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ABSTRACT

Strainrnnge Partitioning is a recently developed method for

treating creep-fatigue interaction at elevated temperature. Most

of the V7orh to date has been on uniaxially loaded specimens,

whereas practical applications often involve load inultiax'iality.

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 three principal directions. Closed hysteresis

loops, as well ;jy plastic and creep strain ratchotinR are included.

An application to hold-time tests in torsion will be used to

illustrate the approach.
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INTRODUCTION

Strainrange Partitioning is a method for treating elevated

temperature, creep-fatigue interactions commonly encountered in

high-performance components such as nuclear reactor elements, gas

turbine components, rocket noszle liners, and other equipment sub-

jected to reversed strain cycling in the creep temperature range.

Basically, the procedure involves the partitioning of the entire

reversed inelastic strainrange into four generic components

identified with the basic type of strain involved (i.e., creep or

plasticity), and the manner in which the components of strain in

the tensile hnlf of the cylce ire reversed by the compressive half

(i.e., creep reversed by creep, creep reversed by plasticity,

plasticity reversed by creep, and plasticity reversed by plasticity)

Thf concent: is that thp dp format ion irieelK'?T> ̂?'!S involved in rf'\"?y'al

types may differ from each other, resulting in possible differences

in life for each of the component types even if the m<!gni_tu_djLS °f

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 co a number of practical problems.

Host; of the experiir.ent.al work conducted to date in connection

with Strainrange Partitioning has been on specimens subjected to

uniaxial stress. This, of course, is as well the: case for all

other methods of creep-f atif.;ue analysis. UnforLunately, practical

design situations for which the methods are developed, often

involve stresses in more than one direction. Since in many cases



the regions of interest arc at. tuir faces which are not directly

loaded, the stress state is often biaxial; however, triaxiality

car* be present in special cases. Thus, for the eventual usage-of

any method, some procedure must be devised to extend it to include

stress nm] tiaxiality. Ideally, also, ii: is desireable for the

extension to be analytical, utilizing a functional procedure to

interpret the multiaxiality in terms of experimental information

obtained under uniaxial stress. However, there is no reason to

exclude the poHf.iihi.lity of requiring specialized >m.ilt:.i axial tests

for genera tin;], baseline, data for more generalised inulli.ax.ial use.

Stress Riultiaxiality complicates the situation from the

standpoint of both the physical fatigue mechanisms involved and

the analysis required to account for them. It is commonly observed,

for example, that under uniaxial loading the crack starts in a

direction oi uaNiuum shear stress at 4 5'" to the applied loading

directior, and, after small gs:o\ci:h> propagates in a direction per-

pendicular to the maximum applied normal stress. Thus, the ratio

of the shear stress to normal stress is 1 in the plane wherein the

crack starts, but is 0 in the plane wherein the crack propagates.

Under inultiaxial loading, however, it is possible to obtain any

desired value of shear-to-noi'nial stress both in the crack initiation

plane and in the crack propagation plane. Since this ratio can

alter both the number of cycles to initiate the ci:ack. :.md the

rate at which the crack grows, it is important to recognize that

•i. -rial tests may not contain the necessary information to permit

t. ision to vnultiaxial predictions.

Anisotrony is another facet of material behavior that is



exaggerated under multiaxial lo.uii np, eondi trions. If 1:1IG nviterial

has different properties along different, planes or in different

directions, a multiaxial stress system can single out: weak pianos

upon which the. loadings may be more severe relative to their

strength than are the maximum loadings relative to the strength of

the planes that: must resist, them. This is specially the case when

the multiaxiality results from two or more loading system;; 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 directions,

planes of maximum shear, octahedral shear pianos, 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 not surprising, therefore, chat winy approaches have

been proposed for treating multiaxial fatigue failure. In a recent

paper Brown and Miller (8; cite 19 different criteria that have

been investigated in the past, and conclude that all are deficient

in one respect or another. They add their own theory, based on

the concept that fatigue life depends on both the maximum shear

strain and on the tensile strain normal to the plane where the

maximum shear strain occurs. In accordance with their theory,

each 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 Rsf. (8), the new method



has not yet been applied to consi.'.lor effects of anisotrop'y, mean

strain, non-proportional loading and high temperature; however,

l:hc author::; point, to the need for further work in these areas, and

indicate that: tests now in progress are directed toward a start in

the direction of high temperature.

Indued, their approach could well provide the basis for future

intensification of research into the many important fundamental

aspects of riultiaxiality under fatigue conditions. In the interim,

however, there is an urgent need for a practical approach with

which to treat this critical problem x̂ ithin the currently available

technoloj.;v base. The purpose of this paper is to take a first step

in this direction and show how the method of Strainrange Partitioning

might be used to help satisfy this established need. To avoid the

uncertainties the initiation/propagation dilemma., we shall direct

our attention primarily to the initiation of an "engineering size"

crack (a 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 in which the

principal stresses remain in constant proportion to each other. It

is hoped that the procedures described will later be extendable into

the non-proportional loading range, and for other crank size ranges.

From the foregoing discussion, it is clear that multiax.iali.ty

of stress can add a multiplicity of complexities in addition to a

muitipicity of stress axes about which stresses must be analysed.

Since the problems of nuiltiaxiality have as yet been fully resolved

even in the sub-creep range, it is a further challenge to Strain-



range Partitioning to handle the "vo added factors of bi-moda!

straining (creep and plastic) and the necessary distinction between

tensile and compi'essive inelastic deformation. In the following

we shall evolve a simple practical procedure that presents itself

as having engineering viability. Obviously it will need further

development, just as do procedures using other frameworks for

treating creep-fatigue interaction. Hut from the discussion it

will be clear that the Straiurange Partitioning framework is not

in itself a barrier toward treatment of stress multlaxiality. We

shall first indicate the procedure, and then examine it in the

light of several limiting cases and in connection with some recent

experimental re.sul ts to which the method can be applied.

BASIC CONCEPTS INVOLVED IN THE TREATMENT OF MULTIAXTALITY BY

STR A T M RANO E PA RT1TI ON I Nl-

It will be assumed that: through conventional mechanics or

finite element analysis the stress and strain components in each

of the principal directions are kno*?n at every point in the cycle.

In other words, it will be assumed that the hysteresis loops are

known for all three principal directions. Actually, the coniputaticns

leading to such knowledge of the principal stresses ami strains

already contain within them the information for separating the

strainranges into their creep and plasticity component:-! as required

for Strainrange Partitioning, since, the constitutive equations

used to make • the calculations must necessarily involve relations

between stress and elastic strain, plastic strain and creep strain.



