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1. INTRODUCTION

This is the final report on work carried out as part of the Department of Energy AR&TD Fossil Energy
Materials Program under Subcontract 19X-55904C WBS Element UI-2 during the period May 1, 1985,
through September 30, 1988.

The project has as its original focus the high temperature behavior of 2.25 Cr-1 Mo steel, heat
treated to produce a predominantly bainitic microstructure and the load carrying response of components
made of this material. The purpose was to determine the essential characteristics of the material in
question under combinations of sustained and cyclic loading. To this end, experiments were carried out
on uniform and notched specimens under both steady and cyblic loading using specially acquired electro-
mechanical test machines.

It emerged that a very important feature of mechanical behavior under the conditions of interest was
the strong tendency of this material to cyclically soften, particularly at high temperature in the creep range,
giving the illusion of a severe creep/fatigue interaction under certain conditions. This finding led to a
significant component of the project being devoted to investigation of the effects of local, as opposed to
generalized, cyclic softening, and the implications this phenomenon might have on the setting of
allowable design stress limits.

The cyclic softening phenomenon has implications for the potential use, or otherwise, of heat
treated steels for pressure vessel manufacture. Primary design stress limits in pressure vessel design are
invariably based on static strength. For example, according to the requirements of the ASME Boiler and
Pressure Vessel Design Code, Section VIIl, Div. 2, the allowable value is the minimum of one-third of the
UTS or two-thirds of the yield strength at temperature, or one-third of the ambient temperature yield
strength.

Heat treated low alloy steels in general, and this includes martensitic, 9 to 12% Cr/Mo steels as well
as the bainitic 2.25 Cr | Mo steel examined in this study, suffer cyclic softening,of up to 40 percent
compared with their initial monotonic strength. If it is necessary to compute allowable design limits on the

softened state therefore, virtually all benefit gained by the heat treatment in the first place will be lost.



There are situations where it would be needlessly conservative to use the softened state to define
the material strength. An obvious case is when the component in question clearly does not experience
any cyclic loading. This is not a common situation but there are more complex situations in which cyclic
softening is localized and therefore does not reduce the overall load carrying capacity of the component.
One of the main thrusts developed in the course of this project was to discriminate between situations
where cyclic softening is, or is not, a significant factor in setting allowable design stresses.

In addition to deformation studies, work has also been done on fatigue and fatigue crack
propagation. There is a significant frequency effect. The effect of environment has been investigated
and it has found that while oxidation influences fatigue life, it is not possible to explain all frequency effects
as environmental in origin.

During the project period interest of the research sponsors changed from the specitic problems
associated with the grades of 2.25Cr 1 Mo steel originally being studied in this project toward the more
general problems of time-dependent modification of material strength, either by cyclic loading or by time-
at-temperature through the process of thermal aging. This change in emphasis was motivated by the
development of a class of advanced austenitic steels with enhanced creep and oxidation properties
potentially capable of operating at up to 700°C. These materials are being considered as candidates for
replacement reheater- and superheater-tubing in fossil fired plants and for new plants design for
supercritical operation.

Due to the compiex microstructure which provides these materials with their high temperature
strength, there is reason so believe that they may subject to aging effects including the cyclic softening
observed in the bainitic low alloy steel at lower temperature but also loss of strength cause by thermal
overaging.

In response to this change in interest on the part of the research sponsors, the project was
broadened in scope durings its last year to begin to examine service-dependent changes in material
strength in a more general way with cyclic softening being considered ag one special case.

| The experimental work of the final year of this program has been devoted almost exclusively to

studies of 17 Cr 14 Ni Cu stainless steel, similar in composition to the tubing material used in the



Eddystone power plant. This is an established material with properties similar to the advanced austenitics
of primary interest. 1t is being used in preliminary studies because it is more readily available than the
advanced austenitics.

The object of this work is to investigate the potential for cyclic softening, following essentially the
work already carried out on the bainitic low alloy steel, extend it to include the effects of time-at-
temperature and then to see what interactive effects there might be if any between thermal aging
combined with cyclic mechanical loading. Tests performed so far suggest that the austenitic material is
cyclically stable under rapid cyclic loading but the creep curves indicate a strong thermal softening effect.
It has yet to be determined whether there is any synergetic interaction between cyclic and thermal effects.

Some work has been carried out, toward the end of the project period, to develop practical tools for
evaluating components in which significant aging or other softening effects are likely to be experienced.
This work has resulted in a practical methodology for dealing with time-dependent cyclic softening and it
appears that the procedure can be extended with relatively little work to include the effects of thermal

softening.

The format of this report is as follows: The second chapter is a review of the work carried out in

approximately chronological order under the headings of

1. 225 Cr 1 Mo Steel--Elevated Temperature Fatigue and Environmental Effects

2.  Preliminary Studies of Advanced Austenitics

3. A Uniaxial Constitutive Model for Cyclic Softening

4. The Iso-Cyclic Stress-Strain Approach to Evaluation of Components in Cyclic Softening Materials
5.  Testing of High Temperature Austenitic Alloys

6. Design Methodology for Aging Materials--Application to Cyclic Softening

This review chapter is followed by chapters which describe the individual areas in more detail.

Finally, the last chapter reviews the main conclusions and prospects for future work.



2. REVIEW OF WORK DONE

Most of the work carried out up to August 1987 has been reported in Interim Report ORNL/SUB/85-
55904/01 [2.1].

This report described the materials, specimens, test facilities, and test programs in detail.

Work on the influence of temperature, hold time, and oxidation on fatigue of bainitic 21/4 Cr 1 Mo
steel was also reported. This work included plain and EDM notched specimens in air and vacuum.

A theoretical model for cyclic softening was given. This model assumes that softening is a simple
function of the accumulated plastic deformation.

A simplified method of component analysis for dealing with the cyclic softening problem in complex
geometries was outlined and results given for the Bridgman notch specimen used in the experimental
program. This method postulates the concept of a "relaxation locus" as the stress-strain path followed at
points of severe strain in a component during the transition from elastic to inelastic material behavior., It
was concluded from studying some simple finite element models that the “"relaxation locus” is primarily a
function of the component geometry and not strongly dependent on the material constitutive
relationship. This concept was used to propose a simple method of determining stability under conditions
of local material softening.

At the time of the previous report, no testing had been done on the austenitic material but a supply
had been procured and specimens had been ordered.

The following sections describe progress made since the previous report with review of earlier work

included where appropriate to maintain continuity.

2.1 225 C | MO STEEL--ELEVATED TEMPERATURE FATIGUE AND ENVIRONMENTAL EFFECTS
This work was essentially completed at the time of the previous report. The only more recent
development was the publication of the resuits of this part of the study in detail in a thesis by Kschinka.

The main results of this study are contained in Chapter 3 of this report.



A significant influence of hold time in compression and tension was observed with fatigue life
reduced by about a factor of 2 by a six minute tensile hold and a factor of 4 by three minutes in both

tension and compression. No explanation has been found so far for this reduction in life.

2.2 PRELIMINARY STUDIES OF ADVANCED AUSTENITICS

An eight inch diameter forging of 17 Cr 14 Ni Cu Mo austenitic steel was obtained from ORNL late in
1987. This is the material used for the tubing for the Eddystone power plant and is similar to the advanced
austenitics developed at ORNL by Maziaz, et al.

Much of the experimental work up to the time of writing of this report has been taken up with
upgrading peripherals such as extensometry in order to resist the sustained testing at 700°C in a reliable
manner. Some serious testing has begum however and the results obtained so far are reported in
Chapter 4. These include monotonic tensile tests, steady stress creep tests, strain controlled, low-cycle
fatigue testing under different strain rates, and steady cyclic load crack growth.

The results so far sought that the material in the "as-received” condition is stable under rapid cyclic
loading but shows some tendency to cyclic softening at slow strain rates.

Creep tests indicate a strong tendency toward thermal softening with a rapid onset of tertiary creep

leading rapidly to failure following an extended period of relatively slow creep strain.

2.3 A UNIAXIAL CONSTITUTIVE MODEL FOR CYCLIC SOFTENING

Like the work on environmental effects on fatigue, this part of the study was completed and
reported in full in the interim report and presented at the ASME PVP Conference in San Diego in 1987. A
detailed account of both the experimental and theoretical work is contained in Handrock's thesis.

The model is one of limited scope which does not attempt to provide a full constitutive description of
the cyclic softening phenomenon. Instead, it treats the problem as a perturbation on the conventional
Manson-coffin fatigue relation. The material parameters of the cyclic stress-strain curve, instead of being
considered to be constants are assumed to be functions of the accumulated plastic deformation and

modified in a loop-by-loop basis.



According to this approximately theory, the relationship between the stress range and strain range

is given by

Ac® = h (Zaep)" (Agp)™ (2.1)

where Ae, denotes inelastic cyclic strain range and ZAgp, denotes cumulative cyclic strain magnitude.

For the 2.25 Cr 1 Mo steel, the constants in this equation at 565°C are h = 843 MPa, n = -0.0661,
and m = 0.0905.

Excellent correlation was found between this model and experiment both for time-independent and

time-dependent cyclic loading.

2.4 THE ISO-CYCLIC STRESS-STRAIN APPROACH TO EVALUATION OF COMPONENTS IN CYCLIC
SOFTENING MATERIALS

The objective of this theoretical study was to develop a practical method for predicting the behavior
of components of complex geometry made of cyclic softening material.

The problem is related to the question of primary design stress limits. For example, according to the
requirements of the ASME Boiler and Pressure Vessel Design Code, Section VIII, Div. 2, the allowable
value is the minimum of one-third or the UTS or two-thirds of the yield strength at temperature of one-third
of h ambient temperature yield strength. lf softening occurs generally throughout the component under
cyclic conditions, then the softened state is appropriate for determining design allowables. If this is
assumed as a universal rule however, it is unlikely that the cost of heat treatment could ever be justified.

In practice, there are many circumstances where the degree of cyclic deformation required to
produce significant softening is localized and does not, therefor, degrade the overall load carrying
capacity of the component. Two examples are constrained plastic deformation at the root of a notchlike
feature and surface strains induced by thermal transients. In these cases, if it can be firmly established that
cyclic deformation is local, then considerable savings in material can be gained by using the initial

monotonic strength of the material.



The purpose of this theoretical study was to develop a method for determining when cyclic
deformation could be judged “local.”

The exact approach to this problem would be to use a precise constitutive model including cyclic
softening, e.g. Miller's MATMOD and carry out a detailed cycle-by-cycle finite element analysis of the
component in question. So far it has not been possible to integrate~ all the constituents of such an
ambitious simulation.

An alternate approximate method was developed by Handrock based on the concept of "isocyclic”
stress/strain curves, analogous to the isochronous curves commonly used in creep analysis. The
procedure is detailed in Chapter 6 of this report. These isocyclic curves represent the approximate
relationship between stress and strain following a specified number of stress reversals. A single elastic-
plastic stress analysis of the component is required for each number of cycles of interest. Cyclic plasticity
is judged to be localized for the number of cycles of interest if the plastic zone calculate by this procedure
is localized. |

Handrock's method is clearly conservative compared with the real situation. This is because the
isocyclic stress/strain curve assumes softening to occur at the maximum rate for the entire life whereas the
strain range at a generic point will increase with cycles due to the progressive softening process. .Since
softening is a relatively insensitive function of cycles, however (see Eq,. (2.1)), the degree of con-
servatism is expected to be small.

Even Handrock's analysis is too complex to be used in many true design situations however since it
still requires an inelastic analysis to be carried out. This approach is viewed more as the basis for simpler

methods which will be described later than as a design method in it shown right.

2.5 DESIGN METHODOLOGY FOR AGING MATERIALS--APPLICATION TO CYCLIC SOFTENING
Although the approximate method proposed by Handrock is probably too complex for most design
applications, it nevertheless provides a useful conceptual basis for a more practical approach.
A method has been developed for dealing with cyclic softening which si believed to be consistent

with the practices of the ASME Code. This method was first presented at the AR&TD Fossil Energy



Materials Program Conference held in Oak Ridge, September 1988. Details are given in Chapter 7 of this
report.

The approach is based on the observation that the stress/strain conditions at a point of local inelastic
deformation in a complex component follow a “relaxation locus™ which appears to be independent or at
least insensitive to the detailed constitutive material behavior and is primarily a function of the component
geometry. Furthermore, it has been demonstrated that this locus can be determined by multiple linear
elastic finite element stress analyses by perturbing the elastic stiffness of individual elements.

The isocyclic stress/strain relation and the "relaxation locus” can both be plotted on common axes
and their intersection define an equilibrium state. It is a matter of judgment as to whether the change of
strain between the initial elastic state and the final softened state is considered "local" or generalized
plastic deformation. More work needs to be done to define an objective criterion of "localized plastic
deformation.” An interim definition adopted in this study is whether he relaxation locus is steeper than the
Neuber hyperbola defined as the line on which the product of stress and strain remains constant.

The proposed design procedure does not require the constitutive behavior of cyclic softening to be
considered explicitly for the purposes of primary design. If on the basis of preliminary analysis it can be
shown that cyclic softening effects will be localized, then the initial monotonic material properties can be
used in setting the primary design limits. If this criterion is not satisfied, the fully softened state must be
used. This proposed design procedure is a departure from the conventional approach used in the ASME
Design Code because instead of using fixed design limits these are a function of the expected transient
§ervice conditions.

So far the only softening phenomenon to be dealt with explicitly by this approximate approach is
time-independent cyclic softening. However, it appears that the same approach can be extended to deal
with more complex, time-dependent softening effects such as thermal aging and combined thermo-
mechanical interactions. Before this extension can be made whoever, it is necessary to determine the
character of thermal softening in materials such as the advanced austenitics in which such effects are
expected. fhis is the subject of work which was started in the past year to examine the mechanical

behavior or 17 Cr 14 Ni Cu austenitic steel.
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3. ELEVATED TEMPERATURE FATIGUE AND ENVIRONMENTAL EFFECTS

3.1 INTRODUCTION

2.25Cr-1Mo steel has compiled an impressive service record in the petroleum, chemical process,
and power generation industries as an elevated temperature structural material used in pressure vessels
and piping systems. Although conventionally used in the annealed condition (ASME SA387-22 Class 1)
which has a predominantly proeutectoid ferrite microstructure, there has recently been more interest in
heat treated conditions of this alloy (ASME SA387-22 Class 2 and SA542) which produce bainitic
microstructures and enhance mechanical propehies.

Bainitic 2.25Cr-1Mo steel is currently the reference pressure vessel material for coal liquefaction and
gasification applications. This process requires massive vessels to operate continuously at temperatures
up to 482°C (900°F) and pressures up to 27.6 MPa (4000 psi), requiring wall thicknesses of at least 300
mm (12 in) and possibly in excess of 400 mm (16 in) [3.1]. These proposed design criteria extend con-
siderably beyond present experience; hence there is a pressing need for an adequate understanding of
the performance of this alloy.

Of particular concern is the little-understood and potentially dangerous creep-fatigue damage inter-
action. Containment vessels typically undergo thermally and mechanically induced strain cycles asso-
ciated with start-up, shut-down, and fluctuations in operating conditions. Such cycles usually produce
small mechanical strains, normally less than about 0.5% with hold periods ranging from perhaps 10 to
1000 hours throughout the design lifetime of 30 or 40 years [3.2]. These transients lead to a combination
of creep and fatigue damage which is potentially more deleterious than either mechanism acting indepen-
dently. Hence a component may fail in a relatively low number of such cycles, particularly in the presence
of a hostile environment. The possibility of premature failure therefore must be considered at tempera-
tures where creep is likely to influence low cycle fatigue behavior. Accordingly, appropriate elevated
temperature, strain-controlled fatigue data must be generated in the laboratory and extrapolated to antici-

pated service conditions.
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Currently the creep-fatigue data base for bainitic 2.25Cr-1Mo is very limited. This is a serious
deficiency in that creep-fatigue is recognized to be a major design criterion for the conventional annealed
alloy [3.3]. Furthermore, environment plays an important, perhaps even dominant, role in long term creep-
fatigue behavior of annealed material [3.4]. The present work is undertaken to assess the sensitivity of
bainitic 2.25Cr-1Mo steel to creep-fatigue-environment interactions for the purpose of high temperature

structural design.

