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Deformation and rupfure of s_rainless steel under cyclic, forsional creep
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Absiract

Recent tesults from a long-term, strain-limited, cyclic creep
test program upon stalnfess steel tubes are given. The test
conditions employed were; constant temperature 500 °C,
shear strass t =+ 300 MPa and shear strain limits y=+4 %.
It is belisved that a cyclic creep behaviour for the material
has been revealed that has not been reported before in the
litarature. That is, the creep curves for stainless steet under
repeated, shear strass reversals shows fwo basic square
root dependencies; ene upon time and the other upen cycle
" mumber. Consequently, the combined effect is such that the
shear creep strain depends upon the square root of the
product of cycle number and the time elapsed within that
cycle. Despite extended times of cycling, with the test running
into a pericd of over a year, no secondary or tertiary creep
stages were ever observed within individual creep curves.
Thus both the forward and reversed creep curves were
exclusively primary in nature, within which the only visible
evidence of a slow degradation of the deforming material
was that the creep interval reduced successively between

tha imposed strain limits, Howsver, it was found that the

creep curve, when plotted within axes of cumulative creep
strain and fime, did recover a “pseudo-tertiary” stage. This
stage concords with earlier results that showed tertiary creep
fo be a daminant contributor to the creep curve for this
material under a steady forque 1. Glven sither the tensile
ductifity of the material or, a tensile creep rupture time, it is

shown how final failure Is predicted from the.

phenomenological square root law and an, equivalence
criterion, -

Keywords: creep-fatigue interaction, lifa prediction, creep
ductility, cyclic loading, strain control, forsion,

1. Introduction

There are many empirical formulae available to describe-

each or all stages of the “constant load” creep curve [2], The
time-dependence of the monotonic creep strain has been
exprassed variously-in parabolic, logarithmic, hyperbolic and
exponential forms [3]. The laiter is often employed to
represent the gradual attainment of a steady rate following
primary creep, within the following three-part formula:

e=g+e(l-e™)*+ét O

where ¢ is elapsed time following an instantaneous elastic
strain response {o the stress appliedi.e. g, = 6/E. The second
and third terms are the confributions to tofal strain & from
primary and secondary creep. Within these ferms £ is the
observed secondary creep rate and m and &, are constants
expressing an exponential decay in the primary creep strain.
Equation (1) appears o have been first adopted, exclusively
for metals, by McVetty [4]. It was also employed by Garofalo

[5] and Andrade 8] in the early 1960's for describing creep

in 316 stainless steel and cadmium respectively. Latierly,
the basle form of eq (1) re-appeared within various
predictions to creep strain and rupture time for engineering
alloys used in service when times run into years. Here, a
further exponential term is added to eq (1) to allow for the
period of accelerating strain rates in the tertiary regime pricr

to failure. Wilshire et al [7, 8] have used the following sums

of terms for the instantaneous, primary, secondary and
tertiary strains respectively, in their descriptions"of the full
creep curve for copper alloys: :

e=gte (l-em)+€ 1+ et
(2a,b)
E=E,TE (I-em)+Et+g (1)

where g, and m are primary constants, £ is.the secondary
creep rate and 1, is the time to the start of a tertiary region,
within which p and ¢, are constants=s Alternatively, where for
ferritic stesls, the creep curve showed an inflexion from
primary to tertiary (without a prolonged region of secondary),
these authors [9, 10] proposed their @ - projection concept:

e=g,* 8 (1-e’9+ 6 E%-1) @
where 8 (/= 1, 2, 3)allow the fit to long term creep curves in
this category with good precision. Much less work has been
done on the cyclic creep (CC) behaviour of these materials,
a condition which may equally well apply to service loading.
The various prediciive techniquas for CC are concamed mors
with the fracture event than in following the precise nature of
the deformation that precedes it. For example, one
prediction of tha cyclic life N under CC employs only the
range of creep strain, in a similar form to that used by Coffin
for predicting the low cycle fatigue life N, [11]. Another
prediction relates the accumulated time ={Af) to rupture to

the known creep life £, under the steady {dwall) stress [12]. I

the creep and fatigue processes have interacied, their
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respective life fractions are summed by Taira’s fule [13] as
follows:

