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ABSTRACT

Strainvanpe Partitioning is a recently developed method for
treating creep-fatigue intexaction at elevated temperature. Most
of the work to date has been on uniaxially loaded specimens,
whereas practical applications often invelve load multiaxiality.
This paper will show how the method can be extended to treat
multiaxiality through a set of rules for combining the strain
components in the Lhre principal directions Closed hysteresis
loops, as well as p1abLlc and creep strain ratchuting are included.
An application to hold-time tests in torsion will be used to

illustrate the approach.
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INTRODUCT ION

Strainrange Partitioning is a method for treating clevated

=+

temperature, creep-fatipue interactions commonly encountered in
high—performénce components such as nuclear reactor elemenﬁs, pAS
turbine components, rocket nozzle liners, and other equipmant sub-
jected to reversed strain cycling in the creep temperature range.
Basically, the procedure invelves the partitioning of the entire
reversed inelastic strainvange into four generic cowpeonents
identified with the basic tyvpe of strain involved (i.e., creep or
plasticity), and the mamier in which the compunents of strain in
the tensile half of the cylee =re reversed by the compressive half
(i.e., creep reversed by crecp, creep reversed by plasticity,
plasticity reversed by creep, and plasticitv reversed by plasticity).
The concept is that the deformation mechmnieme invelved in revereal
types may differ from each other, resulting in possible differences

fe for each of the component types cven if the magnitudes of

,—J.

in L.
the strainrange is the same. A number of reports (1-7) have
recently been published describing the basis of the method, the
characterization of a number of materials according to its frame-
work, and its application vo a number of practical problems.
Most of the experimental work conductud to date in connection
ith Strainrange Partitioning has been on specimens subjected to

uniaxial stress. This, of vourse, is as well thoe case for all
other mcethods of creep-fatimue analysis. Unfortunately, practical
design situations for which the methods are developed, often

involve stresses in more than one direction. Since in many cases
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the regions of interest are at surfaces which are not.direcﬁly
loaded, the stress state is often biaxial,; however, triaﬁiality
carn be present in special cases. Thus, for the eventual usage of
any method, some procedure must be devised to extend it to include
stress multiaxiality. Ideally, also, it is desireable for the
extension to Le analytical, utilizing a funceional procedure to
interpret the multiaxiality in terms of experimental informacion
obtained under uniaxial stress. However, there is no reason to
exclude the possibility of requiring specialized multiaxial teses
for generating baseline data for more peneralized multiaxial use.
Stress nultiaxiality complicates the situation from the
standpoint of both the physical f{atigue mechanisms involved and
the analysis required te account for them. It is commonly observed,
for example, rhaﬁ under uniaxicl loading the crack starts in a
direction o! waxiuam shear stress at 457 to the applied lcading
directior, and,after small growth,prepagates in a direction per-
pendicular to the maximum applied normal stress. Thus, the ratio
of the shear stress to normal stress is L in the plane wherein the
crack starts, but is 0 in the plane wherein the crack propagates.

Under multiasxial loading, however, it is possible to obtain anv

desired value of shear-to-normal stress both in the crack initiation

plane and in the crack propagation plane. Since this ratio can
alter both the number of cyeles Lo initiate the crack, and the
rate at which the crack grows, it is important to recognize that

v wial tests may not contain the necessary information to permit
¢. asion to wultiaxial predictions.

Anisotropy 1s another facet of material behavior that is
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exaggerated under multiaxial loading conditions. 1f the material
has different propexties along dif{flerent planes or in different
directions, a multiaxial stress system can single out weak plances
upon which the loadings mwmay be more severe relative to their
strength than are the maximum loadings relative to the strength of

the planes that wust resist them. This i

~

s specially the case when
the multiaxiality results from two or more loading systems which
have different principal stress directions, a condition that is
further aggravated by the possibility of non-proportionality of

the loading systems. Here the resultant principal diveclions,
planes of maximum shear, octahedral shcar plancs, and other direc-
tions, or parameters entering into the computations of flow, fatigue
crack growth, and fracture are continuously changing with time, thus
proliferating the complexities of analysis.

It is aut surpvising, therefore, chat many appreaches have
been proposed for treating multiaxial fatigue failure. In a rcecent
paper Brown and Miller (8) cite 19 different eviteria that have
been investigated in the past, and conclude that all are deficient
in one respect or anotherf They add their own theory, bhased on
the concept that fatisue life depends on both the maximuh shear
strain and on the tensile sirain normal to the plane where the
maximum shear strain cccurs. In accordance with their theoavy,
ecach uniaxial fatigue test result provides only one datum point
on one curve in a family of curves that are required to completely
define the multiaxial fatigue characteristics. Additional biaxial
fatigue tests are required to complete the construction of the

characterization curves. As presented in Ref. (8), the new method
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has not yet been applied to considir effects of anisdtﬁopy, mean
straln, non-proportional loading aud high temﬁerature; however,
the authors point. to the need for further work iﬁ'these areas, and
indicate that tests now in propress are directed toward a start in
the dircction ol high temperature.

Indeed, their approach could well provide the basis for future

intensification of research into the many important fundamerital
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pects of multiaxiality under fatigue conditions. In the interim,
however, there is an urpent need for a practical approach with
which to treat this critical problem within the currently available
technology base.  The purﬁoso of this paper is to take a fivst step
in this direction and show how the method of Strainrange Partitioning
mipht be used to help satisfy this established need. To avoid the
uncertaintics the initiation/propagation dilemnma, we shall direct
our attentiocn primarily to the initiation of an "engineering size”
crack (5 crack of 3-4 grain dimensions deep, or of surface dimen-~
sion about .010 inch, whichever is the smaller). we‘shall also
conside~ only proportional loading, that is situations inbwhich'the
principal stresses roamain in constant proportion toe each other. it
is hoped that the procedurces described will later be extendable into
the noﬁwpropurtiﬂnal leoading range, and for other cra:k size ranges,
Frori the feregoing discussien, it is clear that multiaxialicy
of stress can add a wultiplicity of complexities in addition to a
multinleity of stress axes about which stresses must be osnalyzed.
Since the problems of multiaxiality have as yet been fully resolved

even in the sub-c¢reep range, it is a fwrther challenge to Strain-




range Partitioning to handle the 'wo added factors of bi-modal

straining {creep and plastic) and the necessary distinction between

tensile and compressive inelasﬁic deformation. In the following
we shall evolve a simple practical procedure that presents itself
as having engineering viability. Obviously it will nced further
development, just as do procedures using other f{rameworks for
treating creep-fatigue interaction. But {rom the discussion it
will be clear that the Strainrange Partitioning framework is not
in itself a barrier toward treatment of stress multiaxiality. We
shall first indicate the procedure, and then examine it in the
light of several limiting casecs and in connection with some recent

experimertal results to which the wmethod can be applicd.

