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INTRGDUCTION

For the past 2% years Case Western Reserve University has been engaged
in a study on the possible applications of Strainrange Partitioning (SRP)
to the treatment ot high temperature creep-fatique probiems. One part of
this program has been supported by the 0ak Ridge National Laboratory, and
is directed at special applications invoived in advanced nuclear reactors
such as the liquid metal fas: breeder reactor. The first phase was the
preparation of an Interpretive Reporf describing various aiternatives for
treating creep-fatigue problems, emphasizing Strainrange Partitioning as ¢
method which has merit for this application. While many features of ihe
method were described ir this report, and in fact much new prcgress was made
during its preparation, a number of developments were left for future <*udy.
As a re3clt of the report a limited follow-on contract was initiated osn
May 1, 1976 and expired on September 30, 1976. it is the purpase of this
report to describe in brief the progress made during the contract period.

The focus of study during this period was the treatment of low strains
and long hold periods, since thesa were major areas requiring further
investigation, as identified in the Interpretive Report. We shall, therefore,
concentrate here on the progress that has been made on this subject. However,
brief discussions will also be presented on other subjects which have cnly
been curssriiy studied. These are environmental effects, metallurgical

e“fects, and grain size considerations.

One of the major conclusions reached in the Interpretive Repcrt is
that there is ar urgent need for developing technigues for trcating low
strains, particularly when long hold-times are involved. none ot the
candidate methods for handling creep-fatique proolems can readily address
this subject without additional prerress beyend that aveilable at the
time of the Interpretive Report preparation. Strainrange Partitiraing,

*Chapter 4, Ref. 1.



in particuiar, concentrating as it does on the inelastic strains developed
during the service cycle, must therefore be extended before it can be
confidently applied to LMFBR components invelving low strains. This is
especially true when long hold-times are involved because cf the transfer
of one type of strain to anotner during i{ne nuid pericd. Since environment
can affect both the_{heological behavior, as well as the fatigue and
fracture behavicr, it is clear that the extension of Strainrange Partitioning
into the low strain {and) long cycle time regime wiil involve either:

a) the establishment of accurate constitutive equations in the
strain/time/environment regime of interest so that the cyclic strain can
be appropriately partitioned into the components characteristically used
in the Strainrange Partitioning life relations, or

b) the semi-experimental apprcach wherein the hysteresis loop for
the actual cycis of interest is experimertally determined. While precluding
the need for accurate constitutive eguations which determine the stresses
and total strains invelved in the cycle, there stili remains the need for
practical procedures for partitioning the measured total strains into strain-

range components characteristicaily used in the SKP life relations. or

c¢) the engineering estimation of some of tne required stress or strain
quantities, and the computation of the remainder of the quantities using
simplified constitutive equations, thereby determining an internally
consistent set of stresses - ‘d strain components characteristically reguired
in the SRP life relations.

Whichever of the above methods is used, some account must be provided
for the environmental effect. This subject can be given only cursory treatment
here, but is obviously of greai importance in components expected tc operate
in oxidizing environmenis at high temperatures for periods up to 30 years or

more.

thod (a) above will become viable when the extensive program on
development of constitutive equations is completed. If, through these
equations, each increment of plasticity, transient creep and steady state
creep is determined at each increment of load or time, it then becomes a
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simple matter to formulate the pp, cp, pc, and cc strain components that
develop for the cycle. Hence there is no problem in applying the SRF life
relations, even when the inelastic components are small. Under these
conditions the whole problem degenerates to a simple approach directly
anaiogous to the treatment of large strains already developed. For this
reason, this approach will not be further discussed here, except to
express the hope that the final development will soon Ee realized so that
it can be of direct use in SRP application.

The other two approaches have therefore been followed in this limited
program. Examples of results to date will be described in the remainder
of this report.

TREATMENT OF 1 OW STRAINS AND LONG HOLD TIMES
Basis of Analysis

The development ¢f the procedure will be i*lustrated here by first
treating large strain problems for which experimental data are available
to check resuits. We shall illustraie both the semi-experimental procedure,
and the approach involving an engineering estTimarion ol the ES>eiiliar 1caturds
of the hysteresis loop required in the analysis. Then we shall extend
the concepts to the treatment of low strains by the same principles. The
procedures will be appliad to problems involving hoid times in tension or
in compression, combined tension and compression hold, and continuous
cycling at various frequencies. In the initial analysis we shall neglect
possible changes in ductility due tec exposure. Later in tne report such

ductility effucts will be briefiy considered.

Basic Data Required In order to treat creep-fatigue problems by Strain-

range Partitioning it is desirable to know a number of properties associated
with the material and some informantion associated with the particula~ problem
ceing treated. Usually the information will be readily available through
basic material characterization, but even if noct known accurately it may

be possible to estimate the required quantitites with reasonable accuracy.

In the discussion to follow we shall assume that the reguired information is
available for large as well as small strains; if smali strain information

is difficult to obtain directly, it will be assumed that tne determination



is made by simple linear extrapolation from high strain data. We shall

illustrate the procedure in connection with problems of moderately high

strainrange because these ar= the only ones for which good experimental

data are available whereby the adequacy of the generai procedure may be

checked, but there is no problem in extending the procedure for problems
of small strain. Thus, we shali show resuits of calculations invoiving

small strains although there are, of course, 10 extensive data available
to check the validity of these calculations.

rigure 1 shows the ideal type of data base desired for life analysis
by this method. In Figure 1{a) are shown the basic 1ife relations for
Aepp, Aecc’ éecp, and éepc types of strainranges. They are shown as
mildly-temperature dependent functions, aithough for at least two materials
(316 SS and 2% Cr - 1 Mo steeis) studied (Ref. 2) they were found to
be essentially independent of temperature. Also included in this figure
is a family of elastic (el)Tines,obtainedfromrapidcycling in association
with Asop tests. These lines are temperature-dependent, reflecting the

flow strength dependency of the material with temperature.

Figure 1{b) shows the ciclic stress-strain curve, 0A, for rapid cycling
of the material. There is, of course, an interdependence between CA and
the pp and el life lines of Fig. 1{a). For any selected life value, the el
line can be used to determine the stress range, and the el and pp lines to-
gether can te used to determine the total strain range. Thus the curve OA
can be constructed from a knowledge of the life relations. In this approach
the implication is that plastic strain is always present, even at very low
stresses which appear to lie on the lirear (elastic) portion of the curve,
but the deviation from linearity is very small. It is advantageous to re-
gard a pp strain to be present at all stress range:s because it enables the
determinations of plasticity strains, even though ihey are small, when treat-
ing low total strains. Also shown in Fig. 1(b) 1s the rapid-cyclirg hyster-
esis 1cop ABCDA for one strain range. This loop can be constructed from the
shape of the cyclic stress-strain curve through application of the well known

double-amplitude construction principle. That is, CDA can be constructed
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from a knowledoe of 0A by choosing C as the ¢rigin and doubling al’}
stress and strain values 2lcng DA, Similarly, ABC is symmetrical to CDA.
Althougn only one cyciic stress-strain curve and nysteresis loop is shown
in Fig. 1{b}, numerous curves could be drawn, one at each strain range.

