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PREFACE

The Heavy-Section Steel Technoldgyr(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 preésure vessels

used in light-water-cooled nuclear power reactors. The program is being

carried out in close cooperation with the nuclear power industry. This

report covers HSST work performed in April through June 1980, except for
subcontractor contributions which may cover the three-month period ending
in May. The work performed by Oak Ridge National Laboratory (ORNL) and'by
subcontractors ié managed by the Engineering Technology Division. Major
tasks at ORNL are carried out by the Engineering Technoiogy Division and
the Metéls and Ceramiés 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; I1), ORNL/TM-4914 (Vol. iI), ORNL/TM-5021 (Vol. II), ORNL/TM4517O,'
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—léa, OKRNL/NUREG/TM-209, ORNL/NUREG/TM-239, NUREG/CR-0476
(ORNL/NUREG/TM-275), - NUREG/CR—0656 (ORNL/NUREG/TM-298), NUREG/CR-0818

A(ORNL/NUREG/TM 324), NUREG/CR—O98O (ORNL/NUREG/TM-347), NUREG/CR=1197

(ORNL/NUREG/TM-370), NUREG/CR—1305 (ORNL/NUREG/TM—380), and NUREG/CR-1477
(nRNL/NHRFC/TM 393).
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SUMMARY*
1. PROGRAM ADMINISTRATION AND PROCUREMENT

The Heavy-Section Steel Technology (HSST) Program is an engineering
research activity conducted by the Oak Ridge National Laboratory (ORNL)
for the Nuclear Regulatory Commission (NRC) in coordination with other
research sponsored by the federal government and private orgaﬁizations.
The program comprlses studies related to all areas of the technology of
materlals fabrlcated into thick-section primary-coolant contalnment sys- -
tems of light-water—cooled nuclear power reactors. The principal area of
investigation is the behavior and structural integrity of steel preesure
vesselsvcontaining cracklike fléwe. Current work is organized .into the
following tasks: (1) ﬁrogram administration and procﬁrement (2) frac--
Hture mechanlcs analyses and 1nvest1°at10ns, (3) 1nvest1gatlons of 1rrad1—
ated materials, (4) thermal shock 1nvest1gat10ns, and (5) pressure vessel
A 1nvest1gat10ns. ' v

The work performed under existing research and development subcon-
tracts is included in this report. A
Eighteen program briefings, reviews, or presentatione.were'made

during this quarter.

2. FRACTURE MECHANICS ANALYSES AND INVESTIGATIONS

Stress-intenéity factors (Ky) Were,caiculated'for nozzle—cofner ‘
cracks in en_HSST intermediate vessel under a combind pressure and. thermal
shock loading. ~Finite—e1ement cedes ADINAT and ADINA were used to gener-—
ate the stress distributions put into the calculation of>KI by the BIGIF
code. ‘ o

Several sample problems were successfully exeCuted by ORNL with the
IBM version of NOZ-FLAW, a program for calculatlpg K1 dlstrlbutlons along

arbitrarily shaped nozzle-corner flaws. The mesh generatibn overlay will

*Conversions from SI to English units for all SI quantities are
listed on a foldout page at the end of this report.
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not yet generate a correct three-dimensional mesh for a nozzle-to-vessel
junction. '

Mechanisms of ductile—éleavage transitions are being studied at the
University of Maryland by scanning electron microscopic examination of
fracture surfaces and by measurement of fracture specimen contraction.
Energy losses in dynamic fracture have been measured in Homalite 100
specimens; experiments show a dependence on late-breaking ligaments,

specimen size, and crack depth.

3. INVESTIGATIONS OF IRRADIATED MATERIALS

Impact testing of several Charpy V-notch specimens from the Third
- HSST Irradiation Series has been completed. The four irradiated welds
tested exhibited a loss of upper—sﬁelf impact energy and a shift in the
41-J reference témperature. In only one of eight welds studied to date
has the measured loss in upper-shelf energy exceeded that predicted by
the procedures of Regulatory Guide 1.99.

Irradiation of capsule A in the Fourth HSST Irradiation Series is
continuing. In the first six months of irradiation, temperatures of the

specimens have remained within a temperature band of about *9 K,

4, THERMAL SHOCK INVESTIGATIONS

'The tempering temperature for the next thermal shock test cylinder
was selected, and the prolongation of the cylinder was tempered accord-
~ingly. Static fracture toughness characterization of the prolongation
was completed. Residual stresses in the témpered prolongation were evalu-
ated and are not expected to affect the test. Machining of the test cyl-
inder was completed, and studies were made of the flawing and coating pro-
cedufes. Addi;ional calculations of stress—intensity factors were made' .

for interpretation of the results of the last thermal shock test.

5. PRESSURE VESSEL INVESTIGATIONS

Work was initiated under subcontract with the Babcock and WiIcox

"~ Company to develop a special low-uppper-~shelf seam welding process for
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preparation of inéermediéte test vessel V-8A for an elasto-plastic frac-
ture mechanics test.

Analyses of nozzle-corner cracks in an intermediate test vessel are
being made for combinéd pressdre and thermal loadings to guide the devel-

opment of test facility design requirements.
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ABSTRACT

The Heavy-Section Steel Technology Program is an engineer-
ing research activity conducted by the Oak Ridge National Labo-
ratory for the Nuclear Regulatory Commission. The program
comprises studies related to all areas of the technology of ma-
terials fabricated into thick-section primary-coolant contain-
ment systems of light-water—cooled nuclear power reactors. The
investigation focuses on the behavior and structural integrity
of steel pressure vessels containing cracklike flaws. Current
work is organized into five tasks: (1) program administration
and procurement, (2) fracture mechanics analyses and investiga-
tions, (3) investigations of irradiated materials, (4) thermal
shock investigations, and (5) pressure vessel investigations.

Nozzle-corner cracks under combined pressure and thermal
loadings are being analyzed. Mechanisms of damping in crack
propagation are being studied. Irradiation of the first speci-
mens. in the Fourth HSST Irradiation Series continued, and im-
pact tests of several Charpy specimens from the previous series

-were completed. - Heat-treatment conditions for the next thermal
shock test were selected, and preparation of the test cylinder
.was initiated. Work was initiated to develop a low-upper-shelf
seam weld for intermediate test vessel V-8A, and facility plan—
ning for pressurized thermal shock tests .continued.

1. PROGRAM ADMINISTRATION AND PROCUREMENT

G. D. Whitman

The Heavy-Sédtion Steel Technology (HSST) Program, a major safety.
program sponsored'By the Nuclear Regulatory Commission (NRC) ét the Oak
Ridge National Laboratory (ORNL), is concerned with the structural integ-
rity of the primary systcms (partlcularly the reactor pressure vessels)
of light-water-cooled nuclear power reactors._ The structural integrity
of these vessels is ensured by (1) designing and fabricating them accord-
ing to standards set by the code for nuclear pressure vessels, (2) detect-
ing flaws of significant size that occur durihg_fabrication‘and in ser-

vice, and (3) developing methods of producing quantitative estimates



of conditions under which fracture could occur. The program is concerned
mainly with developing pertinent fracture technology, including knowledge
of (1) the material used in these thick;walled vessels, (2) the flaw
growth rate, and (3) the combination of flaw size and load that would
cause fracture and thus limit the life and/or operating conditions of this
type of reactor plant.

The progfam 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 quantification of
safety assessments for regulatory agencies, for professional code-writing
bodies, and for the nuclear power industry. Several activities are con-
ducted under subcontracts by research facilities in the United States and
through informal cooperative efforts on an international basis. Two re-
search and development subcontracts are currently in force.

| Administratively, the program is organized into five tasks, as re-
flected in this report: (1) program administration and procurement,
(2) fracture mechanics analyses-and investigations, (3) investigations
of irradiated material, (4) thermal shock investigations, and (5) pres-
sure vessel iﬁvestigations.

Two blocks of HSST Plat¢'03 were shipped to the U.S. Naval Ship Re-
search and Development Center.

A subcontract with the Babcock and Wilcox Company was initiated to
develop a special welding process for use on HSST vessel V-8A ;-to weld
vessel V-8A and to characterize the weld material.

During this quarter, 18 program briefings, reviews, or presentations
were made by the HSST staff at technical meetings and at program reviews

for the NRC staff or visitors.



2. FRACTURE MECHANICS ANALYSES AND INVESTIGATIONS™®

2.1 Determination of K-Factors for Nozzle-Corner Flaws
' Under Combined Pressure-Thermal Loading-

J. W. Bryson B. R. Bass |
R. H. Bryan

K1 distributions are being determined for quarter-circular-shaped
flaws in intermediate test vessels (ITVs) under combined pressure-thermai
loadings. The ADINAT;'l ADINA,2 and BIGIF3 computer codes are being used
in pérforming this work. During this report period, an ITV model was sub-

jected to the moderate pressure-thermal shock depicted in Fig. 2.l in

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

TComputer Sciences D1v131on, Unlon Carbide Corporation Nuclear
Division.

ORNL-DWG 80-52434 ETO

0.444R —» © je— 04027

DIMENSIONS IN m
AMBIENT CONDITIONS:

the T, =20°¢C
hg £0.02 w/im? - K}
INTERNAL CONDITIONS:
H " P:100 MPo
T, (07) :290° C
T, (0%) =5°C
hy = 2R00 W/im2- - K)

04527

0.343%

Fig.AZ.l. ?ressure—thermal environment, dimensions, and finite-
element grid (ADINAT) for ITV configuration.



which a system initially at 290°C underwent a step change in fluid tem-
perature from 290 to 5°C. ADINAT provided a complete transient heat flow
analysis, which in turn-was used by ADINA for calculating stress distri-
butions at specified ;iﬁe steps. Stress distributions were then input to
BIGIF, where Ky distributions were determined for three different crack
depths. These crack depths correspond to cases studied photoelastically
by C. W. Smith at Virginia Polytechnic Institute and State University and
calculated by S. N. Atluri and K. Kathiresan at Geofgia Institute of Tech-
nology (a/T = 0,14, 0.29, and 0.53 where a = depth and T = thickness).
Table 2.1 shows results from the study for four times in the transient

and for steady-state conditions. For purposes of comparison, Table 2.2 .
provides Ky distributions for the same flaws under internal pressure

loading acting alone, again calculated by BIGIF.

