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SUMMARY

The Heavy-Section Steel Technology (HSST) Program is sponsored by
the Reactor Safety Research Division of the Nuclear Regulatory Commission.
Under the program, eight 6-in.-thick 39-in.-0D steel pressure vessels con-
taining carefully prepared and sharpened surface cracks have been tested
to provide an improved quantitative basis for evaluating the safety mar-
gins against fracture of nuclear reactor pressure vessels. The test re-
sults furnish direct evidence of the high fracture resistance of the
steels used for fabricating light-water reactor pressure vessels and pro-
vide a vital basis for developing and verifying the analytical methods
required for calculating safety margins against fracture.

The cylindrical regions of the test vessels were fabricated from
either A508 class 2 forging steel or A533, grade B, class 1 steel plate.
Ten vessels were fabricated, two of which remain to be tested, one con-
taining an A508 forged nozzle and the other having a plain cylindrical
region of A533, grade B, class 1 steel. Of the eight vessels tested, two
contained external surface cracks in A508 class 2 forging steel, three
contained at least one external surface crack in weld metal, two contained
inside nozzle corner cracks in A508 forged nozzles, and one contained a
very deep external surface crack in A533, grade B, class 1 steel. All
the eight vessels tested were loaded to failure by internal hydraulic
pressure.

Flaws in the test vessels ranged from 1.20 to 5.30 in. in depth, and
test temperatures ranged from 32 to 196°F. Extensive fast fracture was
observed, as expected, at 32°F at a pressure near the gross yield pressure
of the test vessel, and two vessels leaked without fracturing at or slight-
ly above 190°F. One of these vessels contained a flawed nozzle, and the
other contained a very deep external surface flaw. Another vessel con-
taining a smaller external surface flaw achieved 27 strain in the plastic
range at 190°F before developing a shear fracture that arrested before
reaching the ends of the vessel.

Extensive pre~ and posttest fracture analyses have been performed for
all the intermediate vessels tested. An important element in these analy-

ses was the use of fracture toughness values obtained from small-specimen



test data by methods of elastic-plastic fracture analysis developed for
this purpose by the HSST program. In addition, numerous fracture experi-
ments have been performed with sharp flawed steel and epoxy models. These
models have provided extremely valuable strain analysis and fracture data,
as well as reliable linear elastic fracture mechanics calibrations for
cracks in nozzle corner regions, which are still difficult to obtain ana~-
lytically. An effort to develop an accurate three-dimensional, elastic-
plastic, finite-element analysis of a flawed nozzle corner region is con-
tinuing in preparation for the testing of the rvemaining intermediate test
vessel containing a nozzle.

The analytical studies performed indicate that below the upper—-shelf
temperatuve range, linear elastic fracture mechanics (expressed in tervms
of strain) is accurate or conservative, depending on tramsverse restraint
conditions prior to the onset of through-thickness yielding. 1In addition,
in the cylindrical region of a vessel, within the upper-shelf temperature
range, failure is controlled by the onset of plastic instability in the
region surrounding the flaw if the upper-shelf toughness is sufficiently
high. For surface flaws less than half the test vessel wall thickness in
depth, failure loads were approximately three times the code design pres-
sure of the test vessels.

Application of the analysis procedures developed for the intermediate
test vessels to a hypothetical reactor pressure vessel indicates that a
similar margin of safety is inherent in full-scale vessels. Although
linear elastic fracture mechanics expressed in terms of strain is appli-
cable to full-scale vessels prior to the onset of through-thickness yield-
ing, it is too conservative above the gross yield pressure for realisti-
cally estimating the upper-shelf toughness required to reach plastic
instability conditions. Elastic-plastic fracture analysis methods are
required for this purpose, and calculations by one such method are in-
cluded in the example analysis of the hypothetical full-scale vessel.

The conservatism of the present ASME code procedures for fracture safety
analyses thatb are based on the KTR curve is also illustrated by the

example calculations.



AN EVALUATION OF THE HSST PROGRAM INTERMEDIATE PRIESSURE VESSEL
TESTS IN TERMS OF LIGHT~-WATER-REACTOR PRESSURE VESSEL SAFETY

J. G. Merkle G. D. Whitman
R. H. Bryan

TINTRODUCTION

Testing of the intermediate pressure vessels is a major activity
under the Heavy-Section Steel Technology Program. A primary obiective of
these tests is bto develop or verify methods of fracture prediction through
the testing of selected structures and materials so that a wvalid basis can
be established for evaluating the serviceability and safety of light-watex
reactor (LWR) pressure vessels. This is a preliminary repori of the re-
sults of the tests already conducted and of some of the implications of
the results with respect to the safety against fracture of reactor pres-
sure vessels.

The intermediate pressure vessel tests and the methods of fracture
prediction applied to them are an important part of the total effort that
is made to achieve the high quality of reactor pressure vessels required
for the protection of the public health and safety.

Structural integrity of reactor pressure vessels is established by
desizning and fabricating them in accordance with the applicable ASME
code and Nuclear Regulatory Commission (NRC) requirementsz for nuclear
pressure vessels, by dnspecting for flaws of significant size, and by
evaluating the safety wmargin available against fracture should flaws exist
or develop during operation. The event that must be avoided in service
is a fractuvre, without prior warning, in a reactor pressure vessel that
can disrupt the safety features of the nuclear reactor plant. Reactor
pressure vessels were known Lo possess a large margin of safety agaionst
failure under anticipated operating conditions, but the influence of flaws
on this margin had not been quantitatively determined for many situations
of interest before the start of the HSST program. A dependable evaluation
of safety margin can only be accomplished with verified analvtical methods
involving the utilization of a detailed stress analysis, pertinent mater-—
ial properties, and a geometrical description of the hypothetical or real

flaw.



