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EXECUTIVE SUMMARY

The second pressurized-thermal-shock experiment (PTSE-2) in the
Heavy-Section Steel Technology Program is the most recent of a long suc-
cession of fracture-mechanics experiments on a scale that allows impor-
tant aspects of fracture behavior of reactor pressure vessels to be
simulated. Such experiments are the means by which theoretical models of
f racture behavior can be evaluated for possible application to f racture

analysis of vessels in nuclear plants. The principal issues of concern
in the pressurized-thermal-shock experiments are (1) warm prestressing
phenomena, (2) crack propagation from brittle to ductile regions,
(3) transient crack stabilization in ductile regions, and (4) crack shape
changes in bimetallic zones of clad vessels.

Three experiments have been planned to help resolve the four princi-
pal issues:

PTSE-1 -- to demonstrate ef fect 'veness of warm prestressing and to

investigate rapid crack propagation into the ductile upper shelf and
subsequent tearing stability,

PTSE-2 - to study additional aspects of warm prestressing and to
investigate the transition f rom cleavage f racture to uns table duc-
tile tearing, and

PTSE-3 - to investigate the influence of stainless steel cladding in
restricting the growth of short flaws.

The PTSE-2 experiment was cencerned, primarily, with the behavior of
a crack in material with low tearing resistance, and, secondarily, with
warm prestressing. Uulnerability of existing reactor pressure vessels
to damage in overcooling accidents is a potential problem mainly in
instances of vessel steels that have high copper contents and, conse-
quently, high susceptibility to fast-neutron embrittlement. Coinciden-

tally, the irradiated high-copper steels have low ductile-tearing resis-
tance at temperatures on the Charpy upper shelf. In the past, overcooling
accident evaluations have characterized the high-copper irradiated low-

upper-shelf steels solely by their ef fective ref erence temperature for
Ductile tearing has generally beenche nil ductility transition, RTNDT.

ignored.
The PTSE-1 experiment had explored, with high toughness material

(i.e., resistar.t to ductile tearing), warm prestressing and the nature of !

crack propagation and arrest as the crack approached the ductile zone J
within the wall of the test vessel. The PTSE-2 experiment employed a
steel that had low toughness in the ductile f racture regime, so that
f racture behavior representative of that of irradiated low-upper-shelf I
steel could be observed under transient conditions relevant to a flawed |

nuclear reactor pressure vessel. |
The vessel used for PTSE-1 and two earlier fracture tests was re - .

paired for the PTSE-2 experiment. A 1-m-long sharp flaw was implanted in j
a welded-in insert of low-upper-shelf material in the 148-mm-thick test i

|
| |
|

i
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vessel. The vessel was .astt Lmentad r.o give . measurements of ' crack-mouth--
opening displacement, teuperature protiles through the vessel wall, and
internal press;.re during the expoticent. With this instrumentation

. scheme, posttent f racturt . analyses could be condected on the basis oof
actual loads exn9tieneod during tho pressurizea-therual-shock 1 transients.
This ptocedure facilitated theLinterpretatic4 of the fracture phenomena
that transpired by eliminating, 'in ;the final analyses, the considerable

_

uncertaluties of heat transfer calculations.-
Extensive experitontal and analytical studies preceded the transient

experiment. Mechan.c al and physical properties of the special material
in which the flaw resided were determined by extensive characterization

.

tests. Numerous prospective transients. were analyzed 'to define experi-
mental procedures with good expectations for success in spite.of uncer-
tainties. Two transients were defined and . conducted.

: The first transient generated the conditions necessary for the warm-
prestressing investigation. In this transient, the temperature dropped
from ~300*C throughout the vessel to ~8'C on the outside surface. .The
transient included a warm prestressing phase, in which the ' pressure was
reduced from ~63 to 10 HPa, followed by repressurization until the-flaw.
propagated in a brittic mode of f racture '(at ~46.MPa). In the course of
this transient, stable ductile tearing occurred before and af ter the
brittle fracture. The second transient generated the conditions for a
deep brittle crack propagation terminated by an arrest or conversion of
the brittle fracture to ductile tearing under conditions conducive to a
tearing instability. The initial temperature was ~275'C, and the outside
surf ace cooled to ~4*C while the pressure increased monotonically f rom 3
to.67.3 KPa. The desired conditions were attained in both transients.
In the final transient the test vessel ruptured, as had been expected but
not especially desired, but without damage to the test facility or loss
of information.

This experiment produced, for the first time with stress and tough-
ness states representative of reactor pressute vessels, (1) the arrest of
a brittle fracture with an immediate tearing. instability and (2) brittle
f racture following warm prestressing. Principal conclusione are that
(1) low-upper-shelf material can exhibit very high. arrest toughnese,
(2) ductile tearing promotes more severe f racturec in low-upper-shelf
material, (3) warm prestressing inhibits brittle fracture to some degree
even when crack driving forces are increasing with time, (4) benefits.of
warm prestressing are diminished by ductile tearing, (5).a simple thco-
retical analysis of warm prestressing represented f racture conditions
reasonably well, and (6) calculations of ductile tearing based on
resistance curve test data did not consistently predict the observed
tearing.

-. _ _- -- , - .



PRESSURIZED-THERMAL-SHOCK TEST OF 6-IN.-THICK PRESSURE VESSELS.
PTSE-2: INVESTIGATION OF LOW TEARING RESISTANCE

AND WARM PRESTRESSING

R. H. Bryan W. R. Corwin
B. R. Bass * J. G. Merkle

iS. E. Bolt R. K. Nanstad
J. W. Bryson G. C. Robinson

ABSTRACT

The second pressurised-thermal-shock test of a 148-mm-
thick steel pressure vessel with a 1-m-long flaw was performed
to investigate fracture behavior of a vessel under conditions

relevant to a flawed nuclear reactor pressure vessel during an
overcooling accident. The objectives were to observe transi-
tional crack behavior in a steel with low tearing resistance
and the effects of warm prestressing on crack initiation. Two
combinations of pressure and thermal transient conditions were
imposed on the vessel with initial vessel temperatures of ~300
and 275'C. The first transient, designed for studying warm
prestressing, required a depressurization f rom ~63 MPa and
repressurization to ~52 MPa. After being warm prestressed
while K1>KIc, the crack propagated during repressurization.
Warm prestressing elevated the load at fracture significantly
above K The second transient produced a cleavage crackIc.
propagation and arrest followed immediately by unstable tear-
ing. Stable ductile tearing preceded both brittle f ractures
and also followed the first crack arrest. The final cleavage
propagation arrested at high K7 levels (~420 MPa */m) in spite
of the low ductile-r earing resistance.

1. INTRODUCTION

A major activity in the Heavy-Section, Steel Technology (HSST) Pro-
gram at Oak Ridge National Laboratory (ORNL) has been the testing of
thick-section vessels to determine the capability of analytical methods
to predict flaw behavior under known conditions of flaw geometry, mate-

; rials properties, and loading. These vessels were termed intermediate by
| virtue of their size relative to a full-scale light-water reactor pres-
! sure vessel and a small model vessel. They have served to provide a
| considerable body of experimental data over a wide range of fracture

behavior for isothermal conditions when subjected to internal pressure

* Computing and Telecommunications Division.
i Metals and Ceramics Division.
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loadings.1-7 Also, eight thermal-shock experiments have been performed
on unpressurized thick-wall cylindrical sections to study flaw behavior
during a loss-of-coolant accident.8-II As a result of nuclear plant
operating experience, it is recognized that transients can occur in
pressurized-water reactors that involve pressure loadings concurrent with j
overcooling, that is, pressurized-thermal-shock transients.12,13 Such
transients produce potential fracture behavior that needs further inves-
tigation to determine whether existing methods used to assess vessel-
integrity are valid and to establish new methods. The results of a

.

pressurized-thermal-shock experiment, designed to contribute signifi-
cantly to this need, are contained in this report. ;

An accidental pressurized-thermal-shock transient, when imposed on a
thick-wall vessel, may produce high tensile stresses on the cooled sur-
f ace of the vessel. In cases in which irradiation. embrittlement.is sig-

nificant, as is the case in some pressurized-water-reactor vessels, pre-
existing shallow flaws on the cooled surface may propagate in a fast
f racture mode. If pressure is present, stresses are produced that become
more dominant as the crack advances through the wall, and vessel integrity
may be threatened in the absence of crack arrest or an action to reduce
the load. The positive gradient in temperature and the diminution of j

damage through the thickness f rom neutron attenuation provide mechanisms
to enhance crack arrest and terminate an incident without breaching the
vessel wall. The primary objective of the series of experiments, of 1

which PTSE-2 is a part, is to provide an experimental basis for the con-
firmation of current theoretical methods of fracture analysis or for the i

development of new methods. |

Fracture phenomena that need investiga' tion or confirmation and are |
tractable in pressurized-thermal-shock experiments are j

1. f racture mode transition as the crack propagates into ductile
regions;

2. propensity for ductile tearing, prior to initiat propagation of a !
crack by cleavage;

3. inhibiting ef f ects of warm prestressing on initiation of cleavage
fracture; and

4. evolution of crack shape changes in clad vessels.
I

To realize the primary objective of the series of experiments it was
necessary to use a flawed test vessel with which it was feasible to gen-
erate stress states and toughness conditions that are realistic relative ;

Ito full-scale reactor pressure vessels. Furthermore, properties of the
material in the vicinity of the flaw had to be appropriate to the experi-
ments and be reasonably well defined. The llSST intermediate test vessel
offered many advantages over other test configurations. In particular,

the desired stress states in a requisite thick section were attainable,
and a test section could be fabricated from materials with the desired
proporties. Several methods for pressurizing and thermally shocking a
vessel were studied, and it was determined that an external flaw in the
cylindrical section of the vessel resulted in a very practical configura-
tion for achieving the desired loadings. In this geometry, the vessel
would be cooled on the external surface from an initial isothermal condi-
tion and be pressurized internally to achieve predetermined loads at the

.. -- . . - . - - -- - - -
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crack tip. This method simplified the coolant system by permitting an
optimization of heat transfer performance at lower pressures, thus
eliminating the high operating pressure requirement for a pump and other
components, which were determined to be inordinately expensive but would
have been necessary if the inside surf ace were shocked. Also, the vessel
pressure boundary did not have to be penetrated by coolant lines; most
importantly, thermal and pressure loadings could be uncoupled and thus
controlled independently to produce the desired transients more easily.

The first pressurized-thermal-shock test of a flawed test vessel
(PTSE-1) was performed in 1984 to investigate the ef fects of warm pre-
stressing and the nature of arrest of a rapidly propagating crack at
temperatures that correspond to the Charpy (ductile) upper shelf.14
PTSE-1 clearly demonstrated that crack propagation was strongly inhibited
during phases of warm prestressing in which the stress intensity factor
K was decreasing with time (K7 < 0) or when Ky was much lower than an

7
earlier maximum. PTSE-1 also demonstrated that crack arrest could occur
at high K values, exceeding the implied limit of 220 MPa *E of Sect. XI
of the ASIR Boiler and Pressure Vossal Cods,15 and that arrest could
occur in a positive Ky gradient. Both these results have salutary impli-
cations in evaluations of pressure vessel integrity by current rules.

The second pressurized-thermal-shock experiment (PTSE-2) was con-
cerned, primarily, with the behavior of a crack in material with low
tearing resistance and, secondarily, with warm prestressing. Vulner-
ability of existing reactor pressure vessels to damage in overcooling
accidents is a potential problem mainly in instances of vessel steels
that have high copper contents and, consequently, high susceptibility to
fast-neutron embrittlement. Coincidentally, these high-coppar steels
have low ductile tearing resistance at temperatures on the Charpy upper
shelf.16 While conclusions f rom overcooling accident analyses are
principally determined by transition temperature and its ef fect on crack
initiation, in some hypothetical transients crack arrest is the cont rol-
ling phenomenon. Crack-arrest toughness in low-upper-shelf steels has
been presumed to have the same dependence on temperature T and the refer-

ence temperature for the nil ductility transition RTNDT as do steels wich
higher upper-shelf toughness, but this has not been established experi-
mentally. Furthermore, irrespective of clesvage arrest toughness , an
arrested crack may be unstable relative to ductile tearing, particularly

is low.if the tearing resistance JR
The test vessel for PTSE-2 (Fig. 1.1) was fabricated from the HSST

Program intermediate test vessel V-8 and had previously been tested three
times, as V-8, V-8A, and PTSE-1. A 2 1/4 Cr-1 Mo steel insert welded
into the cylindrical test section of the vessel was the site of the
initial 1-m-long flaw. The insert was heat treated to obtain low Charpy
impact energy (~50 to 70 J) on the ductile upper shelf, which ensured low
ductile-tearing resistance, i

During the experiment, the vessel was enclosed in a stainless steel |
shroud (Fig. 1.2) that served (1) as an oven for heating the test vessel '

to the desired initial temperature and (2) as a means for directing
chilled coolant at proper velocity along the cylindrical external surface
of the test vessel.
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The experiment was planned and conducted in two separate pressurized-
thermal-shock transients. The first transient generated the conditions

necessary for the warm prestressing investigation. The transient included
a warm prestressing phase (K1 < 0), followed by repressurizing to produce
Ky > 0 until the flaw propagated in cleavage. During the first transient,

ductile tearing occurred before and af ter the cleavage event. The second
transient generated the conditions for a deep propagation of the flaw by
cleavage with a cleavage arrest or conversion to ductile tearing under
conditions conducive to a tearing instability. The desired conditions
were attained in both transients. In the final transient the test vessel
ruptured, as had been expected but not especially desired.
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2. TEST VESSEL

2.1 Prior History

The vessel used in the PTSE-2 experiment was originally procured for
the HSST Program as intermediate test vessel V-8. Prior to its prepara-
tion for PTSE-2, vessel V-8 was tested twice in the itSST simulated ser-

vice test series (tests V-8 (Ref. 1) and V-8A (Ref. 2)] and once in the
three-step test series identified as the pressurized-thermal-shock test

PTSE-1 (Ref. 3).

2.1.1 Original fabrication

The cylindrical test section of vessel V-8 was fabricated of 152-mm-
thick steel plate meeting American Society for Testing and Materials
(ASTM) A 533 grade B class 1 specifications. The configuration of the
vessel is shown in Fig. 2.1. The vessel was fabricated under contract
with the Taylor Forge Division of Gulf and Western Products Company, with
V-8 being one of four intermediate test vessels using steel plate for the
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Fig. 2.1. Intermediate test vessel V-8.



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

9- 1

I
,

cylindrical courses. Design and procurement of the vessels are. described
in detail in Ref. 4; principal features pertaining to vessel V-8 are
summarized here.

The cylindrical shell courses and prolongations for vessels V-7
through V-10 were .f abricated f rom plate . produced by Lukens Steel Company
from a single heat identified as B5233-2. Chemical analysis reported by .
the Lukens Mill Certification for this heat follows.

Ladle analysis

"#" I
Material (wt %)

C 0.20
!!n 1.23
P 0.015
S 0.017
Si 0.26
Ni 0.49
Mo 0.52

The mechanical test results f rom specimens representing the shell mate-
rial are presented in Table 2.1.

Table 2.1. Mechanical test results f rom Data Trac specimens
representing heat B5233-2 of ASTM A 533 grade 3 class 1

material for the cylindrical course of the
dtest vessel

.

Yield Tensile Elongation in Longitrdinal Lateral Fracture
strength strength 51 mm (2 in.) CVN expansion appearance

(HPa) (HPa) (%) at -12*C (mm) (% shear)

450 586 26

432 563 29 125-96-106 1.55-1.93-1.52 70-70-70

aNil-ductility transition temperature as determined by drop-weight
tests: -51 * C.

2.1.2 Test V-8

To meet the objectives of the V-8 test, a inrge repair weld was
deliberately performed by the half-bead technique prescribed by Sect. XI
of the ASMS Boilor and Pressure Vossal Cods.5 In such a weldment, one
expects locally high residual stresses and material properties within I

heat-affected zones not typical of weldments that have undergone the
'

normal. high-temperature postweld heat treatment. Details of the repair
cavity are shown in Fig. 2.2.

. . - . - . . _ , - . - --
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A fatigue-sharpened flaw was implanted in a radial-axial plane of
the vessel adjacent to the repair weld in the longitudinal seam weld. In

the test, the vessel was cooled to ~-24'C and hydrostatically pressurized
to 65.3 MPa. The flaw propagated by cleavage and arrested, as predicted.
Maximum strains in the cylindrical test section outside the flawed region
were well within the elastic limits of the material.

2.1.3 Test V-8A

In preparation for the V-8A test, the flawed region of the vessel
was removed, the cavity was plug welded, and a special seam weld with
low-upper-shelf toughness was placed in the vessel 6 (Fig. 2.3). The test
vessel was stress relieved, and a fatigue-sharpened flaw was implanted in
the special seam weld. The vessel was heated to 150*C for the fracture
test to ensure that ductile f racture conditions would prevail. The
vessel was pressurized until unstable tearing was induced; then the pres-
sure was reduced to prevent bursting. The maximum pressure was 143 MPa,
at which the inside surface strains in the cylindrical section remote
from the flaw exceeded the yield point, leaving the vessel with moderate
residual stresses.

2.1.4 Repair for PTSE-1

The V-8A flaw was flame cut from the vessel, which was then repaired
and machined under subcontract with the Babcock & Uilcox Company.
Details of the repair are presented in Ref. 7.

The test material in which the PTSE-1 flaw would reside was a plug
of material cut from a forged cylinder, designated TSC-6, procured to
meet the specifications of SA-508 class 2 steel, and delivered in the
quenched but not tempered condition. The plug of test materisl and the
characterization material from the forging were subjected to tempering
heat treatments designed to produce the toughness desired for the pres-
surized-thermal-shock experiment. The plug for the PTSE-1 vessel was cut
f rom TSC-6, machined as shown in Fig. 2.4, and welded into the PTSE-1
vessel as shown in Fig. 2. 5. The final tempering heat treatment, shown
in Fig. 2.6, for the plug also served to stress relieve the vessel.

The vessel was machined after the final heat treatment to a nominal
outside diaueter of 981.08 mm (specified as 38.625 in. i 0.010 in.).
Final dimensions of the vessel are shown in Fig. 2.7 as reported by the
Babcock & Wilcox Company. The geometry of the completed PTSE-1 test
vessel is shown in Fig. 2.8.

The transient test was performed in three phases; in each phase the
vessel was initially in an isothermal state (~290*C). Each phase con-
sisted of a pressure transient and a thermal transient, which were coor-
dinated to produce an evolution of stress and toughness states that would
fulfill the objectives of the plan. The experiment was performed suc-
cessfully, and all objectives were attained. Test data and posttest
examination of the f racture surf aces revealed that the flaw propagated in
a fast brittle mode (predominantly cleavage) and arrested in each of two
transients.

,

|
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2.2 Repair for PTSE-2

Following completion of the PTSE-1 test series, the TSC-6 insert
material was flame-cut from the V-8 vessel leaving cavity dimensions as i

shown on Fig. 2. 9. Then, af ter two rounds of competitive bidding with
extensive specification modifications on the second round, a subcontract
(Martin Marietta Energy Systems, Inc., purchase order 25Y-34128V) was let
on March 21, 1985, to the Babcock & Wilcox Company to repair the V-S
vessel. The provisions of the subcontract incorporated two phases of
work. The first phase consisted of (1) the development of a high-
transition-temperature, low-upper-shelf materi A with closely specified
mechanical, Charpy V-notch (CVN) and tearing resistance properties and
(2) the validation of a welding procedure for velding the insert material

l
|
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into vessel V-8. Second phase work, conditioned upon successfiu comple-
tion of the first phase, consisted of the implementation of the proce-
dures under phase 1 to produce (1) a stress-relieved vessel with an
insert of the requisite material, (2) acconpanying characterization mate-
rial, and (3) wide-plate specimens for crack-arrest studies.

In the first phase, the subcontractor procured a 159-mm-thick plate
of A 387, grade 22 class 2 steel (a 2 1/4 Cr-1 tio st3el) to provide tne
material for the PTSE-2 insert, for characterization and qualification
test specimens, and for six wide plate specimens to be tested as part of
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the HSST Program. The plate was eventually apportioned and cut as shown
oin Fig. 2.10 (which varies slightly from the subcontractor's plan ). The

chemical composition of the plate is given in Table 2.2 (f rom Ref. 8).
Phase I work of the subcontract met all preliminary objectives

except for the attainment of the specified yield strength,'which was
waived. However, early in the Phase 2 activity it was discovered that
the properties of the plate were unusually sensitive to _ the heat treat-
ment procedures. This situation necessitated an extension to the quali -
fication efforts to produce satisfactory wide-plate specimens, a PTSE-2
vessel insert, and a PTSE-2 characterization material. These efforts by
the subcontractor are documented by Ref. 8.

Based on the phase 1 heat treatment studies, the Babcock & Wilecx
Company heat treated the lef t-hand portion (vide-plate specimens) of the-
plate, consisting of parts WP1 to WP6, WPC1, WPQl, and WPQ2 (Fig. 2.10),
at 552 * 14'C for 7 h. In the subsequent characterization studies, it
was discovered that part of this material had nonconforming properties,
requiring that more extensive qualification studies be conducted to
ensure that the material designated for the PTSE-2 vessel insert and
characterization material would conform to the requisite properties.

With successful completion of these studies, the vessel insert (part
11 on Fig. 2.10) was machined as shown on Fig. 2.11. The vessel V-8'

cavity was machined, and the machined insert was then positioned and
welded as shown on Fig. 2.12. Following inspection, the vessel and its
characterization material, parts PTC1 and PTQ1 on Fig. 2.10, were sub-
jected to the postweld-heat-treatment (PWHT) cycle as shown on Fig. 2.13.

It was anticipated that welding of the insert would cause local out-
of-roundness and that machining to restore circularity would appreciably
increase the annulus dimension between the PTSE-2 vessel and the test
shroud, leading to a potential degradation in the thermal transient that
could be imposed during the PTSE-2 test. Consequently, . it was decided to
limit machining to the plug area to remove only the material that would-

'

interfere with the insertion cf the vessel into the test shroud. Figure
2.14 provides the final machined dimensions of the PTSE-2 vessel. The I

geometry of the completed PTSE-2 test vessel, following flaw placement in
the low-upper-shelf insert by electron-beam welding and hydrogen-charging,
is shotm by Fig. 2.15.

Table 2.2. Chemical composition of 2 1/4 Cr-1 Ho steel
i plate (heat C6384/ slab 7) used for PTSE-2

i

Composition
(wt %)

C Hn P S Si Cr Ni Mo Cu

Heat analysis 0.012 0.42 0'.009 0.017 0.18 2.21 0.95

Product 0.13 0.41 0.011 0.016 0.18 2.24 0, -

analysis

| B&W check 0.13 0.40 0.009 0.018 0.19 2.25 0.11 J.04 0.08
analysis

i

P
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2.3 Materials Investigations

Material characterization studies were conducted prior to the PISE-2
experiment to provide data for experiment design. Those studies were

perf ormed principally with material removed f rom a characterization block
designated PTC1 located in the original plate as shown in Fig. 2.10.
Block PTCl was given a stress-relief heat treatment in the furnace simul-
taneously with the test vessel. The stress-relief treatment was 524'C
for 7.25 h, followed by cooling at a rate of about 22*C/h (Fig. 2.13).
Prior to use of PTCl, other pieces of the plate, heat treated separately,
were identified for the characterization studies, but CVN impact testing

revealed that they did not satisfy the material toughness specifications
because the CVN upper-shelf energies were too high and the transition

- - _ - _ . . - - - . - . - . - - . . - - _ , . - - _ - - - - . _ - .
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temperatures were too low. - The reasons for. such ~dif ferences in' the plate
are-not understood because detailed fabrication and heat treatment schs-
dules are not available. Even the characterization block LPTC1, which did
satisfy the toughness specification and was given a stress-relief heat
treatment with the vessel insert af ter it was welded in the vessel, has
properties somewhat different than those of the ~ actual vessel insert;
these differences were revealed by postexperiment testing with material

- removed f rom' the test- vessel. .Both the pretest and posttest character-
Lization results are discussed in this chapter.

Mechanical tests were conducted to obtain tensile properties, hard-
ness, CVN toughness, drop-weight nil-ductility transition. (NDT) tempera-
ture, fracture toughness, and tearing resistance. Physical property-

.

determinations included bulk density, coef ficient of thermal expansion,
and electrical resistivity. Additionally,'metallography was used to
reveal microstructural features. Fractographic investigations of the
vessel f racture surf aces are discussed in Sect. 9.3. Specimen orienta-
tions of greatest relevance to the pressurized-thermal-shock experiment
were TS for Charpy, drop-weight, and toughness specimens and- T ' for ten-
:sile specimens. . Specimens with the TL orientation were tested primarily
to provide characterization data relevant to the wide plate specimens
(Fig. 2.10), although the latter specimens ~ were heat-treated at a higher
temperature than PTCl.

2.3.1 Pretest metallographic evaluation and hardness
testing of vessel insert and PTCl

.

Because properties of the original 2 1/4 Cr-1 Mo steel plate varied |unexpectedly with location, metallographic and hardness evaluations were '

made at ORNL of the vessel insert and PTCl. Six locations on the welded-
in insert were chosen, equally spaced across a 1.1-m length .of the
insert, and ground and polished using standard field techniques. Each
polished section (~50 by 50 mm) was etched with a 2% nital solution.

followed by replication with RTV. Replicas were photographed in a metal-4

ograph to reveal the microstructures, as shown in Figs. 2.16 through
1 2.21. Location 1 is closest to the vessel closure. The figures show

microstructures with ferrite contents f rom about 50 to 70%, with pearlite,

comprising the remainder.

Hardness tests were conducted in the same locations by using an
Equotip portable hardness tester. The converted hardness values are
given with the micrographs. The hardness results (HRB 93 to 96) show

: some differences zeross the insert, but they are not very significant in
t view of an observed measurement variation (four readings at each loca-

tion) of about il HRB. Location 6 apparently is harder than the others,
but the microstructure does not reveal any obvious explanation.

The metallographic and hardness tests were performed on the outside
surf ace of the vessel. Hardness testing with the portable tester was
performed on the characterization block PTCl for comparison. Hardness
values for PTCl varied from HRB 83 to 87 through the 159-mm thickness,
with HRB 84 at one surface and HRB 87 at the other. The portable hard-
ness tester was compared to a laboratory Rockwell hardness tester. On a
calibrated test block with a hardness of HRB 96.6 * 1, the laboratory
machine measured HRB 96.5; the portable tester measured HRB 94. Similar

)
.
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Fig. 2.16. Microstructure of PTSE-2 insert f rom field replication,
location 1 (closest to vessel head), HRB 93.
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Fig. 2.17. Microstructure of PTSE-2 insert from field replication,
location 2, HRB 94.
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Fig. 2.18. Microstructure of PTSE-2 insert from field replication,
location 3, HRB 94.
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Fig. 2.20. Microstructure of PTSE-2 insert from field replication,
location 5, HRB 94.
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comparisons on PTCl revealed even better agreement, within 1 HRB point.
Therefore, the significant dif ferences in hardness results between the
PTSE-2 insert surface and PTCl did not appear to be a result of errors
f rom use of a portable hardness tester.

Thus, the PTSE-2 vessel insert had an average pretest surf ace hard-
ness of about HRB 94 compared with HRB 86 for PTCl. Using the standard

American Society for Testing and Materials (ASTM) correlation of hardness
with tensile strength gives 675 MPa for the vessel and 558 MPa for PTCl.
This difference is substantial in terms of strength and implies a hi*gher

yield strength and transition temperature for the insert. Mechanical-

testing of specimens removed from the vessel insert following the PTSE-2
test show somewhat higher tensile strength for the insert; as explained
later, yielding during the experiment could have caused part of this
difference.

Figures 2.22 and 2.23 show representative micrographs of PTCl and
the PTSE-2 i art, respectively, near the quarter-thickness depth. As

shown, the t materials have similar amounts of pearlite. That obser-
vation is not consistent with posttest hardness testing, which showed the
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Fig. 2.22. Microstructure of characterization block PTCl near
quarter-thickness depth, longitudinal orientation.
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Fig. 2.23. Posttest microstructure of PTSE-2 insert near quarter-
thickness depth, longitudinal orientation.

insert to be harder than PTCl. At the quarter-thickness (1/4t) depth,
the insert has a hardness of IIRB 90, while that of PTCl is HRB 86,
corresponding to tensile strengths (by correlation) of 620 and 558 MPa,
respectively. The measured tensile strengths agree very well with the
correlative predictions from hardness, as discussed in Sect. 2.3.4. The
hardness variations through the thickness of PTCl are summarized in Table
2. 3 a nd do not show significant variation in hardness as a function of
depth in the plate.

2.3.2 Physical properties

Physical properties of PTCl were determined 9 for consideration in
determining the contribution of the insert to thermal stresses during the
PTSE-2 experiment and for documentation of the properties. This is dis-
cussed in Chap. 10. Properties determined include bulk density, electri-
cal resistivity, and coef ficient of thermal expansion.
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Table 2.3. Hardness variation through
thickness of characterization block

PTCl, 2 1/4 Cr-1 Mo steel

a L boratoryPortable testerDepth Rockwell
#8 '" bRaw Converted tester*

No. to HRB (HRB)

Near surface 444 87 84
12.7 440 86 85.5
25.4 437 85 85
38.1 445 87 87.5
50.8 447 88 87.5
63.5 450 88 89 i

76.2 451 88 87.5 |88.9 437 85 85.5
101.6 438 86 85
114.3 431 84 86 I
127.0 433 85 85.5 |139.7 428 83 84 j

Near surface 431 84 85

UEquotip portable hardness tester measured j
average value (five readings) of HRB 94 on '

calibration block calibrated to HRB 96.6 * 1.0.
bLaboratory Rockwell hardness tester

measured average (five readings) of HRB 96.5 on
calibration block calibrated to HRB 96.6 * 1.0.