1i

N/N+ (M) /1, =L @

where, respectively, N, and { apply {o the inelastic strain
range (loop width} and the dwell stress in CC and Lis a
constant, ariginally taken as unity. Design codes admit L as
an empirical constant, different from unity, to allow a more

flexible life prediction.

Another approach, to be developed hers, is to base the
fracture event sotely upon the exhaustion of a material's
creep ductility {14 in a similar manner to the life fraction

summation term in eq(4). That is:’

I[(Ag)/ ) =D (5)

where D may reflect the difference between the monatonic
~ creep rupture ductility &, and its cyclic creep ductility. Here,
* Underforsion, we find that the later is greater than the former
inaratic D~ 2. To apply egs {4) and (5), it is necessary 1o
represent the creep strain curve within each interval
accurately. Given, that during each dwall, the material
deformed in primary creep, it was found to be accurate to
adopt a power law description of the diminishing rates
observed. Correspondingly, the creep curve is given as:

_'*(#'Y{;+at"’

where ¥ = 1/G Is'the instantaneous elastic strain in which G

" is the shear modulus. The power law, which has had a

" universal appeal for simple tensile and forsional cresp, was
- -proposed originally for non metals {15]. For metais
" ‘$pecifically, m =1/3 within the Andrade [16] and Graham-
Walles [17] laws; this fractional exponent value being shown,
for-example, to apply fo polycrystaline aluminium and copper
" "[18] and fo a binary coppes-silver alloy [19]. More generally,

**: for both metal single crystafs [20] and polycrystals [21 - 24},

* m has taken values from 0.2 - 0.7, these descriptions of
primary creep having being associated with hardening
through an increase in dislocation density [25}.

The power law description of “parabolic” or “transient” (l.e.
primary) creep has hardly been employed in the far fewer
cyclic creep studies, reviewed in [26], and in other cyclic
studies concerned with fife prediction [27] and damage
accumulation [28, 29]. lt has been used by the present
author in earlier accelerated CGC tests upon an austenitic
stainless steel [30, 31] at 800°C. There m appeared to be
independent of the strain range and dwell stress. In the
“present siudy, The dependancé of the time exporient
0 <m <1 and the coeflicient 2in eq(ﬁ)ﬂpon cycle number n

()

ENG."NEERING INTEGRITY, VOLUME 25, SEPTEMBER 2008. pp15-22.

are to be investigated over lenger creep intervals at a lower
temperature (500°C). A known dependence of both 2 and m
upon # will allow the creep siraln to be summed to a pre-
determined limit, thereby predicting a CC life.

2. Test Procadure

The NPL machine used for this investigation was designed
by the NPL and manufactured by W.H. Mayes Ltd. Torsion
was applied to a tubular testpiece with cylindrical gauge
dimensions: 8.0 mm o.d., 6.4 mm i.d. within a 16 mm length.

‘Beyond this length a 20 mm radius enlarged the o.d. 1o

meet the 10 mm outer square-section ends, The 20 mm

end lengths allow their belted connection to 36 mm diameter
nimenic iorque bars that supported the testpiece vertically
in the centre of a furnace that allowed independent control
of its three windings. A platinum-rhodium thermocouple

recorded that the temperature was held constant at 500 & .

