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Fracture mechanics technology applied to heavy
section steel structures
E. T. WESSEL, W. G. CLARK, Jr. and W. H. PRYLE

Summary

This paper presents a review of a comprehensive program initiated to assess the
applicability of existing linear-elastic fracture mechanics technology and testing
techniques to low to intermediate strength structural steels that are employed

in heavy sections in the electrical industry. The materials involved in the program
include ASTM A216 Grade WCC and A533 Grade B, Class I pressure vessel steels
with minimum yield strength on the order of 40,000 and 50,000 psi, respectively as
well as ASTM A469, A470 alloy steels with yield strength ranging from 75,000 to
150,000 psi. Plane-strain fracture toughness data were generated as a function of
temperature for each of the alloys studied. Compact-tension types of fracture
toughness specimens ranging from 1 in to 10 ins thick were involved in the pro-
gram. Room temperature fatigue crack growth rate data expressed in terms of frac-
ture mechanics parameters were also established for the A533B and A216C pres-
sure vessel steels. The fracture toughness and fatigue crack growth rate data are
used in an example problem to demonstrate the usefulness of the fracture mechanics
approach to design.

Although the entire program has not been completed, sufficient progress has been
made to develop the conclusion that existing linear-elastic fracture mechanics tech
nology is applicable to low-to-intermediate strength steels when used in sufficiently
heavy sections to have plane-strain conditions.

Introduction
During the past few years there has been a rapid advancement in the develop-
ment and application of linear-elastic (plane-strain) fracture mechanics tech-
nology. Originally much of the work on this technology was focused on the
relatively brittle, high-strength materials. As a result, it is now generally
accepted that the technology, when properly employed, is a very useful
quantitative tool for the prevention of failure in structures employing these
high-strength materials. While most of the experience has been confined to
these relatively brittle materials, there are no obvious technical reasons
why the technology would not be equally applicable to the lower-strength,
higher-toughness materials when employed in structures having sufficient
thickness and other restraint to provide essentially plane-strain conditions.
Many of the products of the electrical industry involve heavy section
structures (made of low-to-intermediate strength steels), for example, thick-
walled pressure vessels, large forgings for turbine and generator rotors and
disks and related thick section equipment used in power generation. The
heavy sections involved have led to the basic assumption that plane-strain
conditions prevail in most of these applications, at least for some portions
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localized crack-tip stresses necessary to initiate failure are material de-
pendent, K;, can be considered a materia] property which represents the
materials inherent resistance to failure in the presence of a crack or crack-

of the operating temperature range. Because of the high potential offered
by the linear-elastic fracture mechanics technology for making quantitatiye,
engineering decisions concerning the various aspects of fracture prevention
in these applications, a broad large scale program is being conducted to
assess the applicability of the technology to these situations and the a'sso-
ciated low-to-intermediate strength materials. While the entire program is
not complete, sufficient progress has been made to develop the conclusion
that the technology is applicable. The currently available results of the

various facets of this broad investigation are summarized in this paper. critical stress intensity, K;,, for the material will result in failure. There-

fore, if the appropriate stress intensity factor expression is known for a
General description of the basis of the technology

The linear-elastic fracture mechanics approach to the design against failure
of structural materials is basically a stress intensity consideration in which
Criteria are established for fracture instability in the presence of a crack
[1-3]. Consequently, a basic assumption in employing the technology is that
a crack or crack-like defect exists in the structure. The essence of the ap-
proach is to relate the stress field developed in the vicinity of the crack

tip to the applied nominal stress on the structure, the material properties
and the size of defect necessary to cause failure.

result in the failure of the structure.
While the termination of the life of a structure or component may be based

total useful life of a cyclic-loaded component is dependent upon the rate
of growth of flaws from a sub-critical size to a critical size. Therefore, both
an understanding of the critical combination of stress and defect size for
catastrophic fracture, and the rate of crack growth characteristics of the

The elastic stress field in the near vicinity of a crack-tip can be described : material under application conditions, are essential to determining the use-
by a single term parameter designated as the stress intensity factor ‘K’ [1-3]. E ful life of a component.
The magnitude of this stress intensity factor in turn, is dependent upon the Fatigue (slow) crack Propagation is a localized phenomenon dependent
geometry of the body containing the crack, the size and location of the crack, = upon the temperature, environment, and stress conditions at the crack front.

The stress intensity factor ‘K’ provides one of the best means available
for describing the stress conditions at the tip of the advancing crack. For

and the distribution and magnitude of the external loads 0f1 the body.
Therefore, if the relationship between the stress intensity factor and the

pertinent external variables (applied stress and flaw size) is known for a & a given geometry (flaw and component) and given loading’conditions, the
given structural geometry containing a particular type defect, the stress E crack growth rate is dependent upon the stress intensity at the tip of the
conditions in the region of the crack-tip can be established from knowledge = crack. For given conditions, the stress intensity factor K is a function of

of the applied stress and flaw size alone. The relationship between the
stress intensity factor and the pertinent external variables has been estab‘-
lisheqd for many structural configurations and will be discussed later in this
paper.

