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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
used in light-water—cooled nuclear power reactors. The program is being
carried out in close cooperation with the nuclear power industry. This
report covers HSST work performed in January—March 1983. The work per—
formed by Oak Ridge National Laboratory (ORNL) and by subcontractors is
managed by the Engineering Technology Division., Major tasks at UKNL areé
carried out by the Engineering Technology Division and the Metals and
Ceramics Division. Prior progress reports on this program are ORNL-4176,
ORNL-4315, ORNL-4377, ORNL-4463, ORNL-4512, ORNL-4590, ORNL-4653, ORNL--
4681, ORNL-4764, ORNL—-4816, ORNL—-4855, ORNL-4918, ORNL-4971, ORNL/TM-4655
(Vol. II), ORNL/TM-4729 (Vol. II), ORNL/TM-4805 (Vol. II), ORNL/TM-4914
(Vol. II), ORNL/TM-5021 (Vol. II), ORNL/TM-5170, ORNL/NUREG/TM-3, ORNL/
NUREG/TM-28, ORNL/NUREG/TM-49, ORNL/NUREG/TM-64, ORNL/NUREG/TM-94, ORNL/
NUREG/TM-120, ORNL/NUREG/TM-147, ORNL/NUREG/TM-166, ORNL/NUREG/TM-194,
ORNL/NUREG/TM-209, ORNL/NUREG/TM-239, NUREG/CR-0476 (ORNL/NUREG/TM-275),
NUREG/CR-0656 (ORNL/NUREG/TM-298), NUREG/CR-0818 (ORNL/NUREG/TM-324),
NUREG/CR-0980 (ORNL/NUREG/TM-347), NUREG/CR-1197 (ORNL/NUREG/TM-370),
NUREG/CR-1305 (ORNL/NUREG/TM-380), NUREG/CR-1477 (ORNL/NUREG/TM-39%3),
NUREG/CR—-1627 (ORNL/NUREG/TM-401), NUREG/CR-1806 (ORNL/NUREG/TM-419),
NUREG/CR—-1941 (ORNL/NUREG/TM-437), NUREG/CR-2141/Vol. 1 (ORNL/TM-7822),
NUREG/CR-2141, Vol. 2 (ORNL/TM-7955), NUREG/CR-2141, Vol. 3 (ORNL/TM-
8145), NUREG/CR-2141, Vol. 4 (ORNL/TM-8252), NUREG/CR-2751, Vol. 1 (ORNL/
TM-8369/V1), NUREG/CR-2751, Vol. 2 (ORNL/TM-8369/V2), NUREG/CR-2751,
Vol. 3 (ORNL/TM-8369/V3), and NUREG/CR-2751, Vol. 4 (ORNL/TM-8369/V4).
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SUMMARY

1. PROGRAM ADMINISTRATION AND PROCUREMENT

The Heavy—Section Steel Technology (HSST) Progrem is an engineering
research activity conducted by the Oak Ridge National Laboratory (ORNL)
for the Nuclear Regulatory Commission in coordination with other research
sponsored by the federal govermment and private organizations, The pro-
gram comprises studies related to all areas of the technology of materials
fabricated into thick—section primary—coolant contaimment systems of
light-water—cooled nuclear power reactors. The principal area of investi-
gation is the behavior and structural integrity of steel pressure vessels
containing cracklike flaws. Current work is organized into the following
tasks: (1) program administration and procurement, (2) fracture-mechanics
analyses and investigations, (3) investigations of irradiated materials,
(4) thermal—-shock investigations, (5) pressure vessel investigationms,

(6) stainless steel cladding investigations, and (7) envirommentally as—
sisted crack-growth studies.

The work performed at ORNL and under existing research and develop-
ment subcontracts is included in this report. During the quarter, eight
program briefings, reviews, or presentations were made, and two technical
reports were published.

2. FRACTURE-MECHANICS ANALYSES AND INVESTIGATIONS

A modified deformationplasticity formulation has been incorporated
into the ADINA-CRVIRT fracture-mechanics analysis system for application
to pressurized—thermal-shock (PTS) conditions. The formulation incorpo—
raetes a thermal-strain modification and has been applied to a previously
analyzed center—cracked plate. '

Jn its HSST support program, Battelle Columbus Laboratories (BCL)
carried out work in support of PIS technology, crack-initiation tests, and
crack-arrest studies. In connection with their PIS studies, the litera-
ture was reviewed to identify wide—plate crack—arrest tests with suffi-
cient information available to allow dynamic finite—element analyses to be
performed. Two types of finite—element analyses were performed for double—
tension tests conducted in Japan, and tke results were compared witk pub-
lished data and analyses. The crack—initiation work included a new series
of thermal-shock experiments (TSEs) on TSE-5A steel that addresses reini-—
tiation toughness values measured with compact specimens. Crack-arrest
tests were carried out for TSE material with three different heat treat-
ments, and KIa values were obtained at temperatures associated with the

upper—shelf of Charpy V-notch impact tests. Plans were developed for
crack-arrest tests at lower temperatures for the low—upper-shelf weld
metal from intermediate test vessel (ITV)-8A,

The study continued at the University of Maryland on the transition
from ductile fracture at high temperatures to brittle cleavage at lower
temperatures. Charpy testing of ASO8 material was performed, topological
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and microstructural examinations of an A533B material were made, improve-
ments were made to the finite—element code SAMCR, and analysis work was

performed to support ESSO—type test planning,

~

3. INVESTIGATION OF IRRADIATED MATERIALS

Charpy V-notch tests on unirradiated (control) specimens from the
Fourth HSST Irradiation series (state-of-the—art weld metal) have been
essentially completed by Materials Engineering Associates (MEA) and ORNL,
and statistical analyses of the data have been performed. Scoping tests
on irradiated specimens have been completed and test temperatures assigned
for the main matrix, A contract was placed with MEA for capsule construc—
tion and irradiation (at the Nuclear Science and Technology Facility at
the State University of New York in Buffalo) of one-wire stainless—steéel-
clad specimens., Charpy tests were performed on unirradiated clad speci-
mens, and the data showed variations that are attributed to the metallur—

" gical structure of this multilayer cladding.

4. THERMAL-SHOCK INVESTIGATIONS

The computer code CGCA-IY was modified to include finite—length flaws,
and a parametric study was conducted to determine the advantage in replac—
ing two~dimensional flaws in its modeling with specifi¢ finite-length
flaws, Collection of material properties continued in support of the
planned TSE-7, and a preliminary thermal shock was applied to the unflawed
TSE-7 cylinder to ensure that an appropriate shock can be achieved.

5. PRESSURE VESSEL INVESTIGATIONS

Posttest evaluoation of intermediate test vessel V-8A continued with
measurement of properties of the low—upper—shelf weld seam and determina-
tion of flaw geometry. Preparations are being made for the first PTS
test (PTSE-1). Two test vessels are being fabricated — one to be used for
testing of the PTS experimental facility and the other for the first ex—
periment, PTSE-1., Fracture-mechanics analyses that correspond to candi-
date transients for the PTSE-1 were made with upper—shelf behavior being
considered explicitly for the first time. Further developmental tests
of seals, thermocouples, and other apparatus were conducted, and test fa—
cility construction was nearly completed. Material property studies were
‘continued -for the purpose of defining the des1red heat treatment of the
vessel for PTSE-1,
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3 6. STAINLESS STEEL CLADDING INVESTIGATIONS

Further testing of one-wire-clad plate specimens has been deferred
until data on the effects of irradiation have been obtained. Purchase
specifications were prepared for procurement of three—wire series—arc—clad
plates for future study. Metallographic examinations were made of the
. multilayer one—wire cladding, and a higher than anticipated degree of
dilution was observed. The inclusion of such material in the clad plate
and irradiation investigations should provide data relevant to the behav-—
ior of similar cladding that is actually in use.

7. ENVIRONMENTALLY ASSISTED CRACK-GROWTH STUDIES

Westinghouse Electric Corporation’s Power Systems, Nuclear Technology
Division continued their studies to characterize the effects of chemistry
on the environmentally assisted acceleration of fatigue crack growth,
Further tests were completed on A533B material with an intermediate sulfur
content, and the data revealed a relatively high susceptability to envi-
ronmental enhancement. Further comparisons were made of the fracture
surfaces of statically loaded and cyclically loaded specimens. Prepara-
tions are being made to study the effects of the rate of water flow over
specimens by the use of an electrochemical potential system.



HEAVY-SECTION STEEL TECHNOLOGY PROGRAM QUARTERLY
PROGRESS REPORT FOR JANUARY—MARCH 1983*

C. E. Pugh
ABSTRACT

The HBeavy—Section Steel Technology (ESST) Program is an
engineering research activity conducted by the Uak Ridge Na-

. tional Laboratory for the Nuclear Regulatory Commission., The
program comprises studies related to all areas of the technol-
ogy of materials fabricated into thick-section primary—coolant
containment systems of light-water—cooled nuclear power reac-—
tors. The investigation focuses on the behavior and struc-
tural integrity of steel pressure vessels containing cracklike
flaws., Current work is organized into seven tasks: - (1) pro—
gram administration and procurement, (2) fracture-mechanics
analyses and investigations, (3) investigations of irradiated
materials, (4) thermal-shock investigations, (5) pressure ves-—
sel investigations, (6) stainless steel cladding investiga-
tions, and (7) envirommentally assisted crack-growth studies.

A thermal-strain modification was made to the deformation—
plasticity model in the ADINA-ORVIRT fracture-mechanics analy-
sis 'system in order to be more applicable to combined pressure
and thermal loadings. Subcontractors continued studies on
crack arrest, cleavage fracture transition, and envirommen—
tally assisted crack growth. Charpy testing of state—of—the-
art weld specimens in the Fourth HSST Irradiation Series was
performed on unirradiated specimens and on a few irradiated
specimens for scoping purposes. A contract was placed for the
irradiation of one-wire cladding specimens. Finite—-flaw capa-
bilities were incorporated into the OCA-II computer code, and.
parametric studies were carried out to compare fracture pre—
dictions with two-dimensional and specific finite flaws.
Preparations continued for thermal-shock experiment TSE-7 to
be conducted in May. Preparations for the first pressurized-
thermal-shock experiment continued: the contractor is nearing
completion of facility construction; analyses that explicitly
consider upper—shelf behavior have been performed; and devel-
opmental tests on seals, thermocouples, and other facility ap—
paratus have been carried out.

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



1. PROGRAM ADMINISTRATION AND PROCUREMENT

C. E. Pugh

The Heavy—Section Steel Technology (HSST) Program, a major safety
program sponsored by the Nuclear Regulatory Commission (NRC) at the Oak
Ridge National Laboratory, is concerned with the structural integrity of
the primary systems [particularly the reactor pressure vessels (RPVs)] of
light-water—cooled nuclear power reactors, The structural integrity of
these vessels is ensured by (1) designing and fabricating RPVs according
to standards set by the code for nuclear pressure vessels, (2) detecting
flaws of significant size that occur during fabrication-and in service,
and (3) developing methods of producing quantitative estimates of con—
ditions under which fracture could occur. The program is concerned
mainly with developing pert1nent 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 conditionms
of this type of reactor plant, A

The program is coordinated with other government agencies and with
the manufacturing and utility sectors of the nuclear power industry in the
United States and abroad. The overall objective is a quantification of
safety assessments for regulatory agencies, for professional code—writing
bodies, and for the nuclear power industry. Several activities are con—
ducted under subcontract by research facilities in the United States and
through informal cooperative effort on an international basis. Three re-
search and development subcontracts are currently in force.

Administratively, the program is organized into seven tasks, as
reflected in this report: (1) program administration and procurement,
(2) fracture—mechanics analyses and investigations, (3) investigations
of irradiated material, (4) thermal-shock investigations, (5) pressure
vessel investigations, (6) stainless steel cladding investigations, and
(7) envirommentally assisted crack-growth studies.

During this quarter, eight program briefings, reviews, or presenta-
tions were made by the HSST staff at technical meetings and at program
reviews for the NRC staff or v1s1tors. Two technical reports were pub-—
lished.1,2

References
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Integrity During Overcooling Accidents: A Parametric Analysis, NUREG/
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2. FRACTURE-MECHANICS ANALYSIS AND INVESTIGATIONS

2.1 Deformation Theory of Plasticity with
Initial Thermal Strains

B. R. Bass® R. H. Bryan
J. W. Bryson J. G. Merkle

2.1.1 Introduction

A previous report! described implementation of a deformation—plas-—
ticity material model in the ADINA—ORVIRT fracture-mechanics (FM) analy-
sis system.2,3 The two— (2~D) and three—dimensional (3-D) finite—element
formulations of this model are essentially those of deLoremzi and Shih4
but are modified to incorporate a multilinear stress—strain curve. The
deformation—plasticity approach has distinct advantages over the more
common incremental flow theory, namely computational economy and numeri-
cal stability.

Certain studies of fracture phenomena, such as those associated with
pressurized—thermal shock (PTS) (see Sect. 5 of this report), require ‘
that cracked structures be analyzed for combined thermal and mechanical
loads. A method is proposed here that modifies the isothermal deforma-
tion-plasticity formulation of Ref. 4 to account for the presence of
thermal strains, The modification is strictly valid for hyperelastic
materials, but an approximation to incremental thermo—elastic—plastic
theory can be achieved if there is no unloading and the departure from a
radial stress path is not severe.

The following section presents a summary of the deformation—plas-
ticity formulation that incorporates the proposed thermal-strain modifi-
cations. For brevity, only the essential alterations to the development
of Ref. 4 are presented here. This is followed by an application of the
modified technique to a center—cracked panel previously analyzed by
Ainsworth et al.® A second application to a thermally shocked interme—
diate test vessel (ITV) is presented in Sect. 5 of this report.

2.1.2 Thermal-strain modifications

In the general 3-D formulation, the components of the total strain
tensor are expressed as the sum of the elastic straimns, the plastic
strains, and the free thermal expansion strains:

le = giJ + gl:j + 3'{j . (2.1)

‘Computer Sciences Division, Union Carbide CorporatiomNuclear
Division (UCC-ND).



When substitution is made for the conventional relations between strains,
stresses, and temperature, Eq. (2.1) becomes

1+ v 1—2v 3 Sij
€53 E Sij 3E Gkksij 2 s, e + aT8ij . (2.2)
Here, o.. are the components of the stress temsor, S.. =o., — 1/3 ¢,..5. .

i kk'ij
are the deviatoric stress components, o, = (3/2 Si.Si.)l/z is the effec—

tive stress, & is the effective plastic strain, T is the temperature, a

is the coefficient of thermal expansion, E is Young's modulus, and v is
Poisson's ratio. Setting i = j in Eq. (2.2) and using S.. = 0, it fol-
lows Lhat 3

E .
Sk =1 =2 (ekk — 3aT) . , (2.8)

Equation (2.2) can be inverted to yield an expression for the éomponents

of the stress tensor,

E « vE

Oy ST e By T ) Y T = 2w

(ekk - 3aT)6ij

3 E

€
P
31+ 3 Sij . (2.4)

e

By substituting Eq. (2.2) into the definition of the deviatoric strain

1 )
eij = sij -3 ekkaij , (2.5)
it can be shown that
1+ v 3‘5p
= + - — R . v.
eij E Sij 2 = Sij (2.6)

When Eq. (2.6) is used in the definition of the effective strainm,

2 1/2 '
e =\lTe..e.. . (2.7)
e 3 "ij ij .



it follows that

_ 2 (1 + v) .
e, = 3 E % ep . (2.8)

From Eqs. (2.6) and (2.8),

[

°ij  “ij
3¢ = 5 - . (2.9)
e €

Equation (2.8) and the equation resulting from substitution of Eq. (2.5)
into Eq. (2.9) can be used to eliminate Sij and ep from Eq. (2.4),

E 2 o, 1
= — - + - — —_ -
cij 31 = 29 (ekk 3aT)8ij 3 e (eij 3 ekksij) . (2.10)
Introducing the relation
eij = sij - aTSij . (2.11)
into Eq. (2.10) gives
E 2 °, 1
= ——— ' 3 + - — r - - [
% T3 = 2w Skk¥ij T30 %i; T3 Cmdiy) - (2.12)

o©

For finite—element applications, a convenient matrix relation for
evaluating the stress temsor is given by

Cia €11
’
G2z €22
’
O33 €33
=|D| )5, , (2.13)
Ci2 €12
[
%39 2e,,

1}
31 2e3,



where

1 1 1 0 0 0] 2 -1 -1 0 0 - 0
1100 0 2 -1 0. 0 0
_ 1 00 0 2 0 0 0
[D] =G "0 0 of TG 1.5 0 0
0 0 1.5 0
Lsymmetric 0] Lsymmetric 1.5
and
E 20
e
“Tsa i G TS -

In the absence of thermal strains, Eq. (2.13) for the stress tensor re—
duces to Eq. (2.12) of Ref. 4. The effective stress o_ in Eq. (2.13) is
evaluated from Eq. (2.8), and an appropriate effectiveestress—effective
plastic strain curve is usually taken from a uniaxial tensile test.

Formulations for 2-D plane stress, plane strain, and axisymmetry
cases can be obtained from Eq. (2.13) by introducing the necessary modi-—
fications previously outlined in Ref. 4 for the isothermal case. For
plane stress conditions, ¢ =0y, = 0C = 0. N

From Eq. (2.13),

33 23

E
%3 T 3(1 - 2v) (81, *+ &5, + 83,)
2o
e
* o e (Tein T oeg, *2e5,) (2.14)
e
Thus, v,, = 0 implies
’ ———._——_1-B ' r '
835 ~ 1+ 2B (e;; +23,) (2.15)
where
2 (1-2v) ¢
. (2.16)
B = 3 E e

©



A \
When Eq. (2.15) is substituted into Eq. (2.13), thc plane—stress con—
~stitutive relation has the matrix form given by

11 BE 2+ 1-68 0 el
= ’

%22 T (1 = 2w (1 + 2B) 2+ 0 €1, ) - (2.17)

c symmetric 0.5 + B 2e!,

12

In the plane—stress case, thé effective slraiu e is obtaincd from Eq.

(2.5) (written in the form ¢, = e!. — 1/3. &/ 6..) and from Eqs. (2.7)
and (2.15) as 1} 1) kk ij

41+p +p> . 4 1 2
e2 = - ————— (g;, + €;,) ~ 3 €11852 * 3 (2e5,) . (2.18)

o 3 (14 2B)°

The effective stress o  is again found from Eq. (2.8).
For plane-strain conditions given by e,, = ¢,, = ¢,, = 0, Eq.
(2.13) reduces to .

Gy, 1 1 1 0 2 -1 -1 0 g,, — oT
6,0 _ 1 1 0 2 -1 0 e,, — aT
s,, Ca 1 oG 2 0 —aT - (2.19)
G, symmetric 0 symmetric 1.5 2e,,
Thus, the o,, stress component is given by the relation
0., = (C, —C,)(e,, + €&,,) = C, 3aT . ' (2.20)

The remaining stress components are conveniently determined from the
expression ‘ .

Oy1 1 1 0] 2 -1 0 e,, — kaT )
6, = |Cy 1 0] + C, 2 0 €,, — kaT} , (2.21)
Gy, ‘ symmetric 0 symmetric 1.5 2e,,
\\\
where
3C1 N
k=77"T"71"1. ' (2.22)

2c, + C, ]



For the linearly elastic case, it can be shown that

C £ :
27 3(1 4+ v) "’
and
k=(1+v) .
Finally, for the axisymmetric case, the constitutive relation be-
comes

P 1 1 n 1 2 -1 0 -1 E1q
PP G 1 0 1, 2 0 =1’ €5,
oy, ¢, o of*C 1.5 off )28t - (223
Gy, symmetric 1 symmetric 2 €y,

2.1.3 Numérical applications

The modified deformation—plasticity formulation of the previous sec—
tion has been implemented in the ADINA—ORVIRT system2,3 and is applied
here to a center—cracked plate previously analyzed in Ref. 5. The plate
configuration shown in Fig, 2.1 is subjected to a uniform tensile stress
o and a parabolic temperature distribution given by

2

T(y) = AT (%) , | (2.24)
and
1.8 cy
AT = —p— . . (2.25)

Here, o_ is the yield stress in uniaxial tension, and y is measured from

the veuler vf the crack. An elastic—perfectly—-plastic material model is
assumed. :

Figure 2.2 shows the finite—element discretization used to model
one—quarter of the plate for the 2-D plane—-stress analysis. The model
consists of 713 nodes and 216 isoparametric elements. The details of the
model near the crack tip (Fig. 2.2) illustrate the collapsed wedge ele—
ments with midside nodes that allow for a 1/r singularity at the crack
tip.® 1In the collapsed elements, the nodes that initially share the same
locations at the tip will separate with increasing load to allow for
blunting of the crack. '
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Fig. 2.1. Center—cracked plate subjected to a parabolic temperature
distribution and uniform tensile loading.
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Fig. 2.2. Finite—element discretization of center—cracked plate.
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The thermal load represented by Egqs. (2.24) and (2.25) was applied
to the model first, followed by application of the uniform mechanical
load o. The extent of the plastic zone around the crack tip at selected
values of the applied load is shown in Fig, 2.3, Energy release rate
values Ge, normal ized by the thermoelastic value Ge’ are depicted in

Fig. 2.4 as a function of applied load. For comparison, results obtained
for the G, parameter in the analysis of Ref. 5 are also included in this

figure.

ORNL-DWG 83-4938 ETD

MECHANICAL LOAD: ¢ (UNIFORM})

THERMAL LOAD: T = AT (y/w)?
AT = 18 0y/Ea

CENTERLINE

™~ CENTERLINE
CRACK FACE CRACK TIP

" i

l

I

Fig. 2.3. Extent of plastic zones around crack tip at selected
values of applied stress.
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Fig. 2.4. Normalized energy release rate values as functions of
applied stress o (normalized by room temperature yield stress o ) for
center—cracked plate. y

2.2 BCL HSST Support Program®

A. R. Rosenfield! C. W. Marschalll
T. A. BlshupT J. K. MuCuyT
A. J. Markworth' P. N. Mincer'

’ D. K. Shetty!

2.2.1 Task 1: Administration — lntroduction and summary

The objective of the Battelle—-Columbus Laboratory (BUL) Heavy—Sec—
tion Steel Technology (HSST) Support Program is to provide research on
material properties associated with thermal-stress fracture of reactor-—
pressure-vessel (RPV) steels. Its emphasis is on the toughness asso—
‘ciated with crack arrest. The program consists of four research tasks.

Task 2 research during the report period has been confined to plan—
ning future BCL crack—-arrest experiments., The next series of tests will
be on low-upper—shelf weld metal from ITV V-8A.

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

TBattelle—Columbus Laboratories, Columbus, Ohio.
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In Task 3 (crack initiation), a new series of experiments using
TSE~5A steel confirmed that the reinitiation toughness mcasured with com—
pact specimens provides values representative of full-scale results.

