.
PWR pressure vessels are, of course, clad on the inner surf ace with a

thin' layer of stainless steel. This material has a lower thermal conduc-
tiv3ty, a highar coef ficient of thermal expansion, and presumably higher
f racture toughness than the base material and thus influences the behavior
of flaws. Generally speaking, flaws that extend through the cladding into

'
the base material have a greater potential for radial propagation than
subclad cracks and thus are of greatest concern. If the through-clad
crack is assumed to be very long, the f racture toughness of the cladding
has no bearing on flaw behavior. However, if the flaw is short and the

cladding toughne ss suf ficient, surf ace extension 6ed thus excessive radial
propagation may be prevented. This possibility was to be investigated by
first demonstrating with TSE-7 that a short flaw would extend to become a
long flaw and then performing essentially the same experiment with a clad
cylinder to determine the effect of the cladding. Thus, the design of TSE-
7 had to be compatible with the intent of both experiments. Te st condi-
tions consistent with both of the TSE-7 obj ectives were achieved and are

'

.

summarized in Table 4.1.
|

*
4.1.2 Desian of T3E-7

TSEF7 was designed so that there would be a rather large potential
for axial extension of the flaw. This required a severe thermal shock and
crack' initiation early in the transient when the radial gradient in tough-
ness would be steep, thus reducing the potential for radial propagation.

| Fur thermore, a semicircular flaw geometry was selected to obtain rela-
tively high K value s near the surf ace. This f eature, combined with the'

y
steep gradient in toughness, provide s relatively high values of E /Kg y
near the surf ace and thus a potential for axial extension without radial
propagation.

As the flaw extends in length, the K ratios near the surf ace de-
crease, and those at the deepest point increase. The flaw could arrest
and then extend in length again later in the transient without radial
propagation. Eow ev er, the free-end condition of the cylinder would tend
to limit axial extension, and eventually radial propagation would take
place. As it did, the tendency for axial extension would increase.

For the purpose of making experimental design calculations for TSE-7, a

the shape of the flaw during propagation was assumed tc be semielliptical.r

An initial flaw depth (a) of 19 mm was selected on the basis of providing
adequate driving force for axial extension and a reasonable margin to -

cover uncertainties.
Preliminary calculations for TSE-7 indicated that the thermal shock

achieved during TSEF5 would be adequate and that the f racture toughness
;

t

. _ . _ . . , . _ _ . . . ~ , ,_ , . . . _ _ _ . _ _ _ . . _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ - _ - _ - .
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Table 4.1. Test conditions for TSE-7

Test cylinder
,

Identification number 75 0-4

Dimensions, um (in.)
,

Inside diameter 686 (27)
Outside diameter 991 (39)
Length 1220 (48)

Ma terial A508 class-2
ch emistry

Tempering temperature 704'C (1300*F) for
4h

RTNUr, 'C (*F) -1 (30)
Flaw (intended)" b / a = 1, a = 19 mm

Thermal shock

Cylinder temperature (initial), 93 (200)
'C ('F)
Sink temperature, 'C ('F) -196 (-320)
Quench medium Liquid nitrogen
Inner-surf ace coating 3M-34 plus 3M-NFg4,

Quench rate Similar to ISE-5
j Duration, min 30

.

" Actual flaw shape and size not yet de termined.
De scribed in Fig. 4.5.,

,

a

| should be about the same as that used for TSE-5A (Ref. 3) . With these
.

. conditions as input, a 3-D finite-element analysis was performed using -

| ORVIRT (Ref. 4) for several times in the transient, for a = 19 mm and for
'

b/a = 1, 3, 5,10, 20, and 30. The results for times of 1.3 and 1.5 min

j are shown in Fig. 4.1 (a) and (b). The calculated I ratios close to the
j surf ace are exaggerated to some extent because of plane-stress conditions

| in that area, and as indicated by the results of TSE-2, a calculated plane-
strain K ratio of unity or greater would have to extend to a depth of ~5
mm for crack propagation to actually take place. As shown in Fig. 4.1(a),!

the time in the transient corresponding to E /KIc " " "' " " " * * *g
e stimated to be ~1.3 min.

Figure 4.1 indicates that as the crack f ront advances, K value s for. y
locations close to the surf ace decrease, but elsewhere they increase.
Near the inner surf ace the arrest K ratios drop below unity; at middepth
they rise above unity; and they are less than unity along the bottom por-.

,

[ tion of the flaw, as.uning retention of semielliptical geometry. The in-

. plication is that the flaw would tend to tunnel and would not grow radi-
'

ally. Tunneling tends to increase the K value s near the surf ace and thusy

- - . . . . . . . . - - . - . . . - . - . - . - , . . - . . . - . . . . . - . , - - - . - - - - - _ , - - , . .
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tends to promote extension on the surf ace. If this did happen, a s i t ap-

pears to have during TSE-2, then the flaw would become quite long, as a
result of the first initiation event, without the deepe st point propagat-

ing radially.
Because the initial flaw was to be rather short, there was a good .

possibility that Kg/K , would be greater than assmed in the previousy
analy si s. This could result in the first initiation event occurring at a
later time and thus result in a greater chance of radial propagation dur- *

ing the first event. If this happened, f.he chance s of the flaw extending
to the ends of the cylinder during the first event would be even greater
than previously indicated, because the K ratio at the surf ace increases

. . , . - . - - , , , ,.. - - - _ - . - - -__ - _ - _ - -
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with increasing crack depth and time. This is indicated in Fig. 4.1(b),
which corresponds to a ' time of 1.5 min.

As indicated in Fig. 4.2, the selected combination of initial flaw
size, thermal shock, and fracture toughness for TSE-7 was such that a sub-
stantial deviation in either would not prevent propagation of the initial*

flaw. Maximum values of E /K , [d/dt(K 5Ic " * "I * * **** ' ' "g y 7
of the initial flaw for nceinal test conditions were in the range of 1.5

*
to 2.2, and it was expected that the actual transient would be somewhat
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more severe than that assaned'for the analysis. Also, Fig. 4.3 shows that
warm prestress (WPS) was not likely to prevent propagation of the finite-
length flaw because for all points on the crack f ront for b/a = 1 and b/a
= 20, the stress-intensity f actor did not reach a maximum until t ~_ 5 min.
Crack propagation would take place well before this time, as indicated in *

Figs. 4.1 and 4.2.
Based on the analysis and results of TSE-5A, once the flaw became

*
onite long it would propagate in a series of initiation-arrest events
ebout 70% of the way through the wall, and further propagation would be
prevented by WPS (K < 0). 'Ihis is indicated in Fig. 4.4, which is a se t
of critical-crack-depth curves for TSE-7, based on 2-D flaws, the same
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1

;

thermal transient, and the same f racture toughne ss used for the above fi-
nite-length flaw analysis. The indicated flaw path is predicted on the
asstumption that the initial flaw would effectively become a long axial
flaw before propagating radially..