The intermediate vessel tests were planned with sufficiently specific
objectives that substantial quantitative weight could be given to the re-
sults. ©FEach set of testing conditions was chosen so as to provide specific
quantitative data by which analytical methods of predicting flaw growth,
and in some cases crack arrest, could be evaluated. Every practical ef-
fort was made to assure that results would be relevant to some aspect of
real reactor pressure vessel performance through careful control of mate-
rial properties, selection of test temperatures, and design of prepared
flaws.

The intermediate test vessels were fabricated from the same low-alloy
steels used in the fabrication of LWR pressure vessels, typical examples
of which are shown in Figs. 1 and 2. Sharp flaws of desired size, loca-
tion, and orientation were produced in each test vessel; and they were
then loaded by internal pressure so that the state of stress achieved in
deliberately flawed regions was similar to the state of stress that would
exist in a full-scale reactor vessel if it were to contain a flaw. The
intermediate test vessels are smaller in diameter and wall thickness than
actual reactor pressure vessels, but the thickness chosen and the internal
pressures used in the tests are adequate for providing the relevant con-
ditions in the neighborhood of the prepared flaw. Each test was continued
until failure occurred, in every case at a loading substantially in excess
of the design load. The use of pressures and, in some tests, temperatures
more severe than occur during any condition specified for real reactor
pressure vessels was necessary in order to obtain quantitative data by
which methods of fracture prediction could be evaluated.

The tests, in addition to providing experimental data on fracture
strength to verify analytical methods, directly demonstrated the behavior
of thick-section vessels with flaws present. The major emphasis in these
tests was placed on measuring the conditions (stress and strain) at the
onset of flaw instability. Analytical methods that relate these conditions
to material properties, temperature, internal pressure, and flaw configur-
ation are required for the determination of the factor of safety against
disruptive failure.

In addition to the information of primary interest, data were also

obtained on crack propagation, crack arrest, and failure mode; and in
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certain instances only stable crack growth leading to '"leak before break"
was observed under the conditions of a particular test. Although these
secondary observations are pertinent to the behavior of the steels used
in LWR vessels, the tests were not designed to provide conclusive data
for the verification of analytical methods concerned with the terminal
behavior of propagating cracks. Predictions of the ultimate failure
modes of reactor vessels must be made with due consideration given to

the greater amount of energy contained in the pressurized-water reactor
(PWR) or the beiling-water reactor (BWR) systems. Nevertheless, the
intermediate vessel tests have provided direct evidence as to either the
very large flaws or the severe deterioration of materials properties that
would have to develop in a vreactor pressure vessel before an abrupt and

disruptive failure could occur.
VESSEL DESTIGN AND FABRICATION

The design and fabrication of the intermediate vessels have been
previously described,l and only a brief review of this asgpect of the
project will be covered here.

There are ten vessels in the test series. Figure 3 shows a partially
sectioned view of vessels V-1, V-2, V-3, V-4, V-6, V-7, and V-8; Fig. &
shows a sectioned view of vessels V~5, V-9, and V-10. The materials of
construction are listed in Table 1, and the orientation of the welds in
the cylindrical test sections of vesgsels V-3, V-4, and V-6 through V-10
are shown in Fig. 5.

The vessels were designed and fabricated in accordance with the 1968
edition of Sectiom IIT of the ASME Boiler and Pressure Vessel Code, In
addition to the wnormal quality assurance provisions of the code, an addi~
tional inspection requirement was imposed for all the welds, namely that
both longitudinal and shear beam ultrasonic testing be performed.

The vessels were sized to permit entry of a man into the vessel, and
the length of the cylindrical section was determined by specifying that
the stress in the test section of the cylinder should be unaffected by
the head regions. The wall ithickness was chosen so that a valid test of

the theory and methods of linear elastic fracture mechanics would be
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within the capabilities of the test facility. Specifically, a 6~in. wall
is thick enough for such a test at temperatures attaiovable io the facility
and with prepared surface flaws extending less than halfway through the
wall. A typical PWR pressure vessel (Fig. 1) has a design pressure rating
of 2500 psi, and a typical BWR pressure vessel (Fig. 2) has a design pres-
sure rating of 1250 psi; the intermediate vessel cylinders have a design

pressure of 9710 psi because of their smaller diameter~to-thickoness ratio



Table 1.

Materials used for fabricating

intermediate test vessel cylinders

and nozzles

Vessel Material
designation Cylindrical shell Nozzle
v-1 A508 class 2
V-2 A508 class 2
V-3 A508 class 2
V-4 A508 class 2
V-5 A508 class 2 A508 class 2
V-6 A508 class 2
v-7 A533-B class 1
V-8 A533-B class 1
V-9 A533-B class 1 A508 class 2
V-10 A533-B class 1 A508 class 2
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compared to actual LWR vessels. By definition, the difference between the
largest and the smallest principal stresses at design pressure is the same

in the test vessels as in the real reactor vessels.

The radially attached nozzle shown in Fig. 4 that was designed into
three of the vessels (V-5, V~9, and V-10) was proportioned to give a rep-
resentative state of stress for nozzles permitted by the ASME code. Both
finite~element and experimental strain analyses were performed on this
structure to verify the design.

Some difficulty was encountered in controlling the material properties
for the first six vessels, which contained cylindrical regions of A508
class 2 forging steel. The chemistry of this steel was such that untypi-
cally high strength and toughness properties were originally achieved, and

retempering at 1320°F was required to achieve typical properties.

MATERIALS INVESTIGATIONS

Extensive characterization of the materials in the cylindrical sec—
tions was achieved with mechanical property and fracture toughness speci-~
mens taken from 2-ft~long proloungations of the vessel cylinders made by
the same fabrication procedures as the cylivnders themselves. Tensile,
Charpy V-notch impact energy, and drop-weight nil ductility transition
temperature tests were conducted on prolongation material using location
(depth from surface) as a variable. Compact-tension (fracture mechanics)
specimens varying from 0.394 to 4 din, thick were also tested. In addition,
1/7-scale model vessels fabricated from the prolongation material were
tasted prior to testing the corresponding intermediate—size prototype.