More importantly, the toughness associated with reinitiation of an ar-
rested cleavage crack is lower than that associated with reinitiation
after crack blunting or ductile tearing. On the other hand, the scatter
in reinitiation toughness is on the order of that associated with fatigue
precracks, even when only reinitiation after cleavage is considered. To
illustrate the extent of the scatter, the compact—specimen reinitiation
data shown at 0 and 16°C bracket those of the four jumps in TSE-5A (tem-—
perature range from —11 to +21°C). Additional fractographic data on rap-
idly loaded fatigue—precracked specifieis of TSE=6 mulerial aie reported.
The micromechanism of c¢leavage triggering was found to be complex, with
both sulfide and carbide cleavage origins identified. In some cases,
apparent multiple origins were found. :

The Task 4 research emphasized experiments carried out on TSE steel
with three different heat treatments with the goal of obtaining crack-
arrest (Ka) data on the upper shelf. For all three heat treatments, Ka

values were obtained at temperatures associated with the upper shelf of
Charpy V-notch impact tests. Even so, no evidence of upper—shelf behav-—
ior was obtained for the crack—arrest specimens. Two data points were
obtained at RTNDT + 100°C, matching the highest test temperature previ-

ously obtained at BCL and exceeding the literature maximum by about 15°C.
The data obtained at the highest temperature corresponded to the upper

shelf of the KIR curve and exceeded the plateau value of 220 MPa-./m.

(However, the K value obtained for a BCL specimen tested previously at

that temperatur% was slightly below the KIR shelf.) The high-temperature

data were obtained using a combination of procedure changes: use of du-
plex specimens, reduction of friction during crack propagation, and modi-
fication of the side—groove geometry.

In Task 5 (data base), computer programs for analyzing raw crack-—
arrest data, storing literature data, and performing statistical analysis
have been completed. The statistical program provides percentiles of the
K and temperature curves and their associated confidence intervals. It
hAs the virtue of allowing the scatter around the mean to depend on tem—
perature, which provides a more realistic description of the distribution
than does the temperature—independent variance usually assumed. Plans to
link this program with the data—generation and storage programs are dis-—
cussed, and examples of the statistical analysis are given,

2.2.2 Task 3: Crack initiation

The principal objective of Task 3 is to refine and validate the
single-specimen KIc/KIa test pruvedure. During thc ocurrent quarter, the

effect of precrack temperature on KIc at reinitiation was investigated.

In addition, the fractographic studies of TSE-6 were completed.

2.2.2.1 Reinitjation tests. There is a two—step procedure for re-
initiation of an arrested cleavage crack.’” A compact—crack—arrest speci-—
men is used to provide the cleavage precrack by transverse—wedge loading
as in a regular Ka experiment.® The crack then is reinitiated using the
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same wedge. A second clip gage is placed ahead of the load line, and the
KQ value associated with.reinitiation is calculated using the procedure

of ASTM E561 (R-curve determination). In previous reports,3,? it was
shown that this procedure can provide data comparable to large—cylinder
KIc and K a data for TSE-5A and -6.

The new results were obtained with 101.6 x 98.8 x 25.4 mm weld-
embrittled specimens from TSE-5A. Face dimensions on the earlier speci—
mens were both 150 mm., Inverted split pins were used successfully to
produce unstable cleavage cracks at higher temperatures than before in
six out of ten specimens. Those data are described in the crack—arrest
section (Sect. 2.2.3.2) of this report. Reinitiation also was carried
out using the inverted—split—pin arrangement.

Both earlier and new reinitiation results are given in Table 2.1.
Some of the tendencies that were suggested by the limited earlier data?
were not confirmed. Specifically, the added data do not result in either
a consistent trend of decreasing ratio of effective—to-physical crack
length with increasing Ka (precrack) or with a greater probability of

cleavage reinitiation with increasing K (precrack). All but one of the
new samples resulted in unstable cleavage reinitiation, It is not clear
whether this improved success is due to the higher precrack temperature
or the use of inverted split pins.

Because of the mixed success in initiating unstable fracture during
the precrack operation, some of the reinitiation experiments involved
precracks that resulted in blunting or small amounts of stable crack
growth., All of these points resulted in high values of cleavage—reini-
tiation K, and may be & manifestation of the warm—prestress effect.1®

Figure 2.5 illustrates all of the results. The data for both re—

initiation témperatures are plotted on the same graph. The new K.Q values

(precrack temperatures >60°C) tend to be lower than the earlier, low-
temperature, precrack data. Thus, a general trend towards higher X

values with decieasing precrack temperature is 1nd1cated on the graph.
The reason for this behavior is not clear,

TSE-5A reinitiation data are compared with the ORML oylindor re-
sults in Fig, 2.6. Only those data are included for which reinitiatiom
from an arrested cleavage crack was obtained. The compact—specimen
values bracket the cylinder values, suggesting that the compac¢t specimen
can be used to obtain reliable estimates of large—specimen data, The
16°C data appear to be lower than the 0°C data, but this is due to one
very low point at 16%C and one very high point at 0°C. It is believed
that these points are manifestations of the data scatter. To examine
this suggestion, the data at both temperatures were combined and plotted
as a Woibull distributiovnm in Fig. 2.7. 'The data fit the distribution
well, thus indicating that the temperature variation of K. between 0 and
16°C is much less important than the specimen—to-specimen variation at a
given temperature. The Weibull modulus for these data is 4, a value

characteristic of large scatter. The KIc values for the c¢ylinder are

shown for reference and to indicate that the compact—specimen reinitia—
tion data do indeed bracket the TSE data.

2.,2.2,2 Fractographic examination. The results of the fractographic
examination of fatigue—precracked 1TCT TSE-6 samples tested at high rate



Table 2.1.

Reinitiation of arrested cleavage cracks:

TSE-5A prolong,

second piece

Pretest Reinitiation
Specimen Disp:aciment Créc% l;ngth L a
No. Temperature K Temperature m nm Q
o (MPa - /&) o —0.25v  0.303w  a/w a_ /w (Mret/m
L . P eff
location location
150-mm face dimension
5A-107 27 65 0 b b b b b
-108 42 81 0 2.24 1.02 0.765 0.744 212
-109 51 88 0 0.86 0.37 0.733 0.693 92
-110 53 87 0 1.12 0.40 0.766 0.570 156
-111 53 94 16 1.85 0.88 0.723 0.788 154
-112 54 95 16 1.56 0.81 0.697 D.895 86
-113 22 63 0 1.80 - 0,86 0.738 9.795 146
-114 . 40 81 0 0.82 0.38 0.804 2.760 74
-115 42 70 16 b b b b b
-116 53 95 16 b b b b b
101.6-mm face dimension
5A-120 66 100 0 b b b b b
-121 66 94 0 0.76 0.37 0.795 0.813 59
-122 70 b 16 1.36 0.34 0.435 0.433 244
-123 66 b 16 2.11 0.83 0.871 0.741 203
-124 66 87 16 0.89 0.48 0.913 0.951 33
-125 66 87 0 0.79 0.36 0.932 0.744 75
-126 66 101 16 0.83 0.38 0.835 0.748 78
-127 79 b 16 1.60 0.47 0.433 0.484 263
-128 79 b 0 1.12 0.36 0.421 0.519 173
-129 70 152 0 1.09 0.46 0.571 ¢.677 122
%Calculated £
alculate rom aeff/w'

bStable tearing.

ST
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and at a temperature of 22°C were included in the previous report. Data
obtained for samples tested at 82°C have now been examined, and the com—
bined results are given in Table 2.2. Included in the table are fracture

toughness K.QJ (calculated from the total area under the load-displacement
s
curve), stable crack growth by dimple rupture (Aa, measured in the vi-

cinity of the cleavage origins), the number of cleavage origins in each
specimen, the location of the cleavage origin ahead of the stable crack
front (x), and the cleavage—triggering inclusion whenever it was identi-
fied. The majority of the specimens exhibited single, well-defined
cleavage origins; three specimens contained multiple origins. There was
no apparent correlation between fracture toughness and the number of
cleavage origins, As might be expected, fracture toughness did increase
with increasing amounts of stable crack growth. A more interesting ob-—
servation was that in specimens with no stable orack growth (Aa = 0),



Table 2.2. Summary of fractographic measurements on ranidly loaded
precracked 1T compact specimens of TSE-6 steel (A503 steel)

. Test. Stable crack Number of Cleavage—origin Cleavage—
Specimen temperature KQI growth [Aa) cleavage location (x) triggering
No. (o0) (MPa*: /m) ( . \ . .
: mm) origins (mm) inclusion
90-2 .22 180 0.05 1 1.74 g.b.c.?
86-1 22 86 0 1 0 ub
101 22 133 0 3 0.1, 0.2, 0.15 u, u, ,g.b.c.
102 ; 22 103 0 1 0 u
103 22 116 0 3 0.07, 0.08, O 1, v, ManS
104 22 84 0 e c e
90-1 83 276 0.6-0.7 2 2.0, 0.7 MnS, MnS
105 82 293 0.7 1 1.1 MnS
106 82 293 0.8 1 1.25 u
107 82 235 0.3 1 0.3 MnS
108 82 131 o . 1 ~0 u
109 82 217 0.08 1 0.175 MnS

8T

ag.b.c. = grain-bonndary carbide.

b . . . .
u = cleavage—triggering inclusion could not be identified, bet most of these

origins were located at graia bcunderies.

cCleavage origin could a0t be identified.
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fracture toughness appeared to correlate with the location of the cleav-
age origin relative to the fatigue—crack; that is, KQJ increased with

increasing x., This observation is, of course, consistent with the con-
cept of a critical value of tensile stress required to initiate cleavage
in the stress field of a crack, as included in the Ritchie—Knott~Rice
model.2? But the location of the cleavage origin (x) did not lend itself
to any simple microstructural interpretation. The characteristic dis—
tance x varied anywhere from 0 to 2 mm. For comparison, the largest
microstructural features in this class of steel are local variations in
hardness and grain size caused by carbon segregation, These variations
reveal themselves as bands that are almost 1 mm wide,?2

Two unexpected observations were made in this study. A significant
fraction of the cleavage fractures initiated at ManS inclusions of small
size (~1 um) instead of at the carbides usually considered to be imnitia-
tion sites. The authors are not aware of any similar observations in any
steels. However, Melander and Steninger®? found that sulfides crack at
considerably lower strains than does pearlite, If sulfides also crack
more readily than grain-boundary carbides in this A508 steel, they could
serve as cleavage nuclei. However, this does not explain the observation
that the microstructural features of the origins were not particularly
unusual for the steel, even though some cleavage origins were located as
far as 2 mm from the stable crack fronts, and in some cases cleavage oc—
curred only after significant amounts of stable crack growth. It is now
generally recognized, for exzample by Curry and Knott,4 that the charac-
teristic distance x must be viewed in statistical terms to account for
the distribution of the critical microstructural dimensions, namely, the
thickness of the grain—boundary carbides. The present observations sug-
gest that, at least in this quenched~and-tempered steel, a secondary mi-
crostructural feature is more important in locating the cleavage origin,
or the so-called "weak spot.'" One tentative suggestion based on the
fractographic examinations is that the secondary feature might be a col-
lection of forrite grains, poseibly within the same prior—austenite
grain, all of which have the same favorably oriented cleavage plames. A
similar observation has been made by Ogawa et al.*? Alternatively, the
weak spots may be associated with the segregation bands. A more positive
identification of the nature of the weak spots would be required, how-
ever, to fully understand the cleavage—triggering phenomenon and the as—
sociated scatter of fracture toughmess of RPV steels in the ductile—brit-
tle transition region.

2.2,3 Task 4: Crack arrest

The objective of Task 4 is to develop techniques to measure the
crack—arrest toughness on the upper shelf of the ductile—-brittle tran—
sition curve. During the current quarter, crack—arrest data were ob-—
tained at temperatures that correspond with the upper shelf of the Charpy
V-notch curve. Two successful experiments were carried out at tempera-
tures above those for which ESSO test data are available from Japanese
experiments. ’

2.2.3.1 Review of previous work. The last progress report?$
discussed the capacity of the current-design wedge—loaded compact




20

specimen to provide large Ka values. Several problems were noted:

1. the friction between the transverse—wedge—loaded specimen and the
support plate may inhibit rapid crack propagation,

2. the maximum value of initiation toughmess K is limited by notch—tip
plasticity, °

3. the static stress intensity at a given displacement decreases with
crack length, and

4, current specimen sizes may be too small.

It was suggested that use of the duplex compact specimenl$é will pro-
vide for higher K values. In addition, use of an inverted split pinl?
eliminates the clgmping action inherent in conventional transverse wedge
loading. Finally, the negative stress—intensity gradient can be elimi-
nated if the side grooves are contoured. These three modifications have
been made during the present quarter. Size increases have not yet been
investigated,

2.2.3.2 Inverted-split-pin loading results. The new series of re—
initiation specimens (101.6 x 98.8 x 25.4 mm) made from TSE-5A steel pro-
vided an opportunity to assess the inverted-split-pin loading using weld-
embrittled specimens, Existing BCL crack-arrest data obtained on weld-
embrittled specimens are limited to temperatures up to RT'NDT + 45°C,?

This limitation may be partly caused by the clamping action associated
with the usual pin design. In some respects, this clamping action is
beneficial because it allows the experiment to be run at conditions close
to fixed-grip loading. In contrast, use of the inverted split pin at

temperatures below RTNDT resulted in large postinitiation arm displace-

ment.® It was concluded that this extra specimen freedom might be har-
nessed to produce unstable cracks under conditions for which they nor—
mally are not obtained.

For this rcason, the wcld-cmbrittled reinitiation specimens were
cleavage precracked using Irwin's inverted—-split—pin arrangement.2? The
precracking temperatures were all higher than had been used previously at
BCL on weld—embrittled specimens. As is shown in Table 2.3, five of six
specimens tested at 66°C (RT + 56°C) produced unstable crack growth.
Success was also achieved in one of two specimens tested at 70°C (RT +
60°C). However, both specimens tested at 79°C (RT + 69°C) displaggg
stable crack growth, This result is encouraging because use of the in-
verted split pin appears to have resulted in an ~15°C increase in the
temperature capability of the weld-embrittled specimen. It should be
nuvted, huwever, that Crosley and Riplingl® have reported weld—enmbrittied-
specimen data at a comparable temperature for ome plate of A533B steel
using the conventional loading arrangement.

Table 2.3 also shows that the arrest displacements exceeded the ini-
tiation displacements by no more than 7%. This result is in sharp con-—
trast to those of the inverted-split—pin experiments at 0°C,3 where the
postinitiation displacements were so large that the clip gage flew out of
its seating blocks. The difference is possibly caused by the higher
crack—growth resistance (KD) at the higher temperatures. The physical

mechanism controlling the level of is believed to be ligament forma—
tion and tearing.®® At higher temperatures, the ligaments are more preva—
lent; acting as pinching forces, they serve to hold the crack faces
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Table 2.3. Crack—-arrest data for TSE-5A steel
(inverted—-split—pin loading)

Test Displacement Crack length Stress intensity
Specimen ¢ (mm) (mm) (MPa - /m)
No. empirature
o Initiation Arrest Initiation Arrest Ko Ka
5A-120 66 1.14 1.22 32.8 67.2 219 100
-121 66 1.09 1.14 32.8 67.2 211 94
-122 70 b b h b b b
-123 66 b b b b b b
-124 66 0.93 0.99 33.5 65.5 177 87
-125 66 0.91 0.92 33.5 63.1 174 87
-126 66 0.98 1.01 33.5 61.3 187 101
-127 79 b b b b b b
-128 79 b b b b b b
-129 70 1.06 1.09 32.3 48.3 207 152c

aSpecimen size = 101.6 x 98.8 x 25.4 mm.
Stable crack growth.

c
Irregular crack front.

together and limit postinitiation displacements. For this reason, the
observed clip—gage response is consistent with current ideas of dynamic
fracture toughness,

As is shown in Table 2.3 and Fig. 2.8, the values of K at 66°C are
close to those obtained at 51—54°C using the conventional split—pin ar-—
rangement, While lowered friction has previously heen shown? to lower
Ka’ those low Ka values were associated with larger ratios of arrest—to—

initiation displacement than were observed in the present tests. The
compact—specimen values at 66°C are also much lower than the K value
for Jump 4 of TSE-5A; in fact, two points lie below the K cuive. In
contrast, the one datum point at 70°C (RT + 60°C) lieslgbove the TSE-
SA result. However, there is considerable uncertainty in the absolute
value of this point. The specimen was highly ligamented and displayed a
very irregular crack front, making a precise determination of Ka diffi-

cult., Nevertheless, the surface appearance suggested a high value of K .

In summary, there is some question about the meaning of K values
obtained with the inverted split pin. However, this loading a%rangement
appears to provide a useful tool for raising the temperature capability
of the compact crack—arrest specimen,

2.2.3.3 Duplex specimens with contoured side grooves. A new ship—
ment of steel from TSE-6 was used for the balance of the experiments. As
a result of the heat treatment used, the as—received material had a very
high value of RTNDT (66°C), and the Charpy upper shelf was reached at

about 100°C. This behavior necessitated the use of quite high test tem—
peratures, . ‘ v
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Fig. 2.8. Master plot of crack—arrest data for TSE-5A steel.

Duplex compact—crack—arrest specimens were fabricated from this
steel. The specimens consisted of a block of SAE 4340 steel electron—
beam (ER) welded to a hlock of the TSE-6 steel. These specimens also
employed a modification of the side—groove design, as is illustrated in
Fig. 2.9. Previous experience using duplex specimens resulted in data up
to RTNDT + 6UYL and ote point at RTNDT + 100°C. SBeveral othor attempts
to obtain data in this temperature range resulted in the crack arresting
at the weld line or within the heat-affected zone (HAZ). The side groove
design shown in Fig. 2.9 is intended to mitigate this problem. Specifi-
cally, the depth of the side grooves is 60% within most of the test sec—
tion, but only 10% within most of the starter section. These two seg-
ments are connected by a smooth radius that spans the weld zone. Within
the transition region, the static stress intensity at a given displace—
ment increases with increasing crack length, As a result, relatively
large ratios of Ka/Ko are possible for a crack that arrests within the
test section,

Table 2.4 reports the data. In all but one specimen, the crack ar-—
rested at the weld line. When weld-line arrest was observed, the tempera-
ture was lowered, and the specimen was retested. Imn this way, four addi-
tional data points were obtained. These are plotted in Fig. 2.10, along
with the balance of the TSE-6 crack—arrest data both from BCL and Oak
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Fig. 2.9. Schematic drawing of duplex crack—arrest specimen with
contoured side grooves,

Table 2.4. Crack-arrest data for TSE-6 steel (duplex specimens,
contoured side groove, split-pin loading)

" Test Displacement Crack length Stress intensity
Specimen (mm) (mm) (MPa -/m)
No. temp:rature
0 Initiation Arrest Initiation Arrest Initiation Arrcst
6-92, 143 1.24 1.36 40.64 60.96% 215 a
-92 93 0.75 0.81 60.96 104'6°a 137 67
—93b 135 1.14 1.25 40.64 60.53 198 a
-93 124 0.97 1.03 60.53 103.20 166 89
—94b 121 1.06 1.15 40.64 60.96 183 a
-94 94 0.93 1.00 60,96 103.73 170 85
—95b 121 1.52 1.62 40.64 60.8 265 a
-95 66 1.30 1.40 60.80 108.2 174 17
-98 121 1.17 1.34 40.64 88.9 204 157

aArrested in weld zone.

bReinitiation of arrested crack.
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Fig. 2.10. Master plot of crack—arrest data for TSE-6 steel.

Ridge National Laboratory (ORNL). The new data have some similarities to
those for TSE-5A in that they tend to fall within the ESSO-test scatter
band with the exception of one specimen that has a KIa value that is not

only lower than the comparable ESSO data, but also falls below K__. A
final point with regard to these data is that in all cases but one, the
arrest displacement was no more than 10% greater than the initiation dis—
placement, which is comparable to BCL experience for the usual split—pin
arrangemcnt at lower test temperatures and for TSE-5A at higher test tem—
peratures.

One possible explanation for the arrest in the weld zone is that the
weld and/or HAZ pass through a ductile-brittle transition. It should be
recalled that the duplex specimens used on the Cooperative Test Program
had side grooves that were deepened in the weld region because this ef-
fect was suspected.” A pseudo—Charpy impact specimen was designed to in—
vestigate the weld—zone toughness. Figure 2.11 shows the specimen. It
was cut from half of a broken duplex crack—arrest specimen so that the
crack path ran across the weld and HAZs in the same direction as in the
duplex crack—arrest specimen. The specimens were then tested in a Charpy
machine in the same way as impact specimens of conventional design. The
absorbed energies are plotted in Fig. 2.12, There was a slight increase
of energy absorption with increasing temperature, but no indication that
the weld zone passed through a ductile-brittle transition.

On reviewing the results from TSE-6, it was decided that progress
would be facilitated if the experiments could be run at lower absolute
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Fig. 2.11. Modified Charpy V-notch specimen made from weld region of
duplex crack—arrest specimen.
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Fig. 2.12. Absorbed-energy/temperature data for weld-HAZs of duplex
specimens of TSE-6. Modified Charpy V-notch specimen.
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test temperatures. For this reason, a piece of the TSE-6 steel was tem—
pered at high temperature (705°C) for 4 h and furnace cooled. Tensile
and Charpy—impact properties for steel subjected to this heat treatment
are given in Table 2.5 and Fig. 2.13. Based on the 41-J Charpy tempera—
ture, the provisional RT was —29°C. Duplex crack—arrest specimens
were fabricated from this piece of steel, and a series of crack—arrest
tests was performed. The design and procedures were identical to those
of the previous series except for specimen 60RR-5. In that case, the
side grooves in the weld region and test section were V-shaped to a depth
of 4 mm, and a 0.6—mmthick slot was extended from the tip of the vee for
a distance of 6 mm, The total goove depth was 60%, as it was for the re-
maining specimens.

The data are presented in Table 2.6 and plotted in Fig. 2.14. There
are several notable points. Most importantly, crack—arrest data have
been obtained at ~100°C above the estimated level of RT . The largest
KIa values were quite high (for CT specimens), in excess of 200 MPa-/m.

NRNI —NWARE R3-4947 FTN
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140 |—

120 —

100 f— ®
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40 }—

CHA
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0 I | | I | |

—80 —60 —40 -20 0 20 40 60 80 100
TEMPERATURE (°C)

Fig. 2.13. Energy absorption as function of test temperature for
reheat—treated TSE-6 steel (Code TSE-6R). Charpy V—-notch specimens.
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Table 2.5. Mechanical properties of reheat—treated steel
from TSE-6 steel, TSE-6R%

Charpy V-notch

. 1 d .
Tensile data impact data

Temperature
(°C) 0.2% Offset Ultimate tensile Reduction Ener
yield strength strength in area (I)gy
(MPa) (MPa) (%)
26 558 692 66
100 534 661 66
-29 41
—1 68
6 752
71 149

aRetempered at 705°C for 4 h and furnace cooled.
bHalf—shelf energy-
®Shelf energy.

Table 2.6. Crack-arrest data for reheat—treated TSE-6 steel, TSE-6R
(duplex specimens, contoured side grooves, split-pin loading)

Test Displacement Crack length Stress intensity
Specimen (mm) (mm) (MPa - /m)
No. tempgrature
(*C) Initiation Arrest Initiation Arrest Ko Ka
60RR-4, 23 1.45 1.57 40.64 81.9% 230 2053
-4 0 .56 2.58 81.90%  108.4% 334% 139
—Sb 71 1. .61 o7 41.15 726 254 260
=5 40 c e c e e c
—Bb 53 1.38 1.55 40.64 80.6 219 207
-8 0 i % b | 1.16; 80.60 110.9 148 78
—9b 71 d d 44 .45 61.1 d e
=9 24 1,01 a3 611 106.2 183 89
-10 71 1.69 1.86 44.2 84.84 259 233
-14 93 1.93 2.10 40.64 59.44° 307 e
aValues questionable due to very irregular crack.
bReinitiation of arrested crack.
e

Stable crack growth.