3.2 EXPERIMENTAL PROCEDURE
3.2.1 Material

The test material is a 2.25Cr-1Mo steel forging with low residuals manufactured by Kawasaki Steel
(Heat 646363) and supplied by Oak Ridge National Laboratory. The composition is given in Table 3.1;
note the low concentrations of P, S, As, Sn, and Sb impurities. The alloy was quenched and tempered in
the form of 400 mm ring forging as follows: austenitize at 1070°C {(1960°F) for 18 hours, water quench;
temperature at 650°C (1200°F) for 17 hours; air cool. This was followed with a simulated post-weld heat
treatment of 695°C (1283°F) for 19 hours. This processing produced a microstructure consisting of
essentially 100% bainite, as confirmed by microscopic analysis. Room temperature strengths fell within
ASME SA336 Class F22 specifications. Complete tensile properties at room temperature and 565°C

(1050°F) are given in Table 3.2.

3.2.2 Specimen Preparation

Uniform gage length fatigue specimens as depicted in Fig. 3.1 were prepared from the virgin
plate material. The unique double shoulder geometry was design specifically for purposes of vacuum
testing. The inner shoulders were provided to mount type 321 stainless steel flexible tubing which acted
as a miniature retort encapsulating the gage section of the specimen in vacuum. The tubing was fastened
to the specimen shoulders using an electron-beam brazing process. The entire brazing procedure was
performed in a vacuum of about 1.3 MPa (10 microtorr). In this way the gage section of the specimen was

encapsulated in a reasonable vacuum without resorting to a costly retort system. This technique also
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eliminated misalignment problems prevalent in complex retort arrangements. A vacuum-encapsulated
specimen prepared in this manner is shown in Fig. 3.2. Complete details of this innovative technique are
presented elsewhere [3.5].

The only drawback to this method was the necessity to place the extensometry on the same
shoulders used to mount the flexible tubing. Hence correlations had to be made between strain in the
gage section and strain between the shoulders. This was accomplished by using two extensometers
simultaneously, one on the gage section and one on the shoulders. Strain was controlled in the gage
section and monitored between the shoulders. While the correlation is straightforward in the case of pure
fatigue, it is somewhat more complex in hold time tests as stress relaxation effects accrue. However, in
threé separate correlation tests, the displacement range between the shoulders was nearly identifiable in
every case and was constant throughout the majority of fatigue life. This displacement was then used as
the controlling parameter in the vacuum tests.

Finally, in an effort to separate the relative amounts of crack initiation and crack growth, tiny notches
were manufactured in selected specimens by the process of electro-discharge machining (EDM). Each
notched specimen has four separate notches as depicted in Fig. 3.3. Notch dimensions were about 60
microns deep and 75 microns wide, with a notch root radius of roughly 40 microns to yield an elastic stress
concentration factor of approximately 2.5. Two sets of notches were provided so that one set was

available for microscopic analysis after failure occurred at the other set.

3.2.3 Mechanical Testing
Uniaxial strain controlled fatigue tests were performed on a commercial closed-loop
electrohydraulic test machine equipped with a resistance furnace. A standard high temperature axial
extensometer was employed to maintain strain control. Hysteresis loops were periodically recorded; the
cyclic load imposed on the specimens was monitored on a strip chart recorder.
All tests were conducted at 565°C (1050°F). This temperature, while above the anticipated service
temperature of 482°C (900°F), was chosen to enhance creep without altering the original carbide

structure. A fully reversed strain range of 0.50% was used exclusively, except for other tests required to
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generate a strain-life curve. This strain range was selected for three reasons. Firstly, it is a reasonable
estimate of anticipated service conditions. Secondly, there are currently fewer data at such strain levels
than exist at 1.0% and above. Finally, previous research of annealed 2.25Cr-1Mo [4.4, 4.6] found hold
periods at low strain ranges to be more damaging than at higher strains (>1%) relative to pure fatigue in
each instance, suggesting a more severe creep-fatigue interaction effect.

Four basic strain histories were examined: pure fatigue (no hold periods), fatigue with tensile hold
periods, fatigue with compressive hold periods, and fatigue with both tensile and compressive hold
periods. All hold periods were introduced at maximum absolute strain amplitude. Hold period duration
was varied from 6 to 3 to 1.5 to 0.75 to 0.6 minutes. Strain rate during the ramp portions of the waveforms
was 0.004 per second.

All specimens were used in the as-machined condition with no subsequent grinding or polishing.

Failure was defined as a 50% reduction in tensile stress level from the initial (maximum) value.

3.3 RESULTS AND DISCUSSION

The strain-life data are shown in Fig. 3.4, where they are compared with the best fit curve for bainitic
2.25Cr-1Mo data gathered by Sanderson et al. [3.7] from a variety of international sources, all obtained in
the temperature range of 5§50 to 600°C (1020 to 1110°F). The data presented in this study lie well within
the scatter band, very near the best fit line of Sanderson et al.

Since the basic strain-life behavior for the material used here appears consistent with that of other
bainitic 2.25Cr-1Mo alloys, it was decided to concentrate the bulk of the research program at one strain
range. One half percent fully reversed total strain range (+0.25%) was selected for the reasons outlined

earlier. Individual tests and their results are summarized in Table 3.3.

3.3.1 Material Response
Basic material response was the same for both smooth and pre-notched specimens.and in both air
and vacuum environments. [n all tests the material exhibited rapid cyclic softening during approximately

the first twenty percent of life. Thereafter the softening rate decreased as the hysteresis loop stabilized.
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This response is illustrated in the stress range versus fraction of fatigue life graph of Fig. 3.5. The rapid
decrease in stress range after about 70% of cyclic life is due to formation of long cracks. After this point
stress decreased quickly up to failure. This overall behavior is in good agreement with other studies of
bainitic 2.25Cr-1Mo steel 3.8, 3.8, 3.10, 3.11].

During constant strain hold period tests, the material relaxed considerably with a corresponding gain
in creep strain. As seen in Fig. 3.6, stress relaxed in an exponential-like manner, decreasing very quickly
the first several seconds but only slowly thereafter. Relaxation rates in tension and compression were
essentially identical, and the amount of relaxation decreased throughout the duration of the test (see
Fig. 3.7). Similar relaxation behavior of bainitic 2.25Cr-1Mo was reported by Brueur et al. [3.11].

The failure mode most commonly associated with “creep-fatigue interaction,” one where fatigue
loading accelerates either the growth of grain boundary cavities or wedges [3.12], was not evident in this
material. Instead, the creep-fatigue interaction exhibited itself as enhanced softening. This mode of re-
sponse is probably due both to the nature of the bainitic microstructure and to the low concentration of
residual elements in the material composition. The elements S, P, As, Sn, and Sb have been associated
with failure of steels along prior austenite grain boundaries [3.13]. The low levels of these elements may
preclude this mode of fracture in the present alloy, or alternately, accentuate it in other heats or heat
treatments of this material. Even creep failure of the alloy in the present study at 565°C is not associated
with void formation and growth. The failure mode is similar in form to that of tensile failure where plastic
instability, not creep-induced cavitation, controls the response [3.14]. Thus the accelerated failure under
combined creep and fatigue loading seems to be more closely associated with time dependent disloca-

tion restrucfuring in the bainitic laths than with fatigue-enhanced cavity growth.

3.3.2 Effect of Hold Periods

The introduction of a hold period into the hysteresis loop caused a significant reduction in tatigue
life compared to the continuously cycled case (no hold period), as seen in Fig. 3.7. This was true
regardless.of the type of hold period (tensile, compressive, or combined tensile/compressive) or its

duration.
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In air, tensile holds were generally somewhat more damaging than compressive holds, but the
combined tensile/compressive waveform was considerably more damaging than either of the previous
cases. Hold periods also caused the stress range to be considerably reduced from the continuously
cycled case, as shown in Figs. 3.5 and 3.7. It is seen that this effect occurs immediately upon the onset
of loading. In general, there was little difference in the amount of stress range reduction between the
various types of hold time waveforms.

The etfect of hold period duration was not marked. With only two exceptions, the six minute tensile
hold test and the 0.6 minute compressive hold test, hold periods of shorter duration for a given waveform
yielded higher lives. However, this trend was not strong and hold period duration had only minor
influence on fatigue life. This is seen in Fig. 3.8, which compares stress range versus cycles for various
hold time durations for the combined tensile/compressive hold waveform. Such behavior could indicate a
saturation effect (i.e., after a certain point, the hold period duration has no effect) which has been
proposed by Carden et al. [3.15), or may suggest that the hold periods were not long enough for a time
dependent effects to become significant.

The constant strain hold waveform and temperature, however, were such that considerable stress
relaxation occurred during each hold period throughout the entire test (see Fig. 3.9). Of course, this re-
sults in an increase in plastic (i.e., creep) strain and a corresponding decrease in elastic strain since the
total strain remains constant. This increase in creep strain is almost certainly deleterious to fatigue resis-
tance. Thus the most reasonable explanation for the only marginal effect of hold period duration is the
kinetics of the stress relaxation. As mentioned before, stress relaxes in an exponential-like fashion during
a dwell period, decreasing very rapidly the first few seconds but only slowly thereafter. Therefore most
creep strain occurs quickly, with little difference in total creep strain for the hold period durations studied
here. This behavior is illustrated in the relaxation curves of Fig. 3.6, expressed as percent of peak stress
versus time (at half the failure life) for various tensile hold period durations. Even though hold time
duration varies by an order of magnitude, there is only marginal difference in the ultimate percentage of

peak stress. Again, this behavior agrees well with other relaxation data of bainitic 2.25Cr-1Mo steel [3.11].
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The hold period data in air are summarized in Fig. 3.10, which plots log time to failure versus log
cycles to failure. The figure indicates the overali effect of hold periods, including the trends of the three
different hold period waveforms for various hold time durations. It is seen that the symmetrical
tensile/compressive hold waveform is most damaging, followed by the tensile only hold and then the
compressive only hold waveforms. The relatively minor influence of hold period duration is illustrated by
the nearly vertical slope of the dashed lines. Note also that the dashed lines all roughly intersect the pure
fatigue datum point. All the data are quite consistent with the exéeption of the six minute tensile hold

point (life greater than expected) and the 0.6 minute compressive hold point (life less than expected).

3.3.3 Effect of EDM Notches

In air, electro-discharge-machined (EDM) notches reduced cyclic life by an average of 22%
compared to analogous tests of smooth specimens. The largest decrease was observed in the pure
fatigue case; there was Iittle.effect on the combined tensile/compressive hold period test. Both the six
minute tensile hold and six minute compressive hold tests experienced approximately a 25% reduction in
life. EDM results in air are summarized in Fig. 3.11. In every case the specimen failed at one of the notch
pairs.

The deleterious influence of hold periods on fatigue resistance, regardless of their location in the
hysteresis or their duration, immediately suggests the presence of a strong creep interaction. If creep was
the sole damage mechanism, however, the results of tension only holds period tests and compression
only hold period tests should be similar since creep rates are equal in tension and compression. In every
case, however, tensile hold tests yielded lower lives than analogous compressive hold tests. The EDM
notch data offer an explanation for this behavior. |f the EDM notch is taken to be a nucleated fatigue crack,
the results verify that the majority of useful life is consumed by crack propagation. This is a reasonable
conclusion- in that the material is quite ductile and testing is in the low-cycle fatigue regime; hence
substantial plastic deformation is expected and cracks should initiate early in life.

Since tensile holds are more damaging than compressive holds, and the major portion of fatigue life

is spent in crack growth, it follows that tensile holds promote crack propagation. This makes sense
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intuitively in that the crack tip is subjected to a greater stress intensity factor. Furthermore, the ingress of
aggressive environment to the crack tip is facilitated while the crack is held open. Compressive holds, on
thé other hand, do not induce tensile stresses at the crack tip except for possible oxide “wedging” action,
and therefore do not enhance propagation rates. Compressive holds reduce life from the continuously
cycled case primarily through the acceleration of softening. This damage becomes significant for
exposure in air where crack surface 'oxidation stabilizes crack growth. In vacuum, while accelerated
softening takes place, the developm_ent of major cracks is much slower. Both tensile and compressive
hold period waveforms are more harmful than pure fatigue due to the stress relaxation:induced creep
strain, but it is the additional factor of increased crack growth rate that makes tensile holds more damaging
than analogous compressive holds, and exposure in air more damaging than in vacuum.

it follows that the combined tensile/compressive waveform, since it amasses practically twice as
much creep strain, has a yet greater fatigue reduction factor than either of the above cases. Again, this is
due to the exponential-like stress relaxation during the hold periods. Two hold periods per cycle resuit in
nearly double the creep damage as does a single hold period, in e_ither tension or compression, despite
the same overall cyclic frequency. This is due to the fact that the stress must relax from the peak value
twice per cycle in the combined hold case versus once per cycle for the single hold case. Figure 3.6
indicates that most of the stress relaxation occurs very rapidly, and not much additional damage accrues
after the initial relaxation period. In addition, the tensile hold portion of the waveform aids crack

propagation.

3.3.4 Interrupted Fatigue Tests

The EDM notch data suggest that engineering sized cracks (>100 microns in length) form quite
early in cyclic life. If crack growth is indeed the controlling fatigue mechanism, one would anticipate several
initiation sites, one of which grows into a large failure-causing crack. In an effort to determine more
precisely when these cracks form, a series of interrupteci fatigue experiments was conducted, terminating
the tests at 25%, 15%, 10%, and 5%, respectively, of normal cyclic life for smooth specimens. As before,

a fully reversed strain range of 0.50% was employed at 565°C (1050°F), but only the pure fatigue
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waveform was utilized for this portion of the test program. After completion of mechanical testing, the
specimen gage section was removed for surface analysis in a scanning electron microscope (SEM). No
surface preparation was administered other than simple ultrasonic cleaning.

The SEM photomicrographs (see Fig. 3.12) clearly show the presence of small fatigue cracks in the
base metal, even after only 5% of failure life. Naturally, the cracks at 25% of cyclic life are longer, deeper,
and tend to branch more than the cracks observed earlier in life. In addition, several cracks at 25% are
step-like in nature, as if two or more parallel cracks (perpendicular to loading axis) were intersected by
cracks aligned at right angles to them (i.e., parallel to the loading axis). This phenomenon is illustrated in
Fig. 3.12a.

From the evidence obtained from the interrupted tests it is tempting to state, for practical purposes,
that cracks nucleate almost immediately upon the onset of cyclic straining and fatigue life is entirely
controlled by crack propagation. It must be noted, however, that the oxide scale, although cracked,
frequently concealed the actual condition of underlying metallic substrate. In occasional locations where
the oxide partially or completely spalled, revealing relatively nascent metal, there usually was no crack
visible in the substrate. This was particularly true in the briefest tests, i.e., at 5% and 10% of life. Thus
removal of the oxide film by chemical means, as described by Brooks and Lundin [3.16], is probably
desirable but was not yet undertaken as of this writing.

There is also some evidence of repeated film rupture and subsequent chemical attack at regions of
localized strain, as indicated by the multiple scale layers in Fig. 3.12b; note at least two layers of thick
oxide scale. Of course, this redundant fracture and oxidation action may very well be a prominent
mechanism for fatigue crack initiation in the metallic substrate.