Basically, therefore, if the cons'.itut.ive equations are consistent

with the equations u?ed to partition the strains, it: should be

possible to retrieve the appropriate strain components directly

from the compute!" meirory. However, in order to present a general

pi'ocedure not l'elated to the specifics of a given calculation

procedure, we shall assume here that only the stress and total

(unp<\!rtitioned) strain components are £.iven at each instant of

time within the cycle.

1- The equivalent ŝ rej5s_ami_̂ tj.̂ a_ii]̂ par̂ i]i_(ŷ r_s_. The first

question to bo resolved is how to characterize by a single para-

meter the net effect of the three components of stress and strain.

Since the initial purpose of such characterization is to permit

rheological calculations (plasticity and creep), we shall specify

the Miscs-Honeky equivalent stress and strain he used for this

purpose (although further study may reveal an improved procedure

based on other formulas for combining stress and strain effects).

Thus, at each instant of time v:.ithin the cycle we form an equivalent

stress no, and equivalent strain c , according to the equations

oe = ~ fr-f^)' + (o2-^)
2 + d'3-Oi)2 (1)

J'l
-e - y v V L l " l - 2 - ' " " v ' 2 " t : 3 Jce = T \/(':l-l-2): 4 (t:2"c3)

where a,, r,;> l3~ are the principal stresses, and r- , c9, (_ are the

principal s1. rains. 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 procedure to be described lends itself also to the treatment



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

be altered by defining a new quantity v % .. analogous to t , above,

but: wherein the strains t, r.., , c., ,. are'the total strains,
1,1. / , I. J , t

l-nther than the plastic strains.] The first step In the procedure

is, therefore, to evaluate at each point in the cycle the equivalent

stress and equivalent: strain from a knowledge of the individual

eovnponenets of stress and strain already available from the

hysteresis loops.

Whereas methods for treating multiaxiality on the basis of

the Mises-Hencky relations for the sub-creep range? make use of

only the peak values of the equivalent stress nn<\ strain, the

treatment in the creep range by Str;-iinran,;:,c Part: j tioninf; requires

the entire hysteresis loop to be known so "tensile" and "com-

pressive" creep and plasticity can individually be identified for

partitioning purposes. From the values of equivalent stress and

equivalent strain at cich point in the cycle, it then becomes

possible to construct an equivalent hysteresis loop wherein at

each instant of tiir.e the stress is the equivalent stress and the

strain is the equivalent strain. However, before this can be done

an algebraic sign tnust be assigned to both stress and strain.

The question of algebraic sign of equivalent stress and

strain is important in any wultiaxial analysis. As expressed in

Eqs. ('1) and (2), they are determined in magnitude, not sign.

Consider, for example, the case of uniaxial stress loading; strains

are, of course, triaxial. When components of stress and strain are

substituted into Eqs. (1) and (2), the resultant equivalent stress

is the uniaxial stress and the resultant equivalent strain is the



uniaxial strain. However, as the real un.ia>:ial stress goes from

tension .into compression during its variation in a fatigue test,

the expression for equivalent stress does not know to change its

sign unler-H somehow instructed to do so. A sine wave variation of

the real uniaxial stress reflects 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 and up with the proper stress range. In

Strainrange Partitioning this is especially important since the

signs of the stress and strain enter in a significant manner in

determining the lii'e relationships. Thus it is important to

develop a convention for treat in;1, the signs of the equivalent

behavior in the treatment of mul tiaxinlity, at least to the extent

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

1 n-«!in;<; t'1-:1 "i*r>«ijlr.P '•.'ill degenerate properly tc the kr.o'.<n behavior

for this simple case. The manner in which this is to be done "will

require detailed attention. However, a simple approach will now

be predicated, subject to later review.

2. A__rule of .c"--fin for the dominant principal direction. A

rule that immediately suggests itself is to give to the equivalent

stress and strain the sirns of corresponding stress and strain at

the instant under consideration for the most important hysteresis

loop of the throe. When one of the components clearly dominates

the loijdinj; the decision can be unambiguous. Treatment of cases

where some ambiguity exists will be discussed later; for the present

we shall assume that the dominnnt direction is chosen on the basis

of the direction having the largest computed stress range, Ao.



Thus, at each instant of time tlv effective stress ;iml .••.train will
bo computed from all the compono:i! s of stress and strain
according to Ikjs. (i) and (2), but the al/.ebraie sip,ns vf who

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

at the instant in question. Hole, of course, that the dominant

direction remains fixed, once it is established according to the

maximum stress range criterion.

Once an equivalent hysteresis loop has boen established, the

creep in the tensile and compressive halves of the equivalent,

hysteresis loop can then be analytically determined, from which

the plastic flow components can bo determined by subtract ion from

the ir elastic strain. Partitioning of the inelastic strainranges

then follows readily (1). If the partitioning is to be performed

experimentally (4) a uniaxiaily loaded specimen ii.' caused to traverse

the same history of temperature and a_xj_aJL_ s_fra_in as required by the

erffic_!r_iv£_.r_Lr:iin in rh? Lyr: terrain lor.p. .(''"or; u;r,aL3y r.h:: loop <v.y

be generated by fo.l lowing eithc-.r the stress or strain history

identified by the equivalent hysteresis loop, since according to

the plasticity and creep theory involved in the equivalent stress

and strain concept, they should be completely compatible; following

one should automatically generate the other. However, this pre-

sumption must be checked. The computation of life fron the

pai'titioned life 1'elations is fully discussed in previous reports,

;"or example, Ref. (2).

3. Consideration of secondary _di reel i ons . Tt i:: 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



of.foe live stress and strain at C;I..';I point in the cycle is cleuvcufc:

in all cases it: depends only on the- three componets of coch, which

presumably are known. However, attaching the proper sign to stress

and strain require:; special consideration. As already noted the

first approach is to choose the do«riaTant^_tre_ss_di_reccijon, and to

j;oni" the :;ir,n.s of stress and strain of the equivalent loop to those

that occur in the. loop of the dominant component. But. sovne times

there is so:;.e a'nbip.uity as to which is the dominant component, and

Iurt.her!'!!>re, it eaiiMot.be automatically assumed that the other

directions should not In1, carefully considered even if their .stresses

aru lower. This factor will now briefly be considered both to

poLm: out the problem, to suggest n tentative criterion, and to

indicate r.os.'e experimental studies that may help resolve the issue.

Consider first The. case of a biaxial stress. Often biaxiality

is a;; general a situation as? is encountered from a practical point

of view, since i ts'.ions o r practical interest are near" surfaces

where the? normal, stress is r.<ivo. Figure 1 shows the two loading

types of interest. In Case 1 the minor principal stress oj has

the .snine sir,n as the major principal stress i>,. An analysis of

life in vl̂ .ich tiic sip.n of the effective strony is based on o ? will

therefore not differ from treatment based on o, since the magnitudes

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

si^ns. Case 11, in which the principal stresses arc. of opposite

sign, however, requires special attention.

