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Abstract

The life time in high amplitude strain cycling with tensional hold

periods is analysed presuming that creep failure damage is life deter-

mining. The life fraction rule (LFR) is used to calculate the life time

consumpted during the dwell period in strain controlled tests as well as

during tensional hold time stress cycles. It follows from the present in-

vestigation that stress relaxation occurring during the strain hold periods

has a dominant influence upon the life time. The damage in stress relaxa-

tion is calculated by means of the LFR and the results are compared to

experiments conducted on Zircaloy-4 (T=600°C) and the austenitic stain-

less steel Type AISI 304 (T=65O°C). From the very good agreement between

both it is concluded that under the loading conditions considered, creep

failure damage is the main life determining damage contribution. To investi-

gate the contributions of creep and fatigue to failure damage stress con-

trolled experiments were conducted on AISI 304 at 550 °C and 850 °C. Where-

as at the lower temperature (T < 0.6 T ) for R < 0 the life time decreased
s

with decreasing R-value (R = minimum load/naximum load) at the higher tem-

perature (T > 0.6 Ts) the life time increased with decreasing R. There-

from it is concluded that in the case considered for T > 0.6 T fatigue

damage is not life time determining.
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1. Introduction

In high temperature low cycle fatigue (LCF) tests, it has often been

noted that the life time of the material can be influenced by imposing

hold periods vinder tensile or conpressive strain. At otherwise unchanged

conditions the effect depends mainly on stress, temperature and tine,in-

dicating that creep failure damage plays a dominant role in this type of

loading.

In the past, main interest - from the engineering point of view - was

payed to the LCF behavior of reactor structural materials (see e.g.

/1-11/). The most important engineering property in LCF is the number

of cycles to failure Nf. For structure designers the knowledge about the

influence of loading conditions upon N f is of basic importance. One of these

problems concerns the influence of hold time periods in strain cycling upon

the life time. To illustrate the influence of hold time t, upon H- in Fig. 1

results are shown of strain controlled LCF tests conducted on AISI 304 at

550 C /!/. Evidently at comparable conditions the most deleterious load-

ing type is that with tensional hold time periods.

In Fig. 2 results are presented from strain controlled LCF tests with ten-

sional hold time periods (in Fig. 1 case d) conducted on AISI 304 at dif-

ferent temperatures (Fig. 2a) and different strain rates (Fig. 2b), re-

spectively. First it is obvious that in general N f increases with decreasing

T and increasing t,indicating that obviously creep type damage in in-

volved in the failure mechanism. Moreover, Fig. 2a demonstrates the

influence temperature has upon the N_(tH) behavior. Whereas at lower

temperatures and for smaller t^-values N_ seems rather independent of

t„, for temperatures T > 65O°C Nf decreases with t„ already for small

tV-values and approaches for larger hold time periods a limiting value

Nf . Obviously the Nf (t„) at 55O°C is indicative for the transition bet-

ween the low and high temperature N^(tH) behavior. The results shown in

Fig. 2b show that for longer hold time periods there is still a distinct

influence of the loading frequency vc = e/Aet upon the limiting value

VI- T. Therefrom one may conclude that besides the damage contribution
r,ii

accumulated during the hold time period a substantial part of the total

damage is generated in the loading end unloading periods as well.
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In order to explain the N _(t^) behavior observed it "was the aim of

the present investigation to analyse the phenomenology of the strain

controlled LCF tests combined with tensional dwell periods. The fatigue

damage connected with the strain reversal is considered as the unknown

damage contribution to the overall damage in LCF loading. As shown in

a previous paper /14/ the strategy of the present investigation is to

calculate by means of the LFR the creep damage during LCF loading.

Principally from the comparison between the calculated life time and

the experimental values information should be obtained about the un-

known fatigue damage contribution.

2. Calculations

2.1 Creep damage accumulation during stress relaxation

The strain cycle considered is shown in Fig. 3a; the corresponding

stress/time profile is schematically drawn in Fig. 3b. The strain

increases between the points 1,2 from E = 0 to e = 1/2Aet; and hence

the strain rate ê is positive. In this range the corresponding stress

a increases from a = 0 to a maximum value a (0) which in general will

exceed the yield stress a . Between the points 2,3 the strain is kept

constant, accordingly the stress will relax during the strain hold

period. Between the points 3,5 the sign of the strain changes (hence

ê < 0) and in point 5 it is e = -1/2 Ae.. Assuming that neither work

hardening nor work softening will occur, then after reloading to point

6 the corresponding stress will attain the same value a(0) as in the

preceding cycle.