Interrupted tests were also performed on EDM notch specimen at 15% and 25% of cyclic life.
These did not reveal a great deal, but confirmed that EDM notches provide preferred initiation sites for the
primary crack. Every EDM notch examined (four per specimen) had a large crack at its tip, across the entire

‘notch length, as seen in Fig. 3.13a. Small secondary oxide cracks were observed from the notches in

both specimens.
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Finally, two analogous tests were conducted in vacuum. Both tests were stopped at 25% of fatigue
life; one specimen was smooth and the other EDM notched. These exhibited very different cracking
behavior than the specimens exposed to an oxidizing environment. In both cases the gage section was
completely free of any cracks. There were, however, a number of slop bands observed, oriented at
roughly 45 degrees to loading axis. Only in the EDM notches were cracks présent, and again all four
notches nucleated cracks (Fig. 3.13b). These interrupted tests in vacuum underiine the important role of

the oxide in fatigue crack initiation.

3.3.5 Effect of Vacuum

The kinetics of oxidation are extremely rapid at elevated temperature, and environmental
degradation can affect the results of even very short duration tests. Of course, the influence of oxidation
increases with time, and as seen in Table 3.3 and Fig. 3.10, even very brief hold periods of 0.6 minute
cause time to failure to increase by seven-fold over the pure fatigue case. Naturally, for longer hold
periods the gain in testing time is even more dramatic, with some tests lasting over 200 hours. At the
565°C (1050°F) test temperature, such lengthy tests permit severe oxidation. Hence the possibility was
considered that environmental degradation may be the primary damage mechanism in high temperature '
time dependent fatigue. Therefore selected tests were conducted in vacuum to better ascertain the
influence of oxidation on fatigue life. These tests are among the very first investigations of the creep-
fatigue behavior of bainitic 2.25Cr-1Mo steel in an inert environment.

Figure 3.14 shows the stress amplitude as a function of loading cycle for vacuum tests on smooth
specimens. It is again apparent that the hold time wave forms accelerate material softening. When
compared to results in air, testing in vacuum resulted in a significant increase in fatigue resistance for all
waveforms characterized. Life data for smooth specimens in both air and vacuum are compared in
Fig. 3.15; the average gain in life for the four different waveforms is 410%. As expected, the increase
was most dramatic for the hold period tests due to their lengthy duration and consequent severe oxidation
in air at 565°C (1050°F). In fact, in vacuum the three minute compressive hold period test had a greater life

than its pure fatigue counterpart. This was true for both smooth and EDM notch specimens (see
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Fig. 3.16) and may result in part from the “welding” of the crack surfaces during the compressive hold, an
effect that would be impossible in air due to formation of corrosion products in the crack. The rewelding
phenomenon has been offered in other studies of 2.25Cr-1Mo steel [3.17.3.18] as explanation for
negligible crack growth rates during compressive dwells in vacuum.

Conversely, any waveform with a tensile hold was very detrimental, reducing cyclic lifes to roughly
half of pure fatigue and compressive hold results. It is interesting to note the combined
tensile/compressive hold period waveform (1.5 minute each), despite rewelding during the compressive
dwell, was slightly more deleterious than the three minute tensile-only hold waveform. This held true for
both smooth and pre-flawed specimens (Fig. 3.16), indicating that rewelding could almost, but not quite,
overcome the additional damage imparted by two hold times per cycle. (As in air, the combined
tensile/compressive waveform results in twice the creep strain as a single hold period, since stress
relaxation behavior is independent of environment.)

As seen by comparing Figs. 3.11 and 3.16, EDM notches have a larger fatigue reduction factor in
vacuum (41%) than they do in air (22%). This implies that a greater portion of cyclic life is spent in crack
initiation (again considering the EDM notch as a nucleated fatigue crack). Alternatively, one may state that
oxidation aids in crack initiation. This conclusion lends credence to other theories of premature oxide
induced fatigue crack nucleation [3.19, 3.20, 3.21] in the annealed version of this material. However, one
should not be mislead by the smaller percentage of life consumed by crack propagation in vacuum (59%)
as opposed to air (78%). Keep in mind that in terms of absolute fatigue cycles, 59% of vacuum life still
considerably exceeds 78% of cyclic life in air. Therefore, another possible conclusion is that crack
propagation is retarded in inert atmosphere as compared to results in air. This too is in agreement with
previous investigations of ferritic 2.25Cr-1Mo steel [3.22, 3.23].

The combined effects of EDM notches and vacuum are illustrated in Fig. 3.17. This graph piots
stress range versus cycles for specimens tested in pure fatigue under four different conditions: with and
without EDM notches in both air and vacuum. The two trends discussed earlier are apparent. The graph
shows both the enl;nancement of fatigue life due to vacuum and also the more severe effect of EDM

notches in the inert environment.
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Almost all of the vacuum test specimens exhibited unique surface markings on the gage section.
Small areas has an "orange peal” type surface roughness and texture. Most of these regions contained at
least one small crack, strongly suggesting that these zones are due to excess localized plastic
deformation (see Fig. 3.18); they may be densely clustered slip bands, which were observed in the inter-
rupted vacuum tests at 25% of failure life. Most vacuum specimens had one or two such areas, the effect
being especially palpable in specimens subjected to hold period loadings. No evidence of this
phenomenon was observed in the tests conducted in air, although the surface discoloration and heavy
oxide scale may have partially hidden its presence. Still, such markings were so unmistakable on vacuum
specimens it is believed they would be noticeable on air specimens if present.

In marked contrast to the vacuum test specimens, which normally were very clean and shiny,
specimens tested in air were frequently severely oxidized. Hold period test specimens, due to the
lengthy test duration, were particularly encrusted with scale. As found in previous research of 2.25Cr-1Mo
steel [3.19, 3.20, 3.24], the oxide scale behavior varied depending on the type of hold period. The oxide
on specimens subjected to tensile-only holds spalled considerably, whereas the oxide on specimens
subjected to compressive-only holds was much more adherent. This is illustrated in Fig. 3.19. In the
other investigations, however, the oxide behavior was cited as the reason for compressive dwells being
more damaging than corresponding tensile dwells; here that situation is reversed and is explained by
increased crack growth rate during tensile holds, recalling that crack propagation is the dominant fatigue
mechanism in air for these test conditions.

Oxide scale on combined tensile/compressive waveform specimens acted similarly to that of the
compressive-only hold specimens, tending to crack rather than spaill.

3.6 MODELING OF DATA

Efforts were made to incorporate the data into existing creep-fatigue interaction models. Among
the most common are linear damage summation, strain range partitioning, frequency separation, and
damage rate. All of these models have drawbacks, however, and none adequately describes the data

generated in this study.
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The familiar linear damage summation model is the simplest to apply, requiring only fatigue and
constant stress creep data, but is grossly inaccurate so frequently that any agreement appears strictly
fortuitous. Furthermore, the approach is entirely phenomenological, with no mechanistic basis, and
makes no distinction between tensile and compressive hold periods. The other creep-fatigue models
mentioned are more sophisticated and usually more accurate, but are limited by other difficulties. The
major drawbacks are the large number of numerical coefficients required and the complex tests necessary
to generate them. In addition, these models are empirical or semi-empirical in nature, making it difficuit to
predict their general appiicability.

In contrast, the oxide interaction model of Challenger, et al. [3.22] has several features that initially
make it very appealing for the present work. Firstly, it is based oﬁ the same alloy system, 2.25Cr-1Mo
steel. Secondly, it is a purely mechanistic approach. Thirdly, and most uniquely, it considers
environmental effects as the primary damage mechanism, i.e., the formation and cracking (not exfoliation)
of surface oxide scales, which subsequently act as stress concentrators to induce premature crack
initiation in the metal substrate. As described previously, oxidation appears to be the major influence on
fatigue behavior in this investigation.

On closer inspection, however, this model also proves to be inadequate. Although based on an
environmental interaction, the correlation relies on assumptions which are not valid for the material
examined here. For instance, to simplify the effect of oxide induced crack initiation, the model assumes
fatigue cracks nucleate in the metallic substrate immediately following cracking of the oxide layer. This is
obviously an oversimplification, perhaps a severe one. Figure 3.12b anc ¢ clearly shows an oxide crack,
but no noticeable damage of any kind in the underlying metal.

This conservative assumption may be offset somewhat by the model's determination of cyclic to
crack initiation. For the conditions explored here, 0.50% strain range and 565-C (1050°F), the model
predicts crack nucleation at roughly 50% of cyclic life. As evidenced by the resuits of the EDM notch and
interrupted tests, this estimation is much too high. The disagreement may not be surprising since the
correlation relies on crack initiation data of type 304 stainless steel, an entirely different alloy system

lacking even the same crystal structure as 2.25Cr-1Mo steel.
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The model also predicts more severe damage for compressive holds than for tensile holds. It is
argued that an oxide scale grown while the material is in compression is more likely to crack open during
the loading ramp from full compression to full tension, than a similar scale grown while the material is in
tension and ramped into compression. In the present study, however, the tensile hold is always found to
be more damaging. Finally, and perhaps most significantly, the founders of the model acknowledge that
acceleration of crack growth rates by hold periods has a strong influence on fatigue behavior. Ths is
particularly true for tensile dwells, which encourage the ingress of aggressive environment to the crack tip.
However, this parameter is not incorporated into the correlation due a fack of experimental data.
Consequently, any error introduced by the omission of hold time effects on crack growth is compounded
when cracks initiate early in life, as found in the present investigation.

The intent of this argument is not to prove the model of Challenger et al. is completely without value,
for it quite accurately predicted their observed results. Furthermore, the approach is based on behavior of
ferritic 2.25Cr-1Mo and may not be appropriate for the bainitic version of the material used here. Still,
some of its simplifying assumptions are quite tenuous and, unfortunately, it is based on mechanisms that

do not occur in the material and conditions utilized in this study.

3.4 SUMMARY AND CONCLUSIONS

Uniaxial strain controlled fatigue and creep-fatigue tests of a bainitic 2.25Cr-1Mo steel forging were
performed at 565°C (1050°F) in both air and vacuum environments; the bulk of experiments were carried
out at 0.50% fully reversed strain range. Tests were conducted with tension only hold periods,
compression only hold periods, combined tension and compression hold periods, and without any holds
(continuously cycled). Hold period duration was varied between 6.0 and 0.6 minutes. Selected tests
were performed with pre-flawed specimens, and limited interrupted fatigue tests were also executed.

This research was conducted to understand the effects of waveform and environment on the
elevated temperature fatigue behavior of this material for possible application in thick walled pressure

vessels. The principal observations and conclusions of this study are as follows:
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Regardless of waveform and environment, much of the initial strength advantage of the
bainitic microstructure, gained by quenching, is lost via cyclic softening.

In air, the introduction of a hold period into the cyclic waveform, regardless of its location or
duration, significantly reduces fatigue life due to additional plastic (creep) strain from stress
relaxation.

In air, combined tensile/compressive hold periods are most damaging, compressive-only
holds are least damaging, and tensile-only holds are intermediate. This behavior is attributed
to accumulated creep strain during all dwells and increased crack growth rate during tensile
dwells.

Regardless of environment, hold period duration has only martinal influence on fatigue life
due to the kinetics of stress relaxation (most creep strain occurs rapidly).

EDM notches reduce cyclic life by an average of 22% in air, indicating that the majority of
useful life is consumed by crack propagation. This is confirmed by surface analysis of smooth
specimen interrupted tests at 5% to 25% of fatigue life, which exhibit fairly extensive crack
systems.

Vacuum enhances life roughly four-fold compared to resuits obtained in air. Compressive
holds yield the best results, even better than pure fatigue, while any waveforms with a tensile
hold is much more damaging. This is attributed to crack tip rewelding during compressive
dwells.

EDM notches have a larger effect in vacuum than in air, strongly suggesting that oxidation aids
in fatigue crack initiation. Oxidation also appears to increase crack propagation rates as
opposed to vacuum.

The data are not adequately described by any mechanistic creep-fatigue model. Even the
environmental damage approach of Challenger et al. is based on different mechanisms than

occur here and hence is inappropriate.
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3039tables, 1

Table 3.1 Composition of Kawasaki 2.25Cr-1Mo Steel

0.13
0.53
0.003
0.003
0.25
2.33
0.15
0.96
0.01
0.16
0.011
0.002
0.001

0.0005
balance

Table 3.2 Tensile Properties of Kawasaki 2.25Cr-1Mo Steel

strain rate = 0.004 per second

25°C

Elastic Modulus (GPa) 208
0.2% Yield Strength (MPa) 474
Ultimate Strength (MPa) 590
True Fracture Stress (MPa) 1280

corrected to (MPa)* 1090
True Fracture Ductility 1.53
% Reduction of Area 78.4
True Strain @ Ultimate Load 076
Strain Hardening Exponent 0.11
Strength Coefficient (MPa) 855

* Corrected for necking with Bridgman's Correction Factor



Test
No.

OoOoONONALWN =

Specimen
6B
DS-1
DS-4
A4A
DS-2A
DS-11
DS-10
A10A
DS-14
A7
DS-5F
DS-BR2
DS-ERt
DS-16
DS-5
DS-17
DS-A
DS-1A
DS-E
DS-6F
DS-BR9
DS-D
DS-1F
DS-2F*
DS-BR4

Environment
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Air
Vac
Vac
Vac
Vac
Vac
Vac
Vac
Vac
Vac

Table 3.3 Results of Fatigue Tests at 565°C and 0.50% Strain Range

Smooth
or
EDM

mmmm
XXX ke el R e R X XX X X X X X X X X X
T=TZTZ

EDM
EDM
EDM
EDM

At Half the Failure Life

Stress Amplitudes (MPa)
Stress Cycles
Hold Period Range Jersie = Compressive 10
(min.) (MPa) Peak Relaxed Peak Relaxed Failure
0 472 238 - 234 - 3783
6T 406 190 132 216 - 2000
6C 413 218 - 195 133 2050
6 T+C 411 202 134 209 138 895
3T 431 201 145 230 - 1465
3C 409 216 - 193 142 2245
3T+C 402 201 138 201 138 905
157 438 207 157 231 . - 1648
15C 402 209 - 193 148 2340
1.5T+C 433 213 156 220 162 1042
75T+C 436 218 167 218 165 1278
06T 432 206 158 226 —_ 1662
06C 435 226 - 209 160 1821
0 452 226 - 226 - 2664
6T 419 197 139 222 - 1536
6C 413 220 - 193 136 1550
3T+C 419 213 148 206 141 803
0 450 227 - 223 - 9750
3T 419 196 150 223 — 5447
3C 410 224 - 186 139 11903
1.5T+C 382 192 144 190 138 5001
0 464 234 - 230 - 5276
3T 406 189 146 217 - 3789
3C 410 215 - 195 128 5550
1.5T+C 395 198 157 197 144 3275

Time to

Failure
(hr.)
2.6
201
206
180

8¢
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Figure 3.1 Schematic of 2.25Cr-1Mo fatigue specimen. Special double geometry is designed for

purposes of bellows tubing encapsulation. All dimensions given in mm.
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Figure 3.2 Kawasaki 2.25Cr-1Mo fatigue specimen before (left) and after (right) bellows tubing
vacuum encapsulation. The mil steel rings at the ends of the bellows tubing serve as
brazing surfaces and also provide secure mounting surfaces for the axial extensometer.
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Figure 3.3 Schematic diagram of electro-discharge machined (EDM) notch.
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Figure 3.4 Strain life plot for bainitic 2.25Cr-1Mo steel in the temperature range 550 to 600°C (1020
to 1110°F). Solid line represents the best fit the data gathered by Sanderson et al. [7].
Dashed line is analogous, but for ferritic (annealed) material.
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Figure 3.19 Comparison of oxide scale behavior on specimens subjected to:
(a) a six minute tensile hold period (DS-1)
(b) a six minute compressive hold period (DS-4)
Oxide on (a) spalled considerably, while oxide on {(b) was much more adherent.
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4. PRELIMINARY STUDIES OF ADVANCED AUSTENITICS

The material used in these preliminary studies is Alloy 17-14 Cu Mo. This is not one of the alloys
developed at ORNL by Maziaz, et al., but it is similar in composition and performance and has the
advantage of being readily available. It is also the material which was used in the Eddystone power plant
and testing of this material therefore has a secondary value in providing data for residual life assessment of
that particular plant.