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

direction "•. causes a CP type of strain. Thus in Fig. 2 (a) the

hysteresis loop AHCD refers to the dominant 1-direction. Alonp, BC
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there is tensile oreep strain, and nlon^ CDA there is comprossive

plasticity. If the transverse o,} stress is aero, there is still

transverse strain c>. Creep occurs while the material is contracting

diametrally, plasticity while it is expanding dinrnetraliy. Viewed

diametrally, therefore, the strain assumes a PC aspect. No problem

develops, of course, in interpreting the significance of this

strain in the simple uniaxial case where Oo
 = 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). Fere we assume that the trans-

verse stress o9 is finite but small relative to o,, say about 5-10

percent of c-,. The hysteresis loop for the 2-direction A'R'C'D'

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

is still induced as a Foisson ntrain arising out of loading, in the

axial direction. Even though the hysteresis loop A'B'C'D' has a

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

and not sufficiently significant to make an independent analysis

whereby it serves as the basis for attachment of signs to stress

and strain.

At what point should wo consider a hysteresis loop in one of

the transverse directions to be sufficiently important to merit

consideration as a signatory parameter? The question requires

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

the strain in that direction should be driven P_£i]]l<ir_ily_ by the

stress in thnt direction, not: be the induced strain of stresses

in the transverse direction. For the case of biaxial stress this

occurs when the .stress in the transverse direction is at least:



half the stress in the dominant .ixinl direction. The criterion for

proportional loading follows from the equation for inelastic strain

(Ref. 9, p. 90).

r2 = :r [o2 '" 2 c i ] (3)

Consider Fig. 2(c). A1JCD sti.ll represents the hysteresis

loop in the axia? direction. For simplicity it is shown to be the

same as ARCD in (a) and (b), even though transverse stresses affect

the axial deformation as well. The strain in the transverse

direction r.9 is composed of a component due to the application of

o,j in the transverse direction, and a component due to the axial

stress o-j . Both components of strain are always in the same j',.

direction since it is hypothesised that o~ is of opposite sign to [.

o, . Thus it is obvious that when \an\ > (1/2) | o-, j , the major

component of surain in the 2-direction will be due to the stress j
i

Oy in that direction rather than to the induced strain resulting i>

from the axial stress a-,. 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 j

in the axial direction. I

Two situations can develop wherein this question is of con- |
• i

siderable importance. In the first it can be conceived that the j

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 strain is more damaging

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

be governed by the CP strain, even though the stress associated with



this strain is not the dominant principal stress. Second is the

possibility that the PC type of strain might be more damaging than

the CP type (as, for example, in 2 1/h Cr-lMo steel). In this

case, even though the major stress might be causing a CP strain,

the lower stress associated with the PC strain might actually be

the cause of the failure. Experiments are, of course, necessary

to verify these possibilities, and to quantify the point cJt which

the signs of the secondary stresses can become p.ov.rning, but until

this is done, a tentative rule can he 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 are computed

according to Eqs. (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 having

the largest range of stress ;io, . Use the signs of the stresses

and strains from the hysteresis loop in this direction to provide

signs to equivalent stresses and strains as computed above. Once

signs have bean attached to each 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 loading displaying a hysteresis loop

identical to the one determined from the equivalent stresses and

strains. •:

c. Nov.' consider the other principal, direction on_ly._l_f the

•ft.



I'l

the strcssc.'.; are of opposite sij-u to those of the dominant direction.

If the stress ran^e ^n? in this direction is at lease half the

stress range *•->, in the dominant: direction, i.e., A02 '•• 1/2 Aa-.,

repeat: the above calculation using the signs of stresses and strains

in this direction to provide the signs for t.he hysteresis loop of

the equivalent, stresses and strains. Again compute lite on the

basis of the new hysteresis loop.

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

servative estimate of life.

E*!r.?rLf; !̂r.r! J?JL Jin.° ru.L° M ^ ' - ^ i S ? ^ ali^t:y. The above rule can now

be extended by analogy to the case of triaxial stress-s. Again, of

course, the dominant direction is identified and used to provide

sign.3 to the equivalent stresses and strains. The 2-direction is

important: only if ius stresses are of opposite sign to <;,, and, if

its stress range, Ac-, is greater than 1/2 Ac-, and 1/2,.:, (•..•.•.+<;.,)

The two criteria are needed to embrace the cases wherein

(- , and G"., are equal in si;;n and when they are opposite. When they

are equal in sign the l/2A(.-.i-.+a~) criterion derives from the

generalisation of Hq. (3) for triaxiality, wherein o, is replaced

by (--'î Pj)- '»hen r-, and 0., are of opposite sign, it is conceivable,

however, that minor transverse stress can take on more apparent

significance than is warranted. For example, when <>. and o',• are

equal but of oppostie siyn, as in pure shear, aj\y stress in the

3-direction would seem misleadingly significant; thus we retain the

1/2 An, criterion as wc=.ll to .insure that small insignificant

stresses do not distort the apparent nature of the



govei'ning strains. If these rule;: arc. met:, a calculation iti made

of life based on a hysteresis loop of equivalent utrcRfies and

strains which are given the signs of the stresses and strains in

the ^-direction. A similar analysis is make, of course, on the

basis of the 3-direction.

As before, the lowest lift- calculated on the basis of all

those meeting the stress criteria is the. estimated Life; for the

part.

The actual calculations, although based on the concepts dis-

cussed above, do not always involve the direct construction of

hysteresis loops as described. Since the basic analytical solution

of the stress and strain distribution for the part being studied

requires the separation of strains into its creep and plasticity

components, the partitioning information is already contained in

the prior analysis; it is merely a matter of combining the strains

into the quantities required for the Strainrange Partitioning

framework. The actual procedure '.-.'ill be discussed in a later sec-

tion on Rules. Before doing so, however, it is desirable to discuss

the basic concepts described above in relation to serveral commonly

encountered loading patterns.

APPLICATION OF THE CONCEPTS TO SEVERAL LOADING PATTERNS 01' TMTKRF.ST

Although the concepts described requires extensive experimental

verification before they can be generally adopted, the features

were chosen on the basis of the reasonableness of its predictions

in several cases where experimental data are actually available;



or whore they could be ant; ici pa lv<\ with some confidence. Some of

those cases will now be discussed. To make Lho examination explicit

we shnl] treat principally the cas- B where slow loadings in one

direction nre reversed by rapid loadings in the opposite direction,

i.e., loadings; which tend l:o ]>roducc CT or VC strain:::, and determine

how we would expect; t:!ie material to behavtj under these conditions.