The intermediate vessel tests were preceded by a considerable develop-
ment effort related to the use of small specimens for determining fracture

2=%  Material frac-

toughness properties over a wide range of temperatures.
ture toughness properties obtained from specimens as small as Charpy-size
specimens provided data that were successfully used in predicting fracture
behavior. The establishment of methods permitting the use of small speci-
mens to determine fracture toughness greatly enhances the value of the

surveillance specimens used in LWRs.
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TEST CONDITTIONS

Tests were performed over a temperature range sufficiently broad to
cover frangible, transitiomnal, and ductile fracture behavior. Frangible
failure occurs at low temperatures without warning, and there is little
or no nominal plastic strain associated with the failure. This mode of
failure occurs at stress levels equal to or less than the yield stress,
and crack propagation is rapid and extensive. Transitional failure occurs
at intermediate temperatures between the limits of totally frangible and
totally ductile behavior. Interest in this region stems primarily from
the need to know the limits of applicability of linear elastic fracture
mechanics (LEFM) analysis in the transition range of temperature. Ductile
behavior occurs at higher temperatures and requires energy input from the
applied load for continued crack extension, and crack propagation velocity
is reduced relative to frangible behavior. Ductile failure may occur be-
cause of very large flaws or overload. In keeping with the purpose of
establishing a basis for quantitatively assessing safety mwargins, the
tests were always carried to overload, in comparison with normal or ex-

pected reactor pressure vessel conditioms.

FLAW PREPARATION

An important factor in the testing of the intermediate vessels was
the provision for properly shaped and sharpened flaws. For investigating
frangible behavior, this provision is necessary to meet the conditions of
crack sharpness required to ensure the applicability of LEFM. In the
transitional and tough regimes of failure, crack sharpness may affect the
extent of stable crack growth prior to reaching maximum load. Therefore,

it is important to obtain crack sharpness typical of naturally occurring

fatigue cracks for these regimes also. All the intermediate vessel tests
have been performed with sharpened flaws so as to simulate the character-
istics of the most serious defects that could occur in pressure vessels,
Except for vessel V-7, the machined notches in the test vessels were
sharpened by pressure pulsing the void formed by machining. The large
flaw in intermediate test vessel V-7 was sharpened by hydrogen charging

an electron-beam weld zone at the root of the machined notch. The flaws
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in the model vessels were also sharpened by electron-beam welding and
hydrogen charging.

Pulse~echo, shear wave, and dynamic bage~line noise-monitoring ultra-
sonic techuniques were used to monitor crack growth. In some instances,
correlations between crack growth and crack-opening-displacement measure-~

ments were also made.

MODEL TESTS

Scale-model tests have been used extensively as an aid to the plan-
ning and the interpretation of the results of the intermediate pressure
vessel tests. The models were of two types: epoxy models, such as those
shown in Fig. 6, the behavior of which was elastic; and steel models, such
as those shown in Fig. 7, the behavior of which was elastic-plastic. Both
types of models contained machined notches that were converted to sharp
cracks by sharpening the notch tips -— in the case of the epoxy model ves-
sels by fatigue and in the case of the steel models by electron-beam weld-
ing followed by hydrogen charge cracking. Both types of models provided
experimental strain analysis data that accurately depicted the behavior
of their respective intermediate size prototypes prior to failure. 1In
addition, selected data were used as input to some of the analytical pre-
dictions of the fracture strength of the intermediate test vessels. The
experimental strain data from models were especially valuable for charac-
terizing the nozzle~to-cylinder junction region, for which three-dimensional
finite-element predictions did not agree with experimental data. The model
fracture data provided an indispensable means for evaluating proposed frac-
ture analysis methods in advance of their application to the intermediate
test vessels. The model data are particularly useful for evaluating the
ability of proposed analytical methods to properly consider flaw size and

thickness effects over a sufficiently broad range of size.

TEST RESULTS AND ANALYSES

The plan for the intermediate vessel tests was to first conduct tests

that could possibly have results that would preempt further tests or would



Epoxy model vessel with nozzle.

PHOTO 77614
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One-seventh-scale steel models of intermediate test vessels.

PHOTO 1218-73
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necessitate a radical change in plans. Otherwise, the testing sequence
was principally dependent upon the operational factors of conducting a

first-of-its-kind experimental program. Thus, vessels V-1 through V-6

were procured first and were tested while vessels V-7 through V-10 were
being designed, fabricated, and prepared for testing.

The testing conditions for the intermediate pressure vessel tests are
given in Table 2, and the results obtained thus far are listed in Table 3.
The vessels are listed in order of increasing test temperature, because
of the controlling influence of temperature on the fracture toughness of
the vessel material. The vessels were tested in ascending numerical order,
except for the reversal in order of vessels V-5 and V-6.

The conditions for the first test (vessel V-1) were selected for a

combination of reasons, some of which were concerned with demonstrating
that the flaw preparation techniques and experimental methods developed
with scale-model vessels and large-scale mockups would be satisfactory in
testing the real vessels. The more fundamental reason for adopting the
conditions of this test was the desire to test the hypothesis that crack
initiation in material exhibiting high static upper-shelf toughness would
not precede the onset of gross yielding. If this had not proven to be
the case, subsequent tests would probably have been planned differently.
As it turned out, predictions were satisfactorily confirmed in each suc-
cessive test, so that the series of eight intermediate vessel tests were
able to cover the three important ranges of fracture behavior as well as
a range of flaw sizes and stress concentrations.