4.1.3 Prenarations for TSE-7
.

In preparation for TSE-7 a thermal-hydraulic experiment was conducted
with the *ISE-7 test cylinder to de termine whether the specified inner-sur-
face coating was ' appropriate. The thermal transients corresponding to a

. . . . _ ._ __ _ _ _ _ . . . _ _ _ _ . , _ . _ _ . _ _ . _ _ . . . . - - __ . _ _ . , . _ . _ .
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point in the cylinder wall close to the inner surf ace (radial depth = 1.3
mm) are shown in Fig. 4.5 for ISE-5, -5A, and -7 thermal-hydraulic experi-
ment (TSF-7-1) . (The ISE-5 transient was used for the TSE-7 protest analy-
sis discussed here.) The TSF-7-1 transient was more severe than de sired
for TSE-7, and a correction was made for ISE-7 by increasing the thickness *

of the inner-surf ace coating by a small amount.
Also in preparation for TSE-7, material characterization studies were

*carried out to determino an appropriate tempering temperature for the test
cylinder. The desired toughness curve was the one deduced f rom ISE-5A
(corresponds very closely to the ASME Sect. -XI curve with R7 NUT = -18'C).
The test cylinder for TSE-5A was A508 with eins s-2 chemistry, the same as
for TSE-7, and it was tempered at 679'C. However, the TSE-7 test cylinder
was f rom a different heat of material; thus, there was a good chance that
the required tempering temperature would be different.

The approach to determining the appropriate tempering temperature for
the TSE-7 test cylinder was to first obtain Charpy curves for tempering
temperatures of 649, 677, and 704*C. Taese curves were then compared with
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a similar curve for the ISE-5A test cylinder. Each of the TSE-7 curves
f ell to the right of the TSE-5A curve, indicating that a highe- tempering
temperature than 704*C would be required. This was not desirable because
the yield strength could be too low. Therefore, a tempering temperature*

of 677'C was tentatively selected, and ten IT-CS specimens were prepared
using a portion of the TSE-7 test cylinder prolongation tempered accord-
ingly. Each of the tea specimens was broken at room temperature, and the*

results are compared with the TSE-5A data in Fig. 4.6. As indicated, the

TSE-7 IT-CS lowest point is ~50 MPa.6 below the TSE-5A IT-CS lower-bound
curve. This was considered too low, and a se t of IT-CS specimens was ten-

pered at 704*C and tested; the results are included in Fig. 4.6. This set

has points slightly above the TSE-SA apper bound and slightly below the
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lower bound. The corresponding yield strength was determined to be 450
- MPs at room temperature, which was a little less than the expected maximum
thermal stress during TSE-7. However, the temperature of the inner surf ace
of the cylinder wall at the time a . stress of 450 MPa was to occur was quite .

Low (<-70*C), and this would elevate the yield strength suf ficiently. All._

things considered, it appeared that a tempering temperature of 704*C would

be satisfactory.- Further characterizations of. the material (E , and addi- *
g

tional K data) were to be completed af ter TSE-7 had been conducted (seey
Sect. 4.1.5.)

4.1.4 Testina techniane
i

TSE-7 was conducted in the same manner as that for ISE-5, -5A, and -6;
that is, the test cylinder, initially at a temperature of ~93*C, was sub-

merged in liquid nitrogen (LN,) . Film boiling was suppressed and nucleate
boiling promoted by coating the inner surf ace of the test cylinder with a
thin layer of " rubber cement," and the ends and outer surf ace of the cyl-
inder were well-insulated to prevent quenching of these latter surf aces.
The length of the test cylinder (1.2 m) was minimized [ consistent with the
requirement that f rom a fracture-mechanics (FM) point of view the cylinder
would be effectively infinitely long] to prevent excessive vapor concen-
tration in the upper regions.

The thermal shock was administered to the inner surf ace by first low-
j. ering the test cylinder into a container of LN, and then suddenly releas- .

ing a nitrogen gas bubble from the interior cavity, allowing LN, to flood -
the cavity. Natural convection provided circulation of liquid up through
the central cavity and down over the insulation on the outside of the a

specimen. Nitrogen vapor exited th;ough the top of the tank containing

the LN,, and most of the entrained liquid fell back into the tank; makeup
was .provided as nece ssary. A schematic of the test f acility is shown in
Fig. 4.7.

Data retrieved f rom the test cylinder included indications of crack
i initiation and arrest (COD, AE, and UT instrumentation), crack depth (UT),

and radial temperature distributions in the wall as a f unction of time.
These actual temperatures are used in the posttest FM analysis of the
experiment. Temperature distributions in the wall were measured with 12
thennocouples at each of 15 different locations around the cylinder.
These locations and those for the 00D gages and the UT and AE transducers,

are shown in Fig. 4.8.
As indicated in Fig. 4.8, 33 C0D gages (Ailtech weldable strain

; gage s) were used, and with one exception they were paired at 16 locations
along the expected flaw path (longitudinal line through the crack plane)
to obtain an instrumented path width of ~48 mm. Any portion of the flaw
that ran outside this path would not be instrumented. The unusually large
number of sages was used not only to define a rather wide path but also to *

,

provide a means for following in some detail axial progression of the
flaw.

'

Because the actual flaw path would probably deviate some from a truly
3

f- longitudinal line, UT instrumentation was not expected to be useful in
t.acking axial progression of the flaw. Thus, only three UT crystals were
used, and they were located directly opposite the initial flaw.
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4.1.5 Rean1ta of TSE-7
,

During TSE-7 three initiation-arrest events were detected with the
00D and UT instrusentation. The times, crack depths (based on UT deta),
and crack-tip temperatures corresponding to the events are summarized in,

Table 4.2. The COD data indicate that during the first event the initial
flaw extended axially to or nearly to the ends of ths cylinder, and visual
inspection of the inner surf ace revealed a complex cracking pattern cover-.

ing the entire inner surf ace and involving many bifurcation events (Fig.
4.9). Because the 00D gages indicate that the axial extensions close to
the initial crack plane occurred during the first event, and because the
thermal shock was quite uniform in an azimuthal direction, it is believed
that essentially the entire cracking pattern developed during the first
event. The two subsequent events presumably resulted in some axial and
radial extension, as indicated by the 00D and UT instrumentation for the
portion of the flaw near the crack plane. The final crack depth for a

j large _ portion of the crack pattern was measured with UT instrumentation; a
summary of results it, shown in Fig. 4.9 by means of recorded crack-depth
values at the locations of some of the UT measurements. Away from the
ends of the cylinder and for portions of the crack that extend to the ends
of the cylinder, the range of recorded crack depths is about 41 to 58 mm.
For the portions of the crack that do not extend all the way to the ends
of the cylinder, the final depths are in the range of 25 to 30 mm. Be-
cause of free-end effects, the crack depths near the ends of the cylinder
are substantially less.

-At first glance, the cracking pattern in Fig. 4.9 is apparently the'

result of more than one initial flaw. However, each path can be traced
| from its terminus to the single intended initial flaw. Some of the crack

*
branches were attracted to and terminated in the 25-mar-diam thermocouple-

Tabic 4.2. Summary of results for 13E-7"

Time a (T - RINUT) (T - RINITT)En nt g ,g,) g,,) s (*C) * (*C)

(Arrest
Initiation 13 -23

1.53 -781
32 +39

! Initiation 32 +6
: 2 2.43 -100
'

Arrest 46 +33

(Arrest
Initiation 46 +17

'

3.00 - 1063
52 +33.