BASIC CONCEPTS INVOLVED IN THE TREATMENT CF MULTTAXTALITY BY
STRATNRANGE PARTITIONING

It will be assumed that through conventional mechanics or
finite element analvsis the stress and strain components in each
of the principal directions are knom at every point in the cycle.
In other words, it will be assumed that Lhn hysteresis loops ave
known for all three principal divections. Actually, the computaticns
eading to such kuowledge of the principal stresses and strains

already contain within them the informotion for separating the

strainranges into their creep and plasticity component:s as required ?
for Strainrange Partitioning, since the constitutive equatiocons
used to make the calculations must necessarily involve relations

between stress and elastic strain, plastic slrain and creep strain.
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Basically, thercfore, if the eohntitutive equations are éonsistcnt
"with the equations uced to partition the strains, it should be
possible to retrieve the appropriate sfrain components difectly
from the computer memwory. Mowever, in order to present a general
procedure not rélated to the specifies of a given calculation
procedure, we shall assume here that only the stress and total
(unpartitioned) strain components are given at cech instant of
time within the cyele.

1. The cguivalent stress and strain parameters. The first

question to be resolved is how to characterize by a single para-
neter the net effect of the three components of stress and strain.
Since the initial purpese of such characterization is to permit
rheclogica calqulﬁﬁions (plasticity and creep), we shall specify
the Mises«Honéiy equivaient stress and strain be used for this
purpose (although furtlier study may reveal an improved procedure
based on other formulas for combining stress and strain effects).
Thus, at each instant of time within the cycle we form an equiwvalent

stress o _, and equivalent strain oo dccording to the equations

Ees

0o =J‘%’ VG =020 + (ogma)? + (cym0p)? (1)
J2o T RN
o = 5 V)T 4 Ggmeg)? F (egmry)? (2)

wheroe ays g, ugoare the principal stresses, and f1s €9 Ly AYe the

< 2

principal strains. In this discussion we shall assume that the
inelastic strains are sufficiently large so as to make the elastic
strains negligible from an engineering viewpoint. However, the

basic preocedure to be described lends itself also to the treatment



of small strains., [Ref. 9 (pp. 91. 92) shows how the treatment can

be altered by defining a new quantity o analogous te ¢ above,

e,t e

but wherein the strains e the total strains,

e f2,e 3,0 #E e

rather than the plastic strains.}] The first step in the procedure
is, therefore, te evaluate at each point in the cycle the equivalent
stress and equivalent strain from a knowledge of the individual
componencts of stress and strain already available from the
hysteresié loeps.

Whereas methods for treating multiaxiality on the basis of
the Mises-Hencky relations for the sub-crecep range make use of
only the peak wvalues of the equivalent stress and strain, the
treatmert in the creep range by Strainranyc Partitioning requires
the entire hystercesis loop te be kpown so "tensile” and Ycow-
pressive" crecp and plasticity can individually be identified for
partitioning purposes. From the values of equivalent stress and
equivalent strain at each point in the cycle, it then becomes
possible to censtruct an equivalent hystevesis leop wherein at
each instant of time the stress is the equivalent stress and the
strain is the equivalent strain. However, beforve this van be done
an algebraic sign must he assigned to both stress and strain.

The question of algebraic sign of eguivalent stress and
strain is important in any multiaxial andlysis. As expressed in
Eqs. (1) and (2), they are determined in mapnitude, not sign,
Consider, for cxample, the casc of uniaxial stress loading; strains
are, of course, trviaxial. When cowponents of stress and strain are
substituted into Egs. (1) and (2), the resultant cquivalent stress

is the uniaxial stress and the resultant cquivalent strain is the
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uniaxial strain., However, as the real uniasial stress goes from
tension into énmprussiun during ity variation in a fatipue test,
tie expression for cquivalent stress does not know to change its
sign unless sowmehow instructed to do so. A sine wave variation of
the real uniaxial stress reflliects itself into a double half-sine
wave, all above the horizontal stress axis. Some instruction is
therefore necessary to place the alternate half-sine waves below
the axis in order to end up with the proper stress range. In
Strainrange Partitioning this i1s especially important since the
signs of the stress and strain enter in a significant manner in
determining the life relationships. Thus it is important to
develop a convention for treating the signs of the equivalent
behavior ia the treatment of multiaxiality, at least to the extent

that when the multiaxial treatment is applied to a case of uniaxial

L
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Toadineg phoe »eeulrs will degenerate properly te the knowm kehar
for this simnle case. The wmanner in which this is to be done will
require detailed attention. However, a simple approach will now
be predicated, subject to later review.

Z i

2. A rulc c¢f rign for the dominant principal direction. A

rule that iwmediately sugpests itself is to give to the equivalent
stress and strain the siens of corresponding stress and strain at
the instant under congideration for the most important hysteresis
loop of the three. VWhen one of the components clearly dominates

the leading the decision can be unambiguous. Treatment of cases
where somo ambiguity exists will be discussed later; for the present
we shall assume that the dominant direction is chosen on the basis

of the dircction having the larpcest computed stress range, bo.
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Thus, at each instant of time the offecrive stress and swrain will
o computed from all the components of stress and strain
according to Bgs. (1) and (2), but the ulhchldiﬂ sighs of the

stress and strain will be the same as those of the dominant component

at the instant in question. HNote, of course, that the doninant
divection remains fixed, once it is established accordina to the
maximum stress range criterion.

Once an cquivalent hysteresis loop has been established, the
creep in the tensile and compressive halves of the equivalent
bysteresis loop can then be analytically determined, from which
the plastic {low components can be devrermined by subtraction fronm
the irlastic strain, Partitioning of the inclastie strainranpges
then follows readily (1), If the partitioning is t04bc performed
experimentally (&) a uniaxially loaded speeimen is caused te traverse

the same history of temperature and axial strain as required by the

-

evecin leoy.  Presumably tho loop oy

be generated by following cither the stress or strain history
identificd by the eguivalent hysteresis loop, since according to
the plasticity and creep theery invelved in the equivalent strecs

and strain concept, they should be completely compatiblie; following

m

one should automatically generate the other. However, this pre-
sumption wust be checked. The computation of life {rom the
partitioned 1ife relations is fully discussed in previous reports,
for example, Ref. (2).

