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SUMMARY

Constant load amplitude and constant strain amplitude fatigue
tests have been conducted on an 11 per cent Cr steel (H.h6) at frequencies
of 7 c/hr and 10 c/min at room temperature. The rupture data of the two
tests correlated closely for both frequencies in terms of meximum applied
stress at 50 per cent life, but the constant strain amplitude data
exhibited enhanced endurances in terms of strain range at this life. In
general, constant load amplitude fatigue appeared to be more damaging than
constant strain at this temperature.

The constant load amplitude fatigue tests accumulated tensile étrain
in a time dependent manner which was amenable to analysis by a technique
originally developed for elevated temperature creep data. The rate of
strain accumulation of repeated tension load fatigue and static tensile
stress tests was slower than for fully reversed push-pull. Strain con~
tinued to accumulate in z tensile sense during push-pull tests at 7 c/hr
despite excess compressive stresses which were as much as 8 per cent
greater than the complementary tensile stresses, whilst cycles with
16.5 per cent excess compressive stress produced compressive strain
accumulation. Repeatod tension fatigue work—hardened the material and
it became successively more resistant to deformation, whereas push-pull

fatiguc work-softencd it and it became successively loss resistant to

deformation.

Rerlaces N,G,T,E, Report No, R,269 -~ A.R.C.27 144,
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1.0 Introduction

In recent investigations on an 11 per cent Cr steel (H.46), strain
was shown to accumulate during slow repeated teansion fatigue and to obey
laws similar to those that describe static creep at elevated temperatures1.
This has also been shown to take plece for either constant stress or con-
stant load amplitude fatigue over a range of temperaturcs in investigations
on a variety of materials?sJs% (see Appendix I for definition of terms).
The total strain range (ep) of H.L6 repeated tension data was related to
the number of cycles to failure (N) by a power law expression of the form

STNQ = constant eeoe(1)

where the exponent o is dependent on the tisting conditions, which is
similar to the cxtensively rcporied expression for constant strain ampli-
tude fatigue. Fatigue due to repeatcd thermal shocks at the leading and
trailing edgos of gas turbine blades has been considered to be relevant to
constant strain amplitude fatiguec because the tomperature differences
between the mean vzlue and the extreme values at the respective edges pro-
duce strains and stresses that are a function of such properties of the
material as its coefficient of thermal expansion, modulus of elasticity,
elastic range and plastic flow behaviour. A fatigue cyclc is thus applied
each time the turbine is operated. Isothcrmal, constant strain amplitude
fetigue data (strain fatiguec) has not given very good correlation with
laboratory thermal fatiguc test data, whereas constant load amplitude
fatigue data (load fatiguc) has apparently been more promising.

In cases where it has been ncecessary to relate load fatizue and
strain fatigue data, it has been assumed that thc cndurance of a push-
pull load test is equal to that of a strain itest which shakes down to a
similar load level. This appears to be a roosonable first approximation,
but requires closer examination because the strain and load ranges vary
continuously during the two respoctive forms of test.

The room tomperaturc load fatisue propertics of this material (H.46)
have bcen reported previously in some detail and attontion was drawvn to the
intcresting form that the cumulative strain/time curvos assumed during
push~-pull and rcpcated tonsion fatigue®. This appezred important because
the slow push~pull tests accumuloted strain in o tensile scnss, wacrosas it
is usually assumod that equnl tensile and comprissive cyclos are sclf-
cancelling and. roesult in littlc or no total strzin accumulation., In one
of the few relevant investigations to be reported, it was shown? that creep
of an aluminium alloy at 300°F and EOOOF was decrcased by a decrease in the
value of the tonsile mecan stross, and thore was no obscrvable creep accumu~
lotion during fully revorscd pusi-pull fatigue tosts at 300°F, Deteiled
push-pull data are usually vicwcd with some rescrve however, becausc it is
difficult to carry out compressive tosting wiich is frce from buckling and
the resulting compressive instability can produce anomalous effocta.

It appoears that the conflicting evidence of previous investigations .
requircs further oxamination in order to detcrmine whother strain can
accumulate during push-pull cyclic fatigue. Fatiguc in service conditions
is not necossarily fully roversed (zero mean stress) and is dependent upon
the operating conditions which may imposc a system that is composed of
contributions by sevcral forms of loading. The effects of mean stresscs
on the cumulative strain/time behaviour and rupturc data arc thcrefore of
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some importance, as also is the relation of push-pull load cycling to con-
stant strain amplitude cycling because it is not clear which test (1f
either) is most relevant to thermal fatigue.

2.0 Ixperimental technigue

The fatigue tests were conducted at rocm temperature in a modified
Amsler Vibrophore _machine, the experimental technique having been des-
cribed previous1y7. Additional care was taken to reduce the possibility
of compressive buckling, and a test-picce with a reduced gauge 1ength/
diameter ratio was used. This re-designed test-picce was cylindrical
with threaded ends and had a 0.1 in. gauge length which was 0,141 in.
diameter. Therc were waisted portions at either end and 0.240 in. dia-
meter shoulders (Figure 1.1). No compressive buckling was observed with
this gcometry and the push-pull rupture data correlatced with data for a
more slender test-piece.