"a = e stimates ba sed on UT.
'

T, = temperature at inner surf ace..

RINITI , -1* C..

T,= temperature at indicated depth of flaw.<

_ __ . - , . . . . _ - , . . . - _ _ _ . . _ _ . . , _ , _ _ , _ , . _ . _ _ _ , _ _ - , _ _ _ , . . _ . , . _ . _ . _ _ --- -



qo

.

f -O k E Q
I - !

-T '0E
8

A 1
' , < <

=
.

0
1 d2 6
5 3 8 re

- 3 et8 5 6 6
3 2 2 3 d c
8 ne
G 6 i l
W 0 l e1

D 3 ys
- c
L 0 t
N 0 0 t a
R 2 3 s

1
O eh

0 t t/ 5
1 6 0 p
4 4 5 7 e;

E-
d,

6 i k1
s

!
4 0 0 5 1 c,

3 3<

a
0

'

f r5 oc
'0 o

\.V W
ef6
co3 A a4 L f sF

W )m re
L A ut
A Lm samI F( mmT LH ri8 I

I
3 IN AT et5 8

P .N ns- I E m ne
* 8

,
3 ,3 . FD i* 2 i6

0 4 6 = 2 T|

0 5 3 fU5 8
2 3 5 5 8 8 8 5 o .2 2 2 d

' '
6
4 wnea

i

vn_
_

r
d e( et
pt

6
0 C 4 3 o oa
6 5 0 l p

5- 3 0 e
5 3 vk6

4 e c
Da,

r
0 5 3 3 _c3 4 5 5

< .
_

9. l
1

4 a
^ 4 n
^ i .*

0 1 .f s
2 4 g n1

- igo
15

2 * Fni4
i t
waN 1

oc/

h o
sl

-

-

T
8

)
!

.0 k

1

-

.



. _ _ _ . _ _ _ _ _ _ _ ..

71

thimble holes, which constitute stress risers. One branch terminated in
one of the 3-mar-dian 00D gage-lead holes, and some terminated et another
branch of the crack. In the latter case the intersection was at a 90*
angle because the stresses normal to the intersected crack were relieved
by the presence of the crack..

For the first time in the thermal-shock program, significant diffi-
culties were encountered with application of the inner-surf ace rubber-

* cement coating that enhances the heat transf er to LN,. De result was an
axial variation in the thickness of the coating, and this resulted in a
significant axial gradient in vessel temperature. The axial gradient in
temperature at several times during the transient for a radial position in
the wall located 1.3 mm from the inner surf ace is shown in Fig. 4.10. He
vertical bars in Fig. 4.10 represent the range of three temperature sea-
surements at 1208 intervals around the cylinder. As indicated, the azi-
authat uniformity in temperature was satisf actory.

Figure 4.11 show s T (a = 0) vs time as measured at midlength of the
test cylinder and compares it with the curve used for the protest analysis

i of TSE-7. As indicated, the actual transient was somewhat more severe for
times of interest than used in the pretest analysis.

Using the measured radial temperaturs distributions at the horizontal
midplane (see Fig. 4.12), a posttest 2-D analysis of a single long axial
flaw indicates, as shown in Fig. 4.13, that this flaw would experience

'
.

ORNL-OWG 83-5431 ETD

_ . ' I | | t = 0 min'
- n-

__

| 50

|' E
E

,

i et
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N
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; Fig. 4.10. Axial temperature profiles for several times during TSE-7
| at radial nosition cf 1.3 mm from inner surf ace of test cylinder.

|
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,

| data deduced from TSE-5A.

[
thrae initiation-arrest events; a fourth event would be prevented by WPS;

; and the final arrested depth would be ~76 mm (a/w = 0.5) . The actual fi-
nel crack depth was less because of stress relief caused by the many axial

. branches, and because none of the axially oriented branches extended the
'

full length of the cylinder without a significant diversion f rom a straight

j* line. Nonvertical segments tend to reduce the COD of the vertical seg-
| ments and thus, in effect, reduce the lengths of the vertical segments, in

[ which case they are not ef fectively 2-D flaws, and their K value s are
7

1ess. This results in less radial propagation than calculated for a sin-*

gle 2-D flaw.
Figure 4.1:: also includes the " actual" path of events based on UT

estimates of crack depth at the Icaation of the initial flaw. The lower

.. , _ . - -- - , - - - - - , .
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'

K value s that resulted f rom the extensive cracking pattern are evidenty ,

f rom the general shif t in the initiation and arrest curves to the right of
the 2-D curves. The incipient WPS point (IWPS) was estimated based on
(1) the knowledge that a fourth event did not take place and (2) the as- ,

sumptions that the WPS curve would be essentially the same for the 2-D

| and actual fla<ws and that (K /K ,) for the final crack depth would be7 y ,,x
'

greater than unity. and wonid occur to the right of the WPS curve. *

Figures 4.14-4.16 include plots of E , E ,, K ,, o, and T vs s/w forg g y,

'

the times corresponding to the three events during TSE-7. These data were
obtainc-d f rom the posttest analysis and thus are based on the measured
temperatures at midlength of the cylinder. The K values are for a 2-Dy
axi al flaw.

4.1.6 Conclusions

The results of TSE-7 indica te once again that under severe thermal-
shock loading conditions the potential exists for a short fisw to extend
in length to effectively become a long flaw. Fur thermore, 73E-7 is a sat-
isf actory prelude to a similar experiment de signed to help investigate the!

ef fects of cladding on the surf ace extension of short flaws.

| 4.2 11ernal-Shock Materials Characterization
.

W. J. Stelzman R. K. Nanstad
'

R. L. Swain
.

Properties characterization continued for prolongation 73P"4 of test
cylinder TSC-4 that was used in experiment TSE-7. Tensile properties at ;

21*C were de termined f rom segments of "as quenched" TSP-4 af ter tempering '

for 4 h at 676 or 702*C followed by cooling in air. The results f rom
compact tension (CT)-oriented tensile specimens f rom the 0.84t depth from
the inner surf ace of the 203-marthick prolongation are listed in Table
4.3. Specimens with a gage diameter of 4.52 mm and a sage length of 31.8
mm were used, resniting in a length-to-diameter tatio of 1:7. The total
elongation resnits have been adj usted mathematically to the more common
ratio of 1:4.

Increasing the temper temperature from 676 to 702*C decreased the
,

yield and ultimate stress values and increased the ductility. The average
yield and ultimate stresses were 500 ard 645 MPs af ter 4 h at 676'C and
decreased to 449 and 589 MPa, respectively, af ter 4 h at 702*C. The aver-
age total elongation and reduction of area (ductil.ty) for the some ten-

j pers increased f rom 25.8 and 69.2% to 26.7 and 75.7%, respectively, after
i che 702*C temper. e

| Charpy-V impact (CVN) results were also obtained af ter the 4-h temper
at 704'C. CT-oriented specimens f rom depths ranging f rom 0.20 to 0.34t

i from the inner surf ace of the 203-mmrthick prolongation were used, and the +

results are shown in Figs. 4.17 and 4.18. The too sognents f rom which the
CVN specimens were machined had been processed slightly differently. One

,

1
!