The criterion for brittle failure in the presence of a crack-like defect is
that crack growth to failure (instability) will occur whenever the crack-tip
Stresses exceed some critical condition. Since the crack-tip stress field
can be described in terms of the stress intensity factor K, a critical value

the applied load (stress) and the crack length ‘a’; that is, K~0 \/a. As the
crack grows under constant load cycling, the stress intensity increases
since both ‘a’ and o are increasing, Eventually the crack grows to a suf-

of the stress intensity factor can be used to define the critical crack-tip . environment. In such cases it is also essential to have materials properties
stress conditions for failure. For the opening mode (I) of loading (tension data in the form of da/dt (change in crack length per unit time) as a function
Stresses perpendicular to the major plane of the flaw) under brittle plane- E of the stress intensity factor, K,

Strain conditions (limited crack-tip plasticity), the critical stress intensity 3 In the presence of sustained loading in a hostile environment, such as
factor for fracture instability is designated as K f.-* In addition, since the E Sea water, it is generally believed that there is a threshold level of K, (desig-
* The subscript I is used to designate the opening mode of crack surface displace- »_ nated.as K 1gec for th'e critical stre'ss intensity factor for stress-corrosion

ment. Subscripts II and III are used to designate shear modes of displacement. | | cracking), below which a crack will not grow. The K 5. Parameter, a con-

This paper deals exclusively with mode I. E stant for a given material and environment, is therefore another material
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parameter of interest where hostile environments may prevail. Realistically,
this Kjg. threshold level should also be qualified as being applicable for a

specific time period.

Fracture mechanics material parameters for low-to-intermediate strength
structural steels

Test methods

One of the foremost factors which has thwarted the use of fracture mech-
anics for the lower strength materials has been the experimental difficulty
in obtaining the necessary fracture mechanics parameters, particularly the
K;. fracture toughness. Nearly any of the fracture mechanics types of frac-
ture toughness tests [4, 5] that have been successfully used to obtain K,
for the relatively brittle, high-strength materials could also be used for the
lower-strength steels, provided a sufficiently large specimen to maintain
the required degree of plane-strain conditions is used [4-7]. For most of the
steels of interest to the electrical industry, the yield strength-toughness
combination (KIO/UYS) is such that the common types of specimens would
have to be so large that they are practically prohibitive. Early efforts in
the program, then, were centered on the development of a suitable specimen
for the measurement of K, . This work has resulted in the development of a
relatively small specimen [6, 8] for determining K;, in the lower yield-
strength, high-toughness materials of interest. The proposed ASTM recom-
mended test method [8] for determining K;, now incorporates a ‘compact-
tension’ type of specimen. The K;, data reported in this paper were ob-

tained with the compact tension type of specimen and the ASTM recommende

test procedure [5, 6, 8]. Additional data have been obtained using the spin
burst test [9].

Fig. 1 provides the geometry and general proportions of the compact ten-
sion specimen and lists the measurement capacities of several sizes of
specimens.* Actual specimens of 1 in, 2 in, 4 in, 6 in and 12 in thickness
are shown in Fig. 4.

Cracik growth rates can be obtained with the same types of specimens as
are used for Ky, determinations, providing the K; calibration extends over

a suitable range of crack lengths and an appropriate crack length monitoring

system is employed. Most of the crack growth rate data obtained in this

program and reported in this paper were obtained using the modified WOL-T*

type of geometry [6] and the methods developed by Clark [10]. An automatic
crack extension monitoring system [11] is used to get basic ‘a’ vs N data
(crack length versus cycle), and the resulting da/dN vs AK; (crack growth
per cycles as a function of the applied stress intensity factor range) rela-
tionships were determined with an appropriate computer program [12].

* Note that the number preceding the Specimen Identification Code (CT, WOL)
refers to the specimen thickness.
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K,, fracture toughness data

Some of the Ky, toughness data obtained for typical low-to-intermediate
strength steels are described below. These are: ASTM A533 Grade B steel
(50,000 psi minimum yield strength) commonly used for large welded pres-
sure vessels; ASTM A216C cast steel (40,000 psi minimum yield strength),
also used for thick pressure vessels; and ASTM A469, A470 and A471 alloy
steels employed for large generator-turbine rotor and disk forgings at yield
strengths ranging from 75,000 psi to 150,000 psi. The chemical composition,
heat treatment and conventional mechanical properties are provided in Figs.
3 and 4.

The temperature dependence of K, fracture toughness for a 12 in thick
A533B steel plate is shown in Fig. 5.* For convenience, the yield strength
is also shown. All of these fracture toughness data are valid plane-strain
Kj, measurements according to the ASTM Committee E-24 recommended
criterion [4-8]. Additional tests of various size specimens were also con-
ducted but these results did not suffice the recommended size criteria
(crack length ‘a’ and thickness ‘B’=2-5 (K,c/ays)z, hence these data are
not included in Fig. 5. All test specimens were taken from a single, large
12 in thick plate and were oriented such that the fracture plane was in
the width and thickness direction of the plate; thus the direction of fracture
propagation was normal to the primary rollingdirection of the plate. The
loading rate was K=100 ksi v/in per min, corresponding to a slow (static)
loading. In all cases the center of the specimen thickness correspond to
the center of the plate thickness. Conventional transition temperatures are
also shown.