Stress relaxation during high temperature strain cvcling

has been already examined in the nast /15,16/. The

reader will remember that principally stress relaxation tests can

be conducted either at constant specimens length or at fixed cross-

head position. The basic principle in stress relaxation is the conver-

sion between plastic and elastic strain (see e.g. /17/). Hence - although

the total strain remains constant during relaxation - creep in relaxa-

tion can be envisaged as the advance of the "front" between elastic

and plastic strain.
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Thus in general, stress relaxation can be considered as a special

type of creep test conducted at a non-stationary stress. Consequently also

creep damage is accumulated during stress relaxation. Cavities which

form in the course of high temperature creep (HTC) are the particular

creep damage type. Cavitetion occurs predominantly in grain boundaries

(GB). The nucleation of cavities is accomplished in the early creep

stage. Hence during most of the life of the itaterial the damage accumu-

lation occurs by cavity growth. The growth rate is governed by the

stress aN acting normal to the GB's and by the temperature T. Cavita-

tion reduces the load bearing capability of the material. We define

the value of A atomistically as the area fraction of cavities on ehe GB
2 2

A=NA TTR Ä? (R/L) where R is the instantaneous mean radius of spherical

cavities, 2L is the instantaneous mean center-to-center distance of the

cavities and NA is the number of cavities per unit area of GB. During

creep damage is accumulated until the material attains a critical damage

value A . The strain associated with A is generally much less than the

failure strain ef (loss of macroscopic coherence). The present model

assumes that the critical damage Ax is already achieved at a time tx<tp,

where tf is the time to failure. t
K should roughly coicede with the end

of the secondary creep stage. Because usually the difference between t'

and tp is unsignificant in the following we put tx=t-.

As shown by one of the authors /12,13/, the life fractions consumpted

during the time t are defined by

} dA .l dt ,..
= ' c*(t) (1)

where r(t) is the life time function. This is, for given loading condi-

tions, derived from a usual log a/log t_- (stress/rupture) diagram. The

LFR presumes that failure occurs at the time t when q has attained a

critical value equal to one.

Hence the life time of materials subjected to given loading conditions

can be calculated solving Eq. (1) for t = tx.
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In the present case it is

T(t) = tf[a(t)] = t f 0(ao/a(t))", (2)»n

where t_ is the life tine for a variable stress a. For o=const.^f (t)

the analytical expression for the stress rupture line (SRL) can be approximated

over a limited stress range by Eq. (2). The constants t_ n , o n define a

reference point on the S5L and -1/n is the slope of this line respectively. Usually

the stress relaxation function a (t) can be described by (see e.g. /17/)

"«»-"(t) = M Ë L = a log(i+tv
+), (3)

a (0) a (0)

where a (0) = a (t=0), v is a constant which can be determined from the

(Aa (t)/a (0)-log t) - plot and a is the slope of this plot. As the reader

will realize, the a-value is indicative for the strength of relaxation.

Tne larger the stress drop per unit time the larger the a-value. Insert-

ing Eq. (3) into Eq. (2) one obtains for the life time function

T(t) = tfj0(ac/cj(0))
n-[1-alog(1+tv+)]-n (4)

Choosing aQ = a (0) then tf Q is the life time at the "starting"

stress a(0). Thus finally we have

T(t) = tff0[1-alog(1+tv
+)]~n.

Inserting x(t) into Eq. (1) it is

= — — ƒ [1-alog(1+tv )]n dt (5)

Eq. (5) was solved numerically using stress relaxation data for Zircaloy-4 and

AISI 304. Several results of computations are shown in Fig.4, Fig.5 and Fig.12.