- . - - . - , - , , . . - - . - . - . - .- - , - - - . . - - , . - -
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Table 4.3. Tensile properties of "as-
quenched" 203-sur-thick thermal-shock

prolongation 'ISP-4 at 21*C af ter
tempering for 4 h at

676 and 702*C *

,

Stre s se s" Ductility
(Mpa) (%)

* ** *Yield Ultimate cel onga tion of area

4 h at 676*C temper
501 647 25.9 69.0
499 644 26.5 70.5
501 643 24.9 68.2

4 h at 702*C temper
450 571 25.0 70.8
449 497 28.1 71.4
447 599 26.9 70.0

" 4.52-mm-dian CT-oriented specimens, strain
,

rate 0.016/ min.
0.2% offset.

# '

Gage length to gage diameter = 4.

segment was tempered by itself for 4 h at 702*C and cooled in air; the re-
mainder of the prolongation was then tempered with the test cylinder TSC-4
for 4 h at 704*C and cooled in air, af ter which the segment for the CVN
specimens was removed. The results from the single segment (702'C temper)
have been reporteds and sre combined with the 704*C temper CYN energy re-
suits in Fig. 4.17 and the lateral expansion and f racture appearance in
Fig. 4.18. No difference between the CVN results was noted. The criteria
for the KT set forth in the ASME Boiler and Pressure Vesset Code * *' atg
the 68-J energy level and the 0.89 am lateral expansion level are met at
T = 27'C and (T - 3 3' C ) = -6* C. The drop-weight NITT f rom type P3

CV g
specimens (TNIYT) af ter the 702*C temper has been determined previously8 to
be -1*C. Therefore, the RT is de termined by the drop-weight NDT and

NUT
RT =T = -l'C. ,g g

Fracture toughness characterization has also been continued with CT-
oriented IT compact specimens (1TCS) machined f rom segments tempered for
4 h at 702 or 704'C followed by cooling in air. The segments were treated -

similar to the CVN specimen segments. 1TCS specimens were machined so the
f atigue crack tip would be located at the 0.58 and 0.83t depth location
from the inner surface of the 203-am-thick prolongation. All specimens



. . _ _ _ _

79

ORNL-DWG 83-54?8 ETD
''

I I I I I I
H E AT TRE ATMENT140 -

NORMALIZED:9 h AT893 C, AIR COOLED
4 AUSTENITIZED: 7 h AT 857 C, WATER QUENCHED ~

TEMPERED:4 h AT 704 C, AIR COOLED

120 - 160 - O -
*

O o
g o o-

o
~

100 -
O --

O

$ 120 - Og -

* 3
i ~9 - s

_

*

w 0O
o60 -

80 -

3g -

O
- -

40 -

0 0
0

40 - -

O
020 -

00
~~

o O
O O

' O0 - 0
( C) -100 -50 0 50 100 150 200

I I I I I I
( F) -100 -0 100 200 300 400

TEST TEMPER ATURE

I Fig. 4.17. Charpy-V impact energy of "as quenched" 203-am-thick
thermal-shock prolongation TSP-4 af ter tempering for 4 h at 704*C and
cooling in air.

were precracked to an average crack length-to-width ratio (a/w) of 0.558
and were tested to f ailure in a stroke control mode. The COD was measured
at the specimen load line, and the J-integral calculation was made using
the area-to-maximum load and the Merkle-Corten correction for the tensilej

compone nt. ' The static frscture toughness K was then calculated fromy
* E8 = FJ, where E = 201 GPa at 21*C and 203 GPa at -18'C. The y, adj ust-7

ment was made using the Merkle method.1* The results are given in Table
4.4 and are shown in Fig. 4.19. Ten ITCS specimens were tested at each of

*
two te st temperatures, 21 and -18'C. K at 21*C varied f rom 147 te 321y
MPa.W and from 80.9 to 109 MPa.W af ter the y, adj ustment. 'Ih e J-
integral ranged from 107 to 511 kJ/m . At -18'C, K ranged f rom 94.7 to8

y
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Table 4.4. Static f racture toughness (K ) fromyCT-oriented IT compact specimens f rom
prolongation TSP-4 (SA-508) af ter

tempering at 704*C for 4 h
and cooling in air,

. Static f racture
toughness Average***
(MPa.Vn) J-inte gr al ductile crack

* **{'[" * "# * (kJ/m8) extension
, (mm>

adj a!EedK
7

21 199 91 4 196 0.251
321" 109 511 0.828
230 96.8 263 0.251
246 99.0 299 0.310
179 87 .7 159 0.1143 3147 80.9 107 0.099
241 98.4 289 0.325
268 102 355 0.457
295 106 433 0.5 84
156 83 .0 121 0.117

*
-18 197 93.1 191 0.140

106 71.3 55 0.051azot 93..a 199 0.163,

94.7 , 67.6 44 0.036
164 86.5 132 0.0S9
105 71.1 54 0.038*
162 86.0 128 0.119
144 82.1 102 0.069
125 77.1 77 0.051
96.0 68.0 45 0.064

" Maximum fracture toughne ss.
b
Minimum fracture toughne ss.

201 MPa.Vii bofore the p adj ustment and f rom 67.6 to 93.8 MPa.ViiI nf terh
the adj ustment. The J-integral ranged f rom 44 to 199 kJ/m2 All the
specimens experienced some stable ductile crack extension prior to f ailure.
The ductile crack extension valuos, determined using a nine point averaging*
method, are presented in Table 4.4. All specimens f ailed prior to attain-
ment of limit load.

Procracking is presently under way for 30 additional specimens made,

of TSP-4 material tempered for 4 h at 704*C followed by air cooling. The
specimens will be tested at three test temperatures, one of which will be
-46*C.

.- - - - - - . - ,. . - - . _ _ - - . - . - - _ . - - . - . - . . . - . _ . . . - . - .
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thick thermal-shock prolongation TSP-4 af ter tempering at 704*C for 4 h
and cooling in air.

4.3 Probabilistic Fracture Mechanics

R. D. Oteverton D. G. Ball

A probabilistic f racture-mechanics (FM) code, OCA-P, has been devel-
;

oped that is a combination of OCA-II (Ref.11) and a Monte Carlo routine
similar to that included in VISA (Ref.12) . The Monte Carlo portion of
the code generates a large number of vessels (10' more or less), each with
a different combination of values of the various parameters that are sus-

h, E ,, R1NDI,, AR1NIrr = f ( flu--ceptible to significant uncertainties [K g
*

e nce , Cu, Ni) , Cu, Ni, F] . A deterministic FM analysi s is then performed
'

with OCA-II for each of these vessels for a specific transient to deter-
mine how many of the vessels would f ail. The conditional probability of

*

failure [P(F/E)], that is, the probability of f ailure assuming the tran-
sient event occurs, is calculated as the number of vessels that f ail di-
vided by the total naaber generated.