Bulk density measurements (diameter, length, and weight) were deter-
27'C f or 12 specimens, with an average result of 7.847 g/cmmined at 3 i

0.1%. The density of pure iron is 7.873 g/cm at 20'C.
Electrical resistivity was also determined at 27'C for the 12 speci-

mens, with an average value of 28.744 pa-cm * 0.5%.
Thermal expansions were determined using a modification of a tech-

nique described by Kollie et al.10 The technique uses a fused quartz
push-rod dilatometer, which is considered to provide expansion neasure-
ments accurate within 2% of expected values. Within the range 0 to 350'C,
the thermal expansion data can be described by the equation:

a. 106 = 10.20 + 12.496 10~3 T * 0.93% , (1)

where a is per Kelvin and T is degrees Celsius.
The results compare favorably with other measurements on siuilar

materials and are about 10% lower than those f or pure iron.

.
.

.
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2.3.3 Drop-weight testing

. i
*

Drop-weight testing was conducted with standard P-3 specimens per
ASIM Method E208-84a. . A single welding pass was used for application of' i

the brittle weld bend. Pretest specimens were Temoved from PTCl at the <

1/4t depth in the plate. Posttest specimens were removed from portions
of the vessel insert at the 1/4t and 3/4t depths. Table 2.4 shows the i
drop-weight results for each specimen. The NDT temperatures'were deter- !
uined by the ' procedures of E208 to be 49'C for PTCl and 75'C for the I

vessel insert. Thus a substantial difference exists between the two
materials. The specific test results reveal a fairly high degree of
scatter, however, and further examination of the drop-weight specinens
will be conducted to provide an explanation for such dif ferences. A
comparison between drop-weight NDT -temperatures and CVN results is' pre- '

sented in a later section. It is interesting to note that the PTSE-2

Table 2.4. Results of drop-weight testing

on 2 1/4 Cr-1 Mo material"
.

Test Test results
Specimen temperature

('C) Break No break
i

- PTC1 characteriaation block (TS)b ,

PI261 66 /

PI262 54 /

PI263 38 /

PI264 49 / ,

d

P1265 54 /

PI266 49 /

Flao incert nnterial sognunte (LS)b;

PE94 65 /

PE95 45 /

PE96 55 /

PE97 60 /'

PE98 65 /

PE99 70 / i

PE100 75 / I
'

4 PE101 85 /

PE102 80 /'

! PE103 80 /

PE104 60 /

PE105 70 /
,-

aResults are listed in the order of
testing.

bThe drop-weight test is insensitive,

to specimen orientation per ASTM E208.
!

4
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characterization material studied earlier (PTC2B f rom part PTC2 in
Fig. 2.10), which was unacceptable because of a high CVN upper shelf and
low CVN transition temperature, revealed a drop-weight NDT of 32*C. <

i

2.3.4 Tensile testing

2.3.4.1 Pretest tensile tests. Results of tensile tests perforced
with three different specimen sizes made from characterization block PTC1

~

are shown in Table 2.5. Standard specimens 6.35 and 12.7 mm in diameter
were tested to obtain stress-strain curves f rom 24 to 300'C. The load-
displacement recording for specimen PI372, one of the six 12.7-mm-diam
specimens of PTC1 material, was chosen as the basis for the stress-strain
relationship (shown in Fig. 2.24) to use in pretest and posttest elastic-
plastic finite-element analysis. This particular specimen was selected
because it was tested at a temperature (100'C) that was appropriate for
the thermal transients to be analyzed and because its load-displacement
record exhibited a behavior that approximated an average for the set.

As seen in Table 2.5, the ultimate strengths, fracture strengths,
and measures of ductility are in reasonable agreement among the various
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Fig. 2.24. True stress vs true strain f roo tensile test of speci- ,

men P1372 from PTC1 tested at 100'C.
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Table 2.5. Pretest tensile results for PTC1, 2 1/4 Cr-1 Mo steel

for transverse (T) erientation

-

Strength

IN * ''' "I' d Reduction
a Temperature Elongation

Specimen stress of area'C) g
Yield MPa) WUltimate

b o

4.52-m-diam (0.18-in.) speolmne
P197 -100 $12 715 573 35 50
P193 -100 503 719 572 41 51

P194 - 50 348 664 470 28 51

P1127 0 321 603 466 26 53
Pill 8 0 346 599 468 25 56
Pil23 100 320 537 441 21 48
PI98 200 269 493 All 20 50
P1114 300 327 533 478 15 38

6.35-m-diam (0.25-in.) opecim ne
P1283 24 266 348 574 467 26 51

P1291 24 314 314 586 501 25 44
P1285 100 265 359 530 446 22 47
P1286 100 266 337 523 432 24 50
P1292 100 259 340 530 449 26 47
P1287 200 241 315 511 447 20 46
P1288 200 24B 315 509 434 19 46
P1293 200 234 330 513 442 20 45
P1289 300 290 344 520 454 16 41
P1290 300 244 325 513 454 17 43
P1294 300 248 335 515 461 16 41

12.7-m-diam (0.5-in.) speimne
P1369 24 275 336 578 26 47
P1370 25 295 60' 27 50
P1371 100 256 53b 23 46
P1372 100 276 554 24 46
P1374 200 263 534 23 47 |
P1373 3 00 254 524 21 42 |

|

"All specimens machined f rom 1/4t depth in plate with transverse I

orientation.

bYield strength obtained f rom x y plot of load vs strain extennometer
(25.4-mm gage length).

#Yield strength obtained frois strip-chart recording of load vs cross-head
speed.

d
Computed f rom st rip-chart readings of elongation of specimen, corrected

to a gage length of four diameters when necessary. The elongations for the
12.7-sus-diam specimens are computed f rom gago marks on the specimens.
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tests. Comparison of results in this table revealed that yield strengths
(at 0.2% offset) determined from the load-displacement curves from exten-
someter data were significantly lower than those obtained from load-
displacement curves inferred from crosshead motion. Previous experience

| with tensile testing of 2 1/4 Cr-1 Mo and most other steels had resulted
in good agreement between the two methods. Instrument calibrations were
verified, and Battelle Columbus Division tested eight specimens as an,

| independent check.ll The results of the Battelle tests are shown in
'

Table 2.6. The Battelle tests, which were instrumented with an exten-
someter, supported the conclusion that the yield strengths based on
extensometer data were the more reliable. Accordingly, yield and flow

I stresses as a function of temperature were fit to the extensometer-based
I data in Table 2.5 by a least-squares procedure for use in the analysis of

warm prestressing associated with transient PTSE-2A.

Table 2.6. Pretest tens 11 - Lest results
from Battelle "f. wous Division

f r PTCl

Strength ReductionTemperature (MPa) f a ea('C)
(%)Yield Ultimate

26 262 551 54.8
27 275 553 53.3

100 245 503 54.5
100 208 449 60.4
200 205 443 55.8
200 193 425 56.8
288 212 450 52.0
288 200 429 52.5

The most likely cause for the observed discrepancies in yield
strength determinations is the apparent absence of a proportional limit
for this material. A oiscussion of the analysis and evaluation of this
problem is outside the scope of this report and will be reported sepa-
rately.

2.3.4.2 Posttest tensile testing. It was expected that ma te rial
close to the flaw would experience large plastic strains in the two
PTSE-? transients and therefore be in a strain-hardened state af ter each
transient. Nevertheless, since pretest hardness testing of the insert
and PTCl implied, before an opportunity for strain hardening, that the
two pieces had different tensile properties, a series of posttest tensile
tests with insert material were performed in an attempt to define more

i clearly the respective tensile properties relevant to the two transients.

! The posttest evaluation of tensile properties included the testing of
j both circumferentially and axially oriented specimens f rom the vessel
I
t

!

|
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insert. These tests showed the expected effect of strain hardening, but
,

the results were inconclusive with regard to the representativeness of
the PICI tensile data.

The most impo rtant tensile property of the vessel insert was the
stress-strain relationship, because this was the essential basis of all t

posttest fracture mechanics interpretations of the PTSE-2 experiment.
All of the load-displacement records for the insert material were com-
pared, and the recced of one specimen,- PE08, was chosen as representativc
of an average for the set of transversely oriented insert specimens. The
specimens in this set are listed in Table 2.7. The true stress vs true

4 strain for specimen PE08 is shown in Fig. 2.25. A comparison of the PTCl
and insert stress-strain properties is discussed in Chap. 10 (see
Fig. 10. 3 ) .

Results of posttest tensile testing performed at dif ferent te mpe ra-
tures on vessel insert material are summarized in Tables 2.7 and 2.8.
The specimens listed in Table 2.7 were transversely (T) oriented and from
different depth locations. Material from the 1/4t and the 3/4t depths
are reported together as 1/4t. Figure 2.26 compares the tensile
strengths of 1/4t material f rom the PTCl characterization block to that

<

8
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Table 2.7. Posttest tensile results f rom PTSE-2 insert
material, T-oriented, 6.35-mm-diam specimens

#8 8"Test a Reduction
***' " (" * 0"E8 ' " of area

Specimen Temperature
(*C) 0.2% III"

a Ultimate
yield

PE01 0 25 461 620 la 52

PE04 0 25 478 623 18 52 j
'

PE02 1/4 25 462 620 21 52

1 PE05 1/4 25 488 627 19 50

PE03 1/2 25 460 627 20 51 .

PE06 1/ 2 25 452 620 22 49 |<

'

PE07 0 100 455 564 19 73 !b

PE10- 0 100 443 578 16 49 !

PE08 1/4 100 442 585 17 49

PEll 1/4 100 440 579 16 46 '

I PE09 1/2 100 422 580 19 48

PE12 1/2 100 423 577 20 47

i

PE13 0 200 436 545 13 45

PE16 0 200 449 550 14 47
'

*E14 1/4 200 415 534 17 46

PE17 1/4 200 414 541 17 48 ;
'

PE15 1/2 200 403 548 19 46

2 PE18 1/2 200 403 549 20 42

,

I aDetermined from extensometer, x-y chart.

bThis specimen broke in weld metal.|

i

(
'

Table 2.8. Results of tensile tests performed on L-orientation,
i

j 6.35-mm-dias, 2 1/4 Cr-1 Mo material

!
'

a

rength

" IM *) "b Red uction iTest
Specimen temperature of area

J ('C) 0.2%
a Ultimate |

] yield -

PTC) ek1racterisaticn1 block mterial ;

PCI 1/4 100 288 541 24 51

PC2 1/4 100 280 542 26 51

riao incert meeriat
| PE109 1/2 26 365 617 29 48

PE115 1/2 26 377 621 23 47 |'

| PElli 1/4 100 389 538 22 49 |

i PE117 1/4 100 374 567 22 52 |

f

8Extensoneter, x y chart.4

bj Measured from gage marks on specimens. |
.

!

I i

I,

i !
: !

!
;
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from the insert. The yield strength of the it. sert material is ~60 to 70%
higher than the yield strengths obtained for characterization block mate-
rial. All the tensile specimens had some weld metal 2 hat extended into i

the uniform section of the specimen, because the insert was not wid e
enough for T-oriented, 6.35-mm-diam tensile specimens frou 2 1/4 Cr-1 Mo |.

material alone. Except for specimen PE07, the fractures were in base j

metal, and most of the necking occurred in the base metal, as determined
by etching of the specimens af ter testing. The ef fect of weld metal on
the ultimate tensile strength of the flaw insert material is the ref o re !

Ipresumed to be small. In any event, the specimens are representative of
l

the actual structure.
The tensile test results for the L-oriented specimens are shown in

Table 2.8. Comparison of the ultimate strengths fnr the 1/4t location
material tested at 100'C shows that the averages for both these materials
agree within 2%. The yield strength (average of two specicens) for the
insert is 35% higher compared to the 60 to 70% observed for the
T-orientated specimens. If the difference in yield strength of the in-
sert relative to that of PTCl was caused by strain-hardening, one would
expect the effect to be greater for the T-oriented specimens.

The L-orientated PTCl tensile specimens were subjected during the
tensile tests to three cycles of loading and unloading. The purpose was
to verify the actual extent of strain hardening for this particular
material. In each cycle, unloading was initiated when the total strain
was approximately 1, 2, and 3%, respectively, as shown in Fig. 2.27(a)
for specimen PCI. The uniaxial strain hardening observed in specimen PCI
produced a stif fer material at incremental strains less than ~0. 5% than
is typical of insert material. Figure 2.27(b), which shows stress-strain
curves for representative specimens from both FICI and the vessel insert,
graphically illustrates differences in tensile behavior of the two mate-
rials. As discussed earlier, some uncertainties exist concerning the
exact representation of the vessel insert material by the characteriza-
tion material. Although the cyclic tests described above do not mitigate
all those uncertainties, they show that the difference) in tensile
properties of the insert and the characterization material are likely due
largely to strain hardening that occurred during the PTSE-2 experiments.

2.3.4.3 Dete rmination of Young's modulus. Before the PTSE-2
experiment, the tensile tests of PTCl specimens identified in Table 2.5
were the source of data on Young's modulus (E) for the vessel insert.
Values inferred from extensometer data for 12.7-mm-diam specimens are
presented in Table 2.9. The extensometer instrumentation used was
designed to give data at high strains and, therefore, was not ideal for
precise E measurements.

Af ter the PTSE-2 experiment , Young's codulus was measured again with
instrumentation capable of better resolution at low strains. Two
L-orientated 1/4t specimens 6.35 mm in diameter from each of the vessel
insert and characterization piece PTCl were instrumented with strain
gages to measure Young's modulus E and Poisson's rario v. On each speci- ,

'

men two axial and two circumferential gages were placed diametrically
opposite each other and connected in series to average out bending
strains due to misalignment. Measurements were made at two temperatures , )
25 and 150*C. At each temperature the specimens were first subjected to
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Table 2.9. Pretect and posttest determination
of Young's modulus E and

Poisson's ratio v

* E #^ "#*
Specimen v( C) (GPa)

PTC1, T orientatlon"
PI369 24 211
PI370 25 211
PI371 100 216
PI372 100 211
PI374 200 216
PI373 300 206

bPTC'1, L orientation
PCS 25 212 0.259

150 205 0.267
PC6 25 206 0.258

150 203 0.256

bVessel insert, L orientation

PE107 25 206 0.257
150 210 0.260

PE113 25 204 0.260
150 194 0.263

aFrom extensometer data and 12.7-mu-diam
specimens.

bFrom strain-gaded 6.35-mm-diam specimens.

three loading and unloadin cycles between 0 and 55 MPa prior to record-
ing data for determining E. The 0.2% yield for this material is about
280 MPa , but, because of the apparent lack of a proportional limit, the

| maximum stress was restricted to ~20% of this value. Measurements of the
( strain from the strain gages were recorded at stresses of 7 and 57 MPa,
' and E was calculated as the secant modulus between the two stresses. The

E and v values presented in Table 2.9 for the strain-gaged specimens are
the averages of four measurements at each temperature: two each during
loading and unloading. The accuracy of these E and v values is estimated
to be about 5 and 10%, respectively.

The Young's modulus values shown in Table 2.9 are plotted vs tem-
perature in Fig. 2.28, with average values inferred from the extensometer
data for the vessel insert specimens PE01 to PE18. This figure illus-
trates the scatter obtained in the E measurements.

Ultrasonic wave velocity measurements were made at room temperature
on a 6.35-mm-thick coupon of PTC1 material to give a dynamic Yoeng's
modulus of 213 i 1 GPa and a dynamic Poisson's ratio of 0.286 i 0.003. I

I
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Fig. 2.28. Young's cx)dulus vs T inf erred from tensile tests of

PTCl and vessel insert.

Within the limits of the accuracy of these measurements, Young's
modulus can be taken to be ~205 CPa and Poisson's ratio to be 0.26 with
no temperature dependence detected in the range 25 to 1" *C.

2.3.5 Charpy V-notch testing |

Pretest CVN impact testing was performed with PTCl specimens taken
from varyind depths in the plate and in both the TS (crack propagation in
thicknees direction) and TL (crack propagation in rolling direction)
orientations. A total of 192 CVN specimens f rom PTC1 were tested to
examine variations of CVN toughness with temperature, location, and
orientation. Absorbed energy, lateral expansion, and percent of ductile
fracture were determined f rom brittle to fully ductile behavior, with
-25'C the lowest and 250*C the highest test temperatures. Because the
material was heat treated to obtain a low CVN upper-shelf energy, the
variation in fully ductile CVN energy is of interest and was examined for
the TS orientation by testing at 175'C eight specimens from each of five
depths in the plate.

Figures 2.29 and 2.30 show the CVN cata and hyperbolic' tangent curve
fits for the TS orientation for two depths in the plate, near-surface
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Fig. 2.29. Chacpy V-notch impact energy vs temperature for charac-
terization ' block PTC1 for TS orientation near plate surface.
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(Ot) and quarter-thickness - (1/4t), respectively. The curves are.simi -
larly shaped, but the: average upper-shelf energy is higher at the 1/4t.

.

The variation in energies at 175*C is much greater at Ot than 1/4t.
Furthermore, a large variation was seen at 1/2t but not at 3/4t. The
variations of CVN energy at 175'C were about *10 J at Ot and 1/2t but
only *3 to 4 J at 1/4t, 3/4t, and it. The reasons for such dif ferences'
are.not clear at thia time.

Figure 2.31 provides a comparison'of CVN curves for each plate depth
in the TS orientation; TableR2.10 gives the curve fit parameters for each
curve. The midcurve temperatures vary from about 73 to 77'C, exclusive
of that for the 1/2t curve, which is 86*C.- Upper-shelf energies based on
the curve fitc vary-from about 60 to 73 J. The observed variations are
not considered significant regarding potential effects on the behavior of
the FrSE-2 experiments.

Charpy data and curve fits for the TL orientation are shown.in Figs.
2.32 to 2.34. The applicable curve. fit parameters are also shown in
Table 2.10. The transition temperatures are very similar to those for

Table 2.10. Curve-fit parameters of Charpy energy
for PTC1, 2 1/4 Cr-1 Ho steel

ECVN=(A/2){1+tanh[B(T-C)l} ECVN at NDT, Temperature
Depth ,

(t) A B .
((J) (*C-l) ("m )

TS orientation
0 59.85 0.03046 76.8 b 89.6
1/4 f' 15 0.01755 75.03 19.5 86.8
1/2 .34 0.01913 85.98 b 104.3
3/4 3.90 0.02214 73.16 b 81.8
1 72.81 0.01959 74.26 b 80.7

TD orientation
0 59.89 0.02062 80.6 b 99.4
1/4 59.43 0.01998 74.4 15.5 94.4
1/2 50.42 0.01675 75.8 b 119.7
3/4 63.63 0.02255 73.32 -b 86.5
1 63.33 0.02112 77.74 b 92.1

aECVN = CVN energy at temperature T
A = upper-shelf energy
B = related to slope of curve in transition region
C = temperature corresponding to energy equal to one-half

upper-shelf energy.

bNot calculated, drop-weight NDT was determined with specimens
from 1/4t.

,

- < , , -,e-- -.- -, - , . , , - - , , - , - - - .
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Fig. 2.'31. Curve fits of Charpy V-notch impact energy vs tempera-
ture for cbracterization block PTCl for TS orientation and various
depths in plate.
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the TS orientation, but the average upper-sh' elf energies for the TL
orientation vary from abou't 50 to 64 J, somewhat lower than those for the
TS orientation. Figures 2.35 and 2.36 are comparisons of CVN curves for ;
both orientations at two dif ferent . plate depths , near-surf ace and 1/4t, J
respectively. Those comparisons show only small differences between the 1

CVN curves as a result of orientation.
Table- 2.10 also shows, based on the curve fits, the energy. corre-

sponding to the drop-weight NDT and the 41-J transition temperature for
each data set. The NDT. corresponds to an average CVN energy of 19.5 J
for the TS orientation and 15.5 J for the TL orientation. It is inter-
esting to note tnat specimens from 1/2t depth showed the highest 41-J
temperature in both orientations.

Posttest CVN specimens in the TS orientation were removed from the
vessel insert at the surface, 1/4t, and 1/2t depths. The CVN data and
curve fits are shown in Figs. 2.37 to 2.39. The curve fit parameters are
given in Table 2.11. Figure 2.40 is a comparison of the pretest and
posttest CVN results for specimens removed from. the 1/4t depth in the
plate. Comparison of the midenergy transition temperatures (parameter C)
and the 41-J temperatures from Tables 2.10 and 2.11 reveals that the
PTSE-2 vessel insert transition is about 20 F. higher than that for the
pretest characterization block PTC1 in the TS orientation at the 1/4t.
depth. The tables also show that the CVN upper-shelf energies of the .
insert are, on the average, slightly lower than those for PTCl in the TS
orientation.

These results are consistent with the implications mentioned earlier
relative to the higher surf ace hardness of the insert and, especially,
the posttest drop-weight NDT and tensile results. The difference in the

Table 2.11. Curve-fit parameters of Charpy energy for
PTSE-2 posttest vessel insert, 2 1/4 Cr-1 Mo

steel, TS orientation

CVN = (A/2){1 + tanh(B(T -- C)]}aE
ECVN at NDT, TemperatureDepth

75'C at 41 J
(t) A B C

( ( C)(J) (*C-l) (*C)

0 60.57 0.01966 94.16 b 113.0
1/4 63.16 0.02293 93.92 18.6 107.3
1/2 56.03 0.01988 90.69 b 116.0

#ECVN = CVN energy at temperature T
A = upper-shelf energy
B = related to slope of curve in transition region
C = temperature corresponding to energy equal to one-half

upper-shelf energy.

bNot c61culated, drop-weight NDT was determined with specimens
from 1/4t.

-. - - - . - - .- -- .- _ - . - , - . . . . , -.
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Fig. 2.37. Posttest Charpy V-notch impact energy vs temperature
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Fig. 2.39. Posttest Charpy V-notch impact energy vs temperature
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1/4t Charpy transition temperatures is about 20 K, compared to a dif fer--

ence in the NDT temperatures . of 26 K, a reasonably similar result.
Inspection of Tables 2.10 and 2.11 shows that the CVN energy determined '

from the curve . fit at the NDT temperature is about the same for the
insert (18.6 J) as for PTCl (19.5 J).. As discussed earlier, the drop-
weight tests for the vessel insert showed relatively high scatter. In

spite of that, however, the CVN and drop-weight NDT results reflect
similar. differences between the pretest characterization of PTCl and the
posttest characterization of the PTSE-2 vessel insert. These observa-

,

tions are discussed further in Sect. 2.3.8.

| Regarding determinations of~a reference NDT temperature, RT
according to the ASG Boiler and Pressure Vesset Code, Sect. 111'DT'

N

equal to(Ref. 12), none of the CVN data sets would result in an'RTNDT
the NDT oecause all sets have CVN energies, at NDT + 33 K, less than 68 J.
From the curve fit, the pretest material at the 1/4r achieves 68 J at

~

about 132*C (T68), which, by defining RTNDT 68 - ,g s an RTas T
NDT

of 99'C. The vessel insert did not achieve 68 J even on the upper shelf;

therefore an RTNDT.cannot be defined.

2.3.6 Fracture-toughness testing

2.3.6.1 Pretest fracture toughness. Pre tes t fracture-toughness

testing was conducted from -75 to 250'C with 25.4-mm-thick compact speci-
mens machined from near the surf ace of PTCl. Specimens were fatigue pre-
cracked and tested with both TS and TL orientations. In the transition
region, where cleavage failure was expected , specimens were not side-
grooved; at higher temperatures, however, where stable tearing occurs
with no cleavage intervention, side-grooves were machined, af ter pre-
cracking, on each side to depths equal to 10% of the specimen thickness.

modified J-integral gion, a K
In the transition re Jc value was calculated by determining the

l at the point of cleavage (J ) and using thec
relationship

P

K2 = EJ (2)Jc c,

where E is Young's modulus.
For the few smooth-sided specimens that experienced significant

stable ductile tearing without final cleavage failure, J was determinede
at the point of maximum load reached during the test. It must be real-
ized, however, that those values could be less than those for specimens
that fail in cleavage after maximum load.

For the side-grooved specimens, J-integral versus crack extension
values were determined using both the single-specimen compliance (SSC)
and de potential drop (de-PD) techniques. Only data beyond the 0.15-mm
offset line were fit to a power law curve, and J was determined by theIc
intersection of the curve with the 0.15-mm offset line. Values of K3 ;

were calculated as described previously for Eq. (2). IC

All tests were performed with a computer-interactive test system
using the SSC technique. The de-PD measurements were made during the

- - - - - - - . ..- . - - - . - - _ - . - . . , , . - . - - . . - - _ . ., . - . -
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hold period before each unloading. To ensure that valid Kic' values could
be obtained according to ASTM E399, unloadings were not performed until
the load-displacement curve passed the 95% secant line.

Tables 2.12 and '2.13 show the results of pretest fracture-toughness
testing with smooth-sided specimens f rom PTCl in the TS and TL orienta-
tions, res pect ively. The transition region data- for the TS and TL orien-
tations are shown graphically in Figs. 2.41 and 2.42, respectively. Ten
specimens with TS orientation were tested at each of the three tempera-

!tures, 25, 50, and 75'C, to examine ' the variability in Kje. As'can be
seen in Fig. 2.41, the scatter is typical of the transition range with
the upper value at each temperature being about twice the lowest value.
At 75'C one specimen did not cleave, and five specimens failed in cleav-
age af ter reaching maxiuum load. For the '1L orientation at 75*C, all

eight specimens cleaved, but four cleaved beyond maximum load. The
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Fig. 2.41. Fracture toughness KJc vs temperature for characteriza-
tion block FTCl for TS orientation near plate surface. At 75'C, one
specimen did not cleave, and five specimens cleaved af ter maximum load.
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Table 2.12. Transition region f racture-toughness results for PTCl,
2 1/4 Cr-1 Mo steel, TS orientation, near plate surface

i
'

Test Y'Je E Stable crack
scSpecimen

** """' "a temperature
(MPa * /m) (MPa+/E)identification ( C) (mm)

bPI212 -75 41.2 37.1 0
bPI216 -75 36.4 33.8 0

PI220 -25 49.7 39.6 0.061
PI217 -25 68.5 46.9 0.0432
PI204 -25 51.3 40.3 0
PI219 -25 57.7 43.0 0
PI208 25 97.5 51.8 0.127

0PI215 25 128.2 57.8 0.368
PI202 25 146.2 60.7 0.340
PI210 25 80.6 47.8 0.218
PI201 25 91.3 50.4 0.079
PI203 25 105.4 53.5 0.104
PI206 25 106.3 53.7 0.097
PI207 25 105.5 53.5 0.135
PI244 25 140.4 59.8 0.381
PI259 25 113.4 51.1 0.152
PI214 50 111.2 53.4 0.137
PI209 50 171.8 63.0 0.795
PI213 50 144.0 59.0 0.411
PI218 50 147.8 59.6 0.472
PI221 50 100.2 51.3 0.178
PI223 50 96.1 50.4 0.132
PI224 50 152.5 60.3 0.536
PI227 50 122.4 55.5 0.272
PI260 50 177.6 63.8 0.998
PI241 50 101.3 51.5 0.122

dPI211 75 272.6 73.4 3.335
PI222 75 196.7 65.4 1.222
PI245 75 e e 5.202

i PI258 75 181.1 63.5 1.148
dPI251 75 318.2 77.5 5.908
dPI254 75 298.5 75.8 4.412

PI239 75 189.0 64.5 1.267
dPI226 75 219.8 68.0 1.91
dPI252 75 259.9 72.2 3.401

PI240 75 188.8 64.4 1.140
PI232 100 e a 11.285
PI233 100 e a 8.311

a25.4-am-thick compact specimens.
bValid K value.

Ic
CPop-in at 69.7 MPa./E.
dCleavage af ter maximum load.

8Did not cleave.
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Table 2.13. Transition region f racture-toughness results
for PTC1, 2 1/4 Cr-1 Mo_ steel, TL orientation

Test K E Stable ~ crack
.. e Specimen Jc ge

ex ensionidentification" *"{$[ature- (MPaa/m) . (MPa a /E)- ,

.TL orientation, near plate surface
PI315 25 103.2 54.1 0.061
PI313 25 96.5 52.6 0.056

.PI317 25 83.8 49.6 0.056
PI332 25 90.4- 51.2 0.056
PI356 25 97.4 52.8 0.091
PI306 50 123.0 55.6 0.37
PI318 50 107.6 52.7 0.24
PI309 50 137.2 58.0 0.63
PI314 50 134.7 57.5 0.55
PI308 50 108.2 52.9 0.18

bPI321 75 191.2 64.7 1.94
PI307 75 152.1 59.5 0.87

DPI320 75 194.4 65.1 2.01
bPI319 75 264.9 72.7 5.00

PI334 100 o a 7.358
PI340 100 o a 7.224 t

PI354 100 o a 5.895

TL orientation, near midthickness
PI329 50 134.9 59.3 0.480

'

PI342 50 147.2 61.2 0.538
PI349 50 141.1 60.3 0.391 !

PI347 50 159.9 63.2 0.589 |
PI344 50 105.0 53.7 C.132 |bPI343 75 225.6 .70.5 3.205 |
PI350 75 210.7 68.8 2.337dPI331 75 120.9 55.1 0.234

(189.8) (66.2) (2.530)
PI346 75 171.0 63.8 1.346

a25.4-mm-thick compact specimens.
bCleavage after maximum load.

"Did not cleave.
"

dPop-in at 120.9 MPa*/E, cleaved af ter reloading at
189.8 MPa*/m.

|
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Fig. 2.42. Fracture toughness K vs temperature for characteriza-yc
tion block PICI for TL orientation near plate surf ace and at midthickness.
At 75'C, all eight specimens cleaved and four cleaved beyond maximum load.

tables also give the measured stable ductile crack extension (including

blunting). At values of around 0.15 m and greater, in plane. growth is
taking place, and the tables show that stable in plane growth begins to
occur at about 100 MPa*[m. Because the yield strength of this material

temperature ( h$* values were not
obtained except at the -is relative'y low, valid K

| lowest test C). The K results for midthickness andJc
near-surf ace specimens in the TL orientation do not exhibit significant
dependency on depth in the plate. At 100*C, none of the specimens
cleaved, and further testing at 100*C and higher was performed with side-
grooved specimens. Figure 2.43 provides a comparison of curve fits for
K vs temperature for the TS and TL orientations and shows the TLyc
orientation has only slightly lower f racture toughness.