The diametral strain was sensed by a differential transformer type
transducer (designated 'A' in Figure 1.2) housed in a spring-mounted
extensometer which has been described previous lyb In the casc of the
load fatiguc tests, the strain signal -was sensed by this- transducer and was
amplified and continuously recorded against time on a strip chart
(Figure 1.2). The load reversal limits wore controlled by a socond trans-
ducer (B) sited parallel to the main load spring of the testing machine.
The signal from this transduccr was fed to an amplifier control unit whore
cyclic roversal relays wore controlled off zdjustable limits.

In the case of the strain fatiguc .tosts, the strain reversal limits
were controlled by the strain transducer (A). The resulting signal was
fed to the ampllflpr/control unit and the cyclic reversal relays wero con-
trolled by adjustaoble limits identical to those of the load control system.
The tests were cycled between zero strain (corresponding to tho 'as
rcceived! diameter) and a fixed tensile-strain limit. The load was -sensed
by thc lozd transducer (B), and was recorded against. time contlnuously on
the strip chart recorder. In both types of test the actual locd values -
were rocorded manually off a load dynamometer supplied with the machine
which was stated by the manufacturers to have an accuraccy corresponding to
1% per cont. The strip chart rccords of the test at 10 ¢/min wcre
unsatisfactory becouse the rapid cyclic moment of the pen tonded to damage
the chart papcr.. The subscequent records were examined for general trends,
but were not anclyscd in the same detecil as tho 7 c/hr tost rccords which
viere morc suitable for this systcom of recordln

Static constont tonallp stress tests wore conductod at room tempera—
turc in a crecp machine developed by Walles and Grabam of W.G.T.DT. The
test-picce used was CJllndrlCcl with threaded conds and had a 1 in. gauge
longth of 0.178 in. dicmetor (1/40 sq in. cross-sactional area), and two .
ridges for locating a longltudlnal extensomoter Tho loading system
cmployed a crankced lever 2rm which ensured that thc ratio.of load to cross—

scctional urpa was maintained constant and has previously been described
in somc detaill

2.1 lMaterial

The material, a vacuum cast of H.46 steel was supplied as a 13 in.
diametor forging, with a chemical analysis as follows:- .
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Tlement - %, Composition
Carbon ) 0.18 1o 0.20
Manganese 0.79 0.90
Silicon 0.28 0.30
Sulphur , 0.016 0.019
Phosphorus 0.013 0.017
Nickel 0.78 | 0.88
Chromium 11.0 11.4
Vanadium 0.38 0.41
Niobium b.zh 0.30
Molybdemum’ 0.55 C.64
Boron ‘ 0.0035 0.0040
JTron ) Balance

~ Blanxs of & in. square gection were slit out in an axial direction.
They were heat treated at 1150 C for 3C min and air-cooled followed by 3 hr
at 64,0°C and air-cuoled, lu give a hardness of batween 351 and 357 V.P.N.

2.2 = Programme

Fatigue and static constant tensile stress tests were conducted on
the above material at room temperature. Fully reversed push-pull load
fatigue tests were at nominal frequencies of 7 c/hr and 10 ¢/min and tests
with a range of push-pull stress ratios from -0.925 (tensile mean stress)
to -1.165 (compressive mean stress) were at 7 c/hour. © Continuous record-
ings were made of the diametral strain against time. ' )

Repeated tension strain fatigue tests were conducted at the same two
nominal frequencies and load was recorded agzinst time. ’ ’

Static constant tensile stress tests werc conducted for comparison
and longitudinal strain was recorded against timec. .

The respective applied stress and strain amplitudes were selected
such that the failurs times weré between those of the monotonic tensile
tests and about 100 hours. The first application of stress or strain was
always in a tensile sense, :

3.0 Results

3.1 Constant locad amplitude fatijue tests

The push~pull load fatigue rupturc data were <xpressed ag maximum
applied stress against both time to failure and cycles to failure in
Figure 2. The data for each frequency were clcarly scparated on the time
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base, but exhibited little frequency effect on the cycle base although the
latter comparison was partially obscured because the region of overlap of
the two frequencies was limited. (Previous data have shown that there is
a small increase in cyclic endurance with increase in frequency under these
testing conditionsé.) The curves exhibited no tendency to flatten out to
a conventional fatigue limit within the range of endurances investigated
and could be described adequately by straight lines. )

The diametral deformation, of the- 7 c/hr tests is expressed as
cumlative diametral strain (the total contemporary strain at maximum
tensile strees) and plotted against time in Figure 3. The curves all
exhibit an increase in tensile stroin accumulation with increasing time
and appear to form a regular family with an appearance similar to that of
tensile creep. Ths strain records were examined in further deteil and the
total strain ranges (or amplitudes) plotted against time (Pigure 4). The
resulting rocords are similar to the cumulative strain/time curves and
exhibit an increase in strain range with increase in time.