These curves are 2ll quite sensitive to *emperature, being a
reflection of the rheological! dependence on temperature, but once the pp

and el lines in Fig. 1(a) are known for a selected temperature any required
hysteresis loop in Fig. 1(b) can be constructed.

The third desirable ingredient is shown in Fig. 1{c;. It is the rela-
tion between stress and secondary {steady state)} creep rate in a cyclic creep
test {or in any cyclic test inyciving stopping at specific stress levels and
observirnr the creep .ate once it has stabilized). .in Ref. 3 it was shown
that the relationship between secendary creep rate and stress car be
represented by a power law. Tnus Fig. 1(c) shows linear dlots of creep
rates and strass on 10g-1og coordinates. These curves can be expected to
be strongly dependent on temperature. For illustrative purposes the lines
for different temperatures are shown paraliel, but other geom:ztric relations
are possible.

The final ingredient of the life analysis is shown in Fig. 1(d). It
is a stabilized hysteresis loop for the duty cycle under aralysis. The
tick marks represent the time sequence at which varigus points are
encountered during the cycle. Although an experimentally determined
hysteresis loop is highly desirable, it is not absolutely necessary. In
its absence it can be approximated from other specifind variables (for
example, linear stress ramping as later discussed or other pattern of stress
or strain variation). However, it should be emphasizcd that hysteresis
loops stabilize rapidly, and it is necessary to traverse cnly a small
fraction of life expectancy in order to obtain this valuable adjunct
to the analysis, or to provide valuable information useful in cross-
checking some facets of the analysis.



OQutline of Procedure To illustrate the precedure we shall analyze a

test reported by Conwax et al (Ref. 4) involving strain-hold to long-

times (1.0 hrs per cycle). The strainrange for these tests was high

(2%), but it will be seen that exactl: the same pro.edure as discussed

for this high strain probiem c2n be used to analyze low strain problems.

In fact, we shall show results for such calzulations after we have described
the method.

The ingredients enalogous to Fig. 1 appiicable to this problem are
shown ia Fig. 2. Since the test was conducted at a constant temperature of
1200F, only this temperature is refiected in Figs. 2(p,¢, andd). Fig. 2(a)
shows the strain pattern imposed as the test cordition, and Fig. 2{) is
the stress-strain response, showing the rciaxation that was measured during
the strain-hold period. The time markings on Fig. 2(e} correspond to points

selected in Fig 2(f) .

The analysis is shown in Fig. 3. First the secundary creep is
calculated in each half of the cycle. Since the compressive half of
the cycle invelves only rapid loading the creep is vealigible; only the
tensile half involves creep. Fig. 3{a) shows the creel rates and tne
integrated area (represanting the totai creep stra‘n) as .000975.
In Fig. 3, item (b), it is also showa that the plastic =trainrange is
.0160 as deduced from the stress range (elastic s’rzinrange) and the life
relationships of Fig. 2(a). The total inetastic :cr:isange is .0167,
as deduvced from the width of the hysteresis loop, fr = which the transient
creep ctrainrange is determined by substracting the plastic strainrange.

It ther becomes possible to calculate the strainrange components. As
ajscussed in Ref. & the "creep” in each half cycle consists of the secondary
creep plus 10% of the transient creep, if identified. Since in tnis case
the transient creep is known, the total tensile creep, item(e), is .001045.
Now, since the "creep" in the compressive hal{ of the cycle is zero, there
carn be no reversed creep; tnus Aec_._ = 0. AVl ths tensile "creep” is

c
reversed by plasticity; thus Aecp .001045. The remainder of the inelastic

e



strainrange is .onverted to reversed plasticity Aepp, and is .015655,
according to item (c, of Fig. 3. Thus, thic problem involves Aecp and
Aepp, and as shown in item (j) and (k) results in a computed life of

155 cycles. This compares to a measured life of 1G3 cycles, whrich is a
reasonably close correlation. Similar calculations were a2de for the
other two 2% strainrange hold-time tests reported by Conway in Ref. 4.

In one the hold-time was 60 min. and the other 30 min. Life predictions
were successively 156 and 149 cycles, compared to the experimental values
of 117 znd 76 respectively.

Alternate Procedure Before presenting the calculations for small strains

it is appropriate tc desiiribe an alternate procedure for hardling the
stress relaxation problem just discussed. In thke previous discussion it
was assur:ed that the stress pattern during the relaxation is known from
experimenta: observation. Suppose, however, experimental detz2rmination
is inconvenient, can we stili handle the problem? Initially, let us
assume that the maximum stress is known from the strainrange and cyslic
ctress-strain curve. ~nat is, in Fig. 4 we ascume that RP follows the
cyclic stress-strain curve (by the double-amplitude rule of stress and
strain, Fig. 1(b).) Recognizing the iarge strain amplitude of 2%
invoived in this probiem, we reasonasly assume tha. the stresses at R and
P will be approximately equal in magritude; thus there is no ambiguity as
to the coordinates of point k in the initial construction of the hysteresis
irop. The stress 9 at point P wil: be known in magnitude. The stress
nattern PQ'Q car then be determined frem a single creep relaxation aziysis
as follows:
Ltetting € be the creep strain at any time t after the initiation of
hold, and also lett‘-g:
€, be the relaxed elastic  strain at this time and ¢ be the
relaxed value of stress at this time, then, neglecting primary

(transient) creep, and considering only the secondary creep rate

= A" or ¢ = Ao (m

7




from the power-law ielaticn shown i~ Ref. 3 where A and n are maierial

constants dependent on the temperature.

de

: - do e _1 do
By Hooke's Law dse 3 or T = £ dt (2)
det de de
But since strain is held constant Tt - dte + dtc =0 (3)
Combining (1), (2) and (3) results in 9%-= -AEdt (4)
Integrating eq (4), ©
-n+; -n+l
[o N C
s e :%;T—— = -AE [t-C] = -AEt, (5)
or,
]
5 4-h+]
- -n ! .
After the entire hold-period tH’ the relaxed stress becomes
_1
+} 1’n+]
=g M - ;
% [op +'(n I)AEtH; (7)

For the problem illustrated in Fig. 2, the application of the doubie-
arplitude cyclic stress-strain relation resuits in a stress ¢ of 41.87
ksi, and since the constants in the creep equation (1) are known from NASA
data (Ref. 5) or unpublished data obtained during preparation of Ref. 5

n=7.14 A=2.55 x 10" (¢ in ksi, t in seconds)
E =22 x 10° ksi 1
r -6.14 1-6.14
Thus o = o +3.48 x 10712 ! (8)
Q LP | '

4 plot of stress relaxation according to Eq. (8) is shown ‘n Fig. 5 (a);

the agreement is remarkably good considering the basic approximations
involved and the fact that the creep rate determinations were made by dif-
ferent investigators and on different lots of material from those inveived
in the relaxation tests, and that transient creep was omitted. To check

the validity of this approach to other tests, additional calculations were
made for the two other relaxation tests reported in Ref. 4. The temperature



and strainrange were the same as above, but in one case the hold time was
30 min.; in the other 1 min., The results are shown in Fig. 5(b) and (c¢j.
For the 30 min. hold test, the agreement is still very good; for the 1 min.
hold the effect of the transient creep is apparent in the early seccuds,
but after about 30 sec the agreement again becomes excellent.