Other types of loadings will also be briefly discussed.

yniaxi_£i_l__loa_d_in<̂ . To be valid, any ir.ultiaxial procedure

should da^enera'-e properly whe'ti applied to uniaxial 'loading. In

this case the magnitude of the equivalent sticss computed by Eq. (1)

becomes simply the un.iax.ial stress, and the equivalent strain

according to Kq. (?.) becomes the uniaxial strain. Thus any loading

history in the axial direction will result in equivalent stress

and strain in exact agreement with the axial stress and strain.

'•"u.'••"herders. since i;he only direction h.v/inc n̂ .rens ir, fhe a:%• :f •" 1

direction, thi;= direction only will provide the .'sij-ns for the

stress and .strain. Thus, the hysteresis loop of the equivalent

stress and strain will be identical wit.h the conventional hysteresis

loop for the axial loading for ell types of loading history. The

correct results will, therefore, be obtained by this method.

^£nJ~_r_a^ J-'i1-''-"if-lT'-'I-L. l°i*('ll'u- J 1 1 the_£iu!2_crce_p_ r_an^c_. B e f o r e

discussing results in the creep range, it: is appropriate to examine

how the theory would apply to low-cycle fati;\ue data in the sub-

creep rar,;--fi which have been published to date. Zarorik .1 Goto (10)

have summarized the applicability of octahedral shear . in for

corcputin^ life under biaxial low cycle fatigue and have concluded

that ir.s use is suitable. Since the octahedral shear strain anO.
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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 procedure outlined here provides the

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

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

is of the PP type; hence partitioning is not an issue. However,

the important point: can be made that the method an outlined degen-

erates properly to a correct treatment of low-cycle fatigue in the

sub-creep range.

Dominant axi_al '!tre_ŝ __vaLth sraalJL J.̂ iis\/e»r_se_ ten«_i.]_e 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 considered, in

any case, according to the criterion cited. Even if it is of

opposite sign, it will not be considered since it doesn't meet: the

criterion that .ic, • 1/2 A",. Therefore, onlv the dominant stress

direction will be used to provide signs for stress and strain. The

hysteresis loop of equivalent stress and strain will then resemble

the hysteresis loop of the dominant: direction. The magnitudes of

stress and strain are, however, affected to some extent by the

presence of the transver.se stress. Thus life w U l bo affected to

a quantitative degree depending on the magnitude of the transverse

stress and strain it produces.

Trans verse stre ss o f_ s u bstant la 1_ nia }\n itud c_re_hi ti v e to t he

-f!?!?•i1i_£l;£tI§i; • ^-?- 3(b) show.? the c«se where the trans-



1 :•••

verse stress is at least half the iluminant stress. If if 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 !:.he 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 dominant: stress, the strain in the transverse direction will

be governed primarily by the stress in that direction, meeting the

specified criterion, and requiring, a separate calculation wherein

I ho ,s i,S4i-s "-•" ̂ i ' L'̂ i1'1 a u iJ strains in the transverse direction are

used to givo sip,ns to the equivalent stresses and strains.

Consider, for example, a lonj>, tension-hold in the dominant

axial direction, followed by a rapid reversal to compression. The

dominant direction thus perceives a CP strain. In the transverse

direction the lonj; hold is in compression (by definition here,

since- it is hypothesized that the transverse stress is of opposite

sij;n co the- dominant stress). Since the induced transverse strain

due Lo axi.il tension is contraction, and the applied loading also

produces eoii'.pre-i-.:;ivo strain, I.he long-hold transverse compressive

stress is .icconipani s?d by compressive strain, which is later rapidly

reversed to tensile strain. Thus the transverse direction is

subjected to a PC type of strain. When a hysteresis loop is con-



structed from the equivalent stici.sos and strains usinji the dominan

axial direction for signing, the eycl;1 will be seen as a CP cycle,

while for the transverse direction it will be seen as a PC cycle.

The magnitudes of the strains involved in 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 damage of a CP or a PC strain for the par-

ticular material. If, as in some cases, Che CP type of .strain is

more damaging, then it will govern life. But if the material is

more highly damaged by a PC type of strain, then the axial stress

will not really have an important: influence on life beyond adding

to the magnitude of effective stress and strain. In any case, the

computation should lead to a conservative estimate of life, which

is desirable from a safety viewpoint.

At Lhit". time we do net know' whether thi1 hypothesis as iic»-

cribed is accurate, and whether materials will indeed behave as

predicated. An experiment.nl program is required to determine the

validity of this approach in general, and to establish whether the

a«2 > 1/2 ia, criterion is appropriate, or whether a multiplier

other than 1/2 is better.

E qu i b i a >: Lai tensile 1 o a d ing. A practical biaxial stress in

which both principal stresses are in the same direction and of

equal magnitude, as shown in Tip, . 3(c), is often encountered at

the center of symmetrical circular disks and other p,eonctries. It

is also important in some thermal stress problems. Here, either

direction of loading can be considered dominant; the answer will be

the same. If the inelastic strainirangc in either of the dominant



principal t.'i reel ion:; is ,\< • , the s'.rainrangc1 in tiie thickness

direction is 2:\r,, and the equivalent inelastic, strainrangc is 2Aci

Thus the material will have a lov/er life than a uniaxial specimen

of s«mp linear strain of i.c-,. It should also be noted that an equi-

bi.nxi.il .stress tnay reduce the apparent ductility of the material,

further reducing fatin.ue 1i fo. This subject: is discussed briefly

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

Note, incidentally, that while the strain is highest in the

thickness direction, the governing direction?; are the in-plane

principal directions; they provide the signs for the stresses. Thus

If a CP type of loading is applied, the effective hysteresis loop

will have a CV appearance even though the strain in the thickness

direction has a PC character and is the largest. For a thickness

stress to be t̂ eaninr,ful it would have to be of opposite sign (180

out of phase) LO the in-plane stresses, and have a range at least

equal to the range of in-plane stresses, i.e. 1/2A (cj-roo) = Ac-.-

Torsion. V.'lien the in-plane stresses arc equal in magnitude

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

exist in r:he diar.onal direction. If the inelastic strainrange in

the 1-cn'reetion is ;\.;i, the inelastic strainrange in the 2-direction

is ALO, and the inelastic strain in the thickness direction is 0.
?

The equivalent inelastic strain is .- Ar.,. Aj;ain, the life is

lover than thai, for a uniaxially loaded specimen of strainrange Ac, .

Conjjider now the case v.'h;re .:, is held for an appreciable

pei*iod in tension, and reversed rapidly in compression. This direc-

tion thus assigns a CP character to the effective hysteresis

loop. Also, by definition, the c,.y sti'ess will be applied in com-



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

Thus the transverse direction will assign a PC character t.o the

imposed loading. Since both are equally dominant directions, the

procedure involved in the method would produce two hysteresis loops

having stresses and strains of equal, magnitudes, but having opposite

characters: one Cl', the other PC. The predicted life will in: the

lower of the two. Thus, for materials of lower life for CP than

PC strain, the governing hysteresis loep will be the 1-direction

characterised by CP, but for materials in which ? he PC life i.s

lower, the 2-direction will dominate t:li<« life relation. An example,

involving the torsional creep-fatigue result.", of Zrunrik and

Bilir (7) is given later in this report.