The f racture toughness at the onset of cleavage, relative to prior
stable crack growth can be presented in the form of a resistance curve.
The values of J-integral at cleavage onset, J, for all specimens arec
shown vs crack extension in Fig. 2.44. The figure includes, of course,
specimens tested at 25, 50, and 75'C; thus, the blunting and exclusion
lines were constructed using flow strength at 50*C. Because the speci-
mens were smooth-sided, crack front tunneling was prouinent in specimens

,

-r , - - . -- - .~i.
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Fig. 2.43. Comparison of best-fit mean curves of Kyc vs tempera- ,

ture for TS.and TL orientations of characterization block PTC1.

:

|

,

that exhibited much stable crack extension. Crack extension measurements
were determined using the nine point averaging technique.

Power-law' curve fits were determined for all'three sets of data and
are compared graphically in Fig. 2.45. As shown, the TS orientation-has
a much steeper resistance curve than.that for the TL orientation. Tabic
2.14 provides the coef ficients for. the power-law curve fits as well as

.

the values of J based on intersection of the power-law curve with theqc
0.15-mm offset line, the same method used to determine J for fully duc-ye
tile specimens. As shown in the table, the TL orientation has lower,

'

tearing resistance than that for the TS orientation, but the J results
Qcshow a mixed comparison.

Also shown in Tables 2.12 and 2.13 are K values calculated using
the method described by Herkle.14 The correckkons are relatively large
due to the low yield strength of the material.

Table 2.15 shows the results of testing side-grooved specimens from
PTC1 at three different temperatures. The table shows J-integral results
determined by two methods: (1) deformation theory J (J ) as recommendedD
in ASTH E813, and (2) the modified J (J ) as formulated by Ernst.I3 Theit,

tearing modulus values were determined by linear regression fits to the

. _ _ _ - ._ ,_ . _ ,_, _ - _ . ., - . _ , . -. , _ . . . __ - -
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Fig. 2.44. J-integral (J ) vs stable crack extension prior tog
_

cleavage for TL and TS orientations of characterization block PTC1.

Table 2.14. Power-law curve fit results for transition
region fracture toughness, PTC1, 2 1/4 Cr-1 Mo steel

b
Location a a J Tearing

Orientation C n 0-in plate (k m) modulus2;
1

TL Near surface 131.1 0.559 57 102
TL Midthickness 141.2 0.465 72 94
TS Near surface 161.5 0.626 65 136

aJ = CAa", where Aa is crack extension, mo; J is value of
modified J-integral at onset of cleavage.

bIntersection of power-law curve with the 0.15-cra of fset
line; not valid J values because the specimens cleaved. '

te
"Average value of the tearing modulus between the 0.15-

and 1.5-mm offset lines. .

1 '
|

-
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Table 2.15. Ductile-shelf fracture-toughness results for
PTC1, 2 1/4 Cr-1 Mo steel, TS orientation

d Power-law curvg fitTest Ic Ic Final crack
2 earing parameters

Specimen" temperature (kJ/m ) (MPa. 6) extension cm dulus
(*C) (mm)

J J J J A B C Dg g D ti

PI230 100 64.0 41.5 113.6 91.5 11.58 120 109 0.338 0.565 --16. 0

PI250 100 55.6 58.6 105.9 108.7 7.95 145 113 0.226 0.527 - 18.4

PI228 175 58.3 51.5 107.2 100.7 8.17 106 214 0.167 0.240 -113 &

PI256 175 68.4 40.2 116.2 89.0 9.62 105 203 0.330 0.263 -108

P1238 250 52.8 41.5 100.1 89.5 9.47 67 245 0.259 0.158 -166
.

PI235 250 52.2 51.4 100.3 99.6 9.89 61 1482 0.398 0.029 --1410
_

a25.4-mm-thick compact specimens.
bJ determined by power-law curve intersection with 0.15-mm offset line; J is def rmati n theoryD

JperAkkME813;J is modified J after Ernst.3

# alculated using linear fit to data between of f set lines.C

d3 ,, 3( g , 3)C + D, whe re aa - crack extension in millimeters.

2

_ - - - _ _
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Fig. 2.45. Comparison of power-law curve fits of data shown in
Fig. 2.44.

data between the exclusion lines using the J data. Up to the secondg
j exclusion line, values of J and Jg are very similar. This is discussedD

later in greater detail. Figures 2.46 to 2.48 show representative Jg vs
crack extension results for each test temperature. The values of J Ic
determined by JD and Jg are, in three cases, quite different, but that is
considered to be strongly affected by the curve fitting operation, which

!includes data beyond the second exclusion line. The values of Ky are i
Ic

very low compared with the K ,

3c values determined at 75'C. The Kye values
|at 75'C were determined at the point of cleavage, which, for all speci- |

mens at 75'C, occurred after substantial amounts of stable tearing; the |
K values, however, are calculated essentially at the onset of stable |g

Ic t

tearing. As shown in Table 2.15 and demonstrated graphically in Fig. I2.49, the tearing modulus decreased with increasing test temperature. )Similar tests were conducted with 25.4-mm-thick compact specimens |from PTCl in the TL orientation. For those tests, crack extension was !
l

i

i

-. .
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Fig. 2.46. J-integral (J ) vs crack extension results at 100*C forg
TS orientation near plate surface of characterization block PTCl.
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Fig. 2.48. J-integral (J ) vs crack extension results at 250*C forg
TS orientation near plate surface of characterization block PTC1.
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Fig. 2.49. Comparison of J-integral (J ) resistance curves atg
three test temperatures for TS orientation near plate surface of
characterization block PTCl.
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monitored both with the compliance and de potential drop .(de-PD) tech-
niques. Table 2.16 gives the results -for both techniques using Jg and
shows that the Jte. values determined by dc-PD are consistently lower than
those from.the compliance technique. The de-PD tends to give larger
crack extension values in the early part of the test that will tend to .
result in lower J values. A typical Jg vs crack extension curve is-
shown in Fig. 2.5

The predicted final crack extensions for the de-PD curve do, how-
ever, compare much more favorably with the measured values than those
predicted by the . compliance technique. The tearing modulus values are in
very good agreement between the two techniques. The TL-oriented speci-
mens exhibited significant nonuniform crack growth through the thickness
during both the fatigue precracking and the J-R test. Asymmetric and
nonuniform crack extension can affect the measurement of crack extension,
especially in the beginning of the test when accuracy of measurements is
crucial. As shown in Table 2.16, the tearing modulus decreased with-
increasing test temperature. This result is demonstrated graphically by
the comparison of the de-PD power-law curve fits shown in Fig. 2.51 and
is similar to that observed for the TS orientation. Comparison of tear-
ing modulus values between the two orientations show the TL orientation

oRNL-DWG 87-3956R ETO
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Fig. 2.50. J-integral (J ) vs crack extension results at 100*C forg
TL orientation near plate surf ace of characterization block PTCl.
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Table 2.16. Ductile-shelf f racture-toughness results for PTC1,.;

.

2 1/4 Cr-1 Mo steel, TL orientation,.near plate surface
4

h
K Crack extension

Test J JSpecimen Ic Ic Tearing (m6) b b
2 Bidentification" ""f$*"#* (kJ/m ) (gpa ./,-) modulus

,

i Predicted- Measured

PI357-PD 100 78.0 125.4 100 8.552 8.608 148.0 .0.460
-UC 100 92.1 136.2 98 8.090 8.608 160.4 0.419,

PI311-PD 100 69.7 118.5 95 9.009 8.920 132.5 0.447 '

-UC 100 84.5 130.5 87 8.705 8.920 145.8 0.401

P1325-PD 175 29.8 76.7 72 7.206 7.275 78.0 0.577
-UC 175 55.9 105.0 70 6.971 7.275 -103.5 0.410 $

4

PI337-PD 175 50.0 99.3 80 9.678 9.604 103.6 0.474
-UC 175 63.6 112.0 79 9.244 9. 604 116.6 0.416 -

P1335-PD 250 34.0 81.0 48 9.242 -9.431 67.2 0.417
-UC 250 35.2 82.4 48 9.032 9.431 68.-l 'O.405

P1324-PD 250 .28.2 73.7 54 9.832 9.853 65.0 0.499
-UC 250 44.2 92.4 54 -9.272 9.353 80.9- 0.385

aPD = de potential drop method; UC = unloading compliance method.
B) J = AAa , where Aa is crack extension, mm; J = J .p,

i

i

I

1
,
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Fig. 2.51. Comparison of J-integral (Jg) resistance curves at
three test temperatures for 'It orientation near plate surface of

.

characterization block PTC1. !

|

has lower tearing resistance than that for the TS orientation. That I
observation is consistent with that shown by the results of stable tear- !

ing prior to cleavage shown in Fig. 2.45.
2.3.6.2 Posttest fracture toughness. Posttest fracture-toughness

testing was performed f rom 50 to 250*C with f atigue precracked 25.4-mm-
thick compact specimens machined from near the 1/4t depth in the PTSE-2
vessel insert. All specimens were tested in the TS orientation. All
specimens except those tested at 50*C were side-grooved to 10% of the
specimen thickness on each side. Values of KJc' E JIc, and T were
determined as described earlier for the pretest ch$fa*cterization tests.

Table 2.17 shows the results of a posttest fracture-toughness test
with specimens that experienced cleavage. Only the specimens tested at
50*C were smooth sided. Five specimens with TS orientation were tested
at each of three temperatures, 50, 75, and 100*C. Figure 2.52 shows the
data graphically in comparison with the pretest data shown in Fig. 2.41.
The results indicated an upward temperature shif t in fracture toughness
for the posttest material compared to pretest material f rom character-
ization block PTCl. Tnis observation is substantiated by the fact that
no pretest specimens tested at 100'C experienced cleavage, while all five

,

. - - , , . . , , . - - ,
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Table 2.17. Transition region fracture-toughness results
for PTSE-2 vessel insert, 2 1/4 Cr-1 Mo steel,

TS orientation

Test Side- K E Stable crackJe Sc
extensionSpecimen temperature groove (gp,,y,) (gg,,fg)

( C) (%) (mm)

PE64 50 0 122.3 75.4 0.226
PE66 50 0 124.2 75.9 0.249
PE68 50 0 122.6 75.5 0.274
PE70 50 0 125.3 76.2 0.371
PE72 50 0 100.4 68.8 0.071

PE74 75 20 139.0 74.0 0.947
PE76 75 20 104.4 65.5 0.300
PE78 75 20 105.7 65.8 0.297
PE80 75 20 128.7 71.7 0.752
PE82 75 20 124.4 70.7 0.627

PE85 100 20 139.2 73.0 1.209
PE67 100 20 179.9 80.9 3.726
PE69 100 20 220.2 87.3 7.000
PE71 100 20 187.0 82.1 4.050
PE73 100 20 185.6 81.8 3.655

posttest specimens cleaved at 100*C. Additionally, a comparison of
Tables 2.12 and 2.17 reveals that the stable crack extensions at a given
K level are less for the posttest material than for the pretest mate-
rYal. That is an indication of an increase in yield strength, which is
reflected in the discussion in Sect. 2.3.4 on tensile testing. At an

of 150 MPa*/m the posttest material achieves thatarbitrarily chosen Kyc
level of toughness at a temperature 30 K higher than the pretest mate-
rial. As discussed in Sect. 2.3.8 that upward shif t is slightly greater

i than that shown by the Charpy impact results and the drop-weight NDT
results.

Table 2.18 shows the results of testing side-grooved specimens from
the vessel insert at 175 and 250*C to obtain full J-R curves without
cleavage intervention. Comparison with Table 2.15 shows that the pos t-
test material exhibited slightly lower JIc y lues but significantly lower
tearing modulus values than did the pretest material. Typical Jg vs
crack extension data and curves are shown in Fig. 2.53. Comparison with
those from the pretest material shown in Figs. 2.46 through 2.49 shows
the effect graphically. The effect of plastic deformation during the
vessel experiment increased the flow strength significantly and, because
the flow strength occurs in the denominator of the equation for tearing
modulus, will cause a 40 to 50% decrease in the tearing modulus even if
the J-R curves are the same. In this case, however, the J-R curve slopes
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Fig. 2.52. Posttest fracture toughness Kyc vs temperature for
PTSE-2 vessel insert for TS orientation compared with similar specimens
from pretest characterization block PTC1. All posttest specimens
cleaved.

for the posttest material are much less than those for the pretest mate-
rial. Thus, both the flow strength increase and a real dagradation in !
the material tearing resistance has resulted in the lower tearing modulus |

results for the posttest material.
It is not clear whether the lower slopes of the J-R curves are a

consequence of the experiment or a reflection of inherent differences in
the vessel indert and PIC1.

2.3.7 Crack-arrest toughness testing

Crack-arrest toughness data obtained f rom the PTCl characterization
block for TS and TL specimens are listed in Tables 2.19 and 2.20 and cre
plotted in Fig. 2.54. The TS orientation is relevant to the PTSE-2 crack
propagating radially in the cylinder, whereas the TL specimens are rele-
vant to the crack propagating axially. T).e testing and evaluation were
performed in accordance with Draf t 86-04 of the ASTM Standard Test Method
for Deteruining the Plane Strain Crack-Arrest Toughness of Ferritic
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I Table 2.18. Ductile-shelf fracture-toughness results
for PTSE-2 vessel insert, 2 1/4 Cr-1 Mo steel,

TS orientation

b KTest J J Final crack "* ~ ** "" #$ ' ~
Specimen" temperature *" Parametersextension e,2) (MPa /E) ,9 y

A B- C D
--. _

PE75 175 46.3 95.5 8.49 28 70.7 0.075 0.373 2.76
PE77 175 52.7 102 8.87 28 67.9 0.195 0.379 4.75
PE79 175 45.3 94.6 9.09 31 71.3 0.110 0.407 1.26 g
PE81 250 49.8 98.0 9.42 19 43.9 0.195 0.371 18.58
PE83 250 35.9 83.3 8.70 20 56.1 0 0.296 1.70

"25.4-am-thick compact specimens.
by determined |,y power-law curve intersection with 0.15-mm of f set line; J is deformationIc

theory J per ASTM E813.

# alculated using linear fit to data between of fset lines.C

dJ - A(aa + n)c + D, where aa - crack extension in millimeters.

. _ , _. _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 2.19. Crack-arrest K dataa
for PfCl material,
TS orientation

_

Test g
gp,aSpecimen tem ture

Weld-embrittled, 33 x 162 x 152 m ,

PI278 -75 28
PI279 0 60
PI280 0 56
PI277 22 58
PI275 49 96
PI281 49 92
PI276 69 87
PI282 69 99

Duplex, 33 x 152 x 152 m
PI359 80 130
PI364 90 148
PI362 90 101
P1360 90 168
PI365 100 174
PI361 100 218
PI363 100 163
PI367 110 194
PI368 110 178
PI366 110 183

Duplex, 51 x 203 x 203 m
PI300 110 180
PI301 110 158
PI302 110 144

Weld-embrittled, 34.9 m thick"
i

P2-3 53 76 i

P2-4 65 103 j

Duplex, 50.8 m thick"
P2-8 82 127
P2-9 100 109

#Data provided by Battelle
Columbus Division.
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Table 2.20. Crack-arrest K,
data-for PTC1 material,

-TL-orientation -i

,

Test g
Specimen temperature (gp,aggy ,

(*C) ;

Weld-embrittled, 33 x 162 x 152 mm

P1320 0 44
P1321 0 37

,

P1313' 49 73
P1318 49 129
P1314 68 81-
P1316 69 97>

P1317 79 106
P1319 79 97
P1315 89 149
PI322 89 141

Duplex, 33 x 152 162 mn
.

P1308 90 144
P1310 100 145
P1311 110 140
PI312 120 191

,

Precracked, 33 x 152 x 152 mm
,

PTC1A ~75 38
;

PTCIC -75 38
PTC1B 0 64

Steels, December 1986. Full details of these results, in particular,
whether they meet the v*lidity criteria of the Draf t Standard, have been

,

published previously.14 Results of four tests performed by Battelle j
Columbus Division 16 have also been included in Table 2.19 and Fig. 2.54. j

As Fig. 2.54 shows, no significant dif ferences were observed in the
data for the two orientations. The ASME Section XI K , curve is includedg
and has been adjusted with respect to the drop-weight NDT (49'C) rather
than RT since the latter is ill defined for this material (see
Sect. 235).

,

tbterial f rom the vessel insert was used to fabricate TS-orientation
"nugget" type specimens.17 The test reaults are given in iable 2.21 and
plotted in Fig. 2.55 together with the TS data for PTC1 material. The,
crack-arrest toughness of the vessel insert is less-than that of the PTC1

4 material. At a toughness level of 150 HPa*/E for comparison, the arrest
toughness of the flaw insert is shifted about 15 K toward a higher tem-
perature than that of PTC1 material. This shift to a higher temperature

.

4

+ -n-- _ e -n -- , ,, - - - - , - - , - ,e y y r.



-

73

ORNL-DWG 87-4697 ETD
243 | | | 1

O TS
O TL O-

TS (BATTELLE DATA)
goo. -

O Og
b

k O
Os O

i
g

w 150 2% Cr-1 Mo STEEL (PTC1) B08
--

!
8 0 %
R >t

- g Dag1 O O -

i 8
i &

ASME K CURVEg
SO

O A
_

C
PTC1 NDT ,i

' ' '
0
-100 -50 0 50 100 150

TEMPER ATURE (OC)

Fig. 2.54. Crack-arrest test results for TS and TL orientations of
characterization block PIC1.

for flaw insert materlak, data
Table 2.21. Crack-arrest K

TS orientation

( Test
l

g
(gp,afg)Specimen tem ture

Weld-embMetted, 3 x 152 x 152 m

PE86 50 58
PE87 50 58
PE88 50 62
PE84 80 64
PE85 30 76

Duplex, 33 u 151 x 152 m
PE89 110 139
PE90 110 179
PE91 110 119
PE92 110 136
PE93 110 148

|

.. . - . ..
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Fig. 2.55. Crack-arrcst test results for IS orientation of vessel
insert material compared to the characterization block PTCl.

is consistent with shif ts noticed for other toughness measures, as dis- ,

cussed in Sect. 2.3.8.

2.3.8 Summary of comparisons of PTC1 and vessel insert

I In Sect. 2.3.1, it was pointed out that preexperiment hardness test- !
ing performed on the vessel insert outer surf ace and PTCl characteriza- '

tion material indicated, by correlation with hardness, a substantially
higher strength for the vessel insert. It was expected:that strains that 4

developed in the vessel wall during the experiment would be large enough |
*

to cause significant strain hardening, with a consequential increase in
yield strength and, possibly, increases in toughness transition ceopera-

; tures. As discussed in Sect. 2.3.4, the posttest yield strength of the
,

vessel i.u.ert is about 70% higher than that of PTCl, while the ultimate
strength is about 8% higher. Of particular importance to the analysis
and interpretation of the PTSE-2 experiment is the elevation of stresses
at various strains for the insert relative to PTCl (Figs. 2.24 and 2.25).
This elevation' decreases from 51% at 0.2% strain to 12% at 5% strain and
significantly af fects the f racture analysis of the experiment, as dis-
cussed in Chap. 10.

All the posttest vessel insert material tests showed higher transi-
tion temperatures than did those for PTC1. The increases were 26 K for

,

|

, .-. , , ---
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the drop-weight NDT temperature, 20 K for the CVN 41-J temperature, 30 K
150-MPa*/E tem-

150-MPa*/m temperature, and 15 K for the K, ition temperature
for the K3e

Thus, the various measures of toughness transperature.
are from 15 to 30 K higher for the posttest vessel insert.

The cyclic tests oescrioed in Sect. 2.3.4.2 demonstrated that the
differences in tensile properties are likely due largely to strain
hardening that occurred during vessel experiments, and, therefore, it is
likely that the ef fects of strain hardening were also manif ested by the
increases in toughness transition temperatures. A definitive experiment
would be desirable but is outside the scope of this report.

It is believed that the material properties of the vessel insert
prior to the PTSE-2 experiments is reasonably well represented by the
PTCl pretest characterization block, because the vessel insert and PTC'
were heat treated simultaneously, the tensile results are reasonably
consistent with strain-hardening predictions of yield strength increases,

'

and the four different measures of toughness transition temperatures show
consistent differences.
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!

3. FLAW PREPARATION

3.1 - Trial Flaw
,

Before'the introduction.of a flaw in the PTSE-2 test vessel, 30
trial flaws were produced in pieces of the 2 1/4 Cr-1 Mo material used as
a plug in the test vessel. These flaws were generated by_the electron-
beam welding, hydrogen-charging technique.used in flawing many previous
heavy-section steel test cylinders and vessels.1 The large number of
samples was necessary ' to cover a range of welding paremeters f rom which
one set would be selected for the vessel flaw and also because of
difficulties associated with the electron-beam welder. The welds were.
hydrogen-charged until a crack was observed and then fractured and visu-
ally examined._ Tne sample exhibiting the type of f racture surf ace and
geometry desired for the PTSE-2 flaw was selected.. The welding parame-
ters used for that sample were then used. to produce a flaw in the PTSE-2 .

vessel. The sample flaw selected as a prototype is shown in Fig. 3.1 in
three segments. *he flaw (darkened area) is of a very uniform depth and

; texture. i
,

3.2 Test vessel Flaw

The test vessel was installed in the vacuum chamber of the Sciaky
electron-beam welder in the Assembly Division of the Y-12 Plant. Figure -

3.2 shows PTSE-1 in *hia welding chamber in a setup essentially identical
to that used for PTSE-2. Tae electron-beam gun, directly above the test
vessel, is capable of lateral and vertical motion. The insert of 2 1/4

,

Cr-1 Mo material is located directly under the gun in a radial-axial '

plane of the vessel. An electron-beam weld 1000 mm long and penetratins
14.5 mm deep f rom the vessel outside surf ace was made in that plane. The
electron-beam gun-to-vessel surface distance was 152.4 mm. the vacuum in '

,

the chamber was 4.0 mPa, and the gur. travel speed was 2286 mm/ min. For3 -

this weld, the :ecelerating voltage of the beam was 54.6 kV, the beam
current was 745 mA, and the beam focus current was 433 mA.

The vessel was removed f rom the welding chamber for hydrogen-charging
of the weld. Hydrogen was released at the surface of the weld which was
covered by an aqueous solution of 5% sulfuric acid and 2 x 10- N sodium
arsenite, by passing a 10-A current through the electrolyte. Continuous,

ultrasonic inspection of the weld during charging with the transducer
located on the inside surf ace of the vessel indicated the presence of a,

crack after 18.5 h of hydrogen-charging. Ultrasonic scanning along the i

_ axis of the crack indicated it to be 1000 mm long with an average depth I
| of 14.1 mm.

i

i

i

i

)
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4. TESI FACILITY

4.1 Design Basis

The design of the facility for the pressurized-thermal-shock tests
was adapted from'the designs of the separate facilities previously used
for the intermediate vessel-testsl and for the - first1 four thermal-shock
cylinder tests.2,3 The thermal-hydraulic design rationale incorporated

. the following basic considerations.4
,

1. The coolant composed of 40% by weight methanol and 60% by weight
water was selected and de monstrated to provide adequate' heat sink,
heat transport, and heat transfer properties and to have acceptable
fire and health characteristics.

2. The coolant storage espacity was determined to provide _ suf ficient ,

,

passive heat-sink capacity, so the change in physical properties of
the coolant supplied to the specimen did not result in unacceptable
heat transfer characteristics over a cooling period of 1/2 h.

3. The use of a backpressure orifice to limit the tendency for film
boiling, and thereby ensure a short-boiling phase transient pe riod ,
was shown to result in the rapid establishment of a readily controlled ,

forced-convection heat-transf er mode.
4. A modified form of the Sieder-Tate turbulent flow heat transfer ,

correlations was shown to provide a reasonable basis for thermal-
hydraulic design and for preliminary predictions of performance.

The facilities that existed for intermediate test vessel pressuriza-
tion at the outset of design of the pressurized-thermal-shock facility
consist'ed of two coupled intensifier units each capable of delivering

! ~1. 3 x 10-3 3m / min at 344.7 MPa. After considerable analyses of poten-
tial test conditions, it became clear that existing f acilities could not.

provide the required flow conditions for pressurizing a test vessel. In

addition, the cost of modifications required to achieve reasonably good
control of the pressurizing and depressurizing rates was excessive. The
method chosen to solve these dif ficulties was to use the existing inter'-.

sifiers to precharge intermediate test vessel V-10 as an accumulator and
to manually control the flow rates to and f rom the vessel being tested to
achieve the desired pressurizing and depressurizing rates.

Existing cells for confining test vessels had been constructed to
I test the HSST intermediate test vesselsl and prestressed concrete reactor

vessel models.6 These cell structures were modified to accommodate the
pressurized-thermal-shock facility. In particular, the HSST cell was |

modified to accept intermediate test vessel V-10 as an accumulator, and
the prestressed concrete reactor vessel cell was modified to accept )
intermediate test vessels as test specimens.

These facilities had been previously assessed for potential hazards
and, in particular, had been determined to have the capability of resist-
ing missile impact from destructive vessel testing with kinetic energies
as high as 7.81 x 106 J. A review of the potential hazards associated
with the pressurized-thermal-shock facility, based on a 50% by weight I

ethylene glycol and water mixture for the pressurizing medium and I
1

|

__- - , _ . - -. . -- - . _.
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assuming ballasting of the pressurized-thermal-shock intermediate test
vessel with graphite to reduce the contained energy, showed that the
cells had ample safety margin for the projected pressurized-thermal-shock
tests.7 Af ter the performance of this analysis, it was discovered that
ethylene glycol suffered a cheuical breakdown at the projected pressur-
ized-thermal-shock test conditions. A dimethyl polysiloxane fluid, Dow
Corning 210 H, was then considered and confirmed by testing to be an
acceptable alternative pressurizing medium.8 This change in pressurizing
media eliminated the primary source of kinetic energy for missiles, that
is, latent heat that controlled the results of the previously conducted
safety analysis.7 Although the compressibility of dimethyl polysiloxane
at pressurized-thermal-shock conditions is unknown (only room temperature
data are available), based upon a comparison with water compressibility
data, a net decrease in potential energy for missile production was
expected.8

Figure 4.1 shows a plan view of the modified cells and principal
items of the main coolant system; Fig. 4.2 shows a section elevation
through the cells, again including principal items of the main coolant
system.

4.2 gin Coolant System

Figure 4.3 shows a simplified flow diagram of the equipment used to
achieve the temperature transients required for the pressurized-thermal-
shock tests. The tes t shroud, surrounding the test vessel as shown in
Fig. 4.3, serves dual purposes: (1) as an oven using electrical heaters
to preheat the test specimen at a controlled rate to any designated tem-
perature between room temperature and 300*C and (2) as a means to direct
coolant flow through an annulus to achieve the desired temperature gradi-
ent in the intermediate test vessel wall. The mechanical refrigeration
unit shown, with a specified minimum capacity of 26.4 kW at 4.4*C and
5.3 kW at -23'C, prechills the coolant in the storage tank (15.1-m3
capacity) to the desired temperature level. As initially designed, the
valves FCV 1 and FCV 2 were intended to be manipulated to accomplish two
purposes: (1) to establish circulation in a bypass mode to verify that
the recirculation pump is running at a steady state condition prior to
diverting flow through the test tank to initiate the thermal shock and

(2) to provide flow control to vary the transient temperature gradient
imposed on the test vessel. After installation, valve FCV 1 was found to i

be incapabic of withstanding the full pump design head with the valve I

fully closed. Valve FCV 2 had a similar, although less severe, defi-
ciency. Because of these proble m , flow through the shroud was initiated
by presetting valves HCV 6, FCV a . and FCV 2 to the proper position and
then in a timed sequence opening o .: coolant storage tank isolation valve
(HCV 4) and activating the recirculation pump to achieve flows up to

30.15 m /s. Measuring orifices in the shroud intet and exit lines and in
the bypass line permitted correlation of flow with valve position for
both transient and steady state conditions of flow in preliminary flow
tests discussed in Chap. 7. The jacket coolant storage tank provides a
pa s si ve heat sink to permit precooling the shroud prior to activating the
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recirculation pump. The load orifice in the shroud exit provides suffi-
cient pressure drop to maintain a head of at least 896.3 kPa to suppress
film boiling in the early part of a pressurized-thermal-shock transient. i

This orifice and the load orifice in the bypass line supplement the flow
control provided by the control valves, FCV 1 and FCV 2, to establish the
required flow to the shroud. The drain system shown in Fig. 4.3 provides
the capability for returning fluid remaining in the shroud to the coolant
storage tank following a normal pressurized-thermal-shock test and, in
the event of test vessel leakage, provides for transfer of coolant to
drums for disposal. Although not initially anticipated, subsequent
safety analysis revealed that under some flow conditions the test vessel
would be subjected to levitation. To prevent this condition from
occurring, the volume within the test vessel support structure in the
bottom plenum of the shroud must always have a flow path to the suction
side of the recirculation pump through existing interconnected drain
lines whenever the recirculation pump is running.

Figure 4.4 shows a view of the coolant storage tank and associated
piping. The isolation valve controlling fluid delivery to the recircula-
tion pump is visible on tde bottom line. Figure 4.5 shows a view of the
recirculation pump and chiller. Figure 4.6 shows a view of the shroud
installed in the pressurized-thermal-shock cell. Particularly prominent
in this view are electrical heaters protruding radially outward f rom the
shroud, nozzles in the shroud for the instrument pene t ra t ions , and steel-
plate missile shielding around the coolant pipe penetrating the west
concrete shield wall,

4.3 Pressurization Systeo

Figure 4.7 shows a simplified flow diagram for the pressurized-
thermal-shock pressurization system. Either of the existing intensifier
systems can be used to pressurize the accumulator vessel V-10 to pres-
sures up to 137.9 MPa. As shown in Fig. 4.7, the normal flow path to the
test vessel was chosen to be from the prestressed concrete reactor vessel
intensifier system because that intensifier had been used less. Valves
FV 367 and FCV 368 provide a means of remote manual control of the pres-
surizing rate of the pressurized-thermal-shock test vessel. Valve FV 167

,

provides tight shut-of f capability, and valve FCV 368 provides flow modu- I

lation. Similarly, valves FV 361, FV 362, and FCV 363 provide a means of
remote manual control of the depressurizing rate of the pressurized-
thermal-shock test vessel. Valves FV 361 and FV 362 provide Light shut-
off capability and valve FCV 363 provides flow modulation. Valve FV 372
provides for the normal remote manual actuation f or letdown of V-10;
valves HV 309 and HV 310 provide local manual letdown of V-10 for of f-
normal conditions. Similarly, valves HV 365 and HV 366 pr, vide local
manual letdown of the pressurized-thermal-shock test vessel for of f-
normal conditions.