2.2 Constant strain amplitude fatigue tests

The loads reguired to cycle the tcst-piece betwcen the 'as received!
zero and a given tensile strain wore compressive as well as tensile,
because the first tonsile application produced 2 permanent strain such that
it was necessary to apply a compressive load to restors it fto its datum
length as illustrated schematically in Figure 13. The nature of the sub-
sequent cycles quickly rcverted to that of a push-pull type load test, the
compressive loads being ~5 por cent greater than the complementary tensile
loads. Repeated tension strain fatigue cycling is usually considered to
be effectively the some loading condition as fully reversed strain having
the samc total range, becausc it has been shown that both shake down to
the same load ranges and produco fractures in equal durationsh.

The rupture data were expressed logarithmically as total strain
range against number of cycles to failure, and as the czlculated plastic
strain range against number of cycles to failure (Figure 5). This latter
value was calculated from the equation

o
Sp = ET—L"!" ...0(2)
where ep = plastic strain rango
€n = total strain range
o = total stress range at 50 per cent lifec

E = modulus of el-sticity

usually appliod to this typc of test data. The data werc rather scattercd
end difficult to interpret quantitatively but could be represcnted by
stroight lines according to the gonorally accopted power law expression (1).
Therc was a limited rocgion of overlap between test points of the 7 c/hr

and the 10 c/min applicd freguencies, but it was sufficient to reveal a
merked speed cffcct whereby an increase in applied frequency at a givon
total or plastic stroin range rosulted in an incrcased cyclic cndurancce.

The slopes (@) of the 'best fit' lines through the total strein data were
-0.485 and -0.407 for the respective froquencics whercas the slopes (k) of
the plastic strain data werc both -0.59.
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The stress data from six of the 7 c/hr tests were expressed as
stress—range/cycles curves (Figure 6) and it can be seen that the stress
ranges decreased continuously during the fatigue lives.

3.3 Effects of compressive mean stresses at 7 c/hr
4

The effect of various compressive mean stresses on the rupture
endurance at 7 c/hr is illustrated in Figure 7. Tests conducted with
63.0 t/in2 maximum tensile stress, but with compressive stresses in the
range ~58.0 t/in® to -73.4 t/inz, produced little effect on the endurance
as compared with a fully reversed test at £63.0 t/in2, vwhereas tests con-
ducted with a compressive stress of -63.0 ‘c/in’a and higher tensile stresses
exhibited reduced endurances.

The cumulative strain/time curves are illustrated in Figure 8. The
curves all exhibit a first quarter-cycle strain of ~3 per cent because this
was the value produced by ths common first tensile quarter-cycle load of
63.0 t/inz, (the strains in Figure 8 were plotted against time as opposed
to number of cycles, and the first quarter-cycle strain was represented by
the first point on each curve). Increases in the compressive stress to
-68.15 t/in® progressively decreased the rate of tensile strain accumula-

+63.0
~70.65

'compressive kink' at about 12 hr, whilst a further increase in compressive

+63.0
=T34

tion. A test at t/in® produced an unstable accumulation with a

stiress to ’c/in2 produced an sll-compressive strain accumlation.

Tests with increased tensile stress (igg'sb t/in2> exhibit a high
first quarter-cycle tensile stirain and the specimen subsequently accumu-
lated strain at a morc rapid rate than for 163.0 t/in® whereas tests at a
similar stress ratio (-0.92), but with decreased compressive -stress

&

(igg'g t/in?)exhibit no significant change. The total strain range/time

curves exhibit trends similar to those of thce fully reversed push-pull
tests, but arc not scparated into a clcarly defined family as in thc former
case (Figure 9).

3ok Static constant tensile stress tests

Static constant tensile stress creep tests were conducted such that
failures were produccd between about 1 and 100 hours. The stresses were
cxpressed as nominal values i.e., initial load divided by cross—-sectional
area; and the longitudinal strains over a 1 in. gauge length were plotted
against time in Figure 12.1. True strosses {contemporary load divided by
contemporary cross—-sectional arsa) were calculated and listed in Table IV.

4.0 Discussion

Lo The accumulation of strain

The cumulative strain/time curves of ths 7 c/hr push-pull fatigue
tosts cxhibit tensile strain accumulations which have 2 similar appearance
to those of tensile creep tosts at eleovated temperatures. Additional
cvidence of this trend is cxhibited by the strain fatigue tests in which
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5 per cent excess compressive load was required to maintain the strain
amplitude constant, and by the variable stress ratio tests in which strain
accumulation was tensile despite compressive mean stresses.. In the latter
case, the strain continued to accumulate tensile-wise for as much as 8 per

. . +63.0 . cp s .
cent excess compressive stress i.e., _73 65 t/ln? and it is interesting to

note that.this is nearly an order of magnitude greater than the excess
tensile true stress produced by the changes in cross—sectional area at the
maximum tensile and compressive loads. This difference in cross—sectional
area is induced by the tensile and compressive strains and is related to
the total strain range e.g., a test at #63.0 t/in® nominal stress was cal-

.
culated to be TOo+4D t/in® true stress, at 50 per cent life.