Work so far on this material has been limited to exploratory studies for setting test priorities in a
future, more extensive, program.

The following four basic tests havé been carried out: strain controlled LCF tests, steady load creep
tests, fatigue crack growth rate tests, and creep crack tests.

In anticipation of the likely impact of thermo-mechanical treatment during manutfacture on in-situ
material properties, tests have been performed on the material with different pre-test treatments. These

include solution annealed, mill annealed (i.e. as-received), and cold-worked, solution annealed and aged.

4.1 STRAIN CONTROLLED LCF TESTS

Nine strain controlled fatigue tests have been performed on mill annealed material. The specimen
geometry and the test machine are identical to those used in the studies of 2.25 Cr 1 Mo steel described
earlier. The test temperature in this case was 700°C.

Tests were run under fully reversed saw-toothed waveform at two strain rates of 0.004/sec and 1.4
E-5/sec.

Figure 4.1 shows the results on a strain-life plot. There is an eight-fold reduction in cyclic life in
going from the higher to the lower strain rate. This change was accompanied by a transition from trans-
granular to intergranular fracture. In this respect, the material shows typical behavior for austenitic steel as
elevated temperate.

Hold time tests are in progress.
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4.2 STEADY LOAD CREEP TESTS

Five steady load creep tests have been performed 700°C at the same nominal stress of 200 MPa.
Three of these went to rupture and two were interrupted during secondary stage creep.

The results for the tests to rupture are shown in Fig. 4.2. These consist of two specimens in the mill
annealed condition and one which was solution annealed.

The solution annealed material showed shorter lives (100 to 112 hours) and lower ductility than the
mill annealed material.

One creep sample solution was solution annealed, cold-worked, and aged to simulate the taupe of
treatment suggested by Maziaz, et al. This specimen showed very low creep rates and the test was
terminated after 890 hours because it was progressing so slowly. This is a very significant encore in life
compared with the as-received condition.

In all instances, metallography performed on the failed specimens showed wedge cracking at grain

boundary triple points. So far the interrupted specimens have not been examined.

4.3 FATIGUE CRACK GROWTH RATE TESTS

Three fatigue crack growth rate tests have been conducted at 700°C. These test were performed
on 1 inch wide by 1/8 inch thick center cracked plates under a maximum tensile load of 1000 Ibs and an R-
ratio of 0.05. Crack growth was monitored by dc potential drop.

The results of tests at three frequencies are shown in Fig. 4.3. The effect of frequency is typical of
materials of this type. At all frequencies, the crack growth rate is correlated well by the elastic stress
intensity K.

Examination of the fracture surfaces shows transgranular crack propagation in the majority of

instances with about 5 percent intergranular surface observed in the 0.1 Hz test. Lower frequency tests

are in progress.
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4.4 CREEP CRACKTESTS

Two steady stress creep tests have been performed on the center cracked specimen. Crack
propagation was monitored by dc potential drop using the same technique as for the fatigue crack
experiments.

The resuilts are shown in Fig. 4.4 showing the correlation of crack growth with C* net section stress
and stress intensity range. There is considerable scatter in the results which may be a function of
inaccuracies in the potential drop method or it could signify inadequacies in the‘ methods of correction.
Whether the reason is one or the other has yet to be determined. In either event the amount of scatter is
not atypical of results published in the open literature.

Both tests were interrupted when the crack growth reached 0.1 inch. The crack opening angle at

this point was close to 80°C which is indicative of very creep ductile material.
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5. MATERIAL CHA: ACTERIZATION

5.1 INTRODUCTION

To investigate the effects of a material's behavi. r on the response of a component it is necessary to
have an understanding of how the matcrial responds under various loading conditions. Once this has
been determined some means of characterizing the behavior of the material is needed. In this chapter
characterizations of the time independent and time dependent behavior of this material are presented.
The purpose of these representations was not to obtain a precise model of the material behavior, but to
capture the essential characteristics of the softening phenomenon. For this reason the time independent

and time dependent material behavior was investigated separately.

A model for time independent cyclic behavicr was developed which was an extension of the
Ramberg-Osgood model of stable cyclic inelastic behavior. In this model cyclic softening was postulated
as being a function of accumulated piastic strain. This dependency on accumulated plastic strain was

implemented through the material constants of the Ramberg-ngood relation.

In examining time dependent material behavior steady load creep test results were used to predict
material response under stress relaxation conditions. In these predictions total strain, strain hardening

and time hardening creep theories were utilized.

Finally, isochronous creep curves were used to examine the interaction between creep deforma-
tion and material softening under cyclic loading conditions. These studies treated the effects of creep

deformation as a perturbation of time independent behavior.
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5.2 MODELING OF TIME INDEPENDENT CYCLIC BEHAVIOR
5.2.1 Introduction

Several unified constitutive models have been developed which claim to model some form or
another of cyclic softening. Unfortunately, none of these models have been found appropriate for the
modeling of cyclic softening behavior when a significant, continuous, decrease in strength occurs, such
as is the case with the current material. For this reason a time independent uniaxial constitutive model of
strain induced cyclic softening has been developed. In this mode! softening was postulated to be a
function of accumulated plastic strain. For convenience all nomenclature pertaining to the development

and use of this model is contained in Table 5.1.

5.2.2 Experimental Data
The data utilized in this study was obtained from smooth specimen strain controlled fully reversed
fatigue tests performed by Pejsa [5.1]. Two strain ranges, 0.5% and 1.0%, were used. Both tests were
performed at the relatively high strain rate of 0.004/sec in order to minimize the effects of time dependent
processes. Tests were conducted on material in the as-received condition at a temperature of 565°C.
During mechanical testing stress-strain hysteresis loops were recorded at regular intervals
throughout the life of the specimen. This data provided a record of the progression of material softening
in terms of changes in cyclic stress-strain material response. The model was developed from data
obtained from the fully reversed 1.0% strain range cyclic test. The predictive capability of the model was

examined by comparing predictions and experimental results of the 0.5% strain range test.

5.2.3 Description of Simplified Softening Model

The model described here was developed as an extension of an existing model of stable cyclic
inelastic behavior which has been used extensively and found to represent material behavior with
reasonable fidelity. The model assumes that the loading and unloading regions of the stress-strain

hysteresis loop may be represented by a Ramberg-Osgood form [5.2]. For the uniaxial case
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Total Strain Ae* = Aeg + ey (5.1)
Elastic Strai el =4 5.2

astic Strain € ="E (5.2)
Inelastic Strain As; = (%‘%” m (5.3)

An asterisk (*) superscript is used to indicate specific stress and strain values in individual hysteresis
loops. The use of this notation will be discussed in further detail later. It should be noted thét the use of a
nonconventional notation for the constants in Eq. (5.3) was done deliberately so as to emphasize the
difference between these values and those commonly used to describe a materials cyclic stress-strain
curve.

To include strain induced softening it was assumed that C and m are functions of the cumulative
plastic strain only. This was an intuitive assumption based on empirical observations of softening behavior

in a number of diverse situations [5.1, 5.3, 5.4]. This means that

Ac* = C(24ep) * (Zep) m(zaep)" (5.4)

As will be discussed later, experimental evidence showed that C(ZAep) has an n-power form,

" (5.5)

C(ZAep) = h  (ZAep
where ZAgp > critical strain, and n < 0 necessarily, to model softening behavior.

To avoid a singularity at zero accumuiated plastic strain, in this model it was assumed that C was constant

for ZA&:B < 2.8 percent. This was chosen as a reasonable reflection of observed material behavior.

No attempt has been made here to represent multiaxial stress states. As far as deformation under

muitiaxial stress is understood at the present time, this is a routine operation. The material appeared to
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soften isotropically in uniaxial tests. Due to this, and from what can be understood of the underlying
mechanisms, it seems reasonable to assume that the parameters governing softening should be scalars
[5.5])- In-phase multiaxial behavior can therefore be modeled by replacing the cumulative plastic strain in

the uniaxial case with the cumulative Mises plastic strain Z{|Aeeff]).

5.2.4 Development of Mode!

During the mechanical testing of this material stress-strain hysteresis loops were recorded at
regular intervals throughout the life of the specimen. These data provided a history of the progression of
softening on the cyclic stress-strain response of the material. Figure 5.1 shows a semi-log plot of stress
range versus number of cycles for a fully reversed 1.0% strain range cyclic test. The material is observed
to soften continuously throughout the duration of the test. This plot also shows a significant increase in
loss of strength towards the end of the test. This acceleration of strength loss marks the onset of
significant cracking in the specimen. Such a behavior is commonly observed in the strain control fatigue
testing of all but very brittle materials.

Individual hysteresis loops were assumed to be antisymmetric and to close upon the completion of
each cycle. The tension loading (and likewise compression loading) portion of the hysteresis loop was
represented using a form of the Ramberg-Osgood stress-strain relation [5.2]. In the uniaxial case this
relation is given in Egs. (5.1) through (5.5).

Figure 5.2 provides a graphical representation of these terms. As shown, the origin of the stress-
strain axis is located at the beginning of the reversal. An asterisk (*) superscript is used to differentiate
between relative stress/strain values (such as Ac* and Aa;) and absolute stress/strain ranges (such as Ac
and Agg).

The values of the material constants C and m used above are cycle dependent. This cycle
dependency was evaluated by plotting log relative stress (Ac*) versus log relative plastic strain (AeB)for a
number of cycles throughout the life of the specimen. Such a plot is showh in Fig. 5.3 for a few
representative cycles. This figure shows that relative stress and plastic strain are adequately modeled by a

Ramberg-Osgood relation, particularly when significant relative plastic strain has developed in the cycle.
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The exponent, m, of the power law relation (representing the slope of the log Ac* versus log AeF') plot in
Fig. 5.3) showed no cyclic dependency and was therefore taken as a constant (m = 0.0905). At lower
plastic strain levels a slight non-linearity is observed in the log relative stress versus log relative plastic
strain plot. For the current analysis this discrepancy was treated as a second order effect, and therefore
neglected.

The coefficient, C, in the power law relation showed a definite cyclic dependency. Figure 5.4
shows a log-log plot of the coefficient C versus number of cycles, N. Due to the observed linearity of this

plot, this relationship was represented through the use of an n-power law. The coefficient C was then

determined as
C = 1190 - (N)-0-0687 ppa (5.6)

By combining Eqs. (5.3) and (5.6) the relative stress-plastic strain relation becomes

Ac* = 1190 - (N)-0.0687 . (AeB)O-°905 MPa (5.7)

Until now, relative stress and plastic strain have been related by a cycle dependency. It is ultimately
desired to relate these terms through an accumulation of plastic strain. Recall that in Fig. 5.1 absolute
stress range was presented as a function of cycle number. From this figure the following numerical fit was

obtained
Ac =-86.9 ‘ log(N) + 724 MPa (5.8)
Since testing was performed by cycling between specified total strain limits (+0.5% for the 1.0% strain

range test) the plastic strain range developed during any given cycle may be determined. For the

imposed test conditions
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Ae = 0.01 = Agg + Asp (5.9)

Using Hooke's law (Aeg = Aa/E) the plastic strain range is

A
Agp = 0.01 -2 (5.10)

Substituting Eq. (5.8) and the appropriate value of Young's modulus, E, into Eq. (5.10) gives

Aepy = 5.47x 1074 - log(N) + 5.45 x 103 (5.11)
From Eq. (5.11) accumuiated plastic strain was obtained as a function of number of cycles by
summing the increment of plastic strain developed in each given cycle. Figure 5.5 shows a plot of this

relationship. This figure shows that a power law relation provides a good fit to the calculated results. The

resulting power law relation is

TAgp = 10227 - (N)1.04 (5.12)

Combining Egs. (5.7) and (5.12) it is now possible to relate relative stress and plastic strain as a function

of accumulated plastic strain. Doing this, the resulting relative stress-plastic strain relation is

Ac*=h" (Zagp)" . (As“;)m (5.13)

where, h = 843 MPa, n = -0.0661, and m = 0.0905.
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The previous relation provides a model of the stress-strain response of this material subjected to cyclic

loading.

5.2.5 Model Predictions

This model was developed from data obtained from a fully reversed 1.0% strain range cyclic test.
The predictive capability of this model was evaluated by comparing predictions with the experimental
resuits of a fully reversed 0.5% strain range cyclic test. In predicting material response a forward solution
method was used to estimate the accumulated plastic strain at a variety of cycle numbers. This solution
process involved determining, through an iterative procedure, the absolute stress and plastic strain
ranges at each of the cycle numbers of interest.

Due to the functional form used in the data curve fitting process a slight modification to the
proposed model was necessary. To avoid a singularity at zero accumulated plastic strain a cutoff C, was
imposed for the constant C in the relationship between stress range and plastic strain range. This
modification specifies that the cyclic stress-strain response of the material remains unchanged until a
critical amount of plastic strain has been accumulated. In this analysis a critical accumulated plastic strain of
2.8%, corresponding to a cutoff value, Cq, equal to 1068 MPa, was used. This value is representative of
the amount of plastic strain accumulated experimentally in the initial softening stage of the 0.5% strain
range test.

Figure 5.6 shows a semi-log plot of experimental and predicted results of stress range versus
numbers of cycles for the 0.5% strain range test. The predicted results are shown to correspond very well
with those obtained experimentally.

The proposed model also allowed the determination of individual stress-strain hysteresis loops.
Figure 5.7a shows a plot of the experimental and predicted hysteresis loops at cycle number 50 for the
1.0% strain range test. As expected the predicted results agree quite well with the experimental results.

(Recall that the model as developed from data obtained from the 1.0% strain range test.)
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Figures 5.7b and /,.7c show predicted and experimental hysteresis loops at cycle numbers 50 and

2500, respectively. Once¢ 3gain the predicted results correspond well with those obtained experimentally.

5.2.6 Discussion of Results

Considering the objectives of the work reported here, the approximate cons*tutive relation
appears to work very well indeed. As shown by Fig. 5.6, the cyclic stress range for a 0.5% strain range
was predicted very closels from an equation which was derived entirely from 1.0% strain range data.

The analytical forinulation of the constitutive relation, in the form of power relations, produces
results which are satisfactory for practical purposes. The only modification which was considered
necessary in this study, v/as to impose a cutoff, C,, for the constant C in the relationship between stress
range and plastic strain renge. This was necessary to avoid a singularity at zero accumulated plastic strain.
This was not considered to be a fundamental problem, but was merely a consequence of the restricted
functional form used in the curve fitting process. No doubt a more complex analytical form could be used
to fit the C-curve over its entire ranée, if necessary.

The current model has been developed for strain cycling with zero mean stress. !t is believed that
the existing model can be extended to include variable stress ratio (R) effects in a similar manner as has
been used frequently in the past in constructing variable stress range hysteresis loops for fatigue analysis
[5.6-5.9].

More refined representations of strain induced softening, based for example on unified constitutive
models, may be possible. The object of this study, however, was to examine the effects of softening on
overall component equilibrium. In this regards the model presented here appears to be satisfactory for the
purpose of simulation studies on more complex geometries, such as n-bar structures, tubes under

thermal cycling, and beam sections in bending.
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5.3 TIME DEPENDENT VARIABLE STRESS BEHAVIOR
5.3.1 Introduction

The constitutive model discussed in the previous section was developed by utilizing high strain
rate cyclic test results. These test conditions minimized the effects of time dependent processes, such as
creep. In this section the time dependent behavior of the material is discussed. The purpose of this work,
as in the case of the cyclic materialvbehavior, was not to develop refined constitutive models, but to
develop a good understanding of the behavior of the material. In accomplishing this task resuits of steady
load creep tests, described in [5.10], were used to predict the response of the material under stress
relaxation conditions. Investigation of the effects of creep deformation on cyclic material behavior was also
conducted. In this work isochronous creep curves were used to predict low frequency material response

from high frequency test data. The predictions were then compared with actual test results.