As may be seen in Fig. 5 several sizes of specimens were used, the size
increasing with increased test temperature. This is necessary in order to
maintain plane-strain conditions in the tests as the K, toughness increases
and yield strength decreases with increased temperature. Of particular sig-
nificance in Fig. 5 is the rapid increase in K;, which occurs in the temper-
ature range between 0°F and room temperature. As will be demonstrated in
a subsequent section of this paper, the high level of K,, fracture toughness
at ambient temperatures permits the existence of high stresses and very
large defects without resulting in failure.

Other thick plates of A533B steel have also been investigated. The Kj,
fracture toughness of one of these is shown in Fig. 6. The specimen size
in this plate was limited to 4 in thick; hence valid data were not obtained

* Appreciation is expressed to T. R. Mager of the Pressurized Water Reactor Plant
Division of W. Electric Corp. for permission to use the results of the 1 in and 2 in
thick specimens. These tests, from the same plate as the large specimens, are a
portion of related programs sponsored under a joint Westinghouse Electric Corpor-
ation—Empire State Atomic Development Associates agreement and with the co-
operation of the Oak Ridge National Laboratories, Heavy Section Steel Technology
Program.
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to as high temperatures as were attained with the large specimens in the
other plate (Fig. 5). The effect of specimen orientation (transverse versus

are quite comparable.

These data (Figs. 5 and 6) for base plate of A533B steel are only a pre-
liminary portion of the data being accumulated in the over-all program on
this steel. The K, fracture toughness test program is continuing and in-
Corporates additional tests for evaluating welds and heat-affected—zones,
and temperature and loading rate effects. A parallel program on the effects
of irradiation is alse being conducted.* When all of these data are available,
it will be possible to conduct complete, quantitative evaluations of all
aspects of pressure vessel design, fabrication and operation, using sophis-
ticated fracture mechanics technology.

The K;, fracture toughness of the three classes of forging steels used

each class of steel. Several types and sizes of compact tension, as well
as spin burst tests [9] were employed to obtain these data, and this pro-
gram has been reported in detajl [13]. As was true for the A533B steel,

the forging steels also exhibit a relatively rapid rise in K, fracture tough-
ness in the temperature range of practical interest.

Some of the auxiliary pressure vessels utilized in electrical power gener-
ation employ thick walled steel castings, commonly ASTM A216. These
Steels are generally of a lower yield strength than the primary pressure
vessel (A533B) and forging steels described above. Because of the very
thick walls (8-10 in) of these castings, it appeared possible that linear
elastic fracture mechanics may also be applicable to these steels in spite
of their relatively low strength [14]. Some K;, fracture toughness data have
been obtained for these steel castings using thick compact tension speci-
mens. Some typical results are shown for A216C cast steel in Fig, 8.
Specimens up to 8 in thick were employed, but even with this thickness the
material was too tough (too much crack-tip plasticity prior to fracture) to
provide plane-strain conditions in tests in the temperature range of practical
interest, Additional tests using even larger specimens (up to 12 in thick)
are currently being conducted in an effort to extend the valid Ky, data to

* Programs being conducted by the Pressurized Water Reactor Plant Division of
the Westinghouse Electric Corp., Pgh., Pa., a portion of which is sponsored under
a USAEC-EURATOM Joint Research and Development Program.
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Crack growth rate data

While a knowledge of the K;, fracture toughness and the nominal stresses
prevailing in the component is adequate for describing the critical con-
ditions of defect size for the termination of life, we must also have crack
growth rate data for describing and controlling the sequence of events
leading to total failure under cyclic loading conditions. The program has
developed appropriate crack growth rate data for use in the sub-critical
crack growth considerations for the same applications and materials
described in the previous section of Ky, toughness.

The crack growth rate characteristics of ASTM A533B steel plate under
cyclic loading are being determined, including the effects of such variables
as temperature, specimen size, direction and plane of propagation, location
within the thickness of heavy plate, water environment, cyclic frequency,
etc.* This portion of the Program is still in progress. Additional tests are
being conducted to confirm the preliminary results, as well as investiga-
tions including weld metals and heat-affected -zone, and higher temperature
data (~550°F), However, sufficient data are currently available [15] to
illustrate some of the basic aspects of the crack growth behavior in A533B
steel, and its general application to fracture prevention considerations.

Some representative data from this program illustrating the general crack
growth rate characteristics of A533B plate at room temperature are provided
in Fig. 9 in terms of the crack growth rate da/dN as a function of the stress
intensity range, AK;, The parameters identified as n ang C, represent em-

rate data in terms of the generalized exponent fatigue crack growth rate law
(16]: da/dN = C,K™ The AK; parameter is the stress intensity range applied
during the cycle of loading, n is the slope of the log da/dN versus log AK;
curve and C, is the intercept constant. From a knowledge of these para-
meters, as well as knowing the critical defect size for total failure, it is
possible to compute the number of elapsed cycles required to cause failure
for a variety of initial defect sizes, component geometries, and loading con-
ditions. A convenient cyclic life expression based on fracture mechanics
principles and using the above parameters has been developed by Wilson
[17], and employed by others [2]. The practical use of these data and ex-
pressions is illustrated in the next section of the paper.