In Fig. 4 q-values are plotted versus the hold time t, (= relaxation

time) for several a-values. It is evident that q(%j) depends sensitively

on the relaxation behavior. It follows from the results shown in Fig. 4 that

for strong relaxation, i.e. large a-values, the life fractions become indepen-

dent of the relaxation time. Moreover a critical a-value exists for which q will

never attain ths critical failure value during one relexation test.
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From Fig. 5 the influence the stress exponent n (see Bq. (2)) has upon

q(t„) can be realized. From experience it is known that at otherwise

unchanged conditions, a increases with increasing temperature. In

practice, n too depends on temperature in the way that usually n de-

creases with temperature.

We want to stress again the difference between the failure of the speci-

men and the critical failure damage. Failure of the specimens usually

means loss of the macroscopic coherence at least between two parts of

the test specimen. As already mentioned failure damage in high tempera-

ture plasticity is associated with the nucleation, growth and possibly

with the coalescence of cavities formed in grain boundaries (see e.g.

/18/). Although plastic deformation is associated with this type of

damage /19/ in general for rupture, to tear apart the damaged specimen

much more strain is required as is necessary to generate a critical

unstable failure damage. Materials with a critical damage value have

already "died" before macroscopic rupture will occur. Recently /20/

for the present damage model the strain associated with the critical
x -3

damage A has been estimated. For an initial damage value A = 10
and for n = 5 the plastic strain contribution e^ from diffusion flow

x -4
is of the order of E , = 10 . The plastic strain associated with

stress relaxations performed in the investigation of Bocek et al.

/14/ is, for a relaxation time t_ >_ 100 sec, of the order of

e_ = 10~ . Hence as follows from the comparison between e* and

eD the critical damage A
x can be achieved within one relaxation test.

For the number of relaxation tests Nf necessary to accumulate the

critical damage one obtains

N f

Using the q-values from Fig. 4 in Fig. 6 1/q is plotted versus t for
H

several a-values. For large a-values with increasing t^/N^ approaches

a limiting value.
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2.2 Stress controlled cycling with hold periods

One of the possibilities to check the above idea that in strain con-

trolled LCF stress relaxation during hold periods is responsible for

the N^(tu) behavior observed, is to prevent stress relaxation to occur.

This can, however, only be achieved in stress controlled LCF hold time

experiments. Consider a stress controlled cycle schematically shown in

Fig. 3 in which the stress a is kept constant during t,. Because

the specimen will creep under this stress, the length of the specimen

during the hold periods will increase. Hence in contrary to the strain

controlled test, strain is continuously accumulated during cycling.

At given temperature the development of creep damage is governed

by the stress. Hence for failure the only relevant difference between

the two loading types shown in Fig. 3 is the difference between the

corresponding stress cycles. Evidently subjecting the material to a de-

creasing stress (stress relaxation) under otherwise comparable conditions,

less damage will accumulate than in creep at a constant stress a .

In Fig. 7 the comparison is shown between LCF loading conducted on

SS AISI 304 in strain and stress control respectively. According

Fig. 3 in the stress controlled experiments the stress o (corres-

ponding to the strain amplitude Ae. = 1.0 % in the strain controlled

experiment) was kept constant during the dwell time t,. By means of

Fig. 2a the reader will realize the basic difference between the

results of both the test procedures. The stress controlled LCF ex-

periment conducted at 65O°C shows a N f (t„) behavior which

is qualitatively similar to the strain controlled test conducted at tempera-

tures T < 55O°C. Evidently this confirms the idea that the shape of the

stress cycle has the decisive influence upon the N f (tĵ ) behaviour.
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Table 1
Life time calculations for tensional stress cycling with hold time periods (case o0 > 0 ) "

Time under load Number of cycles to failure

Y = 'H.M/'H.O-

For »„o-O, f „ . M >0: tyc =

TC.H ~ T . + „ , • K,H-

For » H - M -oo, t H O > 0 :
TC.H ~ T M - A'r.H — 0.
F o r ; H M - 0 , »H.o>O:

^f.c('c + 'H.o)
'

f H 0
F o r 'H,O "• °°. 'H.M > 0 :

TCH ~ T0- ty.H = 0.

*' For this case the total time of the experiment tcx is equal to the time under load TC H ( s life time).