5.3.2 Prediction of Stress Relaxation Test Results
In Chapter 3 results of stress relaxation tests were presented. These results provided an
indication of the response of the material to variable stress conditions. Presently there are a variety of
equation of state formulations which have the capability of modeling variable stress, time dependent,
material behavior. Three of the most common methods, and those which will be discussed here, are the
time hardening, strain hardening, and total strain formulations. These three models have been described
in detail in the literature [5.11,5.12], and so a detailed discussion of the models themselves will not be
presented here.
In [5.10] the Bailey-Norton law was used to model steady load creep behavior. This model stated

that creep strain was related to stress and time by a power law relation. This relationship was given as

g =kaotm (5.14)

where, k, n, and m are material constants. (For convenience all nomenclature used in examining time

dependent material behavior is contained in Table 5.2.)
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From the Bailey-Norton law it is possible to derive the time hardening, strain hardening, and total
strain formulations for modeling variable stress behavior. These derivations are straight forward and can
easily be found in the open literature [5.11,5.12]. For this reason the mathematical development of the
models will not be presented, but simply the final results. The time hardening, strain hardening and total

creep formulations are

Time Hardening Model
gc=kmontm1 (5.15a)
Strain Hardening Model
gc=k1/MmoVMe, o (5.15b)
Total Strain Model
g =k oMM (5.15¢)

It is pointed out that the time and strain hardening models are rate dependent relations, defining the creep
behavior in terms of the creep strain rate (é). These models can be used to predict stress relaxation
conditions by imposing compatibility requirements. In this case compatibility requires that the total strain

remain constant.

e =constant = gg + €p +€c (5.16)

By taking the time derivative of this relation the additional requirement that the elastic and creep strain

rates sum to zero is obtained.
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é=0=ée+éc

(5.17)

By application of the total strain and strain rate compatibility requirements the three variable stress

relations were formulated to model stress relaxation conditions. These relaxation formulations are

Time Hardening Model of Relaxation Behavior

1
o=[(1) kEtM 4o T

where

6o = stress at time equal to zero

Strain Hardening Model of Relaxation Behavior

o

Ac =-mE KV/M gV ((e.gp) - % ) At

where
Ac = stress increment

At = time increment
Total Strain Model of Relaxation Behavior

o =E((e - ep) - k o™t

(5.18a)

(5.18b)

(5.18¢)
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The resulting time hardening and total strain models provide closed form solutions relating stress to time.
The strain hardening model, however, requires an incremental solution procedure. In addition, some
assumption regarding the development of initial creep strains must be made in order to begin the solution
procedure. In this analysis the Bailey-Norton law was used to calculate the amount of creep strain devel-
oped in the initial increment of time (8t). From this creep strain the stress drop, and therefore the absolute
stress value, after the initial time increment could be determined. From this point on the model was used
to calculate all future values of stress change (Ac) and absolute stress (o).

Predictions of relaxation behavior were made by using the primary and secondary creep constants
of the Bailey-Norton law presented in [3.10]. Figures 5.8a and 5.8b show experimental and predicted
stress relaxation results for an applied constant strain of 0.50%. Figure 5.8a shows that the primary creep
constants provide good predictions of actual material response. The time hardening formulation in par-
ticular gave very good predictions, especially at times in excess of several hours.

Predictions using the secondary creep constants, shown in Fig. 5.8b, yielded results which consistently

under predicted the amount of stress relaxation. This was true of each of the three models.

5.3.3 Effects of Creep Deformation on Cyclic Behavior

High frequency cycling has been shown to cause a significant reduction in the strength of this
material. This strength reduction has been related to an accumulation of time independent plasticity. For
elevated temperature use of this material it is important to determine the relationship between the
development of time independent and time dependent plasticity, and the effects of this deformation on
the strength of the meterial.

As a first approximation it was assumed that strength loss had an insignificant effect on the creep
resistance of the material. If this hypothesis were true it should be possible to predict decreases in
strength due to time dependent effects by treating creep deformation as a perturbation on time
independent behavior. Figure 5.9a contains plots of the positive stress, tension-going portions of two

hysteresis loops taken from fully reversed strain control cyclic tests. In each test a 0.50% total strain range
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was used and the same cycle number (N=2) was selected for plotting. The first curve, however, was taken
from a test conducted at a relatively high strain rate (4.0 x 10'3/s), whereas the second curve was taken
from a relatively low strain rate (1.4 x 10‘5/s) test. In this plot isochronous creep curves were used to
represent creep strain as a time dependent perturbation on time independent behavior. Prediction of the
low frequency time dependent stress-strain behavior was obtained by connecting points on the
isochronous curves which corresponded to the amount of strain developed at the low frequency strain
rate. This figure shows that the reduction in strength due to time dependent effects has been over
estimated. This result is not surprising since in using the isochronous creep curves the predicted amount
of creep deformation at any given stress level assumes that stress level to be maintained over the entire
duration of the cycle.

Figure 5.9b shows stress-strain plots from the same tests used for the plots in Fig. 5.9a. In this
case hysteresis curves were taken after a considerable number of cycles were accumulated. If the
‘reduction in strength due to cyclic and creep deformation do in fact act independently it should again be
possible to predict, with reasonable accuracy, the results of low frequency tests by adding creep
deformations to the high strain rate test results. This figure clearly indicates that cyclic softening causes a
reduction in the creep strength of this material. Figures 5.10a and 5.10b show plots similar to those
presented in Figs, 5.9a and 5.9b, but for a 1.0% strain range cyclic test. These plots aiso lead to the
conclusion that cyclic softening results in a degradation of the creep properties of this material. Early in
the test, when essentially no cyclic softening had occurred, use of the isochronous curves to modify the
time independent material behavior provided reasonable predictions of the low strain rate test results (see
Fig. 5.10a). After a significant number of cycles had been accumulated, howeyer, the method provided

very poor predictions of time dependent behavior.
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One possible means of relating reduction in creep resistance to decrease in strength is to assume
that creep deformation is dependent upon the ratio of the applied stress to the current yield strength.

From this assumption the Bailey-Norton creep law (Eq. (5.14)) becomes

ec=k (—) tm (5.19)

where
Oy, = initial strength

Syn = yield strength at cycle number N

This modification has the effect of increasing the amount of predicted creep strain at a given stress level.
This increase is eqﬁal to the ratio of the initial to final yield strengths raised to the power n, the stress
exponent in the Bailey-Norton law. (In the current analysis the material yield strength was taken as the
maximum stress level in the cycle.) This decrease in creep strength causes a shift in the isochronous
creep curves shown in Figs. 5.9b and 5.10b. This resulted in a corresponding shift of the predicted time
dependent stress-strain curve. These new time dependent curves, though still conservative, provided
improved predictions of the time dependent behavior of the material. (For clarity sake the modified
isochronous creep curves were not included in Figs. 5.9b and 5.10b.)

From this analysis cyclic softening has been shown to cause a reduction in creep resistance of this
material. It appears as though this reduction can be related to a decrease in the yield strength of the
material. At this point there is little to be gained from further refinement of the current model. For a more
rigorous analysis secondary effects, such as differences in accumulated plastic strain between test cases

and the method used for predicting creep strain under variable stress conditions, should be considered.
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5.4 CONCLUSIONS

To investigate the effects of a material's behavior on component response it is necessary to have
some means of characterizing the behavior of the material. In this study the purpose of this representation
was to capture the essential characteristics of material softening.

A time independent uniaxial constitutive model representing strain induced cyclic softening was
developed. This model assumed that softening was a function of accumulated plastic strain. Using this
model good predictions were made of both overall strength loss (softening) and hysteresis behavior

under controlled strain range conditions.

The time dependent behavior of the material was investigated by examining its response under
stress relaxation conditions. This work showed that material behavior was predicted quite well by using
primary creep constants derived under steady load creep conditions. Using these material constants the
strain hardening creep formulation provided good predictions of material behavior in the first hour of the
relaxation period. The time hardening formulation provided the best predictive capabilities at times in

excess of several hours.

The response of this material to time dependent cyclic behavior was investigated by treating creep
deformation as a time dependent perturbation on time independent behavior. These studies showed
that cyclic softening reduces the creep resistance of this material. By assuming that the creep resistance
was governed by the ratio of the applied stress level to the current yield strength reasonable first-order

predictions of cyclic time dependent material behavior were made.
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Table 5.1 Time independent constitutive model nomenclature.

Hysteresis loop strength coefficient

Cutoff value of C for small values of
accumulated plastic strain

Young's modulus

Strength coefficient material constant
Common logarithm (base 10)

Hysteresis loop strain hardening exponent
Strength exponent material constant
Cycle number

Absolute total strain range

Relative total strain range
Absolute elastic strain range
Relative elastic strain range

Absolute plastic strain range
Relative plastic strain range

Absolute stress range

Relative stress range
Accumulated plastic strain

Accumulated Mises plastic strain

Material constant values used in analysis.

Co = 1068 MPa
E =159 GPa

h =843 MPa
m =0.0905

n =-0.0661
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Table 5.2 Time dependent material behavior nomenclature.

E Young's modulus

k Bailey-Norton creep law coefficient

K4 Bailey-Norton law primary creep coefficient

ko Bailey-Norton law secondary creep coefficient
m Bailey-Norton creep law time exponent

my Bailey-Norton law primary creep time exponent
n Bailey-Norton creep law stress exponent

ny Bailey-Norton law primary creep stress exponent
no Bailey-Norton law secondary creep stress exponent
N Cycle number

t Time

Ac Stress increment

At Time increment

€ Total strain

€ Total strain rate

g Time dependent plastic (creep) strain

£ Time dependent plastic (creep) strain rate

€e Elastic strain (o/E)

€ Elastic strain rate

&p Time independent plastic strain

c Stress

Go Stress at time equals zero

oy Yield strength

Oy Initial yield strength

SyN Yield strength at cycle number N

Material constant values used in analysis.

E = 159 GPa

kq = 4.67 x 1011 g(MPa)
=1.34x 1077 o(ksi)

ko = 2.26 x 10"22 g(MPa)

=5.14 x 10-15 g(ksi)

mq = 0.524
ny =4.12
np = 8.77
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for a 1.0% strain range cyclic test.
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6. FINITE ELEMENT ANALYSIS OF BRIDGMAN NOTCHED SPECIMEN

6.1 INTRODUCTION

In this chapter an analysis performed on the Bridgman notched specimen configuration using the

finite element code ANSYS [6.1-6.7] is presented. The purpose of this analysis was to investigate the

. progression of softening in an actual component under the application of repeated load cycles and then
determine the effects of this softening on the load carrying capability of the component. The Bridgman
notch geometry was chosen for two reasons. Firstly, this geometry was employed in the experimental test
programs discussed in [5.10]. Actual test results are therefore available for comparison to the predictions
derived from this analytical work. Secondly, this geometry is fairly representative of structures which are
likely to be found in service. The notch configuration produces a stress gradient in the specimen which is
similar to that found at areas such as flanges and nozzles in piping systems.

The completion of finite element analyses on components composed of cyclic softening material
subjected to repeated load reversals is difficult at best. The application of cyclic loads in a finite element
analysis itself can lead to enormous run times, especially if one requires results reaching into the
thousands or tens of thousands of cycles. In the current case the difficulty is even greater since the
material response is continually changing. Most finite element programs are very inefficient when dealing
with such conditions. Not only do run times become unacceptable but a large degree of user interaction is
necessary to implement the desired changes in material behavior. For these reasons in the current
analysis isocyclic cyclic stress-strain curves were used in an attempt to cabture the cyclic characteristics of
this material. By this means a series of static analyses were used to approximate the cyclic response of the
structure. These isocyclic cyclic stress-strain curves were developed for six cyclic cases, ranging from the
vii'gin material response to the material's response after 5000 cycies. This particular range of cycle values
was chosen since it allows a direct comparison of experimental test results. The effect of softening on the
structure at a given stress level was then investigated by examining thg series of static results obtained at

that stress level.
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In addition to the softening phenomenon creep and fatigue mechanisms are also present in the
high temperature operation of this material. For this evaluation high frequency material response data has
been used. This was done in order to eliminate time dependent processes, such as creep, to allow a
more unobstructed evaluation of the softening phenomenon. It is still necessary though to consider the
fatigue behavior of the material. This was accomplished by the modification of the rﬁaterial cyclic stress-
strain curves in such a manner that the strength of the material dropped to zero when the fatigue life was

reached.

6.2 DEVELOPMENT AND EXECUTION OF FINITE ELEMENT PROGRAM
6.2.1 Modeling of Test Specimen Geometry

The finite element program used in this investigation was developed from a program written by
Kloos [6.8,6.9] to investigate a geometrically similar structure. The finite element mesh developed is
given in Fig. 6.1. The mesh itself was comprised of 148 nodes and 122 elements. The elements used
were 4 noded, two-dimensional isoparametric solid elements (STIF42) having plasticity capabilities. Due
to symmetry it was only necessary to model one quarter of the structure. The remainder of the structure
was defined by choosing the axisymmetric option of the STIF42 element and prescribing the appropriate
boundary conditions. These boundary conditions specified that no nodal displacements were allowed in
the radial (x) direction along the axial (y) axis or in the axial (y) direction along the radial (x) axis. Loading was
applied to the model in the form of a negative uniform pressure acting over the top surface of elements

118 to 122.

6.2.2 Material Characterization

The material data used for this evaluation was taken from smooth specimen, strain-control, fully
reversed fatigue tests performed by Pejsa [6.10] and Kschinka [6.11,6.12]. These tests were performed
at a strain rate of 0.4%/sec for total strain ranges of 0.30, 0.40, 0.50, 0.67, and 1.00%. The tests were
conducted at a temperature of 565-C in an air environment. This particular set of test data was chosen for

several reasons. Firstly, the strain ranges over which these tests have been completed are typical of the
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strains which occur in the Bridgman specimen operating in the low cycle fatigﬁe regime. Since test data
for the Bridgman specimen tested under these conditions currently exists this reduces the amount of
extrapolation required in comparing the results of the current analysis to actual test data. The second
reason for choosing this particular data set is due to the strain rate at which the tests were performed.
Since these tests were conducted at a relatively high strain rate the effects of time dependent processes
should be minimal. This essentially eliminates creep effects, reducing the problem to one of examining
softening and fatigue behavior alone.

From the raw data of Pejsa’s and Kschinka's tests one is able to plot stress range as a function of log
cycles. Such a plot is shown in Figs. 6.2a and 6.2b. From these figures one can construct isocyclic cyclic
stress-strain curves by determining the stress range as a function of strain range at a given number of
cycles. For example, at cycle number 1000 the stress range changes from 433 to 484 to 476 to 463 MPa
as the total strain range changes from 0.30 to 0.40 to 0.50 to 0.67%. At 1.00% total strain range the
specimen failed before reaching 1000 cycles. The cyclic stress-strain curves constructed by this method
are shown in Fig. 6.3. Also shown in this figure is @ monotonic stress-strain curve for this material [6.12).

it should be pointed out that the total stress and strain ranges indicated in Figs. 6.2a and 6.2b are
actually representations of cyclic hysteresis behavior. Under the specified test conditions this material
shows a high degree of symmetry in cyclic hysteresis response [15]. As a result the cyclic stress-strain
values can be obtained by simply halving the total stress and strain range values. This accounts for the
factor of two difference in stress and strain values found between Figs. 6.2 and 6.3.