Table 2.1. Combined pressure—thermal loading K. values
for ITV nozzle-corner flaws®
. a/Tb a Ky (MPa'V m? ‘KI/?\/na
(s) (m) b ~ 0° b = /4 ¢ = /2 $ = =n/4 = 7n/2
83 0.14 0.032 219.2 232.9 226,0 6.91 7.34 7.13
0.29 0.067 263.1 209.6 281.6 5.74 4,57 6.14
0.53 0.123 268.2 165.0 261.4 4,32 2.65 4,20
227 0.14 0.032 215.7 225.0 224,5 6.80 7.10 7.08
0.29 0.067 262.0 229.2 287.3 5.71 5.00 6.26
323 0.14 0.032 210.2 215.1 219.1 6.63 6.78 6.91
0.29 0.067 254.5 228.1 281.5 5.55 4,97 6.14
683 0.14 0.032 186.7 192.8 195.5 5.89 6.08 6.17
0.29 0.067 227.1 209.5 254,1 4,95 4,57 5.54
0.53 0.123 244.0 189.0 251.3 3.92 3.04 4,04
Steady 0.14 0.032 137.3 139.1 144.3 4.33 4.39 4.55
state 0.29 0.067 164,1 156.7 186.6 3.58 3.42 4.07
0.53 0.123 180.4 159.2 189.9 2.90- 2.56 3.06

9p = 100 MPa; see Fig 2.1 for thermal environment.
bRatio of flaw depth a to juncture thickness T (i.e., flaw penetration).

CMeasured from vessel inside free surface.



Table 2.2. Pressure loading K values for ITV nozzle-corner flawsa._

5 a Ky (MPa*y/m) Kp/Pyra
a/ , -

(m) ¢ ::;Oc .q):-n'/[‘, ¢ :s'n/z ¢z0 ¢=1-[/4 : ¢ :::1'[/2
0.14 0.032 135.8 ° 137.9  145.8  4.28  4.35 4,60
0.29 0.067 160.7 157.2 - 191.5 3.50  3.43 4,17

0.53 0.123 176.3 159.3 198.0 2.84 2.56 3.18

%p = 100 MPa.

bRatio of flaw depth a to juncture thickness T (i.e., flaw pene-
tration). ‘ : '

cMeasured from vessel inside free surface.

2.2 A Computer Program (NOZ—FLAW) for Direct Evaluation
’ of K~Factors for Arbitrarily Shaped Flaws
at Pressure Vessel Nozzle Corners

J. W. Bryson B, R. Bass®
W. G. Johnson*

Work continues on the devglopment of a finite—-element cémputer pro-
gram (NOZ-FLAW)"“ for.calculating stress—intensity factors along arbi-
‘trarily shaped flaw fronts at pressure vessel nozzle corners. Dufing
this quarter, a rough'draft of a user's‘manual for the NOZ-FLAW program
was déliveréd to ORNL by S.. N. Atluri of Georgia Institute of Technology.
The program was written for use on a CDC 7600 computer, and work is. under
way to make NOZ-FLAW operational on the Union Carbide Cofpofation Nuclear
Division (UCCND)_IBMlcomputers.

Various options in the program, as well as the two sample problems
(semielliptical surface flaw in é'cylinder and a élab) described in the
user's manual, have been successfully gxecuted at UCCND with the IBM ver-
.sion of the program. These obtions4incldde tension-loaded flat plates‘~
with central, edge, and double-edge through-cracks as well as plates with
semielliptical or semicircular surface flaws. :Cylinders having straight-

edge through-cracks and inner-surface semielliptical cracks have also

*Computer Sciences Division, Union Carbide Corporation Nuclear
Division.



been successfully executed on the IBM version of NOZ-FLAW for internal
pressure loading. At.the-present time, however, several options, includ-
ing the nozzle-corner-flaw option, are not operational on the UCCNC com-
puters. Hopefully, all of the available options in the program will have
beeri debugged and executed by the next report period. v

A listing of the various mesh generétion options (i.e., possible
crack geometries) is.given in Table 2.3. Those 6ptions not currently

operational on the UCCND computers ére noted.

Table 2.3. Crack geometries available via
NOZ-FLAW .automatic mesh generation

Plate

Through-thickness central crack

Through—-thickness single-edge crack
Through—-thickness double-edge crack
Through-thickness edge crack in three-point bending
Corner crack :
Surface crack

Buried crack

Plate with single hole

Through-thickness single—edge crack
Through—thickness dOuble—edge crack
Single-corner crack?

Symmetric double corner crack®
Surface crack?

Cylinder

Through-thickness meridional crack
Through-thickness circumferential crack?
Axisymmetric inner—edge crack?
Axisymmetric outer-—edge crack?
Inner-surface meridional flaw
Outer-surface meridional flaw”
Inner-surface circumferential flaw®
Outer-surface circumférential flaw”

" Nozzel-corner flaw

Single-corner flaw, longitudinal planea
a

Symmetric double-corner flaw, longitudinal plane

ANot presently operational on UCCND IBM com—
puters. .



2.3 1Investigation of Démping and of Cleavage-Fibrous
Transition in Reactor-Grade Steel*

T

W. L. Fourney

2.3:1 Tntroduction

The aim of this research program is to investigate the effects of
damping on fracture propagation and to study in detail the transition re-
gion between cleavage and ductile fracture. A complete understanding of
both of these phenomena is extremely 1mportant in predlctlng fast fracture
behav1or in a structure.

The program is broken into four main tasks:

'A. to examine the phenomenon of ductile-to-cleavage transitioﬁ'during

' fracture; " o ' .

B. to examine ciosely the‘effects‘of dambing on the determination of K
and on.propagation behavior; '

C. to conduct dynamic two-dimensional finite—element computations to
support our flndlngs in Tasks A and B;

D. to examine further the effect of hlgher—order terms on the accuracy
of stress—lnten51ty-factor (K) determinations from photoelastic data

to make possible more accurate damping computations.

Task A is aimed at increasing the understanding of thé brittle-to-
ductile transition in fracruring. By.conduéting electron microprobe
studies of the fracture surfaces and by inyestigating thicknesé changes
(variations in lateral dimensions) of»fraétured saﬁples. hdpefuliv a
plaus1b1e model of the stress-—strain conditions that control cleavage-
fibrous fracturing will be developéd. The ultimate aim of this task is
to recommend a plan for developing an adequate understanding of the tran--

sition region in relation to the use of J-R curves, Ky., and Ky, data.

*Work sponsored by HSST Program under UCCND Subcontract 7778 be-
tween Union Carbide Corporation Nuclear Division and the Unlver51ty of
Maryland.

TDepartment of Mechanical Englneerlng, Un1ver31ty of Maryland
College Park, MD 20742,



With regard to Task B, we would like to be able to divide the energy
loss during fracture into two parts: energy lost during propagation and
that lost after arrest. An attempt is being made to identify major mecha-
nisms through which losses occur and to develop some index of importance
that would reveal how much loss could be attributedlto each mechanism.

Since fracture energies are proportional to the square of the stress-
intensity factor, knowing K as accurately as possible is important.
Through Task D, we hope to refine the K values determinéd photoelastically
4so that the mimimum amount of computational error is introduced into our
damping calculations. ' ‘

The finite—element computations with the computer‘code, Task C, are
being used to support findings from both Tasks A and B. In addition, the
computer code is being used to predict run-arrest events in thick-walled

cylindrical pressure vessels.

2.3.2 Progress to date

Task A: Brittle—-to—ductile transition

Seventeen A-36 three-point bend sﬁecimens tested at the Del Research

* Corporation and nine A-533B compact—-tension specimens tested at the Naval

.Ship Research and Development Center (NSRDC) were delivered to the Univer-
sity of Maryland. Specimen identification numbers and test conditions are
summarized in Tables 2.4 and 2.5. in addition to the fractured specimens,
records of load vs crack—opeﬁing displacement'(COD) for A-533B specimens
and plots of J vs crack extension, 8a, for three of the A-533B specimens
(FSH-TL-30, -31, and -32) were provided.

On the basis of visual observation of fracture surfaces and test con-
ditions, four A-36 specimens (Nos. 3, 11, 13, and 15) have been selected
for scanning electron microscope (SEM) examination. The procedure -devel-

oped for the SEM examination is as follows:

1. to map the area from the end of the fétigue crack through the ductile

‘ shear zone and the brittle cleavage zone at low magnification (BOX>
to gain an overall view of physical features;

2. to study.the shear zone, particularly the end, in stereo view, to

gain a three—dimensional perspective;



" Table 2,4.v A-36 steel test conditions

Specimen Test Spring<piate span
No.@ temperature (mm)
(°C) -
1 121
2 22
3 22 305
4 121 305
5 121 457
6 121 711
7 121 711
8 121 838
9 93 838
10 66 838
11 79 838
12 52 . 838
13 38 - 838
15 22 838
16 121
17 22
18 52

aSpecimen dimensions [American So-
ciety for Testing and Materials (ASTM)
standard E 399 nomenclature]: W = 76 mm;
B = 38 mm; By = 30 mm: a,/W = 0.6.

Table 2.5. A-533B specimen
test cqnditions .

Specinen Test
No. temperature
(°C)
FSH-TL-21 59
' 22 55
27 57
30 Ruoum Lemperature
31 149
32 79
33 82
34 54
35 61
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3. to examine selected locations of interest identified in steps (1) and
(2) at higher magnifications (100x to 1000x). The locations of in-
terest are possible sites of crack initiation, cleavage facets near

the shear zone, and inclusions in ductile dimples.

In addition to the SEM observation of fracture surfaces, measure-
ments of the specimen thickness reduction have begun. These measurements
provide information as to the crack-front stress 'state (degree of plane-
strain constraint). To improve the accuracy and efficiency of thickness-
reduction measurements, a semiautomated thicknesé;reduction measuring
device was designed and fabricated. The equipment is.shown in Fig. 2.2.
With this'equipment,‘the thickness reduction is measured as a function of
position along the érack path. ' The measurement can be repeated as a func-
tion of the distance from the fracture surface.