The system as shown in Fig. 4.7 was used for the PTSE-2A test, but
as discussed in Chapter 7 it was necessary to change the configuration of
the system to permit an adequate venting rate for the PTSE-2B test.
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4.4 Data Acquisition Systems

Three data acquisition systems are available in the facility for use
;

in conducting a pressurized-thermal-shock experiment. The primary one is '

a computer-controlled data acquisition system, which is backed up by a
data logger. In addition, there are various analog and digital displays
and recorders in the control room. The three systems are essentially in-
dependent of each other although some primary sensors supply information
to more than one system.
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4.4.1 Computer-controlled data acquisition system

Figure 4.8 is a simplified block diagram of the computer-controlled
data acquisition system. A PDP 11/34 computer is the central processing
unit and is arranged to receive up to 195 thermocouples, 136 strain gages
and crack-opening displacement gages, and 30 miscellaneous inputs from
f acility and test vessel sensors. Data are stored , manipulated , and made
available through three separate terminals. One terminal is dedicated to
operating instructions and calibration; the other two provide plotting or
display of selected test data. A graphics copier is available for hard-
copy printout. Real-time display of the data is available during the
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test, and all of the data are stored on disks and/or tapes for later re-
trieval. The computer-controlled data acquisition system is capabic of
sampling and recordind the output of the sensors at the rate of 10,000
points /s. |

4.4.2 Data logger !

The data logger is an independent system that records selected j

critical data f rom the test and f acility instrumentation as a saf eguard
against loss of the computer-controlled data acquisition system records.
In the configuratica for PTSE-2, the logger scanned 40 channels and
stored the data on magnetic tape at a rate of I complete scan every 5 s.

4.4.3 Control room instrumentation

Values of temperature, pressure, strain, and crack-mouth-opening
displacement were displayed in the control room by digital and graphic
displays. Some of this information was also recorded on strip-chart re-

corders to preserve the information. Most of these instruments were used
in the operation of the various systems to permit proper coordination of
the pressure and thermal transients necessary for a successf ul experiment.
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5. SPECIAL FEATURES
]

5.1 Thermocouple Thimbles

The rationale for the development of special thermocouple thimbles
to obtain accurate measurements of transient radial temperature profiles ,

in the walls of the pressurized-thermal-shock test vessels has been |
covered in Ref. 1. These types of devices have been successfully used in !
several thermal-shock test cylinders and more recently in the PTSE-1
pressurized-thermal-shock test.I The thimbles for the PTSE-1 test were
developed and fabricated with Martin thrietta Energy Systems, Inc., j

f acilities and personnel. For PTSE-2, thimbles of a slightly modified i

design were procured by competitive bidding. A full complement of I

thermocouple thimbles was ordered f rom each of two companies: Groth
Mazur Industries, Inc., on P.O. 67Y-33725V and Technology Corridor
Instrumentation, Inc., on P.O. 67Y-33726V. Details of the thermocouple

thimble assemblies procured through these purchase orders are given by ;

Fig. 5.1.
During a preliminary test (PTSE-0) prior to PTSE-1, the sheath en-

closing the leads of one thermocouple thimble failed by buckling with an ;

attendant leckage of pressurizing fluid. The failure made it necesaary ;

to sever the leads and cap the sheath, which resulted in a loss of data, j
In the procurement of ti - mcouple thimbles for PTSE-2, a significant
design change was made in the stainless-steel-sheathed lead configuration |
in an attempt to prevent a reoccurrence of sheath failure by buckling. l

In the PTSE-0 and PTSE-1 thimble design, the 12 leads were housed within
the sheath with no attempt to establish a definite configuration. A
considerable void volume within the sheath resulted. With this configu-

ration the pressure of the pressurizing fluid, acting externally on an
inadvertent kink introduced during installation, provided a scenario for
the type of failure that occurred during the PTSE-0 test. As a remedy
the 12 PTSE-2 thermocouple thimble leads were satellite arrayed around a
central filler wire and tightly housed within the sheath by swaging.
Although the redesigned sheathed assemblies were more resistant to fail-
ure, they were also stif fer and more dif ficult to install in the instru-
ment penetration assemblies. This characteristic required design changes
to the seals of the penetration assemblies described in Sect. 5.2.

5.2. High-Pressure Seals

An extensive description of the basis for development of special
high-pressure, high-temperature seals f or the pressurized-thermal-shock
test series is given in Ref. 1. As described therein, conmercial sources
f or several of t ne seal devices required were nonexistent, requiring the
application of en ORNL development effort. Extensive efforts were ex-

pended in develcping seals for the various instrument leads required to
penetrate both the top head and the cylindrical shell of the test vessels.
Figure 5.2 illustrates the use of a conical metal-to-metal seal feature
to seal an instruuent lead penetration assembly to the test-vessel cover

I
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flange and also identifies the packing cavity within which the packing I

assembly, shown on Fig. 5.3, resides. Packing assemblies such as that I

shown in Fig. 5.3 were developed to accept three different configura-
tions, the first to accommodate six 1.5-mm-diam leads, the second to !
accommodate three 3.2-mm-diam leads , and the third to accommodate a
single 3. 2-mm-diam lead. In all the configurations, the soapstone
packing shown in Fig. 5.3 was designed and f abricated as a single piece.
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5The thermoccuple thimble assemblies discussed in Sect. 5.1 are in-
|atallad in the cylindrical shell of the test vessel in an orientation re- !

quiring a sintlar packing configuration as that used in the cover flange.
However, as shown in Fig- 5.4, at the thimble a single 3.2-mm-diam lead
to df.rected through the packing. The change in the design of the 3.2-mm-
diam leads of the thiable assemb;ies, as discussed in Sect. 5.1, in-
creased significantly the stif f ness of the lead. This increased stiff-
ness stimulsted concern about the feasibility of assembly of the leads
through the fragile acapstone packing, not only in the configuration |

111uatrated in Fig 5.4 but also in the three-hole version of the packingshown in Fig. 5. 3. For prudence it was decided to design and proof rest
isplit configurations of the single-hole and three-hole packing for the |

3.2-nc-diam leads. Exploded views of these configurations are shown in
Figs. 5.5 and 5.6. Leak rests with cyclic load, prolonged hold periods,
and pressures and temperatures at the most severe anticipated conditions
were successfully conducted on the modified seal designs with two sources
of native soapstone. Again for prudence sake, full complements of both
the solid and the sp1't configurations were fabricated in readiness for
the PTSE-2 vessel assemv y. Upon assembly of the PTSE-2 it was found

|
.
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I that this prudence was justified; only the split configuration packing
designs could be satisf actorily installed.

As a consequence of utilization in several intermediate. vessel and ;
'pressurized-thermal-shock tests, the PTSE-2 vessel was subjected to

considerable inadvertent abuse. In spite of provisions made to protect
.

seal surfaces during dismantling and repair operations these surf aces |

were badly scarred and required remedial treatment to be serviceable. ;
'

The surface of the vessel closure flange in contact with the vessel head
0-ring seal shown on Fig. 5.7 was especially severely damaged in several

| locations. Two proprietary Devcon filled epoxy compounds were selected
for a screening test, one steel-filled and the other ceramic-filled. As
a screening test, several plane-surfaced coupons.having scar marks com-
parable to those in the PTSE-2 vessel were filled, cured, and polished to ,

a smooth in plane surface with both types of compounds and then subjected I

to a 24-h heat soak at 300*C. Af ter removal f rom the furnace, the filled ,

surfaces of the coupons were inspected under a microscope. The surfaces i

using the steel-filled compound had numerous pits, but the ceramic-filled
surfaces remained smooth. Consequently, the head seal and the thermo- !

couple lead-through seal surfaces were treated with the ceramic-filled
epoxy compound. Several layers were required in some areas of the head
seal in order to achieve circularity. Preoperational leak tests at i

20 MPa and 290'C verified that the repair work was successful. ;

;
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6. VESSEL INSTRUMENTATION

6.1 Measurement Plan

The important measu rements to make and record during a pressurized-
thermal-shock transient are the temperatures that control the thermal
stress states; the teuperatures that define the fracture-toughness condi-
tions along the tip of the crack; the internal pressure, which defines
the stress states from mechanical loading; and the displacements along
and near the crack, which can be used to estinate crack depth and length.
The systems for making and recording the measurements were almoat identi-
cal to those used in the PTSE-1 experiment.1 Instrumentation for these
measurements was designed to transmit data to two systems that were iso-
lated f rom one another to reduce the risk that a data system failure
would disrupt the recovery of essential data on a transient. As de-
scribed in Chap. 4, the esser.tial variables were recorded by a primary
couputer-controlled data acquisition system and a secondary data logger.
The sources of data and the uodes of output and recording are summarized
in Table 6.1. The data logger received signals f rom some of the sensors
that transmitted information to the computer-controlled data acquisition
systeu; pressure and CMOD are in this category. In these circuits, the
signals are split by a buffer-amplifier to preclude interference betwean
the separate recording systems. Frou sensor to recording device, cir-
cuits for temperature measurements were completely separate.

No serious attempt was mads to make measurements from which precise
heat-tran.ifer characteristics could be deduced. However, to facilitate
the planning and execution of transients, sufficient measureuents were
made of coolant flows, temperatures, and pressures to permit reasonable
estimates of thermal perf ormance.

6.2 Description of Sensors

f 6.2.1 Thermocouple thimbles

Temperature measurements within the cylindrical wall of the vessel
were made with 9 thermocouple thiubles, each containing 12 type-K trer-
mocouples. Details of the design are described in Chap. 5. The 12 junc-
tions of the thermocouples were arranged at various depths, nominally
given in Table 6.2 (see Fig. 5.1). The actual location of each junction
was measured during the manufacture of the thimbles. Each tharnocouple
was calibrated by che manuf acturer af ter thimble assembly by comparison
with a laboratory standard type-S thermocouple at three temperatures
between 0 and 289'C. In addition, two thimbles from each of the two
manuf acturers were subjected to thermal transient tests at ORNL.

Seven thermocouple thimbles fabricated by Groth-Mazur Industries,
Inc., were installed in tha PTSE-2 vessel and connected to the computer-
controlled data acquisition system. Two thimbles fabricated by Tech-
nology Corridor Instrumentation, Inc., were (innected to the data logger.
Calibration data from Groth-Mazur Industries showed that temperatures
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Table 6.1. Instrumentation output assignments for test vessel data sensors

Variable Outpud,b Sensor Number of Sensor No.
location senscre

8Temperature profile CCDAS See Fig. 6.1 84 Tt;l-1 to TE7-12

in vessel wall DL ?4 TE8-1 to TE9-12

Surf ace temperature CCDAS See Fig. 6.2 25 TElf,d 18, 2n to 29, 31 to 35,d

TEl9,g39,4
37 t 43, 61 to 65

DL 7 20, 30, 36, 40 to 42

8Near-surface temperature CCDAS See Fig. 6.1 7 TE66 to 72

CMOD CCDAS See Fig. #3.3 10 YE51, 54, 79 to 88
DL 7 YE79, 80, 82 to 84, 86, 87
SC 6 YE79, 82, 83, 84, 86, 88
DO 2 YE79, 82

Dummy CMOD CCDAS See Fig. 6.3 2 YE50, 56

Strain CCDAS See Fig. 6.3 9 XE48, 52, 53, 55
SC 2 XF.52, 53

Pressure CCDAS Static line 2 PE97, 9d
DL in test cell [ t PE98
SC8 i PE97
DD9 1 PE97

Crack depth PC h

aCCDAS - Computer-controlled data acquisition system
DL - Data logger
SC - Strip-chart recorder (in control room)
DD - Digital display (in control room)
DO - Digital oscilloscope (in control room)
HC - Microcomputer (in control room)

LAny datum collected by CCDAS could be listed on CRT display in control room.
# elected near-surface temperature was plotted un CRT display in control room.S

kElf, 20, and 21 were damaged bef ore the test. TE19 was consequently connected to the CCDAS
rather than the DL.

8 1ntrinsic thermocouples welded to the bottom of 25-uts deep holes drilled f rom the outside
surface of the vessel.

[Presserizing requirements ede sudliteations to the system necessarf. As a result, PE97
and 9? were on a vent line and a pressurizing line, respectively, so that in most phases of the
test, one transducer was on a static line. See Fig. 7.4.

8 utput located at pressurisation +ystes control station.0
hTwo channels of output processed f rom pressure (PY97) and Cl0D (YE86 and 88).

_ -



105

Table 6.2. Nominal location of
thermocouple junctions in a

PTSE-2 thimble"

Depth from cooled
9 surface

(mm)

1 5.1
2 7.6
3 11.4
4 15.2
5 22.9
6 30.5
7 38.1
8 45.7
9 61.0

10 76.2
11 91.4
12 101.6

aActual locations determined
af ter the test for some thimbles
generally varied from the nominal
locations.

indicated by the thimble thermocouples differed, at most, by 0.8 K from
temperatures measured by a laboratory standard. Data from the ORNI,

Metrology Laboratory found even less maximum deviation (0.3 K) f rom a
laboratory standard.

Each thimble was inserted in a radial hole drilled completely

through the wall of the vessel. As shown it. Fig. 6.1, three thimbles

were situated in each of three axial locations: in the midplane of the

flaw, 400 cra above the midplane, and 400 mm below the midplane. In each

pl ane , the thimbles were separated by 120*.

6.2.2 Surf ace and near-surf ace thermocouples

fype-K thermocouples were attached to the outside and inside sur-
f aces of the cylindrical sec''on of the vessel. The inside thermocouples

were Mg0 insulated and sheathed in stainless steel. The sheath at the

position of the junction was fastened in position by shim-stock straps
spot welded to the surf ace of the vessel. The outside thermocouples were
identical to the inside thermocouples except that the outside junctions
were bate and intrinsic, welded directly to the surf ace of the vessel.
The intrinsic junctions were covered with room-temperature-r,uring Dow
Corning 3145 Silicone rubber to protect the wires against physical dam-
age. Seven near-surface intrinsic thermocouplec were welded to the
bottom of 25-am-deep holes drilled f rom the outside surf ace at locations
shown in Fig. 6.1. The junctions were covered with Silicone rubber, and
the holes were filled with steel plugs. The inside-surface thermocouples

were calibrated by the ORNL Metrology Laboratory by comparison with a
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Fig. 6.1. Thermocouple thimble and near-surface thermocouple
locations in PTSE-2 vessel. [ Computer-controlled data acquisition
systen (CCDAS).]'
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laboratory standard type-S thermocouple at five temperatures between 93
and 292*C. *

The locations of the surf ace thermocouples are shown in Fig. 6.2.
Included on this diagram are the locations of thermocouples connected to
the heater controller. All temperatures were monitored during the heat-
ing phase to evaluate the approach to isothermal conditions.

6.2.3 CMOD gages

CMOD gages were placed across the opening of the flaw at 100-mm
intervals, as shown in Fig. 6.3. Special types of weldable strain gages,

ORNL-OWG84-6641 A ETO

N [TE18
TE17

. 3_
TE 20 TE19

@/ $ OPLANE

[ ,3g g, RE F. BE LTLINE

TE21A I
oF VESSEL

270 330 30* 90*

DEVE LOPED VIEW oF INSIDE SURF ACE (VIEWED F rom INSIDE)

. THERMOCOUPLE To CCOAS
3 THERMOCOUPLE TO DATA LOGGER
. THERMOCOUPLE TO HE ATER CONTROLLER

[TE101E DEVE LOPE 0 SURF ACE

;., , _ _ _ _ _ _ . ,

E / TE23 \ --1005 mm ,

[T231
TE10 E1181 mm TE O

. . . . _

g (TEp3 ( TE37 [TE35 | ,r TE29,g4gm
'*'',g/i.T32 TE3o I $l'']

*5* = TE4i TE38 1E.
/ .L., ._ :- .<v s' | PLANE.-

SE2s prej, \ ,3, - g7 m,3o _7 ,300 mm ,,,,
g

| .
, , -400 mm

. qTE26
. . _. _.

\ TE42 27 TE104E
3

E105E1

s. .%V
I

-.. . _ . . ,
,

I

45* 30' 345 | 240* 195 165 t 90 60 |

0* 330* 300 270* 210* 180* 150* 105* 45"

oEVELOPED VIEW oF OUTSIDE SURF ACE

Fig. 6.2. Surface thermocouple locations on PTSE-2 vessel.
[ Computer-controlled data acquisition system (CCDAS). ) As indicated in
Table 6.1, TE19 was reconnected to the CCDAS because TE17, 20, and 21
were damaged bef ore the test.
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DISTANCE FROM ORNL- OWG S4- 6642 A E TO
FL AW MIDPLANE

2 (mm) YE51

M0 H

''
s00 M topoF

V E SSE L

400 >--- H $ LAW

300 H

*' N ,_ -,,

XE48

"'#**100 Y E 50

50
Y E 88 A

0 M YE888 -0
Y E84 A SCALE

-100 H g

700 g
XE STR AIN GAGE

YEM YE CMOD GAGE

XE48 AND xE49 ARE ON INNER'

SURFACE XE52 AND MES3 ARE
YE87 10 mm FRCM ENOS OF INtit AL

YF 50. 79. 80,81, AND 82 A A E'

NOMIN ALLY 50 mm LoNG
oTHER CMOD GAGES ARE

- 500 ,
101 mm LoNG

XE53

Y E54

Fig. 6.3. Locations of 0100 gages and strain gages near flaw on
PTSE-2 vessel.

50 and 101 mm long, manufactured by the Instrumentation Division of the
Eaton Corporation, were used. Fif ty-millimeter gages were type DG 12';/1-
06-15-6S; 101-mm gages were types DG 125/2-0611-26-6S and DG 125/2-0611-
15-6. Gages were attached by a pair of short flanges spot welded to the
vessel. The CMOD gage installation on the PTSE-2 vessel is shown in
Figs. 6. 4 and 6. 5.

Dummy CMOD gages (YE50, 56, 84B, and 888) did not cross the flaw.
The dummy gages YE84B and 88B were connected in bridge circuits with
gages YE84 A and 88A, respectively, so that the output of each bridge
would be biased to eliminate purely thermal effects. The outputs of the
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! Fig. 6.5. Close-up view of C10D gages near center of PTSE-2 flaw.
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other . two dumuy gages , YE50 and - 56, were recorded so that the magnitude
of~the thermal effect could be observed directly and adjustments of other
CMOD records could be made.

5.2.4 Strain gages

Strain gages were installed on the vessel to evaluate both unex-
-

pected events and flaw growth. Cages remote f rom the flaw provided in-
formation that would be useful in . evaluating the state of stress in.the-

vessel if some unexpected or unplanned loading should occur. Gages on
the inside surf ace in the plane of the flaw responded to changes in flaw
depth. Gages on the outside surf ace in the plane of the flaw but beyond
the two ends responded to changes in flaw length. The gages used were

.

Eaton type SG 125-09F-15-6S with a gage length of 25 mm and a gage f actor
of 1.85. Locations are shown in Fig. 6.3.

Reference ,

1. R. H. Bryan et al. , Pressurized-Thermal-Shock Test of 6-in.-Thick
Pressure Vessete. PTSE-1: Investigations of Warm Prestreceing and
Uppen-Shelf Arrest, NUREG/CR-4106 (ORNL-6135), Martin Marietta Energy
Systems, Inc. , Oak Ridge Natl. Lab. , April 1985.

l
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7. PRELIMINARY TESTS

7.1 Objectives

Two broad categories of preliminary tests were conducted on the
pressurized-thermal-shock' test f acility in preparation for .the PTSE-2
test series:- (1) operational tests accompanied by maintenance and in-
strument calibration to establish.that the test facility was'in opera-
tional readiness and (2) specific tests designed to verify that the
facility had the capability of performing the PTSE-2 test series as con-
figured following the PTSE-1 test- series or to establish the modifica-

tions necessary and then to verify that the reconfigured system would
perform satisfactorily.

7.2 Results

7.2.1 Operational readiness tests

Because of the prolonged period of shutdown conditions for the test
f acility since the PTSE-1 Lests were conducted, each of . the subsystems
was started and operated for the duration of a typical test to establish
that the subsystem was mechanically -ready for operation. As expected ,
some instrumentation and some mechanical systems did not function prop-
erly because of the long inactivity. Following resolution of mechanical
problems, all instrumentation crucial either to subsystems operation or- |to PTSE-2 data acquisition was removed, calibrated, and reinstalled as j
required. j

7.2.2 System modification tests

|

The previously performed PTSE-0 and PTSE-1 tests revealed that the
pressurizing system perf ormance was degraded f rom that anticipated be-
cause of three significant factors:

!
1. greater pressure drop from the accumulator vessel to the PTSE vessel

than anticipated,
2. graphite ballast in the test vessels less effective than anticipated,

and
3. limited venting capability.

An attempt was made to construct an improved analytical model of the
behavior of the pressurizing system shown schematically in Fig. 7.1 with
the following assumptions.

1. Although no high-temperature data were available, the compressibility
of the silicone oil pressurizing fluid was estimated by adding a
thermal expansion term to the exf sting room temperature compressibil-
ity data by the methods of Ref. 1.

2. The compressibility of the graphite was estimated by using the mean
of the orthogonally different Young's modult.

_ - .__ . . _ - . _ - _ . . .
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Fig. 7.1. Flow diagram for pressurizing system. (Prestressed-
concrete reactor vessel-(PCRV), Heavy-Section Steel Technology (HSST).)

3. The graphite pore volume was assumed to be unconnected to the pres-
; surizing medium.

4. The dilation effect as a result of pressure was considered for both'

the V-10 accumulator vessel and the PTSE-2 vessel.
5. Because of the anticipated pressurizing rate requirement of the |

PTSE-2A test, 1.0 MPa/s, the transfer valve,.FCV 368 on Fig. 7.1, was i

replaced with one having a flow coef ficient C of 0.5.y

The resulting model behavior calculation, for which results are
shown on Fig. 7.2, indicates the peak attainable pressure for pressuriz--
ing PTSE-2 f rom zero pressure to be ~80 MPa and the maximum achievable
pressurizing rate to be ~1.90 MPa/s. Valve FCV 368 rangeability was
anticipated to permit the achievement of the pressurizing rate of 1.0
MPa/s required for PTSE-2A. After heating the PTSE-2 vessel to 290*C, !
pressurizing and venting rate tests were conducted for upper and lower
pressure levels of 20 and 0 MPa, respectively. Pressurizing rates,
varying from 1.66 to 2.14 MPa/s for valve openings varying from 20 to- )
100%, were observed and agreed roughly with the calculated behavior shown |

on Fig. 7.2. |

|
<
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Fig. 7.2. Predicted pressurizing. system behavior with flow control
valve FCV 368 having flow coefficient, Cy = 0.5.

In connection with ti.a pressurizing rate tests, . venting rate tests
were also conducted. Results of these tests are shown on Fig. 7.3 in
which venting rate is displayed as a function of pressure and which valve

!

or valves are fully open. The PTSE-2A experiment was planned to utilize
,
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arrangement (Fig. 7.1). Flow control valve FCV 363 was fully open in
all cases.

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



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

115

s maximum venting rate of 1.0 MPa/s venting from 60 to 20 MPa. If both
venting paths (Fig. 7.1) are used, that . is, FV 362 and FCV 363 in one
path and FV 361 in the other, the maximum projected venting rate at
60 MPa is 0.7 MPa/s, a clearly deficient condition.

The pressurizing system was repiped as shown on Fig. 7.4 to provide
independent flow paths 1from the PTSE-2 vessel to the control valves
FV 361 and FV 362. In addition, valve FCV 363 was eliminated because its
small flow coefficient indicated. that flow would be too severely con-
stricted through this path. Velting rate tests were again conducted with
results as shown on Fig. 7. 5. These results indicated that the. required
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Fig. 7.5. Vent rate characteristics with modified arrangement
(Fig. 7.4).

PTSE-2A depressurization rate could be attained with a slight modifica -
tion in the plan, that is, an exponential depressurization curve replac-
ing the originally planned bilinear depressurization curve. Both vent
paths would be required in this case. j

The valve with a flow coef ficient Cy = 0.5, used satisfactorily for
FCV 368 in the PTSE-2A transient, was incapable of regulating flow to
obtain the lower pressurizing rates, ranging from 0.11 to 0.33 MPa/s, as I
required for the PTSE-2B transient. Consequently, between the PTSE-2A i

and PTSE-2B tests a valve having a flow coef ficient Cy = 0.08 was substi-
tuted into the FCV 368 position shown in Fig. 7.4 and pretested. Results
of the pretest shown in Fig. 7.6 indicated that the substituted valve
could provide adequate regulating control for the PTSE-2B test.

7.2.3 Flow verification tests

The heat transfer conditions for the PTSE-2 tests were planned to be
a duplication of the PTSE-lC test. Consequently, a 7.94-cm-ID load ori-
fice, as used in the PTSE-1C test, was placed at the outflow flange posi-
tion on the shroud (Fig. 7.7). Other physical conditions (e.g., tempera-
ture, fluid composition, and PTSE-2 vessel / shroud annulus size) were con-
sidered to be virtually identical so that a virtually identical response
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was expected in flow pretests. Two surprises that occurred during flow
,

pretests of the system shown in Fig. 7.7 are illustrated in Figs. 7.8 and '

7.9.
As shown in Fig. 7.8, a delay of 17 s occurred between the time of

| energizing the pump motor and the initiation of flow to the shroud, as

| indicated by the pump control signal JY101 and flow orifice reading FY202
| in Fig. 7.8. In Fig. 7.9 flow to the shroud (FY202) and flow from the

shroud (FY206) are p'otted as a function of the time elapsed from the
start of data scanning. Flow from the shroud FY236 responded at the same
time as that to the shroud FY202 but did not reach full flow conditions
for an additional 260 s. Such delays were unprecedented in all previous
operations of the coolant system. Furthermore, when achieved, full flow
exceeded that achieved in the PTSE-lC by ~25%.

A hypothesis consistent with these observations and previous tests
was that some type of construction debris had partially choked flow from i

the pump during PTSE-lC and had subsequently migrated around the loop and
partially choked to the purp. With regard to the anomaly of Fig. 7.8, in
all previous operations of the systems, to initiate flow, valve HCV4 was
opened, and then after a lapse of 5 s, the recirculation pump was
started. To determine whether 5 s was adequate with the assumed partial
blockage, a test was made to determine the time required af ter opening

-_ _ _ _
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In this trial the flow was not established until 17 s after the start of
the pump.

HCV4 to provide coolant to the pump. A result of 10 s seemed to confirm
the hypothesis of flow blockage. The operating procedure for the coolant ,

system was revised to incorporate a 12-s delay between HCV4 opening and
pump starting. All subsequent coolant system operations and the flow
responses were normal.

To assess the potential effect of the higher flow conditions, cal-
culations were made using the standard Sf eder-Tate heat-transfer corre-

! lations2 and a modified (12 1/2% lower values) Sieder-Tate correlation -
both with and without an assumed fouling factor. For simplicity the

;

transient tenperatures for the shroud, PTSE-2 vessel, and bulk coolant ;
were assumed to be about the same as the PTSE-lC conditions. Physical I

values used in the heat-transf er correlations were, thecefore, premised |
on the PTSE-lC temperature conditions; flow rates, however, were premised l

on the PTSE-2 pretest values. These heat-transfer rates were then used
in the analysis to finalize the PTSE-2A test transient.

1
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This shows an anomalous mismatch of flows into and f rom the shroud.
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8. PTSE-2 EXPERIMENT

The PTSE-2 experiment was performed in two transients, the first on
November 25 and the second on December 10, 1986. The experiment con-
sisted of an installation phase, test-facility operations, and postopera-
tional activities. In the installation phase, the PTSE-2 test vessel was
placed in the test shroud, instrumentation circuits were completed, the
main coolant and pressurization systems were closed, and all operating
systems were made ready for operation. The test-facility operation for
each transient started with a pretransient phase of a few days duration,
followed by a pressure and thermal transient lasting a few minutes. The
operation terminated by placing the testing systen in a standby condi-
tion. Data records were secured in the terminal phase of operations.

|
Postoperational activities included processing of data, removal of the
test vessel, at.d examination of the vessel and flaw. This chapter
describes these activities up to the point of vessel and flaw examina-
tions, which are discussed in Chap. 9.

Both transients in the experiuent were conducted successf ully and
generated the f racture conditions and modes that had been planned. Dur-

ing the first transient (PTSE-2A) the flaw first tore depthwise in a
ductile mode, then propagated rapidly by cleavage, arrested, and finally
tore again until the pressure was reduced. The cleavage f racture propa-
gated both depthwise and lengthwise. During the second transient
(PTSE-2B) the flaw first tore d3pthwise, propagated rapidly by cleavage,
arrested, and immediately tore rapidly until the vessel ruptured.

8.1 Pretest Activities

The test vessel was fully instrumented, sealed, filled with the
pressurizing fluid, and leak-tested at low pressure before being trans-
ported to the test site. The instrumented PTSE-2 vessel is shown in
Fig. 8.1. In preparation for inserting the test vessel in the shroud,
capacitance gap gages were attached to the cylindrical surface of the
test vessel and calibrated in place. After the vessel was set into the
shroud, the concentricity of the test vessel and shroud surfaces was
measured by the gap gages and adjusted by means of a centralizing
assembly attached to the closure flange of the test vessel (Fig. 8.2).
The gap gages were removed before the shroud was closed.

8.2 Experimental Sequences

Test facility operation for each transient consisted of three
phases:

1. pretransient phase, during which all system and equipment checks were
made, the stored coolant was ref rigerated to the desired temperature,
the data acquisition system was set up to process and store data, the
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heat-up of .the test - vessel was accomplished, the pressurization
system was activated, - final sensor calibrations were 'made, and readi-
ness of all systems for the transient was confirmed;

. .

2. . transient phase, during which, sequentially, coolant was admitted to
the shroud, steady flow was established along the cylindrical. surface
of the test' vesse), the test vessel was pressurized in coordination
with the thermal transient,. crack behavior was nonitored by observing
CMOD gage readings, and the transient was terminated by depressuriz-
ing the test vessel and stopping coolant flow; and

-

3. posttransient phase, during which the coolant was pumped f rom the
shroud to the storage . tank, the test facility was put into a standby
condition, an; recorded data were copied and secured..