Two apparent initiation/arrest events before crack finally arrested in
weld zone. It was not possible to assign an unambiguous Ko to this specimen.

eArrested in weld zone.
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Fig. 2.14. Effect of test temperature on crack—arrest toughness of
reheat—treated TSE-6 steel (Code TSE-6R).

However, one of the four specimens (60RR-4) with KIa at >200 MPa-/m had a

very ragged crack, and its K values are suspect, both after the original
arrest and after arrest follgwing reinitiation., Data points for that
specimen are enclosed in parentheses in Fig. 2.14. The second point is
that the contoured side grooves performed their function by extending the
K a/K0 ratio to levels close to unity. Several very high values of K
were noted; this is believed to be caused by better notch preparation.
Finally, no evidence of ductile fracture was observed on any crack sur—
face examined at low—power magnification. (A typical broken specimen is
shown in Fig. 2.15.) Scanning—electrommicroscope (SEM) fractographic
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Fig. 2.15. Photo of typical broken crack—arrest specimen of reheat—
treated TSE-6 steel.

examinations will be performed next quarter to determine whether a sig-

nificant amount of dimpled rupture was present in any of the specimens.
Finally, note that the specimen with the slots that extended from

the roots of the V-notches (60RR-5) had a KIa value 12% higher than that

of the companion specimen with regular V-notches only. This result sug-—
gests that the slot may have only a minor effect on the KI level, al-
though this point requires more thorough investigation.

Discussion. As shown in Table 2.7, crack—arrest data have been ob-
tained at Charpy upper—shelf temperatures for TSE steel with all three
heat treatments, In addition, test temperatures as high as 121°C have
been used. The two highest data points for TSE-6R are 100°C above the
estimated RT, ,» a relative temperature reached once previously with a
duplex double—cantilever—beam (DCB) specimen.® Slightly higher absolute
temperatures were reached on the steel from TSE-4, also with a duplex DCB
specimen,1?®

Because of these results, supplemented by work at other laboratories
at lower temperatures, there is some basis for comparison of the new BCL
results with literature values. Figure 2.16 collects RPV-steel base—
plate KIa values for pin—loaded specimens (CT and DCB) for temperatures




Table 2.7.

30

and Charpy upper—shelf data

Comparison of crack—arrest test data

Charpy shelf KIa tests
THenat sh?ck Approximate Highest 5
test material Energy , Highest KI
() temperature temperature (MPa -/m) a
(°C) (o)

TSE-5A 160 70 70 152
-6 106 100 121 157
-6R 150 70 71 260
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Fig. 2.16. Compilation of compact—specimen crack—arrest data.
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'zRTNDT + 300C,16,28,30,21 The appropriate ORNL thermal-shock data are

also .included., There is surprisingly good agreement among laboratories,
considering the variety of steels, specimen designs, and test procedures.
The insensitivity of KIa to specimen design for wedge—loaded samples has

been reported previously.2?2? Surprisingly, the machine—loaded 1/2T and
1TCT-specimen data of Witt2° are consistent with the other results. Witt
measured load and crack length after arrest, calculating K from an
equivalent-energy estimate. He also reported "tearing" for many of the
specimens plotted in Fig. 2.16, where other authors observed cleavage.
The reason for the agreement between the results of Witt2° and those of
other authors is not at all clear,

The largest K. values in Fig. 2.16 are on the order of 200 MPa-/m.
This is much smalle? than the largest reported ESSO-test result from our
literature survey,?? where KIa was close to 400 MPa-+/m. As shown in

Fig., 2.17, the ESSO data and CT or NDCB data are not very different be—
tween 30 and 50°C above RT . However, the ESSO results show a much
larger temperature dependence, and the region of overlap of the scatter

bands apparently stops at ~RTNDT + 75°C. However, the scarcity of pin-

loaded-specimen data at the highest temperature makes the scatter band
very approxzimate at higher temperatures.

The data obtained in the present program are compared with the pin—
loaded scatter band in Fig. 2.18. The new points are well represented
by the scatter band except for the RT + 100°C data, which require ex—
trapolation, and the data point for specimen 60RR-4, which had the very .
uneven crack front. The data extend to the upper shelf of the K curve
(KI = 220 MPa-/m), and there is no good indication that the slope de—
creases as the test temperature is raised. Therefore, upper—shelf be-
havior apparently has not been obtained yet.

2.2.4 Task 5: Data base

The objective of this task is to collect, organize, and analyze all
available crack—arrest data relative to RPV steels, weldments, and weld
HAZs, Data for both unirradiated and irradiated specimens are to be in—
cluded. Realistic lower—bound estimates for KIa will be obtained by

means of statistical analyses of the data. Efforts during the current
quarter involved data collection, development of computer programs to
facilitate data storage and analysis, and the development and application
of statistical—-analysis procedures.

This task consists of the following elements: (1) collection of K
data from BCL and other sources, (2) development of procedures for data
storage and retrieval, and (3) statistical analysis of data. In the fol-
lowing sections, current efforts in each of these tasks are described.

2.2.4.1 Data collection. Collection of K a dats [rum various
sources has continued during this report period, Formal organization and
tabulation of these data will be carried out as part of the following
subtask. The data collection effort will be continued, with new data
being added as they are acquired.

2.2.4.2 Data tabulation. Two programs have been written to main-—
tain the data set, The first of these enables the user to enter, modify,
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and delete data, while the second provides a convenient method for prinf—
ing selected portions of the data. Both programs have been tested at
some length, and all known problems have been solved. Certain enhance—
ments to both programs may be necessary to provide slightly more con
venient entry of data, additional capabilities for handling unknown or
inapplicable data, and a more pleasing appearance for the printed report.

The programs can generate two types of printed reports., The long
form, shown in Table 2.8, gives complete information on the dimensions of
the sample. This form can be used for data generated in house. Because
the literature rarely includes such detail, a short form is also avail-
able, as shown in Table 2.9. In—house data may also be printed in the
short form to avoid visual clutter.

In their current state, the programs do not interact with the sta-
tistical package. It is anticipated that this will not be a significant
difficulty; the report—generating program has been written so that only
minor modifications will be necessary to produce a file that may be used
as input by the statistical routines.,

2.2.4.3 Outline of the statistical analysis. A new procedure has
been developed for the estimation of transition curves,?4—26 During
this report period, the procedure was generalized to include confidence
bounds for the estimated transition curves. In addition, a computer code
ITLSANAL was written that allows for a straightforward application of the
method on any given set of crack—arrest data, Finally, the procedure was
applied to two sets of crack—arrest data to illustrate the procedure.

The results of these efforts are described in more detail below.

The statistical analysis of crack—arrest data depends on the follow—
ing model. Let E_ denote the observed value at temperature T (for exam—
ple K data or Charpy—impact data). The probability that the observed

measuf ement ET will be less than or equal to x is given by

1~ exp {-[iIBZ(T)]a(T)} for x 2 0
PIE; < x] = . (2.26)
0 for x < 0 ‘

The right side of Eq. (2.26) represents the cumulative distribution func-
tion for the Weibull distribution with scale parameter. B(T) and shape
parameter o(T), which are allowed to depend on temperature.

The 100 pth percentile of the distribution defined by Eq. (2.26) is
the parameter C (T) such that P[ET < Cp(T)] = p. It is the parameter of

primary interest, and it is calculated by

12/e(D) (2.27)

¢, (1) = B(T)[—2n(1 — p)

Based on the estimation procedure described in Ref. 24, estimates a(T)
and B(T) are obtained for a(T) and B(T). These estimates are combined,
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Table 2.8. Computer printout for long—form crack-arrest—data tabulation

Series BOO1 16-MAR-83
Material: low—Cu, high-upper-shelf AS33B plate

Condition:
Q, T, SR at 620 C 40+20 hr.

CRACK ARREST DATA

Author: C. W. Marschall et al.

Laboratory: Pattelle-Columbus Laboratories

Reference: ) :

Pressure Vessel Design-PVP Vol. 57, G. Widera, ed., ASME, New York (1982)

MATERIAL DATA

Author: C. W. Marschall et al.

Laboratory: Battelle—-Columbus Laboratories

Reference: .

BCL Report to Westinghouse on EPRI RP132¢-1, July 26. 1982.

RTNDT -18.0°C
Cv30 -39.0°C
NDT -34.0°C
FATT 29.0°C

Restrictions on release: none
Young’'s modulus calculated from data for AS08

Comments:
Specimens of several sizes tested by sequential loading.

sample 1D GP-0 GP-91 GP-93 GF-94
Sample type 1 1 i 1
Temperature, °C 19.0 19.0 -19.0 -1.0
Ka, MPavm 5. 97. 55. 74,
Young’s modulus, MPa 209662, 209462, 211738, 210759,
Yield strength, MPa. 5903.0 203.0 531.0 917.0
Height, mm 152.40 152.40 101.60 : 101.60
Width, mm 127.30 127.20 84.%0 84,30
Thickness, mm 38.10 38.10 25.40 25.40
Thicknases at grnnua, mm 28, 50 26,60 18.920 19.00
Slot height. mm 11.20 10.70 7 .60 7.60
Notch radius, mm 1.40 1.37 0.64 0.66
Init. crack 1ength. mm 46.50 S0. 20 32.%0 32.00
Arr, crack length, m 88. 90 89.20 72.40 &7.20
Init. displacement, mm 1.02 1.02 0.69 0.80
Arr., displacement, mm 1.09 1.12 . 0.81 0.89
Non-elastic disp., mm 0.01 . 0.05 0.08 0.062
Loadxng cycles 15 11 10 13
Validity checks (w-a) 1.707 1.4627 1.753 1.319
(B) 2.117 2.039 4,599 2.842

(6a/s6a min) 1.893 1.822 2.577 2.316

/W) 3.0164 2.987 1.432 2.028

(2H) 1.7266 2.168 2.233 1.549S

(a’/p) 3.608 2. 660 5.729 3.531

Comments
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Table 2.9. Computer printout for short-form crack—arrest—-data tabulation

Series BOO1 16-MAR-83 A
Material: low-Cu, high-upper-shelf AS33B plate

Condition:
G, T, SR at 620 C 40+20 hr.

CRACK ARREST DATA '

Author: C. W. Marschall 1.

Laboratory: Battelle-Columbus Laboratories

Reference: :

Pressure Vessel Design-PVP Vol. 57, G. Widera, ed., ASME, New York

MATERIAL DATA

Author: C. W. Marschall et al.

Laboratory: Battelle-Columbus Laboratories

Reference:

BCL Report to Westinghouse on EFPRI RP132¢4-1, July 26, 1982,

RTNDT -18.0°C
Cv30 -39.0°C
NDT --34.0°C
FATT 29.0°C

Restrictions on release: none
Young’'s modulus calculated from data for AGOS8

Comments:
Specimens of several sizes tested by sequential loading.

Sample ID GP-90 GP-91 GP-93 G-
Sample tupe 1 1 ]
Temperature, °C 19.0 19.0 -12.0 -
Ka, MPavm 5. 97. 55.

Yield strength, MPa S03.0 503.0 531.0 51
Comments

Sample 1D GP-95 GP-97 GP-994A GF--1
Sample type 1 1 1
Temperature, °C 0.0 -19.0 40.0 -1
Ka, MPavm b6, 59, i3z, i 7
Yield strength, MPa 517.0 531.0 489.0 517

Comments

Sample ID GP-104
Sample type 1
Temperature, ©°C -39.0
Ka, MPavm b6.
Yield strength, MPa 544.0 -

Comments

(1982
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via Eq. (2.27), to obtain an estimate for Cp(T) given by

& (r) = B [-ea(1 - AL (2.28)

The estimation procedure has been generalized to include confidence
bounds for C_(T). Once the estimation procedure is complete, € (T) is

given by Eq. (2.28), where ﬁ(T) and a(T) are estimates of B(T) and a(T)
obtained from the crack—arrest data, and they are therefore random vari-—

ables. Viewing € (T) as a function of the random variables ﬁ(T) and
a(T), the variance of C (T) may be obtained using standard error—-propaga-—
tion techniques.

The resulting form for the estimated variance for C (T) (see Ref. 26
for details) is given by

v (o = gt/ ™ (52 . [$/a2(T)1" 2n® (H) 8;} , (2.29)

P B

where H = —gn(1 — p) and 6> and o are the estimated variances for ﬁ(T)
and a(T), respectively, obtained from the regression analyses employed by
the estimation procedure. R )

The approximation to the variance of Cp(T) given by Eq. (2.29) ig-

nores any correlation between the estimates B(T) and a(T). However, the
effect of a nonzero correlation can be assessed, and a conservative esti-

mate of the variance for ép(T) can be obtained.26¢
Approximate 95% confidence bounds for ép(T) are then calculated by

ép(T) + 2 \H'[ép(r)] . (2.30)

A computer code ITLSANAL has been developed that performs the cal-
culations required to obtain the estimates B(T), a(T), C (T), and
V[ép(T)] In addition, the program creates computer plots of (1) the
crack—arrest data {E } and Cp(T) vs temperature and (2) Cp(T) and the as—

sociated upper and lower 95% confidence bounds vs temperature.

The user is only required to input (1) the crack-arrest and tempera-—
ture data, (2) the percentile to be estimated (e.g., fifth, tenth, etc.),
(3) the order of the polynomial to be used in estimating the natural
logarithm of B(T), (4) the order of the polynomial to be used in estimat—
ing the natural logarithm of a(T), (5) the convergence criteria for the
estimation procedure, and (6) the maximum number of iterations allowed
for the estimation procedure.

During the next report period, the program ITLSANAL will be inter—
faced with the data storage and retrieval program.
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2.2.4.4 Example analyses. Two sets of data have been chosen to il-
lustrate the statistical analysis proccdure and the ITLSANAL computer
code., The first data set, presented in Table 2.10, includes crack-arrest
data from ORNL experiments TSE-4 through -6.29,27 The second data set,
presented in Table 2.11, is the original BCL crack—-arrest data for the
experiments (TSE-4: Ref. 19; TSE-5: Ref. 28; TSE-5A: Ref. 22; and
TSE-6: Ref. 24).

The estimation procedure was applied to both sets of data, and the
fifth percentile curve was estimated for both sets of data. The numerical
results for the data presented in Table 2.10 are presented in Table 2.12.
The graphical results are presented in Figs, 2.19 and 2.20. The numeri-
cal results for the data presented in Tuble 2,11 are presented in Table
2.13, and the graphical results are presented in Figs, 2.21 and 2.22,

These results should be viewed only as examples of the statistical
analysis technique. The irregular curve shapes are due to the large
scatter and relatively small number of points. This problem is accentu-—
ated at either end of the curves. A better fit to the BCL data can be
achieved by using a higher order polynomial approximation for B(T) and/or
a(T). Because these data were analyzed for illustrative purposes, these
refinements were not made in the analyses,

2.3 Finite—Element Analyses of ESSO Tests®

M. F. Kanninen' J. Ahmad?
C. R, Barnes'

2.3.1 Introduction

This task focused on an assessment of the validity of wide—plate
tests [ESSO, double tension (DT)] to provide reliable upper—shelf crack-
arrest toughness data for use in the thermal-shock analyses. The effort
1t this task included a literature review to identify existing wide-plate
test data containing enough information to enable a dynamic finite—ele~
ment interpretation of the test results,

It was found that sufficient data are available only for DT tests
conducted in Japan, and even for this case, exact initial conditions of
the test are ill-defined. Specifically, the geometry of the crack starter
section and the initial notch length are not given.

As a subtask, preliminary activities were initiated toward estab—
lishing optimum specimen instrumentation procedures for the test matrix
in the proposed JapanmU.S. cooperative research effort for developing
crack—arrest properties pertinent to the pressurized-thermal—-shock prob-
lem. The procedures were specifically designed to supply the information
needed for the dynamic finite—element analyses.

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

TBCL, Columbus, Ohio.



38

Table 2.10. ORNL crack—arrest data

men K T-RT
.Experiment (MPa?ﬁE) (°cr)qDT

TSE-4 127 63
-5-1 86 -30
-5-2 104 16
-5-3 92 23
-5A-1 76 12
-5A-2 86 28
-5A-3 107 41
-5A-4 130 : 57
-6-1 63 -32

-6-2 105 -2

Table 2.11, BCL crack—arrest data

Experiment Ka T-RTINpT

(MPa - /m) (°c)

TSE-4-5 122 58
-4-6 125 58
-4-9 113 59
-4-17 106 10
-4-8 100 10
-5A-45 82 -10
-5A-46 118 18
-5A-48 97 18
-5A-53 80 12
=5A-54 134 41
-5A-55 73 -10
=5-37 61 —38
-5-39 89 16
-5-40 "~ 178 18
-5-41 71 =39
-5-42 109 15
-6-85 72 =55
—-6-88 64 =31
-6-82 78 —27
-6-80 51 —217
-6-83. 69 0
-6-86 86 0
-6-81 69 12
-6-89 71 13

-6-84 74 13




Table 2.12.
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Estimates associated with ORNL data

-

Estimates
Temperature (MPa -/m) Beta Aloh
(oC) Lower Fifth Upper (MPa-/m) pha
confidence percentile confidence
limit estimate limit
-32.00 -7.37 40.68 88.72 77.75 4.58
—30.00 -4.74 43.09 90,92 80.81 -« 4.72
—2.00 30.62 66.66 102.70 100.83 7.18
12.00 44.65 71.06 97 .47 99.41 8.85
16.00 47.29 71.97 96 .66 99.74 9.39
23.00 49,92 73.73 97.54 98.03 10.43
28.00 50.67 75.41 100.14 98.22 11.24
41.00 53.92 - 83.51 113.09 103.82 13.64
57.00 71.81 109,85 147.90 130.39 17.33
63.00 75.72 129.33 182.95 151.28 18.95
Table 2.13. Estimates associated with BCL data
Estimates
Temperature (MPa -/m) Beta Alph
(°C) Lower Fifth Upper (MPa - /m) paa
confidence percentile conf idence
limit estimate limit
—57.00 31.28 53.47 75.66 76.21 8.38
—55.00 31.65 52.42 73.19 74.95 8.31
-39.00 32.62 47.95 63.28 70.35 7.75
-38,00 32.68 47.86 6€3.03 70.33 7.71
—27.00 34.08 47.95 61.83 71.82 7.35
-10.00 39.07 51.40 63.72 79.41 6.83
0.00 42.67 54.84 67.01 86.39 6.54
10.00 45.42 58.99 72.56 94.84 6.26
12.00 45.79 59.87 73.56 96 .66 6.20
13.00 45.95 60.32 . 74.96 97.58 6.17
15.00 46.21 61.22 76.22 99.45 6.12
16.00 46 .32 61.67 77.02 100.40 6.09
18.00 46 .48 62.57 78.62 102.30 6.04
41.00 43.48 71.52 99.62 123.18 5.46
58.00 33.24 73.11 112.99 131.31 5.07
59.00 32:32 72.99 113.66 131.42 5.05
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2.3.2 Elastodynamic finite—element analyses

The elastodynamic finite—element analyses conducted in this task
consisted of two types of computations: generation phase and application
phase. )

2.3.2.1 Generation—phase analyses. In this type of computation,
the experimental crack length vs time data are provided as part of the
input to the finite—element method.® The result of this type of analysis
gives the variation of with crack velocity.

The specific case analyzed was a DT test of a ship—~hull steel (code
KAS) specimen conducted at —40°C. A schematic diagram of the specimen
with loading fixtures is shown in Fig. 2.23, The results of this analy-
sis, along with those of Kanazawa et al.,2? are shown in Fig. 2.24, 1In
both these analyses, the step changes in thicknesses of the test piece
(15 mm), pulling plates (23 mm), and the loading fixture (30 mm) were
ignored.

A second computation was performed in which the mass and stiffness
of each component in the 2-D finitée—element model were appropriately adm=
justed to account for the varying thickness. As expected, the results
showed an elevation in KD values at all crack velocities, thus widening
even further the difference between the present results and those of
Kanazawa et al.2? Regardless of the source of discrepency between the
present results and those from Ref. 29, the assumption of uniform thick-
ness for the whole structure appears to be dubious.

2.3.2.2 Application-phase analyses. In this type of computation,
a functional form of KD (a, T) is provided as part of the input to the

L ]
BCL's FRACTIDYN computer code was used in all computations.
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Fig. 2.23. Specimen geometry and loading arrangement for DT test.
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finite-element model, and the resultsAof the analysis give the variation
of crack length with time including the crack length at arrest, if arrest
occurs, - The needed KD (a, T) function was obtained by using available

data on KAS steel for 80 <{.T < 20°C. ,

The specific case analyzed was a test with a bilinear temperature
gradient imposcd along the crack propagation direction (Fig. 2.25). Com—
putations were performed using three different K, values. The prediction
of crack—-arrest length is shown in Fig. 2.25 along with the cxperimental
results., ‘It is important to note that uniform thickness had to be as-
sumed in all application—phase analyses because the KD data found in the

literature were obtained using the same assumption. However, if proper
account of the varying thickness was taken in both generatiomphase and
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applicationphase analyses, the accuracy of the predictions can be ex-—
pected to be about the same.

Overall, the work performed in this task leads to the conclusion
that the experimental data obtained from the DT test conducted in Ref. 29
appears to be quite accurate. What is in doubt is their analytical in-
terpretation of the data. Some of the difficulties in the analysis of
the data can be alleviated if an experimental record of strain variation
at the boundaries of the test piece throughout the crack propagation test
can be obtained. Then, in the finite—element analysis, only the test
piece (with stress boundary conditions) will need to be modeled, thus
avoiding the necessity to include the pulling plates and the loading fix-
ture in the analyses and circumventing the concern for the thickness
changeec. :

2.3.3 Preliminary test procedure

Based on the analysis conclusions, and to address some other aspects
of the problem, a preliminary plan has been made for instrumenting the
wide—plate specimens for tests proposed to bo conducvled in Japan., For
the most part, the specimen instrumentation will consist of timing wires,
strain gages, and thermocouples. The timing wires will be used to deter—
mine crack speed for the brittle portion of crack propagation and to
verify the crack speed monitoring capability of strain gages applied to
one side of the projected crack path., This procedure will establish a
degree of credibility for strain gage readings during the ductile portion
of crack propagation and subsequent crack arrest. Strain gages will also
be used to measure specimen boundary strains during crack propagation,
The thermocouples will be used to monitor the specimen temperature gra-—
dient, .

It has been suggested that the test specimens in this program could
serve a dual purpose. The first purpose could be to provide crack ini-
tiation, propagation, and arrest data. A second test procedure could be
used to establish material J rcsistauce behavior om completion of the
first test. This would consist of reloading the specimen until the crack
reinitiates and extends. This reinitiation and growth could be monitored
using the dc electrical potential technique.

Tn principle, this is a relatively straightforward procedure. How—
ever, there are bothersome details that cannot be addressed without a de—
tailed examination of the test machine, This examination is necessary to
devise a method of insulating the test specimen from the machine (or al-
ternatively of insulating the entire machine from ground). The viability
of the electric potential technique depends on the electrical isolation
of the test specimen, Planning will continue for this activity.
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2.4 Investigation of Damping and Cleavage-Fibrous
Transition in Reactor-Grade Steel*

w. L. Fou.rneyT G. R. Irwin'
K. OgawaT Xx-7J. ChangT
R, Chona

2.4.1 Introduction

The research program at the University of Maryland is aimed at in—
creasing the understanding of crack run—arrest events in nuclear RPV
steels. An intensive study is being conducted of the behavior of various
steels or heats of steels in the transition temperature range. That is,
SEM and metallographic studies are being conducted to investigate the
transition from pure ductile fracturing at high temperatures to brittle
cleavage at lower Lemperatures. In particular, we are trying to assess-
what is responsible for the conversion of slow fibrous fruclurlng into
rapid cleavage.