It can be seen from Tables 2 and 3 that, in addition to temperature,
two other factors also have a strong influence on the conditions at fail-
ure, namely, flaw size and stress concentrations. As indicated by the
results for vessels V-6 and V-7, vessel strength decreases as flaw size
increases; and, as indicated by the results for vessels V-5 and V-9, if the
flaw is located in a region of stress concentration the strength is reduced
more.

Another factor that has a significant influence on the mode and extent
of crack propagation is the difference between the resistance of the mate-
rial to the onset of rapid fracture and the resistance of the material to

the continued extension of a running crack. The former property of the



Tzble 2. Intermediate vessel test conditions

Vessel Flaw size (dn.) Test tfig;gzzz Flaw description
No. . tempizature K ‘ -
a 2b {°F) (ksic/EET) Location Material
2 2.53 8.30 32 184 Qutside A508-2
4 3.00 8.25 75 160 Outside Weld &
9 1.20 Nozzle 75 150275 Inside A508-2 (nozzle)
1 2.56 8.25 130 311 Qutside A508-2
3 2,11 §.50 130 325 Outside Weld
6 1.87 5.25 190 369 Outside Weld
5 1.20 Nozzle 190 241 Inside A508-2 {(nozzle)
7 5.30 18.6 196 301 Outsgide A533-B8




Table 3. Intermediate vessel test results

Maximur pressure Calculated results Load
Vessel pr {(ksi) and Mode of moac ;
£ T o PO - ; . factor, Remarks
No. strain As (%) failure LEFM based Plastic o/ )D
at failure on strain? tasrtability \Pel P4
2 Pr 27.9 Flat 27.4 2.87
Ae o 0.196 0.206
L be  26.5 Mixed 26.2 2.73 fransition
- 0.168 0.163 range
9 P 26.9 Mixed 13.5-18.4 2.77
s 1.05¢ 0,070-0.096°
3 pr 28.8 Mixed 27.5 29, 94 2.96 Stat
A 0.92 0.345 tatic
d upper
3 Ps 31.9 Mixed 27.5 31.5 3.19 shelf
e 1.47 398
6 pr 319 Shear 27.5 33.79 3.28
As 2 0.479 Static
5 pr  26.6 Leak 19.1 2.74 and
A 0.25¢ 0.100 cynamic
upper
7 P 21.4 Leak 2G.8 19.1 2.20 shelf
re  0.12 0.109
a

Linear elsstic fracture mechanics.
b 4 ,
pg» design pressure = 9.71 ksi.
c . R . .
Outside circumferential strain 180° from nozzle.

Assuming 157 stable crack growth as suggested in Ref. 1.

9T
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material is greater than the latter at temperatures below the normal range
of operating temperature of reactor pressure vessels, bul the reverse may
even be true in the operating temperature range. At the present time, for
analytical purpeses, we are accepting the assunption that the same method
of analysis is capable of describing both phenomena, providing that the
correct numerical value of the fracture toughness Is used for each case.
Having to make this assumption leaves the scientific basis of expevimental
results open to further examination; but as an approwimation the hypothesis

has enough experimental justification to warrant evaluating the

conditicns governing poteonial crack propagation prassure ves-

sels.

Fracture analysis is an area of solid mechaoics that iz still under
development. Tt is generally agreed that the methods of linear elast
fracture mechanics (LEFM) do describe the behavier of specimens that are
completely brittle and fail without yielding. However, nucleav prassure
vessels, like most engineering structures, are designed and built of mate-
rials that are capable of yielding extensively bafore failing. Although
the LEFM method can be used to ensuve that a specified flaw will nob cause
fracture before yielding, it may considerably undervestimate the actual
failure strain if gross yvielding precedas fracture. Elastic-plastic meth-
ods of fracture analysis are more appropriate for these latter conditions.
The model and intermediate pressure vessel test data chtained by the HSS5T
program have provided valuable inforwation regarding the [racture perform-
ance of pressure vessels in the inelastic range. These data have already
been used as a basis for developing and testing methods of elastic-plastic
fracture analy51q,195 and they will continue to serve this important funec~
tion in the future. An example application of elastic and elastic-plastic

fracture analysis methods to a hypothetical reactor pressure vessel appears

in a later section of this report.

Tests with Transition Range Toughness

)

The test that provided the best direct demonstration of the capabili-
ties of LEFM was the test of vessel V~2. The test temperature for thi

vessel was 32°F, which is only 22°F above the estimared nil ductility
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transition {(NDT) temperature of the vessel material. This test tempera-
ture represents a much closer approach to the NDT temperature than would
be permitted for an actual reactor pressure vessel under full load in
service. Although brittle hehavior was expected, some yielding was also
expected prior to the onset of rapid fracture, and the effect of this
yielding on the accuracy of a prediction based on LEFM was not known in
advance. The test results indicated that the fracture strain for a flaw
in the cylindrical region of the vessel could be accurately predicted by
LEFM, provided that yielding had not progressed completely through the
vessel wall., It appears that this is true because effectively no plastic
strain occurs in the axial direction, tangential to the crack tip, and
therefore a2 condition of full transverse restraint is maintained along
the crack front even after partial yielding has occurred. When applyiag
LEFM based on strain, as in the case of vessel V-2, the failure strain is
calculated directly as if it were a totally elastic strain, and the corre-
sponding pressure is then determined from the nonlinear pressure strain
curve for the flaw location, ignoring the presence of the flaw. A cal-
culated pressure vs outside surface circumferential strain curve for an
intermediate test vessel is ghown in Fig. 8. Because of the low test
temperature, crack propagation in vessel V-2 was extensive, as shown in
Fig- 9, including the separation of a piece of the vessel wall from the
remainder of the vessel.