The preliminary results currently available relative to environmental
effects indicate that there are no effects of water on either the crack growth
rates in the A533 steel, either under cyclic or sustained loading. Hence no
values for environmental enhanceq cyclic crack zrowth rates or Kigee can
be reported, nor is it necessary to factor environmental considerations into
the subsequent example problems.

* Sponsored by Pressurized Water Reactor Plant Division of Westinghouse Electric
Corporation in Cooperation with Empire State Atomic Development Associates—
cognizant engineer T, R. Mager.
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Cyclic crack growth rate data have been obtained for several low-strength
A216 steel castings of various quality and containing various degrees of
both microscopic and macroscopic defects. In general the growth rate
characteristics were observed to be relatively consistent, particularly when
the influence of gross defects are properly accounted for. Some representa-
tive data from this investigation are provided in Fig. 10. These data are
from the same casting as employed for K;, measurements given in Fig. 8.
These crack growth rate data will be used in conjunction with the corres-
ponding K;, data in the example problems which follow.

The other materials parameter essential to the use of the fracture mech-
anics technology is the conventional engineering yield strength (0-2% offset)
as measured in the service metallurgical conditions and at the temperatures
and strain rates of interest. These data were accumulated as a portion of
the K,. fracture toughness test program and the results are given in the
corresponding K;, temperature graphs (Figs. 5, 6, 7, 8).

Application of fracture mechanics technology

General use of the technology

The general principles and use of the fracture mechanics technology can
best be illustrated from the point of view of considering the fracture se-
quence and the various critical sizes of defects involved in the fracture
processes. Fig. 11 provides a schematic representation of the fracture pro-
cess and the defects of interest. By using a K| expression appropriate to
the geometry of interest, and knowing the flaw size and nominal stress in
the vicinity of the flaw, an instantaneous Kj level can be determined for
any point in the fracture process. Thus at the start of life (Stage 1), by
using the applied stress and the flaw size initially present in the com-
ponent, an initial Kj level, Kj; is defined. For practical purposes the flaw
size associated with this Kj; level must be larger than that definable by
the nondestructive inspection capability. Under normal operating conditions
this initial flaw can grow under cyclic and/or sustained loading. As the
crack grows and the load on the component remains constant, the K; level
increases. The rate of growth is defined by the da/dN, AKj relationship. In
situations where a hostile environment is present and where the material
has a Kjg,, value which is less than Kj, the crack will grow, at a rate de-
fined by the normal da/dN versus K relationship, until the K; level becomes
equivalent to Kjg ., Stage 2. The amount of growth between stages 1 and

2 will be dependent upon the relative difference in the Kj; and the Kjg,,
level of stress intensity and the material characteristics. At Stage 2 the
flaw will start to grow faster than the normal rates due to the action of the
hostile environment and the existence of a K; level above the threshold,
K;g.o+ Accelerated flaw growth will continue to occur until the K, level
reaches Kj,, at which point total rapid fracture will occur, Stage 3. In cases
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where there are no environmental effects, Stage 2 is absent and the fracture
sequence passes directly from Stage 1 to Stage 3. This latter sequence
will be used in the example problems.

In practical considerations it is desirable that the material must have
adequate Kj, fracture toughness, Kjg,, corrosion resistance, and resistance
to crack growth to permit the existence of flaws of a discernible size and
still provide (with appropriate safety factors) the desired life and integrity
in the component. Alternatively, if an appropriate material is not available,
the design stresses must be reduced to a level where flaws of an inspect-
able size can exist without endangering the integrity of the component.
Referring to Fig. 11 the Kj, fracture toughness and subcritical crack growth
rate characteristics must be such that the initial flaw that could be present
at the start of life and still have satisfactory performance is well within the
limits of the inspection techniques that can be practically applied. The
specifications and acceptance limits should be set at a flaw size which is
somewhere between the inspection capability and the initial flaw size
(Stage 1). This will provide assurance that flaws of a size equivalent to
Stage 1 ‘K;;’ will not exist in the structure, and at the same time will pro-
vide an additional safety factor on life. That is, considerable additional
life, beyond that allowed for going from Stage 1 to Stage 3, will be gained
by the fact that the flaw will first have to grow from the acceptance limits
to Stage 1. Since, the size of the flaw will be relatively small, the K; level
will be relatively low; hence the rate of growth will be slow during this
period (see data for low AK, in Figs. 9, 10). Additional safety factors on
life can also be applied relative to the growth from Stage 1 to Stage 3. Using
fracture mechanics, quantitative values can be assigned relative to these
safety factors as will be demonstrated in an example problem later in the
paper.