The next step is to determin2 hcw much of each strainrange component
type develcps during the cycle:

a) The total amount of plastic fiow during the tenciie naif is known
from the cyclic stress-strain curve, or a% expressed by the Tinear life
relations, shown in Fig. 4{(c). Knowing the stress range RP, the elastic
strainrange establishes the point M on the elastic 1ife lire, from which the
point N or the piastic life line vertically above M establishes a plastic
strainrange of .0160.

b} The tensile rreep is equal to the elastic strain from P to Q
(or alternatively, tha integrated creep during Pg according to Eq (1)
above, which yields exactly the same result.) Thus, inthis case the tensile
creep strain is .000975.

c) A small amount of ambiguity develeps in the determination of the
compressive plasticity if determined from consideraticn cf the shape of
the curve QR. We cannot construct this reverse piece of the hysteresis
toop from the double-amplitude cyclic stress-strain curve alone, starting
with Q as an origin. The piastic flow frum Q to R based only on the stress
range involved would be expected to be toc low to balance both the tensile
plastic and creep flow. Actually, a more appropiiate way to cnnstruct
the compressive half of the Toop is to add the imaginary segment PTQ in
Fig.4{a) so that TQR, in conjunction with the cyclic stress-strain curve
yields a compressive plastic flow which is equal to the ternsile plastic flow
plus the relaxation creep flow. This adds the complication trat if or = UR

then Gp is no longer equal to G,, which was our original premise. There-

s
fore the problem becomes one othrial and error to determine the appropri-
ate location of the hysteresis loop to estal lish consistency with the rheo-
logical behavior. 1In general, the rneologica: behavior, as affected by the
cycle 1tself, influences the individual creep and elasticity components.

This is evident in Fip. 5 wherein it is noted that the maximum tensile stress

reached depends on the hold-time. The longer the hold time, the lower
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the stress. To get exact behavior, the constitutive equitions must be bet-
ter estabiished than they are now. But the approximate an:iwer can readily
be aetermined in this case by stating that the behavior of QR in the vicinity
of R is such that the plastic flow developed on comprsssion is ejqual to the
tensile plastic fiow plus t..: tensile creep flow during PG.

d) Thus, from the above considerations, the Becp deformation is equal
to the tensile creep deformation .D00975, and the remainder of the inelastic
strain in Aer » SO that Aepp = .0160.

e) The 1ife is then calculated by the Interaction Daxage Rule as

_ 01573 ey __ .000975 .
fop = Toigro - -3M® fep™ Ferg - 038
N =23 = 2 from Fig.1/{
op 233 ﬁcp 5 rom Fig.1/a)
.9419 ) 0581 _ i .
and 543 ' 2% - W Ng = 159

This 1ife conpares with the measured value of 163 cycles, which is well
within the cosmonly acceptable factor of 2. Note that this caicuation made
no use of experimentally determined hysteresis ijoops or stress relaxation
patterns. The calcuiations are still guit> satisfactory, despite the neglect
of transient creep, although the inclusion of transient creep did improve

the predictions somewhat.

Fig. ( shows a summary of calculation: made by the above procedure
for additicnal hold time tests tcken from ef. 4. The predictions agree
well with the experimenis. MWe alsc note that the degree of agreement
bc*ween prediction and experiment does nut decrease as the tota! *ost time

increases.

Extension to Treatment of Low Strains and/or Long Hold Times

wWe shall now extend the <ame cuncepts already described in connection
with the treatment of large strains to the study cf low strains and iong
hz1d times. The elements of the procedure are:

3) The determination cof the plastic strainrange from knowledge
of the stress range and the log-linear ii’e relations of eilastic and piastic
strainranges.

b) The determinaticn of secondary creep strains by integrating the
equations releting creep rate to a oower-law of stress.



c) Determining transient (or primary} creep strains f—om actual
observations of tota! creep durirg any interval anrd substraciing the
secondary cveep strains. This step is optional, ard is omitted if
experimental facil ties are unavailabic or if 3 somi-experimental
phase is inconvenient.

d) Corstructing i:e strainrange components Lspp, Aepc, 5€Cp’
and Asccfrom the determined creep and plasticity components in the
tensile and compressive hzlves of the cycle.

e) Applying the Interactiorn Damage Rule t¢ determine life.

Of special importance is the determination cf the stress values
that deveiop. 7o this extent the stressas wiil be known accurately
either if directly measured by experimental observation of the hysteresis
loor, or if accurate constitutive equations are avaiilacle to track stress
and strains during tne cvcle. However, in some cases neither approach
will be practicai; then *he calculations will involve erngineering approxi-
metions. wWe shall illustrate a case in which such approximaticns are
required, their choice being made tc introduce some conservatism in the

resylting 1ife estimates.

{ombined Tercile ant Compressive hold Periods We firs: treat the case

in which both tersirn and compression hold periods arz introduced in

orobiers invoiving low strainiange. It will be seen that this case lends
itseif more readiiy to the estimaticn of the hysteresis Tocp Zdeveloped
because of the syrmetry of the cyvcle., Fi13. 7 illustrates che | -zcedure.

we star: wit™ the reccgnition that because of ti.a symmetry 0f the icacing
cycle, the hysteresis oop will be symmetrica: in the ternsile and compressive
haives. Then the nysteresis ‘ocp witl be ABCD for the strainrange ‘e.

There, is, thus.oniy one unkrow~ Guantity in this analysis, for example g
dnce we know Se and the hold time, we can determirs " from the -~=laxation
equation /7), enc o7 course “p 210 n follos frow considerztions of symmetry.
Because sf the ncn-linearity ¢f the proble:~, however, it is convenient t¢
start w th the assumplticn of known strec<ses and 10 deterwmine the combinations
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of strainranges and hold times that will generate these stresces. For
example, in Fig. 7, suppos2 we were concerned with the solution for a
strainrange ae = 0.5% and various hold times. A convenient approach is

first to construct a complete hysteresis loop MABNCOM for an arbitrarily
selected strainrange, say i% under rapid cyciing. This can readily te

done from the cyciic stress-sirain curve, (or the linear life relations

for elastic and plastic strairrange under rapii cycling at the temperature
of interest,e.g. the pp and el lines in Fig. 1{aj.

Vertical lines AD and BC can then be constructed at equal distances from

the vertical axis and at a strain:ange of (.52, tc determine t' e specific
stress values c,, og» o and Gy It can then be immediately determined

what hold tise t, is required to relax g to op {or 5 to cé}. Since the
partitioring of the hysteresis ioop ABCD into creep and plasticity romponents
can reagily be accomplished {even when curvature is present alonc AB and

CD), the strainrange cumponents are easily established. O0Of course, because
of symmatry, oniy Aspp
ineiastic strainrange developed is almst ontirely *c__. In either case

cc
the iife can readily be calcuiated from the Interaction lamag: Rule.

and AECC develop, and in fact for smail zec the

Thus the caliculation provides one point relating the 13fe to 2c and tH.
Aaditional points can oe obtained from the same loop MN by selecting &
new value of 2e and repeating the p.ccecure to cetermine 2 new hold time
and life. in a similar manner, by choosing a new value of x<” {say %%j,
and proceeding with a spectrum of choices of 2¢, a now series of corre-
sponding values of hold-time and life values can be computed.