The family of strain/time curves were analysed by a technique
originaglly developed and applied to constant stress creep by Graham and

Talles?s 1V (Appendix II).  In this analysis, the curves were separated
into a three~term expression of the form

13 = 80+at+bte Qlc.(3)

and the 1 per .cent strain intercepts of the t* and t° terms were related
to the applied stress by the exprossion - :

o = ct&% . - cees(l)

where g strain
) €o first cycle loading strain
4 time
o stress
a,byc constants

The time and stress exponents are members of a discrete series and
the particular numerical values used in Bquations (3) and (4) represent
the terms which were operative for this material ahd testing condition.
The strain/time curves were regenerated from these two cxpressions and
compared with the experimentel data (Figure 11). It is clear that tho
analysis fits very closely for these testing conditions and appears to bo
a valid and useful method of describing the data.

The strain/time records show that after-the first application of
tensile stress, the subsequent equal and op .osite compressive stress was
insufficient to restore the specimen to its original dimensions, and the
fully reversed oush-pull cycling cnhanced the rate of strain accumilation
comparced with that produced by repeated tension fatigue at an equal maximum
applicd stress (Figure 12.2). The differcent behaviour of the push-pull
and repeated tension strain accumulations appears to be due to the reversal
of stresses producing an enhanced ductility.” This is supported by the )
marked differcnce in behaviour of the total strain range/timé curves of the
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push-pull and repeated tension tests illustrated in Figure 12.3. The push-
pull strain range in the example was 1.2 per cent in the first full cycle
and subsequently increased continuously throughout the fatigue life (work-
softened) whereas the repeated tension strain range decreased during the
first few cycles (work-hardened) from 0.2 per cent to 0,128 per cent,
remained fairly constant during most of the test, but markedly increased
again immediately prior to fracture. It appears then, that the meterial
work-softens and becomes successively less resistant to deformation during
the push~-pull fatigue test whereas it work-hardens and becomes successively
more resistant during repeated tension fatigue testing.

In general, the application of fatigue cycles may either harden or
soften the structure depending upon its initial condition. A material in
an initially hard condition e.g., cold rolled, can become softer after the
application of a number of fatigue cycles such that the resistance to
deformation decreases, whereas a material in an initially soft condition
e.g., annealed, becomes progressively harder, and more resistant to
deformationits 11, (The H.46 steel used in this investigation was heat
treated to give a hardness of 350 to 357 V.P.N. and was therefore in a
comparatively hard condition.) The work-softening behaviour in the push-
pull fatigue tests may be explained in terms of the Bauschinger effect
whereby the application of stress in one direction lowers the yield stress
in the opposite direction. Repeated stress reversals can produce stress/
strain hysteresis loops with marked plastic deformation during fatigue
tests of up to 100 hr duration, whereas ropeated stresses in one direction
work—~harden the material and raise the yield stress in that direction such
that there is very little plastic deformation and the stress range becomes
almost wholly elasticb. A material subjected to a prior history of
repeated tension stresses in this manner is therefore more resistant to
deformation than one subjected to reversed stresses. Unidirectional load-
ing does not prohibit deformation completely however, and it can be seecn
that repeated tonsion load faiigue produces cumulativo strain but at a
lower rate (Figure 12.2). Repeated tension strcss fatigue also produces
cumulative strain provided the stresses are high enough1.

The tests conducted with a raonge of mean stressces demonstrate that
a comparatively large compressive stress is required to inhibit the tensile
strain accumulation. The strain fatigue tests exhibit similar behaviour
to the cxtent that tensile deformation was »roduccd more easily than com—
pressive deformation, i.c., in order to prohibit the accumulation of strain,
it was necessary to apply compressive loazds which were about 5 per cent
greater than the tensile loads. At the same time, the total stress range
decrcased continuously as the material work-softencd and successively less
stress was required in the two respective dircctions to maintain it
constant,

Mathematical analyses of the effects of fatigue loading on the
strain accumulation at higher tomperatures have usually been based on
tensile creep and fatigue data. Such approaches ofton assume that a
ropeated tension test produces a creep curve characterised by an equi-
valent crecp stress which is less than the maximum cyclic stress c.ge,
Referonce 12. This approach is only supported by data of tosts at the
conventional creop temperatures however, and fails to predict the behaviour
at lower temperatures where the stress to produce crecp failure in a given
time exceeds that to produce fatigue failurc!. In addition, tensile and
compressive creep characteristics are often assumed to be equal and
opposite, which is not always true in practice because some meterials
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exhibit less resistance to tensile creep whereas others exhibit less
resistance to compressive creep13. It is clear that if the strain accumu-
lation produced during push-pull fatigue tests is viewed as a balance
between tensile and compressive strain, the material in these room tempera-
ture tests is significantly less resistant to tensile stress and mathe-
matical expressions which successfully described the components of the
effect require different constants for tension and compression. The
room temperature strain accumulation appears to be a form of creep as
defined by the time-dependent deformaticn because the strain/time curves
. can be described by the same general equation as that for high temperature
constant load creev, but this does not imply that the deformation
mechanisms invoked by the high and low temperature conditions are identical.