2°C by compensating for a greater heat loss from the erds
with this controlier. The upper twist rod was anchored above
the furnace and the lower rod was integral with a protractor-
pulley that rotated under tangential forces applied through
wire lying-within its grooved rim. The balanced CC cycle

was achieved by allowing a limiting twist in one direction ’

under a single tangential force applied through a constant,
hanging dead weight. The twist direction was reversed by
applying an opposing tangential force through a second
hanging weight of twica the magnitude to reach an equal

. negative twist. The reversals were imposed by raising and

lowering the greater weight from its rest position upon a
load cell with a motor-driven screw jack, activated at the two
pre-set twist fimifs. The latter were presat with a rotary

" transducer wiiose spifidle. otated with the lowar twist.rod,

Both load and twist were plotted together and independently
with time throughout the test. Notwithstanding power cuts
de-activating the relay circuit, the test wras.fuuy automated, It
has been noted previously that in. this “soft" machine the

PRRANGY. el

twist reds themselves wind-up efastically In transmitting

torque to the testpiece. The wind-up and the twist In the
festpiece were recorded at a remote transducer position,
away from-the heat zone. Consequenily, each twist
component. contributes to the strain limits setion this
transducer. As the twist from ihe reds is instantaneously
elastic ard that from the testpiece is time-dependent, the
creep strain is easily separated. However, the rod twist
does confuse the experimental determination of the smaller
amount of the testpiece's instantaneous twist, ¥, in eq (6),
which is elastic-plastic. Where the elastic contribution is
required it will be found from the shear modulus G as ¥, = 76,
in which t is the peak (dwell) shear stress. That twist in the
solid 25 mm diameter nimonic rods remained elastic and
was thus recoverable could be seen from the return to the
initia} zero setting upon the protractor scale with the insertion

" of each new testpiece. The creep strain referred to hers

(&.g. Ay, in Fig.1Y has removed all-the instantaneous strain,
including that which occurs in the reds and the tesipiace.
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each completed interval time Ar. The
sample trace shows a successive
reduction in Af with Increasing cycle
? nurrber r. Such a frend was found to be
most prevalent for the first 20 reversals,
as shown in Fig. 2. Thereafter, the time

shortening hecomss more gradual,
8 i~ oscillating only slightly between the

A\ A A

forward and reverse directions. Despite
the trend being marred by a power cut
on iwo occasions, where strain [imits
over-ran, they were soon restored and
with continyed, corrected cycling, the

¥y \(
[t o

At

straln Ay, and time At .

Consequently, i GommeR with prévious® stidies 130 - 331,

the analysis of ¢, that follows refers to the frue, time-
dependent, component of strain {creep) within the testplece.

3. Resulis

Fig}.xres 1a,b show a postion of tha confinuous time-based
recordings (from cycle 3 to cycle 8).- The ramped load

_ -applications (sea Fig. 1a) occur at times when the pre-set

strain limits are reached. The shear stress acting during

‘the perlods of dwell is calcu!ated from load acl::ordfng fo th|=_l '

elastic torsion theory:
T=Tr [J=[(WR} [, +d)4]/ [m(d*—d9B2]=C, W (Ta)

where s the smaller tangential load, R is the pulley radius,
d and 4, are the inner and outer testpiece diameters. These
give C, = 2.58 in eq(7a} and, with a load # = 67.65 N in

eq(7a), the mean shear siress in the wall of the testpiece

was ital 7, = 173.2MPa (o = 300 MPa).

" The mean shear creep strain is calculated from the ransducer

twist in radian and .degrees measures according to:
Y.=<[r, (8- 891/ i=[n(d,+d)(8°-67)]/(41x180)

=C, (8°-67)

whers 8 Is the wind-up twist that appears at time =0 Inthe
reoordlng. i.e. the vertical lines in Fig. 1b. This figure shows

- the notation for-a peried-of creep dwell-under =..- Given the -

twist limits @ = £ 10°, with C,=3.927 x 10-3in eq (7b), the
creep curve is partitioned to provide 7, at time z and Ay, for

RNARNE

Flgure 1 Sample of strain-imitad, cyclic torsional creep récordlngs from n-;—- 3ton=9;
. {p) shear stress zversus time ¢, showing abrupt reversals e_m'd {b) shear strain versus
~time, in which cycle parameters are, instantaneous strain y, creep strain 7, dwell creep

(7)

data re-aligned with an apparent steady
state giving A¢ = 170 h between cycles
30and 40.