The same type of reasoning described above can also be applied to situ-
ations where a defect is discovered during service and it is then necessary
to make some quantitative judgments relative to the remaining life. Should
the component be taken out of service and repaired or replaced, or can it
be operated safely for some continued period of time? How close are the
existing conditions to terminal failure [7]. With appropriate information
concerning the K, expression for the geometry of concern, the prevailing
stresses, the defect size, and the material characteristics, the above types
of questions can be answered in a quantitative fashion using fracture mech-
anics. Naturally the degree of quantitativeness will depend upon the pre-
ciseness of the information that is available. For purposes of engineering
judgments, approximate information is often sufficient.

Specific examples of the application of fracture mechanics technology
The foregoing section has dealt with the generalised use of the fracture
mechanics technology. This section is intended to provide some specific
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examples relative to the types of applications involving low-strength,
intermediate to high-toughness materials such as those described previous-~
ly in this paper. It will not be possible to include all of the considerations
that can be and are employed in these areas of application but some of the
more pertinent aspects will be described in detail.

For example purposes, let us limit our discussion to large pressure
vessel applications involving the A533-B plate and A216-C cast steels
for which fracture mechanics data were presented earlier. In addition, let
US assume room temperature loading conditions in a non-hostile environ-
ment. To further simplify the example, we will confine our discussion to
one defect geometry which represents a worst case flaw geometry, that is,
a semi-eliptical surface flaw with a length to depth ratio of 10 or more.
The following examples will also be confined to surface defects on the
outside of the uniform cylindrical body of the pressure vessel oriented
such that the major plane of the flaw is perpendicular to the primary stres-
ses (hoop stresses). Wherever possible, the stress conditions used in the
examples were established in accordance with the ASME Boiler and Pres-
sure Vessel Code Section III (1968). For simplification purposes, possible
residual stresses from fabrication are assumed to be negligible.

The example problems illustrate three basic areas of concern common
to most design considerations: proof testing, service operating conditions
including cyclic life, and the development of material acceptance and
inspection criteria, The fracture mechanics approach to evaluating each
of these areas is described in detail.

Proof testing

One of the crucial periods in the early life of pressure vessels occurs
during the proof test which is usually conducted before a vessel goes

into service. From a knowledge of the material properties and stresses
prevailing in the Structure during the proof test, it is possible to calculate
the critical size of defect which could cause failure during the test. This
information can then be used to evaluate the adequacy of the material

Properties and the nondestructive inspection procedures that were employed.

Altematively this type of analyses can be employed to establish the ma-

terial and inspection requirements prior to fabrication of the vessel. In addi-

tion, the critical flaw size data associated with proof test conditions can
also be used for life expectancy considerations. Specifically, if a pressure
vessel survives a given proof test it can be concluded that the largest de-
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The following discussion describes the techniques used to compute
critical flaw sizes for A216-C and A533-B steels under various proof test-
ing conditions.

The ASME Boiler and Pressure Vessel Code (Section III, 1968) limits
the pressures to values which in turn limit the primary membrane stresses.

(1) 1-25 times the design pressure

(2) a pressure where the general membrane stresses do not exceed 0-9
times the material yield strength (a”)

(3) a pressure where the primary membrane and primary bending stresses

do not exceed 1-35 times Opg -

The code also specifies the minimum allowable yield strength and maximum
allowable Primary membrane stress for pressure vessel steels. The speci-
fied minimum yield strength for A216-C cast steel and AS533-B plate are
40,000 and 50,000 psi, respectively. The maximum allowable primary mem-
brane stress is 23,300 psi for A216-C cast steel and 26,700 psi for A533-B
plate. From this information we can establish three realistic proof test
stress levels for use in the example problem.

These stress levels are summarized below:

Proof testing stress (psi)

Proof test conditions A216-C A533-B
1-:25 x design pressure 29,100 33,300
0-90 x ops 36,000 45,000
1-35 x apg 54,000 67,500

In order to compute the critical flaw sizes for the proof test loading con-
ditions presented above we must have K, data for the temperature of in-
terest, as well as the appropriate stress intensity expression for the com-
ponent geometry and type of defect. Assuming that proof testing will be
conducted at room temperature in a non-hostile environment, the necessary
Kj. data for the A533B and A216-C steels can be taken from Fig. 5 and
Fig. 8, respectively. The extrapolated room temperature fracture toughness
of A216-C cast steel is 155 ksiy/in and the actual toughness of A533-B
steel is 130 ksiv/in.
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The appropriate stress intensity expression for a pressure vessel con-
taining a long shallow surface defect perpendicular to the primary hoop
stress is " 121 a 7 o?
T T & 0212 (0/oyg)

where K; = nominal stress intensity factor, ksiy/in.

o)) flaw shape parameter

a crack depth, ins

o = applied tensile stress, ksi

opg = 0-2% yield strength, ksi
Rearranging the above expression and setting K; equal to K, yields the
following critical flaw size expression:

o K, *[¢* - 0212 (o/aYs)z]
er 1;21 7 o?

Il

Il

In order to facilitate the use of this expression and specifically, to simplify
the calculation of the flaw shape parameter, a graphical solution of ¢? is
available [19] where the flaw shape parameter is expressed as a Q factor
and Q = = 0-212 (0/ay,¢)*. The critical flaw size expression now becomes

Kle2 Q

Ger=121 7 0?