Torsi on _i)lus _a:-: iaj. 'JKidinj;,. This type of loading, common i:i

niultiaxiality .studies in order to extend the ranges of stress

points. Fir.st, it should be noted th it the principal direct, ions

depend on the ratio of the amount of torsion Co axial loading. In

torsion the principal directions are at &5 to the axis, whereas

the axial loading produces a dominant principal direction parallel

to the axis of the cylinder, as shown in Fig. 3(e). Thus, before

Eqs. (2) and (3) can be applied to determine equivalent: stresses

and strains, the true? principal directions ir>'i::t be dele-mined.

This is not a difficult matter. ]f the Loading i.'; prupoi tional -

that is, if the torsional and axial stresses are at all times in

constant ratio, then at least the principal stress directions do

not rotate during the loading. But if the proportionality is not

maintained (for example, by applying a torsi.onal load that is not



cither in-phase or 180° out-of-p!.;isi» with the axial loading),

the principal direction?- continually change. Thus it must be

emphasized that: such cases require special attention. Because

it is not possible to establish three invariant principal directions

about which to make the type of analysis described, further work

is needed to determine methods of treating such cases. Of cour.se,

similar difficulties are encountered in the treatment of such

case;; by methods other than Strainran&e Partitioning. Furthermore,

these problems emphasize anisotropy aspects because of rotations

of principal directions; so this subject also requires further

study.

GENERAL HULKS TOR FATIdTE LIFE ANALYSIS III MULT1AXIAL LOADING

We shall now consider the implications of the foref;oinp,

discussion in relation to the actual process of performing the

life analysis. It is assumed, of course, that an appropriate

stress-strain analysis will precede the fatigue life calculation

and that this analysis will be as sophisticated as the analyst

is in a position to carry out. Because of the complex shapes of

the components of interest, closer]-form solutions are often replaced

by finite-element analysis. In either case, however, the deter-

mination of the correct .stresses and strains requires a series of

constitutive equarions involving, separately, the plastic flow and

the creep components. Thus, it can be assumed that the individual

strain components in the chosen coordinate system will be available

within the solution, that is. the creep and plasticity components



of each strain will be known direct ly from t.lu1 .'solution of the

system of equations involved. It then becomes merely a matter of

utilising these already determined value:.: of strain within the

framework of Strciinrange Partitioning to carry out the life

analysis. The steps involved in the analysis are thus nc follows:

iLtxlL ..L-_ .III" ijQ_c_i pal Str cs_s -_8 t r a in An nAy s is

First, the stresses and inelastic strains in each of the three

principal directions must be determined through analysis using

constitutive relationships which reflect the cyclic nature of the.

problem (i.e., cyclic stress-strain properties), the influence of

multiaxialit y on flow resistance, and the distinction bctv.'cen time-

independent (plasticity) and time-dependent (creep) inelasticity.

]f it is possible to distinguish between transient and steady-

state (secondary) creep, the transient: portion should be regarded

r«~ plasticity and only the steady-state considered .•?« the

important creep component. If not, treat the entire time-dependent

strain as creep.

Step 2 . _Creep__and JP1 ast_ic__Strain Separat i.on

Having performed the above nnlaysis for the crucial loading

cycles of interest, the important process of separating the creep

and plastic strains in the three principal directions has already

been accomplished. For proportional loading, the relative amounts

of creep strain to plastic strain will be the same in all three

directions.

Step 3.

The next step is to combine the inelastic strains in the

principal directions into a single quantity that represents the



intensity of the straining level For this purpose, we will use

the "effective" strain criterion which is based on the Mises-llencky

relation:

'•off = T V^'r!2):V "'• °2-l))2 + ( c3" 1 V *

Since the effective inelastic r>train calculated by this criterion

is; proportional 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 -sî n to the effective strain so that "ten-

sile" and "cornpres:;ivo" strain fields can be properly distinguished.

The sî ,n of the effective, inelastic strain will be taken as

the siyn of the principal, inelastic strain in the "dominant" -1

d?y?ct 5 on i o . the direction h3vinft the rr Gates!" five lie rcirtcc

of principal stress. Occasiors may arise, however, when it will

be necessary to consider both the dominant -1 and a secondary -2

direction for providing signs, as discussed earlier in this report.

Biaxia 1 Stresses - Consider the sip,n of the strain in a sec-

ondary -2 direction only if the stress in that direction is opposite

in sign to the stress in the dominant -1 direction and if the mag-

nitude of the secondary -2 stress iranjje is greater than half the

magnitude of the .stress range in tne dominant -1 direction, i.e.,

A.-o > 1/2 -V

Triaxial Stresses - Consider the sign of the s'rrain in a

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

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



of the following criteria arc satisfied:

Acu > 1/2 Ao,

Ao2 > l/2A(oj +n3)

Grocj> and ].'* 1 nsj t i

The next step is to plot the effective inelastic strain his-

tory to determin > maximum and minimum point.'! from which "ten-

sile" and "compressive" half cycles of loading can be identified.

In order to facilitate the description of the rules for partitioning

the strainranjjes and ratchet strains, it is convenient to consider

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

a*s shown in Fig. A and to make several self-evident: observations:

a) similar strains in the two halves of a cycle will tend to

balance 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 coiiipressive. half. Mechanistically, this could

be thought of as a "partial healing" process wherein the compressive
some of

plastic strain is essentially undoing^the effect: of tensile plastic

strain. Obviously, the amount of plastic strain in one direction

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

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

The amount of this reversed plastic strain is the Ac. . strainrange

and is thus equal to the smaller of the plastic strains in the

tensile (positive) or compressive (negative) direction;

b) applying the above argument to reversed creep strains

leads to the definition of the Ac strainranp.e as bein;; equal to



the smaller of the creep strains in the tensile or compressive

direction;

c) after balancing off the plastic strains and the creep

strains, there may be an unbalanced component of fitrainrange. If

there is excess plasticity in tension and excess creep in compression,

the unbalanced strainrange A ! n. (or Ar _ if the types of strains

ar~e reversed in their direction's) is equal to the smaller of

these tv;c-.remainders, and any strain that is left over after the

three reversed strainrangcs (PP, CC, and PC or CP) have been

accounted for is thus the ratchet strain, ,s or f> . On this basis,
p c

it can he shown that the partitioning can be accomplished through

the following rules: Heierring to Fig. 4.