Table 2
Life time calculations for tensional stress cycling with hold time periods

Case o0 = 0
Time under load Number of cycles to failure

+ ('C + <H.M)TM"C(" + ' ) N+ T M "C(" +

T c H " 1 + ^C 'H.M(" + ») ' ' H 1 + »'C'H.M(

F° r 'H.M - 0 :

TCH ~ T M ( " + !)• Afo - »'CTM('' + ')•
For / H M » l c :

( + l )+ M c H , M ( )
C H 1 + rc/„.M(» + O

Total time to failure rc„

' „ - ttH + tyVno - ^ !H ( 'C + 'H.M + 'H.O)-
For 'H,M =•» ' d '«« = TM(1 + 1/Y),
For'aM"*»: '««= TM.
ForrH M -0 : ' „ - TM(n + 1X1 + «

(from /14/)
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2.2.1 Life time calculations for tensional stress cycling with

hold time periods

In order to have an estimate of the life fractions consumpted during creep

periods in I£F loading life time computations have been performed for

particular loading types. These are restricted to tensional stress cycles.

One of the authors /13/ calculated by means of the LFR the life time

for a stress cycle shown in Fig. 8. The results of calculations

for such stress cycles are summarized in Table 1 and Table 2. In

the loading schemes considered, two times appear. For the case that

a > 0, the specimen is loaded whole the tine and hence the calculated

life time is equal to total time t of duration of the experiment.

For the case that a - O the total experimental time t is the sum

of the time under load (which is equal to the life tune) and the time

the material spent unloaded (no damage accumulation). The meaning of

the symbols used in the above tables follows from Fig. 8.

In Fig. 8 N f „(tj. „) curves are shown. The conditions for which these

curves have been calculated by the formula given in Table 2, are

listed in Fig. 8 as well. In the discussion we will return to this

figure again.

For the ICF loading type considered in the present paper the results

listed in Table 2 are of main interest. Before using these results of

LFR calculations for the analysis of LCF experiitents first the assump-

tions under which this will be done should be specified. It is presumed

that creep failure damage (cavitation) is generated only in those parts

of the strain cycle in which the corresponding stress is of tensional type

(a > 0) . It is further assumed that in this tensional phase

the damage A can only increase in time. In terms of the damage rate

dA/dt = A, this condition requires that A > 0. Moreover, "recovery" of

damage in the tensional stress phase is excluded by the model. Under

this condition the LFR can be used to calculate the life fractions con-

sumpted in the tensional stress phase. In parts of the strain cycle

where the stress is compressive (a < 0) it is assumed that creep fai-

lure damage willeither remain unchanged or will decrease by "sintering".

Hence for the compressional part A <_ 0. The influence of the com-

pressional loading upon the damage A can not be estimated by the LFR

in its present form.
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From the results in Table 2 it is evident that for the tensional stress

cycle considered the life tine, calculated by means of the LFR, is not very

sensitive to the tensional hold time period t^ (in the following for

simplicity t. „ = t.). Increasing t. from zero to infinity, the correspon-

ding life times vri.ll change by the factor (n+1), which "usually will be

less than 10. The corresponding experimental times t to failure will

change by the factor (n+1) (1+v t, ), which for v < 1/t„ n, is the same
C xl,U C n,O

order of magnitude as the factor estinated for the life times.

The number of cycles to failure N* (in the following simply denoted

by Nf) is, for hold times t„ « [v (n+1)] , independent of t,. With in-

creasing tjj, N f decreases and for t^ » t it is Nfv|/t„.

As one can realize from Fig. 2a the N f (t̂ ) behaviour at the temperatures

450, 500 and 55O°C (suppressed stress relaxation) is reflected by the

results of the LFR calculations shown in Fig. 8. Fran these it follows

that for small dwell times and lower frequences v the number of cycles

to failure N-. increases with increasing v . Obviously the behaviour pre-

dieted by the model is in qualitative accordance with the experimental

results shown in Fig. 2b.

3. Experimental investigations

Hour glass shaped specimens machined from SS AISI 304 and Zircaloy-4

bars were used to check the calculations by means of appropriate ex-

periments. Zircaloy was chosen because under conditions of interest this

material obeys the LFR very satisfactorily /13/. Five different loading

procedures, applied to Zircaloy at 600°C in air, have been used to check

the ideas developped above.