Solving this equation, using the room temperature K;, values and proof test
stresses presented above, yields the critical flaw sizes necessary to cause
failure under proof testing loading conditions.* The proof test critical flaw
sizes for the A216-C and A533-B steels are summarized in Fig. 12. Note
that for both materials the critical flaw sizes at the proof test condition
examined are well within the limits of existing nondestructive inspection
procedures. Defects of the magnitude shown in Fig. 12 normally do not
exist, or would not be permitted, in actual situations. If it were to become
necessary to evaluate a situation involving such large defects, considera-
tions would have to be given to the possible effects of the large defects
on the nominal stresses existing in the region of the defect.

Operating conditions

A thorough evaluation of the operating conditions associated with a specific
application involving cyclic loading requires the determination of the criti-

cal flaw size as well as the initial flaw size which will grow to the critical

* For condition 3 (page 34) where the allowable pressure is equivalent to 1°'35oyg
for primary membrane plus primary bending stresses, a conservative assumption is
employed. That is, for purposes of the critical flaw size computations, the mean

stress is taken to be 1:35 oyge
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size during the desired life of the structure. The following examples demon-
strate how these data are obtained.

Again using the ASME Code as a guideline for selecting realistic stresses
for example purposes, let us assume that the maximum operating stress for
our hypothetical pressure vessels will be equivalent to the maximum allow-
able primary membrane stress for the respective materials (23,300 psi for
A216-C steel and 26,700 psi for A533B steel). In addition, let us consider
a local loading situation where the maximum operating stress is 1'5 times
the allowable primary membrane stress. This condition results in a maximum
operating stress of 35,000 psi for'the A216-C cast steel and 40,000 psi for
the A533-B steel.

The critical flaw sizes associated with the assumed service conditions
outlined above are computed in exactly the same manner as those obtained
for proof testing. Specifically, the appropriate K. and applied stress data
are substituted into the critical flaw size expreséion and the expression
solved for a,,. Fig. 13 summarizes the critical flaw size data for the hypo-
thetical loading conditions. These flaw sizes represent the defect size
necessary to cause failure as the result of a single application of load at
the prescribed operating conditions.

Cyclic life

Once the critical flaw size for the proposed operating conditions has been
determined, we can proceed to the calculation of the number of cycles re-
quired for an existing flaw to grow to the critical flaw size and thus cause
failure. For the purpose of our example, we will assume that the pressure
vessels are cycled from essentially zero stress to the maximum operating
stress. In addition, we will develop generalized cycle life curves rather
than data applicable to some designated desired life conditions.

In order to calculate quantitative cyclic life data we must have suitable
fatigue crack growth rate data expressed in terms of fracture mechanics
parameters. Such data are available [14, 15] for the A533B and A216-C
steels being considered and are given in Figs. 9 and 10 where da/dN is
the crack growth rate and AK is the change in stress intensity factor per
cycle of loading. The parameters identified as n and C, represent the slope
of the log da/dN versus log AK; curve and the intercept constant, respec-
tively. These parameters are considered empirical material constants which
describe the fatigue crack growth rate properties of the material in terms of
the generalized fatigue crack growth rate law: da/dN = C, AK™, From know-
ledge of these parameters, as well as the critical defect size, it is possible
to compute the number of elapsed cycles required for any size of existing
flaw to grow to failure.

A convenient cyclic life expression based on fracture mechanics con-
cepts has been developed by Wilson [17] and will be used for our example
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problem calculations. The general form of the equation is presented below:

b 1
2 [ — ]forn£2

N =
(n=2) C, M™ A 45» a; =2/2 5 (622

a
Ne—on— [pZer =
CoMA g " a; 057 =12

where:
N = number of cycles to grow to critical flaw size (failure)
a; = initial crack size, inch
n = slope of log da/dN versus log AK curve
ey = critical flaw size, inch
C, = empirical intercept constant

Ao = applied cyclic load range, ksi
= component geometry and flaw shape parameter

<
I

The above expression is applicable to those loading situations where
the relationship between applied load, flaw size and stress intensity fac-
tor has the form of Kp = o\/Ma, In addition, it is assumed that the cyclic
Stress range (Ao) remains constant throughout the component life and that
the mean stress does not influence the results.

The first step in the use of the cyclic life expression is to establish the

consideration (an elliptical surface flaw subjected to tension stresses nor-

mal to the major plane of the flaw), K;* = 1:21 7 o2 a/Q. Converting this
€quation to the generalized form of K — oV¥a yields M = 121 7/Q where Q

consideration are Summarized below.