- . , , - -- . . - , - , . . . - , , - - - - - . . . - - - . - - . . . - - - ,
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A necessary ingredient in OCA-P is the flaw-size distribution func-
tion, and the one selected for use in OCA-P at this time was obtained f rom
the Marshall Reports: and is discussed in Ref. 14. He particular rela-
tion, de scribed in Eq. (4.1) and shown in Fig. 4.20, de scribe s the flaw-
depth distribution prior to preservice inspection and weld repair. To

,

obtain the flaw-depth distribution corresponding to the time at which the

,
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vessel goes into operation, Eq. (4.1) must be multiplied by the probabil-
ity of nonde tection, assuming that all detected flaws are removed by one
means or another. This probability is described in Eq. (4.2) and was also
taken from the Marshall Report.

s

f(a) = 0.16 e' **8, am-1 (4.1)
.

B(a) = 0.005 + 0.995 e-e. stas am-1 (4.2)

The uncertainties in Eqs. (4.1) and (4.2) are orders of magnitude.
Le data upon which they are based were taken f rom unciad nonnuclear ves-
sel s, and Eq. (4.1) does not distinguish be tween surf ace and buried flaws

or various orientations. He flaws of concern to the FIS issue are those
that extend through the cladding into the base material, and there are no
data for such flaws. Fur thermore, if OCA-P is to be used in an absolute

sense, it is nece ssary to include the flaw density N, as discussed in Ref.
14. Le uncertainty in N is also very large for the same reason.

Because OCA-P make s use of OCA-II, it is possible to include certain
3-D flaws in the OCA-P analysis. The 3-D flaws available in OCA-II at
this time are the 6/1 and 2-m semielliptical flaws described in Ref.15.

OCA-P has been used recently to calculate several postulated tran-
sients for Ocorce-I. Table 4.5 lists all of the pertinent input data for

.

Table 4.5. Input data for OCA-P analysis of Oconee postulated a

transient: probabilistic parameters

"*" *##Wenn vaineParameter dev ia tion Truncation"' (a)

Finence (F) b 0.3 (f) F=0
Coppe r b 0.02 %

Nicksi b 0.0
#RINN -7'C 98C c

#ARIN E d 13*C e

E, ASE XI + 18.5 pa *6 0.15 p (E ,) 13eg g

E, ASME II 0.10 p (E ,) 12og g

#
Normal distribution used for each parameter.

Proprietary inf ormation.
#

o(R1NITT + ARINN) = [o (RINN,) + o* (AR1 NUT)]2/88 trun-
cated at 13o. , *

ARINUT = 0.56 H G + 470 Cu + 3 50 Ni Cu][F z 10-1 *]* .* ? or
= 0.56 [283 (F z 10-* * ) e .s e * ~ 4 8] , 'C. whichev er i s le a s t .

, _ .
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the analysis, and Fig. 4.21 de scribe s tne downconer coolant temperature
and pressure transients for the most severe case. 'Ihis particular tran-
sient, referred to as "IBVF(4), is the result of all four turbine bypass
valves f ailing to close once they have opened.

Results of the OCA-P analysis for 'IBVF(4) are shown in Fig. 4.22,,

which is a plot of P(F/E) vs the number of ef fective full power years of
service (EFPY). Because of the accumulative effect of radiation damage,
P(F/E) increases with EFPY but tends to level off as the radiation effecto

saturates. For most PWRs the plant design lifetime is 32 EFPY. As
indicated in Fig. 4.22, at 32 EFPY, P(F/E) is 1.2 x 10-s and 1.6 x 10-4
for t,,, (duration of transient) = 120 and 60 min, respectively. (For
this analysis the transient was terminated by a large step decrease in
pressure at t .)

Additional studies were conducted to determine the sensitivity of
P(F/E) to the value of one standard deviation o in K and the concentra-h
tion of copper. 'Ihe results are shown in Fig. 4.23 for t,,, = 120 min,

and as indica ted the sensitivity of P(F/E) to a(K ) and o(Cu) is not
large.

In the above analysis the (2-D 2-a) axial flaw combinationi s ,,,

used, and cladding was not included. To determine the benefit of using
the (2-D 2-a) flaw combination as opposed to the (2-D 2-D) combination and
also to determine the ef fects of cladding, OCA-P calculations were made

a
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Fig. 4.21. Oconee postulated 'IBVF(4) transient.
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of conditional protability of f ailure to fluence and duration of tran-

sient.

for the following transient:

T = 66 + 222 e o.as t min-1 oc ,
c
p = constant,

t,, = 45 min,

F = 1.1 x 101' neutrons /cm8 ,

where ,

T, = temperature of coolant in downcomer,
t= time in transient, -

t,, = duration of transient,

p = primary-system pressure.

-
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! As indicated ir Fig. 4.24, the benefit of the (2-D 2-a) flaw combination

[ decreases with increasing pressure, and there is none for p 112.4 MPs.
! On the basis of previous studiest s this trend would be expected.

| The two curves in Fig. 4.24 were calculated ignoring the effects of
I cladding. Two additional calculations were made with cladding included

for the (2-D 2-D) flaw combination and for a pressure of 13.8 MPa. One
calculation was made assuming that s' allow flaws in the cladding could nota
propagate (K = =), and for the other the toughness properties of theg
cladding were assumed to be the same as for the base material. As indi-j .

cated in Fig. 4.24, inclusion of the cladding in the FM model increases'

P(F/E) but not by much. For E , (cladding) = a, the increase in P(F/E) isg
' * f rom 0.14 to 0.17, and for E , (cladding) = E , (base metal) the increaseg g

is f rom 0.14 to 0.37.

!
'

t
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5. PRESSURE VESSEL INVESTIGATIONS
,

|

R. H. Bryan j
f

* Investigations during this report period were concentrated on vari-
: ons preparations for the first pressurized-thermal-shock experiment t

(PTSE-1). Fabrication of two test vessels was completed, and a series'

,

of material characterization tests for PTSE-1 was begun. The maj or f a-
cility construction phase was completed, and testing on the completed

'.
systems was undertaken while further f acility modification was in prog-
ress. An instrumented but unflawed vessel was prepared for preliminary

| tests (PTSE-0) to determine the test f acility operating characteristics
and to rehearse pressure-temperature transients for the fracture test
PTS E-1.

A new computer code OCA/ USA was developed to combine the capabili-
ties of the OCA-II code * for linear-clastic f racture analysis and the
PTSUSA code 8 for upper-shelf ductile tearing analysis. Improvements to;

both original codes were made to f acilitate evaluation of PTSEs and to
incorporate elastic plastic fracture analysis and ligament tensile in-
stability. s DCA/ USA is being used in conj unction with the results of
material characterization tests for planning PTSE-1.

,

5.1 PTS Studies
.

l
5.1.1 Test vessel fabrication and material characterization

(K. R. Thoms).

1
The Babcock and Wilcox Company (B&W) prepared two intermediate test

| vessels (ITVs), V-7 and V-8, for use in PTSE-0 and the first f racture-

| mechanics experiment FTSE-1, respectively. The preparation was accom-
! plished by welding a 1320-mm-long plug f abricated f rom TSC-6 into each
I of the vessels. B&W is performing material characterization tests with
' specimens taken from cylinder TSC-6, which received the same heat treat-

ments as the inserts in the vessels. These characterization data will be
used in the protest analysis for pTSE-1.