3. Considevation of secondary divections. Te is thus clear

that once the effective hysteresis loop has been established, the

mechanics of treating triaxiality is no more difficult than treating

uniaxial loading. The method of establishing the magnitude of

R e C



effective stress and strain acr coch point in the cyele is clearcut:
in all cases it depends only on the three componets of each, which
presuably are known, However, attaching the proper sign to stress
and strain requires special consideration., As already noted the

first approach is to choose the dominant stress direction, and to

s

gear the signs of stress and strain of the cquivalent loop to those

that occur in the loap of the dominant component. But scmetimes
there is sone ambiguity as to which is the dominant component, and
urthermeve, it cammot. be automatically assumed Lthat the other

directions should not be eamrefully considered even if

their stresses

ave lower.,  This factor will now brieily be considered both to

point gut the preblem, te suggest a tentative criterion, and to

indicate some experimental studices that wmay help resolve the issue.
Conaider fivst the case of a blaxiel stress. Often biaxialit

is as poneral a situation as is eucountered from a practical point

ol view, since regions of practical interest are near surfaces

where the normal stress is zevro. Fipure 1 shows the two loading

£ dnterest.  In Case 1 the mineor principal stress <9 has

the same sign ag the major principal stress v An analysis of

life in which the sipn of the effeciive stress

is based on o, will

therefore net differ from tveatment based on oy since the magnitudes

of cquivalent stress will be the same in both cases, as will their

signs. Cuasc 11, in which the principal stresses arve of oppasite

sipn, howevevr, requires spocial attention.

To be specific, sssume that the loading in the dominant stress

divection 7y causes a CF type of strain. Thus in Tig. 2(a) the

hysteresis loop ARCD vefers to the dominant l-direction. Along BC

i ARG AT
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there is tensile creep strain, and along CDA there is compressive

plasticity. If the transverse o, stress is zero, there is still
[

transverse strain ¢,. Creep occurs while the material is contracting

-

diametryally, plascicity while it is expanding diametrvaliy., Viewed
diametrally, therefore, the strain assumes a PC aspect. HNo ﬁroblem
develops, of course, in interpreting the significance of this
strain in the simple uniaxial case where 09 = 0} it is precisely
the case for which CP strain is defined, hence the life must be.

that for the CP strain. : .

Consider, however, Fig. 2(b). Here we assume that the trans-
verse stress o, is finite but small relative to Gy. Say about 5-10
percent of ¢;. The hysteresis loop for the 2-direction A'R'C'D'

has now opened up. Most of the plastic strain in the 2-direction

fode

s still induced as a Poisson strain arising out of leading in the

axial direction. FEven though the hysteresis lopp A'B'C'D' has a

PC appearance, it is recognized to be induced transverse strain,

end not sufficiently significant to make an independent analysis

923

e

whereby it scrves as the basis for attachment cof signs to stress
and strain.

At wvhat peint should we consider a hysteresis loop in one of
the transverse directions to be sufficiently important to merit
consideration as a signatory pavameter? The question requires

experimental study, but at the very least it would appear that

the strain in that directiaon should be driven primarily by the

rection, not be the induced strain of stresses

in the transverse divection., Yor the case of bhiaxial stress this

cccurs when the gtress in the transverse direction is at least
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half the stress in the dominant axial dirvection. The eriterion for
proportional loading follows from the equationr for inelastic strain

(Ref. 9, p. 90).
(= 5% Loy = § o] | (3
Q

Consider Tig. 2(c). ABCD still represents the hysteresis
loop in the axial! direction. For simplicity it 1s shown to be the
same as ARCD in (a) and (b), even though transverse stresses affect
the axial deforwmation as well. The strain in the transvétse
direction &9 is composed of a component due to the application of
0, in the transverse direction, and a component due to the axial
Stress oq. iBoth components of strain are always in the same |
divection since it is hypothesized that 0o is of opposite sign to
oy. Thus it is obvious that when lczl » (1/2)] oy|, the major
component of sutrain in the 2-dircction will be due to the stress

a, in that direction rather tkan to the induced strain resulting

N

from the axial stress aq- Under this condition it is conceivable

that the apparent PC type of loading in the 2-direction can be
meaningful, rather than being merely a reflection of the CP loading
in the axial direction.

Two situations can develop whercin this quéstion is of con-
siderable importance. In the first it can be conceived that the
strain type in the major directions is PC but that a lesser trans-
verse load causes the transverse strain to be of the CP type. If
the material is such that the CP type of straiﬁ is more damaging

:

than CP, it should not be overlovked that the failure mode might

be governed by the CP straiun, even thoupgh the stress associated with

£y




this strain is not the dominant prineipal stress.  Second is the
possibility that the PC type of strain wmight be more damaging than
the CP type (as, for example, in 2 1/4 Cr-1Mo steel). 1In this
case, even though the major stress might he causing a CP strain,
the lower stress associated with the PC strain might actually be
the cause of the failure. Experiments arve, of course, neceésary

to verify these possibilities,~and to quantify the point at which
the signs of thé secdndnry stresses can become pov.raing, but until
this is done, a tentative rule can be hypothesized as follows,
first for the case of biaxial stress:

a. the basic parameters are the equivalent stress and equiv-
alent strain at‘each instant of the cycle. These arec computaed
according to BEgs. (1) and (2). Thus all the stress and strain
components in all the:three principal directions enter directly
into the computation of the stresses and strains to be.used in the
life analysis.

b. Identify the dominant principal direction as the one haQing
the largest range of stress acy . Use the signs of the stresses
and strains frow the hysteresis leop in this direction to provide
signs to equivalent stresses and strains as computed alove. Once
signs have becn attached to cach equivalent stress and strain,
construct a hysteresis loop of equivalent stress versus equivalent
strain. Then determine life, cither analytically or experimentally,
for a material under uniaxial leading displaying a hysteresis loop
identicel to the one determined from the equivalent stresses and
strains.

c. Now consider the other principal direction only if the
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the stresses ave of opposite sign to those of the dominant direction, L

1f the stress vange Vo, in this direction is at least half the

—

stress range day in the deminant direction, i.e., Aoz > 1/2 Aay .

repeat the above caleulatinn using the signs of stresses and strains
in this divection to provide the sipgns for the hysteresis loop of

the eguivalent stresses and strains. Again compute life on the

basis of the new bysteresis loop.

d. Use the lover life of the two computed lives as the con-

servative estimate of life.

Extensicn of the rule for triaxiality. The above rule can now

be extended by analogy vo the case of triaxial stress. Again, of

course. the dominmt direction is identified and used to provide

sipns to the equivalent stresses and strains. The 2- diroct ion is

[

important enly if its stresses are of opposite sign to K and Lf

its strGQQ range, vy is greatoer than 1/2 Aoi and 1/2:C. 1+<3) ;
The two criteria are needed to embrace the cases wh@rein |

ffl andir3 are cqual in sign and when they are-opﬁésite, When théy .
arce equal in sigﬁ the 1[2A(ul+n3) eriverion derives from the - : %
genevalization of Eq. (3) for triﬁxiality, wherein 9 is replaced
by (31403). When cl-and a4 are of opposite sign, it is conceivable,
however, that minor rransverse stress can take on more apparent

significance than is warvanted. TFor oxamwle whengi and qé are ' 5
equal but of oppostie sign, as in pure shear, any stress in the

-~direction would seem misleadingly significant; thus we retain the j

1/2 tay criterion as well to insure that swmall insignificant

stresses do not distort the apparent nature of the




governing strains. I these rulces are met, a calculation is made
of life based on a hystevesis loop of equivalent stresses and
straing which are given the signs of the stresses and strains in
the 2-direction. A similar analysis is make, of course, on the
basis of the 3-dirvection.