Let A p « >• - r

:= p l a s t i c .s t rain for " t e n s i l e " hal f of cycle (minimum
'ro ma.-.iKKJ:'O

A2 * *-2,c " f l . c

- creep strain for "tensile" half of cycle (minimum to

maximum)

A3 == ;:2lP "
 f-3.p

= p l a s t i c s t r a i n for "compressive" ha l f of cycle (maximum
to iriniirium)

A3 ^ <2,i. ' l 3 , c

- creep strain for "compressive" half of cycle (maximum

to minimum)

A, - lai*{;er of A^ or A!,"



^ - smaller of A§ or Â

0 C C

A, = larger of A,-, or A~

Ag = smaller of A^ or A^
tt " ;\P .J. A4-
2 2 ' 2
™ inelastic "tensile" strain (point 1 to point 2)

B3 = A3 + A3

= inelastic coropressive strain (point 2 to point 3)

Bo - smaller of Bo or BQ - inelastic Htrainrange Ai.--,

then

A c
Pp *

 AS

. cAc -= Accc b

^ - — y>. • .A P .. A C I r <P -- A'' -nil A C - A C

" \iC D \S b L V ' " S /.

A r „ , T) . c ' . ̂ p , P , . C . C
cp = b - A ^ - M « if A I; = A-? and. A y ••--• A ,

4 = A,P - AJ? - Rc + A^ •)- A^p L a S S S

P c D n
= A; + Aj - Bc; Tensile if A' •- At, , Compressive if

AL " A3

5c = A[- - A^ - Bs + A^ + Ag

= A? + A[̂  - B^; Tensile if Af = A^ , Compressive if

AL = A3

Perform the above calculations usinp the dominant -1 direction as

i:he sign donor for effective strain. Repeat for each secondary -2



direction as the sign donor which satisfies the triaxlaiity stress

condition earlier in Step 4,

Step 6. Life^/Relationships

Partitioned strainrange versus cyclic life relationships for

use in life prediction can come from uniaxial results since the

effective strain is defined such as to be equal to the axial strains

in an axial test. It is suggested that the life relationships for

tensile creep and plastic ratchet strains can be based on the

linear exhaustion of ductility concept. An example of the partitioned

strainran^e versus life relationships for annealed 316 stainless

steel at 1300 F is shown in Figure 5 wherein all of: the time-

dependent strain has been considered to be creep (Ref. 6). It may

be desireabie to alter these relationships to account for ductility

reductions brought about by exposure, or environmental effects, and

by rvinxi ?)liry effects Tri axial effects v.'ill be addressed i:i

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, although geometric instabilities may result,

leading to localised buckling type failures.

S_t.ep_ 7_. Interaction Damage Rule

For each set of calculations from Step 5, determine the cor-

responding lives from the life relationships of Step 6, and apply

the Interaction Damage Rule (2)- modified to include the ratchet

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

c,cl. - fc + j + JsE + JE + £ + £ ,
pp cc cp pc p c f



whore

FPP = Af;pp/A'in' Fcc " Accc/Alin* Fc P "
 At:cp/Alin • Fpc = Atpc/Acin

Ac. - total inelastic strainrange = IV - AL *Arf.,.
 +f>l'-nn (°

r ''lnP

5. = plastic ratchet strain per cycle

5, = creep ratchet strain per cycle

D" = plstic ductility - -In [ 1- (RA) ] , where (RA) ;-- reduction

of area in tensile test.

D^ = creep ductility = -In [l-(RA) ], where. (RA) , •-- reduction

of area in creep test

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

N ,~ CC life, read from CC relationship us in;:- inelastic strain-

range, Acin

N = CP life, read Crova CP relationr.liip usinj1, inelastic

strainrfinge, At i

K = PC life, read from PC relationship usin.r, inelastic

s trainrango, A L•

Up = expected cyclic life if above cycle is repeated until

failure.

Solve for Np using the dominant and secondary directions for uijjri

donors for the effective strain. For conservati sxa, take the lowest;

life. A still more conservative estimate can be obtained by con-

sideration of the triaxiality factor, as discussed below.

Step 8_. T.?ir-LxiiiLiJ-Z_?lfl£i:2r

Before the life relationships, based on axial tests, are u^ed

in making finalized life predictions for multiaxial situations,

recognition should be made of the ductility reductions that arc

created by the presence of a triaxial tensile stress state. The
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triaxiality factor, TF, introduced by Davis and Conntlly (Ref. 11)

and further developed by Manjoine (Ref. 12) is user' herein to

indicate the reduction in cyclic strain resistance introduced by

C en s i ! e h y d r o:; t a t i c s t r e r, ,s f, ta t. e s .

°1 + "2 + "3

TF -> y. }/(*r«2y + («>2-.3)
? 4- (03-.^)'

As a first approximation, v;e shall follow Manjoine's (Ref. 12)

suu^tslioii that duct.iii.ty be reduced by dividing by T.F. It

should be pointed out, hov.-ever, that in some cases T.F. can be

leys than unity; for example in. pure corsior: it is zero. If the

ducti.1 i. t y-iiifvl i T ic.i t i on rule were applied to torsion there would be

an implied infinite inrrcaso in ciuctility due to the niultiaxi.nl ity.

Hence, for conservatism we shall apply the rule only for T.F. > 1.

?,n-h":t:1::r.r, 5n Ji;t-1.:. 1 i try effect b:-.Vh !:hr rateh;. tin,; «r,<? rh.:1

fatigue co:i:p̂ nent;> in the life relations. For the ratcheting com-

ponent's v;e si.sni.ly reduce D. ar.d D, by dividing their values deter-

Riineu in a uui :i>: i :\i test: by T.F. For the fatigue coniponents the

problem is so:r.ev?hat nore complex. As a simple approxininr ion, we

.•î uume th-'il: the effect can be introduced by dividing each life

value K , N , I\\ nnd N. . by (T.F.) where ir, is t.ho appropriate

exponent in the life relation ."•,-. :- ANV ' for each of the strain-

rmr.c ceivsponrnt.". For cx.i'uplc, if t)ip exponent: in the N rplatiofi

it. -0.6. and ihnl in the N re 1 at.ion is -0.8, N will be divided
cc pp

by ( T . F . ) 1 ' 0 " 0 (T.F.)1-'1'7 .>nd K c c will be divided by ( T . F . ) 1 - 2 5

heir-re .-tpi.'ly i ns; t.hr Ir, ter,:et ion Damage RuJe !o determine the damage

component vu-r cycle. Thi.'j approach follows by analogy LO tho.

Uni vcj-.'-ali :^x! hifc Re lo t ion shir, discussed bv



Hanson in Ref. 2.

As pointed out by Manjoinc in Ref. 12, the. tHiol:iIi Ly correction

should • depend on tho strain ral:c sensitivity of the material. Thus,

further work is required to refine the simplified ruU1 proposed

above.