Following welding of the plugs into the vessels, magnetic particle
test inspections and repair of same indications were made. The two ve s-

sels along with the remainder of TSC-6 then went through a postweld heat
| trea tment, which was performed at 561*C for 12.3 h. The vessels were
| subsequently radiographed and machined to the required outside diameter
! of 981.08 mm, and inspections showed that both are well within the speci-

fled 10.25-am tolerance. Ock Ridge National Laboratory (ORNL) accepted
the weldsent in vessel V-8 with a radiographic indication of a slag in-
clusion that exceeds the limits of the specification. It was decided

*
that the size, loca tion, orienta tion, and nature of the defect make it

'

innocuous. The two vessels and the remnant of TSC-6 were delivered to
ORNL in June, and since then further preparations for testing have been,

under way.
B&W completed the Charpy-V impact specimen testing on the material

from TSC-6. The data indicate that the effective RTNDI is ~50*C, which

_ _ ._. - _ . . _ _ _ _ _ _ _ __ _ _ - . _ . _ . _ . . . . - - _ _ _ . _ _- ____., _ _ .,._- _ _ _ ._ -.
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is slightly higher than previously estimated. The fully ductile upper-
shelf temperature TD is ~175'C.

| 5.1.2 PTS test facility construction (R. W. McCulloch)
.

Design and construction of the coolant sy st em4 (Fig. 5.1) in the FIS
Facility (PTSTF) .were accomplished under Department of Energy (DOE) Di-
rective OL-523. Union Carbide Corporation-Nuclear Division (UCO-ND) f ar- '

mished titles I, II, and III engineering; procured the ITV shroud or
outer test vessel (OTV); provided instrumentation and controls (I&C) de-
si gn, component procurement, and f abrica tion; performed utility tie-ins,1

instrument calibration, and preoperational testing; and provided support
i to the construction contractor. Mechanical components procurement and

construction were performed by the Rust Engineering Company, the DOE con-
struction contractor.

Site construction of the coolant system was completed during this
report period. Original plans called for completion of maj or construc-
tion and beneficial occupancy of the f acility by UCC-ND on April 15,
1983. Then UCO-ND would have performed instrumentation checkout prior
to Rust Engineering completing construction on June 17, 1983. A DOE,
UCO-ND, and Rust Engineering agreement was reached that allowed Rust En-
gineering to complete all construction on April 15. Instrumentation and
mechanical checkouts were immediately initiated, and the coolant system
was completed on May 20, 19 83 , ~1 month ahead of the original schedule.
Construction costs were $1.14 million, and this was $60 thousand less
than budge ted. '

In addition to directive-controlled design and construction tasks,
several peripheral facility related tasks are in progress to enable PTSE

'testing. These include upgrading the data acquisition and pressurization
systems; de termining and installing needed test instrumentation; and pro-
viding reliable high pressure, high-temperature seals for instrumentation
and pressurization penetrations of the test vessels.

The data acquisition system (DAS) was completed by ORNL's I&C Divi-
'

sion personnel and delivered to the test f acility on June 28, 1983. The
system will be integrated into f acility and test instrumentation and
checked out prior to start of shakedown tests.

Figure 5.2 shows a simplified block diagram of the DAS. The PDP
11/34 centrcl processing unit receives up to 195 thermocouple,136 strain
gage and crack-opening displacement (COD), and 30 miscellaneous inputs
f rom f acility and ITV sensors. Data are stored, manipulated, and made

'

available through three separate terminal s. One terminal is dedicated to
operation instructions and calibration; the other two provide plotting of
selected test data. A graphics copier is available for hard-copy print-
out. A separate data logger independently records critical data f rom
test and f acility instrumentation as a safeguard against the loss of main

DAS records. .

Figure 5.3 saamarizes instrumentation for both the PTSE-0 and PTSE-1

ve ssel s. Cables from sensors on the test vessel will be connected to the
DAS cables in two j unction boxes installed adj acent to the OTV. Cables .

and cable trays f rom the j unction boxes to the DAS have been installed.
De si gn, procurement, and f abrication of test instrumentation and control

<

>
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Fig. 5.2. Data acquisition system in the FISIF.

( cables to connect the ITV to the DAS, data logger, pressurization system,
, and control room were completed.
!

5.1.3 ITV orensration (R. W. McCulloch)

'Both test vessels have been machined for installation of thermocou-
pie thimbles. One test vessel (V-7) is being instrumented for f acility

i shakedown tests (PTSE-0), while the other (V-8) is being preparsd for
'FISE-1. Figure 5.4 shows thermocouple instrumer.tation locations for the

two vessels. Crack-mouth-opening displacement (CMOD) gage locations are
shown in Fig. 5.3. The two vessels will be identically instrumented with
thermocoupl e s, but only the second will contain a flaw and associated
CMOD instrumentation.
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Each vessel will contain twenty-five 1.2-mm-diam sheathed thermocou-
ples on the outer surf ace with their thermoelements welded to form in-
trinsic j unctions with the vessel surf ace. The thermocouple in sul a tion

at the j unction is protected from the coolant with a high-temperature
*

room-temperature vulcanizing (R'1V) sealant.
Nine thermocouple thimbles (Fig. 5.4), each with twelve 0.5-mm-diam

sheathed insulated j unction thermocouple s, measure temperature profile s
,

in the vessel wall. Figure 5.5 schematically represents the thermocouple
thimble.

The center of the thimble contains the 12 small-diameter thermocou-
ples encased within a 3.2-mm-0D casbon steel tube, which surrounds a
1.4-mm-0D carbon steel rod. This assembly, after being assembled and
swaged, is inserted into a 15.9-mm carbon steel thimble. The entire as-
sembly is then swaged to obtain intimate contact of the inner assembly
with the thimble. Thermocouple j unctions are positioned f rom as sha110w
as 5.1 mm from the vessel outer surf ace to as deep as 91 mm within the
148-mm-thick wall. The central carbon steel rod terminates near the in-
ner end of the 105-am thimble, and the 12 thermocouples are encased be-
yond that point within a stainicas steel tube. The tube is routed

ORNL-DWG 83-50068 ETD

OUTSIDE SURF ACE PACKING BACKUPS
OF TEST VESSEL

BOLTS
,

\, W/, /f fff ~ w
J\>

mE
FLANGEi -

-

-/
\

b SOAPSTONE PACKING
(INTERMEDIATE TEST

TH E R MOCOUPL E
THIM8LE

VESSE L WALL INSIDE SURFACE OF
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15 9-mm CARBON
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| 0.43-mm WA L L 0.5-mm THE RMOCOUPLE
CAR 80N STE E L TUBE--.- g
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- =
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.

N
.

|

| Fig. 5.5. Thermocouple thimble for measurement of temperature
profile in wall of ITV.
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through a seal at the inner wall of the vessel, then through the interior
of the vessel, through a head seal into the OTV, and through a seal in
an OTV flange to an instrumentation j unction box within the containment
cell. The small-diameter themnocouples exit the stainless steel protec-
tion tube within the instrumentation j unction box. The 0.08-mm-di an ther- .

acelements of each thermocouple are then attached to a miniature terminal
strip for connection to the instrumentation cables to the DAS.