The control room of the test facility was equipped to present
graphical and digital displays of information needed in conducting the

,

operation. Pretransient conditions were monitored by strip-chart record-
ings of shroud and test vessel temperatures. All other system and test
vessel sensors were displayed continuously or on demand by monitors in
the main data acquisition system or the data logger.

The transients lasted ~270 and 430 s. The thermal transient was.
initiated by manual activation of controls with a delay of ~12 s. -After
initiation the thermal transient required no further planned action until
a termination command was issued. The pressure transient was initiated
and continuously controlled by manual manipulation of flow control
valves. The operator followed a predetermined pressure history drawn on
a strip-chart record of pressure. The strip chart was started automati-
cally by a signal from the main coolant pump switch.

Plans were made to alter transient operation under some contingen-
cies. Almost all decisions to alter a transient would have to be made
within the first 60 s. The conditions that required monitoring for
making operational decisions were coolant flow, nominal heat transfer
coefficient, crack depth (estimated from changes in CMOD), and test
vessel pressure.

Initial temperatures. The prescribed initial temperature of the
test vessel was established by the shroud heaters, which were. adjusted
during the last few hours before a transient to produce nearly isothermal
conditions in the cylindrical section of the vessel. Heater power was
turned off during transients. The required initial temperature of the
stored coolant was established by the operation of the refrigeration

,

system, usually for a few days prior to each transient. I

Coolant flow. Essentially steady otate flow was normally estab-
lished between 5 and 10 s af ter starting the main coolant romp. If the
flow were too low, the transient would be terminated immediately. Valve
positions and flows indicated on the control panel determined whether
satisfactory flow conditions were obtained.

Heat transfer. Two transients, designated PTSE-2A and -23, were
conducted in the PTSE-2 experiment. The first transient (PTSE-2A) was
preceded by flow tests with the entire system at ambient temperature (see
Chap. 7). Although coolant flow rates were higher than in the PTSE-1
experiment, it was concluded that PTSE-1C heat-transfer rates were
reasonably close to the rates expected in PTSE-2. The two transients
were perf ormed satisf actorily, confirming the validity of this conclusion.
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Crack depth. For each transient, pretest analysis permitted esti-
mates of expected crack growth. Decisions to terminate the transients at
the proper time had to be made quickly and reliably to avoid conditions
that might prevent attainment of test objectives.

Crack depth can be related to CMOD at any particular time in a well-
defined transient. Test data were converted to crack depth by a micro-
computer, and the results were plotted several times per second on a
monitor. Also, CMOD values were displayed on strip-chart recorders in
the control room. At any time that a sudden change in CMOD was observed,
the change was graphically converted within ~10 s to crack depth by the
test crew. The pretest computations that permitted this conversion are
discussed in Chap. 10.

Pressure. Prior to each transient, the accumulator in the pressur-
ization system was pressurized to 138 MPa, and the pressure of the test
vessel was adjusted to the prescribed initial level. Actual pressure was
monitored by the operator of the pressurization system and independently
by another crew member. Pressure transients were permitted to follow the
courses predetermined for the transients. The PTSE-2A transient was
terminated by manual action when the crack depth observations indicated a
sudden jump. In the PTSE-2B transient, the rapid crack jump ruptured the
vessel, which rapidly reduced the pressure to ~5 MPa.

8.3 Processing Recorded Data

The highest priority task after the completion of a test was to
cecure the data recorded on magnetic tape by the primary data acquisition
system. All data tapes were immediately copied to produce a working copy

-

and duplicate tapes for filing separately in secure archives. Recorded
data could also be printed or plotted immediately by the data acquisition
system as needed for evaluating system performance.

The computer programs developed for PTSE-1 for processing the pri-
mary tapes were used for the PTSE-2 experiment. The purpose of these
programs was to present data for convenient evaluation of sensor perfor-
mance and the data themselves, to condition data for input to the OCA/ USA
(described in Chap. 10) and other computer programs, to generate on-line
data sets representing raw and adjusted data, and to plot data from the
on-line data sets.

8.3.1 Evaluation of performance

Every variable was plotted vs time from the raw data. Sensors that
gave inconsistent or anomalous values and particular data records that
were outside a reasonable range of values were identified. Very few
sensors were unsatisf actory. All CMOD, thermocouple thimble, and inside-
surf ace temperature data were usef ul. Both pressure transducers on the
test vessel were satisf actory, but essential high pressure tubing modifi-
cations made immediately bef ore the test resulted in one transducer
(PE97) being on the vent line and the other (PE98) on the fill line.
Because the measured pressure is representative of the vessel pressure
only when flow in the line between the point of measurement and the
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vessel' is approximately zero, the data from the transducers had to be
' interpreted with the operating status taken into account.

'The operation of the. computer-controlled data acquisition system was
entirely satisfactory. -Consequently, the data recorded by the data log-

.ger, : including temperatures from thimbles - 8 and 9, Smre .not processed.for
posttest analysis.

8.3.2 Conditioning of temperature data for input to

OCA/ USA and ADINA

' Thermocouple signals were converted into temperature values by the
data acquisition system by- means of standard conversions published by the
National Bu-eau of Standards.1 The thimble and inside-surface thermo-
couples were individually calibrated in the laboratory against a standard
thermocouple. One function of posttest processing was to adjust the raw
temperature data f rom each thermocouple by its individual calibration
expression

T -T=ao + agT + a2T2 (1),

where T is the temperature inferred from the experimental thermocouplex
(or the raw temperature); T is the temperature inf erred f rom the standard
thermocouple (or the true temperature); and ao, a t, and a2 are coef fi-
cients determined by least-squares fit of the calibration data. For
thimbles 1 to 7, the coef ficients were small, as discussed in Chap. 6,
and were consequently set to zero in posttest data processing.

PTSE-2 and calibration laboratory data f rom each thermocouple were
reviewed for inconsistencies with physical reality. In cases in which an
error was evident, the thermocouple was omitted f rom the list of those to
be processed by OCA/ USA unless a rational correction could be justified.
Of the 84 thermocouples in thimbles 1 to 7,15 were omitted, and 15
thermocouples had their positions transposed. Errors of location trans-
position were casily evident because they produced a reversed gradient.
They were caused by errors in labeling of cables or connecting thermo-
couple wires to terminal strips. Locations of individual junctions
within thimbles were stated by the manuf acturers to be within 0.13 mm of
the nominal depth. Af ter the test, the thimbles were disassembled and
locations of individual junctions were determined by radiography. Dis-

crepancies in precise locations were taken into acccunt in generating
profiles for final posttest OCA/ USA and finite-element analyses.

Temperatures for thermal stress computations by OCA/ USA or ADINA
must be defined over the domain of the entire thickt.ess of the test ves-
sel wall (147.6 mm); thimble measurements, however, extend only to a
depth of ~100 mm from the outside surface. Furthermore, thimble and wall
temperatures at the same depth are slightly dif ferent. The type of tem-
perature profile generated for OCA/ USA and ADINA input is illustrated by
the dashed curve in Fig. 8.3. This profile was obtained by a nonlinear
mapping of the temperature-depth coordinates of the thimble (T, x) to the
temperature-depth coordinates of the vessel wall (T', x'), as described
in detail in Ref. 2. This mapping leaves the position and temperature at

.

. . . .

.

.
..



. , . . . . . .

!'

127

oRN(-OWG 87-4502 ETD

320 - | | I I I I I -

PTSE-2A " ~ ~ _ _ _ _ .

280 - THIMBLE 5 _

_ t = 160 s _

240 - ~g
o_ - -

p 200 - -

m - -

N 160 - ADJUSTED THIMBLE THERMOCOUPLE -

6 TE MPE R ATUR ES -

120 - ---- MAPPED TEMPERATURE IN VESSEL WALL -
g - -

80 - -

_ -

40 -

0
'

O 20 40 60 80 100 120 140

DISTANCE FROM COOLED SURF ACE (mm)

Fig. 8.3. Typical temperature profiles in thcrmocouple thimble and
vessel wall. The effect of the mapping procedure is illustrated.

the cooled surface unchanged, and the position and temperature at the
deepest thermocouple are mepped to coincide with the depth and tempera-
ture at the inside surface where there is a measured temperature. The
mapping functions have the ef feet of changing temparature and position
relatively little near the cooled surface. The results of calibration
and coordinate adjustments are shown in Figs. tl.4 and 8. 5 f or thermo--
couple thimble 5, which is the thimble closest to the centerline of the
flaw in the test vessel.

8.4 Transient Data )
|

Pressure and temperature data characterize the loading history of
each transitnt in the experiment; strain and CMOD data characterize the |
resulting response of the vessel and flaw. Examples _ of these data are !
presented here to identify important events in each transient. A com-
plete set of graphical representations of temperature, pressure, Of0D,
and strain data for the two PTSE-2 transients is presented in Appendix B.

The initiation of the thermal transient is marked by a sudden drop
in the temperatures measured by outside-surface thermocouples. This drop
is illustrated in Fig. 8.6 for the two transients. The PTSE-2A transient
started at nominally 112 s f rom the start of the data scan and was termi-

nated by depressurization and by stopping the main coolant pump at ~370
to 380 s. The pressure transient superimposed on the temperature plot in
Fig. 8.6(a) shows the effect of thermal contraction of the vessel on the

hydrostatic pressure of the vessel while valves in the pressurization
system were closed so that no fluid could escape. The pressure transient
imposed by the external pressurization system started at 185 s. The
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PTSE-2B transient started at ~155 s from the start of the scan and was
terminated by depressurization at 577 s.

The pressure transients near the tir.es of the fast crack jumps in
the A and B transients are shown in Fig. d.7. The plot for PTSE-2A
[ Fig. 8.7(a)] is a conposite of values meastred by the two pressure
transducers. The composite takes account of the recorded positions of
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flow valves to eliminate errors introduced by flow of tho pressurizing
fluid. When pressurizing fluid flows were -low, the pressures indicated
by the two cransducers differed by 0.2 MPa or less.

The output of a CMOD gage mounted on the cooled surf ace was the sum
of the effects of real displacement and temperature changes in the gage.
Dummy-CMOD gages (i.e., gages that did not cross the crack opening) were
included in the vesc+.1 in>Lrumentation so that purely thermal effects *

could be excluded f rom the displacoment measurements (see Chap. 6). Two

displacement-gage circuits (YE84 and. YE88) each included both active .and ,
dummy elements so that the output of these two circuits represented net ,

'

displacement, that is, the dummy output was subtracted from the active
output. The output of all other displacement gages was unbiased, and
data from two dummy gages were recorded . to provide a basis for adjusting
the unbiased displacement measurements. Typical responses of an unbiased
and a biased gage are compared in Fig. 8.8 for the A and B transients.

Two CMOD gages, YE79 and YE82, were connected to a Nicolet digital
oscilloscope that was set to record the output of the gages during the
1 ms bef ore and af ter the' device receitad a transient change in the

signal. The recording of the cleavage event in'PTSE-2B is shown in
Fig. 8.9. The amplitude of the recorded signal was limited to ~0.4 mm.

iFigure 8.9(b) shows both an acceleration and deceleration of the crack
mouth.

Most of the sensors on PTSE-2 produced useful information. However,
some sensors or their cable connections were damaged during test prepara-
tions or in one of the transients. The sensors that gave dubious output

are identified in Table 8.1.

Table 8.1. Sensors with dubious Output

.

Variable Sensor No. Problem Phase
,

Temperature TE17, 20, 21 Damaged before test A and B
<

TEl-2, 2-2, 2-4, 2-5, Inconsistent with A and B
;

; 2-6, 2-7 , 3- 1, 3-5, other thermocouples
3-6, 4-6, 5-4, 5-6,
6-3, 6-4, 6-5

grain (end-of- XE52 Normal except zero A and B )
crack marker) response to crack jump i

XE53 Broken" 81 ;

b
j CMOD YE54 Slight ur erratic response A and B

XE79, 82 anomalous resgonse# B

YE86, 87 Low amplit':!e A, B
.

80ccurred during crack jump in PTSE-2A.
bSome response to the PTSE-2B crack jump was evident.
OCCDAS records were anomalous. Strip-chart and digital oscilloscope

records were normal. -

d absence of normal response in PTSE-28 until the vessel ruptured mayTu
indicate that the gages were not properly pretensioned.

,
,

,

. . _ _ .__ _ _.. __ -. -- . . __, . _ - .__
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8.5 Interpretation of Events

The experimental records of CMOD vs time in conjunction with finite-
element calculations of displacements for a range of crack depths and
times were the basis for identifying fracture events. The times of maxi-
mum and minimnm Ky corresponded to abrupt changes in the slope of pres-
sure as a function of time. The time of the vessel rupture is marked by
a sharp drop in pressure and by abrupt changes in CMOD and strain gage
outputs. The time of initiation of each thermal transient, which need
not be precisely known, is marked by changes in outside surf ace tempera-
tures.

Times of all events are given relative to the tine of initiation of
the computer-controlled data scans.

8.5.1 PTSE-2A

The thermal shock in the PTSE-2A transient started about 112 s after
the initiation of the data scan. Subsequently and sequentially, the flaw
tore ductilely while K t was increasing; tearing ceased, presumably when
K first decreased; tearing resumed at about the time K increased again;7 y
cleavage crack propagation and arrest occurred; and, finally, ductile
tearing resumed af ter crack arrest until pressure was reduced. The suc-
cession of events identifiable from recorded transient data is summarized
in Table 8.2. The behavior of the variables associated with events is
illustrated graphically; the most probable times of events were deter-
mined by detailed evaluation of all relevant data.

CMOD behavior for the entire PTSE-2A transient is typified by the
plot of data shown in Fig. 8.10. More detail for the period of initial
tearing that preceded the initial maximum K is represented by two typi-
cal CMOD measurements vs time shown in Fig. y8.11. The first maximum K

7was reached at point A, when CMOD reached a maximum. The extent of
ductile tearing that occurred during this period was deduced by analysis
f rom the CMOD data, as discussed ir. Chap. 10. Examination of the frac-
ture surface, discussed in Chap. 9, showed that ductile tearing enlarged
the flaw depthwise with no significant axial tearing.

The second episode of ductile tearing transpired when CMOD again
increased (f rom point B to C in Figs. 8.10 and 8.12). The crack propa- )

Igated by cleavage, causing the rapid change in CMOD from C to C'. The
final ductile tearing in PTSE-2A occurred while pressure and CMOD were
increasing (from point C' to D in Figs. 8.10 and 8.12).

The time of axial propagation and arrest is clearly demonstrated by
the output shown in Fig. 8.13 of two gages located beyond the ends of the
initial flaw. Displacement gage YE51, which was 100 mm above the upper
end of the flaw, and strain gage XES3, which was 10 mm below the lower
end, indicated abrupt changes simultaneously at the tire of the cleavage
crack propagation shown in Figs. 8.10 and 8.12. The f racture surf aces,
discussed in Chap. 9, show that the axial propagation in the PTSE-2A
transient was a cleavage mode fracture. There were no indications f rom
any gages that another axial propagation occurred in either transient.
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Table 8.2. Events identified by transient data in PTSE-2A and -2B

Evidence cf eventEvent

PTSE-2A

Initiation of thermal shock ~112 Outside surface teraperature

Initial tearing 112-184.6 Analysis and CMOD
184.6 Calculated K ; GOD, pressuregFirst eximum Kg

Minimum K 341.8 Calculated K ; CM00, pressureg
g

Precleavage tearing 341. F 361.4 Analysis and CM00
Initial cleavage propagation 161.4 CM00

b
Crack arrest 36[.4 CMOD

Axial crack propagation 361.4 Strain and CMOD gages beyond
ends of initial flaw

Postcleavage tearing 361.4--365.6 Analysis and CMOD
Calet. lated K , CM00, pressure365.6 gFinal maximum Kg

PTSE-2B

Init t.ation of the rmal shock ~155 Outside surface temperature

Precleavage tearing 155-575.8 Analysis and CMOD

Cleavage propagation 575.82 CM00
b

Crack arrest 575.82 .CMOD

Postcleavage tearing 5 7 6. 2--57 $ . 7 Analysis and CMOD

Rupture of vessel wall 576.7 Pressure, 000, strain

"Time af ter stars of scanning by t e data acquisition system.
Time intervals (10 ms cannot be resolved by the data acquisitionb

system.

OANL D*GsF 4W9EYD
''

I I I I I
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Fig. 8.10. CMOD vs time at -enter of flaw for PTSE-2A transient.
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YE84 and YE83, respectively. The YE84 output was naturally biased by

,

|
incorporation of a dummy gage in the bridge circuit. The YE83 output |
has been adjusted by subtraction of the outot of a dummy gage (YE56).

|

|

8.5.2 PTSE-2B

The thermal shock in the PTSE-2B transient started at about 155 s
af ter initiation of the data scan. In this transient, K increasedy

) monotonically until about the tice of the rapid cleavage crack propaga-
i tion. The extended crack that had developed during the PTSE-2A transient

first tore depthwide and then converted to cleavage. The propagating
cleavage fracture arrested and proceeded to propagate by ductile tearing
until the. vessel ruptured. The events in this transient. are summarized
in Table 8.2.

The CMOD behavior typical of the time before cleavage is shown by
the CMOD at the center of the flaw in Fig. 8.14. The time of the start
of-the cleavage event is reasonably well defined by all of the active
CMOD and strain gages. The separation of subsequent events is more com-
plicated because it must be assumed a prior *i that postcleavage tearing
progressed with conuniform velocity. Plots of several variables reflect-
ing the status of the fracture during the 1-s period, including the
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tearing are shown. The output of gage YE84 has been shifted arbitrarily
by 0.2 mm to facilitate comparison of_the changes in CMOD at two proxi-
mal points while the crack was growing.

,

cleavage, tearing, and rupture, are shown in Fig. 8.15. Cleavage occurred
at the time marked A in this figure. The data show that pos tcleavage
unstable tearing possibly started immediately af ter crack arrest but was

'

definitely proceeding from B to C. The rapid decrease of pressure at
576.72 s (point C) clearly indicates that the vessel had ruptured by that
time; the more gradual pressure drops during the preceJing second were '

the consequence of the vessel bulging as the crack advanced. All of the
active GOD gages indicated a rapid crack advance at about 575.82 s, as ,

shown in Fig. 8.16. Sudden of f-scale increases in CMOD exhibited by
gages YE80, 81, and 85 at about 576.35, 576.12, and 575.83, respectively, ,

were coincident with gage f ailure and, therefore, may only be indicative
of idiosyncrasies of the gages. Figure 8.17 shows the changes ir. CMOD I

relative to the preeleavage values. This figure shows that the change in'

CMOD resulting f rom the rapid crack advance is a maximum at the center of
the crack (z = 0) and diminishes toward the ends of the crack. The rate
of change in CMOD was never constant in th.ts time interval, initially as !

a consequence of plastic flow with the crack stationary and subsequently 1

as a consequence of plastic flow or of slow tearing or of both. The i

acceleration of the CHOD change after 576.1 s is an indication that j,

tearing was proceeding at that time. I

i

;
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9. POSTTEST EXAMINATION OF FLAW -

f

9.1 Surface Features of Flaw
!

The PTSE-2 experiment produced two fast crack jumps during the two- ,

transients. The final crack propagation led to rapid ductile tearing
that penetrated the wall of the vessel. An outside view of the vessel "

after the test is shown in Fig. 9.1, which shows the entire length of.the
flaw. During the first cleavage crack propagation the crack ran radially
to a depth of 42.4 mm (at the center) and axially from both ends of the

.

original flaw to the ends of the low-upper-shelf-insert, a total length
,

j of 1340 mm. The inner surface was ruptured over an axial distance of
729 mm. The residual opening of the flaw at the outside surface (~8 mm)
is evident in Fig. 9.1. While the-vessel was intact the trace of'the4

flaw at the inside surface was indistinct. After the block containing

the insert and the entire flaw was cut f rom the vessel, the flaw vas
; easily visible at the inside surf ace. Deformation of the inside surface
,

is shown in Fig. 9.2 at the two ends of the flaw block.

1 |
'

9.2 Flaw Geometry

,.

A block of material 1372 mm long by 178 mu wide was flame-cut from
the vessel and sawed into six 240-mm-long segments (Fig. 9.3). Segments i

3 and 4 vere already f ractured completely; the small ligaments in seg-a

| ments 2 and 5 were broken by bending the segments at room temperature. i

The unbroken ends of segments 1 and 6 were trimmed of f, and the remaining 3-

portions were chilled in liquid nitrogen and broken apart. Prominent
features of the flaw are identified in Figs. 9.4-9.6 and Table 9.1. ;

Photographt of all segments of the fracture surfaces are included in |
*

; Appendix C.
The B side of the flaw was examined under a low-power microscope to

map the profiles of the crack at the stages described in Table 9.1. .The ;

coordinates of several points in each segment were measured with a scale i

graduated in millimeters. The measurements are presentec graphically in
Fig. 9.7. Figure 9.8 shows a photograph of one fracture ourface with the
cut segments reascembled in order. See Fig. 9.4 for the cefinition of.

j the coordinate system. The average depth of the flaw at several stages
; is given in Table 9.2. |

l

9.3 Fractographic and !!etallographic Evaluation'

of Fracture Surface
i

1- The fractographic and metallographic evaluations of PTSE-2 generally
]

confirm the f racture modes that were observed macroscopically. Frac-

tographic examination with the scanning electron nicroscope (SEM) con-
| firmed that initial ductile tearing and crack propagation in a cleavage,

mode occurred in the first transient with arrest at a depth of abouts

<
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Fig. 9.3. Scheme for cutting and labeling segments of the block
containing PTSE-2 fracture surfaces. Surfaces labeled A are viewed
toward lef t, and B, toward right.
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;- Table 9.1. Fracture features typical of
'

segnients 2 to 5

; ' Area Descriptionbo da y

A yg Cracked electron-beam weld, smooth dark
gray

B y2 Precleavage ductile tear in PTSE-2A, dark
gray, rough

C y3 Cleavage fracture in PTSE-2 A, light gray

D yg Posteleavage ductile tear in PTSE-2A,
brown or gray band

E y$ Precleavage ductile tear in PTSE-25,
medium gray

F y6 Cleavage fracture _in PTSE-2B, light gray
C yj Narrow band of ductile tearing, medium

gray
H y7 Same as F

I y6 Posteleavage ductile tear in PTSE-28
J

J y9 1ight-gray shear lip in ruptured portion; !
onbroken ligament, very light gray,
near both ends of fldW

i

Table 9.2. Dimensions of fracture
features of the PTSE-2 flaw

.

t

f

Feature
'

i

EB weld crack (y ) 14.5g :

Initial cuctile tear (y2) 22.5

First cleavage crack (y3) 39.3

Intermediate tear
First phase (y ) 42.4, g

| Second phase (y$) 46.1

| Second cleavage crack (y7) 78.8
:

) Momentary arrest siteb (Y ) 09'26

aAverage total depth of feature over
the central part (~400 sua long) of the
flaw.

bThis linear feature is distinct for
~500 esa in both directions f rom the
beltline. It is generally an area of
ductile tearing f rom 0.5 to 1.5 nun wide.

T

i
,

!
- -- .

. .- .- . - . .
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f '40 mm. In the second transient, ductile tearing preceded cleavage crack
~

-

} propagation with the final cleavage arrest at a depth of about 80 mm. i
! However, it was evident that an intermediate arrest occurred in the

neighborhood of 70 mm with subsequent reinitiation by ductile tearing
bef ore the final cleavage propagation and arrest. Beyond a depth of
80 mm,'the fracture (ccurred by ductile tearing. -

Preparatory to performing the scanning electron fractography, a
portion of the fracture surface was removed from segment 4A and cut to r

the appropriate size for the SEM. This portion,-shown in Fig. 9.9, was
. cut f rom the end of segment 4A nearest the midplane of the flaw. Punch i

~

marks (PM) were made on the f racture surf ace at or near various - features
of interest for reference. - Figure 9.9 identifies the boundaries.

(y marks) given in Table 9.1, . as well as the punch marks (painted white) -

and distances between them. The- distances f rom the outer surf ace to the
.

punch marks will only be similar to those given in Table 9.2 because the '!
punch marks are not necessarily located directly at a particular feature
and the features vary in depth, as indicated by Fig. 9.7. Figure 9.10
shows the surf ace just beyond PMI near the boundary of the electron-beam
weld. The ductile tearing is evident in the fractographs. Figure 9.11- i

is a series of three f ractographe in the- region between PM2 and PM3 that
show the end of the preeleavage ductile tearing in the first transient
and the start of the transgranular cleavage propagation (boundary y2)*,

Figure 9.12 shows an area beyond PM3 and confirms that the dominant ;

cleavage mode of crack propagation occurred with only a small amount of '

interspersed tearing in the form of tear ridges between cleavage facets.
Figure 9.13 was taken in the region just before PM4 and shows that the
fracture mode was still predominantly cleavage at that point, just before
arrest. Between PM4 and PM5 is a dark band thought to be ductile tearing i

associated with the continuation of loading immediately followind the,

I crack arrest in the first transient. Figure 9.14 f ractographs were taken
in that region and show the predominant ductile tearing behavior.

The light band between yg and y$ is ductile tearing that is thought
to have occurred during the second transient before mode conversion to
cleavage. Figure 9.15 shows the region near PM6 at the boundary y5 with
the change from tearing to cleavage quite evident in Fig. 9.15(b). The
region from y5 to y6 was examined also and was shown to be predominantly
cleavage similar to that of the first transient but with slightly more
prominent tear ridges.

The boundary y6 visually appeared. to be a possible momentary crack
| arrest followed by a small region of ductile tearing before cleavage

initiation and propagation. This boundary is evident along the entire
length of the f racture surf ace (see Fig. 9.8) although it merges with the
final crack-arrest boundary near the ends of the flaw, as shown in

! Fig. 9.7. Figure 9.16 is a series of fractographs taken in the vicinity
of PM7, which is located near the y6 boundary and sho es the narrow band
of ductile tearing between the two regions of cleavade. The SEM frac-
tography likewise confirmed the cleavage mode of propagation f rom y6' to
y7 and the fact that ductile tearing was the f racture mode beyond y7 to
the inner surf ace of the vessel.

A sample cut from segment 4A near the location of the f ractographic
sample was also examined with optical metallography. . Figures 9.17 and;

9.18 show the general microstructures near the outer surf ace and at the
i

1

1

I

-. . - . . -. --- .. . .- . . - - - . ..
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quarter-thickness depth, respectively. The microstructures are quite
similar, consisting of ferrite and about 40% pearlite. The higher mag-
nification in Fig. 9.18(b) shows the pearlite interspersed with carbides.

A microhardness traverse was also perfermed on a sample cut from
segment 4A of the the vessel insert in the region of the fracture sur-
face. Figure 9.19 is a composite photograph showing the f racture path
and the microhardness indentations. The left side of the photograph is
near the vessel outer surface; the right side is at the inner surf ace.
Because the section had to be cut into three sections for mounting and
hardness testing, a few millimeters of material was lost in the cutting
operation.

Figure 9.20 is a plot of the measured diamond pyramid hardness (DPH)
numbers as a function of depth from the vessel outer surface. Figures
9.19 and 9.20 have been annotated with approximate locations of the vari-
ous boundary features discussed earlier. As mentioned earlier, the vari-
ous boundary indications vary in depth with axial position, and distances
between features in one axial position may be a few. millimeters different
from those in another position. Thus, the annotated boundary locations
in Fig. 9.20 can be directly compared only with the surface shown in
Fig. 9.19.

There are wide variations in DPH, shown in Fig. 9.20, ranging from
about 160 to 240 DPH (neglecting the two peaks at ~260 DPH). That range
corresponds to HRB 82 to HRB 98. A nominal average then would be about
200 DPH (HRB 91). As discussed in Chap. 2, a hardness of HRB 90 was
measured at the quarter-thickness depth of the vessel insert with a
larger indenter (Rockwell B). There are also two peak hardnesses at
midthickness at about 260 DPH (HRB 101).

The microstructures in the regions of some of the microhardness
indentations were examined, and tuo are shown in Fig. 9.21. Figure
9.21(a) was taken about 4 mm f rom the outer surf ace, and Fig. 9.21(b) was
taken at about midthickness. It appears that the percentage of pearlite
is greater in the midthickness and that the indenter was located in a
f airly large patch of pearlite (harder than ferrite). It has been con-
cluded that most of the variations in DPH are associated with the amountof pearlite sampled by the indenter. However, it is apparent that the
average hardnesses are higher at midthickness and near the inner surface
than they are near the outer surface.
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10. ANALYSIS
,

10.1 Development of Test Plan

The primary objective of the pressurized-thermal-shock experiments
is to provide a basis for evaluating methods of fracture analysis-thata

could be applied to evaluation of pressurized-water-reactor vessels. The
principal criteria for planning the experiments !are as follows. '

l. The tests will be designed to challenge the predictions of analytical
methoda that are applicable to full-scale reactor pressure vessels
under combined loading.

. 2. The scale of the tests will be large enough to attain effectively
| full-scale restraint of the flawed region.
I 3. Material in the flawed region will be characterized by specimen tests

before each vessel test.
_ _

,

4. Test conditions and materials will be selected to produce
(a) realistic reactor pressure-vessel stress fields and gradients i

around the flaw and
(b) realistic fracture-toughness conditions in the zone of potential

flaw extension.
5. Loading conditions and controls will be used to prevent bursting the

vessel (except when desired) to minimize damage to the test facility.
6. The test facility will be capable of producing (with realistic

stresses) a variety of f racture possibilities:
(a) cleavage initiation of small flaws;
(b) cleavage initiation and arrest below the upper shelf;
(c) cleavage initiation with arrest on the upper shelf;
(d) arrest in a high positive K gradient;g

(e) warm and antiwarm prostressing states in succession; and
: (f) progressive (upper-shelf) tearing, tearing instabilie.y, and'

restabilization.