Stop 9_. l^on-JProporti<>na] Loading

Initially, we have considered proportional loudiiv, in which

the stress (and inelastic strains) in flu* principal directions ,iro

proportional to each other at. all Liir.ys and hi.*net? pass through

aero at the san.e time. Extension to vjon--propori.ional loading can

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

ILLUSTRATIVL-: ENAMi1 Li-:

will be nn;i1yzod u.;-ini, the hî .h-tt-nipfr.'itin'e forsional r,'. rain-

cycl.inv» resales of /lainrik and Bij.ir (kef. 7) ic conparo exptM'i-

inental live..; yivl predicted lives. In particular, la-1: ii'.;nbcr I'I

will be u.̂ ed as the e;:arnp!e. The !T:.'it.ev ia!. in AI.S1 Typo 30't stain-

less sueel tescc-J \n completely reversed torsionai .'-.train dL 1200 F.

Since the i-;peci:rien£; were thin-walled tube;> which \vere i.nr. ( rr.mentfd

for tv.-ist and torque ptasureiiien ts there was no need for the principal

stress-strain analysis called out in Step 1. The strerucs ;?nd

inelastic strniud v.«'re measured direct, iy. Separation of the creep

and plastic strains w.is aceompl i slî d by direct observation of." I he

torsion hysteresis loop. Creep was introduced by holding at constant

stress in both the cluckv.'isc ami count ere lockwise directions. All
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fii'n- dependent; inelan t i<- .'strain '•••-. consider red to be creep. An

example schematic cyclo of torsional stress, i, and strain, y,

versus lime is shown in Fi;.',. 6 aJ.onp, with a .sketch of the hysteresis

loop. No ratcheting is involved in this example. For torsional

st.rai.ninj1., the effective inelastic strain • r<- is related to the

•.oruion.-jl .shear strain i by the relation:

Torsioii.-il straining, is rat .homt'i ique in that: there are two equally

"tiuriinant" «.! i root i ons (both hr> \\v\iv. anj.Lcs on tl\e tubular speci-

men). A secondary direction need not be considered si net- the

criterion of Slv\> '» doe;: not. require it. For the case at hand

(I-if.- V):

,, _ -• -.OC156

,,, " 1.00259

,. ^ - -.007 2 7

Thufi,

A:} - •< . 0 0 M 15

'1

C3

.e

, c

, c

-.00674

+.00571

-.00103

A:, - -.00674

AJ' •-- .0093c: Af - .0124 5

A£ =• .00'. IS A£ = .00674

>2 . o.

B3 -" O.Olhf-

R,, - 0.0].{.(>

And



Ar » 0.0043.5 }PP I (

A* -= 0.0067/.
v.-t»

•.J

3 '•

for bat I' dominant, direction.';)

Ac - 0.00571 .
1 ( (considering one dominant direction)

ilCpc - 0

As: » 0.00371
^ y (considering the other doninant direction)

"cp - °
4 - 0 )
" I (for both dominant directions)
s = 0 )c

F - 0.2'50 )
™ v (for both dominant directions)
r

Fcc 1.406 j

y (considering one dominant direction)

F - 0 (pc J

*c ( (considering the other dominant direction)

F -• 0 Icp I

For the effect f vo inelastic strain ranj-.c of 0.0Ji'/6 (from Fig. 5),

"cc = ]9CJ

N c p - 27 1/2

N - 216pc

For the case at hand, TF - 0. Hence, the triaxiality factor will

not bo considered, so v;o can <\o directly to the prediction of

cyclic life. The Interaction Davna5',e Rule is written as:



o r Q n o d o m l n a n t direction), Nf » 55

0.2.li0 , O.tiQk . 0..344 i_
2?f!f" 199" 516 Nf (for other dominant direction), Nf = 250

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

failure. This is in exceptionally good agreement with the observed

life of 60 cycles reported by Zamrik and Hilir (Kef. 7). The.

above analysis was then applied to the rcmaiTiir.̂  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: accurate for the PP type tests. Further

examination reveals that bettor PP predictions could be obtained

if the axial life relationship for 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

- . , -A -1 ... .
wxui a cyciiv M.raining rate 01 n x lo sec , wni'ch is equivalent

to the cyclic rates employed by Zarnrik 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 host estimates at

this time. Recomputation of the predicted lives was then made

usins; the more appropriate IT life relationship. The results

were improved as evidenced in Fig. 8b.

SOME ASPKCTS REQUIRING FURTHER STUDY

The suggested method, while consistent with the general

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



experimental results in the creep ninpe. still requires considerable

development before it can be adopted for };,eneral use. Amonj',

numerous aspects that still require study are:

§lle_°1.9£.4£.vLL_6!'il:L?.?Jif • * n e u s e °f equivalent stress and strain

as the governing quantities. Essentially these are the octahedral.

shear stresses and strains eon:nonly used in Theological relations.

It is possible that maximum shear stresses and strains would be

more appropriate for the rheologicai aspects, and rhat stresses

and strains normal to the plane of maxinur.i shear would produce

better results. Use of sueh quantities, or others, might have the

added advantage that; they do not require n special scheme fox-

attaching signs, since they carry their own sir-.ns.

Sign Donor. Verification of the proposed procedure for

attaching sij;ns Co the equivalent stress and strain quantifier.,

especially w'.jwit i'nC scrcucary transvoi'si' ..: r«-ss'::s ;\rv .>ppL C-C L.iL>i.e

relative to the dnminant stress. Is the Si'!'... rule (transverse stress

of opposite :-:i;;n and 1/2 oi' dorfiinant. stress) a v.'lid one- in all

biaxial cases?

TrJ^xiali ty. Treatment of triaxiaJity. Aj;ain, th.e rules ;.re

designed to ;\ive credence to the possibility of a lessor stress

range governing Lhe nature oi" equivalent strain provided that the

strain in that direction is governed prim-iriJy by the stress in

that direction, rather than bein^ i'lducecl from strossos in the

other directions. However, the. '30.''. rule used hero must: ;:lso be

further studied. Perhaps a reore appropriate multiplying, factor

can better be determined by direct experiment.

ÎL'-iJrH'ilLr-te- Verification of the partitioning process -
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both analytical and experimenta I Thi« includes the study of the

creep lavs under triaxial stresses.

Snud llnelasci c_St.r̂ i_nj;. Treatment of cases involving small

inelastic .strains. The discussion presented assumed that the

iuc] as tic .strain.-, i-.vre dominant. When tin? strains^ are 'small, how-

ever, inaccuracies in the determination of inelastic strain deter-

nuivit ion can cause .significant errors, and it i.r, best to deal with

tola! !;t:r;iins rather than Inelastic strain;". The procedure involved

in sub-creep analysis has already boon devised by the author in

Ref. 9. This treatment can serve as a framework for the extension

to the bi-iiKulal defoniiai ion of Strainran^e Partitioning.