Maten’al AG apy Co n %
A216-C Cast Steel 23,300 psi 12-2 23 x 107° 3 3-62
35,000 psi 492 2:3 x 10° 3 3-96
A533.B Steel 26,700 psi 6°57 1 x 107 22 3:62
40,000 psi 2:67 1 x 107 2-2 3-96
72/14
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Since our objective in this portion of the example problem was to develop
generalized cyclic life data for both materials at two operating (stress) con-
ditions rather than to compute the initial allowable flaw size for some pre-
determined cyclic life we must solve the above cyclic life expression for
a variety of initial flaw sizes thus yielding a cyclic life curve of initial flaw
size versus number of cycles to failure. We arbitrarily selected as a starting
point an initial flaw size 0-250 in deep and took convenient intervals of
crack size up to the critical flaw size for the respective loading conditions.
The resulting cyclic life curves for the A216-C and A533-B steels are pre-
sented in Figs. 14 and 15, respectively. These data represent the most con-
venient form of presenting cyclic life data for a specific application. From
cyclic life data presented in this manner it is possible to establish quanti-
tative material acceptance and inspection requirements as well as realistic
safety factors for various practical situations where a given life and safety
factor is desired.

Development of inspection requirements and safety factors

The employment of adequate nondestructive inspection criteria and design
safety factors for a structure assumed to contain defects are closely rela-
ted. Specifically, design safety factors for such components can be estab-
lished on the basis of applied stress or cyclic life which in turn, influence
the defect size that must be detectable. From cyclic life data such as that
presented in Figs. 14 and 15 it is possible to readily evaluate the inter-
relationship between flaw size, applied stress and cyclic life for a given
application.

at a maximum applied hoop stress of 26,700 psi for 10,000 cycles the initial
allowable surface crack depth is 5:00 in and the nondestructive inspection
level must be adjusted accordingly. If a safety factor of 15 on stress is
incorporated into the design consideration, the nondestructive inspection
must be adjusted to detect surface flaws 14 ins deep. At this inspection
level the number of cycles required to cause failure at the actual operating
conditions becomes 60,000; a safety factor of 6 on life. Conversely, if a
safety factor of 3 on cyclic life is incorporated into the design considera-
tions, the nondestructive inspection level must be adjusted to detect sur-
face cracks 28 ins deep. Data such as that shown in Figs. 14 and 15 can
also be used to compute the remaining life of a structure in which a defect
has been detected after some time in service. It may also be used in con-
junction with the proof test to estimate life. If, in the absence of suitable
inspection techniques, the size of the initial defect is assumed to be just
slightly smaller than the critical size which would have caused failure in
the proof test, the cyclic life between the proof test and end of service
life can be taken from Figs. 14-15. The life is that required to grow from
the proof test critical size to the operating critical size.
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Discussion of example problems

Consideration of the critical flaw sizes for both the proof testing and oper-
ating conditions described above clearly indicates that relatively large
flaws are required to cause failure. In addition, at the lower stress levels
the critical elliptical surface flaw depth approaches or exceeds the section
thicknesses commonly employed in large pressure vessels. Consequently,
it appears that a leak-before-failure situation could exist. To substantiate
this behavior it becomes necessary to consider the case of a through-the-
thickness cracked plate subjected to tension loads perpendicular to the
major plane of the crack. If this flaw length necessary to cause catastrophic
failure is twice the plate thickness, then generally a leak before failure
condition prevails [2]. The appropriate stress intensity expression for a
through-cracked plate is:

K; = on/ma where o is the applied stress and ‘a’ is the half crack
length. As an example, solving this equation for the case of a 10 in thick
wall A216-C pressure vessel subjected to the maximum code allowable stress
(23,000 psi) yields a critical flaw length 2a of 282 ins, which is more than
sufficient to provide a leak before failure situation. A similar approach can
be used to evaluate the possibility of a leak-before-failure for other ma-
terials and section thicknesses.

The cyclic life data presented in Figs. 14 and 15 also illustrate that rela-
tively large initial flaw sizes are required to cause failure in less than
100,000 cycles at a cyclic load range equivalent to the maximum allowable
stress. At stresses equivalent to 1'5 times the code allowable, the initial
flaw size necessary to cause failure in 10,000 cycles are also well within
the current nondestructive inspection limits. At operating stress levels
below the maximum code allowable and with less critical flaw geometries,
the cyclic life of A533B and A216C vessels are much greater than that
illustrated in our examples. Therefore, the data presented in Figs. 14 and
15 can be considered a conservative estimate of cyclic life. More realistic
data for a specific pressure vessel design and a given set of operating con-
ditions can be developed using the same procedures illustrated here.

Conclusions

Existing fracture mechanics technology is directly applicable for fracture
prevention control in structures where low-to-intermediate strength steels
are used in sufficiently heavy sections to promote the existence of plane-
strain conditions. The technology provides the basis for quantitative eval-
uations of the interactions between design, materials, fabrication, and in-
spection, and of their cumulative effect upon the integrity and performance
of the product. Proper consideration of these factors, coupled with appro-
priate information, can be developed into an overall fracture control plan
which will ensure the desired level of integrity for the desired lifetime of

the product.
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Fig, 3
Chemical compositions and typical heat treatments for alloys investigated*