Currently, the relationship between thickness and bosition along the
crack path is being recorded on an X-Y recorder. Figures 2.3 thféugh 2.5
show exampleé of such measurements for several distances from the fracture
surface for specimens FSH-TL-30, -32, and -31 respectively. The corre-
sponding J-vs-crack-extension plots are shown in Fig. 2.6. The load-vs-
COD record for FSH-TL-30 is shown in Fig. 2.7.

A computer program to analyze the percentage reduction in thiékness
and map contours showing the out-of-b]ane defarmatian nf the sperimen anr-
face is being prepared. A detailed analysis of the results is currently
under way. o .

This information, along with results from the SEM studies, will be
'used to develop a model to describe brittle-to-ductile transition be-

havior.

Task B: Damping studies

‘Approximately 30 tests with modified compact-tension (MCT) specimens
of Homalite 100 have been conducted and analyzed to date to evaluate the
damping losses in a run—arrest event. Results of these tests are briefly
summarized in the following paragraphs.

1. Effect of ligaments. Eight tests were conducted with models that

had artificial ligaments of a tougher material (epoxy) located so that the

crack was forced to propagate'through them. Small part-through grooves
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, ‘ SPECIMEN CARRIAGE \ i
Dcor 2] T

\

N\

Fig. 2.2. Thickness-reduction measurement device.
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Fig. 2.3. Thickness—reduction profiles at several distances from
fracture surface for FSH-TL-30.

ORNL-DWG B80-5477 ETD

- VA
POSITION ALONG CRACK PATH 2.54 mm (0.10 in. //
——— /
EDGE
[Ar \\ ’/
THICKNESS {27 S A ‘/// )
REDUCTION (0.05) \\//
2.54 L e ) 41//// A
(0.10) 7 ///
= 3.81 ‘,/"
e}
(0.45) =
3 N\
S 5.08 ,/////
£ (0.20)
E
a 6.35 //\
= (0.25)
o e
762 ke
(0.30)
8.89 ey
(0.35)
l [ | I
DISTANCE BEGINNING OF END OF FATIGUE END OF
[mm (in)] FATIGUE CRACK CRACK SPECIMEN

Fig. 2.4. Thickness-reduction profiles at several distances from
fracture surface for FSH-TL-32.
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Fig. 2.7. Load vs COD for specimen FSH-TL-30.

were routed on both faces of the model perpendicular to the intended crack
péth. These grooves were filled with a tough epoxy, creating a ligament
of known dimensions through which the crack was forced to propagate. .In
addition to tests with no ligaments, four: tests were conducted ‘with one
'1igament on each face, and‘fdur tests were conducted with two ligaments
on each face.’ »
Damping losses for the models with no ligaments agreed well with ear-
lier results and were'found to be about 37% of the initial strain energy
in the specimen prior to crack.initiation. 'This loss increased to 40% for _
one set of ligaments and to 50% for two sets.

" 2, Effects of specimen size.. A total of 12 tests at a fixed ag/W

ratio have been completed in specimens of three different sizes. - Four

tests were run with standard-sized (W = 203 mm) MCT specimens, and damping
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losses were compared with those obtained .in three small-sized (W = 152 mm)
specimens and five large-sized (W = 305 ﬁm) specimens. The damping loss
was found to decrease from 37% of initial strain energy for the standard-
sized specimens to 35% for the smaller models; an increase in damping
losses to 40% was obtained for the larger specimens.

3. Effect of initial crack length. Nine tests were conducted at a

fixed ratio of initial strain energy to stress intensity (Ui/KQ) while

the initial crack length was varied in the larger-sized (W = 305 mm) MCT
specimens: Three tests were conducted at ay/W = 0.35, five tests at '
ag/W = 0.44, and one test at a,/W = 0.58, Damping losses increased with .
an increase in initial crack length for a fixedAUi/KQ ratio; these losses
were 30% for the smallest initial crack length, 40% for the intermediate
initial crack length, and 50% for the longest initial créék length.

4, Vibrational losses. Two experiments have .been conducted in which

CODs were recorded at the 1ocation of the initial crack tip. Thé purpose
of these tests was to determine if large oscillations or vibrations were
occurring in the specimen arms during propagation and after arrest, which
could account for significant energy losses as these vibrations were
damped out. Neither of the two tests showed very large or high—fféquency
vibrations;'thus,.the energy lost via this mechanism would seém to be ex-
tremely small. .

5. Stress wave energy. losses. One-dimensional bar wave tests in

varidus materials are currently being conducted to determine their damp-
ing éharac;eristics with regérd to stress wave propagation. Although we
believe this wave-damping mechanism is not a major contributor to overall
dampiﬁg losses, it should be investigated., Research at ORNL.and other '
laboratofies has shown étfess_wave generation at the instant of crack
initiation and during propagation, and an indiéatibn of wave amplitude
loss per distance ﬁropagated would be useful in asSigning importance to

the various mechanisms.

Task C: Two-dimensional finite—element computations

Our finite-element code (SAMCR) is currently being used to predict

" crack-extension behavior in_small-siied (W = 152 mm) MCT specimens of
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Homalite 100 and MCT specimens (W = 210 mm) of 4340 Steel (R.46). Ex-—
perimental photoelastic data of the run—-arrest event for both cases is
available for purposes of comparison. Preliminary finite-element meshes
and static displacement fields have been generated for both the steel and
plastic specimens. Initial runs of the dynamic code have also been com-
pleted.

First indications are that too large a mesh size was selected along
the crack path in both cases. The main reason for the mesh size chosen
was the desire to obtain a uniform element height in the y-direction
(perpendicular to the crack line), since a nonuniform height was sug-
gested as one possible source of oscillations in the stress intensity
thatihad been observed previously with SAMCR. The oscillatory behavior
of K was not found to have changed appreciably, and the meshes will be
regenerated to provide a finer mesh size along the crack path. This pro-
cedure should not take long, and preliminary comparisons for both cases
should be available by the end of July.

Modifications of the code required to accommodate the geometry and
thermal loading encountered in ORNL thermal shock experiment TSE-5 have
been completed. A 90° segment of the cylinder has been modeled, and a
dynamic run is ready for submission. Results from this computation
should be available within the next month. The effects on the static-
displacement field of using a 90° segment instead of a 180° segment have
been investigated.

Results obtained to date indicated a difference of about 5% in the
predicted stress intensity at the initial crack tip in the two cases. In
view of this finding, use of a 90° segment in the dynamic computation ap-
pears to be justified. The increased density of the mesh that is permit-—
ted by the 90° segment is considered necessary from the standpoint of com-
putational accuracy. The same density would he very difficult to aci.ieve
with a 180° segment, given the computer facilities currently available to

the University of Maryland staff.

Task D: Higher-order terms -

The specific aim of this task is to determine the influence of speci-

men size and geometry on higher-order terms necessary for accurate



17

determination of stress intensity from photoelastic isochromatic fringe
patterns. '

Tﬁree different sizes (W = 76, 102, and 152 mm) of MCT specimens to
be used for this study have been selected, and model preparation has be-
gun.- Testing is currently in pfogress to identify and resolvé possible
. problems with residual stresses that have béen reported by other investi-
gators working with three-dimensional stress—freezing.

Analytical work to support this task is continuing. The exact crack-
tip location is frequently'uhcertain in photoelastic data, especially in
dynamic work. Computer'programs written earlier to determine up to six
coefficients of the static series stress—function representation have been
modified to incorporate the crack-tip location(as an additional parameter.

The dynémic stress field has also been represented in series form, '
and programs are currently being written to permit making calculations of -
K and.the associated higher-ordér'terms tovprovide information similar to

that reported previously for the static situation.
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3. INVESTIGATIONS OF IRRADIATED MATERIALS®

3.1 Third 4T-CTS Irradiation Study

D. A. Canonico T. N. Jones
R. G. Berggren

Testing of a number of the Charpy V-notch (Cy) impact specimens has
_been completed. Results from the confrol specimens and irradiated speci-
mens are provided in Table 3.1. V A

The nominal fluence ranges for the specimens tested .to date are as

follows:

1 2 (E> 1 MeV);
2. 65W — 3.0 to 4.0 x 10!8 neutrons/cm? (E > 1 MeV); -
3. 66W — 4.2 to 6.2 x 1018 neutrons/cm? (E > 1 MeV);
4., 67W -~'3.6 to 5.6 x 1018 neutrons/cm? (E > 1 MeV).

. 64W — 3.4 to 4.6 x 1018 neutrons]cm

The spécimens selected for this initial test series were primarily those
that were irrédiated.at lower temperatures. Some-specimens from each weld
metal series irradiated near the light-water-reactor (LWR) operating tem—
perature, 288°C, were also tested.

Plots of the test results are shown in Figs. 3.1 through 3.4. The

approximate 68-J Cy temperature for the unirradiated welds are as follows.

68-J temperature

Weldment [°C (°F)]
64W 40 (105)
65W ‘ 0 (30)
66W 70 (160)
67W -5 (25) .

After irradiation, all the welds exhibited a loss of upper-shelf Cy
toughnesé and a shift in their reference temperatures. The shift was
based on the temperatﬁre at which the specimens absorbed 41-J (30-ft-1b)
Cy energy. The actual losses in Cy toughness were compared with those
that would have been predicted on the basis of Regulatory Guide 1.99 (RG

1.99). - This comparative information is included in each of the figures.