The longitudinal strain/time curves relevant to static constant
tensile stross tests (Figure 12.1) also exhibit strain accumulation, but
at a lower rate than those of push-pull. The values of the stresses
required to produce this time-dependent deformation were very high and
the stress/time rupture curve had a very low slope such that a small change
in stress produced a very great change in the time to failure. The
scatter band appeared to excecd the decrecase in stress related to this
stross/time slope and it was difficult to correlate stress and time. The
data exhibitod well defined tensile strain accumulation despitec the fact
that the tests wore at a constant stress (decreasing load). The strain/
time curvcs appear on inspection to be composed mostly of a very low temm

. . 4 . : G ok
which is probably 181 and there arc fairly well defined t5 and té terms
ovidont during the latcr stage of the tests. It is possible that for
static tests cach of the timc exponents is identified with a deforma-

tion mode, and the tgLI term characterises a basically low temperature
mode whereas the higher tcrms commonly exhibited by materizls in the con=-
ventional creep ranic are characteristic of high temperature behaviour.

L.2 The correlation of load and strain ranges with the
rupture data

The strain fatigue rupture data are comparcd with the load fatijgue
data in Figure 2, and it is clear that they correlate fairly closely on
either stress/cycles or stress;time diagrams and can be described by
straight lines which are common for the two forms of test, The respec~
tive slopes are very flat howevor (~1/32 for the 7 c/hr data and ~1/16 for
the 10 c/min data) and tond to cxagserate the success of the correlation.

Comparisons of the total strain range and calculated plastic strain
range dota of the respective tests at 50 por cent of the life to failure
show that they do not corrclate very closely on this basis; the strain
fatiguce exhibiting supcrior cyclic cndurconces at equal strain ranges
(Figure 5). Tho correlation of the respective tosts on a strain range
cycles basis is dependent upon the definition of the respective total
strain rangcs cuarzcterising the constant load amplitude tests. Thesec
are usually calculated at 50 per ceont life on the assumption that the
strain rangc has ‘'shalen down' and reached a more or less constant value
at this stage of the tost. Figure 4 and Table VI illustrate that this
is not true for thesc tests, and the strain range to produce failuroc in
some of the shorter endurance constant strain ampiitude tosts was never
attained in tho constant load tosts at the samo cndurance, e.g., a
failurc occurred in a load fatigue test at 4.8 t/irf3 after 37 cycles
during which time thce strain range incrcased from 0.72 per cent to
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1.3 per cent whereas a strain fatigue test would have required 2.8 per cent
strain range to produce a life of 37 cycles. Individual comparisons at
greater endurances were slightly more favourable and the load fatigue tests
usually attained the strain range of the equivalent strain tests, but not
necessarily at 50 per cent of the 1life to failure. The plastic strain
range data €p could be related to the number of cycles to failure by the
expression

e W = C eeee(5)

which has been reported for a variety of materials and testing condition38
although the exponents (k) calculated from Figure 5 were slightly higher
than 0.5 which has been extensively resorted to room temperature data
(Table V). ligher room temperzture values have been reported in investi-
gations on copper™ and nickel 4. Elevated temperature data usually
exhibit values of k betwecen 0.5 and 1 and this has been ascribed to the
presence of time-dependent deformation or creep®. The increased value for
H.46 may be ascribed to a similar mechanism because there is considerable
evidence of time~dependent deformation within the testing range (Pigure 12).
The presence of a marked frequency effect in strain fatigue data is a
characteristic of higher temperatures and is usually absent at room
temperatures. It is unlikely, however, that this could have been pro-
duced by a deformation mechanism similar to that of convenitional high
temperature creepe

The stress/time relaxation curves in Figure 6 show that successively
less load was requirced to maintain the strain range constant, and the
material progressively work-softened during strain fatigue tests. It
appears that there were two, and in some cases three stages of deformation
analogous to primary, secondary, and tertiary creep, but there was no
tendency in any of the tests to settle down to the steady-state shakedown
condition that hzas becn reported for many other materials.

It is clear that strain fatigue teosts of H.46 apply successively
less damaging cycles as measured by the stress ronge whereas load fatigue
tests apply successively more demaging cycles bccause the total strain
range increases and in addition, the cumulative strain produces a form of
incremental collapse which results in a diminishing cross-sectional area
to support the load, The apparent success of the 50 per cent life cor—
rclations on a stress basis may have been cnhanced by the very low slopes
of the S/N curves vhich producc a rclatively insensitive comparison of the
respective data. The load fatiguc tests arc affected less by changes in
applied froquency than the strain fatigue tests; and it appears that the
stress range 1s a less scnsitive mecasure of the life fo failure under these
conditions, Both forms of test exhibit three stages of deformation, and
produce continuous work-softening during the life to failure, but strain
fatigue data may be considercd as a measure of the resistaznce to strain
cycles whereas load fatigue data is 2 me=zsurce of the resistance to load
cycles., Components arc usually dosigned from the 'as received! material
behaviour, and fatiguc is charactcrised by the first few reversals. Load
fatigue has a more damaging cffoct than strein fatiguo of H.46 at room
temperature however, and the cndurance is less than that of a sirain
fatigue tost having an identical first cycle.