Within the torque-twist plot (see Fig. 3)

appears as a rounding of the loops with
successive cycling. Thatis, anincreasing
plastic component of strain precedes
cresp, so raising the contribution from

instantaneous strain’ 7, to the totat strain.” A Hillire socurfed -+~ -

for n = 47, where, in falling to hold the load in dwell, the
reversal Involved only rapid plasticity. In the first application
of the load (r = 1), the sirain range is one half of those strain
ranges for the subsequent reversals. In fact, the strain-time
response for # = 1, presents the usval features of a monctonic
creep responss for the material, Depending upon the duration
for n = 1, useful primary and, possibly, secondary creep

properties may be derived fo assist with. the life prediction.

2000+

1500
L
At,h
10004 ®* Farward
. n Reverze
500F

‘Flgure-2. Diminishing dwell time- Az with-cyele number-»,-ebeying
an approximate hyperbofic relationship As~1/n. Imegularities due
only to experimental effacts (power cuis).

the diminution in the time interval
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" aprevious CG study [30] at a higher temperature (600°C), a

1
w:] (HPa! . lower mean dwell stress (7 = £160MPa) and a Yower strain
range (y==13.5 %), where dwell periods were less than 100h,
Mot Mk These cenditions revealed an average m-value of 0.55 for
the forward curves and for {he reversed curves
: hstl m = (.52, Variations in m would normally be attributed to the
{ ns fact that = is sensitive to the subjective estimate of

instantaneocus .strain 7, {22], but this has been largely
10 . avoided here from: {i)-the amplification in 7, from wind-up,
L ; 4 as previously explained and (i} choosing a fixed fime of
L ¥% 10 s after each load reversal in which fo read 6, from the
recordings. We conclude from this lengthy penod of testing
the noteworthy fact that:

Creep curves from balanced CC torsion tests are
TR geometrically simitar, with shear strain conforming to a
' square roct-lime dependence.

Figure 3 CC-hysteresls shown in axes of torque T versus twist .
& and shear stress tversus shear straln y. Locp width is the
inelastic strain. Material softening appears in comer rounding. .

4. Analysls

. Removing ynfmﬁl esach creep curve according to the scheme
in Fig. 1b will enable the analysis of the testplece creep
strain ¥, to be made. Equations (6) and (7b) are applied to
the twist-time recording as follows: “

= Farvard

& Rersrse

v,=C(8°-89)=Ch=ar (&)

K follow that if eq (8) applies to each period of creep then a
=1 A doublerfogarithmic plot between 6= (8.2 0,°) and tiffa.z, . | 90}

taken from the start of each reversal, would be lingar. Itls -r
important to note that in these plots the creep dwell period =2

*- s gconfrolled by the strain limits. Conseguently the m - value -+
established, applies to the interval between successive . | ,¢l
reversals. :

4.1 Indlvidual Creep Curves

Flgure 4 shows a selectmn of, logarithmic plots for- coupled m’, 1
reversals: 3 and 4, 8 and 9, 16 and 17 efc, The plots are ol
separated for clarity by displacing the logarithmic twist scale
along the vertical axis, in the manner shown for = 2 and
n= 20, Also, all gradients are shown to be positive, whers,
in fact, those for reversals would normally reflect the forward
gradients. The initial time durations At (» = 2 and 3) are long, 1
exceeding cne thousand hours, failing to under 200 h in
those cycles (» = 44 and 45) immediately praceding afailure.
Clearly, Figure 3 shows that each creep curve conforms fo
eq(8) despite the successive reducilon o the dwell time.
Moreover, it is remarkable that despite the many reversals,
the gradient |m| (written, hereafter as m) for each plot remains
-sensibly the sarie, ranging from 0.5% 0 0.58 with ari average-—given positive -slope fo show their para]lellsm with forward- dwells -
value m = 0.54. This m-value is in very goed agreement with in a time dependency ¥~V