The calcuiations can then be depicted 1n their entirety as snown in
Figs. 8 and 2. We shall discuss these figures later, after presenting
resuits for calcclations involving hold %imes only in tension or only in
compression.

Tensile Held Periods Treatment o7 only tensile hoid probiems is not as
straightforward as symmetrica?l tensile and compressive holds because of
ambiguities that develop in the rheological behavior at low stress ranges.
Consider, for example, the two extrenmes of behavior possible when a
spacimen is cycled at low strainrange 2nd tensile hold periods are intro-
duced. In Fig. 10(a) the behavior is depicted as involvirg little cr no
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plasticity during the reversal because of the small striinrange invclvad.
li. the first lpad’ng the stress-strain path is zlong OA. Although,
according 0 the procedur: adonted herein, arl siress applications imply
pl2stic strain (e.3. see Fig. 4{c)), the actual amount of plasticity is
negligibly small i€ the total strainrange is - -all erouyh; tnerefore we
show iine JA as a straight line. A hold period at the maximum strain can,
however, result in stress relaxation t2 pcint B, .f the hold period is
long enough. Thus, upen reverse loading the path is BC, which we again
assume td be at stirainrange low enough to preclude signivicant piastic
deformation, causing BC to be a straight line. Since there is no hold
period at C, and reloading is assumed to occur as rapid as possible, the
subseguent i1cading is alona the :dentica?! lire UB. During the hold pericd
relaxation a2gain cccurs along BD, an amcunt smaller than AB because the
stresses involved are lower and times are assumed to be the same. The
proces: is then repeated in subseguent cvcles, each time the maximum
tensile stress becoming lower and the maximum compressive stress becoming
higher. Eventually a Quasi-stabilized condition may be achieved along FG,
wherein the stress at F is low enough to preclude appreciable further stress
reiaxation. But 1n principle, at least, the maximum stress can ccntinue to
relax during the hcld pericd, eventually approachiny zero. Thus the finail
stabiiized cordicion invgives no cyclic ineiasticity involving creep, and
extremely -mall plasticity dependent only upon the strainrange. With the
smali plasiicity developed, and tne negative mean stress along F' G' the
fatiaue 1ife can become very icng. In fact, the longer the hold time tne
lower wil! be the number of cycles required to stabilize to the low peak
tensile stress, assuming this type ¢f rheological behavior. Thus, assuming
this type of behavior, the longer the hold time the higher the possible
cyclic life.

The other extreme of behavior is shown in Fig. 18{(b}. Here it is
assumed *hat the svabilized 1oop becomes PCR and that ire creep relaxation
duriag PQ somehow, either because of the deformation or the high temperature
exposure, softens the material in reversed lcading, so that QR develops the
plasticity required to balance the creep occurring during PQ. The specimen
thus develons a A:CD strainrange. QObviously the higher the stress at P, the

higher will be the Aec strainrange, and the lower the cyzlic life, for a

D

by
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given hold *‘me. In general, it can be expected that the peak compressive
stress 1t R will be higher in magnitude than the peak tensile stress at P.
Thus the lowest cyclic life will result when ap is as close as possible to
Ops SAY equal. The life in this case can become substantially lower than

that for the cycling of Fig. 10(a) and aiong F' G'.

From the above discussion it is apperent that the factor that most
significantly governs fatigue life is the rheological response of the mate-
rial to the imposed loading, not so much the method of calculating the iife
once tre rheological response is known. This area of establishing accurate
constitutive response to know imposed loading is a very important subject,
and requires much further study. However, in order to treai iihe problem in
a conservative manner it will be assumed that cace 10.b) actually develops,
and that Gp is half the stress range that is calculated for the strainrange
Ae, 3s deteimined from the double-amplitude concept of constructing hyster-
esis loops from the basic life relaticr lines. For small strainranges the
maximum stress will be approximately the product of elastic modulus and
half of the strainrange; but the approach using the doubls-amplitude con-
cept will be valid even for larger strainranges wherein curvature develops
aiong the loading path.

Figures 11 and 12 show the results of conservative Tife calculations
made for a spectrum of strainranges and hold times assuming the rheological
behavior to be that of Fig. 10(b}. For each stl2cted strainrange the line
2P was first constructed according to the double-amplitude loading path
concept, cn? the stress range determined. The stress at P was assumed to
be half the sir=ss range involved, and starting with this time the relax-
ation PQ was determined using Eq. (6) for the krown hold time. The exact
shape unloading »ath QR did nct enter into the calculations except that
the initial portion of the unloading QS is parailel to arn elastic line.
“t.us the strain developed is a Aecp equal to the relaxed strain during
the PQ, and a Aepp strain associated with any curvature developed along
RP (negligible for low strains, but jnicluded in tl2» calculations shown

for the largs strainrangesj.
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Compressive Hold Periods Treatmert of hold periods imposed ¢nly during
the compressive peak strain is identical to that for tensile hold periods.

The rheological calculations 2re the seme, and the dilemma regarding actual
response to imposed loading is also the same; the only difference is that
Aepc develops for compressive hold, whereas Lstp dev=lops for tensile hold.
The 1ife reiationships are, therefore, different. Resuits of the calcu-

lations are shown ir Figs. 13 and 14.

Continuous Cycling As a final! e.arpla of extension of SRP anaiysis to

Tow strainranges we consid=r con.inucus cycling cver a range :f frequencies.
If the cyciing is carried out Lty controlling the strain rate, fcor examp:e,
at a uniform rate of either total strain or inelastic strain, as has been
commen in many recent experimental programs, a means is required to establish
the stresses that develeop. Either accurate constitutive equations cr the
guasi-experimental approach of determining the stabiiized hysteresis ioop
provides the necessary stress information to proceed by the principie
already described. If the probiem is one in which the stress pcttern is
specified, then no further rheolecgical information is needed to perform

the analysis. In the following illustration we shall assume the stress is
symmeirically ramped iinearly to selected tension and compressive peak
vaiues. Tu2 strain levels are not specified; rather they are derived from
the stresses and ramping rates as the consequential comtined creep and
plasticity values. To analyze the data, and to cast them in a form commonly
used in creep-fatigue analvsis, huwever, they are cross-plotted to obtain
1ife along lines of constant strainrange.

A sample computation is detailed in Fig. 15. The frequency is 10'5Hz,
and a st-ess amplitude of i1/ksi at a temperature of 1300F is cssumed. Since
the stresc is ramped linearly its value is known at each irstant, and the
creep is calculated in step 1 from the known creep rate relation in terms
of the power-law of stress. Steps 2 and 3 utilize the known stress range
to determine plastic strain range, using the life relations. From symmetry
Ae__ and be,.are determined in Step 4, and f

pp PP
The Interaction Lamage Rule is then applied in step 7 to obtain iife. Thus,

; A
and fcc in steps 5 and 6,
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as shown in Fig. 15(b) the point P or the line of IO'SHZ can be plott
with ae, = .05398 and a cyclic life of 4,398 cycles. Other points
along the IO'SHz curve can be obtatned by se'ecing 2~iitional values
of peak stress and repeating the calculations. =~ tii:s manner the
cosplete curve for 107°

The results are shown in Fig. 16. Cross-piots of the inferma.ion in

Hz as well as other frequencies were established.