‘ *Conversions from SI to English units for all SI quantities are
listed on a foldout page at the end of this report.
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Tahle 3.1. Charpy V-notch imp:.]r_f; test data from third
4T-CT irradiation experiment

Fast ncutron Median Fast

Sneci ) . R Test Fracture Lateral
L opectpen (mmfluc:ce Jem? ;rmdmimnﬁ temperature cnerpy expans ion ;oad
No. nentrons/cm<, emperaturae” ° PR > . ro
B> 1 Mev) (°C (°F)] e L L B A
64W=-242 v ~18 (0) = - 31 (22.5) 0.51 (0.020) 95
-246° 0 . ) —4 (25) 30 (22) 0.33 (0.013) 68
-251 0 Lo (50) - 45 (33) 0.51 (0.N20) 80
-264 0 24 (76) 49 (36) n.61 (0.024) 78
—244 0 : 33 (100) 70 (51.5) 1.14 (N.045) 41
-247 0 38 (100) 73 (54) 1.02 (0.040) 25
=248 0 66 (150) ‘98 (72) 1.02 (0.040) 0
-268 0 . . 66 (150) 81 (60) 1.22 (0.048) 15
=245 .0 . 93 (200) 96 (70.5) 1.57 (0.062) 0
. =249 0 93 (200) 95 (70) 0.96 (0.038) 0
-269 . 0 . 135 (275) 102 (75) 1.65 (0.065) 0
-243 0 i 177 (350) 99 (73) 1.73 (0.068) 0
-250 0 : 177 (350) 98 (72) ° 1.55 (0.061) 0
64W-208 4.3 249 (480) A6 (150) 24 (18) 0.05 (0.002) 93
=201 4.3 238 (460) 93 (200) 56 (41) 0.66 (0.026) 41
=202 4.0 241 (465) 121 (250) 56 (41) 0.63 (0.025) [
-205 3.7 247 (476) 121 (250) | 52 (38) 0.71 (0.028) c
-204 3.7 246 (474) 149 (300) 71 (52) 0.89 (0.N35) 0 -
~-206 3.8 248 (478) 149 (300) 68 (50) 1.02 (0.040) 0
-200 4.6 - 234 (454) 177 (350) 68 (50) 0.99 (9.039) 0
-209 4,6 249 (481) 177 (350) 63 (50) 0.96 (0.038) "0
-203 3.8 243 (469) 260 (500) 79 (58) 1.12 (0.044) 0
-207 T 4.0 248 (479) 260 (500) 85 (63) - 1.07 (0.042) 0
64W-282 4.3 271 (520) - 177 (350) 71 (52) 1.07 (0.042) 0
-283 3.7 273 (524) 260 (500) 72 (53) 1.04 (0.041) 0
64W-303 4.1 287 (548) 66 (150) 27 (20) 0.25 (0.010) 38 .
-304 3.9 288 (550) 121 (250) 61 (45) 0.81 (0.032) 0
-301 3.8 287 (548) 177 (350) 72 (53) 0.81 (0.032) 0
-302 3.4 287 (548) 260 (500) 69 (51) © .04 (0.041) 0
65W-292 0 =23 (~10) 42 (31) 0.51 (0.020) 92
_-285 0 —18 (1) 43 (33.3) 0.71 (0.028) 90
~294 0 10 (50) &1 (60) 1.17 (0.046) 31
~288 - 0 38 (100) 94 (69) 1.57 (N.06K2) . 0
-295 - 0 38 .(100) 98 (72) 1.45 (0.057) 0
-300 0 b6 (150) 100 €74) . 1.47 (0.058) 0
-304 0 hh (130) 106 (78) 1.57 (0.062) - 0
-289 0 93 (200) 110 (81) 1.80 (0.071) 0
-301 0 93 (200) 10 (81 1.8 (0.066) 0
. =306 0 135 (2753) 106 (78) 1.78 (N.070) . ©
-286 0 177 (350) 13 (83.9) 2.01 (0.N79) n
-303 0 177 (350) 115 (R3) £.9G (N.075) 0.
-3907 0 177 (350) 106 (78) . 1.67 (0.064) 0
65W-250 3.3 273 (524) C41 (106A) 43 (32) N.51 (0.020) 49
=251 3.0 - 274 (525) 66 (150) 61 (45) " 0,91 (N.036) 18
-254 3.7 271 (520) 93 (200) _ 76 (56) 1,02 (0,040) 2
=253 3.3 273 (523) 135 (275) 79 (58) 1.12 (0.044) 0
-249 3.7 272 (522) 177 (350) 75 (55) 1.14 (0.045) 0
~252 3.0 1274 (525) 260 (500) 91 (67) 1.37 (N.054) 0
65W-233 4.0 274 (525) t35 (275) - 72 (33) 1.27 (0.050) n
-234 3.7 276 (528) 177 (350). 77 (57) 1.17 (0.046) 0
-235 3.4 277 (331) 260 (500) 81 (60) 1.32 (0.052) 0
65W-271 3.7 284 (544) 400 (104) 43 (32) n:50 (0,022) 45
=270 4.0 283 (542) 93 (200) 69 (31) CLDG (0.041) 0
-268 3.5 283 (542) . 177 (350) 62 (46) 0,89 (N.035) 0
-269 3.2 2873 (542) 260 (500) 65 (4R) N.96 (9.038) 0
66W-291 0 218 (M) o 28 (21) " 0046 (N.018) 95
-295 0 . 4 (50) 41 (30D .46 (N.O1R) 70
-293 . 0 : 38 (100) ThY (4h.3) 1.12 (0.044) 20
-296 - 0 - 38 (10n) 47 (13%) U.hl (0.N24) 45

=104 ) N . M (joo) A2 (46) 079 (0.031) 1
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Table -3.1 (continued)

Fast neutron Median Fast

Specimen fluencel irradiation Test Fracture Lateral load
pe ae (1018 tr Jem? N N temperature energy expansion 4 ap
No. : neutrons/cm®, emperature ° ° X ro
E> 1 MeV) [oc (oF)] [ C ( F)] [J (ft'lb)] [mm (ln.)] €3]
66W-297 0 66 (150) 57 (42) 0.71 (0.028) 17
=302 0 66 (150) 71 (52)- 0.91 (0.036) 0
-294 0 93 (200) 79 (58) 1.30 (0.051) 0
-298 0 93 (200) 73 (54) 1.04 (0.041) 0
-301 0 135 (275) 75 (55) 1.07 (0.042) 0
-292 0 177 (350) 75 (55) 1.40 (0.055) 0
~299 0 177 (350) 75 (55) 1.07 (0.042) 0
66W-215 6.2 266 (511) 93 (200) 33 (24) 0.30 (0.012) 40
=217 5.4 269 (517) 116 (240) 41 (30) 0.48 (0.019) 19
=216 5.7 268 (514) 135 (275) 54 (40) 0.66 (0.026) 2
~-219 5.0 272 (521) 177 (350) 54 (40) 0.66 (0.026) 0
=224 6.2 263 (505) 177 (350) 52 (38) 0.71 (0.028) 0
-220 5.0 271 (519) 218 (425) 56 (41) 0.76 (0.030) 0
-218 5.1 271 (520) 260 (500) 57 (42) 0.81 (0.032) 0
-223 5.7 265 (509) 260 (500) 65 (48) 0.71-(0.028) 0
66w-227 4.8 280 (536) 93 (200) 38 (28) 0.56 (0.022) 50
-228 4,2 280 (536) 135 (275) 57 (42) 0.86 (0.034) 0
66W-225 4.9 279 (534) 177 (250) 56 (41) . 0.86 (0.034) 0
~-226 5.4 279 (534) 260 (500) 61 (45) 0.94 (0.037) 0
67W-206 0- =57 (=70) 12 (8.5) 0.18 (0.007) 96
=212 0 —40 (=40) 41 (30) " 0.51 (0.020) 77
-204 0 —18 (0) 64 (47) 1.04 (0.041) 55
-213 0 ~18 (0) 65 (48) 0.81 (0.032) 49
=214 0 10 (50) 73 (54) 0.84 (0.033) 50

-215 0 38 (100) - 79 (58) 1.02 (0.040) 9 .
=223 0 38 (100) 84 (62) 1.07 (0.042) 22
-207 0 38 (100) 87 (64) 1.35 (0.053) 10
-220 0 66 (150) 100 (74) 1.45 (0.057) 0
=224 0 66 (150) 95 (70) 1.42 (0.056) n
=221 0 93 (200) - 103 (76) 1.47 (0.058) 0
-225 0 135 (275) 103 (76) 1.50 (0.059) 0
~205 0 177 (350) 104 (76.5) 1.73 (0.068) 0
=222 0 L 177 (350) 100 (74) 1.55 (0.061) 0
674241 3.8 209 (517) 52 (125) . 49 (36) 0.66 (0.026) 57
=242 4.5 268 (514) 931 (200) 62 (46) 0.81 (0.032) 22
-234 3.8 270 (518) 135 (275) 76 (56) 1.07 (0.042) 0
-233 4.5 269 (516) 177 (350) 84 (62) . 1.27 (0.050) 0
=240 3.6 270 (518) 177 (350) 81 (60) - 1.22 (0.048) 0
-235 3.6 270 (518) 260 (500) 88 (65) 1.17 (0.046) 0
67W-266 4.5 282 (540) 38 (100) 27 (20) 0.36 (0.014) 68
=251 4ok 282 (540) 66 (150) 60 (44) 0.86 (0.034) 35
=267 3.9 282 (540) 93 (200) 68 (50) 0.91 (0.036) 0

=249 5.6 282 (540) 135 (275) 75 (55) 1.17 (0.046) (VAN
~256 3.8 282 (540) 177 (350) 79 (58) 1.14 (0.045) 0
=243 3.7 279 (534) 260 (500) 73 (54) 1.24 (0.049) c
-248 4.8 282 (540) 260 (500) 89 (66) 1.42 (0.056) 0

AFirst two digits are HSST weldment numbers.

bFast nentron fluences and median temperatures for the two exposure positions have been
reported in Ref. 1.

Cpata not available; no load-time recording.
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Fig. 3.1, -Charpy V-notch impact data from weld 64W. Average copper
content, 0.35%. ' :

A summary of the Cy results obtained to date is as follows.