As before, the lowest 1if¢ caleculated on the basis of all
those meeting the stress criteria is the estimated life for the
pavrt.

The actual calculaticons, although based on the concepts dis-
cussed above, do not always invelve the direct construction of
hysteresis leops as described. Since the basic analytical solution
of the stress and strain distribution for the part being studied
requires the sepavation of strains into its creep and plasticity
components, the partitioning information is already contained in
the prior analysis; it is merely a matter of énmbinjng the stroins
into the quantities required for the Strainrange Partitioning
framework. The actual provedure will be discussed in a later sec-
tion on Rules. Before deing so, however, it is desirable to discuss
the basic concepts described abeve in relation to serveral commonly

encountered loading pacterns.

APPLICATION QF THE CONCEPTS TO SEVERAL LOADING PATTLRNS OF TNTEREST

Althourh the concepts deseribed requires extensive cexperimental
verification bzfore they can be generally adopted, the features
were chosen on the basis of the reasonableness of its predictions

in several caszes where experimental data are actually available;




or where they could be anticipated with some confidence. Some of
these cases will now be discusscd.  To make the examination explicit
we shall treat principally the cas- s where slow loadings in one
direction are reversed by rvapid loadings in the oppositu direction,
i.e., loadings which tend to produce CP or IC straing, and determine
how we would expect the material to behave under-thcse conditions.
Other tvpes of loadings will also be briefly discussed.

Uniaxial loading. To be valid, any multiaxial procedure
should dogenerate properly when appliced to uniaxial "loading. In
this case the magnitude of the cquivalent sticss computed by Eq. (1)
becomes simply the uniaxial styess, and the equivalent strain
according to Kq. (2) becomes the uniaxial strain. Thus any loading
histery in the axial direction will result in equivalent stress
and strain in exact sgrecment with the axial stress and strain.

N -} - 3 ~ - - . . 3 ~ . ' - P
Farthormore, since the only dircction having stross is

direction, this divecticen only will provide the sipgns for the

stress and strain., Thus, the hysteresis loop of the equivalent
stress and strain will he identical with the conventional hysteresié
loop for the axial loading for 211 types cof loading hisztory. The
corrveot rvesults will, thereforve, be osbtained by this method.

efore

ial loading in the

e T e ROy -5 P NP AL

discussing results in the creep vange, it is appropriate to examine

how the theovy would apply to low-cyele fatipue data in the sub-

crecp ranze wiicoh have been published to date., Zamrik 1 Goto (10)
have summarized the applicability of nctahedral shear . in for

computing life under biaxial low cycle latigjue and have concluded

that its uso is suitable. Since the octahedral shear strain and
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equivalent strain Eq. (3) differ only by a constant, it is apparent
that the equivalent strain criterion would be equally acceptable.
In the sub-creep range the inelastic strain only is required to
determine life, so neither the stress nor the entire hysteresis
loop is needed. Use of the procedurce outlined here provides the

same answer, therefore, as the octahedral shear strain approach.

£ course in these cases the only type of inelastic strain generated

is of the PP type; hence pértitioning is not an issue. However,
the important point can be made that the method as outlined degen-
erates propcrly to a correct treatment of low-cycle .fatigue in the
sub-creep range.

Dominant axial stress with small transverse tensile stress.

Consider now Fig. 3(a) in which a dominant stress is accompanied
by a small transverse stress. If the transverse stress is of the
same sign as the dominant stress it need not be consideved, in

any case, according to the criterion cited. Even if it is of
opposite sign. it will not be considered since it deesn't meet the
criterion that SEPE 1/2 Ay Therefore, only.the dominant stress
direction will be used to provide signs for stress and strain. The
hysteresis loop of cquivalent stress and strain will then resemble
the hysteresis loop of the dominant direction. The nagnitudes of
stress and strain are, howcver, affected to some extent by the
presence of the transverse stress. Thus Lifce will be affected to
a quantitative degree depending on the wagnitude of the transverse

stress and strain it produces.

dominant axial stress. Fig. 3(b) shows the case where the trans-




verse stress is at least half the dominant stress., If it is of

the same sign it does mean that the strain in the transverse direc-
tion is primarily governed by the stress in that direction, not
being mainly an induced strain of the stress in the axial direction.
If the stress and strain in this direction were used to provide
signs for the hysteresis loop of equivalent stress and strain, the
same results would be obtained as if the dominant direction were
used to provide signs. Hence the transverse direction can be
neglected in regard to a separate life calculation, although it
does, of course, affect life because of the effect on equivalent
stress and strain,  If the transverse stress is of opposite sign

to the dewminunt strass, the strain in thc_fransvcrse direction will
be povernced primarily by the stress in that direction, meeting the
specified eriterion, and requiring a separate calculation wherein
the sigos of strvsses and stralus in the transverce divection are
used to give sipns to the cquivalent stresses and strains.

Consider, for example, a long tension-hold in the dominant
axial directien, followaed by a rapid reversal to coﬁpression. The
dominant dirvection thus perceives a CP strain. In the transverse
divection the long hold is in compression (by dcefinition here,
since it is hypothesizoed that the transverse stress is of opposite
sign to the dominant-stress). Since the induced transverse strain
duc to axial tension is contraction, and the applied 1onding also

produces compressive strain, the long-hnold transverse compressive

—in
Ty

stress is accompanied by compressive strain, which is later rapidly
reversed teo tensile strain. Thus the transverse direction is

subjected to a FC type of strain. Vhen a hysteresis locp is con-

e
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structed from the cquivalent strenses and strains using the dominant
axial divection for signing, the cycls will be secen as a CP ceyelce,
while for the transverse direction it will be seen as a PC cycle.
The magnitudes of the strains involved iu both cases will, of
course be the same since they are calculated from the same quan-
tities entering into the equivalent strain. The life will then
depend on the relative dawmage of 5 CP or a PC strain for the par-
ticular material. If, as in some cases, the CP type of strain is
more damaging, then it will govern life. But if the material ‘is
more hiphly damaged by a PC type of strain, then the axial stress
will wnot really have an important influence on lite beyond adding
to the magnitude of effective stress and strain, In any case, the
computation should lead to a conservative cestimate of life, which
is desirable from a salety viewpeint.