n=3

Figure 4 Appiication of eq(7) to creep dwell strain for a sample
of adjacent cycles, Plots separated for clarity in which twist
scale appears for cycles n =3 and n =20, Reversed dweils
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The physical significance of the ¥, =tlaw for cyclic torsional
creep has yet to be established though we note thatan m =,
value has also been reported occasionally under certain
menofonic creep conditions [20-23, 34]. That the creep
curves differ from sach other only in size will be reflected in
the coefficienta in eq (5), whers a may be found at the end of
each interval (see Fig. 1b), simply as:

B
a=AY,/Ar=C,(A6,/Ar) (9)

Cansequently, a should depend upon cycle number » in
some way uniil a steady state is reached, where the creep
curves hecome identical. The logarithmic plot between a
and » is shown in Fig. 5, revealing a power law depsndency
within the present ranga of data:

a=bnt (10)

in which the gradient of the plot gives ¢ =.0.45 and 5 = 0.98 x
10-3, Thus, in combining eqs (6) and (10), we find that the
cyclic shear creep strain conforms to tha law: :

y=bwe (1

in which, precisely, b = 0.98 x 10°, ¢ = 0.45 and m = 0.54.
Given the variakility in a, when calculated fom eq (9) with
this average m-value, we might Instead write, as a good

approximation, the creep sirain within each dwell pericd as:

¥, = bV(n) . (12)

in which b = 5(9, i.e. some function of the dwell siress to be
established (most likely the cyclic equivalent of the widely
- accepted Nerfen power law for monotonic creep).

These experimentally derived relations may be used to
predict tha frend between A¢ and », discussed previously in
Fig.-2. Atthe end of each dwell eq (11) is wiitten;

Ay, =bn? (A" (133)

so that the required relation may be written from eq (13a) as:

At={Ay)/ B =K/(nm)=K/n*  (13b)

The introduction of constant K assumes that Ay, is
insensitive to cycle number », which is observed, reascnably,
when cycling between fixed strain limits. The speciic relation
{135), so derived, is At = K/ n %% where K = 3.5 x 103,
However, given that m ~-¢ = '/, in eq (12) this suggests a
simple, approximate, hyperbolic relation: Ar=K / », in which
K=5x 103 when applied to Fig. 2.

g 3 Forwyrd

¢ Reverse

J
i 10 180 -

Figura 5 Dependency of coefliclent a upon cycls number r.;,
cbeying an approximate relationship a=p.

4.2 Bauschinger Effect

A number of authors have referred to the Bauschinger effect
wherever a siress reversal occurs In creep, as reviewed by
Gittus [34]. In fact, this effect refers more usually to the
softening phenomenon that occurs in the plastic range
where the increasing stress is suddenly reversed, i.e. the
currant flow stress attained from forward plasticity is reduced
upon reversing the plasticity. [n creep, a differant

interpretation of tha effect is required. Hers, a persistent -
primary creep dwell ocours, irrespective of the reversal, That.

the creep dwell strain will iever enter the tertiary stage,
implies that work hardening dominates recovery and so the
material never attain the balance between these required
for the steady, or minimum, ereep rate that precedes the
damaging tertiary stags [25].
dislocations are continually remobilised by each stress
reversal they regenerate the primary creep curve repeatediy
[35] with shorter duration. Thus, a progressive damage
does occur under CC albelt at a lower rata than for tertiary
creep. It is suggested that the reduction in dwell fime
(softening) for creep allies with the usual Bauschinger effect

in plasticity. The analogy with time-independent plasticity

becomes clearer when wa observe for plasticity it is the rafe
of strain hardening that increases following a reversal in

straining:

(do/de),>@c/de),foré=> £ ata given plastic ¢

Here an allied "softening” effect in creep, is accompanied

* by a-continual return fe a high rate of strain immediately

jollowing each reversal. That is:

This is because as -
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(R B

(dofdf,>doidd)foro=-0 following sach At

is accompanied by a diminishing creep rate during dwell,
This observation may appear misleading when, as we shall
see, the strain and time accumulated from cycle 1o cycle do
show the increasing (tertiary) creep rate that would be
expected for simple tarsional creep in this material [1]. To
admit the apparently conflicting observations on creep rates,
we must conclude that under CC:

individual creep strain incremenis are primary in nature but
they accumulate strain with time fo exhaust the material’s
creep ductility in a terifary manner.

4.3 Analysis of Cumuilative Creep Strain

When the strain and the time at the end of each creep period
are summed across all cycles ( # from 1 to ¥) the plot between
them, Le.

L(Ay,), versus T(A1),

reveals an interesting feature of CC creep deformation. We
see from Fig. 6; a cumulative creep curve that displays the
dominant tertiary region, with its increasing rates, that have
also been observed in monolonic creep tests upon this

_ material [1]. An example of this is shown in Fig. 6 for a higher

temperature (800°C), where to a magnified scale, the curve
shows an inflexion between tertiary and a much smaller,
initial confribution from primary creep. A description to creep

curves with this feature is provided by the following form of ’
.eq(3) I1 U H N s PUL ST S

=6, (1-e4h+ 6, (%~ 1)

For simplicity'.‘yc and ¢ hava replaced the respective
summations given above. The following constants: 0, =
0.14,8,=86.9x10-4, 6,= 0.30 and g, = 1.85 x 10-* provide a
reasonable fit to the cumulatwe creep curve shown. Also
shown in Fig. 6 are thg cumulative plots for two further CC
tests conducted under different conditions [30]. These reveal
that for raversed torsional creep, it is the cumulative time
and not the cumulative strain which provides a more
sensitive criterion of fracture to the changed conditions. The

* fact that cumulative strain is more nearly constant lies with

the fact that a continual reversal of the shear strain prevents
it from attaining the critical value for torsienal buckling. While
this can be said for a ductile stainless steel it would not be
true to draw a similar conclusion for a limited ductility, cavity
forming, nimonic alloy that faifs by shear under torsional
creep before it buckles [32]. Examples of the mode. of failure

in each material are shown in Figs 7a,b. The monotonic.
- torsional-buckling mode In the steel limits the range.of.

uniform shear strain to a mere 20 % {see Fig.7a) in spite of

o L i e
the large angular rofations attained.
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Figure & Cumutative plot between straln and time from all periods
of CC dwell, showing the re-appearance of a-dominant terffary
region that Is a featurs of a simple torslonal creep curve {fower

curve) for this material. Additional plots [31] for an austenitic
stainless steel B00H under CC suggest that accumulated time, not
strain, would provide the more sensitive measure for life
predictions gmbodying dweli stress and tsmperature.

In contrast 3 lesser
amount of strain to failure is accommeodated by cavity growth
in the nickel-base alloy (see Fig. 7b}.

TN _ -

5. Life Prediction

Figure 6 shows that the cumulative duciility for this material
in an impressive y = ZAy, =3.1, which Is far greater than the
monatonic creep strain under a similar stress and
temperature {1]. The prohlem in using monotonic creep
datais one of tubular buckiing fimiting the shear strain to = 0.3, so
making its “rupture” sfrain less than that for cyclic creep by
one order. Normally, one seeks te.identify q;with the
appropriate tensile creep ductility g particularly where, for
stainless steel, much creep rupture exists [36 - 38], but this
raises the debatable issue of whether an equivalence
criterion exists between.y. and ¢,. Altarnaitvely, and more
approprlately, the CC test |tself could bae used to supply the
baseline shear strain at fracture v,so that the cyclic life
prediction amounts to a simple division by the incremental
dwell straln, i.e. N = y/Ay,. The partitioning implied by this