In Fig. 9 results of calculations as well as that of experiments conducted

on Zircaloy are summarized. The result of the reference strain cycling ex-

periment is shown by curve 1. In comparison to that curve 3 shows the

Nf(tR)-behaviour for a LCF strain cycle in which, at otherwise unchanged

conditions, the negative phase of the cycle was dropped. In this loading

procedure higher N f values are obtained as compared to the reference load-

ing procedure. This obviously indicates the influence of fatigue damage
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associated with the reference strain cycle. Curve 4 shows results obtained

from stress cycling experiments with a tensional hold oeriod. The shape

of this o-cycle is the sane as the a-cycle corresponding to the reference

strain cycle (curve 1). The only difference between them was that instead

of the o-relaxation phase connected with the hold time period in the strain

cycle, in the stress cycle applied the stress during the dwell time was

kept constant (a = a ) . Consequently due to the higher damage accumulated

during the creep period at a , in contrary to curve 1, for this loading

procedure N^ strongly decreases with increasing t„ (curve 4).

Curve 5 represents the results of LFR-calculations for the a tensional

stress cycle. This differs from the actually applied c••cycle (see curve A)

by the absence of the compressional cycle phase. The acrreement between

curve 5 and experimental results has been checked in a previous investiga-

tion /21/. From the comparison between the curves 4 and 5 resp. principally

the same conclusion can be drawn as from the comparison between the results

shown by the curves 1 and 3 resp. Again it is evident that at otherwise

unchanged conditions load cycling with complete stress reversal leads to

lower Nf-values, indicating that although creeo damage is dominating the

influence of fatigue damage upon the life time cannot be neglected. Curve 6

shows results of LFR calculations (see Eqs. (5) and (6)) for subsequently

repeated stress relaxations, this, should be compared with results of

a-relaxation experiments with t^ = 50 s and t^ = 100 s (curve 7) x.

From the comparison of curve 1 and 4 resp. (Fig. 9) the different N-d^)

behaviour for stress and strain cycling experiments resp. becomes evident.

As already mentioned in both the experiments (curve 1 and 4 resp.) the

strain accumulation is very different. However, because the stress (and

not the strain) enters into the LFR calculations /20/ the similarity

between curve 4 and 5 resp. is in support of the idea that the difference

between curve 1 (strain controlled LCF) and curve 4 (stress controlled ICF)

should be attributed to differences in creep damage failure and not to the

difference in accumulated strain.

X Foot note

In the repeated stress relaxation experiments the samples actually
failed. This was due to the accurulation of a relativelv large Dlastic
strain which was necessary to reload after each relaxation neriod the
specimen again to the "starting" stress a .
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There are distinct differences between the LCF behaviour of Zircaloy-4

and SS AISI 304. Whereas the former at 600°C does not work harden M S I 304,

as shown in Fig. 10, reveals (at all temperatures examined) work hardening.

In difference to Zircaloy-4 as shwon in Fig. 11 the relaxation behaviour

of AISI 304 depends upon the dwell time t„.

For materials in which cyclic work hardening (or work softening) takes

place, the initial relaxation stress a(O)=aQ itself be-

comes a function of the number of cycles N. Thus due to the relation-

ship tp «(aN 1/c£ for this case Bq. (5) has to be modified in the

way that

q = V t * [aQ(N)/o*] ƒ {i-attjjUogCI+tv)
11 at (7)

where the values with an asterix refer to N=0. Denoting 1/q(t„,N)=Nf (trr,N)

and 0 O(N)/0Q = F(N) c

of cycles to failure

and a (N)/o* = F(N) due to Eq. (6) it follows from Eq. (7) for the number

F(N)

For cyclic work hardening it is F(N) > 1, hence N f (t„,N)<N_(t.) and for

work softening it is F(N) < 1 and according N f (tH,N)>Nf (t^). For F(N)=1

the Eqs. (6) and (7) are identical. For practical calculations F(N) is

obtained from experiments.

The results of LCI? tests conducted at 65O°C have been compared with life time

calculations (see Eq. (7)). The comparison between both is shown in Fig. 12. It

should be emphasized, that the model does not contain any adjustable "fitting" para-

meter. The quantities appearing in Eq. (5) or Eq. (7) resp. are experi-

mental quantities, which are obtained from LCF (work hardening), relaxa-

tion and stress rupture tests. The agreement between calculations and

experiments as can be realized from Fig. 12 is as good as in the case

of Zircaloy-4 (see Fig. 9, curve 7). Though the differences between

calculations and measurements should not be overestimated, obviously

for shorter dwell tines the calculations lead to conservative estimates.