This study is being conducted by examining specimen halves obtained
from tests conducted in very compliant loading machines. ~Single— and
double—width Charpy testing is also being used to evaluate fracture
toughness and determine the temperature above which slow fibrous frac-
turing could be expected for the steels under investigation. This re-
search into transition behavior is aimed at formulating a mechanistic
model. ’

. Dynamic calculations are also being performed with a dynamic finite—
element computer code (SAMCR) to predict run—arrest events in standard
specimen geometries and thermal-shock oylinders. We are also supporting
crack—arrest studies with our stress analysis capabilities by testing
transparent models ‘or opaque models covered with photoelastic coatings.

During the past report period, progress has been made in Charpy
testing of AS508 materials obtained from ORNL, in topology and microstruc—
ture examinations of an A533B material, in improvements made to the SAMCR
‘code, and in analysis performed to support ESSU-type testing that may be
conducted in cooperation with the Japanese.

2.4.2 Toughness in relation to small inhomogeneities

"In this report period, additional attention was given to the sig-
nificance of carbide density bands in A508 and A533 heavy-section steels,
As noted in the last quarterly report,?° the carbide density bands in
specimens taken from a 600—mmrthick A533 plate show considerable simi—
iarity to thuse observed in A308 specimens taken from 300-mm-wall cylin-
der forgings. In appearance, -the carbide density bands were closely
related to dendritic solidification and showed orientation differences
when viewed on orthogonal surfaces.

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

TDepartment of Mechanical Engineering, University of Maryland,
College Park.
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Five Charpy V-notch specimens in each of six orientations werc made
from the above A508 cylinder material and tested to determine the influ—
ence of carbide density bands on toughness. A section from one end of a
large three-point—-bend specimen blank was used for this purpose. The
position of the specimen blank relative to the ORNL cylinder is shown in
Fig. 2.26. Figure 2.27 shows the six Charpy V-notch specimen orienta-
tions relative to the specimen blank. The orientation tendency of ob-
served segments of carbide density bands are indicated in Fig. 2.27 in
schematic fashion. The number of small line segments across the line
representing a carbide density band is intended to suggest visual width
of the band, Thus the hand lengths and widths arc, on the average, larg-
est on a section which, when extended, would include the cylinder axis.

The Charpy V-notch results are summarized in Fig. 2.28 and in Tables
2,14 and 2.15, Figure 2.28 also shows the results for Charpy V-notch
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Fig. 2.26. Location of three—point bend specimen hlanks relative to
UKNL test cylinder.
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Table 2.14. Charpy V-notch test results at
15 + 2°C for A508 steel tempered at 613°C

Impact Average impact

Specimen ~ Specimen energy energy
orientation No. (N/m) (N/m)
1 1-3 56.7 68.4
1-4 89.0
2 2-3 62.4 52.4
2-4 42.0
4 4-3 41.5 ~ 46.8
4 4 46,1
5 5-3 54.2 ' 4r.1
5-4 42.0
p 63 40.7 35.3
6-4 29.8

%See Fip, 2.27.

Table 2.15. Charpy V-notch test results at
50 + 2°C for A508 steel tempered at 613°C

Impact Average impact

Specimen Specimen energy . energy
orientation No. (N/m) (N/m)
1 1-1 75.9 87.4
1-2 98.9
) 2-1 86.8 77.7
2-2 80.0
2-5 66.4
3 3-1 47.5 48.8
3-2 61.0
3-3 37.9
4 4-1 61.0 56.9
4-2 70.5
4-5 39.3
P 5-1 71.9 64.2
5-2 51.5
5-2 69.2
6 6.-,1 50.2 58.8 .
6-2 61.0
6-3 65.1

%See Fig. 2.27.
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Fig. 2.28. Charpy V-notch impact energy as function of test tempera-
ture and specimen orientation for A508 specimens tested at 15 and 50°C,

specimens of A533B steel tested at the Naval Ship Research and Develop-
ment Center, Annapolis. With some exceptions, of the five specimens
available in each of the six orientations, two were tested at 15 + 2°C,
and three were tested at 50 + 2°C. From inspections prior to testing,
the tool used for notching the AS08 Charpy V-notch specimens may have
becn overly worn. This feature was probably unimportant at the 50°C test
temperature, but it should be considered with regard to the results at
15°C,

The results indicate that the fracture plane and direction for orien—
tations 1 and 2 correspond to the largest toughness. The plane and direc-—
tion of fracture for orientations 5 and 6 correspond, respectively, to
through—the-thickness and lengthwise extension of an axial surface crack
in the ORNL test cylinder. Relative to the carbide density bands, the
A533B specimen corresponded to orientation 2 in Fig. 2.27. The results
for orientations 3—6 correspond to a substantial transition temperature
increase in comparison to results for orientations 1 and 2 and for AS533B
steel. Although the A508 Charpy V-notch results suggest existence of a
relationship between toughness and carbide density bands, the fracture
mechanisms basic to this relationship will require further study.
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Microhardness tests were used to compare resistance with plastic de-—
formation within and between carbide density bands. These tests were made
on the surface having the orientation of the right face of the block shown
in Fig. 2.27 and have been mentioned in previous reports. The results of
these tests for A533B steel (679°C temper) and A508 steel (613°C temper)
are given in Table 2.16.

Table 2.16. The comparison of hardnesses between A508
(tempered at 613°C) and A533B (tempered at 679°C)

A533B steel A508 steel
Mictohardness Microhardness
(DPH) Macrohardness . (DPH) Maorohardness
' j . Enovo
Dark band Light band (Knoop) Dark band Light band (Enoop)
266 197 212 375 307 279
282 225 226 380 293 285
260 205 235 390 323 278
. 261 220 206 3717 315 292
194 270
227 285
220 279
227 280
- 223 278
225 291
233 291
2217 289

Mean values

267 212 TR 380 310 - . 282

2.4.3 Fracture topology and micfostiucrure

Additional comparison of fracture topology and microstructure were
made using an A533B specimen fractured at 4°C, Figure 2.29 shows an SEM
photograph of a portion of the fracture surface adjacent to the fatigue
precrack. A cleavage initiation region is indicated by the circle A,
After nickel plating, the specimen was seéectioned normal to the fracture
surface. The cut section was polished and etched to show both topology
and microstructure appearance along the line E-E in Fig. - 2,29. This re-

sult is shown in Fig. 2.,30. The topology and microstructure along the
"Iinb'G—G were obtained in & similar manner, and this result is shown in
Fig. 2.31. The fracture surface irregularities in this A533B specimen
occur on a much smaller scale than those observed in specimens from a
plate of 50-mm-thick A36 bridge steel, which has been used in this program
for comparison purposes. This would be caused by the smaller grain size
and carbide colonies in the A533B material.
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Fig. 2.30. Microstructure appearance on section along line E-E nor—
mal to fracture surface of Fig. 2.29.

In Figs. 2.30 and 2.31, one can see dark and light bands, correspond-
ing to different levels of carbide density. Within these bands, carbide
clusters occur in different sizes, often in a network formation. Numerous
small-scale ductile fractures are observed in these section views, al-
though the appearance of the fracture surface (Fig. 2.29) seems to be
dominated by cleavage elements. From the section views, the fracture ele-
ments, which separated after substantial plastic deformation, are seen to
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Fig. 2.31. Microstructure appearance on section along line G-G nor-
mal to fracture surface of Fig. 2.29.

be associated mainly with dark band regions and large carbide clusters.
Figure 2.32(a) shows a region of fracture topology on line E-E close to
region A of Fig. 2.29. This figure shows the undercutting clcavage (indi-
cated as C) that subsequently deformed and resulted in the late—breaking
regions (indicated by L.B.). A late—breaking ligament of larger size is
shown in Fig. 2.32(b). This section was at 2 mm from the fatigue precrack
on line E-E. Presumably the undercutting by adjacent cleavage elements,
which produces a late—breaking ligament, occurs by preference in the re-
gions of this nature.

To further understand cleavage fracture, it is of interest to ob—
serve the small cracks beneath the fracture surface. With the A36 steel
fracture specimens, it was not difficult to find relatively tight cleav—
age cracks near but beneath the exposed fracture surface. A similar in—
vestigation with this A533B fracture specimen was less successful. How-
ever, in the lower right portion of Fig. 2.32(b), one can see small cleav—
age cracks extending through several ferritic grains. This is shown at
larger scales in Fig. 2.33(a and b). The interruptions of cleavage, not
only at a grain boundary, but also within a single grain, are indicative
of the enhanced toughness of the microstructure relative to that of coarse—
grained A36 steel. Presumably, the cleavage openings shown may have been
substantially enlarged by plastic deformation during fracture of the large
late—breaking ligament shown in Fig. 2.32(b).

2.4.4 Dynamic run—arrest calculations

Efforts towards improving our two—dimensional, dynamic finite—element
code SAMCR have continued during the current report period. Sources of
particular concern in the computer code results have been identified pre-
viously, 3,32 namely, the oscillations with time in the computed K values
and the discontinuous changes in K that were associated with the shift of
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the J—integral contour as the crack tip completed its advance from one
node to the next.

The oscillatory value of the results was initially felt to be caused
by the presence of countercyclical "keystone" or hourglass modes of defor-
mation that were partially restrained in the original formulation by using
an artificial keystone viscosity. This scheme was replaced by a stiffness
correction method?®? that was found to work better. Figure 2.34(a) shows
the K value computed at every time step for the first 150 ps of crack
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propagation in test MCIT1l, using the original formulation of SAMCR. Sev—
eral such figures will be presented in this report, and in all cases, the
times at which the J contour was shifted have been indicated. The photo—
elastically obtained results for the same test have also been shown, The
K-t information obtained after incorporation of the stiffmess correction
(and elimination of the keystome viscosity) is shown in Fig. 2,34(b). 1In
- both cases, the K values follow essentially the same pattern of abrupt
changes in K as the J contour moves, as well as an underlying oscillatory
behavior. Figure 2.35(a and b) compares the predicted and observed crack
extension behavior for the two cases, and there appears to be little dif-
ference in the results.
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A careful examination of the J integral computations led to a revi-
sion of the contour used,3° and the corresponding K-t data are shown in
Fig. 2.36(a). The abrupt changes in K with contour shift are seen to
have decreased substantially in magnitude. However, the oscillations in
K are still present, with larger amplitude but a visible period. Next,
the bulk viscosity in the SAMCR formulation was reintroduced because this
would help damp out any unwanted vibrations of the elements. (The bulk
viscosity had been eliminated from the code at the same time that keystone
viscosity was replaced with a stiffness correction.) The results obtained

)
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after this latest modification are shown in Fig. 2.36(b). Figure 2.37 (a
and b) shows the crack extension predictions corresponding to Fig. 2.36 (a
and b).

The results shown in Fig. 2.36(Db) represent a substantial improve-
ment over those presented previously. The K-t data show a much more
regular behavior, with near—constant amplitude and period. It is still
felt, however, that such oscillations do not represent physical reality,
in particular, because we have seen little evidence of such phenomena in
the many plastic model tests conducted in our dynamic photoelastic studies
of run—arrest fracturing. Therefore, we intend to continue our critical
appraisal of the formulations used in SAMCR and other finite—element codes
to develop a computer code that will give reliable predictions of run—
arrest phenomena.
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2.4.5 Analysis in support of ESSO tests

Preliminary work has been started towards performing an analysis of
ESSO-type tests, which are currently being investigated as a means of ob-
taining upper—shelf arrest—toughness data in a rising K_ field. The
geometry analyzed using static finite elements was a single—edge—notched, -
center—pin—loaded specimen shown in Fig., 2.38. The basic features of this
specimen geometry are the same as the ESSO specimen in that it is rela-
tively long compared with its width, and it is usually tested in tension
with a constant load applied remotely from the crack line.

~ Figure 2.39 shows the near—crack—tip portion of the finite—element
mesh employed. Crack lengths ranging from a/w = 0.08 to a/w = 0.64 were
studied with the same load being applied in all cases., The normalized y
direction strain eyy was plotted for the first six rows of elements paral-

lel to the crack line, and typical results from three crack lengths are
shown in Fig. 2.40(a) (a/w = 0.167), (b) (a/w = 0.333), and (¢) (a/w =
0.50). It was observed that the strain distributions showed a noticeable
peak in the vicinity of the crack tip, with the sharpness of the peak di-
minishing as one moved away from the crack line.

These data were used to construct Fig. 2.41, which shows the strain
read by two gages at fixed locations as the crack is cxtended past the
gages in a quasi-static fashion., From these results it appears possible
to use a double row of strain gages parallel to the crack line to obtain
both crack-tip position and stress—intensity information in the ESSO
tests, In the forthcoming quarter, we plan to (1) investigate other
strain gage measuring schemes in an effort to optimize the sensitivity of
the method and (2) utilize previously obtained dynamic photoelastic data
to study the dynamic counterpart of the results described in this progress
report.
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DISTANCE ALONG CRACK LINE {x/W)

Fig. 2.40. Normal strain eyy at different distances from crack line
(a) for a/w = 0.17, (b) for a/w = 0.33, and (c) for a/w = 0.50.
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3. INVESTIGATION OF IRRADIATED MATERIALS

. 3.1 Fourth HSST Irradiation Series
R. G. Berggren "R. K. Nanstad
T. N. Jones

The cooperative testing program?! on specimens from the first three
capsules of the Fourth Heavy—Section Steel Technology (HSST) Irradiation
Study is in progress. In this program, Charpy V-notch impact tests and
fracture—toughness tests on 1TCS specimens are divided between two organi-—
zations — Oak Ridge National Laboratory (ORNL) and Materials Engineering
Associates (MEA). The Charpy V-notch tests on unirradiated (control)
specimens by the two organizations are essentially completed. Charpy
V-notch tests of "unassigned" unirradiated specimens will be conducted
after the results obtained to date have been studied. Scoping tests on
irradiated Charpy V-notch specimens have been completed at the two facili-
ties, and test temperatures for the main test series have been assigned.
These tests should be completed during the next quarter. Scoping tests on
unirradiated fracture—toughness (1TCS) specimens should also be completed
in the next quarter. JIrradiated Charpy V-notch specimens (84) and some
irradiated 1TCS specimens (20) were delivered to MEA in January, and the
remainder of the irradiated specimens should be shipped to MEA in April
1983, Staff members from ORNL and MEA will meet in April to agree on test
procedures and data analysis methods for the fracture—toughness testing.

Statistical analyses have been conducted for the Charpy V-notch test
results obtained at the two facilities on unirradiated specimens of the
SA533 grade B class 1 plate (HSST plate 02) and on three submerged-arc
welds (HSST welds 69W, 70W, and 71W), and there is excellent agreement
between the two data sets,?  Unirradiated HSST weld 68W was not included
in this comparison because of insufficient specimens for statistical
analysis. ORNL is considering the possibility of reconstituting tested
specimens to provide sufficient test data for statistical analysis.

Results of the statistical analyses are presented in Table 3.1. Mean
energy values and standard deviations (6) for each material . and test .tem—
perature were calculated for each facility and for the combined data sets.
The differences in mean energies (X) for the two facilities were (1 o from
the combined mean energy in each case. Mean energies for the Charpy V-
notch transition region tended to be higher (0 to 7 J) in ORNL results
than in MEA results, but MEA results tended to be higher (up to 15 J) than
ORNL results for the Charpy V-notch upper—shelf region. However, these
differences are probably not statistically significant. There is no ap—
parent pattern of standard deviations in the data from the two facilities.
In the transition region, the largest standard deviations were for weld
metals tested high in the transition region. This was expected because
the Charpy V-notch curve is steepest in this region., In the upper—shelf
region, the largest standard deviations were for weld metals tested at
288°C,

Hyperbolic tangent curves were fitted to the Charpy data (including
data from scoping tests), and the results are presented in Figs. 3.1-3.4.
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grade B class 1 steel plate (HSST plate 02).
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Fig. 3.2. Charpy V-notch impact test results for unirradiated sub-
merged-arc weld (HSST weld 69W): 0.12% Cu, Linde 091 flux.
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Table 3.1. Comparison of Charpy impact test results for unirradiated pressure
vessel plate and submerged—arc welds from ORNL and MEA

Test Mean energy (x) Standard deviation (on) Numbe r
Material temperature ) a of tests

o -

o ORNL MEA Combined ORNL MEA Combined ORNL MEA

AS533 grade B -7 31.5 28.7 30.1 5.0 5.7 5.5 5 s
class 1 21 64.8 61.3 63.0 7.9 7.2 7.7 5 5
(HSST 02) 66 119.7 116.9 118.5 8.2 8.9 8.6 6 5
149 143.0 135.6 139.6 5.8 4.9 6.6 6 5
204 138.4 138.3 138.3 5.1 10.6 8.1 6 5
288 137.9 145.9 141.5 10.6 3.9 9.2 6 s
Submerged—arc —-18 41.9 41.2 41.6 12.7 10.5 11.7 6 5
weld - 10 98.7 98.2 98.4 14.5 17.8 16.4 5 6
(HSST 69V) 121 144.0 148.9 146 .4 6.1 4.7 6.0 5 5
204 143.0 1351.2 146.7 6.7 4.0 6.9 5 4
2KRR 147.8  161.3 154.6 1.5 8.3 9.1 3 5
Submerged-arc —54 25.8  24.4 24.9 4.1 5.5 5.0 2 3
wold -18 73.5 66.4 70.0 16.9 10,7 14.A 3 3
(HSST 70W). 121 131.9 129.8 130.8 6.5 5.2 6.0 K} 3
204 131.9 140.1 136.0 7.1 7.8 8.5 3 3
288 134.2 150.1 142.1 5.1 9.2 10.9 3 3
Submerged—azc -9 8.0 37.3  37.7 8.1 2.0 5.9 2 2
weld 10 60.6 58.3 59.7 11.5 6.8 10.0 3 2
(HSST 71W) 121 99.4 97.2 98.3 10.2 5.2 8.2 3 3
204 102.6 111.6 107.1 1.7 1.7 4.8 3 3
288 99.9 115.2 107.5 7.4 8.8 11.2 3 3

In these figures we have also indicated mean energies and 2-6 limits for
the combined data sets. Several observatioins, based on these figures,
may be made: (1) Mean energies for all sets are within 1 o of the hyper—
bolic tangent curves. (2) Straight-line interpolation between mean ener—
gies near 40.7 J gave 40.7-J transition temperatures within 2.6°C of those
obtained from the hyperbolic tangent curve. (3) The 2-o¢ limits for data
sets around a 40.7-J transition temperature represent 2-o limits of +10 to
+15°C in determining the 40.7-J transition temperature. This should rep—
resent the probable error in determining transition temperature with a
limited number of tests.:- (4) Probable errors (2 ¢) in determining upper—
shelf energy could be 23 J (or 20%).

. Similar analyses of the results of tests on irradiated specimens are
planned when the data beoome available.

3.2 IrradiationInduced Ky, Curve Shift

R. G. Berggren R. K. Nanstad

The philosophy, materials, and specimen complements for this study
were presented in previous reports.?,? Negotiations for weldment fabri-
cation are essentially complete, and placement of the purchase order is
"expected in April.

Work on the prototype 4TCS capsule is proceeding, with a June date
set for tests at the Oak Ridge Research Reactor.
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3.3 Irradiated Stainless Steel Cladding

R. G. Berggren R. K. Nanstad
¥. R. Corwin

This task, discussed previously,*,5 is to determine the fracture-
toughness properties of irradiated stainless steel vessel cladding. The
first experiment will be the irradiation of Charpy V-notch specimens from
type 309/308 three—layer cladding deposited by the single—wire series—arc
process. Both the first—layer (type 309) and the upper—layer (type 308)
material is to be irradiated. A contract has been placed with MEA for
capsule construction and irradiation at the Nuclear Scienoc and Tcchnology
Facility at the State University of New York in Buffalo. Specimens for
this irradiation experiment have been prepared and will be shipped to MEA
in April 1983.

During preliminary Charpy impact testing of unirradiated specimens,
differences were found between two sets of specimens that were supposedly
cut from the top layer (type 308) of weld material (see Fig. 3.5). The
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Fig. 3.5. Charpy V-notch impact test results for unirradiated upper
layers of three-layer stainless steel cladding (type 309/308, single-wire
series—arc process).
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preparation of these specimens differed only in the sequence of machining
operations. One group of specimens, set A, was prepared by machining the
cladding surface to eliminate surface irregularities; cutting a slab of
cladding, of Charpy V-notch thickness, parallel to the surface; and ma—
chining Charpy specimens. The second group of specimens, set B, was pre-
pared by cutting slabs perpendicular to the cladding surface, etching to
reveal the weldment structure, and marking and machining specimens as
close to the original top surface as possible. Figure 3.5 shows the dif-
ferences in Charpy impact test results for the two sets of specimens when
hyperbolic tangent curves are fitted to the data, Differences were also
noted in the appearance of the fracture faces for the two sets of speci-
mens (see Fig. 3.6). Specimens from set A appeared to consist of two
layers of weld cladding, while set B appeared to consist primarily of a
single layer of cladding. Metallographic examinations have been carried
out on the specimens shown in Fig. 3.6, which had bcen tested at —18°C.
'The fracture path in the specimen from set A started in second—layer ma—
terial and ended in third-layer material, with most of the fracture being
in the second—layer material. However, the fracture path in the specimen
from set B lay entirely in the third-layer (top) material. All top-layer
(type 308) cladding specimens for the irradiation experiment were prepared
by the same method used for preparing set B specimens.

Specimens representing first—layer (type 309) material were machined
by the same procedure described above for set B specimens, with care taken
to avoid the juncture of adjacent first—layer passes where a cusp occurs
at the fusion line with the base metal. The results of preliminary Charpy
impact tests on this material are presented in Fig. 3.7, and a hyperbolic

ORNL—PHOTO 3416-83

TEST TEMPERATURE (°c) -73 93 260

SEIl A: ENERGY W) 20

100

- 'y :

SET B: ENERGY (J) 22 31

Fig. 3.6. Fracture appearance of Charpy impact test specimens from
upper layer of three—layer stainless steel cladding (type 309/308, single-—
wire submerged—arc process).
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Fig. 3.7. Charpy V-notch impact test results for unirradiated first
layer of three—layer stainless steel cladding (type 309/308, single-wire
series—arc process).

tangent curve was fitted to the data (a fictitious data point was added at
—184°C and 8 J to prevent the curve from showing negative energies below
—70°C). Because of the large difference in fracture energy for the two
specimens tested at 20°C, these specimens were metallographically exam—
ined. In both specimens the fracture started in the first-layer (type
309) material and propagated through both first— and second—layer mate—
rial. However, crack propagation in the specimen with a fracture energy
. of 63 J was ~10% in first-layer material and ~90% in second—-layer mate—
rial; in the specimen with a fracture energy of 28 J, crack propagation
was ~40% in first-layer material and ~60% in second-layer material. The
metallurgical structure of this multilayer stainless steel weld cladding
is discussed in greater detail in Chap. 6. It appears that considerable
care will have to be taken in interpreting results of this irradiation
experiment.
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4. THERMAL-SHOCK INVESTIGATIONS

R. D. Cheverton

During this report period, provisions were made to include finite-
length flaws in the computer program OCA-II, and a parametric analysis
was conducted to determine the advantage, in terms of vessel integrity,
in replacing two—dimensional (2-D) flaws in the fracture—mechanics (FM)
model with specific finite—length flaws., Material properties continued
to be gathered in support of TSE-7, and a preliminary thermal-shock ex-
periment TSE-7-1 was performed to be sure that an appropriate shock can
be aclhiieved,

4.1 Inclusion of Finite—Length Flaws in OCA-II

R. D. Cheverton D. G. Ball

Flaws in a pressurized-water reactor (PWR) vessel are most likely
to be located in the welds that join the segments of the vessel, and for
most of the vessels in operation today, radiation embrittlement is greater
in the welds than in the base material because of higher concentrations
of copper in the welds. Thus, although a flaw may extend in length as
the result of an overcooling accident (OCA), the length of the flaw tends
to be limited to the length of the weld, For plate—type vessels, which
have both axial and circumferential welds in the belt—line region, the
length of the axial welds is ~2 m, which is equal to the height of a shell
course, Recent calculations! indicate that the stress—intensity factor
for a deep axial flaw of this length is substantially less than for an
infinitely long (2-D) flaw, which is usually used in the evaluation of
vessel integrity during OCAs. Thus, replacement of the 2-D axial flaw
with the 2-m axial flaw in the FM model could represent a benefit in terms
of projected vessel lifetime., For this reason, a 2-m semielliptical axial
flaw was included as an option in OCA-II (Ref. 2). ‘

Another finite—length flaw of interest, particularly for initial
flaws, is a semielliptical flaw with a length—to—depth ratio of 6:1.
There is no particular technical justification for using this specific
initial flaw in the analysis of OCAs except that, presumably, initial
flaws are much more likely to be short than lomg, With this in mind, and
also because other investigators have included the 6:1 ‘flaw in their
studies, a 6:1 flaw was included as an option in OCA-II.