From Fig. 6.3 one observes a significant amount of cyclic softening. For example, at 0.5% strain the
cyclic strength of the material drops from the initial monotonic strength by 20 percent in the first 50 cycles
of loading and by 32 percent in the first 500 cycles of loading. In addition to an overall reduction in cyclic
strength these curves show that conditions can result in which the cyclic strength of the material
decreases as straining increases. This behavior can result in localized instability, causing sudden
structural collapse.

Using ANSYS, monotonic nonlinear material behavior can be modeled as either piece-wise linear or

bilinear [6.1]. In this investigation the piece-wise linear material representation was used. Using this
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method the individual segments of a stress-strain curve are defined by the specification of up to five sets
of stress-strain values. During an analysis if a strain value is required which is greater than the largest strain
specified the values associated with the largest strain are used. Figure 6.4 shows the piece-wise linear
representations of the material cyclic stress-strain curves used in this study (shown by solid lines).

As discussed earlier, high strain rate material data was used in this evaluation in order to minimize
the effects of time dependent processes, namely creep. It was still necessary though to include the
effects of fatigue. To accomplish this the cyclic stress-strain curves were modified to include failure by
fatigue. From strain life data one can determine the total strain range necessary to cause failure in a given
number of cycles. (See Fig. 4.5.) This information was incorporated into the cyclic stress-strain behavior
by requiring the stress level to drop to zero when the strain reached that value necessary to cause failure
by fatigue. This modification to the cyclic stress-strain curves is indicated by the vertical dashed lines in
Fig. 6.4. Due to the limitation of defining material stress-strain curves by no more than five segments
slight redefinition of the material curves at strains prior to the onset of fatigue failure was necessary. These

redefined portions of the material curves are also indicated by dashed lines in Fig. 6.4.

6.2.3 Applied Loading
Loading of the finite element model was specified in the form of an external negative pressure
applied to the top surface of element numbers 118 to 122. This loading is the equivalent of a tensile
stress applied to the end of the structure. This gross section stress (cg) was increased incrementally in 88
load steps to a maximum value of 137 MPa (19.8 ksi). By prescribing a large number of load steps, and
decreasing the size of the load steps as the load level, and therefore the amount of plasticity, increased,
the number of iterations required to converge to a solution during any given load step was kept relatively
small (e.g., typically less than about 6 or 7). Furthermore, the number and size of the loads steps chosen
allowed the same loading routine to be used for each of the material behavior characterizations.
The first load step applied a gross section stress of 37.2 MPa (5.4 ksi) to the component. At this

load level the net section stress (opom) Was 104 MPa (15.1 ksi), resulting in completely elastic loading for

each of the stress-strain curves. The load was then increased incrementally to a maximum of 137 MPa
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(19.8 ksi) gross section stress (382 MPa (55.2 ksi) net section stress). This value was chosen since it
causes plastic collapse of the structure for material curves N = 500, 1000, and 5000 cycles. In addition, it

causes significant amounts of plasticity for material curves N = 50 and 100 cycles.

6.2.4 Execution of Finite Element Program

A listing of the completed ANSYS finite element program developed for fhis investigation is
contained in Appendix B. As shown, the nonlinear material property data for the six softening cyclic
stress-strain curves and for the three softening cyclic stress-strain curves modified for fatigue behavior are
included in the program. This information is all prefixed by comment statements. When an analysis run
was to be made the comment statements preceding the particular test case desired were removed. One
notes that the program is currently configured to perform an analysis for the softening N = 1000 cycles test
case. The nonlinear material property data was incorporated iﬁto the program in this manner in order to
minimize the amount of editing necesséry to perform the individual analyses, thereby reducing the
likelihood of making on error in modifying the program. It also makes the program, and all the required
material property data, completely self-contained, providing further convenience in completing the
analyses. Once agaih, this was made possible since the load step input was defined such that the same
loading routine could be used for all test cases.

The execution of this program was completed on the HP9000 computer system located in the
Mechanical Engineering Building at the University of lllinois. Typical run times varied from just under two
hours (requiring 59 iterations) for the N = 5000 cycles modified for fatigue behavior case to just over eight
hours (requiring 416 iterations) for the N = 100 cycle case.

In solving plasticity problems, ANSYS utilizes the initial stress approach [6.1]. [n this method a
reference elastic material stiffness is defined which is used to form a constant triangularized stiffness
matrix. This matrix is then used through an iterative procedure in conjunction with a changing load vector.
In determining solution convergence a plasticity convergence criterion of 0.01 was used. This criterfon
determines that convergence of a load step has been achieved when the ratio of plastic strain increment

to total elastic strain (termed plasticity ratio) is less than 0.01 for every element in the structure. In the
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current analysis a maximum of 15 iterations were allowed before it was assumed that convergence could
not be met and the test ended. For more detailed information regarding the solution procedure utilized by

ANSYS in performing plasticity analyses one is referred to Ref. [6.5].

6.3 DISCUSSION OF RESULTS

Nine finite element analysis runs were completed in this study using the isocyclic cyclic stress-strain
curves discussed in Section 6.2.2. In order to keep the amount of solution printout from these runs to a
manageable size detailed output results were limited to element stress solutions at a number of carefully

selected load levels. These load levels included gross section stress (crg) levels of 37.2, 62.1, 87.6, 105,

123, and 137 MPa (5.4, 9.0, 12.7, 15.2, 17.8, and 19.8 ksi, respectively). These corresponded to net
section stress (opom) levels of 104, 174, 245, 293, 344, and 382 MPa (151, 25.2, 35.5, 42.5, 49.8, and

55.4 ksi, respectivély). The first of these load levels was chosen since it results in purely elastic loading for
all test cases. The third, fourth, and fifth load levels (cg = 87.6, 105, and 123 MPa, respectively) were
chosen since these values correspond to stress Ievel§ used by Kschinka [6.12] in experimental tests
conducted on thié specimen geometry. The second and sixth load -levels (62.1 and 137 MPa,
respectively) were chosen so as to bound those load levels used by Kschinka.

The detailed element stress solutions, printed out at the previously mentioned load levels,

contained the following information for every element in the structure (from Refs. [6.1,6.6]).

Stress Components Sy, Sy, Sxy, S;

Principal Stresses o1, 62, 63

Stress Intensity (o1 - 63)

Equivalent Stress seff = (1/V2) [(01 - 62)2 + (o2 - 63)2 + (03 - 1) 1/2
Elastic Strain Components €g,, Eey: Eexyr oz

Plastic Strain Components ep,, €py: Epxy: Epz

Equivalent Strain Epeff (strain from uniaxial stress-strain curve at ceft)

Ratio of Current Stress State to Stress State on Yield Surface p
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Since the current problem is axisymmetric the stress and strain coordinate directions x, y, xy, and z
refer to radial, axial, in-plane shear, and hoop values, respectively.

These stress and strain values correspond to the centroid of the element.

This detailed information provided a record of the spread of plasticity in from the root of the notch as
the applied load to the structure was increased. In this study two different "yield" criteria were used to
indicate the spread of plasticity. In the first case an effective plastic strain of 0.01% was used to indicate
whether an element in the structure had "yielded”. This particular strain level was chosen since it
represents a deviation from elastic behavior. The effective 0.01% yield strength values and corre-
sponding effective total strain values determined from the six isocyclic cyclic stress-strain curves are given
in Table 6.1.

The second criterion used for measuring the spread of plasticity considers an element to have
"yielded" if the effective total strain in an element exceeds the strain corresponding to the maximum
obtainable effective stress. This stress level is analogous to ultimate tensile strength (cu) and so in the

“current discussion will be referred to as such. The effective ultimate strengths and corresponding
effective total strain values obtained from the isocyclic cyclic stress-strain curves are given in Table 6.1.

The detailed element stress results for each isocyclic test case records the spread of plasticity in the
structure as the load is increased. By using the collective results of all the test cases, the cyclic spread of
plasticity under the application of a constant stress range can be investigated. Using the two plasticity
criteria the elements at each detailed output stress level which were indicated to have yielded were
recorded. Tables 6.2 and 6.3 contain a summary of these results. -Each vertical column of these tables
represents the cyclic progression of softening in the structure at a given stress level. A plot of these
results at nominal stress levels of 245, 293, and 344 MPa are- given in Figs. 6.5a, 6.5b, and 6.5c,
respectively. In each of these figures, results for both the 0.01% offset yield strength and the ultimate
tensile strength are given. As expected, the stress concentration at the notch root caused the elements
which were located in this region to yield first. In all cases the yield zone continued to propagate as the
material was cycled. This would suggest that the Bridgman notch geometry is very poor at withstanding

material softening effects. This is not very surprising if one recognizes that under steady state conditions
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this geometry develops a relatively uniform axial stress distribution. This means that any loss of strength at
the root of the notch causes a redistribution of stress which affects the entire geometry cross-section.

In addition to the detailed element stress results provided at selected load levels the number of
iterations required for convergence at each load step was also output. Furthermore, the maximum
plasticity ratio value, and the element in which it occurred, was also given for each iteration. This
information provides an indication of the amount of nonlinear material behavior being experienced, and
therefore the relative proximity of the structure to final collapse. In this analysis a maximum of 15 iterations
were allowed per load step. If convergence did not occur within these 15 iterations it was assumed that the
structure had reached coliapse and execution of the program was terminated. The load level at which
convergence was not achieved was recorded for each of the nine test cases. These limiting net stress
(o1) values are given in Table 6.4.

In the case of the three softening curves modified to include fatigue behavior the maximum number
of -iterations allowed for convergence was raised to 50. This increase was made since it was felt that
additional iterations would likely be needed for convergence when the strain in an element exceeded the
strain for failure by fatigue and the strength was reduced to zero. As it turned out this increase was not
needed. In all cases when convergence was not met in 15 iterations it was still not met in 50 iterations.
Furthermore, examination of the plasticity ratios during convergence indicated that when the first element
failed by fatigue (this element was located at the root of the notch on the radial axis) the remainder of the
elements along the radial (x) axis failed in succession from the root of the notch towards the central axis.

In Fig. 6.6 the limiting stresses for the three softening material curves and the three fatigue modified
softening curves have been plotted against cycle number. Also shown in this figure is a 0.5% strain range
softening curve [6.13]. The three softening limit stress values appear to follow this softening curve. This
suggests that the isocyclic cyclic stress-strain curves provide a good representation of the softening
characteristics of this material. These predictions however, missed the occurrence of failure by fatigue.
As the material is continually cycled the softening curve shows a dramatic decrease in strength as the

fatigue life is approached. The softening limit stresses predicted the rate of decrease in strength to
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remain constant. This accelerated decrease in strength due to failure by fatigue was, however, predicted
by the fatigue modified limit stresses.

Plotted in Fig. 6.6 are the results of experimental tests completed by Kschinka [6.12] on test
specimens geometrically similar to the geometry evaluated here. (See Table 6.5 for further details
regarding these experimental tests.) The fatigue modified softening curves accurately predict the rate of
decrease in life with stress level of these results, though the actual life prediction values themselves are
somewhat conservative. This conservatism can be explained by the manner in which the isocyclic cyclic
stress-strain curves were modified to account for fatigue. For each cyclic curve, strength was reduced to
zero when the strain for failure by fatigue in the number of cycles corresponding to the current isocyclic
cyclic stress-strain curve was exceeded. This requirement assumes that all previous cycles were as
damaging as the current cycle. This is simply not true. As the material is cycled it's strength decreases.
For a given total strain range, the amount of plastic strain obtained in each cycle continually increases.
This means that each fatigue cycle becomes increasingly more damaging. Since the fatigue life is
calculated solely upon the damage in the current cycle (which is the most damaging cycle in the history)

fatigue predictions will be conservative.

6.4 CONCLUSIONS

Isocyclic cyclic stress-strain curves have been used to characterize the softening behavior of this
material under applied load cycles. These isocyclic material curves were used to perform an analysis on
the Bridgman notch specimen geometry. Use of these curves allowed a series of monotonic loading finite
element analyses to be completed which provided a reasonably accurate representation of material
behavior under cyclic conditions. The predicted decrease in component load carrying capability agreed
quite closely with the observed decrease in material strength with number of cycles. Modification of the
isocyclic curves for fatigue behavior resulted in accurate predictions of the decrease in life with increase in
applied stress level of actual experimental test results. The predicted values themselves were

consistently conservative by a factor of 3.5 on life throughout the range of stress levels investigated. This
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conservatism can, in part, l:;e attributed to the manner in which fatigue behavior was incorporated into the
analysis procedure.

This method appears to have great potential as a design tool. The use of a series of monotonic load
cases to represent cyclic material behavior greatly reduces the amount of computational effort required in
pertorming an analysis. The method not only accurately predicted the overall strength loss of a
component during repeated cycling but providéd consistently conservative estimates of final failure as

well.
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Table 6.1 Yield and ultimate isocyclic cyclic stress-strain values.

Cyclic
Number

50
100
500

1000
5000

Yield

Oy0.01 gy : Oy

MPa 2o MPa
282 0.188 >360
259 0.173 290
248 0.166 277
224 0.151 252
214 0.145 241
197 0.134 217

Ultimate
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Table 6.2 Elements satisfying the 0.01% offset "yield strength(oy)" plasticity criterion.

Cycle Applied Net Stress
Number Snom, MPa
N 104 174 245 293 344
1 None None 1,12 1,2,12, 1-4,12-14,
13,23 23,24,44 23-26,34
44 55
50 None None 1,12 1-3,12-14, 1-5,12-16,
23 23-26,34,44 23-44 54,
55,66
100 None None 1,2,12 1-3,12-14, 1-6,12-17,
23,24,44 23-32,34,
44,55
500 None None 1-3,12, 1-5,12-16, 1-9,12-44,
13,23 23-26,34,44 50-55,66,77
1000 None 1 1-3, 1-5,12-17, —
12-14,23 23-30,32,
34,4455
5000 None 1,12 1-4,12-15, 1-8,12-20, —
23,24,44 22-44,52-55,
66,77

--- Indicates collapse load exceeded.

382

1-5,12-186,

1-7,12-20,

1-9,11-44,
50-55,66,77
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Table 6.3 Elements satisfying the "ultimate strength (oy)" plasticity criterion.

Cycle Applied Net Stress
Number omon, MPa
N 104 174 245 293 344 382
1 None None None None None None
- 50 None None None 1 1,2,12 1-4,12-
14,23
100 None None None 1,2,12 1-4,12-14, 1-6,12-18,
23 23-26,30-
32,44
500 None None 1,12 1-3,12, 1-7,12-19, -
13,23 23-32,34,
43,44
1000 None None 1.2,12 1-4,12-14, - -
' 23,44
5000 None None 1,2,12 1-5,12-16, - —
23,24,44

--- Indicates collapse load exceeded.
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Table 6.4 Stress levels at no convergence.

Cycle Limit Effective
Number Net Stress Notch Stress
N aL. MPa geff.MPa
1 >382 >285
50 >382 >285
100 >382 >285
500 344 257
1000 326 243
5000 301 225
500t 334 249
1000f 288 215
5000f 208 155

f appended to cycle number indicates softening curve modified for fatigue behavior.

Table 6.5 Results of experimental tests conducted on Bridgman test specimens [50].

Net Effective Cycles
Stress Notch Stress to Failure
Snom. MPa deff, MPa N
244 182 8480
292 218 3423
341 254 1444

All tests were fully reversed and cycled at a rate of 0.4 Hz.
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7. DESIGN METHODOLOGY FOR HIGH TEMPERATURE APPLICATIONS

7.1 INTRODUCTION

Cyclic softening materials create a special design problem because it is not sensible to specify
universal design stresses for them, as is standard practice with other, more stable, materials. The reason is
that, in some cases where cyclic deformation is not significant, design allowables based on the initial,
monotonicvstre.ngth are acceptable. In other instances, the initial safety margin (approximately 1.5, if the
ASME Boiler and Pressure Vessel Code is being used) can be almost entirely eroded away within a few
tens or hundreds of load cycles. Therefore, the selection of an allowable stress must be part of the design
process itself, and must be treated as a function of the component geometry and the service conditions.