1. Weldment 64W. The loss of upper shelf obtained from the speci-

mens irradiated at the low temperature (nominally 244°C) was considerably
less at 260°C than that obtained for the same material irradiated at
288°C. At 177°C the upper-shelf Cy toughness values were nearly the same
(about 69 J), regardless of the irradiation temperature. The shift in
the'4l—J-temperature'was about 83 K, and the loss of Cy upper—-shelf energy

based on a A9-J upper shelf after irradiation was about 31%Z. Regulatory
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Fig. 3.2, Charpy V-notch impact data from weld 65W. Average copper
content, 0.22%. ' '

Guide 1.99 predicted a 377 loss of upper shelf and a shift in rcference
temperature of about 115 K. This information is provided. in Fig. 3.1.

2. Weldment 65W, This weldment exhibited the most scatter in Cy

test results after irradiation. Further, the specimens irradiated at
283°C, a temperature near the 288°C target temperature, underwent the
highést loss of upper-shelf Cy toughness. After an irradiation to

3.6 X'1018 neutrbns/cmz (E > 1 MeV) at 283°C, the upper-shelf toughness

was about 65 J. On the basis of this sheif toughness and an unirradiated
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Fig. 3.3.  Charpy V-notch impact data from weld 66W. Average copper
content, 0,43%,

shelf toughness of 110 J, -the loss was about 41%, which corresponds to a

predicted loss (from RG 1.99) of 29%. This is the only weld (of eight

studied to date) that exhibited a greater loss of upperfshelf toughness

than is predicted from RG 1.99. The actual shift in reference temperature

and the predicted shift are nearly the same.

Finally, as was the case

with weldment 64W, the specimens irradiated at the lower temperatures

underwent a smaller loss of upper-shelf energy. This information is pro-

vided in Fig. 3.2.
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Fig. 3.4. Charpy V-notch impact data from weld 67W. Average copper

3. Weldment 66W. This weldment contained the highest copper of any

investigated to date.

It had the lowest initial upper-shelf energy (76 J)

of any tested and the highest initial 68-J temperature (70°C). The upper-—

shelf Cy energy of this weld is near 54 J after an irradiation of about

5.6 x 1018 pneutrons/cm? (E > 1 MeV).

The loss of upper-shelf energy

(about 28%) was not so high as that predicted from RG 1.99 (about 40%).

Also, the shift in reference temperature is not so great.

tion is provided in Fig. 3.3.

This informa-
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4., Weldment 67W. At 177°C the Cy upper-shelf energy of this weld

dropped,from 103 to 81 J. The CV toughness at 260°C of the specimens ir-—
radiated at 282°C was superior to that ofvthe weld métal irradiated at
269°C. The actual loss of Cy upper-shelf energy at 1775C was about 21%,
whereas RG 1.99 predicted a 337% loss. The actual shift in reference‘tem—'
perature and the predicted shifts were nearly the same. This information
is provided in Fig. 3.4. -

Thé data reported in Table 3.1 and shown in Figs. 3.1 through 3.4
are preliminary. Additional tests will be conducted to determine‘more
concluéively the effect of irradiation. It is significant that the Cy
upper—shelf toughness in welds 64W and 65W are near 68 J after'ifradia—
tion to fluence levels ofAﬁear 4 x 10}8_neutr6ns/cm2 (E > 1 MeV). These
flﬁence levels are achieved in rather short times [about 5.5 yeérs for a
pressurized—waﬁer reéctor whose design life and fluence are 40 years and
3 x 109 neutrqns/cm2 (E > 1 MeV) respectively]. . For an irradiation flu-
ence of about the same level, the Cy upper-shelf energy in weld 67W had
dropped to near 81 J. Weldment 66W, which contained the highest copper
(about 0.43%) and started with the poorest Cy upper-shelf energy (76 J),
exhibited an upper-shelf energy of 54 J after exposuré to a fluence of

‘about 5 x 10l8 neutrons/cm? (E > 1 MeV).

3.2 Fourth HSST Irradiation Series

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

Irradiation of capsule A, the first .capsule of this irradiation

1 continued through this quarter. Accumulated exposure for the

éeries,
capsule is 2750 h. Temperature control continues to be excellent, with
variations in the last qdarter near those previously reported.2 Fig-
ure 3.5 shows the maximum and minimum temperatures recorded each day at
8:00 AM since the start of the experiment on December 18, 1979, These.
values are the limits obtained from 39 thermocouples lécated throughout
capsule A. » '

Further analysis of the neutron dosimetry experiment reported pre-

viously3 indicates that the specimens in capsule A will be irradiated to



IRRADIATION TEMPERATURE (°C)

357

. 343

329

316
302 —
288
274
260
246

232

© 218

ORNL-DWG 80- 5485 ETD
IHI“IH[HIWIHIPIH'H!WIHI“IHIHI”IHI“lHlHJWTHIPIHIHIWIHIVlnlullpiH‘HIWlHIPIHlHIWI. 675
— & COMPUTED AVERAGE OF ALL T/C — 650
- LIMITS OF DAILY TEMPERATURES _le25

RECORDED FROM ALL T/C’s .
L — 600
— 575
mMmmM@{ﬁﬁﬁﬁ m{{{ ﬁ}}ﬂﬁﬂ{%}ﬁE}Hﬁ%ﬁﬁﬁﬁﬁﬁ{ﬁgﬁq}}{mﬁ — 550
— 525
— — 500
—1 475
— 450
rded e oodieddvdocdve e ead v eedeadecd v o e dvedod el 425
0 10 20 30 40 50 60 70 80 90 100 110 120
‘ RRAL A ' ’
L—12/48/79 . IRRADIATION DAY ' _ 6/15/80—t_

Fig. 3.5. Record of daily temperature range from analysis of 39

thermocouple readings made every morning at 8:00 AM., Average temperature

'is near the aim of 288°C. Maximum temperature difference after nearly
six months is near *9 K. .

IRRADIATION TEMPERATURE (°F)

9t



27

';he desired fluence of 2 x'lng neutrons/cm?® (E > 1 MeV) by October 1,
1980.
\ A sebond.dosimetry experiment has been conducted with a dummy cépsule
in the irradiation position of capéule B. A thermal sﬁield was in place
duriug'this test. Results Qill be reported later. ' '

Assembly and preirradiation teéting of capsule B have been completed.
The capsule is located at the north face of the Bulk Shielding Reactor.

Irradiation of capsule B began on June 26, 1980.
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4, THERMAL SHOCK INVESTIGATIONS®

R. D. Cheverton D. A. Canonico
S. E. Bolt P. P. Holz
S. K. Iskander

During this report period for the Thermal Shock Program, the temper-
ing temperature for the TSE-5A test specimen (TSC-2) was selected, the
TSC—Z prolongation was tempered at this temperature, a residual-stress
study was conducted on the TSC-2 prolongation, machining of TSC-2 was com-
pleted, electron—beam (EB)—weld—fiawing studies and coating development
studies were conducted, and additional fracture mechanics calculations

were made in connection with the interpretation of the results of TSE-5.

4.1 Selection of Tempering Temperature for TSC-2 (TSE-5A)

The scope of TSE-5A is the same as that intended for TSE-5 and in-
cludes (1) initiation and arrest of shallow long axial fléws aﬁd deep long
axial flaws in a series of initiation-arrest events, (2).arrest in a ris-
ing Ky field, and (3) a demonstration of warm prestressing. Additional
phenomena were observed during TSE-5 (Ref..l), but items (2) and (3) were

‘not achieved because the material transition temﬁerature was considerably
higher than planned.?

Following TSE-5, an unusually extensive material characterization
study? revealed a large scatter (approximately +50%) in the K. data for
the TSE-5 test—cylinder material (A508 class 2 tempered at 613°C). Thus,
a ‘similar study was conducted as ‘a part of the TSE-5A feasibility studies.
Tempering temperatures included in these studies were 677 and 707°C, and
the corresponding fracture toughness datal from 1T-CT specimens are shown

3

in Figs. 4.1 and 4.2. Data from another source’® for tempering tempera-

“tures of 677 and 660°C are also included in Fig. 4.1. In both figures the

*Conversion from SI to English units for all SI quantltles are listed
on a foldOut page at the end of this report.

'Values of Ki. are calculated in accordance with the expressions
given in ASTM E 399, with the load P, being given by VZkEmax, where k is
the slope of the linear portion of the load-dispacement record and Eg,, is

the area under the record up to maximum load.
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Fig. 4,1. Fracture toughness for A508 class 2 material tempered at’
- 677 nnd 660°C measured with 1T-CT spec1menQ.

experimental data are compared with the Specified design curve for TSE-5,
which (as mentioned in Ref. 2)Ais also an acceptable design curve for
TSE-5A. Since the results of TSE-5 indicate tﬁat a long flaw will behave
in accordance with lower-bound toughness,2 the lower bound of the‘experi;
mental data should be compared with the design curve. ‘

As explained in Ref. 2, the RTypT for the design eufve in Figs. 4.1

and 4.2 is —34°C, and a reasonable range of acceptability for TSE-5A is
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' approximately —34 to —18°C. On the basis of (1) an assumption that the'
apprppriate lower-bound curve for the material is one drawn through the
lowest data.points in Figs. 4.1 and 4.2 (excluding upper—shelf points)

and (2) a comparison of data in the midtransition region, the RTNDT values,
for temperlng temperatures of 677 and 707°C appear to be —{7 and —26°C
respectlvely._ Thus, the higher tempering temperature appears to be thel

' better of the two. However, the lower—-shelf toughness for the higher
tempering temperature is too high, while for the lower tempering tempera- -
ture it is acceprable. Therefore, a tempering temperature'of 679 * 3°C

was specified for TSE-5A. The corresponding acceptable thermal shock is
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the same, or perhaps somewhat more severe, as that achieved during TSE-5.
The critical-crack-depth curves corresponding to RTNDT = —18°C and the

TSE 5 thermal transient are shown in Fig. 4.3,

ORNL-DWG 80—5488. ETD
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Fig. 4.3, Pretest critical-crack-depth curves for TSE-5A (RTNDT =
- —18°C, TSE-5 thermal transient).