At this time wo do not know whether the hypothesis as dcoe-
cribed is accurate, and whether materials will indeed behave as
predicated. An experimentsl program is required to detervmine the
validity ol this avproach in gencral, and to establish whether the
Ao, > 172 tay criterion is appropriate or whether a multiplier
other than 1/2 is better.

Equibiaxial tensile leoading. A practical biaxial stress in

which both principal stresses are in the same direction and of
cqual magnitude, as shewn in Fig | 3(c), is cften encountered ak
the center of symmetvical circular disks and other geometries. It
is also important in some thermal stress problems., Here, either
direction of loading can be considered domirant; the answer will be

the same. If the inelastic strainrange in cither of the dominant




principal divections is AT the strainrange in the thickness
direction is ERTSW and the cquivalent inelastic strainrange is 2heq
Thus the material will bave a lower life than a uniaxial specimen
of same linear strain of try. It skould also be noted that an equi-
biaxial stress may reduce the appavent ductility of the material,
furither reducing fatisue 1ife.  This subject is discussed briefly

in the next scection on Rules, but needs further study.

Note, incidentally, that while the strain is highest in the
thiclness direction, the poverning directions are the in-plane
principal directiong; they provide the signs for the stresses. Thus
if a CP type of loading is applicd, the effective hysteresis loop
will have a CP appearance oven though the strain in the thickness
divection has a PC character and is the largest. For a thickness
stress to be reaningful it would have to be of opposite sign (180°
oult of phase) Lo the in-plane stresses, and have a range at least
egual to the range of in-plane stresses, i.c. 1/2A(cl+02) = hoy-

Torsicn. VWhen the in-planc stresscs arc equal in magnitude

and opposite in sign, as shown in Fig. 3(d), pure shear stresses

n

cxist in the diacenal dircction. If the inelastic strainrange in
h o
the l-dirvection is feqs the inelastic strainvange in the 2-direction
is augs, and the inelastic strain in the thickness direction is 0.
- . . . L. 2 . . .
The equivalent inelastic strain 1sj: hey - Apain, the life is
¥3

lower than that for a uniaxially loaded specimen of strainrange Acy -

Consider now the case where "y is held for an appreciable
period in tension, and reversed rapioly in compression. This dime-

tion thus assigns a CP character to the effective hysteresis

loop. Also, by definition, the iy Stress will be applied in com-




pression for the extended period, and rapidly reversed in tension.

ssipgn a PC character to the

2

Thus the transverse direction will a

imposed loading. Since both are cqually dominant directions, the

procedure involved in the methed would produce two hysteresis loops

having stresses and straing of equal magnitudes, but having opposite

characters: one CP, the cother PC.  The predicted life will be the
lower of the two. Thus, for materials of lower life for CP than

PC strain, the governing hysteresis locp wili be the l-direction

characterized by C¥, but for naterials in which the PC life is

lower, the 2-direction will dominate the life relation. An example

involving the torsienal creep-fatipue recsulta of Zamrik and
Bilir (7) is given later in this repore,

Torsion vlus axial Yoading., This type of loading, common in
2 IR s tabiiel & (R

multiaxialirvy studies in order to extend the ranpes of stress

. . . . ] . i » - - o
ratioe CY?ﬁr]ﬂmptnliv achiavable, i« intoyostaneg brom geverygl AP (g -

points. First, it should be noted that the principal directions
depend on the ratio of the amount of teorsivi to axial loading. In
torsion the principal directions are at 45% Lo the anis, whereas
the axial loading preduces o domivant principal divection parallel
to the avis of the cylinder, a3 shown in Fig. 3(e). Thus, before
Egs. (2) and (3) can be applied to determine equivalent stresses
and strains, the true principal directions mast be determined.

This is not a difficult watter. 1f the leading is propertional -
that is, if the torsional and axial stresses are at all times in
constant ratico, then at least the principal stress divectiens do
not rotate during the loading. But if the proportionality is not

maintained (for example, by applyinpg a torsional load that is not
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s s - ¢} . . :
cither in-phase or 180 out-of-plase with the axial loading),
the principal dirvections continually change. Thus it must be

cmphasized that such cases require special attention. Because

PR

t is not possible to establish three invariant principal directions
about which to moke the type of analysis described, further work

is needed teo determine metheds of treating such cases. 0Of course,
similar difficulties are cncountered in the treatwment of such
cascs by methads other than Strainrange Partitioning. Furthermore,
these preblems omphasize anisotropy aspects because of rotations
of principal directions; so this subjiect also requires further

study,

CERERAL RULLS FOR FATIOUE LIFE ANALYSIS 1t MULTIANIAL LOADING

We shall now consider the implications of the foregpoing
discussion in relation te the actual process of performing the
life onalyvsis. 1t 1s assumed, of course, that an appropriate
stress-strain analysis will precede the favigue iife calculation
and that this aualysis will be as sophisticated as the analyst
is in a position to carry out. Because of the complex shapes of
the components of interesi, closed-form solutions are often replaced
hy finite-clement analysis. In either case, however, the deter-
mination of the correct stresses and sirains requires a series of
constitutive cequarions involving, separately, the plasfic flow and
the crecp components. Thus, it can be assuwmed that the individual

strain components in the chosen coordinate system will be available

within the solution, that is, the creep and plasticity compenents

Rl e



of cach strain will be known directly from the solution of the
system of equations involved. 1t then becomes werely a matter of
utilizing these alrecady determined valucg of strain within the
framework of Strainranpge Fartitioning to carry vut the life

analysis. The steps involved in the analysis ave thus as follows:

Step 1. Principal Stvess-Strain Analysis

First, the stresses and inelastic strains in cach of the three
principal directions must be determined threough analysis using
constitutive rclationships which reflect the cyclic nature of the
problem (i.e., cyclic stress-strain properties), the inf uence of
multiaxiality on flow resistance, and Che distinction between time-
independent (plasticity) and time-dependent (creep) inelasticity.
If it is possible to distinguish between transient and steady-
state (sccondary) creep, the transient portion should be reparded
as plasticity nnd only the steadr-state considered 2o the
important creep component. If not, treat the entire tiwe-dependoant
strain as creep.

Step 2. Creep and Plastic Strain Sceparation

Having performed the above aniaysis for the crucial loading
cycles of interest, the important process of separating the crecp
and plastic strains in the three principal dircetiens has already
been accoéplished. For proporticnal loading, the relative amounts
of creep strain to plastic strain will be the same in all three
directions.

Step 3. Effective Strain

The next step is to combine the inelastic strains in the

principal directions into a single quantity that represents the

o
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intensily of the straining level For this purpose, we will usec
the "effective" strain criterion which is based on the Mises-liencky

relation:

—
e [N

.