To include the 6:1 and 2-m flaws in OCA-II and still retain the
rapid—-computation capability, it is mnecessary to use superposition tech-
niques for calculating KI. and this requires the availability of influence

coefficients for these flaws. Several sets of coefficients have been pub-
lished,®~% but there is some question regarding their accuracy, particu-
larly because extrapolation is required in several cases, Thus, influence
coefficients were calculated specifically for the 6:1 and 2-m flaws of
interest to our studies, o
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Application of the superposition technique is discussed in detail in
Refs. 6. and 7. It suffices to say here that it was implemented by fit-
ting a third-order polynomial to the stress distribution that would exist
in the absence of the flaw, as indicated in Eq. (4.1):

a' a'\2 v a'\3
c(a’) = C, + C, <;—> +C, <;-) + C, <;‘> , (4.1)

‘where o(a’') is the circumferential stress at radial position a’, and a'
and a are defined in Fig. 4.1. KI values are calculated for each of the

individual terms (stress distributions) in Eq. (4.1) and then added to

obtain the total KI value, as indicated by Eq. (4.2):

Kp(a) = Z Ry, (a) = Z ¢, /3 KTa) (4.2)
- J=0 . ,

where
K#(a) = K}, (a)/Cy va . ' ' (4.3)

Values of Kij(a)/C3 are calculated using—ﬁ three—dimensional (3-D) finite-
element analysis® and an arbitrary value of C!, such as unity. The quan—
tity K;(a) is referred to as the influence coefficient and, as indicated
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by Eq. (4.3), is dimensionless. Once the influence coefficients are ob-
tained, they can be used with any values of C, to obtain corresponding
values of KI(a). J

For 3-D flaws, K*(a) values can be calculated for several points
along the crack front, in which case Eq. (4.2) becomes

3 . :
K (¢) = 2 C. Ya K29) , (4.4)
j=o 4 J ,

where ¢ is the elliptic angle denoting the point on the crack fromt, and
the crack—depth notation (a) has been dropped.

The influence coefficients included in OCA-II at this time for the
6:1 and 2-m axial flaws were calculated for the conditions described in
Table 4.1. As indicated, only a 90° segment of the cylinder (see Fig.
4.2) was used in the analysis, and this corresponds to having flaws at 0°
and 180° (two flaws opposite each other). A single flaw (180° segment)
was preferred, but from a practical point of view, the computer require-
ments were excessive. Fortunately, for the flaws being considered, the

difference between the KI values is quite small,

Table 4.1, Details of calculational model
pertaining to influence coefficients
for 6:1 and 2-m axial flaws

Flaw type
Dimensions
2-m 6:1
Cylinder dimensions
ID, mm 4370 4370
OD, mm 4800 4800
Length, mm 7010 4674
Segment, deg 90 90
Length of flaw, mm 1828 32321

Depth of flaw (a/w) 0.2-0.9 0.0250.25

The difference in KI values associated with the 90° and 180° models

increases with the length and depth of the flaw.  Reference 4 states that
the difference for a two—dimensional (2-D) flaw with a/w = 0.8 was only
2%, but this conclusion appears to be based on an analysis using an in—

. appropriate model. Thus, we analyzed the 2-D flaw using the model in
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Fig., 4.2, 900 nnd 180°% modele used for determining d;fforenco in KI
"values for single axial flaw and two opposite flaws, :

Table 4,1 and a very severe thermal-shock loading large—~break loss—of-
coolant accident (LBLOCA). The results in Table 4.2 show that for a/w =
0.8, the 90° model results in a 30% higher value of KI. Because this

value is rather large, a similar comparison was made for the 2-m flaw
with a/w = 0,.8. For this case, the K_ value for the 90° model was <4%
higher. Because the difference would be even less for the shallow 6:1
flaws considered, the influence coefficients obtained for the 6:1 and
2-m flaws are appropriate for both the 90° and 180° models.

In the process of calculating the coefficients, careful attention
was paid to using converged meshes and appropriate cylinder lengths. Mesh
convergence studies were conducted to reduce the apparent error in KI to

{1%. With regard to cylinder lengths, & minimum incremental length of

Table 4.2. Comparison of K; values for
2-D flaws in 90° and 180° models, .
using the large—break
LOCA transient

a/w {[K;(90°) — K,;(180°)]/K;(180°)} 102

(%)
0.1 0.4
0.4 3.5
0.8 30.4
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cylinder that could be added to the length of the flaw to negate end ef-
fects was estimated from Eq. (4.5):°®

. 4 (4.5)

3(1 = v2?)

r2 w2

= radius of cylinder,

oF
w = wall thickness,
v = Poisson's ratio,

For the model described in Table 4.1, 2 = 3300 mm. A 3-D analysis, using
the 2-m flaw and a typical transient, indicated that this added length
was not sufficient to reduce end effects below ~5% and that the required
length to reduce end effects below 2% would be greater than the length of
a PWR vessel between the lower head and the nozzle ring. It was decided
that for the 2-m flaw, a cylinder length of 7510 mm would be appropriate.
A similar analysis for the 6:1 flaw indicated an appropriate length of
4670 mm, In both cases, the ends of the cylinder were free.

As discussed in Sect, 4.2, only the KI values corresponding to ¢ =

90° are being used in the OCA analysis at the present time. Influence
coefficients for ¢ = 90° are plotted as a function.of a/w in Figs. 4.3
and 4.4 for the 2-m and 6:1 flaws, respectively.

Coding has been added to OCA-II to permit calculation of KI values

along the crack front for the 6:1 and 2-m flaws, The type of flaw used
in an OCA-II analysis is selectable; that is, both the above finite flaws
afid/or the infinite tflaw can be included. For each time step and each
crack depth of interest, a least—squares fit is made to the circumferen
tial stresses from the crack mouth to the crack tip, in accordance with

Eq. (4.1).

OCA-II performs the same type of calculations for the two finite
flaws as for the infinite flaw. These include determination of KI/KIc

and KI/KIa at all times and for all crack depths. Additional digital

output for the finite flaw is provided as well as inclusion of the finite
flaws in the critical crack—-depth plot (see Fig. 4.5). Also, for the

6:1 flaw as well as for the 2-D flaws, it is possible to search for the
critical value of ARINDT on the inner surface corresponding to incipient
initiation without warm prestressing.
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2-D flaws for incipient initiation and subsequent events, a 6:1 flaw for
incipient initiation, and a 2-m flaw for first arrest and subsequent
events. -

4.2 OCA Parametric Analysis Using Finite-Length Flaws

R. D. Cheverton D. G. Ball

An OCA parametric analysis was conducted to determine the benefit of
using two specific combinations of 2-D, 2-m, and 6:1 flaws in place of
2-D flaws only. Because a very shallow flaw does not have to be very long
to be effectively infinitely long and because the flaw tends to grow in
length before growing radially, one combination of axial flaws considered
was a shallow (a/w € 0.15) 2-D flaw for the first initiation event and a
2-m flaw for the first arrest and subsequent events. The other combina-
tion consisted of a shallow (a/w € 0.15) 6:1 flaw for the first initia—
tion and a 2-m flaw for subsequent events,

For both the 6:1 and 2-m flaws, radial propagation of the flaw, in
terms of both initiation and arrest, was assumed to be governed by the KI,

KIc’ and KIa values at the deepest point (midlength) of the flaw. This is
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a reasonable assumption for the 2-m flaw because it cannot grow in length.
‘However, the assumption tends to result in an underestimation of the po-
tential for radial propagation of the 6:1 flaw because KI/KIc tends to

be greater near the surface than at the bottom of the flaw, and as the
flaw grows in length, KI/KIc at the deepest point increases. The amount

of axjal extension and the change in crack shape are not known. Thus, one
has a choice of considering one of two extremes: a 2-D flaw, which, bar
ring dynamic effects, has the greatest potential for radial propagation,
or the 6:1 flaw, using K values at the deepest point, If the maximum
value of KI/KIc were used on the crack front of the 6:1 flaw, the com—

puted potential for radial propagation would be greater than that for the
2-D flaw; thus, the 2-D flaw should be used instead.

Fracture—toughness data (KI and K vs T — RINDT) were taken from
ASME Code Sect. XI (Ref. 10), and the reduct1on in toughness due to ra-—
diation damage was estimated using Eq. (4.1), which was recently proposed
by Randall?l as a revision to Regulatory Guide 1.99, Rev., 1:12

ARTNDT = 0.56 (—10 + 470 Cu + 350 Cu Ni)(F x 10-1%)0,27 , (4.6)

where

2 x 1027 { F { 6 x 10*® neutrons/cm2,
F = fast neutron fluence (E > 1 MeV) at tip of £1aw,
ARINDT = change in RINDT at tip of flaw due to fast neutron exposure,

dC,
RINDT = RTNDT° + ARTNDT,
RTND‘To = jnitial (zero fluence) value of RINDT,
Cu, Ni = copper and nickel concentrations, wt %.

For comparing the calculated effects of the choice of flaw combina-
tion on vessel integrity, threshold or critical values of RINDT corre-
sponding to incipient initiation of a flaw and incipient failure of the
vessel (extension of the flaw through the wall) were calculatcd. For
convenience, the particular values of RINDT that are compared with each
other are the values corrésponding to the inner surface of the vessel
wall and are referred to here as (RTNDT ) for incipient initiation and
(RTNDT ) for incipient failure.

ba1lure of the vessel was judpged Ly application of two oriteria:
(1) KI > KIa (no arrest) and (2) plastic instability. The largest mea-

sured value of dynamic fracture toughness included in the ASME Code (Sect.
XI) (Ref. 10) fox PWR pressurc vessel material ic 220 MPurv/m, while more
recent datal?® indicate that appropriate KIa values could be as high as

330 MPa-V/m. Previous studies'* demonstrated that for some postulated
OCAs, this range of (KIa)max values could make a substantial difference

in the calculated behavior of a flaw; thus, hoth values were included in
this study. With regard to plastic instability, a critical crack depth

corresponding to this failure condition was specified for each pressure,
assuming no 3-D or thermal-stress effects, a uniform pressure stress in

the ligament, and a failure stress of 550 MPa.



85

Most of the other details concerning the fracture—mechanics model
used for this study are the same as those included in a previous OCA para—
metric analysis.®4 One notable exception is the complete absence of clad-
ding for this study. (Appropriate finite-length—flaw influence coeffi-
cients for a clad vessel were not yet available.) This has little effect
on the results, however, because complete omission of the cladding yields
about the same values of (RTNDTs)c as obtained when cladding is included

as a discrete region (both thermal and stress effects considered).l$
Results of the previous parametric study,'* which considered only
2-D flaws, indicated that changing from 2-D to 2-m flaws for crack arrest
would not necessarily result in an increase in (RTNDTS)cf for all postu—
lated OCAs. It was found tlhat for primary-system pressurées above some
critical value P, (RTNDTs)cf = (RTNDTs)ci’ a condition depicted in Fig.
4.6. For pressures less than P, & higher value of RTNDTs is required

for failure than for incipient initiation; that is, the crack will arrest
following incipient initiation and will not reinitiate, as shown in Fig.
4.7. For this case, it was apparent that replacing the 2-D axial flaw
with a 2-m flaw (for crack arrest) would increase p , and that only for

. c . 4
pressures less than P, would the change in flaw type result in an increase

in (RTNDTs)cf‘ A point of interest was whether P, would be high enough

relative to expected pressures during OCAs for the change in flaw type
2-D to 2-m to have a significant effect on vessel integrity.
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A quantitative evaluation of the effect of the different assumed flaw
types on vessel integrity was obtained by comparing values of (KINDT ) £
for several postulated OCAs and for the Rancho Seco transient that oc-
curred in 1978 (see Fig. 4.8). 'The postulated transients coisisted of a
constant primary—system pressure p and a temperature transient defined by

T

-nt

= + T — .
c Tf (1i Tf) e , (4.7)
where

To = downcomer coolant temperature,

Ti = initial temperature of vessel wall and couvlaut,

Tf = final (asymptotic) temperature of coolant,

n = decay constant,

t =

time in transient.

The duration of the transient tm

ax was varied to determine the sensitivity
of vessel integrity to this parameter. Input data for the various cases
calculated are summarized in Table 4.3. :
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Calculated values of (R.TNDTS)cf for the 2-D, 2-D axial flaw combina—

tion are presented in Fig. 4.9 and the increases resulting from replace-
ment of the (2-D, 2-D) combination with the (2-D, 2-m) and (6:1, 2-m)
combinations are illustrated in Figs. 4.10 and 4.11 for T_ = 66 and 121°C,
respectively. As indicated by Figs. 4.10 and 4.11, there can be an ad-
vantage associated with the 2-m flaw, and as expected, it decreases with
increasing pressure., The critical pressure P, (the maximum pressure for
which the 2-m flaw has an advantage over the 2—-D flaw) ranges from ~7 MPa
for t . 120 min to 17.2 MPa for_tmax = 45 min, indicating a greater
advantage of the 2-m flaw for a shorter duration of the transient, al-
though as indicated in both figures, there can be a small reversal of this
trend for some combinations of tmax and (Kla)max' The results also show
that the advantage of the 2-m flaw is greater for a (KIa)max value of 330
than for 220 MPa*y/m, provided tmax is somewhat less than 60 min and the
pressure is greater than ~10 MPa. For t ax 2 60 min, there is no effect

A m
of increasing (K. ) from 220 to 330 MPa:vm.
Ia 'max
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Table 4.3. Input data for OCA
cases calculated

Vessel OD, mm 4800
Vessel ID, mm 4370
T, °C 66, 121
T., °C 288

1

n, min—? 0.15

t , min® 30, 45, 60, 120
max

b, Wem—2-0c-1P  1g70¢sd
p, MPa 0—17.2
RINDT , °C -184

aDuration of transient.

bFluid—film heat transfer
coefficient,

cCorresponds to main pumps
off.

dUsed for both Rancho Seco

and postulated OCAs.

From a quantitative point of view, the advantage in replacing the
2-D, 2-D flaw combination with the 2-D, 2—-m combination for Tf = 121°C

and p = 10U MPa corresponds to an increase in (RTNDTS)cf of 76, 31, and
0°C for tmax = 30, 45, and 260 min, respectively, and the increase is in-
dependent of the value of (KIa)max (220—330 MPa:y/m). At a pressure of

17.2 MPu, Lhere is no advantage except for tmax = 30 min and (KIa)max =
330 MPa*/m, and for this case the increase in (RTNDTs)cf is ~34°C,

As shown in Figs. 4.10 and 4.11, replacemcnt of the 2-D initial flaw
with the 6:1 flaw increases (RTNDTs)cf for pressures that are greater

than a value that is a little less than p . This increase is nearly
independent of pressure and is greater for larger values of tmsx' For

= 1 i 3 ig ~EO =
tmax 30 min, the increase in (RTNDTS)cf is ~6°C, and for tmax 120 min,

it is ~12¢°C.

A comparison of Figs. 4.10 and 4.11 indicates that the advantage of
the 2-D, 2-m and 6:1, 2-m flaw combinations over the 2-D, 2-D combina-
tion is about the same for Tf = 66 and 121°C, although there are some

significant differences for tmax = 30 min,.

Estimates of the extension in calculated lifetime of a PWR pressure
vessel due to increases in (RINDTs)of can he obtained using Eq. (4.6) and
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typical PWR fluence rates (ﬁ ). As an example, estimates corresponding to
a change in flaw combinationofrom 2-D, 2-D to 2-D, 2-m were made for a
case in which T, = 121°C, n = 0.15 min-*, p = 10 MPa, R'INDTo = ~-18°C, Cu =
0.3%, Ni = 0.8%, and (KIa)max = 220 MPa-vm. The results are presented in
Table 4.4 for tmax = 30, 45, and )60 min and for the approximate extremes
in fluence rates among the existing PWRs for the effective full power
yvears (EFPY) (0.3 and 1.5 x 1018 neutrons-cm—2:-EFPY-1), As shown in the
table, there is no extension of the lifetime for tmax 2 60 min., However,
if the 2-D initial flaw were replaced with a 6:1 flaw, there would be an
extension for tmax 2> 60 min of 9 and 2 EFPY for ﬁo = 0.3 and 1.5 x 1018

. neutrons-cm—2+-EFPY-1,

Table 4.4. FEstimates nf the extension in calcu—
lated vesscl lifctimo duo to ohanging the
assumed flaw combination from
2-D, 2-D to 2-D, 2-m

(Sample case described in text)

AEFPY®
thax (RTNDTs)cfa Fo x 10_19b F 10‘1‘d
(min) (oC) (neutrons/cm?) o *
0.3 1.5
30 214 2.45 49 10
45 169 1.65 22 4

260 138 0.98 0 0

a . - 5 G .
Values tor 2-D, 2-m fiaw combination,

Inner—surface fluence to achieve indicated
(RTNDTs)cf.

c. . . X :
Extension in vessel 1ife due to change inm
flaw combination.

d .
Flucnece rato at innor curface (neutrons:
cm—2+EFPY1),

Analysis of the Rancho Seco transient described in Fig. 4.8 indicated
no increase in (R’INDTS)cf as a result of changing the flaw combination

from 2-D, 2-D to 2-D, 2-m. However, changing the combination from 2-D,
2D to 6:1, 2-m inoreasocd (R’INDTS)cf by ~11¢C,

Circumferential flaws were analyzed in a similar fashion to the ex-
tent of determining whether the circumferential flaw might have a lower

value of (RTNDTS)cf than the axial flaw. The comparison was made between
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the 2-D, 2-D circumferential-flaw combination and the 2-D, 2-m axial-flaw
combination; for none of the cases considered was the circumferential flaw
limiting.

4,3 Thermal-Shock Materials Characterization

W. J. Stelzman R. K. Nanstad
R. L. Swain

Characterization of prolongation TSP-4 from test cylinder TSC-4 was
continued in support of TSE-7 with emphasis on fracture toughness. Drop-
weight and Charpy V-notch impact results have been reported previously,$
Test results from 1T compact specimens (1TCS) from a segment tempered for
4 h at 676°C followed by cooling in airl® are listed in Table 4.5. A
total of ten CI-orientedl? 1TCS were tested. All specimens were machined
so that the fatigue crack would be located at the 0.23 and 0.58t depth
locations from the inner surface of the 203—mmthick wall. The specimens
were precracked to an average crack length—-to-width ratio (a/w) of 0.560
and tested in the stroke control mode. The crack opening displacement

Table 4.5. Static fracture—toughness
properties from CI-oriented 1T com—
pact specimens from prolongation
TSP-4 (SA508) after tempering
at 676°C for 4 h, cooling in .
air, and testing at 21°C

Static fracture

toughness Ay?rage

(MPa -« vm) J integral ductile

(K, /m?) crac#

8 J extension

Ky adj%gted (mm)
131 82 85 0.08
1149 71 64 0.07
248 106 304 0.42
153 88 117 0.11
146 86 106 0.11
257 108 327 0.14
264 109 247 0.64
255 107 324 0.43
174 92 150 0.11
270? 110 363 0.56

aLowest measured toughness.

Highest measured toughness.
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(COD) was measured at the specimen load line, and the calculation of the
J integral was made using the area—to—maximum load and the Merkle-Corten
correction for the tensile component.1® The static fracture toughness KJ
was calculated from the relationship K2 = EJ, where E = 201 GPs (29.2 x

106 psi). The BIc adjustment was made using the Merkle method.*® Values

of Ky at 21°C ranged from 114 to 270 MPa‘Vm and from 77 to 110 MPa‘vm
after the BIc adjustment. All specimens experienced some stable ductile

crack extension prior to failure by clecavage, and all specimens failed
prior to attainment of limit load. Ductile crack extension was measured
on each specimen fracture surface using a three—point average. The re—
sults are given in Table 4.5 and show a wide range of stable crack growths
from 0.07 to 0.64 mm.

We are presently (1) fatigue precracking 1TCS from TSP-4 material
tempered for 4 h at 7022C followed by cooling in airl¢® and (2) machining
tensile specimens froimt the 675 and 702°C tempered TSP=4 material.

4.4 TSE-7 Thermal-Hydraulic Experiment

R. D. Cheverton

Prior to conducting each thermal-shock experiment, a preliminary
thermal-shock experiment is conducted with the actual test cylinder to be
sure that the desired thermal shock can be achieved. The test is con—
ducted without the intended initial flaw present and with the cylinder in
a quench—-only condition. The latter condition is specified to minimize
yielding at the inner surface.

Prior to the thermal-hydraulic test, the test cylinder is equipped
with 180 thermocouples that are used for measuring the temperature dis—
tribution in the wall at 15 different locations, and then the inner sur—
face of the cylinder iso coatod with the appropriate layer of rubber ce-
ment. This inner—surface coating suppresses film boiling and promotes
transitional nucleate boiling during the thermal-shock quench in liquid-
nitrogen. Preparation of this coating to achieve the desired heat removal
rate for each experiment is somewhat of a black art; thus, the thermal-
hydraulic experiment is meeded.

For this partiocular exporiment, 24 ocoats of rubber cement were ap-
plied to achieve a total surface density of 273 g/m%2, The first five
coats were sprayed with 3M Company type 3M-34 material (total surface
density ~20 g/m?), and the remaining coats were sprayed with 3M-NF34.