The most important result however is that the model explains why, in

agreement with observations,in the high temperature region with increas-
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ing t, the nuniber of cycles to failure N f becomes independent of

the dwell time.

Adopting the idea that mainly stress relaxation is responsible for

the Nf C O behavior at hiqfa temperatures, then the results for T > 55O°C shown in

Fia. 2 could be easilv explained by means oü quantities appearina in ihe

expression for the life fractions consumpted during stress relaxa-

tion (see Eq. (5)). According to this e.g. the influence temperature

has upon the N f ( O , can be interpreted by means of the temperature

dependence of the relaxation constant a. This increases with increas-

ing T leading to the result shown in Fig. 6. Hence the tendency for

Nf to become independent of ty increases with increasing a.

As the reader will realize, for lower temperatures the relaxation model

has to be replaced by the more appropriate tensional stress cycling

model described (section 2.2.1). According to this, in the low tem-

perature region the N f ( O behavior in LCF loading should be similar

to that shown in Fig. 8. As already mentioned fron the comparison of results

of strain controlled ICF test conducted on AISI 304 at T < 55O°C (see Fig. 2)

with LFR calculations shown in Fig. 8 startling similarities become evident.

For a given reversed stress cycle with decreasing temperature an increasing

contribution of fatigue damage is expected. At temperatures T < 0.4 T_

where creep damage becomes unimportant in both stress or strain controlled

experiments fatigue damage will be the dominating damage mechanism. In the

temperature range 0.4 < T/Tc < 0.6 for strain controlled experiments the

influence of temperature unon the relative contributions of the damage

types considered will depend on the particular circumstances. E.g. at a aiven

strain amplitude a decrease in temperature causes the suppression in stress

relaxation and simultaneously an increase of the corresponding stresses.

Both the effects lead to an increase in creep damage which however is

counter-acted bv the reduction of diffusivity.
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Creep damage is primarily governed by the stress. Therefore stress con-

trolled LCF tests seems itore appropriate to investigate the importance

of both the damage contributions. In this paper results were briefly re-

ported obtained on AISI 304.

It was the objective of the experiments to investigate the influence of

the loading conditions upon the life time. The loading schema applied is

shown in Fig. 13. The tests were performed at given maximum

load F._^ > O and load rate |F|. The stress ratio R = minimum load
was c^osen as ^ e independent test variable. Changing

and the loading frequency v the value of R was varied in the

range 1 >; R :> -1. Whereas for 1 ̂  R ̂  0 the specimen is loaded in

tension only, for R < 0 the specimen, is subjected to alternating

tensional and compressional stress cycles. For R = -1 the stress

loading is symmetrical. The stress/strain loading cycle for R = -1

is schematically shown in Fig. 14. Differently to strain controlled

symmetrical LCF loading as demonstrated in Fig. 15 substantial total

strain can be accumulated in stress controlled loading also for R = -1

Fran Fia. 16 it is evident that the influence

R has upon the life time t^ is strongly dependent upon temperature.

Whereas in cyclic tensional creep (R > 0) for both the temperatures

examined the life time increases with decreasing R, for R < 0 a

principally different influence of the loading type upon the life

time t.p for low (T < 0.5 T ) and high (T > 0.6 T ) is observed. Sur-

prisingly in the latter case t^ increases with increasing compressional

stress. VJith decreasing R the total strain amplitude Ae.

associated with the stress cycle increases. Hence for R < 0 with de-

creasing R the fatigue damage (which is known to depend

on Ae. ) should increase and consequently tf should decrease. The

latter however is observed only at the lower temperature.
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Because fatigue damage is qenerated in a loadinq proce-

dure in which the direction of strain is reversed (i.e. for R = -1)