Fig. 16 are shown in Fig. 17 with strainrange as a parameter are shown in
Fig. 17. In Figure 17 the numbers next to tre tick marks reprasent the

s2lected stress amplitude that generated that point.

Results of calcuiations for 1200F are shown in Figs. 12 and 19, which are
araiogous to Figs. 16 and 17. These calcuiations provided a means to make 3
compariscn between caiculations made in this manner with experiments
avaiiable from the literature. Although the literature results {(Ref. 4,

p 38) were obtained by ramping tctal strain at a cnnstant rate, while the
calculations were made for constant stress rate ramping, the agreement is
very good when the comparison is shown in Fig. 20. It is seen . hat the
degree of agreement i5 about as good at ithe low valuec of strainrange as at
the high vaiues, and at the hich values of tc.al test ime as at *:o low
vi:lues.

Discussion The foregoing calculations show that Strainrange Partitioning
readily lends itself to the treatment ¢f Tow strainranges and long hold
times. The principles involved in such calculations are simiiar to those
used in the treatment of large strairs. kicre direct comparisen between
calculations and experiment has been possible, the zgreement has been

very good. An important point in this conrection is that the data entering
into the:« calculations are totaily independent of the «xperiments predicted.
Thus, fo: examp’e, the tests conducted to determine creep strain rate as

a function of stress, and the generic SRP life relaticns, are totally
independent of the hcld time and continucus cycling tests predicted.
fact the tests were conducted by different investigators in different
1aboratories on separate lots of material. The fact that agreement is
obtained at the strainranges where data are available, despite the diversity
of testing conditions involved in basic data generation and experiments

T

in
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conducted in comparison to predictions lends some credence to the concepts
of Strainrange Partitiorning. However there has Leen no opportunity to
check predictions against test results involving very low strainranges or
very lorg hoid times. Since these calculations involve the extrapolation
of the SRP life relations to low strain values as well, it is apparert that
experimental verification i; required for the approach discussed. Not

only the basic life relations and the procedure, but the rheological tehav-
ior so important in governing the parameters that enter into the calcula-

tions, require future study.

Some interesting results and proolems raised by the calculations will
now be discussed. Figures 8. 11, 13, 17 and 19 show the effects on cyclic
life of varying hold times for selected values of total strainrange. For
the high strainranges the eifect of long hold is relatively small because
longer hold only causes conversion of a small percentage of the total impcsad
strainrange into the more detris.nta. cf, DC- Ir .7 stri:mange con-arente.
But at the low strainranges the 2f“~ct car becyPz apnaow izt le. 'or =iample,
for 316 SS steel at 1300F wur act.c -0 sysmelsius! »3itd ie U~*h toacicn snd
compression, Fig. & shows “.at _t a 0%/ scrcir—ange (ife —a7 o vediuced b.
more than a hundred-fold far = hiundred-fo:d incree ¢ in 4374 Fupe
from 10 hrs to 1000 hrs whereas at C.1% stre- irange -"nic iange m ...d tige
only reduces life by iess chan a factor of !0 Bu. note, a s9, unx © :gh
iife values involved. Even with hold “imes - 2™ hrs, 10.300 cycles can be
sustained at a strainrange of 0.1%. rhe totzi time is enormous. Pl-tted in
Figs. 8 to 19 is a dotted curv: representia, 3( years of life. Note that the
large effecis involved time ranges wherein the method cannot be exrected to
be accurate because of the simplified assumptions involved and because of

inevitable metallurgical changes.

In generai, all life values tend to saturate at higher hold times as
the total imposed strainrange tends to be converted to the most detrimental
type involved in the application {i.e. cc in symmetrical hold, Fig. 8; cp
in tensile hold, Fig. 11; pc incompressive hoid, Fig. 17; and cc in stress
ramping, Fig. 19).
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Cf special interest, too, is Ithe relative damage of the various types
of hold period jpatterns possible. Note, for example, by comparing Figs.
11 and 13, that while tensile hold is more damaging than compression hold
in the high strainranges, the compressive hold is more damaging in the low
strain-ranges. Tne reazson for this iies in the slopes of the life relation-
ships for this material. Since the slope for the nc life is steeper than
that for th2 cp life, extension to low strains causes the two t¢ intersect
and to Jiverge in opposite directicns at low strains compared to the high
strains. The transition occurs at a strain range of about .035%. This
type of behavior has already been roted in the past for 2% Cr - 1 Mo steel
for which pc was noted to be more damsging to cp behavior at even higher
strain-ranges in the order of 1%. However, the slopes cof the two 1life
relstions were also unequal, and at consicerably higher strainranges it
appeared that cp damage could alsc exceed the pc value. Thus it may well
be that each material has its own cross-over value, and it is important to
study low strains in order to obtain further insight. However, it should
be noted that from a practical viewpoint tihe crossover for 316 stainless
steel occurs at times which are outside the usual range of practical inter-

est. The matter has only academic value.

A comparison of Figs. 8 and 11 is also interesting in this respect.
At the high strain ranges of the order of %% and higher, the tensile hold
appears to be more damaging than the combined tensile and compressive hold.
At a strainrange of 0.1%, tensile holds also seem more damaging than sSym-
metrical holds at hold periods of 3 hrs or less, tut less damaging for hold
periods above 3 hrs. At a strain range of 0.05% symmetrical holds appear
to be more damaging than tensile holds over the entire range depicted.
Again this is a reflection of the 1 near extrapolation o: th. life relation-
ships into the low strainranges., ana  “uires checking. In addition, it
should be recalled that as discussed in connection with Fig. 10, teasile
hold alone can result in favorable stress relaxation which reduces undesir-
able tensile stress. The calculations shown in Fig. 11 were made for che
conservative assumption indicated in Fig. 10(b) that the maximum tensile
stress equals the compressive stress. Thus it can be seen that even with
conservatism the effect of tensile hold is not as detr.imental at the low
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strains and long hold times relative tc symmetrical holds in tension and
compression as would be expected from test results at high strainranges.
Note al,o that as strain is decreased lives increase substantially, but

that most cf the plot relates to times above the 30 year range of interest.

Figures 9, 12, 14, 16, and 18 show the same calculations with held-
time as the parameter. These plots are analogous to conventional plots of
total strainrange vs cyclic life which reflect two regions -- one in which
the inelastic strainrange predominates, the cther in which the elastic
strainrange predominates. At the high strain ranges, where the inelastic
strainrange predominates, all the curves are steep, and relatively insen-
sitive to hold time. Most of the strain is induced as the pp type, and
hoid time introduces only moderate amounts of cp, pc, or cc strain {depend-
ing on the type of hcld pattern). Thus the life is little affected. The
inelastic lines do increase scmewhat in slope as nold time is increased in
contrast, for example, to0 remaining parallel (as required by the Frequency-
Modified Life Equation)}. Iz the low strainrange level we again see near-
linearity, but the lines fan out with considerable increase in slope as hold
time is increased., Thus the "elastic-iine" analogue, by Strainrange Parti-
tioning, is one cf considerabie varying slope and depernds strongly on the
nature of the hold peried. But the very large differences in hold-time

effect -ccur at nominal times beyond 30 years.