An implication of the first four criteria is that the test cylinder
be thick, a prerequisite satisfied by the Heavy-Section Steel Tech-must

nology intermediate test vessels. Preliminary analyses were performed to
evaluate the performance of these test vessels with respect to attaining ,

reactor pressure-vessel-like stress fields. Two important characteris-
tics were evaluated: (1) the small length and radius of the test vessel
relative to the dimensions of reactor pressure vessels and (2) the loca-
tion of the flaw on the outside of the test cylinder rather than the
inside, as is assumed in reactor pressure-vessel evaluations. In the
thermal-stress analysis of reactor pressure vessels, it is assumed that
the vessel is effectively infinitely long. The preliminary studies
showed that the nominal stress values near the middle of the vessel were
nearly the same as those for an infinitely long cylinder but that the

.

finite lengths of the crack and vessel and the existence of closure heads
have to be considered in calculations of K for cracks deeper than a/w =y
0.1 (Refs. I a nd 2 ). The studies also showed that the outside flaw loca-
tion was satisf actory because the stress and K distributions relative to

ty
!

l

,. , _ _ _ _ _ _ _ _ _ _ _ . __ _, ._ . . _ _ . _ _ . , . . , _ . . .
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the cracked and chilled surface are typical of the distributions in a
reactor vessel with the flaw and thermal shock on the inside curface for
cracks less than ~80% of the wall thickness.3

The PTSE-2 experiment was designed to produce and investigate a
cleavage crack propagation and arrest followed by unstable tearing. Thc
PTSE-1 erperiment4 might have approached this condition because J -curve

Ranalysis indicated that ~10 mm of ductile tearing should have ensued
after the final PTSE-1 crack arrest. If the PTSE-1 flaw had been in the
low-upper-shelf material used in PTSE-2, the extent of tearing would have
exceeded 100 mm, according to a tearing resistance analysis.

The PTSE-2 experiment was also designed to continue the investiga-
tion of warm prostressing started in PTSE-1. The first experiment
clearly demonstrated the inhibiting effect of warm prestressing for both
positive and negative values of K, when Kt was less than a previous rela-
tive maximum. 4 Initiation and refnitiation of propagation af ter periods
of warm prestressing were also experienced in PTSE-1, but only after
intervening periods of complete unloading. The PTSL-2 experiment was
designed to (1) induce simple warm prestressing (K ,< 0) bef ore the time7

(2) induce simple antiwarm prestressing (Ky > 0) while Ky>Kt-Kye,
K and (3) during antiwarm prestressing increase K to levels substan-7c, y
tially above the prior maximum value.

The experiment was planned to be perf ormed in two separate tran-
sients, each starting with the vessel at nearly isothermal conditions at
about 300*C. In the first transient (PTSE-2A), the warm prestressing |

,

phases of combined loading were pursued with the expectation that the l
crack would propagate by cleavage and then arrest at a depth suitable for
the second transient (PTSE-2B). The second transient was designed to
satisf y the primary objective concerning low tearing resistance and to

|determine also a valid value for K unperturbed by warm prestressing.Ice ;

10.2 Methods of Analysis

Extensive computational analyses were perf ormed to determine mate-
rial parameters and optimum pressure-temperature transients compatible
with the proposed test plan and with the capabilities of the pressurized-
thermal-shock test facility. Both linear and nonlinear material models,
as well as 2- and 3-D finite-element representations of crack geometries,
were employed. Computational economy required application of techniques
suitable for parametric studies involving a large number of transients.
The OCA/ USA computer program was developed to perform these parametric
studies for the planning of the first test, that is, PTS E- 1. OCA/ USA
combines the previously developed features of OCA-II (Ref. 5), an inelas-
tic ligament instabilit analysis,6 and an upper-shelf ductile tearing
computer program PTSUSA with a superposition method for calculating K

1for a crack of finite length in a cylindrical vessel with hemispherical
heads.4

The OCA/ USA computer program was used extensively to explore combi-
nations of thermal and pressure transients and material properties. This
program performs linear elastic f racture analysis based on superposition
of combined loadings with Ky f actors determined f rom both 2- and 3-D
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models of the vessel and flaw. In addition, the program determines

plastic-zone-size Ky adjustments, giving a pseudo-elastic plastic K , andg

performs ductile tearing and tensile instability analyses.
Finite-element representations of PTSE-2 were analyzed with the

ORMGEN/ADINA/0RVIRT system of computer programs.8-11 Two-dimensional
models were used to investigate elastic plastic behavior for several
loading sequences of importance in planning the PTSE-2 transients.
Three-dimensional models were used, first, to calculate influence coef-
ficients for the OCA/ USA representation of a finite-length crack in a
closed cylinder and, second, to establish the numerical basis for rela-
tionships of CMOD pressure-times vs crack depth f or use in rapid inter-
pretetion of data while an experiment was under way. Finally, 3-D models

were used to analyze all of the crack shapes developed during the PTSE-2
experiment.

10.3 Elastic-Plastic Finite-Element Analysis

10.3.1 Two-dimensional analysis

Two-dimensional plane-strain elastic plastic finite-element analyses
using the ORMGEN/ADINA/ORVIRT fracture analysis system -11 were performed8

to supplement the OCA/ USA linear elastic f racture mechanics calculations
in both pretest and posttest analyses. Collapsed wedge elements that
allow for crack-tip blunting were employed to give the appropriate 1/r
singularity at the crack tip for the elastic plastic computations.
Regular eight-noded isoparametric quadrilaterals were used elsewhere in
the modeling.,

l A typical finite-element model for these analyses is shown in Figs.
10.1 and 10.2. This model contains 116 elements and 395 nodes. A 2 by 2
Gauss integration rule was used.

The cylinder was assumed to be a composite of the two materials , A ;
'

and B, as shown in Fig. 10.1. The dimensions of the model were the same
as in the OCA/ USA analysis: wall thickness w = 147.6 mm and inside
radius = 343.0 mm. The stress-strain properties of material A were f rom
measured tensile properties of material representing the insert of 2 1/4
Cr-1 Mo low-upper-shelf material in the PTSE-2 vessel; the properties of |
material B represented the balance of the cylinder, which is ASTM A 533
grade B class 1 steel.

Several sets of tensile properties representing the elastic modulus
and the stress-strain relationship for material A were used in pretest
and posttest analyses. The properties (called set 5) used for the final

pretest analysis and for the final posttest analysis of transient PTSE-2A l
were based on transversely oriented tension specimen tests of the charac- i
terization material PTCl. The properties (called set 7) used for the I

final posttest analysis of transient PTSE-2B were based on similar speci-
men tests of material cut from the fractured insert. The latter tension

tests were performed, first, to help resolve the uncertainty of the pre-
test properties, which arose from the evident variability of the 2 1/4
Cr-1 Mo steel plate discussed in Chap. 2 and, second, to evaluate the
effect of strain hardening that resulted from the PTSE-2 transients them-

selves.

!
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The representativeness of PTC1 was not established conclusively.
However, studies of all the tensile property data made a plausible basis
for representing the vessel insert by property set 5 for the first tran-
sient and by property set 7 for the second.

For the finite-element model, the stress-strain properties of the
two materials were represented by the temperature-independent piecewise-
linear relationships shown in Fig. 10.3. The stress-strain parameters

,

are presented in Table 10.1. Other properties, which are also indepen-*

dent of temperature, are given in Table 10.2.
The ORVIRT program calculates the total strain-energy release rate

byG, which is converted to Ky ,

(1)K =
,

I 2i _ y
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Table 10.1. Stress-strain parameters for elastic plastic
f inite-ele ment analysis

(Coordinates of vertices in multilinear
representations of materiala)

D D
MatettagA Material A

Material BSet 5 Set 7
._,

St#*** S''"' Stress
Strain Strain Strain

(MPa) (MPa) (MPa)

0 0 0 0 0 0
0.000335 70.731 0.00039 77.220 0.002113 427.47
0.0026 250. 0.00226 360.0 0.05 434.13
0.0088 390. 0.00494 453.2
0.0250 478. 0.01484 524.2
0.0600 557. 0.04980 604.7

aFor strains greater than the last values tabulated,
the modulus for the preceding strain interval applies.

bMaterial A representations are approximations to
true stress-true strain data f rom tension tests described
in Chap. 2. The specimen selected for each set exhibited
a load-displacement behavior representative of an average
f or the set.

OFrom specimen P1372, one of six 12.7-mm-diam tension

specimens f rom characterization piece PTC1. The specimens
were transversely oriented, which is synonymous with the
circumferential orientation in the vessel.

dFrom specimen PE08, 1 of 17 6.4-mm-diam circumf er-
entially oriented specimens from the insert removed from
the test vessel. The elastic segment of the representation
was adjusted to be consistent with an average measured
modulus of elasticity at 100'C. I

i
|

|

|
Table 10.2. Thermoelastic properties used in !

'
finite-element models of PTSE-2 for 2-

and 3-D elastic plastic analysis

Material
Property

A A
BSet 5 Set 7

Young's modulus, MPa 211,137 198,000 202,300

Elastic limit. MPa 70.731 77.220 427.47

Poisson'a ratio, v 0.3 0.3 0.3

Coefficient of thermal 14.4 = 10-6 14,4 , to-6 g.,4 , to-6

expansion, o (K-3)'
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where E is Young's modulus and v is Poisson's ratio. Young's modulus for
material A is used in this conversion. Heat transfer and thermoelastic
properties of material B, which constituted more than 96% of the cylin-
drical shell, were attributed to the entire shell for calculations of G.

Each set of elastic plastic analyses was based on a particular
pressurized-thermal-shock loading sequence that was also analyzed by the
OCA/ USA program. In each case, a corresponding set of elastic finite-
element calculations was performed for comparison with the results of
elastic plastic and OCA/ USA analyses.

Sets of pretest elastic plastic analyses were made for each planned
transient. In each case, calculations were performed for three crack
depths: with a/w = 0.1, 0.3, and 0.5. Posttest analyses were made for
loadings of pressure and thermal shock represented by experimental pres-
sures p(t) and temperature distributions T(r,t). The measured crack
depths appropriate for each phase of the PTSE-2 transients were used in
the posttest analyses.

Variations of the finite-element model were analyzed to evaluate
ef fects of mesh refinement and material property models. Figure 10.4
shows the effect of modeling the entire vessel as a homogeneous structure
having the properties of the plug, material A. The mesh shown in Figs.
10.1 and 10.2 was used for this set of computations. The difference in
K for the two linear-elastic cases is not great, partly because ther
elastic moduli of meterials A and B are nearly the same. The elastic-
plastic cases demonstrated the necessity of using a nonhomogenous model
because differences are 10% or greater for times of importance in the
transient.

Two sets of posttest elastic plastic finite-element calculations

; were performed to determine the importance of minor variations in the
stress-strain relationship near the elastic limit. Values of the com-
puted strain-energy release rate (G) and K based on property set 7

7(Tables 10.1 and 10.2) were compared with values computed for an identi-
cal stress-strain relationship except that the elastic limit was 7.5%
lower than the set 7 limit. The values of G differed by <1% and the Kg
values by <0.5%. For the substantial differences in the stress-strain

| relationships of sets 5 and 7 (see Fig. 10.3), values of G generally
differed by 2 to 20%, depending on crack depth and loading. Thus, the
posttest calculations of K depend strongly on which stress-strainy
behavior is assumed to apply. For reasons discussed in Chap. 2 the

posttest calculations of Ky were based on property set 5 (from charac-
terization piece PTCl) for transient PTSE-2A and on property set 7 (from
the vessel insert) for transient PTSE-2B.

Two finite-element meshes, one finer and one coarser than that used
in the PTSE-2 analyses, were evaluated. The details of these two vari-
ants are shown in Fig. 10.5. The elastic-plastic Ky values for the two
variants differed from the values for the PTSE-2 mesh by <0.26%. The
nonhomcgeneous material structure shown in Fig. 10.1 was used in all
three cases. Far from the crack, the eleuent structure in the coarse 2-D
model is similar to that of the 3-D model.
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Fig. 10.4. Effect of using a homogeneous two-dimensional finite-
e le me nt model: comparison of K7 vs t f or homogeneous and two-material
models for a = 46.1 m.

10.3.2 Three-dimensional analysis
1
1

The 3-D finite-element nadel shown in Fig. 10.6 was used for post- '

test analysis. The model, which represents one quarter of the test
vessel, consists of 20-noded isoparametric brick elements throughout the
structure with collapsed wedge elements at the crack tip. Mesh geneta-
tions and computations were performed with the ORMCEN/ADIJA/ ORVIRT sys-
tem of computer programs. The model f or flaws with depths up to 22.5 m.n
comprises 846 elements with 4239 nodes. The nadel for deeper flaws has
830 elements with 4143 nodes. There are ten element divisions along the
crack tip.

The niterial properties were represented by the same parameters used
in the 2-D elastic-plastic analyses (Tables 10.1 and 10.2 and Fig. 10.3).
A comparison of resultu of 2- and 3-D computations is shown in Fig. 10.7.

_ _ _ _ _ - - - - . _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Figure 10.7(c) shows the 3-D K to be higher than the 2-D result in theg
latt er part of the PTSE-2A transient. This is probably a spurious conse-
quence of the coarseness of the mesh near the crack tip in the 3-D model.
Calculations similar to those re p re s e nt ed in Fig. 10.7 disclosed that the
3-D results are highly dependent on the site of successive load steps.
This suggests that the stress and strain fields in the long, thin crack-
tip elements do not well represent a converged solution.
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10.4 Final Pretest Fracture Analysis

10.4.1 Pretest assumptions and data

The principal purpose of pretest analysis was to define thermal and
'

pressure transients that were most likely to produce the conditions and
events essential to the objectives of the PTSE-2 experimer.t. Analyses
were also performed to provide the basis for rapid interpretation of data
during the experiments so that the test operations could be controlled
properly.

Secause of the undesirably low yield strength of the PTSE-2 mate- ;
,

rial, it was necessary to perform elastic-plastic finite-element calcu-
lations to supplant the plastic-zone-size adjustment routine in the
OCA/ USA computer program. Two-dimensional ADINA/0RVIRT analyses were
performed to model the specific transients being analyzed by the OCA/ USA
program as candidates for the PTSE-2A and -2B transients.

Early DCA/ USA analyses showed that the success of an experiment
involving both warm prestressing and anti-warm prestressing depended on
properly timing the transient to accommodate uncertainties in the imposed
transient and in K and K Uncertainties in the performance of theye 73
test facility were evaluated by performing OCA/ USA analyses for ranges of
values of the relevant time-dependent parameters: bulk coolant tempera-

ture T (t), convective heat transfer coefficient h(t), and vessel in-
B

ternal pressure p(t). As significant new toughness data were generated,
ye and K , vs temperature relationships were adopted as the basisnew K 7

for another iteration of parameter studies. The ef f ects of the choice or
assumption of initial vessel temperature, coolant temperature, convective
heat transfer, yield strength, flow stress, ductile tearing resistance,
and initial crack depth were investigated. Uncertainties in none of
these f actors had as profound an influence on the selection of the first

fracture toughnesses K and Kpressure transient (PTSE-2A) as did the
Furthermore, when the transitional temperature range had been hefined f a'or

data werePTSE-2 material by Charpy impact tests and when the first K7c
obtained, it was evident that the thermal parameters of the PTSE-lC
experiment were suitable for PTSE-2A. Consequently, it was decided to i

try, in the PTSE-2 experiment, to replicate the PTSE-lO heat-transfer l
conditions. Accordingly, the subsequent OCA/ USA analyses were concerned |
primarily with selecting pressure transients suitable f or two successive
transients: (1) PTSE-2A for warm prestressing, anti-warm prestressing,
initiation of cleavage f racture, and crack arrest at a shallow depth and
(2) PTSE-2B for initiation of cleavage and crack arrest under conditions
of tearing instability.

Except for the narrow plug of low-upper-shelf material, the PTSE-2
vessel was the same as the PTFC-1 vessel. Therefore, the same geometric

4
j and thermo-elastic parameters that were used in the PTSE-1 analysis were

used for PTSE-2. The parameter values used in all OCA/ USA analyses are
given in Table 10.3. The flaw depth bef ore the PTSE-2A transient, 15 mm,
was estimated from ultrasonic measurements described in Chap. 3.

Material properties. Properties that were determined early f rom
tests of characterization piece PTCl were f rom tensile, Charpy impact,
and drop-weight tests. The data from these tests, which are presented in

.

)
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Table 10.3. Characteristics of the test
vessel used in all pretest OCA/ USA ,

analyses of PTSS-2

Parameter Value

Material properties

E, MPa 202,300
a, K-1 14.4 x 10-6
Poisson's ratio, v 0.3
Conductivity K, Wam-l*K*l 41.54
Heat capacity e J a kg-l * K- 1 502.4
Density p, kg/mb 7833

Geometry of vessel

Inside radius rt, mm 343
Wall thickness w, mm 147.6
Flaw length 2b, mm 1000

Initial flaw depth"
a, mm 15
a/w 0.1

GBefore the PTSE-2A transient.

detail in Chap. 2, are summarized in Table 10.4. Teering resistance (J )
,

data for PTC1 are shown in Fig. 10.8 in comparison with data from irradt-R
ated low-uppe r-shelf welds.12,13* Figure 10.8 shows that the PTSE-2
material is a good representation of irradiated low-upper-shelf welds
with respect to tearing resistance.

?ccause yield strength was particularly dif ficult to evaluata for
the characterization material, values of flow stress from 385 to 600 MPa
were used as a basis for parametric OCA/ USA analysis of tensile insta-
bility. For final pretest analyses, limiting values of flow stress of
270 and 428 FTa were chosen from the pretest tensile data (Table 2.5),,

i because they represented a plausible range for data that were considered
uncertain.

Evolution of toughness data and t ra ns ien t plans. It was expected ;that fracture toughness data for the PTSE-2 material would be uncertain, '

and early OCA/ USA parameter studies were designed to reveal the impact of Ichis uncertainty. As K 7e, K , and K3 73 data were adduced, they became the ;basis for a succession of Kic(T) and K ,(T) relationships used in ther
OCA/ USA analyses by which the PTSE-2 transients were eventually defined.
The dependence of toughness on temperature was assumed to have the form

* References 12 and 13 present tearing resistance data in terms of J-
deformation and J-Ernst modified, respectively. Tearing resistance in
Fig. 10.8 is J-deformation.

i
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j Table 10.4 PTSE-2 characterisation '

material (PTC1) properties, ,

i
!'

!
Property Value i

I Yield strength. HPa 255 ' i

Ultiaste strength, MPa 518

NDT temperature. 'C 49 .

k

| Onset of Charpy upper shelf (100% 150 ;

j shear fracture appearance), 'C f
3 r

.

Cherry uppec~ shelf energy, J ~50-754
4

; Charpy trannition cemperature, 'C

{ At 50% shear fracture app 90u

a

j At 0.89-am lateral expan$ 98
__

aRange for all depths in av. The.
;

i average at 1/4 depth is ~68 J.
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welds. The points plotted are for the highest and lowest JR curves for
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and Kla = a + b exp (cT) (2)K 1c ,

where T is temperature in degrees Celsius and a, b, and c are parameters
determined f rom characterization material test data. Fracture analyses

performed to help define useful transients were usually based on both
high- and low-toughness assumptions represented in each case by appropri-
ate sets of the parameters a, b , a nd c .

It was clear that the toughness data f rom the PTSE-2 characteriza-
tion material tests (of piece PTC1) were inadequate to define KIc Iand K
well at temperatures of importance in the PTSE-2 experiment, that is, at
temperatures high in the brittle-ductile transition. However, on the

basis of PTSE-1 experience,4 it was presumed that the K data, for which
la

indicated a toughnessthere were many more plausible data than f or KIc,
range appropriate for planning the experiment. Thus, upper and lower KIa
parameters were determined first, and then KIc expressions that were
compatible with these arrest toughnesses were sought.

Bef ore any PTSE-2 characterization data were available, toughness vs
temperature relationships for OCA/ USA f racture analysis were adopted f rom
Sect. XI of the ASMB Boiler and Prosaurs Vessel Code.14 Because the
transition-temperature range was unknown during this phase of analysis
(5 to 19 uonths bef ore the test), transients were analyzed with RTNDT
ranging from 40 to 110*C. When K data for PTSE-2 material were firstIc
available, it was clear that the adopted asymptotic values of toughness
at low temperature should be reduced to be consistent with the valid K jy

Consequently, values of the parameter a of 37 and 25 were adoptek Idata.

for Kic(T) and KIa(T), respectively, for the next phase of analysis (from
1 to 5 months before the test). Valtas of the parameters b and c used in
PTSE-1 were adopted. The amplitude parameter b was adjusted to account
for the apparent RT f PTSE-2 being different from the RT f PTSE-1

NDT NDT
(91.3*C). The real RT f PTSE-2 material is ill defined, but values

NDT
of this parameter f rom 75 to 90*C were used in OCA/ USA analyses to
account for uncertainty in toughness.

The first K data for PTSE-2 charac, r!zation material were the
Ia

'ars used in OCA/ USA f racturebasis for the next set of K and Kla paratIc
.

The K , parameters b and c were termined ffrat (for a = 25)analysis.
7

by a least-squares fit of the expression in 'q. (2) to seven K data
la

from 0 to 82*C (see Chap. 2). The parameters for this KIa(T) were used '
in OCA/ USA analysis as an upper-toughness option (see "Preliminary
Curves" in Table 10.5).

was based on the expressionThe lower-toughness expression for KIa
data.15 In PTSE-1of Eq. (2) fitted by least squares to S-adjusted Kla

the K curve based on S-adjusted data agreed best with the pressurized-
Ia

thermal-shock experiment. The fitted expression was very close to the
expression shifted by 30 K. Therefore, for simplicity inupper-Vla

OCA/ USA parameter studies, the shifted upper-Kla expression was used for
the lower K Ia*

curves were chosen to fit the low-temperatureUpper- and lower-KIc
K data from characterizatios tests at -75 and -25*C, but these data had

3
no bearing on transitional toughness. Consequently, the transitional

_ _ _ _ _ _ -



. . _ . _ . _ . _ __ . . _ . _ _ .

182

Table 10.5. Fracture properties
in OCA/ USA analyses

_-

Parameter value

bProperty ' Tearing" Cleavage |
|

!c n- a b c i

!
J 1.4 0.3 '

R

Preliminary curves
K upper 37 35.911' O.01769Ic

lower 37 21.122 0.01769
K upper 25 21.619 0.01769Ia

lower 25 12.716 0.01769
|Final curves

K upper" 39 19.666 0.02878 )Ic
lower 39 8.294 0.02878 '

K , upper 34 11.143 0.024137
lower 34 7.96 0.02133

"JR = c( Aa)", whe re J is in megajoules perR
square meter and Aa is in meters.

bK or KIa = a + b exp (cT), where K is inrc y
megapascals times square root meters and T is in
degrees Celsius.

CThese parameters used in Eq.. (11) with
T = 20.26 K give a value of Kte that agrees
wIththecrackinitiationobservedinPTSE-2B.

portion of the K curves was based, for lack of other reliable hypothe-Ie
ses, on compatibility with the derived K Ia toughness curves. It was
noticed that at moderate transitional K g levels in PTSE-1, the K andrcK , curves were separated by ~30 K, namely,r

Ky (T) = Kh(T + 30) , (3)

where temperature is in degrees Celsius. The preliminary Klc Parameters
in Table 10.5 were obtained by Eq. (3).

The final pretest expressions for K , (Table 10.5) were determinedr
by least-squares fits to the complete sets of raw and 8-adjusted data
from characterization piece PTC1. The K , data are shown in Fig. 10.9y
with the upper and lower-K la curves.

. , .. - -. - _, -. ---- _ _ . -_ . --
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Fig. 10.9. Crack-arrest toughness data for characterization piece
PTC1. The upper-toughness curve is a least-squares fit to the data
shown. The lower-toughness curve is a similar fit to 8-adjusted data
(points not shown). j

The final uppar-Kre curve was chosen to fit the 8-adjusted K datay
at low temperature (-75 and -25'C) and to satisfy Eq. (3) at transitional
tenperatures. An exploratory least-squares fit was made to 12 points:
the set of six 8-adjusted data at -75 and -25'C and, at higher tempera-
ture, six K data adjusted for dependence on both size and strain ratey
caused by stable crack growth.4 Because the resulting K Ic expression
satisfied Eq. (3), it was used in the final OCA/ USA pretest analyses.
The lower K expression is essentially the upper K shif ted by 30 K.7c IcThe K and K data and the two K curves are shown in Fig. 10.10.

hSermaltransient
y 7e

parameters. Sensitivity studies with variations
in the time-dependent convective heat-transfer coefficient h(t) and the.
bulk coolant temperature T (t) indicated that the heat-transfer ratesB
experienced in the PTSE-lC transient 4 would be satisf actory for PTSE-2.

_ _ _ _ _ _ _ - .
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1

This was important because resources were not available to perform pre-
liminary heat-transfer tests to determine whether a more favorable ther-
mal transient could be generated. The values of h(t) and T (t).used forB"nominal" OCA/ USA transients are given in Fig. 10.11. The pretest flow
trials, discussed in Chap. 7, suggested that flow, and, consequently,
h(t), might be somewhat unpredictable. Therefore, final pretest OCA/ USA
analyses included cases for variants of the nominal h(t) 10% above and
10% below the nominal h.

The perf ormance of the PTSE-2A transient experiment confirmed,
finally, that the nominal h(t) represented the experiment well. There-
fore, final analyses before the PTSE-2B transient were based on the
nominal coefficient.

.
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10% above and below nominal.

10.4.2 Results of PTSE-2A and -2B analysis

PTSE-2A. A final series of OCA/ USA pretest calculations were per-
formed to select a pressure transient for PTSE-2A. In addition to con-
sidering variations in the pressure transient, a range of values of the
convective heat-transfer coefficient h(t), ranging from 90 to 110% of the
nominal h(t) from PISE-lC, was considered, and both upper and lower
toughness cases discussed in Sect. 10.4.1 were analyzed [see Table 10.5j

| ("Final Curves") and Figs. 10.9 and 10.10]. The pressure transient shown
in Fig. 10.12 as curve A1, combined with the nominal h(t), was selected
for elastic plastic analysis. The resulting K1 and Kre vs time relation-
ships are shown in Fig. 10.13. This transient produced the desired shape
in the Ky vs time curve, with the final maximum K
maximum af ter a long period of warm prestressing.g exceeding the firstBy extending the low-
pressure phase of the transient by 40 s (see curve A2 in Fig. 10.12), the

period of simple warm prestressing (Kz < cu)rves.d persist almost
0 woul to the

intersection of the K and the upper K This extended transient I

7 Ie
could not be shif ted further (later) in time without invoking greater un- !

certainties in the transient and in flaw behavior. Stable ductile tear- |

ing before cleavage would elevate K , which would be helpful in one !7
sense, but tearing was not certain. Higher pressures initially and j
finally in the transient would also elevate K , but this might promote i

too much ductile tearing and a premature tearfnginstability. Accord- |

ingly, the pressure curve A2 (Fig. 10.12) was selected for the PTSE-2A |
transient.

PTSE-2B. It was expected that the performance of the PTSE-2A tran-
sient would remove some uncertainties about the thermal shock perf ormance

|

,_. _. - - . - -. -.- - _. - . .
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Fig. 10.12. Pressure transients planned for PTSE-2A and -2B
experiments. Final PTSE-2A pretest OCA/ USA and elastic plastic analyses
were based on curve A1. The planned PTSE-2A transient is curve A2.
Curve B is the planned PTSE-2B transient, which was also used for the
final pretest OCA/ USA analysis. The corresponding clastic plastic
analysis was based on curve D1.

of the test facility and the actual arrest toughness Kya of the vessel.
OCA/ USA calculations before PTSE-2A indicated that if toughness were
high, the PTSE-2B transient would have to be several minutes long to
obtain a crack propagation in cleavage for an initial crack of coderate
depth. The principal challenge was to design a pressure transient within
the capabilities of the testing facility that would preclude warm pre-
stressing bef ore the time Ky=Ky , even if-toughness were high.

DatafromPTSE-2Aindicated$ hat the crack was ~30 to 45 mm deep,
the toughness was high (but probably not as high as the upper-toughneus
curves), and the thermal transient was approximately as planned. Analy-
ses based on the PTSE-2A data and performed before the B transient con-
sidered several thermal and pressure options and uncertainties in K

Ic'

Kla, and crack depth. Initial vessel temperatures from 250 to 300*C were
considered. The B transient was designed to produce the same thermal
parameters as the A transient, except a lower initial vessel teuperature
(275'C) was chosen. The final OCA/ USA pretest analysis was based on the

_. - __ - - . _ _ - . --
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!
i

.

pressure transient shown by curve B of Fig. 10.12. The correspondingelastic plastic analysis was based on curve Bl. Results of the analysis
are shown in Fids. 10.14-10.16. Figure 10.14 shows that a crack 37 mm
deep (a/w = 0.25) would propagate af ter 280 to 460 s, depending on K

ic.Figure 10.15 shows that if low cleavage toughness obtain, cracks for
which a/w is initially 0.2 to ~0.3 would arrest and remain stable; a
crack with a/w > 0.30, however, would arrest and then tear unstably. If
the cleavage toughness were high, the postarrest tearing would tend to be
less stable, as shown in Fig. 10.16.
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elastic-plastic finite-element analyses of the planned PTSE-2B tran-
The elastic plastic analysis was based on the p(t) curve B1sient.

(Fig. 10.12), which differed slightly from the planned transient
pressure (curve B).

10.4.3 Crack-depth analysis

it was necessary to estimate the crack depth while the experiment
in progress so that decisions concerning termination of the tran-was

sients could be made immediately and confidently. This had been accom-
plished during the PTSE-1 experiment by means of reading rapid changes in
CMOD from a strip-chart recording and converting those observations to
crack depth by graphs prepared before the test. This procedure allowed
the conversion of data in ~10 s after a crack jump.

In PTSE-2 it was important to be able to make this conversion almost-
instantaneously because it was hoped that when the final cleavage arrest,

- -. .- - . - - .__ , . - _ . - _ _ - - - . . - . _ . - . .
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followed by unstable ductile tearing, occurred, it would be possible to
unload the vessel rapidly enough to prevent the complete rupture of the
vessel wall. To carry out this task, a microcomputer with inputs f rom an
analog-to-digital conversion interf ace was programmed to make the neces-
sary conputations and plot the results on the computer monitor. Two-
independent inputs of CMOD and pressure were combined with a time vari-
able to compute crack depth. In pretest trials it was demonstrated that
six to ten points per second could be processed and displayed with a
delay time no greater than ~0.1 s. In addition to the computer-based.
scheme, the manual procedure used in PTSE-1 was also used in PTSE-2 for
the benefits of redundancy.