Coff T %ﬁ yétl_[z)y + (;2-c3)3 + (cqmryi
Since the eifective inclastic strain calculated by:this criterion
is propertional to the square root of the sum of the squares of
the principal strain differences, it is normally considered a
positive quantity. It is thus necessary to invoke criteria for
providing an algebraic sign to the effcctive strain so that "ten-
sile" and "compressive' strain fields can be properly distinguished.

oy

Step 4. Dominant and Secondary Directions

The sipgn of the effective inelastic strain will be taken as
the sign of the principal inelastic strain in the "dominant' -1

divection, i o the direction having the greatest ayelic rance

——

of principal stress. OQOccasiors may arise, however, when it will
be necessary to consider botn the dominant -1 and a secondavy -2

dircction for preoviding signs, as discussed ecarlier in this repert.

I

I;

iaxial Stresses - Consider the sipn eof the strain in a sec-
ondary -2 dircection only if the stress in that divection is opposité
in sign to the stress ir the dominant -1 direction and if the mag-
nitude of the secondary -2 stress range is gveatey than half the
mapnitude of the stress ranpe in tae dominant -1 direction, i.e.,
.'\"-2 > 1/2 ."h'-l.

Triaxial Stressés - Consider the sign of the strain in a

secondary -2 direction only if the stress in that direction is

opposite in sign to the stress in the dominant -1 direcliion and if -




boh of the following critevia ave satisf{ied:

Aay > 1/2 Aoy

A02 > l,,;':.\(uj '!‘03)

Step 5. Partitioned Stvainranges and Creep and Plastic

Ratchet Strains

The next step is to plot the effective inelastic strain his-
tory to determin: mazimum and minimum points from which "ten-
sile" and "compressive" half cycles of loading can be identified.
In order to facilitate the de iption of the rules for partitioning

the strainranges and vatchet strains, it is convenient to consider

two consecutive half cyecles made up of two minima and one maximum points

as shown in Fig. 4 and to make scveral self-cvident observations:

a) similay strains in the two halves of a cycle will tend to
balanuve one another, e.g., plastic strain in the tensile half will
tend to offset and pair with an equal amount of plastic strain, if
available, in the cowmpressive halfl. chanistically, this could
be thought of az a "partial healiung" process wherein the compressive

some of
plasiic strain is essentialiy undoing,the efiect of tensile plastic
strain CGhviously, the amount of plastic stvain in one direction

<i.—ils

that can be healed by plastic strain in the other direction can be

no more than the smalier of the plastic strains in the two directions.

The amount of this reversed plastic strain is the A{pp strainrange
and is thus cqual to the smallecr of the plastic strains in the
tensile (positive) or compressive (negative) direction;

b) applying the above argument to reversed ereep strains

leads to the defiuvition of the de . strainrange as being equal to
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the swmaller of the creep strains iu the tensile or cnmﬁressive

direction; . . .
¢) after balancing off the plastic straing and the éreep

strailns, there may bhe an unbalanced component of strainrange. If

tharo is excess plasticity in tenzion and excess creep in;compression,

the unbalanced strainrange As (or & if the types of strains

e
ju ep

e

these twe remainders, and any strain that is left over after the
three reversed strainvanges (PP, CC, and PC or CP) have been
gecomnued foer 1s thus the ratchgt styain, &p SLAEP On this basis,
it can be shown that the partitioning can be accomplished through
the fellowing rules: Relerving to Fig. 4.

e ‘.'-) E- I I S
Let A 2,p T Thp

plastic surain for "tensile" half of cycle (minimum

i

N T
COO AT

\C
&, = . bl

2 v2.¢ “l,c¢

= creep strain for "tensile" half of cycle (minimum to
mastinam) ’

™
A'.‘, = ora Al

3 2,p 3.p

= plastic strain for "compressive' half of cycle (maximum
to minimun)

L0

,\g T oty 0T :‘-3 e
= creep strain for "compressive” half of cycle (maximum
to minimum)

\

o

o2

b or A

ni = larger of Ag



AL = smaller of A or Ag
C ¢ c
Ay = larger of A, or Aq

=
w
i
faay
o
[ ]
‘
-4
o>
(o

= inelastic compressive strain {(point 2 to point 3)

i

B, = smaller of B2 or B3 inelastic strainrvange Avy

n

1
then |
:
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= A1 -4 AS - Bq; Tensile if AT = AL , Compressive it
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i
=g
faale
1
™
Jod
Nplel

=AY+ AP - B.; Tensile if AY = A; , Lompressive if
da -

Perform the above calculations using the dominant -1 direction as

the sign donor for effective strain. Repeat for each sccondary -2




direction as the sign donor which satisfies che triaxiality stress
condition earlier in Step 4.

Step 6. Life Relationships

Partitioned strainrange versus cyclic life relationshibs for
use in life prediction can cpme from uniaxial results siﬁce the
effective surain is defined such as to be egual to the axial stfains
in an axial test. It is sugpested that the life relationships. for
tensile creep and plastic ratchet strains can be based on the
linear exhaustion of ductility concept. An éxample of the partitioned
strainrange versus life relationships for anncaled 316 stainless
steel at 1300°F is shown in Fipure 5 wherein all of the time-
dependent strain has been considered to be creep (Ref. 6). It may
be desirveable to alter these relationships to account for ductility
reductions hrought about by exposure, or environmental efflfects, and
by triaxialiry effects  Triaxial effects will be addressed in
Step 8.

Compressive ratchet strains probably do not lead to rupture
type failures and hence are not considered damaging from the stand-
point of creep-fatigue, althcough geometric instabilities may fesult,
leading to localized Euckling type failures.

Step 7. Interacticon Damage Rule

For each set of calculations from Step 5, determine the cor-
respanding lives from the life relationships of Step 6, and apply
the Imteraction Damage Rule (2) modified to include the ratchet

terms. The damage per evcle due to all terms is therefore:

-~ -

‘ Fpp ce “ep Fnc 62 be 1
Damage Cycle = ook T + B + 5 + o

PP ce cp pc P c £
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where
F = \: .\:- " = .~ l‘ 3 : o : :. "' = L] i
pp “pp/“ln' lcc I\Lcc/\(lu, lcp A(Cp/mln' lpc (‘ch/AL
1 L = z ': .~ S} ':;'.- ‘—‘l .. '-'.’)- = 3 = - i +l' . )
A€ in total inelastic strainrange bS ALPP the .. fLCp (or £
5p = plastic ratchet strain per cycle
i, = creep ratchet strain per cycle
Db = plstic ductility = —ln[lm(RA)p], where (RA)p = reduction
of area in tensile test
DC = creed ductility = -1n [1-(RA)C], wvhere (RA)C = reduction

of area in creep test

N = PP life, read for PP relationship ucing inelastic strain-

range, ho.
Re,heyy,

N_ = CC life, read from CC relationship using ineclastic strain-

ranee A

N, = CP life, read from CP relationship using inelastic

cp
strainvange, A,
- in
Npc = PC life, vead from PC relationship usiny inclastic
strainrange, e, '
) ange, ftig
Ne = expected cyclic life if above cycle is repeated until

failurce.
Solve for Ny using the dominant and sccondary direcrions for cign
donors for the effective strain. TFovr conservatism, take the lowest
life. A still more conservative estimate can be obtained by con-
sideration of the triaxiality factor, as discussed below.