The test temperature for vessel V-4 was 75°F, but both the failure
pressure and strvain were slightly less than for vessel V-2, Vessel V-4
contained two flaws; the one at which failure initiated was located in a
longitudinal weld that exhibited considerable variability in its fracture
toughness properties. Posttest analysis indicated that the fracture tough-
ness of the V-4 weld zone material that contained the critical flaw was
207 less than had been estimated before the test. Furthermore, this value
was less than the fracture toughness of the material in vessel V-2. With
this adjustment, the failure conditions for both vessels V-2 and V-4 are
calcu’ated quite clos2lv by LEFM analys:s based on strain, as described
above. Crack propagation in vessel V-4 was considerably less extensive
than that in vessel V-2 due to the higher test temperature of vessel V-4,

A closeup view of the weld flaw in vessel V-4 is shown in Fig. 10.
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PHOTO 73-4

Fig. 10. Posttest view of outside surface weld flaw and fracture
surface in intermediate test vessel V-4, tested at 75°F.
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Vessel V-9, which had a flaw at the inside corner of a nozzle, was
also tested at 75°F. The pressure and strain at failure for this vessel
exceeded those calculated by an LEFM analysis based on strain, due to the

fact that the inside nozzle corner is not a region of high transverse

restraint even though it is a region of high stress concentration. The
cylindrical region of this vessel yielded through the thickness before
failure occurred at the flaw. Pretest crack arrest calculations for ves-
sel V-9 indicated that crack arrest was unlikely, although possible. A
fast fracture did occur, as expected, and crack arrest did not occur. A
view of the failed nozzle region of vessel V-9 is shown in Fig. 11. Pieces
of the test nozzle were separated from the vessel by the propagating frac-
ture. Vessels V-2 and V-9 were the only vessels from which pieces were
separated during fracture. Additional fracture analyses are being per-

formed for vessel V-9,

Tests with Static Upper-Shelf Toughness

Vessels V-1 and V-3 were both tested at 130°F, which is the tempera-
ture above which plastic instability in the region of the flaw is expected
to precede fracture even under plane strain conditions. Plastic instabil-
ity occurs when the load-bearing area begins to contract at a rate greater
than the rate at which the true stress on the same area increases due to
the increase in strain; hence, plastic instability is a condition under
which the capacity of a region to bear a load does not increase, and may
decrease, with increasing strain. The only differences between vessels
V-1 and V-3 were that the flaw in vessel V-3 was slightly smaller, and it
was located in a longitudinal weld. The flaw in vessel V-1 was located in
base metal. It can be seen from Table 3 that for both vessels V-1 and V-3,
the failure pressure is very close to the calculated pressure for local
plastic instability in the region of the flaw. This indicates that not
only did the vessels have the capability of yielding through the thickness
before failing but also the effect of the flaws in both vessels was mainly
to reduce the load-bearing area of the vessel wall. At 130°F, the resis-

tance of the vessel material to the continued propagation of a running
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Fig. 11. Posttest view of fractured nozzle region in intermediate
test vessel V-9, tested at 75°F.
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crack is known to be less than its resistance to the onset of rapid frac-
ture. Therefore, a rapidly propagating mixed mode fracture was expected
and did occur in both vessels, as shown in Figs. 12 and 13. As indicated
by Table 3, an LEFM analysis based on strain considerably underestimated
the failure strains for both vessels. Several other methods of inelastic

fracture analysis were also applied to vessel V-1, which was expected to

(and did) fail in the plastic range after considerable stable crack growth.

None of these methods overestimated the failure pressure by more than 10%.1

Tests with Static and Dynamic Upper-Shelf Toughness

Vessel V-6 contained three part-through surface cracks and was tested
at 190°F. Two of the flaws were outside surface flaws, one in base metal
and the other in a longitudinal weld, and the third was an inside surface
flaw in a longitudinal weld. Dynamic-tear test data indicated that at and
above 190°F, fully plastic conditions would exist, and a crack arrest cal-
culation indicated that a flat fracture would not propagate. Failure in
V-6 initiated at the outside surface weld flaw after considerable stable
crack growth. Full slant shear fracture extended from both ends of the
flaw and arrested before reaching the ends of the vessel, as shown in Fig.
1l4. The measured values of pressure and strain at the onset of failure
were nearly the same for vessels V-6 and V-3, because both vessels were
tested in the temperature range in which the static initiation fracture
toughness achieves its upper limiting value. However, the extent and mode
of crack propagation were distinctly different for the two vessels, because
at 130°F the crack propagation resistance of the test material is consider-
ably less than its static initiation toughness, while at 190°F the former
may even exceed the latter. The protection against fragment formation
that is achieved by an increase in vessel operating temperature is dra-
matically illustrated by the comparison between the crack extension pat-
terns that developed in vessel V-2 at 32°F (see Fig. 9) and in vessel V-6
at 190°F (see Fig. 14).

Vessel V-5, which was geometrically identical to vessel V-9, was tested
at 190°F. Because, at this temperature, the propagation resistance of the

nozzle material exceeded its static initiation toughness, the crack grew
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Fig. 12. Posttest view of intermediate test vessel V-1, tested at
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PHOTO 4055

Fig. 13. Posttest view of fracture in intermediate test vessel V-3,
tested at 130°F.
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PHOTO 424773

Fig. 14. Posttest view of shear fracture in intermediate test vessel
tested at 190°F.
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stably under rising load until a small leak occurred at the outside nozzle
corner closest to the closure end of the vessel, toward which the flaw was
growing. A posttest view of vessel V-5 is shown in Fig. 15. The final
failure pressures for vessels V-5 and V-9 were almost identical, although
the outside circumferential strains on the vessel cylinders 180° from the
nozzles were considerably different. This difference in strain occurred
because both cylinders were almost exactly at the point of through-thickness
yielding, at which considerable plastic strains occur with only a small
change in load (see Fig. 8). Again the final failure pressure of vessel
V-5 exceeded by a considerable margin the pressure estimated by an LEFM
analysis based on strain, and the strains at failure at the opposite un-
flawed inside nozzle corner in both vessels V-5 and V-9 exceeded 6%Z. How-
ever, ultrasonic measurements of crack depth made from the outside nozzle
corner indicated that stable crack growth had commenced at a pressure close
to the LEFM estimated failure pressure.