4,2 Tempering of TSC-2 Prolongation:

After seieéting a tempering teﬁperature (679 * 3°C) for TSC-2 (TSE-5A
" test cylinder), the TSC-2 prolongation, machined to.the same inside diame-
ter (ID) and outside diameter (OD) as for thé finisﬁed test cylinder, was
tempered with the same specified temperature. Tempering was done - in a
radiant furnace (with radian; héateré on éll‘surfaces, including the door

but excluding the floor). The prolongation was mounted vertically on
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several fire brick that were located on a metal pallet. This arrangement
allowed natural circulation of air through the center of the cylinder;
there was no circulating fan in the furnace. Teh thermocouples were used
to determine the temperature distribution throughout the prolongation
during tempering. Prior to the tempering treatment, the thermocouples
were calibrated at room temperature and at 660°C. The only significant
temperature gradient observed in the prolongation during the tempering
treatment was in the vertical direction. The gradient was linear, and the
variation from end to end was 16°C. At midlength of the prolongation, the
indicated temperature was 679 * 2°C during the 4-h soak period.

The vertical gradient in temperature in the prolongation during tem-
pering was the result of radiant heat being applied to the upper end of
the prolongation and not to the bottom end. This problem will be allevi-

ated when TSC-2 is tempered by insulating both ends of the test cylinder.

4,3 Residual-Stress Study with TSC-2 Prolongation

Following tempering of the TSC-2 prolongation, residual stresses on
the inner surface were measured by first mounting strain gage rosettes on
the inner surface and then sawing out small pieces of the wall having the
gages attached. Five rosettes were used along a single axial line. By
this means the residual stresses were found to he approximately —70 MPa.

Ihe‘residual stresses are primarily a result of the water—quench por-
tion of the heat treatment. Because of plastic flow in tension near the
quenched surfaces. during the quench treatment, the residual stress near
the surfaces is cdmpressive and high. A steep gradient in residual stress
éxists near the surface, and over the central portion of the wall‘the re-—
sidual stress is moderate and uniform tension.

Following the water—quench treatment, 32- and 38-mm sections of mate-
rial were removed by machining from the inner and outer surfaces respec-—
tively. This process removed most of the residual stresses, which other-
wise would range as high as 700 MPa or more. For TSC-1 (TSE-5 test cylin-
der) this process, plus tempering at 613°C for 4 h, reduced the inner-

1

surface residual stress to approximately —120 MPa. The lower residual

compressive stresses for the TSC-2 prolongation presumably are a result
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~of a higher tempering temperature for the latter prolongation (679°C for
4 n). |

Because of the steep gradiént in residual stress near the surfaces
and the relatively low residual tensile stress elsewhere, the residual
streéses in TSC-2 are not expected to have a significant effect on K

~ during TSE-5A.

4.4 Machining of TSC-2 (TSE-5A Test Cylinder)

The design and machining of TSC-2 are the same as for TSC-1 with two
exceptions: ‘

l. The three thermocouple—thimble holes at midlength were changed
frbm 25-mm—diam drilledAHoles to re;tangular‘tapered holes 25 by 25 mm on
the inside and 25 by 37 mm on the outside, with the long dimension running
‘in the circumferential direction. The tapered sides are in radial planes
- containing the longitudinal centerline of the cylinder. Thermocouple
thimbles that fit these holes will be unaffected by surface contact be-

- tween thimble and hole and thus will provide accurate temperature dis-—.
tributions throughout the transient.

2., A 3.2-mm-diam radial hole through the test—cylinder wall, located
~80 mm from the long axial flaw on the inner sufface, is provided in TSC-2
for electrical-lead egress for each. of nine COD gages. Previously, these
leads were at;ached to the inner surface,and_extended fo the end of the
test cylinder, where they exited through the upper flange. The longitudi-
nal runs of thé leads created perturbations in the rubber'cement‘coating |
that could introduce significant asymmetries in quenching during the ther-
mal shock experiment. . ‘

Machining of the tapered holes was done with electrical-discharge
hachining (EDM), using an outfigged ELOX machine. A job sucﬁ as this had
not heen attempted previvusly in the Oak Ridge area, but in spite of some

unique features; the job was completed successfully.

4,5 EB-Weld Flawing

Initial flaws for TSE-1 through 5 were created by means of the EB-

wcld=fiaWing technique." For the first four test cylinders, EB-weld
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' cracking was spontaneous as the torch moved on and allowed the weld to
cool. For TSE-5, cracking of the EB weld required ~50 h of hydrogen
charging. Both materials were A508 with class 2 chemistry, but the first
_ four cylinders were in a quench-only condition, while the TSE-5 cylinder
(TSC-1) was tempered at 613°C. Developmental EB welds with TSC-1 material
indicated that tempering temperature had no effect on cracking; all welds
required many hours of hydrogen charging. Also, EB-weld depth was ruled
out as a factor. Thus, the difference in cracking was attributed to small
differences in chemistry.

EB-weld development work for TSE—SA; using TSC-2 material (same as
TSC-1) with a tempering temperature of 679°C, has resulted in cracking
with only 4 h of hydrogen charging. No immediate explanation has been
found for these results. |

. Concern over'these specific cracking details is that cross cracks
developed in the TSCfl flaw but not in the flaws for the first four ex-—
periments. Cross cracks. are not desirable, and apparently the ﬁore hy-
drogen charging required, the greater the chance of‘cross cracks. No
cross cracks have been observed yet during the most recent development
work (~4 h charging time). o

One poséible way to reduce charging time or perhaps to eliminate it
altogether is to degrade the EB weld with copper or sulfur. We are at-

tempting to introduce sulfur into the EB-weld fusion zone by placing an

* iron-sulfur compound on the work piece in the path of the torch. Thus

far, no effect on required hydrogen charging time has been noted.

4.6 Rubber Cement Coating Development

During the latter part of or just after TSE-5 and preliminary heat
transfer tests, the rubber cement coating (3M-NF34) on the inner surface
of the teét cylinder blistered and peeled. This had not occurred in pre-
- vious experiments and could not be explained;‘other than to assume that
the surface was not properly cleaned. Contact was made with Minnesota '
Mining and Manufacturing Company (3M) personnel to seek clues, but nomne
were forthcoming. However, 3M recommended that in the future 3M-34 be

used instead of 3M-NF34 because the chemical makeup of the latter product
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was sensitive to the source of petroleum-base material, while the other
was not. Furthermore, 3M-34 should have better adhesion under any cir-
cumstances, particularly in this applicatidq.

Test sprays with 3M-34 were conducted in the spray—-test facility
(same interior dimensions as TSC-2) until a satisfactory spray was ob-—
A'téined. This same'spray was then aﬁplied.to one end of a steel bar that
was 100 mm diam by 150 mm long, while the end to be éprayed was flush with
the inner surface of the épray-test‘cyiinder."After an appropriate dry—f
ing time foliowed by heating to 100°C, tﬁe sprayed end was quenched with

1iquid nitrogen. The qhencﬁ time was much longer than had been expected.

4.7 Posttest Analysis of TSE-5

S.- K. Iskander D. G. Ball

4.7.1 Introduction

Variation of the three-dimensional stress—intensity factor (Ky) along
the final. crack front in the TSE-5. test cylinder (TSC-2) has been deter-
mined by the finite—element method using two meshes differing in the num-
ber of degrees of freedom (DOF). Results of the analysis using fhe»mesh
with the fewer DOF (designated{the "coarse” mesh for bpevity) have been
reported previously.2 In this report, the results of the analysis uSing
the "finer” mesh have been compared with those of the coarser one.

Linear elastic‘frécture mechanics (LEFM) studies have also been per-
formed to determine the difference in the two-dimensional Ky values for
a long axiél crack of a thermally shocked thick cyiinder when approximated

as a 90° segment rather than the usual 180° model.

4.7.2 Three-dimensional caléulations'of final arrested
crack shape in TSC-2

The shape of the finél crack front in TSC-2 was nbf uniform but de-
creased toward the free ends and intersected the free-end planes at an
angle other than 90°. The variation of Ky along this crack front was
obtained by means of a three—dimensional finite—element analysis and was

reported for the previous report period.2 Results indicated that the Ky
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values near the.free ends of the cylinder were slightly higher (10%) than
those near the midlength. For a similar cylinder in which the crack depth
was ﬁnifbrm in the longitudinal direction, the Ky values dropped to zero
aﬁ the free ends, and the variation of the two-dimensional K1 values cor-
responding to the same crack depths as in the TSC-2 final crack shape
tended to increase sharply near the end, as shown in Fig. 4.4,

Each of the above Ky distributions can be explained qualitatively,
and the two—dimensional results are considered to be quite accurate. How-
ever, a comparison of the two- and three-dimensional results does not.
“really establish the accuracy of,the‘three-dimensional results; therefore
the poésibility‘remains that the three—-dimensional mesh may not be ade-

quate. To investigate this possibility, a mesh with about 70% more nodes
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has been generaped. Most of the extra nodes are near the crack front and :
near the free ends, because these are the regions where the previous re-
sults are to be checked. Figure 4.5.shows the two finite—-element meshes:
the coarser one, for which results have been reported previously, and the
finer one, which is discussed in this report. Figure 4.5 shows the dis-.
tribution.of the nodes throﬁgh the cylinder wall-inAthe plane of the flaw;
‘the ‘three-dimensional mesh is obtained by rotating these meshes about the
cylinder axis. The details of the finite-element médeling and some data

from the computer run using the ADINA code are reported in Table 4.1.
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Table 4.1. Miscellaneous data related to three-dimensional
finite-element analysis with ADINA 78 code using
2964 kilobytes of fast memory and finer mesh

Young's modulus, GPa 193.1

Poisson's ratio 0.3
Number of elements used to propa- 8

gate the mesh in the circumfer-
ential direction

Angular dimensions of the circum-— 0.5, 1, 3.5, 10, 30, 3 x 45
ferential elements, degrees : :

Number. of nodes 5,156

Number of elements 1,032

Number of degrees of freedom 14,605
(equations)

Number of matrix elements 11.8 x 106
(approximate)

Maximum half bandwidth ° 1,217

Mean half bandwidth 807

Maximum block size (real*8 words) 63,453

Number of blocks 188

IBM 3033 CPU time, min - 116

Wall clock time, min% o 218

1/0 (thousands)b : 70

Approximate total cost, dollars® 745

Can vary widely between identical runs.
Depends on blocking factors.

ey, . - . .
Printed output directed to microfiche.