Step 8. Triaxiality Factor

Before the life relationships, basad on axial tests, are used
in making finalized life predictions for multiaxial situations,
recognition should be made of the ductility reductions that are

created by the presence of a triaxial tensile stress state. The



e gt = S
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triaxiality factor, TF, introduccd by Davis and Connelly (Ref. 1l1)
and Turther developed by Manjoine (Ref. 12) is used herein to
indicute the reduction in cyclic strain resistance introduced by
tensile hydrostatic stress states.

ny, + o, 4+ o
-

IS 7 N
Tj_ \s]~02)‘ +- (02—43)' + (ug-ol)’

zrr

i
"

As a [irst approximation, we shall foliow Manjoine's (Ref. 12)
gurpestion that ductility be reduced by dividing by T.F. It
should be poinvred out, however, that in some cases T.F. can he

less than unity; for example ir pure gorsior it is zero. 1f the

ductilitv-modification rule were applied to torsion there would be

an iwmplicd fnfinite increase in ductility due to the nultiaxiality.

hog

Henee, for conservatism we shall apply the vule only for T.F. » 1.

) et . B L2 D4 it 4 o (B IS EER A T o
Reoduotdtona In duerilivy alifect hotdy the ratehoting

wr! tho

fatigue compenents in the life relations. For the ratcheting com-

poneni's we simly reduce Dp and Dc by dividing their values deter-

mined in a undaxial test by T.F.  For the fatigue components the

proflom is somewhat more comples. As a simple approximation, we

asvume that the offcct can be inwreducaed by dividing each life

N . . l/m . .

value an. Nego dcp and N by (L. F.) /R oheve wois the appropriate
] : -3 i

-ni

.

exponent in the life relation s: = ANf for eich of the strain-

ranne components.  For exauple. if the exponent in the NPP relation
is =0.6, and that in the Ncc relation is 0.8, Nﬁp will be divided
i

L1706 03 . '
by (T.F) 0 e e a7 g n_, will be divided by (1.F.)1023

before applyving the Interaction Dumage Rule to determine the damage
component. pur eyceie.  this approach follows by analegy to the

Universalized Lifeo Relationship Jdiscusscd by
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Manson in Ref. 2.

As pointed out by Manjoine in Ref. 12, the ductility correction
should:dcpcnd on the strain rate sensitivity of the material,  Thus,
further work is required to refine the simplificd rule proposed

above.

w

tep 9.  Ron-Propertional Loading

Initially, we have considerced propovtional loadine in which
the stress (and inelastic strains) in the principal directions aro
proportional to ednch other at all times and hence pass thvouph
zero at the same time. Extension to nen-proportional toading can

be based on analogous rules, but will require further study.

TLLUSTRATIVE EXAMPLE

To illustrare the nga aof cpe ahove »deg, an oxarmesiag

-

will be analveed using the hiph-temperature torsional strain-
cveling resules of Zameil and Biliv (Befl. 7) Lo compare cxperi-
mental lives and predicted lives. In pasvicular, test number 13

will Dbe used as the example.  The matervial is ATST Tyne 304 stain-

L . . . . 1 aan0s
less stecl tescved in completely reversed tersional strain at 12007F.

Since rthe speciwens were thin-walled tubes which were instrumented
for twist and roraue measurements thoere was no need for the principal
strogs-strain analvsis called cut in Step 1. The stresses and
inelastic strajins were measured divectly., Sepavation of the creep
and plastic strains was accomplished by dircct observation of the
tersion hvsteresis loop. Creep was introduced by holding at constant

stress in Loth the clockeisce and counterclockwise divections. All
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time- dependent incelastic strain was considered to be creep.  An

example schematic cyele ef torsicnal stress,

VOersus

loon,

styraining,

torsiennl

-
ci f

time is shown in Fip.

to rateheting is involved in this exauple,

shear

v, and strain, vy,

For torsional

the effcerive inelastic strain - o0 is related to the

strain v+ by the relation:

0.577
/

Torsioual straining is ruthe%ﬁ}ique in that there are two equally

. . . LN .
“"dominant" directions (both 4% heliz anples on the tubular speci-

nen)d .
critevion

(Fip. 7):

And

O

4 00415

A sceondary direction noed not be considered since the

I Step 4 dees nat require it.  For the case at hand

-. 00156

= - 000674

Y1,¢
4. 00259 9 e = 4, 00571
- 00727 €g o = -. 00193
¢

-, 00088 AL = -.00674

-l
P s -

LOD98E A = 01245
N )
1a

eys e ¢ .

00415 Ay = 00674

L0166

Q166

L0Leh

6 along with a sketch of the hysteresis



e = 0.00415 l

Pt {(for both Jdominant dircctions)

3 = 0, 00674 3
Aeae 0
Sy = 0.00571

L (considering one dominant direction)

A
“fpe = 0 _5
Aepo = 0.00571

P (considering the other dominant direction)
~ = ]
JQCP 0
5= 0C 1

P \ (for both dominant directions)
N = 0 P

c
Foye 0,250 ]

Pl - (for both dominant dJdirections)
o= 0,406 j

ce
F o = 0,244

¢t {congidering one dominant direction)
Foo=0

l’)(
'r'DC = 344

: {considering the other dominant dircccion)
F = 0

cp

For the elfective inelastic strain range of 0.0166 (from Fig. 5),

N = 745

PP
) = 194

ce
N\ . 2 )
hcp 4 ]./._
N = 216

pc

For the
not be ¢

cyclic !

case st hand, TF

onsidered, so we

ife.  The Inter

= 0. Hence, the triaxiality factor will

can po directly to the prediction of

clion Domaze Nule is written as:
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0.250 , 0.406 ., 0.344 _

55t Tieg t Ty Nf (ior onc dominant dircction), NE 33

0.250 0.406 0.344 _ )
st gy t

The lower life is taken as the expected life, i.e., 55 cycles to

failure. This is in exceptionally good agrecment with the observed

life of 60 cycles rveported by Zamrik and Bilir (Ref. 7). The

above analysis was then applied to the remaining 13 tests of Ref. 7.