Handling and connection of the man 11 thermoelements to the minia- e

ture terminal strip necessitated that a device be developed to allow long
lengths (20 mm) to be easily stripped. Figare 5.6 shows this device, and
Fig. 5.7 shows thermocouples with their thermoelements stripped. The
. device consists of a fixed lower and a moveable upper electrode, each of
which is connected to a 250-J capacitance discharge welder. The sheath
of the 0.5-mm thermocouple is placed be tween the electrodes as shown in
the figure. A short time-constant 200-J pulse then supplies enough energy

'
to vaporize the sheath, while the thermocouple insulation protects the
thenmoelements. Copper shim stock is used on both electrodes to prevent
electrode contamination.

All thermocouples installed in test vessels for PTSE-0 and PTSE-1
are calibrated to National Bureau of Standards standards by the Metrology
Laboratory of the ORNL I&C Division. In addition, a prototype thimbl e
and two of the nine thimbles used in the first vessel were given thermal

transient tests. In these tests the thimble was inserted in the center
of a 102-mm-diam carbon steel cylinder that contained surf ace intrinsic

junction thermocouples. The cylinder was insulated and heated to ~260*C.
The f ace of the cylinder was then sprayed with cold water, while the thim- *

ble and cylinder thermocouples were monitored. Comparison of temperatures
f rom thimble and intrinsic j unction thermocouples indicated that both pro-

'
files and transient response of the thimbles accurately represented that
of the surrounding carbon steel.

i

5.2 Vessel V-8A Posttest Materials Characterizations

! W. J. Stelzman R. K. Nanstad
T. D. Owings, Jr.

A posttest sharacterization of the weld metal from the low-upper-
shelf longitudinal seam weld in vessel V-8A was begun. Tensile and CVN
specimens were machined f rom the veld metal. The results of tests of W-
and L-oriented tesc11e specimens are presented in Table 5.1. Orientation
has a !1ight ef fect on the yield and ultimate stresses. The average
values ranged f rom 402 to 423 MPs and 502 to 525 MPa for the yield and
ultimate stresses, re spe ctively. The ductility values show little ef fect
of orientation. Average ductility values ranged f rom 17.1 to 18.6% for
total clongation and 53.6 to 54.8% for the reduction of area. The elastic +

modules results showed greater scatter from the L-oriented specimens.
The results of WL-oriented weld metal CVN specimens also tested over

a temperature range of -73 to 260*C are shown in Fig. 5.8. Salient tran- a

sition temperatures were 48'C at 34 J, 44'C at 0.64-am lateral expansion,
and 47'C at 50% ductile fracture. The onset of upper shelf (100% ductile
f racture) occurred at 107'C, and the upper-shel f energy is ~57 J.

r
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Table 5.1. Tensile properties (6.4-mar-diac
specimens. strain rate 0.016/ min) of weld

metal from the submerged-arc repair
weld in vessel V-84 at 1498C

.

Stres se s Ductility
IE* ) III Elastic

*modulus
Total ReductionYi el d" Ultimate b (GPa)

elongation of area
__

L orientation #
429 525 18.7 54.3 205
417 525 18.6 53.0 187

W orientationd
403 502 16.9 52.9 234
401 502 17.3 56.7 231

"0.2% offset.
bGage length to gage diameter = 5.

# pecimen length parallel to welding directionS

L; fracture transverse to L.

dSpecimen length perpendicular to L; f recture
along centerline of weld. .

.
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6. STAINLESS SIEEL CLADDING INVEST.'GATIONS

The study of stainless stool cladding has been mostly centered around
a series of clad plate tests. The purpose of these tests was to investi-.

gate the influence of the cladding on crack initiation, growth, and ar-
rest. Further testing has been suspended until additional information is
available on the influences that irradiation has on the fracture charac-.

teristics of the cladding. (Those invc atisa tions are reported in Chap. 3

of this report.) However, in preparation for testing of a more proto-
typical cladding in the future, a contract was finalized with Combustion
Engineering Company to prepare stainless steel clad plate material using
a series-arc three-wire process. The plates are to be delivered early in
FY-1984.
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7. ENVIRONMENTALLY ASSISTED CRACK GRONIH STUDIES *

W. H. Bamfordt L. J. Ce schinii

.

7.1 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 f alls into four maj or
areas:

e corrosion f atigue crack growth tests in simulated pressurized-water
reactor (PWR) environment,

e static load KISCC tests in simulated PWR environment,
e fractographic examination of specimen fracture surf aces, and

| e characterization of environment by measurement of electrochemical
potential.

7.2 Fatiane Crack Growth Results
i'
! Recent results have shown that different levels of environmental

enhancement can occur in the crack growth rate properties of pressure
vessel steels in water environments. These levels of enhancement have *

been found to be related to two main f actors, the chemistry of the mate-
rial and the water environment conditions. Both of these factors are

! under active investigation in this program, the former having been care- *

| fully considered through completion of a test matrix reviewed in the pre-
| vious progress report1 and reported in detail in Ref. 2. The effects of
'

water chemistry and environmental conditions on environmental enhancement

have been recently reviewed by Scotts and will be further investigated in
this program in future work.

Fatigue crack growth tests during this report period have concen-
trated on two areas. The first involved participation in the round robin
- test program for corrosion f atigue at high R ratio, which is being coor-
dinated by the International Cyclic Crack Growth Rate (ICCGR) Review
Group, and the second is a new thrust toward be tter characterizing the
ef fect of materials chemistry on environmental enhancement.

The round robin test program is being carried out by approximately
12 different l aboratories throughout the world. The test conditions are

very straightforward and were de signed to be carefully followed by each

* Work sponsored by HSST Program under Union Carbide Corporation-
| Nuclear Division (UCC-ND) Subcontract 11X-21598C be tween UCC-ND and ,

| Westinghouse Electric Corporation, Nuclear Technology Division.
iWestinghouse Electric Corporation, Power Systems, Nuclear Tech-

nology Division, Pittsburgh, Pa.15230. '

!
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laboratory. Spe cif ically, the test loading conditions are as follows:

Initial AK 11 MPa* 6
Frequency 17 mHz

* Load form sine wave
R 9.7

*
The material chosen for the test specimens is an cider heat of A533B

i

class 1 steel, expected to have a reasonable sensitivity to environmental'

ef fects on crack growth, having a sulfur content of 0.013 wt %. The;

specimen was tested under constant load amplitude conditions as speci-
fled, and the following water chemistry was maintained:

Conductiv ity 1 paho/cm
ph 9 at room temperature
Dissolved oxygen 5 ppb
Hydr oge n 50 standard ca /kg H,0s

Temperature 288'C

Figure 7.1 shows that the crack growth rate results displayed the
expected degree of environmental enhancement. The crack growth rate in-
creased quickly from the beginning of the test and then began to increase
at a slower rate once the rate reached 10-s am/ cycle at AK n 15 MPa 6
The observed growth rates followed the ASME Sect. XI reference lawd for
high R ratio very well.

, ,

|
The crack growth rate behavior observed in this test is similar to

! that observed for another heat of A533B class 1 plate (designated PN),
which was tested earlieri and contained 0.016 wt % sulfur. The crack,

growth rate results for this plate are shown in Fig. 7.2. Another ex-
ample of similar behavior is heat "IN," which had 0.026 wt % sulfur and
is shown in Fig. 7.3. 'Ihus , the behavior observed in the round robin

,

' specimen was typical of other results obtained for similar materials in
this program. For reference, the material chemistry of all the materials
discussed in this report is s amarized in Table 7.1.