These latter data are useful as a guide in planning similar analyses; as
can be seen in Table 4.1, these runs are expensive and utilize consider-
able amounts of the available computer resources.

The variations of Kj along the crack front for the final crack shape
at a time of 3.43 min in the transient are given in Table 4.2. These
values have been plotted in Fig. 4.4 to combare them with those of the
previous analysis using the coarser mesh. The trends of both analyses
are similar — namely, the.KI'valuésAtend to increase toward the free ends.
The maximum variation of the refined-mesh Ky values from those obtained
from the coarse mesh ié 5% and occurs near the free ends. Thus, the
three-dimensional K1 values appear reasonably accurate, and the stress-

intensity factor does, in fact, appear to increase toward the free ends
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Table 4.2. Variation of stress—intensity
factor Ky as function of axial distance
from midlength for final arrested crack

shape in TSE-5 using refined mesh

Time in transient = 3.43 min

Distance from Stress—intensity

midlength factor KI
(mm) (MPa*vm)
0 8.1
50.8 87.5
102 86.7
152 84.8
203 84,1
254 86.4
305 90. 2
356 94,8
422 99,2
472 100
513 99.4
544 98
566 98, 2
584 97.6
597 96. 1

because of the shallower crack depth. As hypothesized in the previous
progress report, the shape of the crack front tends to a geometry for

which Ky/Ky, is unity.

4.7.3 Two-dimensional LEFM analysis of long axial
crack modeled as 90° segment

Utilizing the symmetry of the geometry [Fig. 4.6(a)], a single
long axial crack in a cylinder is usually modeled as a 180° segment
[Fig. 4.6(b)]. The question arose as to the feasibility of using only a
90° segment [Fig. 4.6(c)], thereby saving computer time.

The comparison of two analyses is given in Table 4.3, which shows the
Ky values obtained by using either a 180° or a 90° model. The results
show an increase of about 20 to 30% in the 90° model over those obtained

utilizing the 180° mndel. This increase may occur because the 90° segment
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Fig. 4.6. Two-dimensional plane-strain modeling of (a) a single
axial crack in a cylinder, (b) usual 180° finite—element model, and
(c) 90° segment "model." Details of distribution of nodes in vicinity
of crack are shown in (d) and (e) (scales used in horizontal and vertical
directions are unequal).
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Table 4.3. Variation of two-dimensional stress-—
intensity factor Ky with time for fractional
crack depth of a/W = 0.500 when modeled as
a 180° and 90° segment

Time in Ky values (MPa'/E)a Difference from
transient - 180° model
(min:s) 180° model 90° model (%)
0:30 24.0 31.2 ' 30
1:00 45.8 59.1 29
1:30 64,2 82.5 29
1:46 - 78.1 99.6 27
2:00 85.9 108.9 27
2:30 99.4 ' 125.9 27
2:58 : 114.2 143,2 25
3:26 122.5 153. 4 25
4:00 130.3 . 163.0 25
5:00 141.5 175.7 24
7:00 - 145.9 180.9 24
10:00 136.7 168.9 24
15:00 114.5 141.2 23
20:00 88.9 109.6 23

aThese were calculated by means of the FMECH
code. '

' actually models two cracks 180° apart,'thus increasing the cylinder flexi-
bility. The accuracy of the 180° calculation has been chécked by means of
an independent method and determined to be about 4% (Ref. 2).

| The variation of the differences with respect to time for this crack
depth indicates that the steep temperature gradients at the initial por-
tion of the transicnt, in relation to the lnration of the crack root, in-
fluence the resulfs.

Further, the number of nodes used in the 90° model are about 62% of
those used in the 180° model because a large portion of the nodés are in
the crack region. “

Results of this analysis are in ‘contrast to those obtained by the
University of Maryland (see Sect. 2.3) because the latter results corre—
spond‘to a shallower flaw (a/W = 0.2 compared with 0.5), for which bending
effects are much less. As flaw depth increases, the bending effect in-

creases, and -the accuracy of the model hecomes more important.
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4.8 Thermal Shock Material Characterization

W. J. Stelzman D._A. Canonico

' The fracture toughness (KIc) characterization of ﬁhe thermal shock

" prolongation TSP—2.segmen£ that was tempered at 707°C for 4 h has been

compieted. Latest results from CT-orientéd 1T compact specimens, pfi;

‘ marily at —4°C, are listed in Table 4.4. Results from Table 4.4 and re-

sults previOusly reporj:ed6 are plotted in Fig. 4.7. Over the test tem—

- peratures examined, the results at —4°C showed the greatest variation —

between 140 and 367 MPa*vm. None of the results were valid in accordance

with ASTM E 399 criteria. ‘
' We also examined the tﬁrough-thickness variation of KI& at-—L8°C and

the variation of Kre with temperature at the one—third-depth loéation

(152-mm-thick wall) from the inner wall of prolongation. TSP~1 using 0.394T

" Table 4.4. Static fracture tough-
ness from 1T compact -specimens®
of quenched prologgation TSP-2

after tempering” at 707°C

Test . : Static fracture
temperature . toughness

(°c) . (MPa*y/m)

—73.3 131

—3.9 317
‘ 337

226

140

219

180,

243

274

248

37.8 336

ACT oriented.

bTempered for 4 h, air
cooled.
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Fig. 4.7. Variation of static fracture toughness from 1T compact
specimens from prolongation TSP-2 (SA 508) after tempering at 707°C for
4 h and cooling in air.

compact specimens (CyT CS). The material from TSP-1 had the same temper
as thermal shock vessel TSC-1 used in experiﬁent TSE-5: 613°C for 4 h.

The effect of specimen size was examined by comparing the CyT CS results
with previoudly repofted6 results from 1T and 2T compact specimens. All
specimens had the tip of the fatigue crack at the same depth location from .

the inner surface of TSP-1 (one—third—depth location).
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Results of the through-thickness survey at —18°C are summarized
in Table 4.5 and plotted in Fig. 4.8. The lower-bound values appear to
increase between the inner surface and midthickness of the prolongation.
This is contrary to what would be expected. Prolongation TSP-1, as
quenched, was originally 216 mm thick. Subsequent machinings removed
32 mm from each surface, leaving a 152-mm—-thick prolongation prior to the
613°C temper. Therefore, the KIc values should be fairly uniform across
the thickness, or, if some of the more rapidly cooled material near the
surface were still present, the K;. values should be somewhat higher near
the surfaces. One explanation would be that if additional specimens were
tested, then the lower limit would be near that obtained for the other
locations; it too would lie near 55 MPa*/m. The 55 MPa*y¥m value agrees
with the 52 MPa*Ym lower-bound value previously reported.®

Results from the study of Kp. variation with temperéture using CyT CS
from the one-third-depth location are listed in Table 4.6 and plotted in
Fig. 4.9. The lower-bound values tend to increase with test temperature
between —3.9 and 37.8°C. Additional tests at —73.3°C would be necessary
to establish a more reliable lower bound.

Results of the specimen size_comparison with specimens §btaihed
from prolongation TSP-1 after tempering at 613°C for 4 h are listed in
Table 4.7. The comparison is made at —18°C and shows that, for the
speciméns tested, the lower-bound fracture toughness decreases with in-—
crcasing specimen size. ]

The test results of the CyT CS obtained from the 0.3t depth were‘added
to the 1T and 2T compact specimen data previously reported.6 These results
are presented in Fig. 4.10, which contains'all the compact specimen data

obtained from the 0.3t depth location for material tempered at 613°C.

4,9 Fractographic Studies

D. A. Canonico W. J. Stelzman

The large variation in fracture toughness values exhibited in Fig.
4.10 is attributed to crack extension behavior dufing testing. This type
of behavior is illustrated in Figs. 4.11 and 4.12, which were previously

discussed in Ref. 7. Ductile extension of the fatigue crack can occur
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Table 4.5. Fracture toughness at several
depth locations in thermal shock pro-
longation TSP-1" using 0.394T compact

specimensd tested at —18°C

Range of Ky, (MPa*vYm)

Depth Number of
location specimens High Average Low
0.06t 4 109 85 58
0.17t 5 132 108 67
0.33t 5 190 . 140 91
0.50t 5 203 173 159
0.67t 4 144 - 91 58
0.83t. 5 186 153 90

“After tempering at 613°C for 4 h, air
cooled.

b

CT oriented.

} cDepth‘in the 152-mm—thick wall; inner
wall = Ot,

Fig. 4.8. Effect of depth on fracture toughness of prolongation

TSP-1 after tempering at 613°C for 4 h:

CT-oriented, 10-mm-thick compact

specimens tested at —18°C. Lower-bound toughness value is from Fig. 4.4,
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Table 4.6. 'Variation of fracture toughness with
temperature at onc-third-depth location” in
thermal shock prolongation TSP-1” using

" 0.394T compact specimens

Test : Range of K (MPa*y/m)
temperature Number of & Le
(°C) specimens High  Average Low
-73.3 3 105 83 66
-3.9 3 105 67 42
—-17.8 5 . 190 140 91
10.0 6 230 174 108
37.8 6 234 187 117

%1nner wall = Ot; 152;mm—thick wall.

bAfter tempering at 613°C for 4 h, air
cooled.