Predictions were reasonably successful as indicated in Fig. 8a in
which observed lives are plotted versus predicted. Note that the
predictions were the least accurete for the PP type tests. Further
examination reveals that better PP predictions could be obtained

if the axial life relationship fer PP had been determined using
AISI Type 304 stainless steel tested at 1200°F. Weeks et al (Ref.
13) have reported results for PP testing under these conditions
with a cycllie siralning rate of 4 x 17" sec'l, which 1s equivalicnt
to the cyclic rates employed by Zamrik and Bilir in torsion.
Unfortunately, reliable CC, CP, and PC life relationships are not
also available for 304 stainless at 1200°F. Hence, the relation-
ships for 316 stainless used earlier are the bast estimates at

this time. Recomputation of the predicted lives was then made
using the more appropriate PI' life relationship. The results

were improved as cvidenced in Fig. 8b.

SOMHE ASPECTS REQUTIRING FURTHER STUDY

The sugpested method, while consistent with the general

treatment of multiaxiality in the sub-creep range, and with some

199 26T Ne (for other dominant direction), Ng¢ = 25C

SR



experimenral results in the cveep range, still requires considerable
developuent before it can be adopted for peneral use.  Among,
numerous aspeets that still require study are:

Rheological Aspects. The use of equivalent stress and strain

»

as the governing quantities. Essentially these are the octahedral
shear stresses and strains commonly used ia rheological relations.
It is possible that masimun shear stresses and strains would be
more appropriate for the rhecological aspects, and that stresses
and strains narmal to the plane of maxipum shear would produce
better results. Use of such quantitics, or others, mipht have the
added advantage that they do not require a special scheme for
attaching signs, since they carry their own sians,

Sign bonor. Verification of the proposcd procedure for
attaching signs to the equivalent stress and strain quantitics,
espealally whenl Ch0 8Lo0hkadry Lransverse oV essas Are appLreg abre
relative to the Jominant stress. Is the % rule (Lransverse stress
of opposite sign and 1/2 of dominant stress) a volid one in all
biaxial cases

Triexiality. Treaument of triawiality. Again, the rules are
designed to give credence to the possibility of a4 lesser stross

range governing the nature ol eguivalent strain provided that the
strain in that direction is poverncd primarilvy by the stress in
that direction, rather than being induced from stresses in the

be

other dircctiouns.  However, the 0% rule used here must zlso
further studiced. Perhaps a more appropriate multiplring factor
can better be determined by direct experiment.

Partitioning. Verification of the partitioning process -



both analytical and experimental . This ioncludes the study of the
creep laws under triexial stresses,

Small TInclastic Streins. Treatment of cases involving small
inelastic strains., The discussion presented assumed that the
inclastic strains were dominant. When the strains are small, how-
ever, inaccuracics in the determination of inelastic strain deter-
mination can eause sipnificant errors, and it is best to deal with
total strains rather than inclastic strains. The procedure involved
in sub-creep analysis has already been devised by the author in
Ref. 9. This treatment can serve as a framevork {or the extension
to the bi-aodal deformation of Strainranye Partitioning,

Non-lroportional Loading.  Treatnent of non-prepoertional
stress and strain patterss,  The point has alrcady been made that
vhen the loadings contreibuting to the stregses and strainsg are non
Proporticonags, Lo proonloms coan dovescp. 1 the poaacipal axes oxn
the leadines are iined, then the princinal directions de not chanpe,
but the divection that governs the most severe loading presents a
qi. ctlion. 10 the principal directions of one couponent of lecading
is different from the othev, then the priancipal dircctions of their
resultant constant by chonpes, adding a sccond problem, cmphasizing
anisotropy, cte.  Cases invelving cowbined mechanical and thermal

leading are exsmples here,  ‘The metrhod must be extended to handle

such problems.

Dominant Dircetion Criteria. Clarificetion of the signing
criteria on the basis of stress ranpe. As tentatively presented,
the eriterion fov evaluating the signing potential of a given

direction was hoased en stress range. Y6 is conceivable that maximum



values may be wore sipnificant thm ranges for this purpose,  This

question should be studied further,

Crack Initiation and Propagation. Sipnificance of the non-

coincidence of crack initiation and crack propapation plancs. This
is a common problem for all potential appreaches to the treatment
of multiaxiality, but is of special fmportance in methods using the
octahedral shour stresses and strains as cperating pavauclers since
the je parameteors are expeeted to be more valid in relating {low

chavacteristics than {racturc characteristics. Planes featuring
inelastic deformation are dominant in causing crack iniviation, but
may be of lesser importance in relation to crack prowth.

Aunisctropy. Significance of anisotropy, since many conponents
subjected to triaxwial stress (such as tubes and evlinders) are
formed by processes that tend to induce anisotropy. Apain, the
questions of crack initiation and propagation deminace.

Critical Experiments. Verification of the method in casces
where cother metheds predict conflicting results,  Critvical experi-

ments are alwiays welcewme to ald in clarifving opposing viewpoints

Such experiments must be designed and conducted.

CONCLUDING REMARNS

The forepoing discussion has illustrated that it is possible
to formulate relatively simple procedures {for fatigue life analysis
in the creep temperature range using the {rameworl of Strainrange

le many questions stil)l require

roe

Parcitioning as the basis. Wh

resolution, this is likewise truc of alternacive wethods. The
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illustrative example of the tornicral specimen subjected to

various hold-time patterns serves to demenstrate thax good pre- . .

dictions c:an be made by this method for complex cascs
‘I'

It serves, in fact, to sugpest

cortain eritieal tests that can be conducted to check the validitf‘i;j
of this or other methods Lo provide suitable procedures for analjsfﬁ.
Since this exwample provides equal CP and I'C loadings on elements |
at right anples to each other, the directionr of crack initiation
dopond o

shouldgeritically on whether the CP or the PC strain type is more
damacing.  “Thus, for o material like 316 stainless stecl, the

failure should initiate in the divection at 45% to the axis which
develaps the CF strainvanpe during strain-hold., A material such

as 2 1/4 Cr-1Mo, for which the PC type of strainrnage is wore

damaging, should develop the crack in the direction associated with

S KRN N PO . Lo v PR
v ""'u‘-,- hu r LG abrecUions

- T
CitaNd . v, ERS -~

of crack iniviazion for 316 stainless steel should be at right

anyles to that feor crack initiation in 2 1/4 Cr-llio steel. Such ?
a crivical experiment, invelving both =sm ambiguity éf direction
for-cerack initiation, as well as the usual question regarding the ! :
:
numb:er of cycles required to start the crack, could provide an §
excellent benchuoerk problem to test the capabilities of Strain- g
range Partiticning as well as other alternative methods of g
analysis. §
é
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