Vessel V-7 was unique in the intermediate pressure vessel test series
for several reasons. As shown by Fig. 16, it had by far the largest flaw
(over 5 in. deep and 18 in. long); it was the only intermediate test vessel
with a flaw that was sharpened by electron-beam welding and hydrogen charge
cracking; and it was the only vessel with a surface flaw in the cylindrical
region that leaked without fracturing. A view of vessel V-7 after testing
is shown in Fig. 17. The flaw in vessel V-7 was carefully designed on the
basis of failure data obtained from three 1/7-scale steel models containing
long deep external surface flaws of different sizes. Analyses of these
data revealed that if the fracture toughness of the thin ligament remaining
between the crack tip and the inside surface of the vessel was considered
to be a function of the ligament thickness, then an LEFM analysis agreed
with the test data from all three models, despite the fact that the liga-
ments in each model were fully yielded before failure. The final dimen-
sions of the flaw in vessel V-7 were calculated by the same method of
analysis, which proved to be remarkably accurate with respect to the test
data. The leak without fracture that occurred in vessel V-7 was predicted
by a crack arrest analysis that recognized that the vessel wall thickness
was insufficient to maintain full transverse restraint for an axially

propagating crack. This leak occurred by the same process that had
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occurred in vessel V-5, namely, the stable growth of the crack through
the remaining vessel wall, with no tendency for the crack to run fast.
This mode of crack extension should be detectable by acoustic emission
instrumentation and should therefore give warning of vessel unservice-

ability without immediate loss of function.

EXAMPLE CALCULATIONS FOR A HYPOTHETICAL
REACTOR PRESSURE VESSEL

Definition of the Reference Calculational Model

The relation between the intermediate test vessel experimental and
analytical results just described and the safety against fracture of a
full-scale reactor pressure vessel can be demonstrated with a calculational
example. For this purpose, a reference calculational model representing
a typical PWR vessel is defined by the information listed in Table 4. The
fracture toughness at a given position in the vessel wall is determined
by the neutron fluence, the copper content of the steel, the transition
temperature shift corresponding to the aforementioned two parameters, and
the chosen reference curve of fracture toughness vs temperature relative
to the transition temperature. The relation between the neutron fluence
and the radial distance from the inside surface of the vessel is based on

Ref. 6, and is given in Table 4 as

F =4 % 1019 e—0.33x , (1)

where F is the neutron fluence (neutrons/cm?, E > 1 MeV) and x is radial
distance from the inside surface (in.). The relation between the neutron
fluence, the copper content, and the transition temperature shift is taken

7 as shown in Fig. 18. For

to be the set of curves developed by Litton,
these calculations, a copper content of 0.207 was assumed, based on the
data obtained for the A533, grade B, class 1 steel plates procured as test

material by the HSST program.
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Table 4.

Specified conditions for reference

calculational model

Outside diameter, in.
Wall thickness, in.

Neutron fluence (E > 1 MeV),
neutrons/cm?

Yield stress, ksi

Fracture toughness
KIC source (unirradiated)

g P . O a
RTNDT (unirradiated), °F

AR vs fluence and copper

lNDT
Source

% Copper

Flaw
Shape
a/2b
Location
Orientation

Depth, in.

Loading

189

8.5

4 x 1019 ¢—0.33%

65

WCAP~7414
+40

Litton (October 1972)
0.20

Semielliptical
0. 36
Outside surface
Axial

1/2, 1, 2, 3, 4

Internal pressure

Fracture Toughness Estimates

The reference curve of fracture toughness vs temperature for unirradi-

ated material, which is to be shifted upward in temperature by the amount

of the transition temperature shift determined from Fig. 18, was taken as

the curve of valid static fracture toughness for A533, grade B, class 1

steel measured by WSstinghouse.8

This curve can be fit, to a close
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approximation, by the equation9

T Te T @

where KIC is the plane strain fracture toughness (ksi Vin.) and SY is the
yield stress (ksi). The value of AT given in Ref. 9 is 125 Vin. (°F), and
the value of Tw, hased on the NDT temperature of (°F given in Ref. 8, is

given by
T, = NDT + 125 , (3)

The value of AT defines the shape of the KIC/SY vs temperature curve and

is assumed to be unaffected by irradiation.

Stress—-Strain Properties and Pressure-Strain Calculations

The operating temperature true stress-~strain diagram of the vessel
steel assumed for this analysis is shown in Fig. 19. The variations in
this diagram due to temperature and irradiation are neglected, which is
a conservative assumption because irradiation and temperature decreases
both cause the yield and ultimate stresses to increase, thereby raising
the gross yield pressure of the vessel and the numerical value of X if

Ic
the ratio K C/SY is estimated independently as a function of temperature.

I
The numerical parameters of the stress-strain diagram shown in Fig. 19
are listed in Table 5.

Using a closed~form elastic~plastic stress and strain analysis based
on a trilinear approximation to the stress-strain diagram,® the relation
between internal pressure and outside circumferential strain is as shown
in Fig. 20. The gross yield pressure (i.e., the pressure at which through-
thickness yielding occurs in the reference calculational model) is 6126 psi.
This pressure is just slightly less than three times the normal operating
pressure of a PWR vessel, which is 2250 psi.

One difference between the pressure-strain diagram for the reference

calculational model shown in Fig. 20 and the diagram for the intermediate

test vessels shown in Fig. 8 is worth noting. The pressure difference
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STRAIN (%)

True stress-strain diagram for A533 grade

assumed for analysis.