division suggests a strain-based. method for predicting cycllc_

jife, thouigh as we have seen, ¥, may be too insensitive a
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Figure 7 (a) Monctonic torsional buckling failures in a stainless.(B00H) and (b) CC shear failures in a nimonic alioy (IN 597)

measure fo the CC test conditions here. Consequently,. a
time-based prediction may be preferred. In Fig, 6, the
cumu_!ativa fime o rupture, ZA¢= 15 x 10°h, would be expected
to exceed the monotonic rupture time for a simple torsion
test by a far lesser ratio than the-ratio between their

corresponding: rupture strains: Thase ratios between the -

fracture strains and times from each type of test are
employed in the following schemes for a life prediction.

" 5.1 Striin Fraction

This form of eq {5} separates the three test variables: cycle
fime and cycle number from the cwell stress in manner
amenable to a lifs prediction. Thus, if the fatter is to be
based upen an exhaustion of a material's monotonic- creep
ductility Y, at the given peak stress ¢ and temperaiure, we
may write: :

b(:)zxf_(n At)=DY, (14)

for 2 summation » = 1 fo ¥, whera D is a constant that may
be taken differenily from unity to reflect the character of the
limiting ductility (strain accumulated at fracture) under steady
and cyclic stress condifions. For example, D > 1 if each
reversal serves o repair parially the damage arising from
its preceding neighbour, as with cracks/volds baing
continually opened and closed in directions at 4 45°
directions to the testpiece axis when such damage arises
under a principal tension., With this partial healing from
each reversal, the cumulative damage proceeds at a slower
rafe than under a steady application of stress, so raising the
fracture strain ang prolonging life. Here we would expect
Fig. 6 to have extended both the strain and the fime axes
compared to a monotonic creep curve [1] where, the shorter
creep lifs arises from the dommant tertiary stage in stainless
-steals..

shm— T e

Thus, substituting the relation between Az, and » from eq (13b)
into eq (14), after having made the-summaticn, leads to

NIE (1 + 21 +3024 (158)

+N )] =Dy,
from which N can be found. - For example; if we substitute
instead, the simple hyperbolic refation Az = X/n, eq (153).
allows for ¢t = 1, giving & directly as. -

T

N=(1/K) Dyl b)? (15b)

5.2 Time Fraction

Alternatively, applying the time fraction rule (4) fo connect the
two tests, gives: ’ X

ZAL =Lt (16a)

for a summation from 1 =1 to N, where'L is a constant,
reflecting the difference in their lives (the accumulated time

“{o fracture). Using At = K/n, for simplicity, alfows the cyclic

life to be found from:

Z{d/m=Lt/K (16b)
for a summation from n =110 N. No theoretical advantage is
offered by adopting cne fractional method over the other to
predict life, i.e. we may partition the curve in strain or time
appropriate to our choice of fraction. A geometrical
interpretation of this type of approach rests with having the
appropriate monofonic creep curve available and overlaying
upon it the strain and time accumulated from each period of
dwell (as in Fig. 8), so that the co-ordinates at fracture
establish either D or L as required. However, if low cycle
fatigue (LCF) plays an interactive role, then it is more usual

- o combine @ gycle fraction fromy fatigue with the time fraction - -

from creep in the linear form of Taira's eq (4). There was

r
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some evidence of LCF under the present test conditions,
namely, a fast plastic strain did appear within the slight 8.
rounding of the more advanced hysteresis loops in Fig. 3.
However, because creep has been the major contributor to ~ 9.
the inelastic strain range in every cycle, the partitioning of

that range into the creep and plastic components would be
inexpedient under these test conditions. 10.

8. Concluding Remarks 11.
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