Both methods were based on pretest calculations. Three-dimensional
quasi-static finite-element analyses of the test vessel were performed
with the ORMGEN/ADINA/0RVIRT fracture-mechanics system -10 installed on8

the Oak Ridge CRAY X-MP computer. Results from these analyses were used
to correlate incremental changes in crack depth with measured changes in
CMOD during a transient. This was accomplished by employing a super- I

position technique that combines calculated midplane CMOD values for I

pressure loading with the calculated values for thermal effects over a
range of crack-depth ratios and selected times in the transient.

By superposition, the total CMOD ( A) is the sum of the individual
components f rom the thermal and pressure loadings:

A(a/w, t) = A (a/w, t) + A (a/w, p) (4),

T

where A and A are the separate thermal and pressure contributions. The
T p

thermal CMOD A f r a given thermal transient is an explicit funct. ion of |T
a/w and t, but A does not depend explicitly on t. The graphic-manualp
procedure used graphs of the total CMOD vs a/w and t. The computer-based
method required the solution of Eq. (4) for a/w as a function of 6, p,
and t. To facilitate this solution, algebraic expressions for the
functions A (a/w, t) and A (a/w, p) were derived from the results of 3-D

T p
finite-element analysis.

For the PTSE-2A transient , 3-D finite-element analyses were con-
ducted f or a series of crack depths in the test vessel subjected only
to thermal loading for the planned test transient. Each finite-element
model in this series consisted of 3288 nodes and 688 isoparametric
elements. Material properties were taken to be Young's modulus
E = 2.00 x 105 MPa, Poisson's ratio v = 0.3, and thermal-expansion
coefficient a = 13.0 x 10-6 g-1 The temperature distributions for the
computations were selected f rom the output of the OCA/ USA case E2B411,
which was nearly identical to the final OCA/ USA pretest analysis case.
The computations were made for three times, given in Table 10.6. In-

cluded in Table 10.6 are the calculated midplane CMOD values as a result
of thermal-only loading for the range of crack depths and transient times
utilized in the analyses.

For the microcomputer program a cubic expression,

A = A (a/w) + B (a/w)3 (5),

T T T

.
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Table 10.6. Calculated midplane
Ct10D" for selected crack-depth

ratios a/w and times for
planned PTSE-2A transient

(OCA/ USA case E2B231)

(internal pressure .p = 0)

Time
(s)a/w

30 100 200

0.1 0.274 0.292 0.265
0.2 0.576
0.3 0.866
0.4 1.171
0.5 1.494
0.6 1.836

aDisplacements in millimeters,

was fit by least squares to the CMOD values at 100 s (in Table 10.6).
Because A is proportional to p, the expressionp

[A (a/w) + B (a/w)3]p (6)|
A =

p p p

was assumed, where the coef ficients were determined by a least-squares
fit to CMOD values calculated for p = 1 by 3-D finite-element analysis
(Table 10.7). Values of the coef ficients in Eqs. (5) and (6) are given

_

in Table 10.8. The time dependency of A was ignored because of the weak
T .

dependency on time shown in Table 10.6 and in the results of OCA/ USA
calculations for times of importance.

Combining Eqs. (4)-(6) gives the cubic equation

(a/w)3 + C (a/w) + C A = 0 , (7)g 2

where

AT+Ap 1p
C i=BT+Bp 2"~BT+Bp8" *

The classical solution of Eq. (7) for a/w is well known.

The graph used during the PTSE-2A experiment is presented in Fig.
10.17. This is based on the pressure transient shown in Fig. 10.12 as

_ . - ___ _ _ . _ . _ . - . , . _ _ _ _ _ _ _ _ _ _ _ - _ , . _ _ _ , .
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Table 10.7. Calculated midplane Table 10.8. Coefficients in cubic
CMOD for selected crack-depth expressions for CMOD for the

,

ratios a/w in test vessel for PTSE-2A experiment i

pressure only (p = 1 MPa)

Coefficient Value I

MOD |a/w '

(um) A 2.83852T

B 0.607226
O.08 0.572 T

0.10 0.761 A 0.00714
P0.15 1.213

B 0.029650.20 1.726 P

0.30 3.022
0.50 7.308
0.60 10.690

CRNL.DWG 97C=3992 ETO
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Fig. 10.17. Graphs of a/w vs ACMOD for series of times in PTSE-2A
transient.
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curve Al. During the-transient both the graphic-manual procedure and the
microcomputer gave reliable indications of the magnitude of the crack
jump.

10.5 Posttest Analysis

The experimental purpose of PTSE-2 was to elucidate the mechanisms
of f racture by means of an experiment with a structure large enough to
provide stress states and toughness states during fracture events par-
ticularly representative of those that would exist in a real reactor
vessel during a severe overcooling accident. The purpose of the posttest
analyses described here is to interpret the raw experimental data, in-
cluding posttest fractographic, metallographic, and geometric character-

.

izations of the flaw, in terms of fracture mechanisms. Essentially the
same computational methods were used before and after the experiment.
However, all posttest analyses were based on measured pressures and tem-
perature distributions, thus obviating uncertainties that might have been
introduced by heat-transfer calculations. Two- and three-dimensional
finite-element analyses were used for calculating Ky and CMODs for the
times and crack geometries of interest.

10.5.1 Vessel and flaw characteristics

| The material properties used in pretest analyses (Tables 10.1 and
l 10.2) were assumed for the posttest finite-element analyses. The same

vessel geometry was also used (Figs. 10.1 and 10.6). Crack geometries
were determined f rom the measurements of flaw features described in
Chap. 9 (Fig. 9.7). Smooth curves, symmetrical about the center of the
crack, were fitted to the data, as shown in Fig. 10.18-10.20. The
parameters for these crack shapes are given in Table 10.9.

!

| 10.5.2 Experimental transient data

The phases of the experiment especially important to the understand-
ing of the f racture behavior are defined by the events identified in
Table 10.10. Fourteen separate phases can be distinguished by the physi-
cal appearance of the fracture surfaces and the transient data. Experi-
mental pressures and temperatures at time steps relevant to these events
were extracted from experimental data sets, as described in Chap. 8. The
experimental pressures for the transients are shown in Fig. 10.21. The
experimental temperatures at the initial crack depth in each transient
are shown in Fig. 10.22. The pressures used as input for finite-element
analysis are listed in Table 10.11. The corresponding temperatures are
included in Appendix A.

10.5.3 Correlation of crack-depth and CMOD observations

Bet' ore initiation of the cleavage fracture in PTSE-2A, the crack
increased in depth (from a = yt to y2) by 8.0 mm. Af ter the cleavage |

_ _ . . _ _ -- . _ , _ _ _ _ __ _ _ _ . _ _ _ __ __
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Table 10.9. Coordinates of the PTSE-2 crack tips"

Depth, a or y (mu) at z

f*) dCrack-stage

d
1 2 3 4 5 6 7 12

0 14.5 22.5 39.3 46.1 69.2 78.8 20.2
100 14.5 22.5 39.3 46.1 69.2 78.8 20.2
200 14.5 22.5 39.3 46.1 69.2 78.8 20.2
300 14.5 22.5 39.3 45.4 69.2 78.6 20.2
350 14.5 22.0 39.3 44.4 69.2 78.4 20.2
400 14.5 21.3 39.3 43.1 69.2 77.9 20.2
450 14.5 20.6 38.9 41.5 69.2 77.2 20.2
470 14.3 19.6
480 14.0 18.6
490 13.0 17.4
495 12.0 15.7 15.7
500 5.0 11.8 38.2 39.9 69.2 73.2 5.0
503 0 0 0
550 37.4 38.3 68.6 68.6
600 35.6 36.0 63.8 63.8
620 34.5 34.7 60.2 60.2
640 32.9 33.4 55.5 55.5
650 31.2 31.2 52.5 52.5
660 0 0 0 0

Depth f or 2-D finite-element analysis

14.76 22.5 39.3 42.4 46.1 69.2 78.8 20.2

"Coordinates of fii .te-element crack-tip nodes nay'

| differ slightly from the e coordinates. See Figs. 10.1&-
10.20 for plots of crack geometries.

bDistance f rom centerline of the flaw.
0'

Fracture features corresponding to each crack stage are
described in Table 9.1. Corresponding events are identified
in Table 10.10.

dThe preliminary depth, 20.2 mm, for the finite-element
mesh dif fers slightly f rom the value (19.6 am) discussed in
the text in Sect. 10.5.3.
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Table 10.10. Events in the PTSE-2A and -2B transients

Evidence of event
aTime CrackEvent b(s) position Transient Fracture

data surface
,

PTSE-2A

Initiation of thermal shock .~112 y1 X

Onset of initial tearing <184.6 yt X X

First mar.imum K 184.6 y12 Xg

Minimum K , onset of preeleavage 341.8 y12 X X
t

tearing
Initial cleavage propagation 361.4 y2 X X

#
Crack arrest 361.4 .y3 X X

Termination of posteleavage 365.6 yg X X
tearing (second maximum K )y

PTSE-2B

Initiation of thermal shock ~155 yg X

Onset of precleavage tearing <575.8 yg X X
Initial cleavage propagation 575.82 y5 X X
Interruption of cleavage by c y6 X
ductile tearing

Resumption of cleavage a y6 X
propagation

#Crack arrest 575.82 y7 X X !

Onset of posteleavage tearing 576.2 y7 X X

Rupture of vessel wall 576.7- X X

"Time after start of scanning by the data acquisition system.
bCrack depths yg are identified in Tables 9.1 and 10.9. Depth y12

is the depth developed by the initial ductile tearing before warm pre-
stressing in PTSE-2A. The depth waa inferred f rom transient data by
finite-element analysis.

#Time intervals <10 ms cannot be resolved by the data acquisition-
system.

.

4
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Table 10.11. Experimental pressures
vs time for PTSE-2A and -2B at time
steps analyzed by elastic plastic

finite-element methods

PTSE-2A PTSE-2B

Time Pressure Time Pressure

(s) (MPa) (s) (MPa)

110 60.0 157.2 2.7
120" 60.5 159.6 2.9
130" 61.2 161.9" 3.0
140" 61.8 164.3 3.0
150 62.2 167.9" 3.1
160 62.6 171.5" 3.1
170" 63.0 178.7 3.2
180 63.2 185.8" 3.4

a185 62.8 193.0 3.2
200 46.5 200.2 2.9
220" 31.5 214.5" 2.5
240 21.5 228.8" 2.5
260" 14.8 243.2 2.6
280 10.4 271.8" 2.4

i 310 10.8 300.5 3.1
| 340 11.1 329.2 5.5
| 345 16.7 350.7 9.3
1 350 26.5 365.0 11.2
| 355 36.5 386.5 16.3

360 45.8 400.8 20.1
365 52.5 451.0 34.9
370 49.4 501.2 50.0

551.3 62.9
572.8 66.9
575.7 67.3
576.0 65.1
576.7 62.3

1

"Some 2-D analyses omitted this |

load step. '

|

|

l
1

l

I
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arrest further tearing (f rom a = y3 to yg) of 3.1 mm occurred bef ore the
A transient was terminated. These observations, based on measurements of
the fracture surface, have been correlated with experimentally observed
CMOD by means of two-dimensional elastic plastic finite-element calcula-
tions.

Ductile tearing was possible during three periods of the PTSE-2A
transient: (1) during increasing thermal and pressure loads before the

112 to 185 s), (2) during increasingtime of the first maximum K7 (t =

pressure late in the transient but be f ore initiation of cleavage (t 340a

to 361.4 s), and (3) after the cleavage arrest but before unloading

(t = 361.5 to 365.6 s). The measured CMOD f rom a typical gage (YE 83) is
shown in Fig. 10.23 for these times.

The measured CMOD is compared with values calculated for the first
time period (112 to 185 s) in Fig. 10.24. By nonlinear interpolation of
the set of calculated changes in CMOD, the crack depth at the first maxi-

mum Kt (t = 185 s) was inferred f rom the measured CMOD at that time, the
result being 19.6 mm.

Calculated and measured changes in CMOD in the second time period
(340 to 361.4 s) are compared in Fig. 10.25. The physical evidence of
the fracture surface established the crack depth at t = 361.4 s, immedi-
ately before initiation of cleavage, to be 22.5 mm.

The calculated and measured CMOD responses to the cleavage crack
propagation are shown in Fig. 10.26. The calculated change in CMOD dur-
ing the cleavage crack jump from a = 22.5 to 39.3 mm is 0.62 mm, which is
close to the measured rapid change in CMOD of 0.49 mm.

In the last period during which ductile tearing occurred in the
PTSE-2A transient (t = 361.56 to 365.6 s), the crack advanced from
a = 39. 3 to 42.4 mm. The CM00 variations during this period are shown in
Fig. 10.27. The CMOD change calculated for this increment of tearing is
0.17 mm, which agrees with the measured change in CMOD of 0.15 mm. The
final crack depth inferred f rom the measured and calculated CMOD values
is 42.1 mm. The dif f erences between calculated and measured CMOD valuest

are within the observed dif f erences in measurements by various CMOD gages.

10.5.4 Results of fracture analysis

PTFE-2A. The behavior of K during the transient PTSE-2A is shown
t ]

in Figs. 10.28 and 10.29 for the crack depths that correspond to the 1

initial depth of the cracked electron-beau weld (at yt) and the depth of
the boundary between the initial ductile tear and the first cleavage

initiation (a2" Y2). Figure 10.28 shows the result of both OCA/ USA LEFM
and the 2-D elastic-plastic finite-element calculations baseo on material
A property set 5 (Tables 10.1 and 10.2). For the conditions of this
transient and the initial crack depth, the results of both methods agree
reasonably well.

The KIc curves shown in rigs. 10. 28 and 10.29 are based on the upper-
toughness curve of Table 10.5 *nd Fig. 10.10 shif ted upward by 20.26 K to

inferred from the initiation of cleavage in theagree with the Klc
PTSE-2B transient. Figure 10.29 shows that K for both the intermediate
and final precleavage tearing depths (19.6 ank 22.5 ma) first exceeded
K in the period from B to C, that is, during simple warm prestressing.7c
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This satisfied one of the principal test conditions that had been planned.
Figure 10.30 shows the K and toughness trajectories for the crack depths7

a , a12, and a2 for the PTSE-2A transient based on the 2-D clastic plasticg

analysis. The K values are from the shifted K curve.te 1cPTSE-28. The PTSE-2B transient started with a crack of depth
a = 42.4 mm as measured on the fracture surf aces. Before the initiation
of cleavage, the crack advanced by stable ductile tearing to the depth
a = 46.1 mm. Figures 10.31 and 10.32 show Ky and KIc vs time determined
from the 2-D elastic plastic calculations for these two depths. These
figures include the K curve shif ted to agree with the actual cleavageIcinitiation point shown on Fig. 10.32. The elastic-plastic calculations
for this transient are based on material A property set 7 (Tables 10.1
a nd 10. 2 ) .

The propagating cleavage fracture was interrupted by a small band of
tearing at the depth a = 69.2 mm and proceeded to cleave further to the
depth a = 78.8 mm. The conditions for these events are displayed in
Fig. 10.33, which shows the Kg trajectory for the initial crack depth and
the conditions for the cleavage interruption and final arrest. Because
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crack-tip velocities (da/dt) during this event cannot bo determined from
the experimental data, a conclusive analysis of the dynamics of the
cleavage-tear-cleavage episode is not practicable. However, static
analysis, on which Fig. 10.33 is based, provides no rationale for the
momentary arrest and reinitiation.

The events and conditions during the two PTSE-2 transients are sum-
marized in Table 10.12.

Table 10.12. Events and conditions during the
PTSE-2 transients

Crack Crack-tip gaEvent depth a temperature gp,1g)g)
(mm) ( C)

PTSE-2A

Initiation of thermal shock ~112 14.5 302.8
First maximum K 184.6 19.6 128.0 195.7y
Minimum K 341.8 19.6 77.0 171.0g

Onset of secondary precleavage 341.8 19.6 77.0 171.0
tearing

Initiation of cicavage 361.4 22.5 80.7 198.9
Cleavage arrest 361.4 39.3 130.6 261.4
Termination of tearing (by 365.6 42.4 138.0 278.7
unloading)

PTSE-2B

Initiation of thermal shock ~155 42.4 274.9
onset of precleavage tearing <575.8 42.4 b b, o
Initiation of cleavage 575.82 46.1 102.4 248.1 0

Interruption of cleavage by 69.2 146.8 361.60

ductile tearing and
reinitiation

Final cleavage arrest $75.82 78.8 162.9 419.30

Onset of ductile tearing 576.2 78.8 162.9 406.5
Vessel rupture (and complete 576.7 147.6 216.4
unloading)

"Kt values were calculated from the experimentally observed
pressures (Table 10.11) and temperatures (Tables A.1 and A.2) by
2-D elastic plastic finite-element analysis. The stress-strain
parameters (Table 10.1) for material A were set 5 for PTSE-2A and
set 7 for PTSE-2B.

bAt t - 575.82 s, T = 94.8'C and Kg - 233.8 MPa =6 at this depth.
UK values listed for t - 575.82 s were calculated for the loadingg

condition at 575.7 s.
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10.6 Interpretation of Experimental Results |
l

10.6.1 Ductile tearing
,

The low tearing resistance of the PTSE-2 material promoted ductile '

'
tearing before cleavage in both transients. Furthermore, the cleavage
propagation in the PISE-2B transient was interrupted by a small band
(~1 mm). of ductile tearing about 10 mm from the final cleavage arrest.
The final arrest was followed immediately by ductile tearing that pro-
ceeded until the crack penetrated the entire wall of the vessel.

The ductile tearing in the PTSE-2A transient occurred, as discussed
,

in Sect. 10.5.3, while the material at, and immediately ahead of, the
crack tip was at temperatures well below the onset of ' the Charpy upper
shelf (150*C). The final ductile tearing (in the PTSE-2B transient)
started in material at about 150'C.

2The final tearing started with Jg = 0.8 MJ/m . This is much higher
than J for n rmal reactor pressure vessel steels and is high enough toIc
cause a tearing instability in the PTSE-2 transient, irrespective of any

; other type of instability. If the arrested' crack (with a = 78.8 mm) were
not deep enough to cause a tensile instability, the J -controlled tearRwould have promoted enough growth to cause a tensile instability. *

The applied J7 attained at the end of each phase of tearing was used
in calculating the extent of stable tearing that would occur if tearing

,

were controlled by the condition Jy=JR f r a tearing resistance curve
f

J = c(Aa)" , (9)R

where J is the tearing resistance, Aa is the increment of crack depth, [R,

and c and n are parameters determined by a least-squares fitting of -.
'

specimen test data to Eq. (9). The highest and lowest tearing resis-
tances from the set of six 25-mm-thick compact specimens of the charac-
terization material PTCl were used in the calculations to determine the
range of uncertainty of Aa estimates. The numerical results are summar-,

ized in Table 10.13 based on these parameters. '

4

L west resis tance Highest resistanceTearing ,

#'" * ""#*
'Deformation Modified Deformation Modified

| parameter theory Ernst theory Ernst I

c 0.09327 0.09592 0.1178 0.1229

n 0.2722 0.3701 0.4341 0.5372

|
The specimen data were interpreted in two ways in terms of (1) J based
on deformation theory, as prescribed in the testing standard of Ref. 16,
and (2) the J modified by Ernst.17 ;

i
<
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Table 10.13. Tearing calculations based on 2-D elastic plastic
finite-element calculations and tearin,g resistance J ~A*Rdata for characterization piece PTC1"

bCalculated Aa
(s::o)

Initial Final J Measured
Th g

Tearing phase crack depth a Aa 1,owest resistance Highest resistance
(,)

(mm) (una)
Deformation Modified Deformation Modified

theory Ernst theory Ernst

PTSE-2A ,

1. Prior to maxitsum K 112-184.6 14.5 0.165 5.1 8.1 4.3 2.3 1.7 N_g

2. Secondary precleavage 341.6-361.4 19.6 0.171 2.9 9.2 4.7 2.3 1.9 m

3. Posteleavage 361.4-365.6 39.3 0.335 3.1 109 29 11 6.5

PTSE-29

4. Precleavage 155-575.82 42.4 0.283 3.7 59 19 7.5 4.7

5. Posteleavage 575.2-576.7 78.8 0.759 Unstable ths table Unstable Unstable 30

the depth at the beginning of the specified phase. The J value is for the initialaThe initial crack depth is
valueswerecalculatedbythe2-Delasticplasticfinite-efement method.depth plus the masured Aa. J g

Thefo=es(Aa)",wherecandnare
D c the power-law parameters determined by least-squares fittingaa is calculated from J

w t resistance columns are based on specimen P1235; the highest resistance columns arethe test specimen dat;..
*based on specimen P1230.

i

.!
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i

Neither the deformation _ theory JR n r the modified Ernst JR gives-a
consistent estimate of tearing. The lowest resistance deformation JR
data imply tearing in the first two phases of PTSE-2A that is reasonably
consistent with the actual tearing. In all other phases, this J impliesR
tearing that greatly exceeds the actual tearing. The highest resistance
specimer. with the modified Ernst interpretation of J implies tu; ag inR
phases 3 and 4 (Table 10.13) that agrees well with actual tearing, but-

these J data are inconsistent with the actual tearing in all other
phases.R Furthermore, this JR case, unlike the other three cases shown in
Table 10.13, implies strong tearing stability in phase 5 during the time
that the final tearing instability occurred.

10.6.2 Tensile instability
,

Calculations of ligament stability and instability conditions at
j various crack depths were made with the OCA/ USA program for the PTSE-2B
| transient. This program codels the unbroken ligament beneath the flaw as
; a perfectly plastic material, as described in Ref. 4. The results of the

PTSE-2B analysis, which tends to underestimate the depth at instability,
are shown in Fig. 10.34. This indicates that the vessel was practically,

in a state of t.insile instability at the time of the final cleavage
arrest. It is likely that a more realistic model of the vessel and the4

raterial behavior, including the ef fects of strain hardening, would indi-'

cate that the structure was not unstable. This conclusion is supported

1
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Fig. 10.34. Unstable crack depth vs time for transient FISE-2B
f rom OCA/ USA analysis of perfeccly plastic model of unbroken lignment.
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by the 2-D elastic-plastic finite-element analyses for the arrested ctack
depth. The results of those analyses, in terms of CMOD vs time (Fig.
10.35), show no tendency toward structural instability. A more accurate

model, including 3-D aspects and large-strain theory, is necessary to
determine the tensile state properly for conclusively determining sta-
bility,
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l
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Fig. 10. 35. CMOD vs time for arrested crack depth f rora elastic-
plastic finite-element analysis based on actual pressure and tempera-
tures measured in PTSE-2 B.

10.6.3 Comparison of PTSE-2 and small-specimen
fracture-toughness data

The cleavage initiation and arrest values from PTSE-2 (given in
Table 10.12) are shown in Fig. 10.36 with the upper-toughness K curve
used in the final pretest analyses and the shifted (by 20.26 K)t3 upper Kie
curve. The PTSE-2 K , values were calculated for static crack geometry;

iconsideration of the dynamics of crack propagation would probably result
in lower values. The PTSE-2 values are shown in Fig. 10.37 in comparison
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toughness Ky3 curve.
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with the raw KIc' E , and K Pretest data for characterization pieceJ la
PTCl. These show that the small specimen data were adequate to permit
the definition of experimental conditions that led to successful results
in both transients.

10.6.4 Warm-prestressing effects

Analysis of warm prestressing in PTSE-2 was based on a theoretical
procedure developed by Chell.18-20 Chell's procedure is derived f rom the
strip-yield model of a crack with the premise that after warm prestress-
ing, failure occurs when the J-integral reaches a critical value

=( ~"
K2 (10)J 'CRIT E Ic

where K is the f racture toughness of pristine material. The J-integralyc
used in Chell's theory is defined on the basis of elastic strains only,
even in regions of plasticity.20 This procedure was applied to the re-
sults of the PTSE-1 experiment as discussed in detail in Ref. 4.

In the PTSE-2 experiment, warm prestressing occurred only in tran-
sient PTSE-2A. The analysis of PTSE-2A involves the determination of K1
at the times of the first caximum and minimum in K (t). These values,y

at those times, define the plastic
togetherwiththeflowstressesoft,fi.e.,zone sizes for the first two states the first maximum Ky and the
minimum K ) involved in Chell's theory. The third state, the loading aty
the time of failure, is defined by the criterion of Eq. (10).

Chell's theory was rodified to take ar. count of tearing before cleav-
age during the loading step that leads froa state 2 to state 3. For this

modification, it was assumed that this tearing occurred with the material
at the state 3 temperature. The modification takes account of the actual
change in position of the crack tip relative to the residual plastic
zones generated in the state 1 and state 2 loadings. It also introduces

virtual crack-f ace tractions over the incremental surf ace of the crack.
The virtual tractions are equal and opposite in direction to the stresses
in the residual plastic zones of states 1 and 2. The modified theory is
similar to a modification for subcritical crack growth that Chell de-
scribed in Ref. 21, which did not come to the attention of the authors of
the present report until this work was completed.

Several PTSE-2 warm prestressing sequences were analyzed to illus-
trate the effects of various factors. Cases for fracture without the
intervention of tearing and for a variety of assumptions regarding flow
stress were investigated. In all cases, Ky values for the applied loads
were selected from the posttest values given in Table 10.12, and the
temperature of the crack tip at the time cach loading state was attained
was attributed to the entire plastic zone. That is, for the purpose of
determining the attributes of plastic zones, they were assumed to be
isothermal during the respective loading steps. The temperature of the
structure in state 3 was, in each case, the experimental teuperature of
the actual PTSE-2A crack tip at the instant cleavage propagation com-
menced.
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In the PTSE-2A transient the initial crack (a = 14.5 mm) tore
ductilely to a depth of 19.6 mm'before the onset of warm prestressing
(state 1). Af ter the minimum in Ki (state 2), Kg increased, and for a
short time before cleavage occurred, . the. crack tore ductilely to a depth
of 22.5 mm. The loading conditions deduced from the PTSE-2A transient.

for two of the sequences analyzed are described in Table 10.14. The,

sequence for a fixed crack depth is important because' it represents .the
course of events that would be ~ predicted if there were no expectation of
ductile tearing. The sequence for a variable crack -depth represents the ,,

actual course as reconstructed f rom experimental evidence.a

| The results of the fixed-crack and tearing-crack sequences are shown
in Figs. 10.38(a) and (b), respectively. Figure 10.38 shows the Ky at
f racture calculated by the warm prestressing theory as a function of the
K f the material. The experimental points are the actual f ractureIc
conditions obtained f rom the PTSE-2 experimental data. The K valuesyc
used for plotting the experimental points were derived f rom the pretest

,

upper-toughness expression shifted to make the K value observed incPTSE-2B fall on the curve. Thus, K was assume to be
Ic

.

;

g = a + b exp [c (T - T,)] (11)K , ,

Table 10.14. Parameters for warm-prestressing analysis
of the PTSE-2A transient

Crack Crack-tip Flow b aLoading Time g
state (s) p empgraure stress gt

(MPa * 6) (MPa 6)(mm) ( C) (HPa)

Fixed amck depth (19.6 m)
i 1 185 19.6 125.0 392.2 195.7 439.7
j 2 340 19.6 75.1 409.2 171.0 134.3

3 361.4 19.6 71.4 410.8 187.3 124.7 |

,

|Variable cmok depth (ha = 2.9 m) . |
1 185 19.6 125.0 392.2 195.7 439.7
2 340 19.6 75.1 409.2 171.0 134.3
3 361.4 22.5 80.9 406.8 198.9 151.6

a low stresses as a function of teoperature were obtained from aF
! polynomial least-squares fit to tensile data for characterization
1 material PTCl. All transversely oriented instrumented specimens were
4 included.

bValues interpolated from set of 2-D elastic plastic finite-
] element calculations based on PTSE-2A experimental pressure and

temperatures.

| 0Values based on the pretest K curve shif ted to agree with theic
i PTSE-2B experiment, Eq. (11), at the crack-tip temperature,
,

__ _ _ . _ _ . . _ _ . . - _ . _ _ _ - , - . , , _ _ _ . _ ._
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Fig. 10.38. Theoretical prediction of post-warm-prestressing frac-
ture conditions K vs K for the PTSE-2A transient compared with actualy yc
fracture. Predictions are based on K values from posttest elastic-y
plastic finite-element analysis using measured pressure and temperatures.
Plastic zones in the warm prestressing analysis are based on measured
flow stresses for characterization material PTC1. (a) Crack without
tearing and (b) tearing crack.
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where the parameters a, b, and c are given in Table 10.5 and the tempera-
ture shif t determined f rom PTSE-2B is T, = 20.26 K.

If the crack, which was 19.6 mm deep, had not torn in the final
loading step, the theory predicted that the cleavage initiation would

12 FTa./E higher thanhave occurred, as shown in Fig. 10.38(a), at K ay

the experimental Ky for a crack of this depth. The experimental point in
Fig. 10.38(a) would be the perceived crack initiation condition if one
did not know that the crack tore. The calculations for the tearing crack
predicted that fracture would have occurred at a K = 7 MPa./m lower than
the experimental point, as shown in Fig. 10.38(b).1 The important impli-
cations of the experimental and analytical results are that (1) warm pre-
stressing combined with the complications of preeleavage tearing elevated
the f racture point (K = 198.9 MPa./Ei) significantly above the level of
the pristine K 151f 6 MPa./m) and (2) the modified warm prestressing
theory predicteS a(n elevation of the fracturey

point about 15% less than
the observed elevation.