The thermal-shock experiment consisted of first heating the appro—
priately insulated test cylinder to 93°C and then effectively dunking the
test cylinder assembly in liquid nitrogen to achieve the desired thermal
shock. Results of the experiment (TSF-7-1) in terms of the temperature
close to the inner surface (radial depth = 1.3 mm) as a function of time
are shown in Fig. 4.12 along with similar curves for thermal-shock ex-
periments TSE-5 and ~5A, The desired quench rate for TSE-7 is the one
achieved for TSE-5A or somewhat more severe. As indicated in Fig, 4.12,
the transient achieved during TSF-7-1 fits the latter category and pro-
vides some margin for a possibly less severe transient as a result of
having to respray the test cylinder for TSE-T7.
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Fig. 4.12. Comparison of TSE-5, TSE-5A, and TSF-7-1 temperuture
transients for position in wall of test cylinders located 1.3 mm from
inner surface,

The curves in Fig., 4.12 represent averages of 15 thermocouples at the
same depth in the wall but at different locations so that -the degree of
uniformity of the quench over the entire inner surface can be established.
For TSF~7-1, the scatter in the 15 readings was { +6°C, and there was no
specific significant trend in the axial or c1rcumferent1al direction,

This is e very acceptable situation.
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5. PRESSURE VESSEL INVESTIGATIONS

R. H., Bryan

Posttest evaluation of intermediate test vessel (ITV) V-8A continued
with measurement of properties of the low—upper—shelf weld seam and deter—
mination of flaw geometry. Preparations are being made for the first pres—
surized-thermal-shock experiment (PTSE-1). Two test vessels are being
fabricated, one to be used for testing of the PIS experimental facility
and the other for the first experiment PTSE-1. Fracture-mechanics (FM)
analyses were made with candidate transients for the PTSE-1 and with upper—
shelf behavior being considered explicitly for the first time. Further
- developmental tests of seals, thermocouples, and other apparatus were con—
ducted; and test facility construction was nearly completed. Material
property studies were continued to define the desired heat treatment of
the vessel for I'TSE-1.

5.1 Posttest Study of ITV V-8A

R. H. Bryan

Vessel V-8A was tested with a flaw in a special seam weld having
low—upper—shelf toughness similar to that of irradiated high—copper weld
metal .1-3 After the test, the entire seam weld was removed and sectioned
to separate the flawed region from the unbroken segments. The flaw ge-—.
ometry is being determined precisely, and the unbroken pieces of the weld
seam are being used in studies related to both the V-8A test and prepara-
tions for a PTS test with low—upper—shelf material, possibly in PTSE-2.

Properties of the V-8A seam were investigated because the four char
acterization welds, which were prepared with the same materials and proce-

- dures as the V-8A seam, exhibited a remarkable scatter in upper—shelf
toughness.*

5.1.1 Fracture surfaces of V-8A flaw

A block of material containing the V—-8A flaw was removed from the
test vessel, chilled in liquid nitrogen, and split along the fracture
plane by wedgée—loading the machine opening of the flaw. As indicated by"
photographs previously published, this splitting did not uncover the frac—
ture surfacés at the two ends ot the flaw.® Therefore, it was necessary
to resection the two halves of the split block, chill the pieces in liquid
nitrogen, and wedge apart the unopened portions of the fracture surfaces.
This process produced about 20 fragments containing some portion of the
fracture surfaces developed during the V-8A test.

The two complete fracture surfaces were reconstructed so that precise
measurements of the flaw could be made. Photographs of the surfaces are
shown in Figs. 5.1 and 5.2. The widths of saw cuts were measured and ac—
counted for in reassembly of the surfaces. The V-8A flaw attained a depth
of 102 mm and 2 length of 456 mm. This length is about 30 mm greater than
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Fig. 5.1. Fracture surface A of V-8A flaw. Arrow points toward
closure flange of test vessel. Pieces reattached to central part of flaw
block were spaced to account for width of cuts.
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Fig. 5.2. Fracture surface B of V-8A flaw. The arrow points toward
closure flange of test vessel. Pieces reattached to central part of flaw
block werzs spaced to account for width of cuts.
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that reported earlier on the basis of an ultrasonic scan of the flaw
block.$

5.1.2 Tearing resistance of low—upper—shelf seam weld
in vessel V-8A .

A portion of the seam weld from vessel V-8A (piece V8A-CA) was sent
to the Babcock & Wilcox Company (B&W) Alliance Research Center for deter—
mination of the tearing resistance J, of the material. B&W had measured
JR of four characterization seam welds made of the same welding wire and
flux and with the same welding procedure as the V-8A seam weld.?:¢ The
four characterization welds, although nominally identical, indicated con—
siderable scatter, as shown by their average Jp properties* (Fig. 5.3).

B&W tested ten nominally 25-mmthick side—grooved compact specimens
at 149°C. Eight specimens were of the WL orientation and two of WT ori-
entation. The results reported by Domian and Futato? are summarized in
Fig. 5.3 and Table 5.1. The WI data fall within the scatter band of WL
data.

Table 5.1. J-integral average proper—
ties of V—-8A characterization and
vessel welds at 149°C

Weld sheoimens  (3/83)

V852 5 70.8
V862 6 61.5
V882 2 59.0
V8102 10 43.2
Vessel V-8A

WT orientation 2 41.2

WL orientation 8 47.9

5.2 Pressurized-Thermal—-Shock Studies

R. H, Bryan R. W. McCulloch

The principal effort in the experimental pressurized—thermal-shock
(PTS) studies is toward performance of a test (PTSE-1) of an ITV.® Two
test vessels are being fabricated from used ITVs, One of the two vessels
is to be used for PIS test facility checks and preliminary thermal-hy-
draulic tests (PTSE-0) and the second for the fracture test PTSE-1. The
PTSE-0 vessel will eventually be used for a fracture test.
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Some investigations pertaining to PTSE-2, which is tentatively
planned as a test of low—upper—shelf material, are also being conducted.
Materials available from the vessel V-8A test program are being studied.

A piece of the V-8A seam weld will be used for crack-arrest toughness mea—
surements in preparation for PISE-2 and, perhaps, ESSO tests.

Construction of the PTS test facility was almost completed during the
quarter. Conceptual designs were adopted for essential testing apparatus:
the pressurization system, the data acquisition system (DAS), and seals.
Some features of the testing system were abandoned because of cost or
schedule constraints: principally automatic pressure controls, real—time
fracture analysis from test data, and ultrasonic crack-depth measurements.

Development and application of methods of fracture analysis for in—
vestipating pressure—temperature transients in test vessels were pursued
in two directions. In the first, a computer code (PTSUSA) was developed
to determine J-integral-controlled fracture behavior on the upper shelf.

A series of upper—shelf arrest analyses has been performed using PTSUSA to
demonstrate the influence of test conditions on the outcome of a PTS test.
In the second direction, 3-D ADINA-ORVIRT studies were performed as a
basis for developing a version of the OCA code that will account for the
effects of finite flaw, finite cylinder, and uncooled heads on the PTS
test vessel. This modified OCA andlysis capability is being used to carry
out parametric analyses covering potential ranges of PTSE variables.

A study of the effects of various temper treatments on toughness is
being conducted to determine the heat treatment to be applied to the
vessels. for PTSE-0 and -1, in which the selected test material has been
plug welded.

"5.2.1 Elastic—ideally—plastic PTS analysis for a deep

continuous external longitudinal crack in a
cylinder (J. G. Merkle)

In previous progress reports, closed—form solutions were presented

for analyzing the effects of thermal-shock loading, under elastic comndi-
tions, on deep continuous internal longitudinal® and circumferentiall?®
surface cracks in pressure vessels, and the effects of complete ligament
‘yielding without strain hardening in the case of internal longitudinal
cracks.2? More recently it has become necessary to consider the effects
of vessel internal pressure as well as those of thermal-shock loading,
with specific attention being given to the design of ITV experiments using
internal pressure, external flaws, and external thermal-shock 1oading.
The objective of the analysis to be presented here is to extend the pre-
vious analyses to cover deep, continuous, external, longitudinal surface
cracks subjected to pressure as well as thermal loading, with complete
ligament yiclding, but without struin hardening.

" Because the crack is assumed to be deep, it is reasonable to adopt
the strip—~yield-model philosophy by assuming that yielding occurs only
on the plane ahead of the crack tip. When the ligament is completely
yielded, the stress distribution directly ahead of the crack is an ideally
plastic stress distribution, and the crack-plane displacements are the
elastic ring bending displacements corresponding to the applied loading
and the crack-plane tractions.,1?
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/

To calculate the elastically induced displacements of the crack
faces, a section of the cylinder is modeled as a cut ring, with one end
fixed and the other end free (Fig. 5.4). For ¢pax = 27 and radially sym—
metric loading, X, = 0, and the total relative displacements of the crack
faces are equal to the elastically calculated displacements of the free
end, given by

0 2nr —2nr? M
1 a .
" EI ’ (5.1)
A
y

—2nr? 3nr3 Y
a

where positive displacements and rotations are defined as those occurring
in the directions of the positive tractioms.

Referring to Fig., 5.5, the moment causing bending deflections that
act on the crack plane is given by

I _<hz_*»'
Ma = MB GY d2 + dw 2 2 ) R {(5.2)

where Mg is the moment of the total stress distribution acting in the
uncracked ring., The moment Mg can be represented by

2
o W
B

Mp= % (5.3)
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Fig. 5.4. Cut ring model of cylinder containing continuous longi-
tudinal surface crack.
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Fig. 5.5. Ideally plastic model of uncracked ligament in .cylinder -
containing continuous external longitudinal surface crack.

where o is the linearized inside surface thermal stress. The force caus-
ing bending deflections that acts on the crack plane is given by

o]
I

—oy (2d = b) —ow, ‘ (5.4)
P

Q
]

r, .
2 .

Referring again to Fig. 5.5, the crack-plane displacement-rotation
relations are given by

- = !-) ' (5.6)
Ay"‘e<2 d: ’ *

and
5 = 6(b — 4d) . (5.7)

Note that the sign convention adopted here results ig the crack-tip-
opening displacement (COD) & being positive when the crack-opening angle
O is positive for an external snrface crack.
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The problem solution is obtained by using Eq. (5.6) to eliminate A
in Eq. (5.1), then eliminating © and solving Eq. (5.1) for (d/b). This
locates the hinge point, which is the point of stress reversal in the
fully yielded remaining ligament. The resulting equation for (d/b) is

b\ /d\3 d\2 d
<—) (“) + C2 <—> + Ca1 <"> — Co =0, (5.8)
w b b b

where
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For the case of (d/b) > 0, corresponding to the hinge point located
inside the remaining ligament, Eq. (5.8) can be soulved by iteration, using
the rcarranged form

g.emab -CIG)

(5.12)

The crack-plane moment can be obtained by noting that

9-00)

and then combining Eqs. (5.2) and (5.3) to read

o o) -6) 36 G-2)
= -1 + ?;;7;;7 -~ \3 + Py ;) 1.- - . (5.14)

o | ==
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The crack plane bend angle and centerline vertical displacement are given

QBR[O 0-6 e
SO [0-0-6] o

Finally, the COD is calculated by rearranging Eq. (5.7) to read

_ b .4
5 =8w . s/ (5.17)

Referring to Fig. 5.5, when the distance d is reduced to zero, the
remaining ligament becomes completely yielded in tension, even though a
strain gradient still exists in the ligament. For this condition,

Eq. (5.8) reduces to

<

and

«

[ =]

C, =0, (5.18)

1]

Consequently, using Eq. (5.9), the ligament size for a given loading at
which the ligament becomes completely yielded in tension is given by

=0 . (5.19)

Also, by rearranging Eg. (5.19), the pressure at the onset of complete
tensile yielding in the remaining ligament, for a given ligament size and
thermal loading, is given by ‘

g Bee e
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For the case of (d/b) = 0, the crack plane moment, bend angle, centerlinme
vertical displacement, and the COD can all be obtained from Eqs. (5.14)-—
(5.17) by setting (d/b) = 0.

For the case of the remaining ligament fully yielded in tension, with
the hinge plot located outside the ligament, the stress distribution in
the ligament is independent of the hinge point location, being the same as
for d = 0., Therefore, using Eq. (5.14), the crack-plane bending movement
is given by

8 _ —_ (5.21)
My

by

) r o, M ‘ r\?* /o b\ .
B a P
5 =2 (—) <—> <—> + 12 <;> <c— - ;) , - (5.22)
neY w UY MB Y
A T GB Mu r\2 op b
I _, (— <—> w18 —) (—— —) . (5.23)
ZneYr w UY 1B w GY w

Finally, nsing Fig. 5.5, the COD § is given by

and -

1 b
8 =—-A_ — ow <— - —> . (5.24)
y 2 w/,

These equations were initially used to investigate the effects of
ligament yielding on the COD for a deep external thermally loaded surface
crack in an ITV. A comparison, based on elastic analysis, had previously
been made between the effects of the same thermal—-shock loading on outside
vs inside surface cracks in an TTV.12 From those studies, it was conm
¢luded that for flaw depths less than half the vessel wall thickncss,
there is little difference between the stress—intensity factors for the
two flaw locations.22? Using a yield stress of 517 MPa (75 ksi) and a lin-
earized thermal stress loading of GB/UY = —1, calculations were made to
determine the effects of ligament yielding for the external flaw. The
results, shown in Fig. 5.6, indicate that for thermal loading only, the
effects of yielding are negligible until the ligament becomes fully
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Fig. 5.6. Effects of yielding, without strain hardening, on crack
driving force for continuous external longitudinal surface crack in ther—
mally shocked cylinder.

yielded in tension, after which the stretching of the ligament causes
large increases in the COD. For purposes of comparison with elastic
analysis, the calculated CODs are expressed in terms of equivalent stress—
intensity factors by using the conversions

J =90,0 , A (5.25)

and

K, = VEJ . (5.26)

The results shown 'in Fig. 5.6 illustrate some fundamental differences be-
tween the behavior of very deep flaws subject to thermal loading only,
because of yielding and flaw location, Whereas elastic analysis indicates
that the stress—intensity factors for both deep external and internal
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cracks approach zero as a/w approaches unity, uniform tensile yielding
eventually causes the remaining ligament ahead of a very deep external
surface crack to stretch, producing large crack openings. As pointed out
in Ref. 11, the opposite happens in the case of a very deep internal sur-
face crack; that is, the ligament eventually yields in uniform compression
and the COD becomes zero. However, for thermal loading only, these ef-
fects do not occur until the crack has penetrated more than 90% of the
vessel wall, -

A second application of the analysis was made to determine the ef-
fects of ligament yielding in an ITV containing a continuous external
surface crack and subjected to internal pressure as well as external
thermal shock. The analysis was based on a linear fit to the stress dis-
tribution determined by the OCA code, for p = 82.7 MPa, AT = 213.9 K, h =
5675 Wem—2:K-*, and t = 6 min. The total stress distribution was fit
with a straight line, and the results were separated to give a bending
stress represented by og/oy = —0.430 and a uniform stress represented by
o,/oy = 0.266. The yield stress oy was assumed to be 700 MPa. Based on
Eq. (5.19), it was determined that the relative crack depth a/w at which
the remaining ligament would become fully yielded in tension would be
0.694, Figure 5.7 shows a comparison between the ideally plastic liga—
ment analysis and a completely elastic analysis. The lower intersection
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Fig. 5.7. Effects of yielding, without strain hardening, on crack
driving force for continuous external longitudinal surface crack in cyl-
inder subjected to internal pressure and external thermal shock.
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- of the two curves identifies the crack depth below which the ideally plas—
tic analysis should be disregarded because the remaining ligament is not
yet completely yielded. At a/w = 0.694, the ligament becomes completely
yielded in tension, causing large increases in the COD. By comparing
Figs. 5.6 and 5.7, the effect of vessel internal pressure is to reduce the
value of a/w at which the remaining ligament becomes completely yielded

in tension. In addition, unlike the case of thermal loading only, liga-
ment yield causes Ky to significantly exceed Ky prior to the development
of complete tensile yielding in the remaining ligament. Thus, at least a
plastic zone size correction is desirable for a PTS analysis.

It is expected that an elastic—plastic analysis considering strain
hardening would produce Ky values lying between the two curves shown in
Fig, 5.7. The results nof such an analysis, using tho ORGMEN-ADINA ORVIRT
codes, are presented in Sect. 5.2.2 of this report.

5.2.2 Fully plastic ligament study of an ITV for combined

pressure—thermal loading using ADINA—ORVIRT
(J. W. Bryson, J. G. Merkle, B. R, Bass)

A fully plastic ligament study of an ITV under combined pressure-
thermal loading was conducted using the ADINA-ORVIRT finite-element sys-
tem.13>14 The thermal loading represents a thermal shock on the outside
surface of an ITV. The vessel is initially at a uniform temperature of
190.6°C and is suddenly .exposed to a fluid at —23.,3°C with a heat transfer
coefficient of 5675 W.m—2+E-%, An internal pressure loading, p = 82.7
MPa, was applied. Outside surface longitudinal cracks were considered
with a orack-depth—to-wall-thickness ratio in the range 0.5 < a/w < 0.8.
The ADINA-ORVIRT analysis represents a 2-D, plane-strain analysis using a
deformation theory plasticity material model. A von Mises yield condition
and isotropic strain hardening are employed. .

Figure 5.8 shows the results of the study at t = 6 min into the ther—
mal transient in the form of a pseudo K value vs a/w. In addition, an
elastic—only analysis using OCA is shown as well as the simplified closed-
form analysis discussed in Sect. 5.2.1, which does not account for strain
hardening. The results indicate that yielding in the ligament ahead of a
deep continuous longitudinal crack in a cylinder subjected to PTS loading
causes the COD to exceed elastically calculated values. In addition, the
ADINA-ORVIRT calculated crack—tip depth at which large increases in COD
begin to occur because of yielding of the remaining ligament in uniform
tension agrees with the ideally plastic closed—form analysis. These stud—
ies suggest that consideration of plastic instability in PTSE analyses is
necessary because elastic analyses become unconservative for deep cracks.,

5.2.3 Upper—shelf arrest analysis based on Jg—controlled
tearing (R. H. Bryan and J. G. Merkle)

5.2.3.1 Development of method. Ome of the objectives of the series
.of PTS tests is to investigate the mechanisms of crack arrest initiated
in cleavage and propagated into a region in which temperatures are high
enough for the material to be considered completely ductile. One model
for describing this type of upper—shelf arrest presumes that there is a
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Fig. 5.8. A comparison of three methods of analyzing longitudinal
outside cracks of uniform depth in test cylinder under combined pressure—
thermal loading. The KI values determined by ideally plastic ligament

analysis and ADINA-ORVIRT analysis indicate orack depth at which plastic
instability ioc approasched.

temperhture'TD above which ductile fracture (even though fast) will pre-
vail and below which fracture will be entirely by a cleavage mode. This
assumption is made in the present study, because there is some empirical
evidence that there is a purely ductile regime, even though the transition
admits mixed—mode fractures. Transitional behavior involving simultaneous
cleavagec and-ductile fracture during a small increment of c¢rack extemsion
is ignored. o ‘

In PTS transient of practical interest, a growing crack rums into a
monotonically increasing temperature field. ' Thus, one should ask what
mechanism of fracture will control crack growth after the crack enters
the ductile upper—shelf regime (T > Tp). As indicated by dynamic tests
of large specimens, Tjy is in the neighborhood of ~100 K higher than
RTNp; 252 1% and at such temperatures, crack-arrest toughness data are
rare. . Under these circumstances, the extrapolated K1 curve from Sect. XI
of the ASME Code does not appear to be the most reliable basis for plan-
ning an upper-shelf arrest experiment. On the other hand, ome can, with
JR data, investigate whether a crack in a region where T > Tp would be
stable in a quasi-static sense. ORNL has developed the computer program
PTSUSA to analyze this stability question.
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The procedure for determining upper—shelf stability points is illus-—
trated in Fig. 5.9. Temperatures in the wall of a vessel during a tran-
sient can be represented as contours in a crack depth vs time (a vs t)
graph [Fig. 5.9(a)]. At any given time t’ (less than some tmay), there
is a crack depth a' at which the temperature T = Tp. Suppose that, if a
crack has a depth a’, its continued growth will be controlled by a tear
ing resistance Jp, which generally is a function of an increment in crack
growth Aa = a — a’ and the temperature of the material at the crack tip.
The condition for crack growth is

Jr (a) > Jg la—a', T (a)] . o (5.27)
A crack of depth a will be stable wheﬁ

Jr(a) <Jgla—a', T ()] . | (5.28)
These conditions are illustrated in Fig. 5.9(b) for t = t’'.
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Fig. 5.9. Factors determining crack stability on upper shelf during
pressurized—thermal-shock transient: (a) temperature contours in a-t
plane; (b) JI and JR at t = t'.
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The PTSUSA code uses temperature and Ky vs a and t calculated by the
OCA-I code. - The PTSUSA code makes a plastic zone size correction to the
Ky values input from OCA, conmverts Ky to Jy, performs the computations of
stable and unstable upper—shelf points, and plots results on an a/w—vs—t
plot similar to anm OCA critical-crack-depth plot. The point of incipient
instability is defined as the last stable Jp-controlled crack depth with
a/w < (a/w)p, where (a/w)y is the greatest value of a/w for which Ky is
defined by OCA. 1In OCA-I, values of Ky are not defined for a/w > 0.9,
principally because there is little practical interest in deep crack be—
havior in a real vessel. The discussion of Fig. 5.6 in Sect. 5.2.1 iden-
tifies some of the difficulties of analyzing outside surface flaws with
a/w > 0.9.

5.2.3.2 Application to PTSE-1., At this stage in the development of
plans for PTSE-1, the material property data used for input to OCA or
PTSUSA are either assumed on the basis of past thermal-shock experiments
(as in earlier OCA studies of PTSE-1) or inferred from Charpy-V impact
test data for material being considered for PTSE-1,

The first PTSUSA case illustrated here uses the same PTS transient as
used in the plastic instability analyses discussed in Sects. 5.2.1 and
5.2.2. The parameters for this transient are given in Table 5.2. The
upper—shelf arrest results are shown in Fig. 5.10 for two values of Tp.

Table 5.2. PTS parameters used in PTSUSA, OCA, and
plastic instability analyses

Parameter Value
Constaﬁts
Initial temperature, T0 (oC) 191
[

RTNDT (nC) 13
Ductility temperature, TD (°C) 120, 130
JR parameters?

C 2.16

n . 0.359

Variables (linear between time points

Time (min)

0 3 .4 5 6 20

. Coolant temperature, Tc (°C) —23 12
'Pressure..P (MPa) o 27.6 27.6 20.7 48.3 82.7 82.7
aJR = C(Aa)™; Jp in MI/m?, Aa in m,
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Fig. 5.10. Upper—shelf arrest curves from PTSUSA analysis of tram -
sient for which plastic instability was analyzed.

In this example, it can be seen that cracks initiating after ~4.9 min
would be unstable on the upper shelf, if Tp = 120°C; for this case, the
deepest crack that would be stable with respect to tearing would have a
fractional crack depth a/w = 0.55. If Tp = 130°C, the deepest stable
crack has a depth a/w = 0.64. Therefore, in this case a tearing insta-
bility would probably precede a plastic instability, which would not occur
for a/w less than ~0.7 at t = 6 min, as indicated by Fig. 5.7.

The physical significance of an upper—shelf arrest curve in a PTS
transient must be interpreted on the basis of the nature of the transient
at the time of an upper—shelf arrest (see Fig. 5.11). In this example,

a crack initiating at t ) Ty would not .arrest. If a crack is initiated at
some earlier time t, and arrests on the upper shelf at a = a, (point 1),
it will or will not continue to tear depending on whether Jy continues to
increase or decrease with time for crack depth a,. If J1 increases, as in
- the PTS cases under discussion here, the crack would tear in a stable man-
ner to point 2 and .thereafter tear unstably. The secondary tearing insta-—
bility (at point 2) will occur at a later time than the primary insta-
bility at ty; that is, t, > ty. The secondary instability would be pre—
vented by changing the transient in such a way that Jy decreases after the
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Fig. 5.11. Upper—shelf arrest and stable tearing trajectories for
pressurized—-thermal-shock transient with monotonically increasing pres—
sure.

upper—shelf arrest, for example, by stopping pressure increases after time
t,. This aspect of the upper—shelf—arrest phase of PTSE-1 will be inves—

tigated further to determine the control measures that must be used during
the test. )

A series of PTSUSA and OCA analyses was studied to indicate the sen—
sitivity of the results to variations of the following patameters: maxi-
mum pressure (Ppay), To, Tp, C, and n. Base case values of the parameters
are given in Table 5.3, and variation cases are defined in Table 5.4.