The above behavior cannot, of course, presently be checked by experi-
ment. However, we can compare the predictability in the rime and strain-
rarges that have been studied as an indication of what to expect as strain-
range is decreased or total test time increased. Some results are shown in
Figs. 5, 6, and 20. Each figure shows that a reasonable agre=ment occurs
bezween the predictions and experiments for the time anl strainranges that
have been studied herein. If the ratio cof experimental life to predicted
life is plotted against either strainrange or hold time, these iimited data
do not indicate any reduction in corservatism either as strainrange is ce-
creased or total test time increased. Further experiments tc extend the
ranges of strain and hold time are, of course, needed for conclusive re-
sults. Figures 11 to 19 should not be interpreted as final predictions by

SRP. since there are many variables that have not yet been incorporated
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into the calculations, such as ductility variations later to be discussed.
The main point of the figures is tc indicate that a simple procedure is
available %o calculate idealized lives according to the method, but that

further research is needed to incorporate additional realistic features.

ADDITIONAL CONSIDERATIGNS

The foregoing discussion was intended to indicate procedure for
calculations, rather tha= to provide accurate final design information.
Figures 8, 9, and their subsequent counterparts are, for example, very
sensitive t~ extrapolation of life relations which are presentiy based
cn relatively little information in the high strain and short life range.
If similar figures were to be constructed for design use it would, of
course, pe necessary to extend the data base upor which the calculations
are made. We consider in the following brief discussion several other
factors in addition to the more accurate determination of the life reia-

tions and constictutive equations already emphasized.

Environmental Effects

Environment is, of course, a major factor in governing fatigue 1ife,
especiaily when dealing with long-time applications. It is weil known
that the presence of oxygen can substantially reduce fatigue 1ife, and that
fatigue in vacuum or inert environment is usually considerably tztter than
in air. In fact, it has been suggested by some investigators that high
temperature fatigue drgradation is entirely an oxidation 2ffect. This
proposal was based on the fzct tnat the high temperature fatigue properties
of numerous materials in vacuum were about the same as their room tempera-
ture fatigue properties in air, thereby pointing to oxidation as the
degrading influence. However, all the fatigue tests on which this con-
clusion was based were of the continuous cycling type, inducing only pp
and cc strains. One of the major contributions of Strainrange Partitioning
was to point to the need for loading cycles producing pc or cp strains in
order to bring out the faci that even in vacuum large dagrading influences
of the creep fatigue interaction could result. A number of alloys have
been studied in high vacuum, among them the refractory ailoys 7-111 and
Astar 811C (Ref. € ), Az8 and 304 stainless steel (Ref.7 ), and Rene' 80
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(Ref. 8). All have shown that a creep fatigue interaction occurs even in
vacuum. In general, an air envirorment reduces the fatigue properties be-

low the curresponding propertics in vacuum for the same type of =trainrange.

The refractory alloys canmnot, of course, operate in air at high temperature
because of their severe oxidizing tendencies; there is no point, thus,in
comparing the fatigue properties under the two envircnrents. The iron base
alloys A286 and 304 stainless steel improved in vacuum relative to air.

The nickel base alloy Rene' 80 showed only minor degradation in air, however,
because of its general oxidation resistance. large grain size, and low
ductility in both environments. Gnly the pp life relations 317 appreciably
in the air eavironment, and even a coxting to protect from oxidation did

not prevent this degradation. The results require further anaiysis before
they can be completely explained. Fiom all the tests referred to above,

the major conclusion emerged that while the properties are different in

the air and vacuum environments, each material yielded to the cetermination
ot pp, ¢p, p<, and cc Tife relationships in ecch environment. Anaiysis

using these iife relations permitted tk=2 correlaticn of all the data

obtained within that environment. Thus SRP was useful in analyzing data

in a vacuum environment as well as air.

Another point of significance in this respect was discussed
in  Chapter 4 cf Reference 1. There it was pointed
out that sucn fatigue degradation as occurs from oxidatien develops in
relatively “hort time and requires relatively little oxvgen. Corroboration
was drawn from published research on aluminum showing that a sharp dis-
continuity in the fatigue response occurred within a narrow range of pressure
(about 1072
very little different from that in atmcspheric air (760 Torr), and below
this pressure it was very little different from that in the iigh vacuum

of 10'8 Torr. Thus it appec-ed that if enough oxygen atoms were available

to 10'3 Torr). Aoove this pressure the fatigue response was

to oxidize the freshly exposed surface caused by the plastic deformation
leading to fatigue, increasing the amount oy a thousand-fold did not
accelerate the process appre.iably. From this it might be possible to
deduce that extended periods in air do not necessarily degrade fatique
much more than modest exposures, as long as these exposures provide the
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critical amount of oxvaen required for the basically rapid oxidation. If
it is assumed that the normal determinition in air uf the basic SRP life
relationships involves conditions adequate to provide the minimum oxygen
requirements, then it can be concluded ihat iittle correction will be
required to apply these relationships in analyzing long time tests.

Evidence that the above reasoning may be valid is shown in Fig. 21.
Thace were data interpreted by Halford (Ref. g} in analyzing the Interspersion
tests of Curran and Wundt (Ref. 10)sponsored by the Metals Properties Coun-
cil. The tests were basicaily of the cp tvoe of loading, and in analyzing
the resuits Holford used the cp and pp life lines for the 2% Cr-1 M> steel
determined at NASA (Ref. 2} in tests lasting 160 hours or less, Yet the
predictions >f the MPC data testing up to 5000 hours yielded approximately
the same degree of correlation as the short tests. A small tendency for the
experimental resuits to fall somewhat shorter of *he predictions in the
longer time range than in the short time range may be discerned in Fig. 21,
tut this point needs further study. Note, however, that at an extrapolation
in time by a factor of 30, the agreement is stili very good.

It migk* be deduced from the above discussion that in conducting the
testc to determine the life relations fcr use in the SRP analysis discussed
in tne earlier sextion of this report, the times involved should be of the
order of 1/10 to 1/50 of the desired extrapoletion times in order tou insure
reasonably vaiid extrapolaticns. This is ouite practical. If the tests
take as much as one to tnree years, extensions to 30 years may be achievable.
It thus appears reasonable to s.iggest that the basic SRF relations be
generated from tests requiring approximately a 1-3 year duration. vo0ad-
holding tests to aenerate the cp, pc, and cc life relations can then use
quite long hold-times in each cycle to consume the time reguirec t> cause
the tests to be protracted to this duration. If the creep can be measured
directly, then of course this should be dene. If not, use of the power-law
relation between stress and creep rate discussed earlierin this report
can be applied by extrapolation to low stresses.
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Vacuum tests can also serve a us2ful purr.se. First, by changing the
pressure over a widc range, information can be obtained as to how much oxy-
ger expcsure is required to produce varying degrees of oxygen degradation
on catigue. Also such tests can help determine how mich benefit might be
achie/ed from tae deveicpment of coatings or other surfa.e protection sys-
tems wnich exclude oxvgen, aithough the question or surface coatings is
complicated by metallurgical interaction between .oating and substrate,

and bty the notching effect if the coating cracks.