A similar problem is experienced in materials which suffer a time-related strength loss due to thermal
aging. This class is of practical interest because it encompasses many of the materials used for high
temperature applications, possibly including the modified stainless steel developed by Oak Ridge
National Laboratory as a candidate for the next generation of very high temperature superheater and
reheater tubes for fossil fuel power plants.

The metallurgical aspects of thermal overaging in this class of materials are complex, and have not
yet been fully characterized. In addition, there is the question of how best to design tubing using this
material, taking the aging into account without being excessively conservative.

The problem of design for thermal aging is similar to concept to that posed by stress induced cyclic
softening. Aging, being temperature-dependent, does not proceed at the same rate throughout a
component if the temperature varies from point-to-point. When considerable thermal gradients exist,
which is more often than not, the variation could present a significant economic advantage if local aging is
recognized, instead of assuming the entire component 1o age uniformly at the maximum rate.

A great deal still needs to be known, both qualitatively and quantitatively, before cyclic softening
and aging are fully understood under all circumstances. That understanding however, is neither sufficient
nor, as it turns out, entirely necessary in answering the question which still remains, i.e. how to use them
efficiently. It is also necessary to identify critical performance parameters which relate to the failure of

components in service, and devise practical strategies for integrating them into the design process

«
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without causing too radical a change in the current methods of design evaluation, or making the process
too complex to be practical. This is a generic design problem, which will be discussed in greater length in

the next section.

7.2 DESIGN IN SOFTENING MATERIALS - PROBLEM DEFINITION

Variations in material properties while in service are not unknown. However, in the past, it has not
been standard practice to take these variations into account explicitly in the design process. For instance,
although the ASME Pressure Vessel and Piping Design Code [7.1] recognizes time-dependent failure
mechanisms such as fatigue and creep, it does not make any specific recommendations on how to deal
with time-dependent changes in the materials properties which govern these mechanisms.

There are several reasons today for which to take service-related changes in material properties into

account in design.

i Failure to do so can lead to a loss of the inherent safety margin of the component. While this
is not a new problem, the degree of strength loss in these newly proposed materials can be
much greater than in the past, due to the complex, thermo-mechanically produced
microstructures used to optimize their high temperature strength. Consequently the normal
levels of conservatism built into the design rules may not be sufficient.

ii) Service related strength loss is not necessarily uniform throughout the volume of the
component and may not be equally damaging in all instances. Cyclic softening in particular
may occur only in very localized regions and it might be prohibitively restrictive to assume a
general loss of strength throughout the component.

iy  With greater emphasis being placed on life extension of existing plant as an economic
alternative to complete replacement, it is becoming increasingly important in the design of
new components to have more confident projections of the actual service life of components
remaining at the end of their nominal design life.

The difficulties perceived in dealing with service related property chénges in design are

) The mechanisms of softening are not fully understood at this time.
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ii) Whether understood or not, the constitutive relations needed to describe these phenomena
in full are expected to be considerably more complex than the essentially linear-elastic
behavior assumed in most current design.

i) A quantum step in analytical complexity is needed in standard design procedures if complete
formulations of aging and softening mechanisms are to be accommodated.

One significant change in design philosophy, which comes from considering service dependent
property variations, is the fact that design allowable values can no longer be viewed as independent of the
type of component being designed. If independence is assumed, in the interests of simplicity, one must
assume the lowest limit on all properties. Yield strength for instance, may only be adversely affected in
very localized volumes of material by cyclic softening, e.g. at the root of a sharp notch, and it is needlessly
conservative to assume the fully softened state for the component as a whole.

The work described here has two objectives. The first is to determine the minimum knowledge of
material behavior required to make definitive design decisions, so that is not necessary to wait indefinitely
for full understanding of the material. The second is to develop a desigh methodology which is consistent
with existing pressure vessel design practices as, for example, those mandated by the ASME Boiler and
Pressure Vessel Code (the ASME Code), and with the resources, such as stress analysis programs, which
might reasonably be supposed to be accessible to most engineers.

Both these objectives have been achieved, at least partly. As will be shown later, it is possible to

)} Extract the important information on cyclic softening needed in design long before the
material has been tested exhaustively. More important, it is possible to decide, on the basis of
very little ihformation, whether or not it is economically worthwhile selecting a cyclic softening
material in the first place. The reason is that the design decision does not depend on
accurate characterization of constitutive relations, but on whethe.r the specific application will
be sensitive to cyclic softening or not.

ii) Develop a systematic design procedure which is both consistent with the ASME Code, and
requires no mdre in the way of analytical resources than a linear elastic finite element program.

In principle, the method can be implemented using a PC.
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The remainder of this chapter describes some guidelines on how existing désign procedures might
be modified to take service dependent strength variations into account. The model adopted is the ASME
Boiler and Pressure Vessei Code (for brevity referred to form here on as the "ASME Code"). The next
section is a brief review of the basic ASME design procedure, defining the various stress classifications
used, and how these relate to material properties. This is followed by a description of the modifications

required to incorporate the effects of cycle- and time-dependent softening.

7.3 A REVIEW OF THE ASME PRESSURE VESSEL DESIGN PROCESS

The ASME Code requires any component to be evaluated systematically against four criteria [7.1).

. LimitLoad - The ability to sustain a single application of a mechanical load with an adequate
margin against collapse.
Il. Incremental - The ability to resist ratchetting, or incremental Collapse Collapse plastic
deformation due to cyclic loading.
. Fatigue - Resistance to initiation of a fatigue crack.
IV. Fracture - Resistance to fast fracture from an initial defect.

Only time independent, or low temperature, behavior is considered on a mandatory basis. The high
temperature section of the Code exists at present merely as a guideline in the form of Code Case N47
[7.2].

Design evaluation of a pressure vessel consists of comparing various components of the stress
distribution with standardized allowable stresses based on material properties. Allowable design stresses,
are determined by a strict procedure, and only after rigorous testing, for a limited number of accepted
materials. The discussion following this section can therefore only offer tentative guidelines on how other
materials might be evaluated.

The stress limit of greatest interest in this paper is a quantity called "Sm". This is the maximum
allowable static stress. It is normally calculated from the initial monotonic stress-strain behavior of the

material. For simplicity sake, it will be assumed on subsequent discussion that Sm is approximately 2/3 of
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Sy, the monotonic yield strength. Other factors are also involved but they do not change the basic theme
of the arguments presented here.

To compare a component against the four criteria, one procedure allowed by the Code is to
subdivide the stresses at critical sections into a statically equivalent "linearized" stress and a "peak" of F
stress (seé Fig. 7.1). The linearized stress is in static equilibrium with the normal force and bending
moment on the section.

Depending on whether these imposed forces are produced by external mechanical load, or by
internal compatibility constraints, such as thermal expansion or discontinuities, the resultant linearized
stresses are designated Primary or Secondary, respectively. When judged to be primary, the membrane
and bending components of the linearized stresses are referred to as Pm and Pb, Linearized secondary

stresses are referred to as Q stresses.

7.1 PRIMARY LOAD EVALUATION
The maximum primary stresses must satisfy the following requirements

Pm+Pb=<158Sm

Pm=<Sm |

This limit is called "primary" for a good reason because, if the component has an insufficient margin

against collapse under a single load application, all other criteria are redundant.
7.2 [INCREMENTAL COLLAPSE

The maximum range of the primary plus secondary linearized stresses, for all load transients, must

not exceed 3 Sm. i.e.

range(Pm + Pb + Q) = <3 Sm
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This ensures that general cyclic yielding on any section will not exceed the yield range of
approximately 2 Sy and hence will not lead to incremental plastic deformation, i.e. the component will
"shakedown".

An important feature of the Code procedure is that local or "peak” stresses are ignored for the
" purpose of evaluating general structural deformation. The reason is that small localized regions of plastic
deformation will be kinematically restrained by the surrounding bulk of elastic material. This has some
significance for the treatment of materials which experience aging because if the aging phenomenon is
also localized in this sense it will not affect overall structural integrity significantly. |

Judging whether any stresses zone can be classed as "localized" however, is a difficult technical
problem, and one which occupies a major part of this paper. As already noted, the ASME Code accepts
the ad hoc device of replacing the stresses on any section by a statically equivalent linear distribution, and
assumes that any excess "peak” stress to be localized. This is a commonsense rule based on experience,
and it seems to work reasonably well most of the time. It is also easy to apply. However, there are other
procedures available, and it is believed these offer a little more insight into the nature of displacement -
versus load-control which distinguishes localized from generalized inelastic deformation. One possibility

is offered in this paper.

7.3 FATIGUE
The range of the total stress at a point, (Pm + Pb + Q + F), is considered for the purpose of fatigue

evaluation. In the simplest case of constant amplitude fatigue, the stress amplitude, Sa, is
Sa=-(Pm+Pb+Q+F)max-(Pm+Pb+Q +F)min
In practice, because the Code is based nominally on linear elastic methods of stress analysis, Sa is

frequently computed to be greater than the material yield stress, and is therefore a fictitious quantity. This '

is not a serious problem if inelastic behavior is constrained to a local volume because then the material will
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be displacement controlled, and essentially the same strain amplitude is obtained from the linear elastic
calculation as the full, but much more complicated, inelastic analysis.
To determine whether inelastic strains are indeed localized, the Code imposes a test on the range

of the linearized (Pm + Pb + Q) stresses
range (Pm+Pb + Q) =<3 Sm

If this test is satisfied it means that the nominal membrane and bending stresses on the critical
section do not exceed yield and, therefore, any inelastic deformation must be due to local stress
concentrating effects.

If the test fails, it means that parts of the critical section will be losing elastic constraint due to
generalized plastic deformation. A complex procedure is then invoked to calculate the resulting strain
amplification, in the form of a factor, Ke, which depends on the amount by which the total stress range (Pm

+Pb+Q +F) exceeds 3 Sm. Kecanbe aslarge as 5to 7.

7.4 FRACTURE

There is no mandatory prdcedure for fracture evaluation as yet. Appendix G of the Code provides a
guideline which, though first introduced in 1971, is still often used today [7.1].

The Appendix G approach assumes a 1.4 thickness semi-elliptical crack at all critical sections, and
calculates the elastic stress intensity factor from the linearized components of the section stress
distribution, i.e. the Pm, Pb, and Q stresses. It is considered that crack growth under load control is more
critical than under strain control and, for this reason, different safety factors are used for the Pm + Pb and
the Q stresses, respectively. |

As in the case of fatigue, corrections havs to be made to the calculated stress intensity factors if the
{(Pm + Pb) stresses exceed the material yieid stress, Sy. The strains will then be unconstrained to some

degree, and a more severe condition is imposed on the assessment crack. Q stresses are not subject to
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correction because they are strain controlled, and onset of plastic deformation under fixed displacement is

not considered to make the situation more critical.

7.4 THE EFFECT OF SERVICE-DEPENDENT PROPERTY CHANGES ON DESIGN

It may well be that, in principle, softening effects can be dealt with by developing a full constitutive
relation for the materials in question, and incorporating it in a detailed, inelastic analysis. In practice, this
route is not generally viable for the following reasons.

)} A reliable constitutive model, including softening effects, has yet to be found.

ii) Detailed constitutive models, where they exist, are acceptable for evaluating existing designs,
but are unsuitable for use in the conceptual design stages, where the material selection is
made in the first place.

iii) Design based on detailed constitutive modeling may be costly in terms of time and resources,
even when it is computationally feasible, and may not be a practical option in all industries.

V) Detailed models require detailed input, which is seldom available in the early design stages.
The batch-specific nature of material constants used in detailed material models prohibits
them from being quoted in the design code.

Fortunately, the detailed route is not necessary. Cyclic- and thermal-softening are only of concern
to the extent that they adversely affect one or more failure mechanisms of a component.

Regardless of the microstructural complexities of the mechanisms involved, or our current imperfect
understanding of them, mechanisms involved, or our current imperfect understanding of them, the effect
of softening is summarized entirely by the variations it causes in the yield stress, Sy, and the allowable
ASME Code stress intensity, Sm, derived from i, through all or part of the component volume.

As can be seen from the previous section, Sm figures in every one of the failure criteria, but in
different ways. It is only necessary to examine each mechanism in turn, and critically evaluate the role of
Sm in each case, to determine the effect of softening. This means

a) determining whether a change in the material yield strength, Sy, is expécted in any part of the

component volume due to the service conditions.
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b)  whether this change is localized, or general to the component as a whole, and

c) the effect this change will have on each of the failure criteria used to evaluate design

acceptability.

This work is concerned, in the long run, with both stress- and thermally-induced softening -
synergistic combinations of the two, should any be found to exist. In this report however, the discussion
will be restricted primarily to time-independent cyclic softening. This is the form of softening which has
been studied longest and is the only one, so far, for which sufficient material data has been collected to
quantify the design procedure with a reasonable degree of confidence. However, it is believed that the
procedures developed can be extended to encompass other forms of service related softening in due
occurs. Toward the end of this chapter there is some discussion on how this might be done.

From the design point-of-view cyclic softening is the more difficult problem, because both the failure
criterion, Sm, and the softening phenomenon, are directly coupled to the stress history. To a first
approximation, thermal softening, on the other hand, is only a function of time-at-temperature, and

therefore represents a decoupled problem which is somewhat easier to deal with in component analysis.

7.4.1 A Design Rationale for Dealing with Cyclic Softening
A uniaxial specimen of cyclically softening material softens uniformly and, under load control, will
fail by plastic collapse when the residual strength drops below the maximum applied load. The same is
true of a complex component if the strain range throughout is of comparable magnitude, as for instance in
a bar with a blunt Bridgman notch. Under these conditions, the softened strength, Sy(N), after N load
cycles, is expected to govern all failure criteria and should be used instead of the initial monotonic
strength, Sy, calculated from monotonic test data. The operative phrase here is "load controlled".
At the other extreme, local cyclic deformation, as might be approached at the root of a very sharp,
very small notch, will cause softening under conditions of displacement control. Some failure criteria,
notably fatigue, will be influenced by the increased plastic deformation, but the overall limit strength of the

component will remain essentially unaffected. Assuming the fully softened state everywhere for primary
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stress evaluation is needlessly conservative. If it can be established that cyclic deformation is localized,
the bulk of the component will be governed by the initial monotonic strength, Sy.

The rationale proposed here avoids the need to make any complex inelastic evaluation by focussing
instead on a test to determine whether the component is sensitive or otherwise to cyclic softening.
Assuming for the moment that such a test is possible the design decisions which follow are relatively
simple.

If softening is extensive, the softened yield strength, Sy(N), after N cycles, must be used in
calculating the allowable stress intensity, Sm, under all circumstances. Here, N is a conservative estimate
of the number of load cycles expected in service. The sensible conclusion in this case is likely to be not to
use the material at all, unless some other factor, such as corrosion resistance, is more important than
strength.

If softening is localized, the problem is more complex. Each failure mechanism must be considered
separately, and the initial monotonic yield strength, Sy, or the softened value, Sy(N), may be appropriate
in different situations, as described below.

1. Primary Limit Load - This is governed by the yield strength in the bulk of the component
volume. By definition of localized plasticity therefore, softening will have a negligible effect.
The appropriate measure of yield is the initial value, Sy.

Il Incremental Collapse - The ASME Code procedure evaluates incremental collapse by a test of
the range of the linearized stress (Pm + Pb + Q) at critical points. Although it appears that the
local strength is the relevant design parameter, the mechanism of incremental collapse is in
fact one of generalized yielding, and the initial yield, Sy, applies once more.