Table 7.1. Material chemistries matrix study of sulfur ef fects

El ement s
Specimen

C Mn P S Si Ni Cr No Cu V Co

A5338 class 1

Heat IN 0.21 1.26 0.012 0.026 0.25 0.47 0.47 0.19
He a t 7W 0.21 1.38 0.008 0.004 0.21 0.67 0.56 0.08
Heat W7 0.23 1.40 0.005 0.004 0.25 0.70 0.57

* Best FN 0.21 1.33 0.012 0.016 0.22 0.56 0.54 0.13
Best 002 0.21 1.28 0.006 0.025 0.24 0.56 0.53 0.12

Romad robin 3.17 1.32 0.008 0.013 0.23 0.59 0.05 0.55 0.10 0.004
*- material

t

i
|
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The second area of emphasis during this report period was the begin-
ning of a new investigation into the ef fect of material chemistry on en-
vironment enhancement of crack growth. This work will involve detailed
study of a heat of high-sulfur plate material, typical of the olde st

,

materials in service in operating plants. The crack growth characteris-'

,

tics will be studied as a function of temperature and f requency of load-
ing. This behavior will be evaluated relative to the propensity of the
material to exhibit cracking under static loading, as measured through'

*

bolt-load static-loaded specimens and constant extension rate tests.
To provide a basic characterization, the first of two tests on this

heat, labeled "OQ2," was completed during this report period. The test
was carried out at one cycle per minute with a sine wave loading and R

! ratio equal to 0.2 to provide a base for comparison with the wide variety
of materials that have now been tested under this identical set of con- ,

ditions. The results are shown in Fig. 7.4 and demonstate that this'

heat has at least as much environmental enhancement as any heat tested
to date. The crack growth results for this test show rates somewhat in
excess of the Sect. II ref erence growth law at high values of applied
stress-intensity factor range AK.

For comparison, crack growth results previously reported for another
high-sulfur heat, plate "IN," tested under the same loading conditions,
are shown in Fig. 7.5. The next tests of this new heat OQ2 will be per-
formed at R = 0.7, af ter which the frequency and temperature dependence
will be studied. Fracture surf ace study as well as antallography will
be done to help in understanding the mechanism of environmental enhance-

' * ment.

' 7.3 Crack Growth Behavior in Static Tests

The behavior of cracks in the steels and welds of interest in a
water environment has been under investigation using bolt-loaded speci-
mens since 1974. The specimens are WOL-type, 2.54 as thick and loaded to
a fixed displacement by a bolt of the same material. The specimens are
positioned in the bottom of two of the operating corrosion f atigue auto-
claves.

Crack propagation under static load has been observed in several
samples of the 19 specimens that have been tested thus f ar. Thirteen
remain in testing, including specimens of A508 Class 2, A533B Class 1, a
Linde 124 weld, and two heat-af fected zones. No further crack propaga- ,

tion was observed in this report period.
|
1

7.4 Characterization of Water Environment Throuah
Potential Measurement

>

The ef fects of environmental conditions on the level of enhancement '

of f atigue crack growth for pressure vessel steels have been studied in
,

considerable depth in the past several years. A good ref erence on this
subj ect is the work of Scott.: It has been proposed that the environment
interacts with the material in the crack-tip region in a usaner dependent

4
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on the crack-tip strain rate. It has been sugge sted, and there is some
experimental evidence to show, that small amounts of oxygen in the water
can have a marked influence on the amount of environmental enhancement.
The experimental evidence of this behavior has came primarily from con-,

stant extension rate tests (CERT)s with very caref ully controlled oxygen i

l ev el s. The precise level of oxygen in the water in a large autoclave
is difficult to determine, because it can change as a result of the many
oxidizing reactions taking place both on the test specimen and the auto- *

,

clave itself.
'

The most reliable way of characterizing the environment as it could
influence corrosion f atigue has been found to be measurement of the elec-
trochemical potential of the system. This measurement technique has been
used for many years in low-temperature pressurized environments, and in

the last few years, a,ttempts have been made to develop means for its ap-
1 plication to the LWR environment. Efforts in this area have been aided

j immeasurably by the work of the ICOGR Review Group.
During the past 2 years,, the available measurement methods have been

discussed in depth within this group, and virtually every method has been
tried by at least one laboratory. Experience with the various electrodes
has been collected through a detailed survey conducted of the members,
and results showed that the two most reliable systems are the silver-
silver chloride (Ag-AgC1) system developed by Andresen,8 and the hydrogen

i ref erence electrode. Both these systems are being developed for instal-
lation on the Westinghouse autoclaves.

The Andresen Ag-AgC1 electrode is mounted externally on the environ-
mental chamber and is shown in Fig. 7.6. The device consists primarily '

of a 0.32-ca-dien silver rod in a solution of 0.1-M potassium chloride,
which acts as a bridge. Porous zirconia is used as a separator be tween

,
the liquid bridge and the environment. The reference electrode must be
kept cool and pressurized, and horizontal installation is preferred.
Experience with this apparatus by other laboratories has been relatively
good, with same reporting long service times before the electrolyte was

' dispersed through the porous plug and the operability impaired. A second
j problem associated with the f ailure of this electrode is the contamina-
j tion of the environment with chloride s. For this reason, and to extend

service life, this ciectrode will first be installed in a separate chan-,

;

ber at the exit of the chamber, which may be isolated.
A hydrogen electrode will be installed in this maall chamber as well

and will also be installed in the autoclave itself near the specimen. A
; cross-se ctional sketch of this electrode is shown in Fig. 7.7. The elec-
; trode is formed from a closed-end tube of palladium-silver alloy pres-

surized on the inside with pure hydrogen. The alloy tube is encased in a
perforated sleeve that allows water to be trapped be tween the alloy tube
and the sleeve, whero it is saturated with hydrogen permeating through
the wall of the alloy tube. The electrode acts as a hydrogen ref erence
electrode. The advantage of this system is that its f ailure does not

,

result in any contamination of the autoclave environment, because there
is a hydrogen overpressure at all times.

These systems have been aesigned and built, and they are currently ,

in the final stages of installation on one autoclave sy s t em. Checkout of
the system is expected to be completed during the next report period, and
operational results should become available during that time frame.

.
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Another survey is now being conducted by the IC(ER group, and re-
salts are expected to form the basis for the reliable comparison of dif-
forent autoclave systems and for accurate characterization of water en-

o vironments.
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CONVERSION FACTORS

SI unit English unit Factor

mm in. 0.0393701

cm in. 0.393701

m ft 3.28084

m/s ft/s 3.28084

kN lb 224.809g

kPa psi 0.145038

MPa ksi 0.145038

MPa W ksi 6 0.910048

J ft Ib 0.737562 , ,

K *F or *R 1.8

kJ /m2 in.-lb/in.2 5.71015 -

W m-2 K-2 B tu / h-f t 2 * F 0.176110

kg Ib 2.20462

kg/m8 lb/ia.: 3.61273 x 10-8

mm/N in./lb 0.175127
f

T(*F) = 1.8 T(*C) + 32
#
Multiply SI quantity by given f actor

to obtain Englich quantity.
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