Metallurgical Effects

Another factor that requires consideration is thc metallurgical effect
beyond the chemical interaction reprczented by surface cxidation. Phase
precipitation, fer example, may have a number of effects. Ductility may
change, tnus influencing fatigie. Or precipitates may change the creep
resistance, thereby altering the creep rates in later cycles. In particu-
lar, if the precipitates occur in the grain boundaries, thoy can seriously
alter the cp, pc, and cc life relations, Thus care should be exercised
to insure that any expected instabilities are accounted for in extending
the life relationships to unexperienced time levels. Some veference to
this subject has aiready been made in Chapter 4 of Reference 1. Two im-
portant its were discusced. One of these is that temperatures which
can eit -egrade or enhance ductility could seriously alter fatigue iife.
In Fig. 4.43 of Ref. 1 it was observed, for exa.ple, that in the tempera-
ture range ot 1190 to 1500F, IN-706 is associated with low ductility be-
cause of an oxidetion-enhanced precipitate. The universalized SRP 1ife
relations, which use ductility as a normalizing parameter, suggest a quan-
titative reduction in fatigue in air within this temperature range. in
vacuum, hciever, the oxygen-enhanced precipitate does not occur; the duc-
tility is not reduced; and the fatigue prorerties uc not suffer. Elevating
the temperaturc above 1500F, however, aveids the precipitation rmuiiancememt
range, 2nd the fatigue does not suffer at all. Thus the beneficial effect
of vacuum is in suppressing the precipitation tendency, not protecting
against surface oxildation. It is important to be alert to this factor in
studying low strain and long time extrapolation bzcause the effect may be

both strain- and exposure time-dependent.
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The second point discussed in Chapter 4 of Ref. | is that it may be
Tossible to improve the fatigue characteristics invciving the creep mode
by causing a suitable pracipitate to develop in the grcin boundaries. It
was point ouc, for example, that the T-111, while similar :n compositicn
to the ASTAR ¥11-C, does not contain a precipitate in the grair boundary
whereas the latter does. The fatiguc properties in the modes involving
creep are Wi, better for the material contszianing the p» :ipitate which re-
taxds grain boumdary sliding. Thaxs we have a clue as to how tc iEprove

fatigue rec:stance thmugh the incorporation of a grain boundary precipitate.

Sigiizry consideraticr shauid be given to grain size effects in this
context. The larger the grain size the less wiil te the tengency for grain
oundary sliding, and ti:e more a given imposcd strain will be absorbed in

th2 less detrikental pp deformation. Thus it appears that some contreoi

"

availablie to inrluence ‘ziigue properties b, heat treatment to de.clop
cztimal grain size. it would be desirable to study various processing
v3riables cuch ac working anc heat treatment, either individualiy or in
conjunction with each cther, tc determine optimum combinations for resist-
ing high teaperaiure creer fatigue interaction. Strzinrangz Partitioning
offers some guidance as to the desired effect by regarding the interacticn
to a first approximation :s one involving the intercnange between siip
plzne sliding and grain beundary s2iding. It would then appear that larger
grains to minimize grain boundary areas, the deveiopment 07 a precipitate
to izpede gr.ir boundary sliding, and thermomechanical processing teo en-

harice creep and tensiie ductility are desirable directions of azproach.
P 2!

One of the zdvantages of Strai.range Fartitioning as a means of treat-
ing the creep-fatigus interaction is that it provider a rramewcrk for in-
cluding the possible effects of ductility variations during the service
life of the ~omponent being analyzed. Since the universzlizzd life rela-
tions are normalized with respec: to ductility, changing dquctility can be
included by considerirg small time increments during which Jductiiitv can
be regarded constant., The approach was first used in Rei. 11 tc tx il fr
quency effects in A-286 which was known to have a time-<iependent c: ep du:-

tility. The results are summarized in Fig. 22 (taken from Ref. 11). Note
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that the Ncco life curve changes witn frequency because the life depends on
frequency, which in turn governs creep ductility. The cffect was to procuce
a lower cyclic life at the low freguencies than wou.i have heen preagicted
if creep ductility did not change with life, because the lower the rIrequency
the lorger is the chronslogical 1life {i.e., hours, not cycles:, and this re-

duces the eftective creep ductiiity,

The method was also useG in Chapter & of Ref. 1 to provide a guideline
as to tne possible generai effects of ductili.y raducticns during the lifetime
of & component. In this case the calculations were based on lirear reductions
in ductility with time. The resylts are summarized ir Fig. 23, taken from F73.

4.88 of Ref. 1. Two situations zre presented: in Fig. 23 {(a) ic shown the
reducticn in 1ife as 2 function of ductiiity reduction during the 1ifetime
of the part. For example, it is seen that ¥ the ductility at the ond of

the intended design 1ife is 50% of the initial ductility, the design 1ife

¥

-
b=

i1l be reduced by Z3 tc 30%, depending on wheiher the exponernt in tne 1ife

0.6 {i.e. typical c¢f the pp iife}, or 2.5 [tyvpical of the co life:

* h

15
%i;are 23{b)* shows anciner war of representing the effect. it shows t!

requ-red reduction in strainrange to maintain “<fe at design value. Thus,
‘er example, 1T the ductiiity at the end ¢ the dasign life is hzlf of the
initigl ductiiity, the initial desicn life can be maintairnzd if the strain
1s reduced te about 7Z/3 the cdesign vaiue based on ne ductiiity degracétion

due t0 envircnmenrtal effocts.

ini the present study we carried out tho ductil ity calculatiors to
include what woul., happen if the decay was exponentizi

(37

U
i. A brief descripticn
of the procedure is cutlined in Appendix A. The calculations are surmarized
ir. Figs. 24 ang 25. Figure 24 shows the hyrothesized ductility decay
curves, identified by "haif-life” 1.e. the time reguired for ductilitv to
decay to naif its initial value. This type of ductiiity degradation is not
typical: it s more common for ductility to remain fairlv constant in the

*This {igure differs from that cf Re®. 1, correcting for a typographiral
error, and minor numerical discrepancies.
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early period of exposure, and to drop off only after some undesirable pre-
cipitates have had a chance to develop. Figure 25 shows the predicted life
based or: exponential decay vs the design Yife based on constant ductility,
using thc two characteristic exponents associated with the wriversalized
Strainrange Partitioning life relations (i.e., 0.6 to typify pp strain,

and 0.8 to typify the others). It is ceen that the results are relatively
insensitive te the value of the exponint, suggesting that the curves would
apply to all combinations of strainrange components found in specific prob-
iems (providad, cof course, the assumptior is made that if ductiiity losses
occur, trese iosses are applicable tc both plastic deformation as well as
creep). Note, however, that drastic reductions in life are possible i¥
losses of ductility are high enough. For example, a design life of 3C
years can become a service life cf 3-4 years if the ductility alf-1ife is
one year. This, of course, is not expeéted for materials actually used in
reactors, but it indicates how important It is to assure that drastic

losses of ductility be avoided.