Table 5. Parameters of the stress-strain
diagram used for analysis

M
MM
AAAAAAA el
MM ,,,,,,,,
e
Mf
-
Lo
TRUE STRESS-STRAIN CURVE
FOR AB33 GRADE B, CLASS 1 STEEL
0 1 2 3 4 5 6 7 8 9 10 11 12

B class 1 steel

Modulus of elasticity, ksi
Yield stress, ksi
Yield strain., %

Strain at the onset of strsin
hardening, 7%

Engineering ultimate stress, ksi
Necking strain, %

True ultimate stress, ksi

3 x 10"

65
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between initial and complete yielding is proportionally less for the
reference calculational model than for the intermediate test vessels, be-
cause of the smaller thickness to diameter ratio of the former. This
means that in the cylindrical region, elastic-plastic fracture analysis
methods are not as necessary bhelow the gross yield pressure for the ref-
erence calculational model as for the intermediate test vesssls. However,
for regions of stress concentration such as nozzle corners, where yielding
occurs sooner and progresses more gradually, elastic-plastic fracture anal-
ysis methods should again be of considerable importance prior to gross
yielding. As will be shown, elastic-plastic fracture analysis methods

are definitely required to obtain realistic results above the gross yield

pressure.

Code Design Pressure

Based on Section TIIT of the ASME code, the code design pressure for

the reference calculational model is given by

om 4)

where Pa11 is the allowable pressure, S_ 1is the allowable stvess intensity,
s
and Y is the ratio of the outer to the inner radii of the vessel. Using
the value of Sﬁ‘x 26.7 ksi given by Section 111 of the ASME code, the code
[
1

design pressure for the reference calculational model is 2515 psi, which

is about 10% greater than ihe normal operating pressure of 2250 psi.

Upper-Shelf tlastic Instabiliiy Pressures

An upper limit to the failure pressure of a cylindrical pressure ves-
sel containing an external part-through surface crack can be estimaced as
the pressure at which plastic instability occurs in the region surrounding

the flaw. This pressures can be estimated from the equationl

A
pf=%<Y-nﬂs~£ , (5)
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where S0 is a plastic instability flow stvess estimated as about 1.07 times

the average of the yield and ultimate stresses, AC is the crack area, and

A is the effective load-bearing area containing the flaw. The areas AC

and A are calculated from

mla + Aa) (h + Ab)

A= 5 , (6)

and

A

[2(b + Ab) + wlw , (7

where Aa and Ab are estimates of the stable crack growth that occurs prior
*

0
stable crack growth prior to maximum load, a value selected to be slightly

to maximum load. Using a value of §, = 81.3 ksi and allowing for 20%
more conservative than the value of 157 used in the calculations for ves-
sels V-1, V-3, and V-6 summarized in Table 3, results in the plastic in-
stability pressures and strains as functions of initial flaw size listed
in Table 6. For the pressures in the strain-hardening range of the

pressure—-strain curve shown in Fig. 20, the failure strains listed in

Table 6. Plastic instability pressures
and strains for the reference
calculational model

Initi?l Pressure Strain

flaw size (psi) ()
(in.) P o
0.5 7960 4.60
1.0 7790 4.27
2.0 79250 3.23
3.0 6590 1.96

4.0 5860 0.17




40

Table 6 are calculated from

- P =5.57
AT 9s0 0 (8)

where p is in ksi and 2 is in percent.

Linear Elastic Fracture Mechanics Calculations

Estimates of fracture pressure vs temperature were made by LEFM for
the flaw sizes listed in Table 6 for fracture pressures equal to or less
than the gross yield pressure. Between the initial and the gross yield
pressures, the failure strains were calculated directly by LEFM, as previ-
ously described, and the failure pressures were then calculated from the
pressure-strain curve given in Fig. 20. These calculations were origi-
nally extended to the plastic instability strains, but the results showed
that the fracture toughness values required to reach plastic instability
failure strains were unrealistically high, because of the extreme counserva-
tism of LEFM based on strain in the cylindrical region, above the gross
yield pressure. It was thus determined that a more realistic type of
elastic-plastic fracture analysis would be necessary above the gross
yield pressure in order to prove that upper-shelf plastic instability
conditions can be reached with physically reasonable levels of fracture
toughness. The elastic-plastic analysis will be discussed after the major
details of the LEFM analysis have been explained,

Following Ref. 10, the linear elastic stress intensity factor at the

deepest point of each flaw was calculated from

K= CSS Ta |, (N

where C is a nondimensional shape factor, SS is the outside surface circum-

ferential stress, and a is the flaw depth. The shape factor is estimated

from
C [ s (10)

where M1 is the front-face free-~surface magnification factor which, for

the computed elastic stress distribution in the reference calculational
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model, is given bylo

M, = 1.025 + 0.055 (%) ; (11)
M, is the back-face free-surface magnification factor given by
ra\!/?
tan E@
2 na :
2w

and ¢ is the complete elliptic integral of the second kind which is closely

approximated by the expression

1.65
2 = a .
32 = 1 + 4.593 <2b> X (13)

The resulting elastically computed shape factors are listed in Table 7.

Table 7. Calculated LEFM shape factors
for external part-through surface
cracks in the reference
calculational model

Flaw depth a

(in.) Shape factor C
0.5 0.757
1.0 0.762
2.0 0.781
3.0 0.812
4.0 0.858

By elastic stress analysis, the relations between the internal pres-
sure and the outside surface circumferential stress and strain for the

reference calculational model are

S = 9.641p , (14)
5
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and

. P
TS N (15)

respectively, where SS and p are in ksi and X» is in percent.

The resulting values of fractuve pressure vs flaw size and tempera-
ture, calculated by LEFM for pressures equal to or less than the gross
yield pressure, are plotted in Fig. 21, along with the elastic-plastic
fracture analysis results for pressures exceeding the gross yield pres-
sure and a Section I1l, Appendix G analysis, both of which will be dis-

cussed below.