. Fatigue - Yield strength features twice in the standard ASME fatigue evaluation procedure.
The first time is the "3Sm" limit to determine whether extreme fiber yielding on a section
causes loss of elastic constraint. Since we are considering the case where the component
has satisfied the requirement for localized softening, and this is a more severe constraint on

local stress range than even the softened stress range, it would appear that the "3Sm" limit will
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be automatically satisfied. This is a tentative conclusion which needs to be confirmed by
further theoretical testing.
The second appearance of yield is in the Neuber correction for local plasticity. [n this
case it is clearly the softened state, Sy(N), that must be used.
Iv. Fracture - as with fatigue, the appearance of Sy in the fracture evaluation procedure is related
to a test for the loss of local elastic constraint. While further confirmation is needed, a tentative
conclusion is that the problem will not arise if the component has already passed the more

stringest test indicating that cyclic softening will be localized.

with primary load carrying capacity. Realistically, the only one time the softened state is explicitly called

upon is if a Neuber-type analysis has to be done for fatigue evaluation, and even then it is only a
secondary factor in the stress analysis. Usually the only design major issue will be a go/no-go decision.
Does the component soften generally? Do not use softening material. Does the material soften locally?
Use the initial monotonic properties. From that point onward the procedure can follow the existing ASME
Code procedure virtually without modification.

The problem has been reduced to finding a criterion to discriminate between localized and
extensive inelastic deformation. One possible test has been developed, and is described in the next

section.

7.4.2 A Criterion for Assessment of Sensitivity to Cyclic Softening
It is assumed here that "localized plastic deformation" and “displacement controlled detormation”
are synonymous. If it can be shown that cyclic softening only occurs in regions is localized and will not
interfere with the primary load carrying capacity of the componenf.
Handrock [7.3] shows that the inelastic behavior of a component composed of cyclically softening

material can be carried out approximately by constructing "iso-cyclic" cyclic stress-strain curves, and using
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these curves in monotonic inelastic analysis. These iso-cyclic curves capture the material response
(Fig. 7.2).

The effect of localized inelastic behavior éan be represented by a Neuber like relaxation locus
(Fig. 7.3). Contrary to common belief, there is no basis for assuming the universal Neuber hyperbola to
represent this curve. However, it has been demonstrated by Kloos, et al. [7.4], and there is a growing
body of literature on a related phenomenon called "elastic follow-up”, which supports the argument, that a
"relaxation locus” exists which is predominantly a function of the component geometry, and is relatively
insensitive to the material constitutive relationship.

It is now possible to establish a rational test for local plastic deformation. If the relaxation locus can
be found, the steepness of its slope is a direct indicator of the degree to which local conditions are loca- or
displacement-controlled. If the component relaxation locus is horizontal there is, in fact, no relaxation, and
local conditions are load controlled. Conversely, a vertical locus signifies displacement control, in other
words, pure relaxation. For intermediate situations some stress relaxation is accompanied by positive
strain accumulation in the direction of the applied stress. This is the “follow-up" phenomenon.

The choice of an objective criterion for strain control is not easy, and has not been completely
resolved to date. One possible candidate is offered here.

For reasons of energy conservation, it is impossible to achieve pure strain control under fixed
external loading. Some degree of follow-up must always occur. Therefore, constant strain relaxation is
not a viable criterion.

An alternative is to consider whether the local strain energy density increases or decreases during
stress relaxation. This criterion is approximately equivalent to the Neuber assumption that the product of
stress and strain is a constant. While this is not the only possible criterion, it will be assumed here that the

dividing line between load- and displacement-control is the hyperbola,

Smax-€max = constant
where Smax = maximum local stress

€max = Maximum local strain
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The test of sensitivity to cyclic softening reduces to determining whether local regions of high cyclic
stress will relax in a strain-controlled manner, while the remainder of the component is subjected to
sufficiently low stresses that cyclic softening is not experienced. This test requires two tasks to be

performed.

i) Represent the material such that cyclic softening will localized if stress relaxation is strain-
controlled. This is done by selecting a fictitious stress-strain relation for the cyclic component
analysis such that the “yield" stress amplitude is less than some threshold value, below which
cyclic softening will not occur.

ii) Determine the component relaxation locus and compare it with the "Neuber" strain-control

criterion.

As shown schematically in Fig. 7.4, the criterion for local softening is satisfied if the relaxation locus
intersects the target stress state within the strain-controlled region. In this figure the dashed line
represents the Neuber criterion line chosen in this study to delineate betwen load and displacement (or
strain) control. Dotted lines (a), (b) and (c) represent typical relaxation curves.

(@ is a clear case which satisfies the criterion in all respects. In this case cyclic softening can be

safely ignored.

(b) is a marginal case which would probably be mainly strain controlled but which does not meet

the stringent conditions of the criterion presented here

(c) represents a clear case of load dominated deformation
This means that local softening was able to occur under strain control, while the stress range in the
remainder of the component remained below the threshold for cyclic softening. Having performed this
test it is then possible to select allowable stress intensity levels and proceed with design evaluation by

following the ASME Code in the usual manner.
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So far the procedure has only been described in general terms. For practical implementation, two
problems need to be resolved. These are material representation and component relaxation response.

The following solutions are offered for each of these problems.

. Material Representation

Fron_'n Handrock's work [7.2] an equation can be obtained relating cyclic softening to cumulative
plastic deformation, (Chapter 5, Eq. (5.7)).

Handrock also found an incubation plastic strain of about 3% which must be accumulated before
softening begins. Assuming 106 cycles for major load cycles, as does the ASME Code, the above
equation predicts an allowable cumulative plastic strain of 3 x 10-6% to avoid cyclic softening. For the
material tested by Handrock, the allowable stress range is 221 MPa. The corresponding stress amplitude
is 110.5 MPa, which is about a third of the initial, monotonic yield stress. The target stress state is shown

in Fig. 7.4, superimposed on the isocyclic curves developed by Handrock.

I Component Response

The most obvious method of determining the relaxation locus is inelastic analysis. Since the locus is
essentially a function of the component, and not of the constitutive relation, any convenient nonlinear
stress-strain relation can be used. For instance, Kloos et al. [7.4] used linear strain hardening with a
variable hardening index. Figures 7.5a and b, derived from the results obtained by Kloos, show relaxation
loci for a bar with a spherical cavity and a Bridgman notch, respectively. In the case of the spherical cavity
there is a finite limit on the load exceeding first yield for localized plastic deformation. The Bridgman notch
does not possess any such region. This is reflected in the fact that the Bridgman notch has been
observed to soften uniformly for all cyclic loads causing peak stress ranges comparable with the yield
range.

Inelastic analysis requires a high level of analytical sophistication. A desirable alternative is a
procedure for computing relaxation loci, which depends only on linear elastic analysis. One such method

has been found and was presented in detail by Marriott at the 1988 ASME Pressure Vessel and Piping
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Conference [7.5]. It involves a succession of linear elastic finite element calculations, with the element
stiffnesses adjusted in a systematic way after each run to simulate inelastic behavior. So far the method
has not yet been applied directly to the softening problem, but in a closely related problem concerned

with stress classification, it has been found to converse very rapidly, within three or four iterations.

3.2 Thermal Softening

It thérmal softening is only a function of time-at-temperature the design problem is relatively simple.
Under isothermal service conditions it is trivial. If the relation between time, temperature and residual
strength is known, the procedure can be identical to the existing ASME Code with the allowable stress
intensity, Sm, replaced by the time-related quantity, Sm(t,T). In Code Case N47 [7.2], there is already
provision for including time dependence in the allowable stress intensity, using a quantity, Smt, which is
the least of time-dependent and time-independent stress intensities.

Thermal softening is relatively simple to deal with as a design problem. Assuming that the rate of
change of material property with time-at-temperature is known, the appropriate property after some
designated service exposure can be used in place of the nominal, initial value. For instance, in the case of
overaging affecting the strength, the effect is to have a time dependent yield strength, Sy(t), from which
the Code allowable, Sm, can be calculated in the conventional way, giving a quantity, say, Sm(t).

In the simplest case of approximately steady, isothermal service conditions, this procedure would be
independent of the component itself. Realistically, however, thermal aging is temperature dependent,
and is therefore expected to occur at different rates in different parts of a component at high temperature,
and to vary with time at any givén point, because of thermal transients.

It appears that it would be conservative to assume that aging occurs uniformly, at the maximum rate.
There are two potential problems associated with this route, however. The first is that aging is very
temperature sensitive, and it may be unrealistically conservative to assume the entire component to age at
the rate of a local hotspot. The second is that it is not clear that local softening in a relatively high strength
matrix is stronger than uniform softening. Strain localization in weldments, leading to premature fatigue

failure, is a case in point.
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The design problem is, however, relatively easy compared with cyclic (or stress state) induced
softening, since the driving force, time-at-temperature, is decoupled from the stress state. Methods are
needed to deal with an inhomogeneous distribution of material properties, but this analytical problem is
simpler than that of stress-induced softening. What follows in the section on design for cyclic softening
therefore contains thermal softening as a special case.

The material problem associated with characterizing thermal softening for the purposes of design is
not a simple 6ne, however. To some extent thermal softening is included implicitly in the ASME Code, for
those materials which experience the phenomenon, as one of many contributions to creep strength.
However, as will be shown in the next section, softening does not only affect strength under steady load,
as is considered in creep data. Through its effect on the yield strength it is also a significant factor in
judging resistance to incremental collapse, and influences the methods of evaluating fatigue and fracture
as presented by the Code, because of the corrections which have to be made to the basically elastic
method of analysis used, in order to account for inelastic loss of constraint.

Explicit consideration of thermal induced aging is not therefore a major technical problem, but it is
one requiring a systematic experimental program to be implemented, and a reliable, and compact means
of representing the results. Given the nature of the phenomenon, it is expected that time-temperature
plots of yield strength and tenéile strength, based on the Larson-Miller Parameter, or one of its many
competitors, is a satisfactory method of representation, but this will have to be established by further work.
In addition, a practical working procedure, consistent as far as possible with existing Code practice will
need to be developed for using this information for efficient design, without excessive expenditure of
effort.

At the time of writing, the thermal aging design problem has not been considered in depth.
However, there are close similarities between this problem and that of cyclic stress induced softening,

which is considered in somewhat greater depth in the following section.
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7.5 DISCUSSION OF PROPOSED DESIGN PROCEDURE

The procedure proposed here is believed to be logically sound for stress induced cyclic softening,
and practical to implement in the design process.

Work still needs to be done to reduce the method for determining the relaxation locus to a more
formal procedure.

Both the criterion for "local plasticity” and the definition of a threshold stress state for onset of cyclic
softening used in this report are tentative at this stage. It is probable that the conventions adopted at
present are conservative - and possibly overly conservative.

There is no reason other than the commonsense one for selecting the Neuber hyperbola as the
boundary between local and extensive plastic deformation. At present however, no aiternative can be
found. Placing a limit on localized plasticity is an important generic question which impacts several
important issues in component evaluation, of which local softening is only one. Others include the
problem of elastic follow-up in piping systems, and the applicabiiity of simplified methods of post yield
fracture evaluation [7.5,7.6,7.7].

Definition of the threshold stress state contains two sources of conservatism. The first is a function
of the simplified analysis. As shown in Fig. 7.6, it is assumed that the stress distribution in the component
has a fictitious "yield stress” equal to the threshold value. [n fact the correct stress distribution
corresponds to the isocyclic stress/strain curve for the number of cycles of interest. This will have a higher
yield stress than the threshold value, and will therefore correspond to a smaller plastic zone. It has yet to
be determined whether the conservatism of the simplified approach is sufficiently accurate to justify the
saving in computational effort.

The second uncertainty involved in the setting of the threshold softening stress is the actual value
itself. The value used in this report was deduced by extrapolation from Handrock's results at relatively
large strains and small numbers of cycles. It is likely that, long before this low limit has been reached an
"endurance limit” will be reached, below which no softening occurs. More experimentation at low stress

levels is needed to try to obtain this limit directly.
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Although the discussion iﬁ this chapter has attempted to include both stress- and thermally-induced
softening, the methods proposed here have not yet been implemented for the case thermal softening,
because no material data habr been obtained so far to characterize the thermal softening phenomenon. It
is expected that this information will be forthcoming as the testing of the advanced austenitic materials

proceed.
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8. CONCLUSIONS AND FUTURE WORK

Specific conclusions relating to each aspect of the program are included at the end of each chapter.

This chapter attempts to summarize the main conclusions and identifies needs for future work.

1.  There is a significant frequency effect on the fatigue life of both the ferritic and austenitic materials
for modestly low cyclic frequencies (i.e. up to 20 minutes per cycle} which still cannot be explained
fully. Although the specific work has not been carried out for the 17-14 Cu Mo, the behavior of
this material is in line with many studies on similar material such as 304 and 316 stainless steels.
On the other hand, the hold time effect is more difficult to explain for the 2 1/4 Cr 1 Mo steel and,
in fact, has not yet been successfully explained. The argument that it is an environmental effect
was eliminated by performing tests in vacuum and creep damage was not observed in any of the
tests carried out. All that remains at present is conjecture. One possibility which can be
postulated but which is untried so far is that creep relaxation causes the stress/strain characteristic
of the material at the crack tip to change from strain hardening to strain softening, resulting in strain

localization and consequent amplification of the crack opening displacement.

2. The 17-14 Cu Mo steel has shown no surprising behavior in mechanical testing so far. It displays all
the same qualitative characteristics of other austenitic steels. One test indicates that the thermo-
mechanical treatment advocated by Maziaz can have a significant effect on creep resistance. The
drastic cyclic softening observed in ferritic steel has not been found in 17-14 Cu Mo in rapid
cycling fatigue tests. In fact the cyclic stress/strain loop is quite stable under these conditions. On
the other hand, one test at slow strain rates indicated slight cyclic softening. It is not known at this
point whether this is a real cyclic softening effect or whether it is simply a consequence of thermal

aging by time-at-temperature. This needs to be the focus of future work on this material.
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3. The practical issue of designing with materials which cyclically soften has been solved effectively by
developing a methodology which does not require extensive knowledge of the softening
phenomenon to make sensitive decisions. The basis of the approach is identifying a
characteristic of component geometries known as the "relaxation locus" which is not sensitive to
material constitutive behavior. The propose strategy is to ignore softening for primary design
purposes if it can be demonstrated that significant cyclic softenihg can only occur in a localized
area. A procedural test has been developed to determine when plastic deformation can be

judged to be localized.
Work which emerges from this study is as follows:

1.  The frequency effect observed in fatigue of 2 1/4 Cr | Mo steel needs to be resolved. It seems that
this behavior may be related to the cyclic softening which occurs at the crack tip, independently of

any environmental factors such as oxidation already known to exist.

2. A design related material parameter has been identified for cyclic softening. This is the "softening
threshold” which must be obtained for low stress ranges and high cycles,very different conditions

from those which have been investigated so far.

3. It is believed that a satisfactory design methodology has been developed to deal with cyclic
.softening in a practical way. This approach still needs to be validated by comparing its predictions
with more detailed component analyses. Within the simplified procedure itself, some more work is
needed to place the computation of the component characteristic called the "relaxation locus" on
a formal basis and in particular to develop the approximate method using linear elastic FEA into a

formal procedure.
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4.  So far the implications of thermal aging on component performance have not been investigated at
all. This cannot be done until the material phenomenon of aging has been defined more precisely
In principle, it is anticipated that the method already proposed for stress induced cyclic softening

can be adapted to the purpose.

5. Preliminary tests on 17-14 Cu Mo suggest that all or at least most of the time-dependent changes in
material of this type can be related to thermal aging, including apparent cyclic softening effects
observed in low strain rate fatigue tests. A systematic program is needed to identify and

characterize the effects of time-at-temperature in this class of material.
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