SUMMARY AND CONCLUDING REMARKS

In this report we have a‘iompted to outiirne & simple procedure for
treating creep-fatigue for 1ow strainranges and long hold times. e
have suggestec that a semi-experimental approach, wherein several cycles
of the imposed loading is actually applied to a specimen in ordcr tc
determine the stable hysteresis ioop. can be very useful in the amalysis.
Since such tests require on'y a small fraction of the total failure tire,
they are not inperently p-ohibitive if experimental equipment is available.
It is. in fact, a simple method of by-passing the need for accurite
constitutive equations since the material itsel® acts to translate the
izposed loading into the respcasive hysteresis loops. Wher Strainrange
Partitioning has been applied in such cases very good results have been

obtained.

Since in many cases a concomitant experimental program is impractical,
a simple procedure is outlined for handling the problem entirely by
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analysis. Some cpproximations are involved, of coursz, which require fur-
ther checking. Calculations shown include continuous cycling, tensile
holds, compressive hclds, and symmetrical tensile/compressive holds. <Con-
stant strain-range curves of cycies to failure vs hold time display the
familiar tendency to saturate at both very short and iong hoid times, with
an S-shaped pattern over a iarge range cf *old times. Similarily, constant
frequency curves of strainrange vs cycles to failure are of a familiar
shape, “cing asymptotic to two straight lines on logarithmic coorcinates
iike the su. of an elastic and an inelastic component. Each family of lires
shows the characteristic increases in siope as holc time is increased, a
feature observed in the shorter time range by several investigators. While
these figures are presented merely :s sampie results =f a caiculation pru-
cedure, rather than accurate predictions, they may serve as guides to the
selaection of critical experiments to compare predictions of SRP with alter-
native methods.

Oxidation effects are not directiy incliuded in the computations, ex-

ions are ohtained in the

rt

cept that the constants involved in the caicula
environment of interest. Although lofig term exposure c¢zn be expected to
accentuate the oxidation, cr to promeote metaliargiczl precipitaticn that
can seriously affect fatigue iife by influencing mechanical properties such
as strength, tcughness, ané ductility, these factors were rndt included In
the calculations. The SRP framework does, however, aliow for inciusion

of such effects if they are known or expected to occur. <(hapter 4 cof Rer.
1 first suggested how such calculations might be carried out. It should
also be pointed out, howeveyr, that in several aralyses where it has been
possible to make comparisons. the degree of predictability by the SRP ap-
proach of long-time results is iittle different fror that of shorr-time
results. Figure 21 suggests. for example, that extrapolations by a time
factor of 1C to 30 may be reasocnable. This concliusion must, of course,

he extensively checked before confidence can be estabiished. However, it
would seem reascnable *c¢ assume that if extrepolations are tc be made to
the 3C vear range, then the life and creep rate relations should be geter-

mined froam tests lasting 1 to 3 years, ar attainable requirement,
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We hsve also extended in this report the application of Strainrange
Partitioning to the treatment of probiems involving progressive loss cf
ductility due tc environmental exposure. In addition to the previgus
anclysis cf Chapt. 4 of Ref. 1 wherein linear reduction ir duct1lity witkh
time was treated, we have extended in tnis report the treatment of ductility
variations to include the case of exponential loss with time. This is an
extreme case, not exptected in service, but it illustrates the importance
of choosing stable materials that do not suffer drastic losses in ductility
during their early oxposure.
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Appendix A

The ductility equation which s a function of time(t) is

_ -at
Dt = Do e
Dt = Ductility - t years
Do = Original ductility
a = Constant (function of half-life)

o
"

time (years)

The strain eguation is

de - a
Yt
Solve for N (number of cycles)
1
™ _j"
N =i A D et
i Az i
Damage equation is
7 1
; Ane'at a
i Yo ndt = ]
i te
J -
)
n = Number of cycles, per year
a,A = Constants of materiai
se = Strain Range
y = Years to feilure if ductility decreases

Integrate and subctitute limits.
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L,
Moy ~ e -1=1
Ae a
(1/a)
~ |an, |
Let do= " l

be the number of cycles if no change in ductiiity occurs.

equation {2) into equation (1) and solve for y.

Eq. (1)
Eq. (2)
Substitute

N
= 2 a0
y= a Ln (a n * ])
Also
NO- ny,
n = number 0of cycles per year
Yo © number of years to failure if there is no decrease
in ductility
Therefore
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Fig. 1. Desired Input Information for Treating Creep-Fatigue by
Strainrange Partitioning
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9)
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k)

10‘5r

0 2 4 6 & in 60
t(min)

Tensile sc.ondary craep = area under creep rate curve
- (2.75 x 107%)

Elastic stress range = 83.74 ksi
Elastic strainrange = 83:740 € = 3.96 x 1073
21.1 x 10

Trom fig. 2(b) Plastic strairrange = 7.60 x 30'2

From Fig. 2{e), total inelastic strainrange = AB = 1.67 x 10'2

“ransient Creep strainrange = to:al inelastic strainrange -

1.67 x 1072~ 1.50 x 1072 =

To' . tersile “"creep” for SRP purposes

= tensile sacondary creep + 0.1 x transient creep
=975 x 107 + 0.1(7 x 0% = 1.085 x 1073
Total compressive creep for SRP purposes = 0
b ® 0

B, = 1.045 x 1073

Bepy = Total inelastic strainrange minus ac = 1.5656x 1072

Trus Fpp = 9374 Fcp = 0626
Using Interaction Lamage Rule .0626 + 9378
26 233 N,

-Fig. 3. MNumericai Analysis of Strain-hold Problem.

plastis. strainrange
7 x 107

N, = 155
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Fig. 4. Analysis of Tensile-hold prcblem by engineering
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hold tests.
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Fig. 9. Llife retations for 10w strainrancec and long hold times for 316 SS

at 130Gf expressed with ho1d time as parameter.
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f =100 na.
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0.25 5
time (10 sec)
(a)
1. For quarter cycle I -~ = 6.8 x 10'4t t = sec. g=ksi
c=3.63x 107105 71 g g0y 3073 714,
(-25x 10°
{ . - b -
T | i ot = 879X 39 t M4 = 6.802 x 107
0
-E -
For tensile half creep strain = 2 x 6.802 x 107~ = 13.604 x 10™3
2. Stress range = 34 ksi  Elastic strainrange = EE—EQ%—T63 = 1.659 x 1073
3. From elastic and plastic life relations {or cyclic stress stvain curve)
. -3. -5
plastic strainrange for an ela: = straiarangeof1.652x10 ~is 7.934 x 10
-5 -3 -3
) =7 = -
4. bgpp 7.934 x 10 7, Accc 1.360 x 10 7, Ace: 1.659 x 10
5. Aet = &cpp + Accc + Aee] = 3.098 x ]0-3
-5
€. _7.934 x 10 - | = 058
PP 7,938 x 107 + 1.360 x 107
an -3
CC - 1.360 x ]0_5 3 = 9449
7.934 x 1077 + 1.360 x 10°
N
7. %; o L fee L Loss NI f
Mo Nee 222 x 103 60 x 30 Ne = 4,308
b, = 3.098 x 1073
f =10 nz
Fig. 15. i1lustrative computation for continuous stress ramping at iow

frequency and strainrange
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