Until Ky., Kjo, and Jg data are measured in FM specimen tests of the
material used in the PTSE-1 vessel, estimates of these properties are be—
ing based on the best available data, Currently, these properties are
being inferred from Charpy-V impact test data of material heing investi-
gated for determining the heat treatment process for the PTSE-1 vessel
(see Sect. 5.2.5). The tentatively chosen material has an upper—shelf
Charpy energy of ~110 J and a Tgy,,7 =~ 40°C. Tgy,,7 is a reasonable defi-
nition of RIypr for purposes of defining Ky, and Ky, as functions of tem—
perature by use of the equations of Sect. XI of the ASME Code. This defi-
nition of an effective RTypr produces excellent agreement of OCA calcula-
tions and actual observations of four fracture initiations in TSE-5A (Ref.
17). The JR power law parameters were determined by the Naval Research
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Table 5.3. PTS parameters for base
case PTSUSA-OCA analysis (Case C)

Parameter Value
Constants
To (°C) 200
[+

RTNDT (oC) 40

0 .
TD (°C) 150
4 2.16
n” , 0.359

Variables (linear between
time points

Time (min)

0 4 6 20
T, (°C) -23 12
p (MPa) 30 30 70%  70?
. aJR = C(aa)™; Tg in MI/m?, Aa
in m.
b
pmax

Table 5.4. Definition of parameter variations
for PTSUSA-OCA study

(Parameter values in units of Table 5.3)

Parameter
Case a
Poax To TD C/Cc n/nc

c 70 200 150 - 1 1
D 70 . 200 130, 140, 150 1 1

E 70 200 150, 160, 170 1 1

F 70 200 150 0.8, 1.0, 1.2 1

G 70 200 150 1 0.8, 1.0,
H 60 200 150 1 1

I 80 200 150 1 1

J 70 240 150 1 1

K 70 280 150 1 1

- a

(@]

, nc = values for case C.

o]
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Laboratory and reported in Ref. 18 for material with a Charpy upper—shelf
impact energy of 110 7J.

Cases E, F, and G show the effects of varying the values of the upper—
shelf parameters: Tp, C, and n, where C and n are the constants in the
power—law expression for Jp,

Tp=C (Aa)™ . (5.29)

Figure 5.12 shows that a variation of the cleavage—ductile transition
temperture makes a substantial difference in the extent of stable tearing
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Fig. 5.12. Upper-shelf arrest and instability results from PTSUSA
case E. Effects of different TD values are shown.
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that is possible and a slight difference in the times of instability.
Similarly, Figs. 5.13 and 5.14 show the effects of +20% variations in the
Jp parameters C and n. These casés indicate that, in PTSE-1, it may be
easier to tolerate uncertainties in upper—shelf toughness than an under—
estimate of Tp.

Figures 5.15 and 5.16 show the results of PTSUSA and OCA calculations
for cases H and C, respectively, in which only pp,y is different. Cleav—
age initiation (for small flaws) and arrest conditions are practically
unaffected by the change in pressure., There is a time window, 2 min < t
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Fig. 5.13. Upper—shelf arrest and instability results for PTSUSA
case F. Effects of different values of parameter C in JR = C (Aa)n are
shown. '
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Fig. 5.14. Upper—shelf arrest and instability results for PITSUSA
case G. Effects of different values of parameter n in JR =C (Aa)n are
shown,

{ ty, during which upper—shelf conditions would control the arrest of a
crack initiated in cleavage. It is important to recognize that the Ky =
Ky, arrest points above a/w =~ 0.2 may be fictitious, because they are
based on a KIa(T) relationship at temperatures for which there are no
crack-arrest data. These cases also indicate that an upper—shelf arrest
could be achieved at a/w values from ~0.4 to 0.7 without interference from
a net ligament instability, because the pressure for t < ty is less than
~42 MPa and at an a/w = 0.7 the pressure for ligament instability by

Eq. (5.20) would be >80 MPa.
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Fig. 5.15. PISUSA-OCA case H (Table 5.5). Cleavage initiation and
arrest and upper—shelf arrest and instability trajectories are shown.
Results of this case and case C (Fig. 5.16), which differ only in Poax’

are nearly the same.

-

The effects of variation of the initial temperature T, are shown in
Figs. 5.16—5.18, Starting with a higher temperture makes the thermal
stress contribution to Ky and Jy greater and shifts the points at which
T = Tp toward smaller a/w values. The latter effect will have an impor—
tant role in the final selection of test conditions, because it has a
strong influence on the depth of upper—shelf arrest. Upper—shelf arrest
instability occurs at a/w values of ~0.60, 0.46, and 0.36 for T, = 200,

240, and 280°C, respectively.
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5.2.3.3 Current developments. The PTSUSA code and an improved ver—
sion of the OCA code will be used for planning PISE-1 and defining spe-
cific test conditions. OCA has already been modified to handle the test
vessel geometry by use of influence functions rather than unit-load K*
values for calculating Ky. These additional improvements ate necessary
for PTSE studies:

1. introduce a more general warm prestrqssing algorithm capable ofih@n—
"dling PTSE transients, *
2. make plastic zone size corrections in OCA,
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Fig. 5.17. PTSUSA-OCA case J. Cleavage initiation and arrest and
upper—shelf arrest and instability trajectories are shown for comparison
with Figs. 5.16 and 5.18 for different values of To'

3. 1link OCA and PTSUSA for plotting results together,
4, restructure input and output for efficient parameter studies, and
5. add ligament tensile instability calculations.

PTSUSA and OCA analyses described previously have all been based on
the version of OCA that treats the test vessel and flaw as infinitely
long. Further PTSE studies will use the 3-D version of OCA that accounts
for the finite flaw, the finite cylinder, and the closed uncooled ends of
the vessel. Kjy., Ky,, and Jg properties will continue to be inferred
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Fkg. 5.18., PTSUSA-OCA case K. Cleavage initiation and arrest and
upper—shelf arrest and instability trajectoriés afe shown fur cumparison
with Figs. 5.16 and 5.17 for different values of To.

principally from Charpy impact test data until extensive characterization
tests are completed.

The emphasis of the near-term analyses will be to evaluate the impact
on test plans of the new factors being introduced, namely upper—shelf
arrest or instability and finite geometry. At present, it appears that
upper—shelf behavior will limit maximum test pressures more than had been
recognized previously. However, the capability of invoking a wide variety
of pressure transients is still the best assurance of meeting the original
PTSE-1 objectives.
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5.2.4 Test vessel fabrication (K. R. Thoms)

Babcock & Wilcox is repairing two ITVs, V=7 and V-8, for use in
shakedown tests, PTSE-0, and the first FM experiment, PTSE-1 (Ref. 19).
The repair is being accomplished by welding a 1320-mmlong plug fabricated
from TSC-6 into each of the vessels.,

Early in this report period the cavities in each of the vessels were
prepared for welding. During the inspection of the machined cavities, a
potential problem was uncovered when high magnetic fields were discovered
in both vessels. Magnetic flux densities as high as 0.0026 T (26 G) were
observed in V-8 and as high as 0.0013 T (13 G) in V-7. This made magnetic
particle inspection of the cavity surface impossible and suggested there
may be a problem with the dc manual metal-arc (MMA) welding techmique
specified to weld the plugs into the vessels. Because B&W determined that
the potential success of electrical degaussing of the vessels was ques—
tionable, it was decided to substitute dye penetrant inspection for the
specified mugnetic particle inspection throughout the repair process.
Also, should the magnetism interfere with the dc MMA welding, B&W would
attempt ac MMA welding prior to attempting schemes to degauss the vessels.

The TSC-6 cylinder was subjected to a temper of 523°C for 9.5 h prior
to flame cutting a section from the cylinder to fabricate the plugs.

After machining the plugs, they were also found to be significantly mag-
pnetized; however, the use of an electrical coil to degauss the plugs
proved successful,

Both plugs have been welded into their respective vessels utilizing
dc MMA welding with no problems encountered due to magnetism. During
the next gquarter, they will undergo inspection, postweld heat treatment
(PWHT), further inspection, and machining of the outside diameter. The
work remains on schedule for shipment of vessel V-8 approximately May 20
and V-7 approximately June 20, 1983.

Because of funding constraints, the awarding of a contract for the
installation of a low—upper—shelf seam weld into vessel V-5 will be de-
layed ~1 year. :

5.2.5 PTS materials characterizations (W. J. Stelzman,
R. K. Nanstad, and T. D, Owings, Jr.)

Studies continued to determine the effect of tempering on the Charpy
V-notch impact and drop—weight properties of the prolongation (TSP-4) from
test cylinder TSC-4 after stress relieving for 8 h at 523°C and cooling in
air. Characterization of the Cy toughness properties of the as—quenched
prolongation TSP-6 was also begun to determine the variability of tough-
ness through the thickness.

The cylinders (TSC) and prolongations (TSP) are forgings with the
composition of SAS08 class 2 steel procured in the quenched but untempered
state. The test sections of the test vessels for PTSE-0 and —1 have been
fabricated with segments of TSC-6. Preliminary tempering studies used
TSP-4 material. The final determination of the heat treatment of the PTSE
test vessels will be based on the studies of TSP-6.

Charpy V-notch and drop—weight test results from TSP-4 material that
had been tempered have been reported.2° Excess material from TSP-4, which
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had been stress relieved for 8 h at 523°C and tempered for 6 h at 553°C,
was given an additional 10 h at 553°C (16 h total). The cooling rate
after the 6-h temper ranged from 1.1 to 0.55 K/min and .after the 10-h tem—
per from 0.44 to 0.16 K/min. The latter cooling rate was chosen to ap-
proximate the cooling rate anticipated for the PTSE-0 and -1 test vessels.
Excess material from TSP-4, also previously stress relieved for 8 h at
523°C, tempered for 17 h at 563°C, and cooled at 0.92 to 0.68 K/min, was
given an additional 10 h (27 h total) at 563°C, followed by cooling 0.43
to 0.16 E/min.

The Charpy V-notch and drop—weight results from both extended tempers
are listed in Table 5.5 and presented in Figs. 5.19 and 5.20. Individual
data are presented in Table 5.6. The Charpy V-notch fracture energy and
lateral expansion results are also presented in Fig. 5.21, together with
results previously reported.2?? Extending the hold time at 552°C for an

Table 5.5. Charpy V-notch impact (CT-oriented specimens) and
drop—weight (Type P-3 specimens) results from 203-mmthick
prolongations TSP-4 and —6 as quenched and after
stress relieving and tempering

Transition temperature

Temper Deptha (°c Upper— Dr?p-
temperature location ) shelf weight
(°C) (a/w) 68-T 0.89-mm Estimated energy NDT

Lateral 100% ductile J) (°C)
Energy .
expangion fracture
TSP-4
b,e -
552b d 0.24 82 74 149 1045 =
564°° 0.24 63 - 63 149 110 —49
TSP-6°
0.20 96 110 138 110f
0.26 121 - 113 149 90
V.28 118 107 148 93
0.40 116 104 127 105 )
0.54 102 88 129 115 66
0.68 88 77 121 115
0.82 82 71 93 120
a

Fraction of depth from inside diameter of 203-mmwall thickness.
Stress relieved for 8 h at 523°C; cooled in air.

Tempered 16 h at 553°C; cooled 0.44 to 0.16 K/min,

Tempered 27 h at 563°C; cooled 0.43 to 0.16 K/min,

Qo o

R,

eAs quenched.

Minimum.
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Table 5.6. Charpy V-notch impact results
(CT-oriented specimens) from prolongation
TSP-4 after additional tempering at
552 and 564°C

Test Absorbed Lateral
temperature energy expansion
(°C) (J) (mm)

Shear
(%)

Tempered at 552°C for additional 10 h®

—18b 5.4 0 0
—4 8.8 0.08 0
10, 32.0 0.41 5
21, 27.2 0.30 13
38 38.6 0.51 5
38b 38.9 U.46 11
52 42.2 0.53 16
52, 51.3 0.76 24
66 53.0 0.75 30
66 60.5 0.86 35
79, 78.9 1.09 55
93 57.8 0.79 44

93, 103.8 1.37 78

107 63.9 0.91 45

107, 103.8 1.50 79

116b 75.3 “1.14 66

121 112.2 1.35 80

121 . 106.8 . 1.73 100

135, 108.1 - 1.65 100

149b 104.4 1.52 100

260 102.7 1.50 100

260 108.4 1.55 100

Tempered at 564°C.for additional 10 h°¢

—46 4.1 0.05 0
-18, 20.9 0.03 0
—4y 16.3 0.23 0
10 10.1 0.08 0
10, ‘ 23.5 0.25 0
21 44.2 0.56 10
38, 53.0 0.66. 21
52b 63.Y . U.8a 23
66, 38.1 0.53 28
66 69.4 1.04 48
66, 56.17 . 0.81 ‘32
79", - 86,0 1.30 66
19, 75.5 1.09 49
93 " 99.3 1.37 78
93b ' 84.7 .19 5T
121 . 94.8 . 1.35 - 78
121, 87.4 1.37 79
149 105.3 1.42 100
149, 106.1 1.52 100
260 110.2 1.63 100

260 108.8 1.50 100

%Stress relieved 8 h at 523°C, tem-
pered 6 h at 553°C, and retempered 10 h
at 552°C.

b0.20t depth in 203-mmthick wall °
(inside diameter = Ot); remainder 0.28t.

- CStress relieved 8 h at 5239C,. tem-
pered 17 h at 563°C, and retempered 10 h
at 564°C.
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Fig. 5.21. Variation of Charpy V-notch transition temperature after
stress relieving prolongation TSP-4 for 8 h at 523°C and tempering.

additional 10 h increased the transition temperature (reduced toughness)
at the 68-J energy level from 68 to 82°C., After an additional 10 h at
563°C, (Lhe Llrausitiuvn temperuature decreased (increased toughness) trom 82
to 63°C at the 68-J energy level. The extent of influence of the extended
hold time or the slower cooling rate is not clear., Also unclear are the
results from the drop—weight tests. A single-pass application of the weld
bead was used instead of the two—pass bead. Either procedure is allowed
in the ASTM E208 method for conducting drop-weight tests.2! We also par—
tially submerged the specimen in water during the application of the weld.
Both procedures are intended to reduce the bulk temperature in the speci-
men during welding, thereby minimizing the possibility of retempering in
the iegion near the heat-affected zone (HAZ). The test method assumes
that the crack will advance from the brittle weld to the edges of the
specimen within ~30°C of the nil-ductility temperature. In the present
series of tests, the total crack extension occurs within 3°C of the nil-
ductility temperature. The Japanese have also experienced similar prob-
lems with A508 classes 2 and 3 (Refs. 22 and 23). We are continuing to
investigate the application of the E208 test method to testing of A508
steel.

We also examined the variability of as—quenched Charpy V-motch tough—
ness properties through the thickness of the 203—-mmthick prolongation
TSP-6 using CT-oriented specimens. The results from seven depth locations
from the inner surface (0.20, 0.26, 0.28, 0.40, 0.54, 0.68, and 0.82t) are
listed in Table 5.5. The results indicate that the minimum Charpy V-notch
toughness occurs near the quarter—thickness depth from the inner surface.
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A segment from TSP-6 was also stress relieved for 9 h at 521°C, tem—
pered for 10 h at 566°C, and cooled 0.62 to 0.12 K/min. Charpy V-notch,
drop-weight, tensile, and 1T compact specimens were then machined from
this material. Testing of these specimens is under way.

5.2.6 PTS test facility (R. W, McCulloch and G. C. Robinson)

Design and construction of the Pressurized-Thermal-Shock Test Fa-—
cility (PTSTF) are being accomplished under DOE Directive CL~523. Union
Carbide CorporatiomNuclear Division is furnishing Titles I, II, and III
engineering; procuring the ITV shroud or outer test vessel (OTV); provid-
ing instrumentation and controls (I&C) design, component procurement, and
fabrication; performing utility tie—ins, instrument calibration, and pre-
operational testing; and providing support to the construction contractor.
Mechanical components procurement and construction are being performed by
Rust Engineering Company, the DOE construction contractor.

In addition to directive—controlled design and construction tasks,
several peripheral facility—related tasks are in progress to emnable PTS
experimental testing. These include upgrading the data acquisition and
pressurization systems, determining and installing needed test instrumen—
tation, and providing reliable high—-pressure high—-temperature seals for
instrumentation and pressurization penetration of the ITV.

5.2.6.1 Test facility construction. Site construction is ~95% com—
pleted and remains within projected costs. The ITV shroud or OTV was suc—
cessfully modified to accept ITVs of slightly smaller diameter and was
received on site 1 d ahead of the projected date of February 1, 1983.
Receipt of the OTIV completed the fourth of the planned six DOE Level II
milestones and concluded procurement of major items for the facility.
Figure 5.22 shows the completed OTV installed in the reinforced concrete
cell. Electrical heaters beneath the insulation will be used to preheat
the ITV prior to initiation of the thermal shock.

After installation of the OTV and completion of process piping, sys—
tem hydrostatic tests were conducted. The initial hydrostatic tests re—
vealed extensive piping gasket leaks. Investigations determined that the
surface roughness of system flanges was too coarse for the flexitallic—
type gasket to seal. Asbestos gaskets were substituted, and the hydro—
static tests were successfully performed on the OTIV, system piping, and
the coolant storage tank. Bellville washers will be retrofitted to the
flange bolts prior to facility operation to preclude thermally induced
seepage of the flanges.

Figure 5.23 shows the coolant storage tank and associated system pip—
ing. The large (20-cm—diam) pipes supply the coolant from the tank to the
OTV housing the test vessel. The 15-cm—diam pipes provide bypass flow
around the OTV, and the small lines are routed to the chiller for coolant
refrigeration.

Installation of facility instrumentation and electrical systems is
essentially complete; final insulation, painting, and cleanup are in
progress.

UCC-ND, Rust Engineering, and DOE have agreed that Rust Engineering
will complete facility constuction prior to the scheduled beneficial oc-—
cupancy date of April 15. This change, in response to the better—than—




132

K—25 PHOTO 83—-1306

Fig. 5.22. Outer test vessel with associated heaters and insulation.
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Water—-methanol coolant storage tank and associated piping
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expected construction process, should result in facility completion by
approximately mid-May, one month earlier than originally planned.

5.2.6.2 Data acquisition system. Definition of the detailed soft-—
ware and hardware requirements for the HSST DAS, and the PTSE needs in
particular, have been proceeding. A completion date of July 1, 1983, has
been agreed on for delivery of an assembled and checked DAS to the PTSTF.
The trailer that will house the new DAS is being prepared, and all hard-
ware components are on order.

Primary displays will consist of two plots: pressure vs time and
average temperature vs time. Pressure is a single parameter and tempera-—
ture is an average of up to seven thermocouple inputs from thimbles or
surface thermocouples located at various positions on the I&V (see PTSE
Instrumentation section). Each of the displays will also plot a calcu-
lated or predicted curve for comparison with the real—-time generated test
data. Thimble thermocouples, which are averaged, will be from a common
a/w location within the vessel wall,

Additional graphic displays of test data or important variables cal-
culated from test data were considered, but they were rejected for one or
more reasons: (1) the cost of additional graphics terminals exceeded po—
tential benefits; (2) data processing or computations could not be made
quickly enough to influence control of the test; and (3) the displayed in-
formation could not be evaluated reliably by testing personnel in the
short time available during the test.

Inclusion of a test—specific version of the OCA-I code will not be
attempted for PTSE-1. However, a test—specific version of OCA-I will be
prepared for possible posttest processing of PTSE-1 or use in subsequent
PTS experiments., No attempt will be made to provide DAS control of the
pressurization sequence during testing.

5.2.6.3 Pressurizing fluid investigation. During the qualification
of seals for the V-8A test,24 it was observed that the ethylemne glycol in
the pressurization fluid suffered chemical breakdown. Because of the de-
composition of ethylene glycol under the even more severe PTS testing con—
ditions, its use was considered inadvisable. Two serious problems would
likely ensue if used: (1) the plugging of capillaries and/or low C; ori-
ficed valves used for control letdown and (2) the formation of a freeze
plug in the small-diameter pressurizing tubing. Consequently, dimethyl
polysiloxane fluid, Dow Corning 210H, was tentatively selected as an
alternative pressurizing medium.

As shown on TFig. 5.24, this [luid has a favorable compressibility
(lower potential energy) compared with water at 288°C if it is assumed
that the silicone 0il’'s compressibility is relatively insensitive to tem—
perature. Although no data are known to exist for the compressibility of
silicone 0il at elevated temperatures, the low voltility at elevated tem—
peratures of silicone o0il implies a low sensitivity of compressibility to
temperature. Other favorable properties are high—-flash—-point temperature
of 299°C, low—pour—-point temperature of —50°C, and no established toxicity
limits.

A change from the currently used 50% by weight ethylene glycol/water
mixture to silcone o0il could result in a minimal contamination due to
residues. The ability of the Dow Corning 210H fluid to sustain prolonged
heating and then chilling corresponding to PTS conditions was verified by
autoclaving a sample in a vessel having a residue of ethylene glycol/water
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mixture as a film on the vessel wall for 22 d at 288°C and 20.7 MPa and
then subjecting the fluid to pressure cycling as shown on Fig. 5.25. Dur-
ing the pressure cycling, the sample vessel’s pressure indicator responsed
in phase with the pressurizing-line pressure indicator, thereby indicating
no significant change in viscosity. Also as shown on Fig, 5.25, the sam—
pPle vessel was then cooled down to —50°C in an ethylene glycol-water (O,
ice bath while being pressure cycled. Again, the pressure indicator on
the sample vessel responded in phase with the pressurizing line pressure
indicator. This simulation of PTS cooling verified that the viscosity
changes were insignificant and that no freeze plug would form under PTS
operating conditions.

5.2,6.4 Seal development. As previously reported,?5 instrument lead-
through fittings having the configuration shown in Fig. 5.26 with both six—
and three—hole designs of soapstone packing were subjected to severe simu—
lations of PTS temperture and pressure coniditions without leaking., In
this design, the sleeves that are brazed to the instrument leads as shown
in Fig., 5.26 restrain the leads from expulsion and eliminate any shear
stresses between the leads and packing. The installation of these sleeves
is & critical and painstaking operation that immediately precedes the in-
stallation of the fitting on the vessel cover flange and requires both a
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coiling of the leads internally for takeup at installation and an in-
creased void volume in the graphite ballast to accommodate the required
motion. The leads for the thermocouple thimbles in the PTS vessels are
0.32 cm in diameter and are very stiff compared with the previous designs
incorporating 0.15~cm—diam leads. Consequently, it was anticipated that
installation would be exceedingly difficult.