It appoars that load f2tiguc data may be related to gms turbine
operating conditions as effectively as the commonly used strain fatigue
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provided the values of load and strain are recorded and 2nalysed compre-—
hensively. Push-pull load fatigue possibly hos some additional merit
because it produces more conservitive rupture d=ta as measured by the
strain amplitude at either the first cycle or the 50 per cent life con-
ditions. The cumulative strain or incremental collapse exhibited by

this type of test moy be relevint to the conditions produced by the come~
binations of thermal fatizue, interrupted centrifugal creep, and low stress
bending vibrations which nre present in gas turbine components but 2re not
altogether simulated by other tests such as repeated bending or the thermal
shock of tapered discs in fluidised beds.

5.0 Conclusions

S5t Static tensile stress, constont load amplitude push-pull and
constant load amplitude repeated tension Tatigue tests on H.46 at room
temperature exhibited time-dependent tensile strain accumulation.

5.2 Push-pull tests with compressive siresses that were between
0 and 8 per cent greater than the maximum tensile stresses also cexhibited
tensile stroin accumuiation. The increases in the excess compression
stress decrocsed the tonsile strain, and 16.5 per cent excess compression
produced compressive strain accumulation.

5.3 The variations in compressive reversal stress of between
+16.5 per cent and -8 per cent produced little change in the rupture
endurance whereas an increase in tensile stress decrecsed it markedly.

5.4 Repaoted tension fatigue testing work-hardened the material
and decreazsed the strain range wheress fully roversed push-pull testing
produced work-softening and incroased the strain range. The introduc-
tion of compressive reversals cnhanced the rate of tensile strain
accumulation.

55 Consgtant strain amplitude fatigue rupture data exhibited a
marked frequency cffcct whereby longer endurances were obtained at 10 c/min
then at 7 c/hour. The constant load amplitude rupture data were con-
siderably less sensitive to frequency ot this temperature,

5.6 Constant load amplitude fatiguc cycles appearcd to have a
more domaging effect than constant strain fatiguc cycles.

5.7 The deate from both types of fatigue test corrclated closecly
on 2 meximum tcensile stress bosis (ot 50 per cent lifc), whoreoos compari-
sons on a strain range basis showed that constant strain amplitude fatigue
tests would give longer lives.

5.3 Compressive stress played a significant role in the fatigue
behoviour of H.46 at room temperaturc and suzgest that study of the role of
compressive stress in the clevated temperature behoviour of gas turbine
materials is needed,
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List of Symbols

Vickers pyramid hardness number
applied stress

number of cycles to failure
time in hours

Young's modulus of elasticity
strain

first cycle loading strain
total secondary strain range
plastic strain range

total strain range exponent
plastic strain ranze exponent
stress exponent

time exponent

material constants
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TABLE T

Constant load amplitude push~pull fatigue properties
of H.L6 at room temperature

e v Sraa oo vtas [ P T N G S oL, R
i 2 sy . me m . . Lo
¢ Applied . \pplied : Time to Cycles to Total strain Plastic strain |
P stress . fracture, range . range
it frequency (t/inz). e : fracture éT% R ET%
" . - . / )

:
- PN

b7 ofar 60,0 | LT.65 :f' T 2% o500 0.258

%5 i £57.0 © 131.1 Z 647 ¢ 0.42 0.173 f

| 5620 1 322, W2 - Z -

f§ . #58,0 © 208.1 95, 0.46 : 0.209 i

. £67.8 © 5.05 ! 20 1.50 : 1.206
! i64.8 8.9 37 0.96 . 0.680
s . . H :

£63.0 : b5 63 1 0.685 . 0.12
160.8 | 649 | 287 . 0.64  ,  0.362
68.1 1 18.9 | 96 0.465 0.0

e veeeg weres ve sieee -

110 o/min ! 160.4 0.7 ‘ 397 0.62 : 0.36

1
[ . £55.0 ¢ 1.9 ¢+ 1151 . 0.34 04102

P 4500 ¢ 5.5 9907 0.285 . 0.069 :
] . w48.6 © 15.85 10631 , - - )
3.5 ¢ 58.8 42038 - : - §

#58.0 1 1.55 ! 919 - 0.616 0. 364 :

; 53,0 © 7.7 . 4618 © 0.338 f 0.108 ;
. 2602 © 0.9 458 0.7k L 0u479 |

) ©oEuq.6 0 88,8 ¢ 6L52Y - g -
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TABLE II

Constant strain amplitude fatigue properties of
H.u6 at room temperature

Applied 'Tota} applied - Time to Gycles to fShakedown% ziiz;ic'
~ frequency 'strzgg range 5fra§;ure, . fracture (:}iigj rgnge
. ' 5
" 7 ¢/br | 0.715 - 127.9 581 . 58,2 0.463
0.856 " 90.05 f 39,  60.5 - 0.59%
1.275 ; 51.2 21, . 61.9 | 1.007
1.545 12,65 55 64.9 . 1.264
0.565 128.1 610 : 571 0.318
0.830 . 97.35 461 58.h  0.577
0.800  105.9 . L66 - -
1.750 3.5 . 124 6L 2 1.472
2.150 . 22,2 : 87 66,0  0.864
3.570 5.5 21 68.0 3.276
3.000 . 10.6 40 - -
%.290 ‘ Lot ) 16 , 67.5 3.998
10 ¢/min | 0.386 835 | 5255 51.2 | 0.18L
0.795 1.05 582 . 59.0 | 0.590
0.860 . 1.25 T3h - 59.0  0.655
0.925 0.85 1458 : 59.5 | 0.717
0.600 . 2.55 1447 o 58.2 | 0.348
1.29 | 0.55 290 65.4  1.016