Chemical composition Wt. %
max. unless otherwise noted

Type steel C Mn P S Si Ni Cr Mo |4 Cu
University, June 17-19, 1968. To be published in Engineering Fracture Mech-
anics, 1969, AS33 Gr.B 0°25 1-15/ 1-10/ 0-0350-15/ 0-40/ — 0-45/ — -
19. TIFFANY, C.F. & MASTERS, J. N. ‘Applied fracture mechanics’, ASTM STP Class I 1'50 1-55 030 0-70 0-60
381, p. 249, April, 1965.
A216 WCC 025 120 0'05 0-06 0-60 050 040 025 — 0:50
Fig. 1 A469 CL-4 0-27 070 0-015 0-0180- 15/ 30 050 0-20/ 003 -
o . 0:30 Min. 0°60 Min.
Dimensions and estimated measurement capacities
of various sizes of compact tension specimens A470 CL-8 0-25/ 1-00 0-015 0-018 0-15/ 0-75 090/ 1:0/ 0-20/ —
0-35 0-30 1'5 15 0-30
Estimated Tentative
measurement capacity* overall dimensions A471 CL-5 0-28 060 0-015 0-0180-10 3:25/1-25/ 0-30/ 0-05/
40 20 0-60 0-15
Thickness Height Width
Type Ky o/ays Ky /oye)?  (in) (in) (in)
Typical heat treatment
1T-CT 0-63 0-40 1 24 2°5
2T-CT 0-90 0-80 2 48 5:0 Type stee] Normalized Austenitized Tempered Stress relieved
3T-CcT 1-10 1-20 3 7-2 75
4T-CT 1-30 1°60 4 9-6 10-0 A533 Gr.B 1550°F for 1225°F £ 25°F  1135°F + 25°F,
6T-CT 160 2:40 6 14-4 150 Class I 4 hours, — % hr. for 25 hr., Furnace
8T-CT 1-80 320 8 19-2 20°0 water quenched 1 in thickness cool to 600°F,
10T-CT 2:00 4-00 10 24-0 25-0 air cool to room
12T-CcT 2-20 4-80 12 28'8 30-0 temp.
A215 wCc Double normal- 1200°F for 8
* Based on currently suggested ASTM E-24 minimum size criterion ized at 1650°F hours
2 and B22-5 (Kro/oys)?. (Ref. 5 & 8). and 1750°F for
8 hours
A469 CL-4 1700°F for 1480°F for 1160°F for 1125°F for
30 hours 30 hours, 30 hours, 30 hours
water quenched air cooled furnace cooled
A470 CL-8 1850°F for 1750°F for 1225°F for 1175°F for
30 hours 30 hours, 30 hours, 30 hours,
air cooled air cooled furnace cooled
A471 CL-5 1750°F for 1550°F for 1120°F for 1075°F for
30 hours 30 hours, 30 hours 30 hours,
water quenched air cooled furnace cooled

* Values taken from ASTM specifications.
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b Bs7a633

Stage 11 Stage 92 Stage #3

Inspection l"'g::‘sai?&:r‘;’:h" Flaw Size for Onset Flaw Size for
ili of Stress Corrosion I Fract
Capability i the Component ( Total Fracture

Acceptance
Limit
Normal Crack Growth Accelerated Crack
Under Cyclic or Growth. Combined
Sustained Loading Normal Growth

and Environmental
(stress-corrosion)
Growth

For a Given Geometry and Loading Condition
K=o Ja
Knowing the crack length "a" and the nominal stress in

the region of the flaw, the K level at any point
in the fracture sequence can be computed.

Fig. 11. Schematic representation of the stages of fracture and the various defect
sizes involved.

Fig, 13
Critical flaw sizes at 75°F for various operating stresses

Critical flaw size

Max.

Operating K @75°F operating Depth, Length,
Material conditions ksi vin stress, psi  in in
A216-C Cast At max. allow~ 155 23,300 12-20 122+0
Steel able stress®

At 1°5 max. 155 35,000 4:-92 49-2

allowable

stress

/,
A533B Steel At max. allow- 130 26,700 657 657

able stress

At 1°5 max. 130 40,000 2-67 267

'allowable

stress

*Code allowable.
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Surface Crack Depth, inches
I

Curve 587403-8
T T T T T T T T T T T

13 AZ16°C Cast Steel =]
%ys (min) = %0000 psi
K, = 155 ksi/7n.

Ic i
da _ : 3 1
dN-ZJxlO AK

Room Temp Air Environment I

Max Applied ]
Stress 23, 300 psi

Data for Surface Crack Flaw,
1010 1 Length to Depth Ratio =1

—_ Max Applied
* Stress 35,000 psi

4 —
3 =
2 ~
1~

0 L I lecccdle_g L1 L 1‘1
100 1000 10,000 100, 000 1, 000, 000

Number of Cycles to Failure

Fig. 14. Cyclic life data for hypothetical example problem involving A216-C cast

Fig.

Curve 587402-8
T T T T T

A533-B Steel

6 %s (min) = 50,000 psi _
ch =130 ksi/in.
G2, g 1522
51— Room Temp Air Environment _|
g Max Applied
g Stress 26,700 psi
g 4 Data for Surface Crack Flaw, =1
a 10to 1 Length to Depth Ratio
=
8
S
' Max Applied 4
2 Stress 40, 000 psi
=1
wv

T S| s s L
100 1000 10, 000 100, 000 1,000, 000

Number of Cycles %o Failure

1S. Cyclic life data for hypothetical example problem involving A533-B steel.
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