As an alternative approach, packing as shown in Fig. 5.26 was made
from soapstone without the recesses to accommodate the sleeves; verifica-—
tion tests of the fittings have been made under severe simulated PTS con—
ditions. While maintaining the fitting at 288°C (550°F), a six—hole ver—
sion of the packing with solid stainless simulating the leads was cycled
25 times from 10 to 69 MPa and 25 times from 10 to 138 MPa without leak-
age. On the first cycle of pressurization to 207 MPa, the packing failed
and a lead was expelled. A retest of this packing configuration was made
except that the leads consisted of stainless—sheathed mgO-insulated 0.16-
cm—diam thermocouple leads to improve the simulation of PTS service condi-
tions. With the temperature held at 288°C, pressure was cycled in stages
25 times from 10 to 69 MPa, 25 times to 138 MPa, 75 times to 172 MPa, and
25 times to 207 MPa with no leakage. A three—~hole version of the packing
without the sleeve recesses and equipped with 0.32-cm—diam thermocouple
thimble leads was tested at 288°C with pressure cycles in stages 25 times
from 10 to 69 MPa, 25 times to 138 MPa, 75 times to 172 MPa, and 1 time to
200 MPa. At this point, failure occurred with one lead being expelled
violently. Figure 5.27 shows a composite view of the backups, packing,
retained leads, and the expelled lead., Three additional tests of the
three—hole version packing with the same testing conditions were per—
formed. Failure ensued at pressure levels of 131, 152, and 200 MPa.

It was then hypothesized that by careful routing of the thermocouple
leads, sufficient restraint could be obtained from the spot—welded stain—
less foil supports for the leads to serve as anchors and limit the total
slippage possible to ~0.5 cm. Two additional tests of the three-hole ver—
sion packing were performed with a mechanical stop incorporated to limit
the amount of movement of the leads. In the first test with the stop po—
sitioned to permit a maximum of 1.5-cm movement and with the temperature
maintained at 288°C, pressure cycles in stages 25 times from 10 MPa to
69 MPa, 25 times to 103 MPa, 25 times to 138 MPa, and 25 times to 207 MPa
were performed without leakage. However, after completion of the cycling
and following a lapse of 15 min, sudden failure occurred. Two of the
leads moved 1.5 cm, one violently, and although the third lead only moved
0.24 cm, leakage through the packing occurred near this lead as determined
by a room—temperature repressurization. In the second test, the mechani-
cal stop was positioned to prevent lead movement >0.69 cm. In addition, a
prolonged soak period at 288°C and 138 MPa of 115 h was maintained prior
to pressure cycling., Twenty—five pressure cycles were then performed from
10 to 138 MPa and from 10 to 207 MPa. After restoration to room tempera—
ture, the unit was pressurized to 207 MPa to verify its leaktightmess. At
disassembly it was found that all three leads had moved 0.11 c¢m without
leakage occurring. These tests verified that if the leads are restrained
to permit no more than ~0.l1-cm movement, the penetration assemblies can
function satisfactorily without the incorporation of brazed sleeves on the
leads.



Fig. 5.27. Failed three—hole
to serve as anchor.

packing assembly without
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5.2.6.5 Elastomeric seals for cover flange of ITV for PTS condi—
tions. A demonstration test of the ability of Viton to function accept-

ably in an ITV under PTS conditions was performed. The test fixture was
heated slowly from room temperature to 260°C over a time interval of

144 h., The test fixture was then pressure cycled 25 times for 6.9 to

69 MPa, 25 times from 6.9 to 103 MPa, and 25 times from 6.9 to 138 MPa,
while maintaining the temperature at 260°C. No leakage occured. The
temperature was then increased to 288°C. While maintaining the tempera-—
ture at 288°C, the test fixture was cycled 25 times from 6.9 to 69 MPa,

25 times from 6.9 to 103 MPa, and 25 times from 6.9 to 138 MPa. After
soaking at 288°C for 24 h, temperature was then reduced to room tempera-
ture and the fixture was repressurized to 138 MPa to verify leaktightness.
It was concluded that Viton can serve satisfactorily for this seal for PTS
conditions,
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6. STAINLESS STEEL CLADDING INVESTIGATIONS

¥W. R. Corwin R. K. Nanstad
G. M. Goodwin W. J. Stelzman

6.1 Clad Plate Experiments

Further testing of one—wire clad plate specimens has been deferred
until data on the effects of irradiation have been obtained. The previ—
ously machined specimens will be held in inventory until such time as
test definitinns are clear,

A purchase specification was written and submitted to the Purchasing
Department of Union Carbide CorporatiomNuclear Division for procurement
of the machining, welding, and heat treatment necessary to provide clad
plate specimens and material-characterization blocks of three-wire series—
arc cladding overlay on a plate of A533 grade B steel (HSST 12). The
specification calls for chemically and mechanically uniform cladding with
a minimum Charpy V-notch impact energy of 54.2 J at a temperature at least
11°C lower than the drop—weight nil—-ductility temperature of the base
plate. This will allow the evaluation of the effects of relatively tough
cladding, representative of commercially fabricated unirradiated material,
on the initiation and arrest behavior of pressure vessel steel to comple-
ment the work already done with a moderately low toughness cladding.® In
addition, the cladding is proposed for use in the irradiated stainless
steel cladding task.

Discussions with the potential vendor have indicated that the re—
quirements of the specification can be met. The schedules for contract
placement and work performance are expected to lead to delivery in the
fourth quarter of FY 1983.

6.2 Metallographic Cladding Examinations

The reactor pressure vessel (RPV) nozzle dropout received from Com-—
bustion Engineering was sectioned and cxamincd mctallographically. The
weld overlay cladding on the dropout was applied, using the three-wire
series—arc procedure. In this method, an arc is drawn between the two
outside electrodes, typically of types 308 and 309 stainless steel welding
wire, and the third wire of type 312 stainless steel is fed cold into the
weld puddle. The dropout, consisting of a single layer of cladding ap—
plied onto A533 grade B base metal, had received ~2 h of postweld heat
treatment (PWHT) at 621°C when it was received.

A macroscopic section of the cladding in the as—received condition,
taken perpendicular to the welding direction (Fig. 6.1), shows the degree
of overlap between successive passes. The fusion line [Fig. 6.2(a)l] is
already slightly decorated with carbide precipitates from the limited
PWHT. The bulk of the cladding [Fig. 6.2(b)] exhibits a typical distribu-
tion of delta—ferrite in an austenite matrix.

To examine the effect of the longer PWHT typical of a finished RPV, a
small piece of the dropout was given an additional PWHT of 38 h at 621°C
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Fig. 6.1. Section through reactor pressure vessel nozzle dropout
clad with three-wire series—arc weld overlay in as-received condition rep—
resenting ~2 h of stress relief at 6°1°C,

for a total of 40 h. A macroscopic section through the 40-h heat-treated
material (Fig. 6.3) shows little noticeable effect on the cladding, al-
though tempering and decarburization of the base metal along the fusion
line is evident. Closer examination |[Fig. 6.4(a)] confirms that the aus—
tenite/delta-ferrite composition of the bulk of the cladding is virtually
unchanged. However, the carbide precipitation at the fusion line and in
the austenite grain boundaries near the fusion line is enhanced by the
longer PWHT,

To investigate possible variations in the microstructure of weld over—
lay cladding, a small piece of 50-mmwide strip cladding, which had been
procured from a commercial nuclear vessel fabricator, was examined. The
strip cladding of type 308 weld metal was deposited on A533 grade B base
rlate, and the weldment was given a 2-h PWHT at 621°C, similar to the heat
treatment received by the three—wire series—arc cladding. By comparison
with the series—arc cladding in a similar condition, the fusion line [Fig.
6.5(a)] is still clean after the limited heat treatment, showing only a
martensite/austenite mixture in the relatively umnmixed boundary layer of
the cladding. The bulk of the cladding [Fig. 6.5(b)] is similar to the
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Three—wire series—arc cladding after PWHT of 2 h at 621°C

(a) fusion line and (b) typical structure.

Figs 6425
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Fig. 6.3. Section through reactor pressure vessel nozzle dropout
clad with three—wire series—arc weld overlay after 40-h PWHT at 621°C.

series—arc weldment, with slightly more delta—ferrite in an austenite ma-—
trix. A PWHT of 40 h total at 621°C produced a fusion line and nearby
austenite grain boundaries highly decorated with carbide precipitates
[Fig. 6.6(a)] and virtually no change in the bulk of the cladding [Fig.
6.6(b)], again very similar to the three-wire series—arc—deposited clad-
ding.

The precipitation of carbides is illustrated well in the side—by-side
comparison of the fusion line regions of both the three—wire series—arc
and the strip-cladding weldments (Figs. 6.7 and 6.8, respectively) after 2
and 40 h of PWHT at 621°C.

The Oak Ridge National Laboratory (ORNL) single—wire cladding with a
PWHT of 40 h at 621°C, which has been used for the clad plate tests! and
is scheduled for irradiation experiments, was also examined metallographi-
cally. A macroscopic section taken perpendicular to the fracture surface
and parallel to the welding direction of clad plate specimen CP-3 (Fig.
6.9) indicates a structure quite different from those of the single—layer
strip or three—wire weldments. The single-wire weldment for the clad
plates was deposited in two layers, using the oscillating submerged—arc
technique. The welding wires used were types 309 and 308 stainless steel
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Three—wire series—arc cladding after full PWHT of 40 h at

(a) fusion line and (b) typical structure.

Fig. 6.4.

621°C:
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Fig. 6.6.
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for the first and second layers, respectively. The surface of the clad-
ding was then machined to provide a flat surface on the test specimen. It
can readily be seen from Fig. 6.9 that the resulting clad plate specimen
is composed primarily of the base metal and the first weld overlay pass,
with only a small amount of the second weld overlay pass remaining. In
looking at the microstructures of the first and second passes (Fig. 6.10),
it can be seen that the second pass is composed of delta—ferrite in an
austenite matrix, very much like both the three-wire series—arc and strip
cladding, but the first pass, with its three distinct regions, is notice-
ably different. The lightest regions appear to be austenitic, with the
light-gray regions martensite, and the darkest regions upper bainite deco—
rated with additional carbides precipitated during the PWHT. This micro—
structure was the result of excessive dilution of the first welding pass,
which is estimated to be in the range of 50 to 55%. The metallurgical
structure of weld cladding deposited on A302 grade B plate, with type 309
weld wire and base metal dilution of 38 to 61%, is predicted to be a mix—
ture of austenite and martensite.? Dilution greater than 61% should pro—
duce all martensite, In the case of the clad plates and cladding mate—
rial-characterization block, the combination of welding both before and

M&C PHOTO
Y 190566

Fig. 6.9. Section perpendicular to fracture surface and parallel to
welding direction of two—pass single—wire weld deposit on clad plate CP-3.
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Fig. 6.10. Microstructures of types 309 and 308 stainless steel
single-wire weld deposits typical of first and second passes used to clad
beam test specimen CP-8. (a) Type 309, first pass; (b) type 308, second
pass.
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after heat treatment, PWHT, and microsegregation during soldification pro—
duced upper bainite as well. The effects of microsegregation during so-
lidification are particularly evident near the fusion line (Fig. 6.11).
Moving away from the low—dilution boundary layer, the beginning of mar—
tensite and bainite can be seen where the concentration of selected alloy-—
ing elements in the weld puddle was increased by rejection from the solid
phases of metal at the moving solidification boundary.

It would be expected that the different microstructures of the first
and second layers comprising the weld overlay cladding of the clad plate
specimens would exhibit different mechanical properties. Because the ef-
fects of neutron irradiation on this material will be examined within the
jrradiated stainless steel cladding portion of the Heavy—Section Steel
Technology (HSST) Irradiation Program, the properties of this material in
the unirradiated condition are being examined as well. Results of that
work to date are discussed in Chap., 3 of this report. The c¢lad plale
tests were conducted at —40°C to accommodate the need for a frangible con—
dition in thc base metal. Although there is a sparsity of data for first-
layer cladding and much scatter in the data set, the toughmess of the
first layer at —40°C appears to be somewhat lower than that of the second
and third layers. At that temperature, however, all three cladding layers
exhibit very low toughnesses relative to those in the upper-shelf rcgion.
Thus, the significance of the high—-dilution first-layer cladding to the
clad plate test results is considered to be small.

Although the investigation of high—dilution cladding was not the ini-
tial aim of the cladding studies, it may well be highly germane to the
question of the effects of cladding on RPV integrity. High base metal
dilution of cladding, caused by inadequate control of welding procecdures,
and the resulting mic¢rostructure has Leen ducuwentcd?; 4 in commercial
RPVs. Typically, the resulting material has poorer mechanical and/or cor-
rosion properties in the unirradiated condition; no information is avail-
able on the irradiation damage of such material. The fact that such mate-
rial is included in the clad plate and irradiated stainless steel cladding
investigations may provide insight into the behavior of substandard weld
overlay cladding representative of material actually in the field.
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Fig. 6.11. Fusion line of two-pass single-wire type 309/308 stain—
less steel cladding deposition on A533 base plate (HSST 07). (a) 100x,
(b) 500x.
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7. ENVIRONMENTALLY ASSISTED CRACK-GROWTH STUDIES®

W. H. Bamfordl L. J. Ceschinil

7.1 Introduction-

The objective of this task is to characterize the crack—-growth rate
in light-water—reactor materials exposed to primary coolant enviromments.
The work now being conducted falls into four major areas: (1) corrosion
fatigue crack-growth tests in a simulated pressurized-water-reactor (PWR)
enviromment, (2) statio load Kygece tests in a simulated PWR enviromment,
(3) fractographic examination of specimen fracture surfaces, and (4) char—
acterization of the enviromment by measurement of its electro—chemical
potential, The progress made in each of these areas is discussed in the
following sections. :

7.2 Fatigue Crack—Growth Test Results

Studies continued on characterizing the effect of material chemistry
on the envirommental acceleration of fatigue crack growth. This work is
being carried out through the detailed study of four heats of reactor pres—
sure vessel (RPV) steel plate. The chemistry chemical content of each of
these specimens is given in Table 7.1, where it can be seen that the only
important difference is the sulfur content. It has been demonstrated in
earlier work®! that the envirommental acceleration of crack growth is pro—
portional to the level of sulfur in the steel plate.

The four heats of steel plate are being studied through the matrix of
tests shown in Table 7.2. During this report period, two additional tests
were completed on the heat PN, which has an intermediate sulfur content.
The tests were done under a sine loading at one cycle per minute with
R =0.7. Only two more tests are necessary to complete the matrix at this
point, as can be seen from the table. The results of the two tests are
shown in Figs. 7.1 and 7.2; as expected, a relatively high level of sus-
ooptibility to envirommental enhancement is seen in the figures. It is in-
teresting that the enhancement is essentially the same for both specimens,
as seen in Fig. 7.3, since one specimen is from the TL orientation and the
other, PN-8, is from the TS, or through—-thickness, orientation,

This behavior is somewhat different from that observed in tests at
- this same heat with R = 0.2. Results of these tests were previously re—
ported in the annual progress report for FY 1981 (Ref. 3) and are shown
herc in Fig. 7.4. The difference .lies in the behavior of the TS—oriented
specimens. The results obtained for specimens at R = 0.2 were much lower

‘Work sponsored by HSST Program under Union Carbide Corporation
Nuclear Division (UCC-ND) Subcontract 11X-21598C between UCC-ND and West—
inghouse Electric Corporation, Nuclear Technology Division.

TWestinghonse Electric Corporation, Power Systems, Nuclear Technology
Division, Pittsburgh, PA 15230. ’



Tatla 7.1. Chemical content of four heats of RPV steel
plate — matrix study of sulfur effects

Elements

Specimen :
c Mn P ] Si  Ni Cr Mo Cu Co
A533B Class 1
Heat IN 0.21 1.26 0.012 0.026 0.25 0.47 : 0.47 0.19
Heat TW 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

- Heat PN 0.21 1.33 0.012 o0.016 0.22 0.56 0.54 0.13

8ST
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Table 7.2. Tests completed in study of A533B class 1 platea

Test conditions

Sulfur content R=0.2 R=0.7

of piste Specimen orientationb Specimen orientation
TL LT TS TL LT TS
S=0.004 T™W-1, Tw—-4 TW=7 T™W=-2 , T™W-5 T™W-8
W7-2C17 W7—%C6 5.
S = 0.016 PN-1 PN-4 PN-7 PN-2 PN-8
S = 0.026 IN-1 IN-4 IN-7 IN-2 IN-5

aAll tests were carried out in a simulated PWR enviromment
at 288°C, All specimens were 2TCT, and the applied loadings
were identical for all specimens at a given R ratio. Load form
was a one—cycle-per—minute sine wave.

Specimen orientations are described in Fig. 7.1 of
Ref. 2.

cCompleted this report period.

than the results obtained for the other two in—plane orientations, TL and
LT, as shown in Fig. 7.4. It appears that at high R ratio specimens from
the TS orientation are no different in behavior than those from the other
orientations,

It is also worthy of note that the crack—growth behavior observed for
this material at either high or low R ratio is bounded by the ASME Sect. XI
reference crack—growth—rate curves for the water enviromment.*

During the next report period, the test matrix will be completed and
the results summarized in the progress report for that period.

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 specimens,
since 1974. The specimens are of the wedge—opening—loading (WOL) type,
2.54 cm 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 oper—
ating corrosionfatigue autoclaves.

Crack propagation under static load has been observed in several of
the 19 specimens that have been tested thus far. Thirteen remain in test-
ing, including specimens of A508 class 2, A533B class 1, a Linde 124 weld,
and two heat-affected zones (HAZs). No further crack propagation was ob—
served in this report period.
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7.4 Examination of Specimen Fracture Surfaces

Examination of the fracture surfaces of the test specimens, using the
scanning electron microscope (SEM), has long been a part of this program.
Recent work has been carried out to compare the fracture surfaces of the
statically loaded specimens with those tested in fatigue.

Earlier studies have shown that the fracture surface of the tested
specimens is more a reflection of the material microstructure than either
the imposed loading or the enviromment of the crack tip. Several differ-
ent features of fracture surfaces have been found, including striation
formaton, which is most common, and void coalescence, which is observed
only on the weld materials. The welds show a combination of striation and
void coalescence (Fig. 7.5).

ORNI.—PHOTO 342583
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Fig. 7.5. Specimen C-2 WLD showing (a) transition from dimpled to
striated growth, (b) high magnification of dimples, and (c¢) striated
growth.
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Another feature of fracture surfaces that is often observed in the
base metal specimens is the occurrence of elongated regions parallel to
the direction of crack growth, formed by the linking up of two cracks
propagating at different elevations (Fig. 7.6). The density of such
linked—up regions can be correlated to the roughness of fracture surface
observed at low magnification. This can clearly be seen in the controlled
series of specimens containing various sulfur levels, where the roughness
of the fracture surface increased with sulfur content (Fig. 7.7). In the
low—sulfur series (heat TW), the fracture surfaces were smooth and con-—
tained only striations, but in the high-sulfur series (heat IN), the sur—
faces contained a considerable number of elongated 1linked—up regions.

The features of the fracture surfaces of statically loaded specimens
that have cracked are difficult to discern, because the oxidation that
takes place over long time periods tends to erode them. It is interesting
to note that the features that can be discerned are similar to those found
in base metal specimens with accelerated crack growth — brittle—appearing
linked-up regions. An example of these features on a statically loaded
specimen is shown in Fig. 7.8. '

7.5 Characterization of Water Environment Through
Measurement of its Electrochemical Potential

Recent work5,% has demonstrated that significant differences in ac-—
celeration of crack—-growth rate in water enviromments can occur. One ex—
planation for these differences is the difference in the microstructure of
the material, as reflected in the sulfur content or the number of manga-
nese sulfide inclusions., This topic has already been discussed in this
report. Ancther factor that appears to have an important impact is the
enivromment itself.

A limited series of tests were performed on the same specimens in two
different autoclave systems, the second operated under the supervision of
P. M. Scott of the U.K. Atomic Energy Authority. The results of these
comparative tests showed large differences in fatigue crack growth; they
were reported in Ref. 1 and are shown here in Fig. 7.9. The major cause
of the differences in crack—-growth rate was postulated to be the differ—
cnce in envirvmment. Although the two autoclave systems had nominally the
same water chemistry, the rate of water flow past the specimen was an or—
der of magnitude higher in Scott’s autoclave.

The best way to characterize the difference in water enviromments, as
it might affect corrosionfatigue processes, has been found to be the
electrochemical potential. The International Cooperative Crack Growth
Rate Committee (ICCGR) have discussed this subject at length, and several
of the members have developed systems for measuring the free corrosion
potential of an autoclave system.

A comparison of the various systems for measuring electrochemical
potential has revealed that the two most reliable systems are the silver—
silver chloride (Ag—AgCl) system developed by Andresen’? and the hydrogen
reference electrode. Both of these systems are being developed for in—
stallation on the Westinghouse Electric Corporation autoclaves.
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Fig. 7.6. Typical regions of fracture surface of specimen PN-4 con-
taining areas elongated parallel to growth direction.
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Fig. 7.7. Macrophotographs of specimens (a) TW-7, (b) PN-7, and

ORNL—-PHOTO 1571-83

Fig. 7.8. Fracture surface of bolt-loaded specimen C-11 HAZ.
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Fig. 7.9. Crack-growth rate data obtained on pressure vessel steels

in water enviromment, using lwo—different autoclave systems.

The Andresen Ag—AgCl electrode is mounted externally on the environ—
mental chamber (see Fig. 7.10). A photo of a completed electrode is shown
in Fig., 7.11. The device consists primarily of a 0.32-cm—diam silver rod
in a solution of 0.1 M potassium chloride, which acts as a bridge. Porous
zirconia is used as a separator between the liquid bridge and the environ—
ment. The reference electrode must be kept cool and pressurized, and
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Fig. 7.10. Cross—sectional view of Andresen electrode parts.

691
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Fig. 7.11, Photograph of Andresen electrode. (a) Pressurized Ag/AgCl
reference electrode assembly; (b) component parts: (1) external pressure
tube with fittings; (2) cloridized silver rod; (3) micarta safcty holder
for rod; (4) heat shrink TFE tubing filled with glass fibers; 0.1 N KC1
solution and porous zirconia plug.

horizontal installation is preferred. Experience with this apparatus at
other laboratories has been relatively govod, with some reporting long ser—
vice times before the electrolyte was dispersed through the porous plug
and the operability impaired. A second problem associated with Lhe fail
ure of this electrode is contamination of thc enviromment with chlorides.
For this reason and to extend it service life, this electrode will first
be installed in a separatc small chamber, which may be isolated, at the
vxit of the enviromment chamher.

A hydrogen electrode will be installed in this small chamber as well
as in the autoclave itself near the specimen. A cross—sectional sketch of
this electrode is shown in Fig, 7.12. The electrode is formed from a
closed-end tube of palladium—silver alloy, pressurized on the inside with
purc hydrogen. The alloy tube is encased in a perforated sleeve, which
allows water to be trapped between the tube and the sleeve, where it is
saturated with hydrogen permeating through the wall of the tube. The
electrode acts as a hydrogen reference electrode. The advantage of this
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Fig. 7.12, Sketch of hydrogen reference electrode.
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system is that its failure does not result in any contamination of the
autoclave enviromment, since a hydrogen overpressure exists at all times.

Fabrication of both of these electrodes was begun during this report

period, and installation is expected to be accomplished during the next
period.
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CONVERSION FACTORSZ

T(OF) = 1.8 T(°C) + 32

SI unit English unit Factor
mm in, 0.0393701
cm in. 0.393701
m ft 3.28084
m/s ft/s 3.28084
kN lbf 224,809
kPa psi 0.145038
MPa ksi 0.145038
MPa* Vm ksi+/in. 0.910048
J ft-1b 0.737562
K °F or °R 1.8
kY /m2 in.-1b/in.2 5.71015
Wem—2.K-2 Btu/h—-ft2-°F 0.176110
kg 1b 2.20462
kg/m3 1b/in.? 3.61273 x 10-3
mm/N in./lbf 0.175127

aMultiply SI quantity by given factor

to obtain English quantity.
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