0.707 1.5 880 . 59.0 © 0.452
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TABLE YII

Constant load amplitude push-pull fatigue tests

Maximum

stress

(t/in®)

63.0
63.0
63.0
58.0
58.0
63.0
64,28
By, 28
65.57
66.85
68.15
68.15
69. L4
70.65
73.40

at variable stress ratios

Maximum
tensile

stress

- (t/in?)

68.15
68.15
64.28
53.0
63.0
63.0
63.0
63.0
63.0
63.0
63.0
63.0
63.0
63.0

63.0

Push—bull
stress
ratio

(B)
~0.925
-0.925
-0.975
~0.92
-0.92

""100

1.165

Tine to
fracture,
hr

L3

5.7
24.0
13ek
4.6
145
66.35
1.7
19.65
18.1
48.2
15.2
15.6
23.3

20.0

Tests conducted at ~7 c/hr

Cycles to :
. fracture |

18
27
109
52
55
63
278
52
82
15
170
61
63
93
17
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TABLE IV

Static constant tensile stress tests

Nominal applied

Stracn True stgess Time to failure
, (.t/in2) I (t/ln ) . (hr)
| 70.9 75.0 4.05
13.6 ; 17.8 ' 45.0
74,6 78.5 6.7
68.5 . T2.1 | 960 unbroken
68.0 ' 2.4 0.75
. 70.2 Th.6 ' 345
TABLE V
Values of strain exponents
" Constant strain amplitude - Constant load amplitude
: fatigue fatigue ‘
T c/hr 10 ¢/min 7 ¢/hr 10 c/min
. Total strain - - :
. exponent (a) 0.405 . 0,407 0.275 0.288 ;

Plastic strain .
! exponent (k) 0.590 0.590 0.530 0.620 !
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TABLE VI

Some characteristic load and sirain values

? Cycles to Constant strain amplitude " Constant load amplitude 1
. failure fatigue fatigue -
3 ; Applied First W JFirst 1 4. ; Maximum ?
- strain cycle _BOp 1ife lcycle 1230 1}fe tapplied .
: stress ! strain . 1
., range stress *(t/inQ) strain et .stresg
 Teqd L (t/in) i} P (b/an®)
. At 7 c/hr i
;20 ! 3,570 75.0 68.0 1.20 1.50 61.8 |
220 1.215 © 69.0 © 61.9 0.3 . 0.50 60.0
t630 L 0.565  62.0 . 57.1  0.30  0.42 57.0
g o !
. At 10 c¢/min ‘ v
i 400 " 0.925 - 62.5 . 59.5 ! 0.2] | 0.62 . 0.4
. 900 L 04707 62.5 59.0  0.42 0.62 58,0 i
. 5000 ' 0.386 © 55.0  51.2  0.21 ° 0.3k 53.0
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APPINDTY T
AFPERIGN T

b R R e

Definitions of terms used

The reader is sometimes confused by the indiscriminate use of
fatigue jargon which is meaningful only to the specialist. Unfortunately,
repeated explanations of terms and definitions can become lengthy and con-
fuse the text., In order to clarify this Report, some of the more
important terms which were described in previous work!29s7 are redefined
below.

The experimental prograrme was conducted in the low cycle (or high
strain) fatigue range where failure is induced in less than or around 104
cycles, Under these conditions, the elastic ranze of the material is
usually exceeded and the rcsulting strain is composed of elacstic and
plastic components such that stress, strain and load are no longer related
by Young's modulus as in the elastic, Hookean range. The nature of the
fatigue cycle is therefore dependent upon whether it is maintained at a
constant stress, strain or load amplitude. The term 'load fatigue'
refers to tests where the load amplitude is maintained constant whilst
stress and strain arc allowed to vary. Similarly, stress and strain
fatigue are controlled off stress and sirain resjectively whilst the other
paramcters are allowsd to vary. Typical intcr-rclations of stress,
strain and load for the three forms of test are illustrated in Figure 13.

'Static loads' are those which are invariable with time, whereas
'cyclic loads' are, as the term implics, variable with time. Unfortu-—
nately, ultimate tensilo strength valucs which arc obtained from tests at
a given stress or strain rate are sometimes referrsd to in the literature
as static properties, despite the fact that they cre produced under the
application of incremental load, often appiied at different rates during
the test.