the results of Fig. 16 which are schematically redrawn in Fig. 17,

can be understood assuming that a limiting temperature T* exists

above which in LCF loading the fatigue damage does not contribute

to the life time. Evidently, as the temperature is increased the

creep damage contribution (which is a sensitive function of T) in-

creases as well and becomes life time determining above Tx. Within

the scope of this idea the increase of t f with decreasing R observed

at M S I 304 at T = 85O°C for R < 0 could be probably explained by the

recovery of creep cavitation damage in the compressional phase of the

stress cycle (sintering of voids). The LCF loading at temperatures

where creep damage is practically completely suppressed i.e. T < 0.4 T

fatigue damage will be the only life time determining contribution

to failure. Principally the same results were obtained in stress con-

trolled LCF test conducted on Zircaloy-4 /20/. These experiments con-

firm the idea that creep damage plays the decisive role in strain con-

trolled LCF dwell time experiments. However :ln the internediate tem-

per oxure range 0.4 < T/T < 0.6 the determination of the dairage con-

tributions and their relative importance for failure is a severe ,

still lasting basic problem in the field of LCF deformation.

5. Summary

The. life fraction rule T. &.» used to calculate the life time consumpted:

(1) during strain hold periods in LCF tests and (2) for tensional

stress cycling with hold time periods.

The results of calculations were compared with experimental results

obtained on Zircaloy-4 and on the austenitic stainless steel Type

AISI 304. Therefrom the following conclusions can be drawn:

At lower temperatures, where during the strain hold period the corres-

ponding stress relaxation is suppressed, the N ( O behavior observed

can be qualitatively described by means of creep damage associated with tensional

stress cycling. For higher temperatures, the N^(tT,) is mainly deter-
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mined by the stress relaxation. In both the cases the main characteristics

of the N-(tj) behaviour is quantitatively well described by means of quanti-

ties characterizing stress rupture and stress relaxation respectively.

Stress controlled LCF experiments on AISI 304 confirm the idea that at high

temperatures i.e. T > 0.6 T creep damage governs the life time.

_ _ a A.~.M:
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Fig. 1 Strain controlled LCF loading procedures

applied on AISI 304 at T = 55O°C
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Fig. 2 The influence of dwell time t upon the

number of cycles to failure Nf for AISI 304



Fig. 3 Corresponding stress/strain loading schemes



Fig. 4 The influence of a upon the life time con-

sumpted during stress relaxation. Calcula-

tions for Zry-4 (T = 600°C, aQ = 90 MPa)

according to Eq. (5)



Fig. 5 The influence of the stress exponent n upon

the life time consumpted during stress relaxa-

tion (see Fig. 4)



Fig. 6 The Nf(t„)-behavior calculated for repeated

stress relaxations (see text)



Fi9« 7 The comparison between strain and stress con-

trolled LCF tests conducted on AISI 304



Fig. 8 Nj(t„)-curves calculated to the stress cycle

shown (suppressed relaxation). Calculated for

Zry-4 (T=6OO°C, n = 7.9, TM = 85s) according

to the formula given in Table 1



Flg. 9 Nf(tH)-curves:

Curve 1: Zry-4, strain cycling with tensional Curve 4: Zry-4, stress cycling with tensional Curve 6: Curve calculated for Zry-4 for subse-

dwell time, Aet=1.5%,É=3x1O~ s~ ,T=600°C dwell time (a =-oo=90MPa,S=36MPa/s, quently repeated stress relaxations

Curve 3: Zry-4, strain cycling as for curve 1 t.. „=5s,T=6Oo"c) (o(0)=90MPa,a=0.15,T=6OO°d)

but without the negative part of the cycle Curve 5: Curve calculated for Zry-4 by means of the Curve 7: Zry-4 repeated relaxation experiments.

(eMax=O.75%,è=3x1O~ s~ ,tH0=5s) LFH for the stress cycle corresponding (o(O)=9OMPa,tH=5O and 100a resp.,T=600°C)

to curve 4 (see table 2) Compare to calculated curve 6.
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Fig. 10 Cyclic work hardening curves for AISI 304



Fig. 11 The influence of dwell time upon the relaxation

constant a for AISI 304



Fig. 12 The comparison between strain controlled experi-

ments conducted on AISI 304 and life time calcu-

lations (see text)



Fig. 13 The loading procedures used in stress controlled

LCF tests



Fig. 14 The stress/strain cycle for R=-1 on AISI 304

(schematically)



Fig. 15 Strain accumulation in stress controlled LCF on

AISI 304



Fig. 16 The influence of the R-value upon the life time

of AISI 304



Fig. 17 For the discussion of the results shown in Fig. 16

(see text)