According to theory, the consequences of warm prestressing are very
sensitive to the extent of precleavage tearing and the tensile strength
of the material. The of fect of the latter factor is illustrated by the

result, shown in Fig. 10.39, of a calculation of Kg at f racture based on

ORNL-DWG 87-4590 E TD
210

| I I I I I

I
1

li
i ,

-

1 2x .-
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W !
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TE ARING CRACK

9 EXPERIMENTAL FOR
a * 22 5 mm

| I I I I I1se
60 80 10o 120 140 100 180 200

'

K (M Pa. vel

Fig. 10.39. Results of warm prestressing analysis of tearing crack
based on yield stresses for same conditions illustrated in Fig. 10.38(b).
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the use of yield stress rather than flow stress to characterize the
plastic zones. In this case, the yield stresses are about two-thirds of
the flow stresses used for the cases illustrated in Fig. 10.38. A com-
parison of the f racture points in Figs. 10.38(b) and 10.39 for the crack-

tip toughness at time of actual fracture (KIc = 151.6 Fea */5) shows that
the two predictions dif f er by ~12 HPa* /E. This sensitivity to strength
is principally a result of the contributions of virtual crack-face
loading, which may in different circumstances increase or decrease tne
effective stress-intensity factor of the final crack.
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11. CONCLUSIONS

The PTSE-2 experiment attained the planned objectives. The two
transients proceeded according to pretest plans. Two brittle f ractures
were initiated and arrested. The first brittle f racture initiated af ter 4

a period of warm prestressing. After the final crack arrest, the crack
immediately tore ductilely until the vessel wall was penetrated. This :

result had been anticipated because an unstable tear was a major objec- |
tive.

The arrest events in PTSE-2 were near the points implied by the

upper-toughness KIa curve used for planning the tecnsients. The experi-
mental initiation and arrest points all lay within the range used for
planning. The K value obtained from the PTSE-2B transient implied anIc
upward, temperature-wise shift of 20.26 K in the pretest upper-toughness
curve, based on characterization testing. This is consistent with the
difference found in the Charpy transition temperature of the character-
1:ation piece PTC1 and the vessel insert for which the Charpy transition
temperatures were separated by 20 K. The data from the experiment and
the supporting characterization specimen tests are potentially a useful
source of inf ormation for relating f racture toughness to transition
temperatures for materials with upper-shelf energies too low for determi-
nation of RT

The finNk cleavage arrest was a particularly remarkable event. It

indicates that this material with very low tearing resistance exhibited
high arrest toughness even though the Ky gradient was positive and the
crack was unstable with respect to other modes of f racture. This empiri-
cal result , observed with a well-constrained crack, suggests that in
vessel integrity evaluations one can safely assume that low ductile
toughness does not itself imply low cleavage toughness.

The unresolved ambiguity in the tensile properties of the vessel
insert before the experiment leaves a significant uncertainty in the
values of the strain energy release rate G and K7 attributed to arrests
and other events. For example, if the final arrest is analyzed on the
basis of pretest properties of the characterization material, the final !
K is 456 MPa./m, a value 9% higher than the result stated in Chap. 10.la

Ductile tearing was evident in every phase of the PTSE-2 experiment.
This behavior had been predicted qualitatively by analysis based on
J -Aa tearing resistance data. Posttest analysis of the four distinctR
phases of stable ductile tearing in PTSE-2 failed to demonstrate quanti-
tative agreement between J -Aa data and tearing in the experiment. JR R
curves that fit the early phases of the experiment were poor fits for the
later phases and vice versa.

Precleavage ductile tearing was observed in the first pressurized-
thermal-shock experiment,I PTSE-1, although the extent was small and was
confined to the irregular areas of the tip of the initial flaw in that
e xpe rime nt , which involved normally high toughness material. A small
amount of tearing was predicted in the early phases of FISE-1 although
the amount was not sufficient to have significantly af fected the eventual
cleavage crack propagation. However, it is clear from the PTSE-2 experi-
ment that tearing can promote cleavage propagation to greater depths than
would occur without tearing. The tearing analyses of both experiments
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indicate that the quantitative effect cannot be predicted well from
J -Aa data. This experience and the imprecision of similar tearing pre-
Rdictions for the isothermal hydrostatic test of intermediate test vessel

suggest that it would be useful to investigate the applicability ofV-8A2
other theoretical procedures based on tensile properties.

Unstable tearing after the final cleavage arrest was conspicuous.
Analysis suggests that it was not a consequence of a structural tensile
instability, which implies, rather, that the cause was low tearing resis-
tance or high local tensile strains or some coubination of the two.
Instability analyses based on the J -Aa data generally predicted insta-R
bility except for the steepest J -Aa curves derived f rom the modifiedRErnst definition of J . The apparent agreement with the J -aa analysis

R R
may be fortuitous because logically the possibility of an instability
depends on the magnitude of the strain-energy release rate irrespective
of Aa. Therefore, as in the matter of stable tearing, other theoretical
techniques should be investigated.

Beneficial ef fects of warm prestressing were clearly demonstrated in
PTSE-2A. The interpretation of the experiment in a theoretical framework
was complicated by the unfortunate use of a material that was susceptible
to preeleavage tearing and that also had somewhat uncertain tensile
properties. Furthermore, the experiment itself had to determine the KIc
property unperturbed by superfluous loadings. An interpretation has been
made that consists of quantitative conclusions and indications of the
effects of uncertainties.

values, theWith regard to the importance of uncertainty in Kic
theoretical analysis demonstrates that the K at f racture af ter warm pre-7
stressing is a slowly varying function of K for the range of interest

in this experiment. Therefore, some impreef sion in the inf erence of K
lc

from the PTSE-23 transient can be tolerated.
3 thatThe analysis was performed by a procedure described by Chell

is very easy to apply because computations can be performed by simple
expressions. Consequently, the significance of variations or uncertainty
in flow stress was identified, and the importance of tearing in calculat-
ing the effect of warm prestressing was demonstrated. For conditions

similar to those experienced in PTSE-2, tearing diminishes the benefits
of warm prestressing relative to those that could be realized without
tearing. A physically more reasonable application of Chell's postulates
would require extensive numerical analysis using incremental plasticity
procedures. The results of the simpler analysis agree well with the

t

I experimental results.
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Appendix A

TEMPERATURE PROFILES FROM THERMOCOUPLE TH1MBLE 5 -

The sets of temperature profiles T(r,t) determined experimentally
and used in posttest finite-element analysis are given in Tables A.1 and
A. 2 for PTSE-2 A an d -23, respectively. The profiles are based on cor-
rected thermocouple locations. The pressures for the same time steps are
listed in Table 10.11.

Couputer-generated plots of temperature profiles at several cimes in
transier.cs PTSE-1A and -2B are presented in Figs. A.1 and A.2. Th*; first

profile in each set is for a time immediately before the vessel started
to cool, at ~112 and 155 s in the A and B transients, respectively.
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1 Table A.1 (continued) ,

_________________________________________________________________________________________________________ ,
4

RADIAL,

COGRDINATE TIME (s)
------------ ------- -------------- --- ----------------_------_----_--_--__----_______r (mm)

O.26000D+03 0.28000D+03 0.31000D+03 0.34000D+03 0.34500D+03 0.35000D+03
_______________________________________________________________________________________________.._________

,

! 0.49060D+03 0.12068D+02 0.11322D+02 0.99936D+01 0.90189D+01 0.88509D+01 0.85812D+01
0.48946D+03 0.16841D+02 0.15804D+02 0.14120D+02 0.12858D+02 0.12650D+02 0.12347D+02

! 0.48830D+03 0.21647D+02 0.20319D+02 0.18277D+02 0.16725D+02 0.16476D+02- 0.16140D+02
'

0.48683D+03 0.27762D+02 0.26062D+02 0.23565D+02 0.21644D+02 0.21344D+02 0.20966D+02
} 0.48537D+03 0.33872D+02 0.31801D+02 0.28850D+02 0.26561D+02 0.26210D+02 0.25789D+02 ,

0.48349D+03 0.41680D+02 0.39138D+02 0.35608D+02 0.32847D+02 0.32432D+02 0.31955D+02
'

0.48162D+03 0.49484D+02 0.46473D+02 0.42368D+02 0.39135D+02 0.386b5D+02 0.38122D+02
O.4792JD+03 0.59470D+02 0.55865D+02 0.51036D+02 0.47189D+02 0.46629D+02 0.460..D+02

0.47684D+03 0.69494D+02 0.65300D+02 0.59760D+02 0.55288D+02 0.54652D+02 0.53955D+02 y
;

0.47378D+03 0.82271D+02 0.77339D+02 0.70920D+02 0.65648D+02 0.64922D+02 0.64107D+02 w
*

0.47073D+03 0.94900D+02 0.89265D+02 0.82006D+02 0.75959D+02 0.75144D+02- 0.74211D+02
O.46683D+03 0.11061D+03 0.10415D+03 0.95898D+02 0.88931D+02 0.88004D+02 0.86926D+02'

0.46293D+03 0.12563D+03 0.11846D+03 0.10932b+03 0.10155D+03 0.20051D+03 0.99302D+02
.

0.45795D+03 0.14369D+93 0.13578D+03 0.12567D+03 0.11707D+03 0.11588D+03 0.11453D+03
0.45297D+03 0.16049D+03 0.15201D+03 0.14113D+03 0.13191D+03 0.13058D+03 0.12912D+03
0,44661D+03 0.18011D+03 0.17116D+03 0.15956D+03 0.14982D+03 0.14837D+03 0.14677D+03 !

0.44025D+03 0.19777D+03 0.18861D+03 0.17664D+03 0.16660D+03 0.16508D+03 0.16334D+03

0.43214D+03 0.21761D+03 0.20856D+03 0.19660D+03 0.18639D+03 0.18486D+03 0.18295D+03 .

0.42402D+03 0.L3455D+03 0.22598D+03 0.21448D+03 b.20438D+03 0.20289D+03 0.20082D+03
-

0.41365D+03 0.25230D+03 0.24471D+03 0.23432D+03 0.22476D+03 0.22338D+03 0.22111D+03

0.40328D+03 0.26617D+03 0.25980D+03 0.25087D+03 0.24215D+03 0.24092D+03 0.23846D+03

0.39004D+03 0.27908D+03 0.27431D+03 0.26736D+03 0.25984D+03 0.25886D+03 0.25615D+03

J 0.37681D+03 0.28739D+03 0.28399D+03 0.27871D+03 0.27230D+03 0.27152D+03 0.26870D+03,

0.35990D+03 0.29322D+03' O.29094D+03 0.28702D+03 0.28157D+03 0.28095D+03 0.27808D+03

0.34300D+03 0.29415D+03 0.29206D+03 0.28836D+03 0.28307D+03 0.28248D+03 0.27960D+03
q

1

4

1

_ _ _ _ . . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . - - _ _____m_. . . - . - . .. . _ , . . - , _ _ , _ _ . . . , _ . _ ,, - . . .
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Table A.1 (continued)

____________________________________________________________________________
RADIAL

COORDINATE TIME (s)
r (mm) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0.35500D+03 0.36000b+03 0.36500D+03 0.37000D+03
____________________________________________________________________________

0.49060D+03 0.85024D+01 0.81536D+01 0.79810D+01 0.76770D+01
0.48946D+03 0.12215D+02 0.11848D+02 0.11623D+02 0.11294D+020.48830D+03 0.15954D+02 0.15570D+02 0.15291D+02 0.14937D+02
0.48683D+03 0.20711D+02 0.20305D+02 0.19958D+0h 0.19573D+020.48537D+03 0.25465D+02 0.25037D+02 0.24623D+02 0.24206D+020.48349D+03 0.31544D+02 0.31087D+02 0.30587D+02 0.30129D+02O.48162D+03 0.37623D+02 0.37138D+02 0.36553D+02 0.36054D+02

'

0.47923D+03 0.45412D+02 0.44888D+02 0.44197D+02 0.43645D+02
0.47684D+03 0.53250D+02 0.52682D+02 0.51888D+02 0.51280D+02

| 0.47378D+03 0.63287D+02 0.62653D+02 0.61734D+02 0.61053D+02
i 0.47073D+03 0.73287D+02 0.72573D+02 0.71544D+02 0.70788D+02 $

w
! 0.46683D+03 0.85880D+02 0.85048D+02 0.83905D+02 0.83056D+02

0.46293D+03 0.98145D+02 0.97174D+02 0.95957D+02 0.95022D+02
1 0.45795D+03 0.11324D+03 0.11208D+03 0.11082D+03 0.10978D+03
| 0.45297D+03 0.12769D+03 0.12636D+03 0.12507D+03 0.12394D+03

0.44661D+03 0.14517D+03 0.14369D+03 0.14234D+03 0.14110D+03
0.44025D+03 0.16157D+03 0.16000D+03 0.15855D+03 0.15722D+03
0.43214D+03 0.18097D+03 0.17929D+03 0.17768D+03 0.17631D+03
0.42402D+03 0.19868D+03 0.19691D+03 0.19518D+03 0.19380D+03
0.41365D+03 0.21884D+03 0.21697D+03 0.21520D+03 0.21383D+03
0.40328D+03 0.23610D+03 0.23415D+03 0.23240D+03 0.23107D+03
0.39004D+03 0.25366D+03 0.25161D+03 0.24986D+03 0.24867D+03
0.37681D+03 0.26604D+03 0.26386D+03 0.26212D+03 0.26100D+03
0.35990D+03 0.27525D+03 0.27295D+03 0.27124D+03 0.27012D+03
0.34300D+03 0.27675D+03 0.27443D+03 0.27271D+03 0.27160D+0_ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ ' .

I
|

!
1
1

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ . . _ . , . . _ . . - . . . . _ , _ ._ _. . _ _ . . . . _ _ _ _ _ . _. .
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Table A.2. Experimental temperature profile set used for posttest elastic-plastic
Gfinite-element analysis of PTSE-2B

---------------------------------------------------------------------------------------------------------
RADIAL

COORDINATE TIME (s)
,

-------------------------------------- -----------------------------------------------r (mm)
0.15717D+03 0.15956D+03 0.16194D+03 0.16433D+03 0.16792D+03 0.17150D+03

--------------------------------------------- ------------------------------------------- --------_------
0.49060D+03 0.27129D+03 0.21930D+03 0.16732D+03 0.11533D+03 0.10339D+03. 0.91450D+02
0.48946D+03 0.27167D+03 0.22285D+03 0.17404D+03 0.12522D+03 0.11211D+03 0.98992D+02

0.48830D+03 0.27205D+03 0.22642D+03 0.18080D+03 0.13517D+03 0.12088D+03- 'O.10659D+03,

1

0.48683D+03 0.27254D+03 0.23096D+03 0.18939D+03 0.14781D+03- 0.13204D+03 0.11626D+03
0.48537D+03 0.27302D+03 0.23548D+03 0.19795D+03 0.16041D+03' O.14317D+03 0.12593D+03
0.48349D+03 0.27363D+03 0.24124D+03 0.20886D+03 0.17647D+03 0.15739D+03 0.13831D+03

0.48162D+03 0.27421D+03 0.24691D+03 0.21962D+03 0.19232D+03- 0.17152D+03 0.15072D+03-
0.47923D+03 0.27485D+03 0.25367D+03 0.23250D+03 0.21131D+03 0.18902D+03' 0.16672D+03 E$

0.47684D+03 0.27531D+03 0.25941D+03 0.24350D+03 .0.22760D+03 0.20519D+03 0.18278D+03 *

0.47378D+03 0.27565D+03 0.26514D+03 0.25472D+03 0.24411D+03 0.22340D+03- 0.20269Dt03
0.47073D+03 0.27580D+03 0.26933D+03 0.26286D+03 0.25639D+03 0.23874D+03 ~0.22108D+03
0.46683D+03 0.27583D+03 0.27288D+03 0.26993D+03 0.26698D+03 0.25395D+03 0.24091D+03-
0.46293D+03 0.27582D+03 0.27491D+03 0.27399D+03 0.27308D+03 0.26415D+03 0.25521D+03
0.45795D+03 0.27578D+03 0.27595D+03 0.27611D+03 0.27628D+03 0.27122D+03 0.26616D+03
0.45297D+03- 0.27568D+03 0.27594D+03 0.27621D+03 0.27647D+03 0.27395D+03 0.27143D+03
0.44661D+03 0.27539D+03 0.27546D+03 0.27553D+03 0.27560D+03 0.27474D+03 0.27387D+03
0.44025D+03 0.27505D+03 0.27506D+03 0.27506D+03 0.27507D+03 0.27480D+03 0.27453D+03
0.43214D+03 0.27479D+03 0.27482D+03 0.27484D+03 0.27487D+03 0.27486D+03 0.27484D+03'
O.42402D+03 0.27471D+03 0.27477D+03 0.27482D+03 0.27488D+03 0.27491D+03 0.27493D+03
0.41365D+03 0.27477D+03 0.27481D+03 0.27486D+03 0.27490D+03 0.27494D+03 0.27497D+03
0.40328D+03 0.27493D+03 0.27495D+03 0.27498D+03 0.27500D+03- 0.27505D+03 0.27510D+03
0.39004D+03 0.27511D+03 0.27518D+03 0.27525D+03 0.27532D+03 0.27535D+03 0.27538D+03
0.37681D+03 0.27512D+03 0.27521D+03 0.27529D+03 0.27538D+03 0.27540D+03 0.27542D+03
0.35990D+03 0.27504D+03 0.27511D+03 0.27518D+03 0.27525D+03 0.27528D+03 0.27530D+03

0.34300D+03 0.27503D+03 0.27509D+03 0.27516D+03 0.27522D+03 0.27525D+03 0.27527D+03

,

"Temperatures are in degrees Celsius.
.

.
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Table A.2 (continued)

_-_-_---___..---- . ___ ._____----.....__ ....___________________ .._____________________________________

RADIAL
COORDINATE TIME (s)

---------------------------------------------------------------------------------------r (mm)
0.24317D+03 0.27183D+03 0.30050D+03 0.329169+03 0.35066D+03 0.36500D+03

.-- __- ___________--- ---_____________--_________...____.______... _____________________________________

0.49060D+03 0.21091D+02 0.14813D+02 0.11320D+02 0.90769D+01 0.78018D+01 0.72545D+01
0.48946D+03 0.26485D+02 0.19653D+02 0.15730D+02 0.13131D+02 0.11656D+02 0.10963D+02 *

0.48830D+03 0.31917D+02 0.24527D+02 0.20172D+02 0.17215D+02 0.15537D+02 0.14698D+02
0.48683D+03 0.38825D+02 0.30727D+02 0.25822D+02 0.22410D+02 0.20476D+02 0.19450D+02-
0.43537D+03 0.45726D+02 0.36921D+02 0.31467D+02 0.27601D+02 0.25411D+C2 0.24193D+02
0.48349D+03 0.54541D+02 0.44833D+02 0.38681D+02 0.34236D+02 0.31719D+02 0.30270D+02
0.48162D+03 0.63339D+02 0.52735D+02 0.45888D+02 0.40868D+02 0.38027D+G2 0.36341D+02

j 0.47923D+03 0.74542D+02 0.62808D+02 0.55089D+02 0.49345D+C2 C.46094D+02 0.44107D+02
0.47684D+03 0.85679D+02 0.72851D+02 0.64281D+02 0.57837D+02 0.54180D+02- 0.51898D+02 9

0.47378D+03 0.99709D+02 0.85556D+02 0.75940D+02 0.68643D+02 0.64478D+02 0.61833D+02 $
- '

0.47073D+03 0.11342D+03 0.98038D+02 0.87433D+02 0.79332D+02 0.74670D+02 0.71683D+02
"

O.46683D+03 0 13026D+03 0.11351D+03 0.10173D+03 0.92678D+02 0.87401D+02 0.84017D+02
0.46293D+03 0.14618D+03 .0.12829D+03 0.11546D+03 0.10554D+03 0.99677D+02 0,95949D+02

0.45795D+03 0.16493D+03 0.14599D+03 0.13204D+03- 0.12117D+03 0.11463D+03 0.11054D+03 ,

0.45297D+03 0.18181D+03 0.16228D+03 0.14751D+03 0.13591D+03 0.12880D+03 0.12443D+03
0.44661D+03 0.20046D+03 0.18088D+03 0.16554D+03 0.15338D+03 0.14579D+03 0.14118D+03
0.44025D+03 0.21598D+03 0.19705D+03 0.18174D+03 0.16941D+03 0.16160D+03 0.15685D+03
0.43214D+03 0.23183D+03 0.21451D+03 0.19996D+03 0.18791D+03 0.18011D+03 0.17533D+03
0.42402D+03 0.24394D+03 0.22878D+03 0.21559D+03 0.20427D+03 0.19677D+03 0.19207D+03
0.s1365D+03 0.25508D+03 'O.24306D+03 0.23207D+03 0.22216D+03 .0.21539D+03 0.21093D+03 -

0.40328D+03 0.26267D+03 0.25377D+03 0.24514D+03 0.23690D+03 0.23107D+03 0.22696D+03

0.39004D+03 0.26891D+03 0.26346D+03 0.25766D+03 0.25150D+03 0.24688D+03 0.24332D+03
0.37681D+03 0.27265D+03 0.26977D+03 0.26614D+03 0.26171D+03 0.25805D+03 0.25498D+03 .

0.35990D+03 0.27521D+03 0.27430D+03 0.27236D+03 0.26931D+03 0.26640D+03 0.26376D+03 |
4

0.34300D+03 0.27561D+03 0.27503D+03 0.27336D+03 0.27055D+03 0.26776D+03 0.26519D+03,

.
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Table A.2 (continued)

---------------------------------------------------------------------------------------------------------RADIAL
COORDINATE TIME (s)r (mm) ---------------------------------------------------------------------------------------0.38650D+03 0.40083D+03 0.45100D+03 0.50------------------------------------- ------------------------------116D+03 0.55133D+03 0.57283D+03

--------- --------------------------0.49060D+03 0.65668Dt01 0.60037D+01 0.49145D+01 0.40236D401 0.37404D+01 0.36474D+010.48946D+03 0.10080D+02 0.94230D+01 0.79788D+01 0.68255D+01 0.63155D+01 0.61301D+010.48830D+03 0.13618D+02 0.12867D+02 0.11065D+02 0.96475D+01 0.89092D+01 0.86307D+01
*

0.48683D+03 0.18120D+02 0.17249D+02 0.14992D+02 0.13238D+02 0.12209D+02 0.11813D+020.48537D+03 0.22619D+02 0.21629D+02 0.18918D+02 0.16827D+02 0.15508D+02 0.14993D+020.48349D+03 0.28372D+02 0.27230D+02 0.23938D+02 0.21417D+02 0.19727D+02 0.19061D+020.48162D+03 0.34125D+02 0.32833D+02 0.29959D+02 0.26007D+02 0.23945D+G2 0.23130D+020.47923D+03 0.41488D+02 0.40008D+02 0.35385D+02 0.31876D+02 0.29337D+02 0.28334D+02a 0.47684D+03 0.48876D+02 0.47213D+02 0.41833D+02 0.37764D+02 0.34743D+02 0.33556D+02; 0.47378D+03 0.58307D+02 0.56412D+02 0.50075D+02 0.45295D+02 0.41655D+02 0.40241D+02 $0.47073D+03 0.67675D+02 0.65546D+02 0.58292D+02 0.52822D+02 0.48566D+02 0.46929D+02 ""0.46683D+03 0.79446D+02 0.77012D+02 0.68689D+02 0.62391D+02 0.57367D+02 0.55447D+020.46293D+03 0.90897D+02 0.88140D+02 0.78915D+02 0.71874D+02 0.66114D+02 0.63910D+020.45795D+03 0.10500D+03 0.10183D+03 0.91687D+02 0.83812D+02 0.77179D+02 0.74616D+020.45297D+03 0.11852D+03 0.11500D+03 0.10414D+03 0.95531D+02 0.88107D+02 0.85206D+02
-

0.44661D+03 0.13498D+03 0.13115D+03 0.11956D+03 0.11011D+03 0.10181D+03 0.98535D+020.44025D+03 0.15048D+03 0.14648D+03 0.13437D+03 0.12419D+03 0.11518D+03 0.11:57D+03 .;0.43214D+03 0.16883D+03 C.16473D+03 0.15220D+03 0.14132D+03 0.13159D+03 0.12759D+03 '

O.42402D+03 0.18560D+03 0.18153D+03 0.16879D+03 0.15739D+03 0.14706D+03 0.14271D+030.41365D+03 0.20476D+03 0.20085D+03 0.18809D+03 0.17616D+03 0.16512D+03 0.16039D+030.40328D+03 0.22128D+03 0.21761D+03 0.20504D+03 0.19274D+03 0.18107D+03 0.17600D+030.39004D+03 0.23831D+03 0.23498D+03 0.22287D+03 0.21033D+03 0.19805D+03 0.19258D+030.37681D+03 0.25061D+03 0.24755D+03 0.23605D+03- 0.22355D+03 0.21095D+03 0.20507D+030.35990D+03 0.25993D+03 0.25710D+03 0.24620D+03 0.23384D+03 0.22107D+03 0.21482D+03 "

;

0.34300D+03 0.26145D+03 0.25866D+03 0.24786D+03 0.23553D+03 0.22273D+03-------------------------------------------------------------------------------------------- 0.21642D+03-----------

h

,

b

. _ . _ . - - - - _ _ - - _ _ _ _ . _ - _ . . _ _
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APPENDIX B

TEMPERATURE, PRESSURE, CMOD, AND STRAIN DATA FOR PTSE-2

Computer-generated plots of data vs time for the two transients,
PTSE-2A and -2B, are presented in this appendix. Temperature values are
the raw data recorded by the primary data acquisition system. See Chap. 8-
for discussion of adjustments.

For each transient the following data are presented in the order
listed:

Temperature

TES-1 and TE18

Pressure

PE97 and PE98

CMOD

YE51, YE54, and YE79 to YE88

Dummy CMOD

YE50 and YE56

Strain

XE48, XE52, XE53, and XE55

Each plot identifies the transient, the data tape, and the sensor
and gives a brief description of the sensor. Gages XE53 and XE55 were
not operative during the PTSE-2B transient. A discussion of instrumen-
tation is in Chap. 6. Locations of thermocouples are given in Table 6.2
and Figs. 6.1 and 6.2. Locations of CMOD and strain gages are shown in
Fig. 6.3.

Sensors are generally identified by a symbol consisting of a two-
letter prefix and a numeral. The first letter identifies the type of

| measurement, the second identifies a circuit component, and the numeral
'

uniquely identifies the sensor.

_ _ - . _ _ _ _ _ _ _ . _ _ . __ _ . _ _ _ - . . , . _ _ ~ . _ . _ , _ __ _ . - - _ _ _ _ _ . _ _ _
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'

Appendix C

PHOTOGRAPHS OF PTSE-2 FRACTURE SURFACES

The flaw was removed from the PTSE-2 test vessel by flame-cutting
along a rectangle 1372 mm long by 178 mm wide, as shown in Fig. C.I. The
block was sawed transversely to the crack to divide it into six segments,
each about 240 mm long. The end segments, I and 6, were trimmed on the
unbroken ends, chilled in liquid nitrogen, and broken along the plane of
the flaw.

The mating f racture surf aces of the entire flaw are shown in the
photographs in Figs. C.2-C.4. Locations of segments are described in
Fig. C.I. Features of the fracture surfaces are discussed in Chap. 9.

|
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ORNL-OWG 84-6221 A ETO

AXt AL CRACK

/ EXTENSION
HORIZONTAL SOLIO,

8 INITIAL LINES ACROSS FLAW
1A IB F LAW ARE SAW CUTS

2A 2B

/
FLAME CUT

_

<
3A 38

--

4A 48

--

AXI AL CR ACK
EXTENSION

TKT" '

I

Fig. C.I. Scherse for cutting and labeling PTSE-2 fracture surf aces.
! Surfaces labeled A are viewed toward lef t and B, toward right.
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#
E CONVERSION FACTORS
.-

SI unit English unit Factor

ma in. 0.0393701
_

-

em in. 0.393701
c.
E m ft 3.28084
'

m/s ft/s 3.28084 %.N E k
% wy:.: nv an
i m gallon (U.S. liquid) 264.172 _': ' ' ''3 ,

.+f9 yj% F:Y
3m /s gpm 15,850.3 g,g. .gf$ ,.

~

kN lb 224.809 O '. M /
f '-. .. ; : ;.; s .

Pa torr 7.50064 x 10-3 (';.,
{

T f.'I ,i" 'I kPa psi 0.145038 .:
,|;5, .

^ 2.d "'u,i
4 ,' f-3

iMPa ks1 0.145038

[ MPa+6 ksi+/in. 0.910048

h, % " .M ' ' .
-,

~
J ft+1b 0.737562 k.:.g?;:I; *

- kW ton (refrigeration) 0.284349 <* ; .fy r ,-,% .

Q; g)- |, 'K 'F nr 'R 1.8 . .r
+:. . . 1. . , . . ..w

- kJ/m2 in.-lb/in.2 5.71015 .~/ M, y. .jpg ,'.
-

r ..

,.
e-

W/m2 Btu /(ft2.h) 0.317210 ;;y,

% v.I..-SI
-

Wam-2.g-1 Btu / haft 2.*F 0.176110 ~.t..a

P Wem-l*K-1 Btu *in./(s.ft2.*F) 0.00192596
- ~.- ''

- J+kg-I K-1 Btu /(1b+'F) 2.38846 x 10-4
E kg lb 2.20462
r
-- kg/m3 lb/in.3 3.61273 x 10-5
-

mm/N in./lb 0.175127g
'

T( * F) = 1.8 T('C) + 32p
c

5 "Multiply SI quantity by diven factor to obtain
- English quantity.
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The second pressurize hermal-shock test of a 148-em-thick steel
pressure vessel with a 1 -- m - . g flaw was performed to investigate fracture
behavior of a vessel underi o itions relevant to a flawed nuclear reactor
pressure vessel during a ' ove cooling accident. The objectives were to
observe transitional era beha ior in a steel with low tearing resistance
and the effects of war prestr ssing on crack initiation. Two combina-
tions of pressure and' thermal ransient conditions were imposed on the
vessel with initial , ssel temp ratures of ~300 and 275'C. The first
transient, designed, or studying warm prestressing, required a depres-
surization f rom ~63 MPa and repres rization to ~52 MPa. The crack propa-
gatedafterbeingfyarmprestressed hile Ky > K ,. Warm prestressing ele-7

vated the load af f racture signific tly above KIc. The second transient
produced a cleavage crack propagati and arrest followed immediately by
unstable tearip%. Stable ductile tea ing preceded both brittle fractures
and also foll.hved the first crack arr st. The final cleavage propagation

[ arrested at gh K levels (~420 MPaa e in spite of the low ductile tear-y
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