The term 'creep' is uscd to describe time-dcpondent strain, which
may be produccd by any type of test. “ho most comron form of crecp is
that produced by a static load at clcvated temperatures and this may be
termed 'static creop'. The crcep which can take place in some forms of
fatiguc loading has been referrcd to as either 'dynamic croep' or 'cyeclic
creop'! by othcr authors in order to distinguish it from 'static crecp'.
'Curmilative strain' is an altcernative term vwhich is used here in order to
be morc specific and to avoid confusion betwecen the different forms of
crcep at clevated tomperatures which are associated with specific deforma-
tion mechanisms, The simple definiticn of cumulative sirain given in the
toxt is the contouporary strain at maximun anoiicd stross. This is a
total strain which is composed of clastic and plastic components,

The 'strain range' is the difforonce between maximum and minimum
strain in a given cycle. This term is usually uscd in the litcrature
in preference to 'amplitude' which is used morc spccifically as the
difference betwoen gzero and the maximum or minimum values.

In conventional fatizguc the ondurance limit is the stross below
which 1ife is infinite. 'Cyclic cndurance' is used hore to denote the
number of cycles to failurc for a given stress,. '"P"ime to failure! refers
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to the number of hours, and 'endurance' is a general term for describing
either time or cycles.

The term 'repeated tension' is used to describe the case of zero
minimum load and a tensile maximum load, and fully reversed push-pull is
the case where tae tensile and compressive maxima are equal and opposite.
Compressive stresses are negative in sign and tensile stresses are
positive. The push-pull stress ratio is the ratio of maximum compressive
stress to maximum tensile stress. The mean stress is the stress midway
between the resnective stresses. For a mean stress of zero, the push-
pull stress ratio is -1, and for a mean stress equal to half the maximum
tensile stress (repeated tension) it is O.
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Strain/time analysis

The cumulative strain/time curves for push-pull fatigue at ~7 c/hr,
illustrated in Figure 3, appeared on inspection to form a regular family
similar to those exhibited by static tensile creep at elevated tempera-
tures. The data are analysed by a formula originally developed for
static stress creep by Graham’ which embodies the simple terms of primary
and secondary creep {after Andrade) together with additional terms in the
morc comprenensive form:i-

€ = &5+ :E: Co't" eeeel(6)

The values of # have been shown experimentally to vary according to strass
and temperature and have dlscrotc values which form the series ... 2h £,
Zy 1y 3y 9 «.o of which % and 1 are present in Andrade's formula. The

ratios of 7 are also discrote and are members of the series %y =5 % a,~ﬁ cos

This flex1ble relation between stress, strain, and time, forms the first
stage in a comprchensive eanalysis of creep-strain and rupture data for a
range of temperatures, and it has been claimed to have been used success—
fully to describe and predict the behaviour of 178 sets of rupture data
and 46 sets of crecp data for a wide range of materials and temperatures16.

The data in Figurc 3 werc analysed by the first stage of this tech~
nique as described in Refercnce 10, the curves being separated into g4,
t* and + components such that they were composad of threc straight lines.
The values of the t* and t° time intcorcepts at 1 per cent strain together
with oy ¢4 were as followsi-

o , €0 - tr 0 t°
t/in® % kr hr
570 0 0.1 600 -

58.0  0.215 . 2,0 =
60.8 : 0.218 65 52
63.0 - C.40 = 10.9 10.8
658 048 | 6.3 . 8.0 .
67.8 0.78 4.0 . 1.7

The t* and t° curves (stress against the timec intorcepts at 1 per
cent strain) were plotted in Figures 10.1 and 10. 2, znd the data were
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described by straight lines of slopes % close to - & (Figure 10).  The
stresses were plotted against g, (Pigure 10.3) and again the data could be
described by a straight line, in this case of slope gée This curve was of

course a section of the virgin stress/étrain curve because each numerical
value of g5 was in fact the tensile strain reached in the first quarter
cycle, where tension was always applied first.

The S/t curves were regenerated from the 'theoretical' €5, t* and t°
time intercepts from Figures 10.1, 10.2 and 10.3,; and were represented in
Figure 11 as broken curves. The accuracy of this analysis may be
estimated by comparing the closeness of tha respective experimental points
tc the regenerated curves.

The closeness of the fit of the theoretical curves to the experi-
mental push-pull strain accumulation suggesis that such data can be des-
cribed adequately by the general formula. This is surprising at first
sight, becausec in general, the mechanical processes that produce deforma~
tion are characteristic of the testing temperature, and differ at high and
low temperatures. The mechanisms that produced the strain/time curves
analysed here would not be exnected to be the same as those that produce
static creep for tlis material at say 600°C thereforoe. In addition; push-
pull is an obviously differcnt condition from either repcated or static
tension because the direction of loading is repeatedly reversed and the
Bauschinger effect becomes operative. This apparent similarity between
the mathematical forms of the respective creep and fatigue S/t curves
appears to be a significant addition to the applicability of the general -
equation. Additional work will be conducted in a future programme on
push-pull at clevated temporatures to examine further the efficacy of the -
technique and to determinc whether the time-temperaturce parameters fit the
data over a temperaturc range that is sufficiontly wide to include room
temperature as well as conventional crecp. Convorsecly, it will be
intercsting to examine such departurcs from the 'normal' croep bohaviour as
may occur with tcmperature, and whethor they can be related by metallo~
graphic examinations to the chan.ing mechanisms of deformation.

"D 70321/1/Da125875 K4 4/66 R/CL
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