Elastic-Plastic Fracture Mechanics Calculations

The elastic-plastic fracture analysis results plotted in Fig. 21 for
pressureg exceeding the gross yield pressure of 6126 psi were obtained by
the tangent modulus method of analysis, which is described in detail in
Appendix U of Ref. 5. The basic equation of the tangent modulus method

isl»®

|
i

mmme‘
[a W
>

de Vo = 2C Va , (16)

where ¢ and p are the notch root strain and root radius, respectively, C
is the LEFM shape factor, a is the crack depth, Eg is the tangent modulus
corresponding to the gross strain, ES is the strain-hardening taungent
modulus at the notch tip, and XA is the nominal (gross) straio at the flaw
location. The value of the quantity e/g at fracture is obtained by inte-
grating the right side of Eq. (16) and is directly related to the value
of KIC' Because the tangent modulus method of analysis is an incremental
rather than a total strain method of elastic-plastic fracture analysis,
it is ideally suited to determining the increases in fracture toughness
required to extend the fracture strength of the reference calculational
model from the gross yield pressure to the plastic instability pressures

for the specified flaw sizes. For this analysis, a part-through surface
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cracked tensile specimen model was used, assuming full transverse restraint
and an effective width/thickness ratio of 5. The strain-hardening tangent
modulus was estimated from Fig. 19 as 3.06 ksi - (Z)"l. The fracture
toughness wvalues required for the reference calculational model to reach
its plastic instability strength for each flaw size are listed in Table 8.
By comparison with Table 2, it can be seen that these toughness values are
physically reasonable. The required fracture toughness value for the 4-
in.~deep flaw is less than the required values for the 1-, 2—-, and 3-in.~

deep flaws because local plastic instability around the 4-in.-deep flaw

occurs prior to the onset of gross yielding.

Table 8. Fracture toughness values required for
the reference calculational model to reach
plastic instability conditions

Flaw depth a Fracture toughness K.
(in.) (ksi Vin.)
0.5 173
1.0 249
2.0 341
3.0 381
4.0 183

ASME Code, Section IIT, Appendix G Calculations

For comparative purposes, a calculation was made by the method pre-
scribed by Appendix G of Section III of the ASME Boiler and Pressure Ves-
sel Code (see the 1974 edition of Division 1, subsection NA, pp. 489—495).
This analysis is based on a lower bound to the crack arrest toughness,
rather than on the static fracture toughness curve, and also incorporates
a factor of safety of 2.0 on pressure-induced stresses. The fracture

toughness curve is represented by the equation11

- ) " / . )
Kp = 26.777 + 1.223 exp [0.014493 (T ~ RT. ) + 160] (17)
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For this analysis, the upper limit of the KIR curve was assumed to be 200
ksi Vin. Appendix G specifies a reference flaw depth that is one-—quarter
of the vessel wall thickness. TFor the reference calculational model, the
reference flaw depth is therefore 2 1/8 in. As shown in Fig. 21, the
curve resulting from the Appendix G analysis lies well below the other
calculated curves, but still lies above both the design pressure and the
operating pressure at the operating temperature.

Figure 21 implies that the margins of safety between failure pressure
and design pressure that were observed for the intermediate test vessels
are also representative of the margins of safety that exist for full-scale
vessels, considering external surface flaws of the same size located in
sound material. The conservatism of the ASME code is also illustrated by

the example calculations.

DISCUSSTON

The intermediate pressure vessel tests can be distinguished from many
other structural component fracture tests by the fact that they were done
with adequately sharpened flaws, with prior measurements of fracture tough-
ness, prior elastic and plastic scale model tests, and accurate measure-—
ments of load, strain, and surface crack opening displacement up to failure.
The results obtained indicate that the material tested has a high resis-
tance to fracture even in the presence of large and sharp flaws. With re-
spect to fracture analysis methods, linear elastic fracture mechanics, ex~—
pressed in terms of strain, has been accurate under plane strain conditions
up to the onset of gross yielding, and other methods of analysis have been
applied successfully in the plastic range. Methods for calculating frac-
ture toughness from small specimens that fail in the plastic range have
been developed and successfully applied to the fracture analyses of the
intermediate test vessels.

The fracture strengths achieved by the intermediate test vessels can
be judged overall by several different standards, all of which have valid-~
ity. The first standard is the comparison between the pressure that would
be allowed in the vessel, according to the ASME code, and the measured

failure pressure. As seen in Table 3, the ratlo of the failure pressure
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Pe to the design pressure Py is between 2.7 and 3.3 for all the vessels
except for vessel V-7, which contained a very long flaw extending almost

completely through the vessel wall. 1In addition, vessel V-7 leaked

instead of fracturing, as did vessel V-5, which contained a flaw in the
stress concentration region of the inside nozzle corner.

A second basis for judging the flaw tolerating ability of the vessels
is their ability to yield through the thickness before failing. The spec-
ified stress limits for nuclear pressure vessels under full-load operating
conditions are based on the assumption that all parts of a vessel can
reach a condition of yielding through the thickness, including the develop~-
ment of substantial plastic strains, with no ill effects to the vessel
even in the presence of sharp flaws. In other words, it is implicitly
assumed that under operating conditions the vessel cannot fail by fast
fracture in the elastic range of stress. The intermediate pressure vessel
test data obtained thus far substantiate this assumption, provided that
material properties remain adequate and a flaw does not exist that is
large compared to the thickness of the vessel wall, which is unlikely.

In other words, small undetected flaws are not expected to constitute a
safety hazard under operating conditions. Therefore, only inadequate
material properties, lavge flaws, or extreme loading conditions exceeding
the values permitted by present codes remain as possible causes of vessel
malperformance under operating conditions. The intermediate test vessel
experimental and analytical data thus provide confirmation of the exis-

tence of the intended margin of safety for full-scale vessels.
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