¢cT oriented,
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Fig. 4.9. Variation of fracture toughness with temperature at one-
third-depth location in prolongation TSP-1 after tempering at 613°C for
4 h: CT-oriented, 10~mm-thick compact specimens. Lower-bound toughness
value.is from Fig. 4.4. :
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Table 4.7. Effect of specimen size on
fracture toughness of thermal shock
prolongation TSP-12 from compact
specimensd from the 0.33t depth®
and tested at —18°C

Specimen  Number of Range of %}9>(MP3'/E)

size specimens High Average P
0.394T 5 190 140 91
1T 4 151 116 86
27 5 114 90 53

After tempering at 613°C for 4 h, air
cooled.

hCT oriented.
cDepth in the 152-mm-thick wall; inner

wall = Ot.
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Fig. 4.10. Variation of static fracture toughness from 0.394T, 1T,
and 2T compact specimens from prolongation TSP-1 (SA 508) after tempering
at 613°C for 4 h and cooling in air. These specimens were machined so
that their fatigue cracks resided at the 0.3t depth from inner surface of
prolongation.
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Fig. 4.11. SEM photomicrographs of fracture surface from 1T com—
pact specimen 8SC31 tested at 38°C with fracture toughness of 208 MPa*Vm.
(a) Fracture morphology at crack propagation site. Initial fracture,
which extends for an average of about 0.25 mm, is dimple mode, at which
point the continued fracture is by cleavage mode; (b) dimple mode frac-

ture at site of crack initiation; (c) cleavage fracture after dimple
fracture.
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Fig. 4.12. SEM photomicrographs of fracture surface from 1T com-—
pact specimen 9SCl tested at 38°C with fracture toughness of 98 MPa-+Vm.
(a) Fracture morphology at site of crack extension. There is limited
dimple mode failure (0.038 mm) prior to the onset of cleavage fracture;
(b) region of ductile fracture (dimple mode). Original reduced 12%.

prior to the onset of fast fracture. The degree of tearing can be re-
lated to the fracture toughness exhibited by the compact specimen being
tested. The effect of this tearing is the basis for the explanation of
the fracture toughness differences between 1T compact specimen numbers
TSP-31 and -32. These specimens, both of which were machined from pro-
longation material that had been tempered for 4 h at 613°C, were tested
at 82°C. Specimen TSP-31 exhibited 210 MPa°*ym, whereas TSP-32 exhibited
131 MPa*ym. Specimen TSP-31 underwent nearly 0.51 mm of ductile crack
extension prior to the onset of fast fracture. TSP-32 underwent only

0.15 mm of ductile tearing prior to abrupt fracture. Both specimens
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failed before maximum load was achieved. Figure 4.13 shows the load-
deflection curves from the tests of these specimens. Figure 4.14 shows
the fracture surfaces. Ductile tearing at the terminus of the fatigue
crack is evident in TSP-31.

This behavior is believed to be caused by the presence of sites of
low toughness. Crack extension may occur during testing, particularly
when testing is done at temperatures in the Cy transition region. This
extension, as shown in Fig. 4.11, will occur by dimple mode. Ductile
propagation will continue until either the specimen is no longer able to
sustain the load and fast fracture (cleavage mode) occurs or the extending
crack intersects a site of low toughness, thus triggering fast fracture.
The onset of this fast fracture results in a change in the state of load-
ing from static to dynamic. Under these dynamic conditions of loading,
the material toughness is not adequate to arrest a running crack, and
cleavage mode failure persists.

The amount of ductile tearing that occurs prior to onset of fast frac-
ture governs the fracture toughness exhibited by a specimen. Specimens
that exhibit toughness values of near 220 MPa*y/m usually have undergone
0.5 mm of ductile crack extension prior to onset of cleavage mode fracture.

The hypothesis favoring a site of low toughness appears to be sup-
ported in tests conducted near the onset of the CV upper shelf of the
TSV-1 (tempered at 613°C). Figure 4.15 shows the fracturc surfaces of
two 2T compact specimens tested at 135°C. Specimen TSP-4 failed by duc-
tile mode and exhibited large shear lips. TSP-21 failed by predominantly
cleavage mode. Figure 4.16 shows the sides of the two specimens. Both
specimens exhibited approximately the same fracture toughness. The dif-
ference in the fracture mode is evident in the view of the specimens shown
in Fig. 4.16. Specimen TSP-4, which failed by ductile tearing, has large
plastic hinge regions located on both sides of the specimen, whereas

TSP-21 has essentially no hinge region. The test results were as follows:

Test temperature Fracture toughness
Specimen No. {°¢c) (MPa-ym)

TSP-4 135 272
TSP-21 135 281
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Fig. 4.14. Fracture surfaces from 1T ccmpact specimens TSP-31 and TSP-32. Outward appear-
ance of greater area of shear fracture on surface of TSP-32 belies relative toughnessas exhibi-
ted by specimers; both were tested at 82°C. TSP-31 exhibited 210 MPa*Vm and TSP-32 exhibited
131 MPa*v¥m. Small ductile crack extension (about 0.5 mn) that occurred in TSP-31 prior to fast
cleavage mode fracture can be correlated with higher tcughness. Crack in specimen TSP-32 only
extended about 0.15 mm prior to cleavage fracture.

A9
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Fig. 4.15. Fracture surfaces from 2T compact specimens tested at
135°C. Both specimens exhibited about the same fracture toughness. TSP-4
failed by ductile tearing. TSP-21 underwent about 1.5 mm of ductile tear-
ing until a low toughness site was intersected. At this point, rapid
cleavage mode fracture occurred. Initiation site is clearly identified

in fracture surface.



54

ORNL—-PHOTO 4219-80

ORNL

CENTIMETERS
Q 1 2 3

\lillllllllllllll

ORNL

CENTIMETERS
1 2

by bl

Fig. 4.16. Sides of 2T compact specimens TSP-4 and TSP-21. Both
specimens were tested at 135°C and exhibited about the same fracture
toughness, 272 and 281 MPa*Vm respectively. TSP-4 failed by complete
ductile tearing. Crack extension in TSP-21 was initially by ductile
tearing for about 1.5 mm, followed by fast cleavage mode fracture.

The degree of ductile tearing and an enlargement (original magnification
about 20x) of the initiation site in the two specimens is shown in Fig.
4,17. The crack in TSP-21 extended by dimple fracture mode (for a dis-
tance of about 1.5 mm) until a low toughness site was intersected. At
that point in the test rapid fracture occurred, resulting in a dynamic

rate of loading. Fracture of the specimen then occurred by cleavage mode.
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Fig. 4.17. 1Initiation site in specimen TSP-21, which is clearly
identified. About 1.5 mm of ductile crack extension occurred before on-—
set of fast cleavage mode fracture.
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5. PRESSURE VESSEL INVESTIGATIONS®

5.1 Intermediate Test Vessel V-8A

P.. P, Holz

Babcock and Wilcox Combany (B&W), Alliance Research Center, Alliance,
Ohio,'under subcontract is proceeding with trials to develop a special
welding process for lbw—upper-shelf—energy (47.5 to 74.6 J) weld metal
‘with 450- to 620-MPa yield'étrength to providé a flaw site for the vessel
V-8 test,! ' -

The ;hree preliminary:trial weldménté have been made; two of the
fhree'heat—treatment ruﬁs are completed; run tHree<is under way. The
first heat-treatment samples are being machined into fest specimensj
'otﬁers are being'cut‘for machining. . The welds are made with SA533 Bl
steel and SFA 5:23 tyﬁe‘EFfZ electrodes and three different-fluxes. The
~fluxes are actgally differently proportioned batched mixes of Linde 60
and Linde 80. fluxes. The postweld heat treaﬁment (PWHT) parameters for

the weldments are listed in Table 5.1.

Table 5.1. Postweld heat treatment
parameters for trial welds

‘Temperaturé Holding - Cooling

° time rate
C N
°c) (hy  (®/h)
Trial 1 538-566 4R—52  5.6—8.3
Trial 2 '566-593 . 48-52  5.6-8.3
Trial 3 . 593621 48-52 . 5.6-8.3 .

The B&W staff has also comﬁleted, at’their Sponsdrship aﬁd exﬁénse, a
series of Welding experiments with varied‘commerciﬁlly batched flux-mixéé.
These expériments were conducted with mixes of Linde 60 and Linde 80 flux
powdefs>to guide mix selections so as to attain the'contract—specifiéd

~yield strength and impact energies with 100% shear in temperature range of

" *Conversions from SI to English units for all SI quantifies afe
listed on a foldout page at the end of this report.. :
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about 66 to 93°C. These.results imply that a flux mixture—special heat-

treatment welding procedure looks encouraging.

5.2 Pressurized Thermal Shock Studies

W. R. Corwin

Initial scoping studies for pressurized thermal shock testing uti-
lizing an ITV are continuing in both the areas of vessel analysis and fa-
cilityiplanning. Computer analyses of a cracked nozzle corner in an ITV
under pressurized thermal shock conditions ﬁere performed using the -
ADINAT-ADINA-BIGIF series of codes (described in Chap. 2), and the re-
sulting temperature, stress, and K distributipns were examined. Thé
conditions examined represented a moderately severe thermal shock to the
nozzle-corner region superimposed on a pressure loading of ~30 to 40%Z in
excess of the design pressurc. A comparison of the calculated Ky values
with the estimated fracture toughness of typical A508 class 2 nozzlé forg~
ing steel? as a function of temperature along the crack front showed that
.the K ratio can approach unity within the nozzle corner and may exceed
it near the nozzle bore and vessel wall. However, uncertainties in esti- ‘
mating the relevant fracture toughness under conditions of varying mate-—
rial restraint, particularly in the upper transition region and upper
shelf, and the limitations inherent in using linear elastic computational
models (such as those emplqyed) make a definitive assessment of the struc-
tural response difficult; additional work in this area will be necessary.
Nonetheless, the results of the analyses are helpful as a rough guide in
defining some of the requirements of the testing facility, and work in

this area is currently in progress.
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CONVERSION FACTORS®

ST unit - English unit  Factor
o in. ~0.0393701
cm - in. 0.393701
mo . ft ©3.28084
m/s ft/s  3.28084
kN lbg . 224.809
kPa . : psi 0.145038
MPa . ksi 0.145038
MN-m=3/2 kei vim:  0.910048
"~ (MPa+Ym) ‘

3 ft-1b  0.737562
K - °F or °R 1.8 |
kJ/m? - in.-1b/in.2 ° 5.71015
Wem=2 K1 Btu/h=£t2-°F  0.176110

T(°F) = 1.8 T(°C) + 32

- IMnl1tiply SI quantity by given
factor to obtain English quantity.
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