N<.-in-l_'!"or..M-LioM̂ .l. Loading. TrcaiT.ie.nt of non-proportional

.stror-.s and strain patterns. The point, has alrcndy been made that

v.hcn the loadinv,;; cont'iributir.g to the stressos and strains are non

j:rr.,^»i."! ". cs;"i.i i , L'..\. \- \\~>\i I ̂ ::is c :t:\ d c v c i c . p . 1'• Vtie j;jI;"it'Lpai ,".v.es O J .

the loadi n:-;: are fj.ved, rhen the principal directions do not change,

hut l he direction that roverns the most severe loa.iinj". presents a

cji. rtlon. If t.he principal directions of one component of loading

is different fro;;: the other, then the principal directions of their

ro.s-.ilt ant constantly changes, adding a second problem, emphasizing

anisorropy, etc. Casey involving combined m'.-ohanicii and thermal

loadinv' are i:.y.;vx,piey here. "the mefiiod iwift be extendeci to handle

siitli p r o h Li"-ns.

Don; In,: i it Di re{:tj_o>i_ J'r! .Vcv in . Clar i ij nation of the signing

criteria on the basis of stress range. As tentatively presented,

the criterion fov evaluating the s.i<\ninjr potential oi a given

direction was ha.^ed on stress range. It is conceivable that" maximum



values may be wore siftivi.fioant ill in r«m>',es for this purpose. This:

question should be studied furthi.1 .

£Eficl!L..l!3ii.J-<I?A9iL.nP^ Lr9Pi!5ial;:'il!.\> S i g n i f i c a n c e of the n o n -

coincidence of. crack initiation and crack propaj-ation pianos. This

is a common problem foi- all potential approaehr>s in the treatment

of multi axiality, but is of special import anee in iiiotboils usinj, the

octahedral S1K\.L stresses and .strains as cpemtiur, p.-iriiPicters sinert?

the »e parameters arc expected to be more valid in rolntlnp, flow

characteristics than fracture characteristics. Planes featuring

inelastic deformation arc dominant in cauninr, crack initiation, hut

may be of lessor importance in relation to crack grovih.

^llil'°Ĵ .ro.P̂  • Significance of anisotropy, .since many components

subjected to triaxial stress (such as tubes and cylinders) are

formed by processes that: tend to induce ani sot ropy. A>viin, the

questions of cracl'. initiation and prop.-2;.;atior; doninat.e.

Cr_it_icnl l'.>;pi_.'-inn?rU:s_. Verification o<: the nethou in cases

where ether methods predict conf lieti ri,'-, results. Critical experi-

ments are always welcome to aid in clarifying op.nosing viewpoints.

Such expcrirniiiits must, he dcsir.ned and co;x!uc t.ed.

CONCLUDING REM\R!CS

The foregoing di.scur.:iion lias illustrated th;it it is possible

to formulate relatively simple procedures for fatigue life analysis

in the creep temperature ranj/,e using the framework of Strainrange

Partitioning a.*? the basis. While many questions still require

resolution, this is likewise true of alternative methods. The

•



illustrative example of the tore: ioral specimen subjacted to

various hold-time patterns serve.1', to deraonsti'ate thav. good pre~

did ions can bo made by this method for complex eases

It serves, in fact, t:o auggest '

t%<M*t.-iin criiic.-tl t.osfs that, can bo conducted to check tho validity',

of this or other methods to provide suitable procedures for analysis.

Since this example provides equal CP and PC loadings on elements

at rij;ht ;jnr.l.c;s to ench other, the direction of crack initiation
dope no

shoulu^cr i i i c<il 1 y on whether the CP or the PC strain type is more

da:i!a<;inr;. Thus, for :i natcrial like 316 stainless steel, the

failure slv-uld ini.tiatu in the direction at A5° to the axis which ;

develops the C!' si rainrant;e durinr, strain-hold. A material such

as 2 1/4 Cr-].Mo, for whicl) the PC type of strainrnnjje is more

da:ri<;;;inj',, should develop the crack in the direction associated with

!;C 1 r.r.d} r.:\. Thi;-;, for the. >;ai:.c loading pat':<Tn, t.ho ui.i ecfl-.-ns .

cf crack inifiation for 316 stainless steel should be at right

angles to t:hat !:cr crack initiation in 2 1/4 Cr-l.'So steel. Such

a critical experiment, involving both -sn ambiguity of direction

Corcrack initiation, as well as the usual question regarding the

number of cycles required to start the crack, could provide an

excellent benchmark problem to test the capabilities of Strain-

range Partitioning as well ns other alternative methods of

analysis.
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rAZ* I: Biaxial,

Two Stresses of

Equal Sign

(b)CASE II: Biaxial-

Two Stresses of

Opposite Sign

FIG. 1 - TOO BIAXIAL LOADINGS TO ILLUSTRATE ASPECTS OF MULTiAXIALITY.



1-Direction 1-Direction 1-Direction

(a) Transverse

StressjZe.ro

A

(b) Transverse

Stress*

(c) Transverse

Stress;

FIG. 2 - SEVERAL TYPES OF HYSTERESIS LOOPS FOR BIAXIAL LOADl^S

WHEREIN THE TPANSVERSE STRESS IS OPPOSITE IN SIGN TO THAT OF THE

STRESS IK Tlli! DOMINANT DIRECTION.
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(a) Dominant Axial Stress
With Small Transverse
Tensile or Compressive
Stress

(b) Transverse Stress of
Subscantriai Magnitude
Relative to Dominant
Axial Stress

(c) Equal Biaxial Stress

(d) Torsion

•<^g^#'~
C" (e) Torsion plus

Axial Loading

FIG. 3 - SEVERAL CASES OF BIAXIAL LOADING DISCUSSED IK CONNECTION WITH

ANALYSIS BY STRAIHRANGE PARTITIONING.
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FIG. 4 - SCHEMATIC STRAIN CYCLE IN TERMS OF SIGHED EFFECTIVE STRAIN.
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FIG, 6 - SCHEMATIC SHEAR STRESS AND SHEAR STRAIN CONDITIONS

USED BY ZAMRIK AND BILIR, REF. (7).
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FIG. 7 - TYPICAL CYCLE FROM TEST 13 OF ZAMRIK AND BILIR, REF. (7)
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OF ZAMRIK ASD BILIR'S(7> TORSIOKAL CREEP-FATIGUE LIVES FOR M S I TYPE 304 STAINLESS

STEEL AT 120g°?<650°).
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Life Relations Based en Axial Creep-Pntigue Data for AISI Type 316 Stainless Steel

a t 1300°F (705°C), Ref. < 6 ) .
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