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ABSTRACT

High temperature fatigue 1a ome of the moat complex materinl prob-

lema. It 18 wall known that creep deformation and eyelic plantie defor-

mation are quite differéut in their mechanisma, The damapges caused by
these two deformation proccsses also differ eignifioaﬁtly. Rasoed on
this observation, the concept of strainrange partitioning analysls on
the combined effects of fatigue and creep was proposcd.

Crack growths were measured at elevated temperatures under four
types of loading: pp, pc, cp, and cc. In H-13 steel, ull these four
types of loading gave nearly the same crack growth rates, and the length
of hold time had negligible effects. In AISI 316 stainless steel, the

hold time effects on crack growth rate were negligible if the loading

_ was tension-tension type' however, these effects were significant in re-

Veteed bending load, and the crack growth rates under these four types
of loading varied considerably. Both tensile and compressive hold times
caused inéreaaed crack growth rate, but the compressive hold period was
more deleterious than the tensile one.

Metallographic examination showed that all the crack paths under
different types of loading were largely transgranular for both CTS ten-
sion-tension specimens and SEN reversed cantilever bending specimens.
In addition, an electric potential technique was used to monitor crack

growth at elevated temperature. The optimum positions for current leads

and potential probes were determined.
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I INTRODUCTTON

‘The principles of linear-clastie fracture mechanics have been Aue-
cessfully applied in characterizing the propagation of fﬁtiguc cracka in
austenitic stainlcss steels at elevated temperatures by Brothers ),
James (2), and Shahinian (3). As long as the average Btress in the net
section remains generally elastic, the crack growth rate, da/dN, 1
governed by the crack tip stress intensity factor range, AK , at cle-
vated temperatures. At room temperature, there is no significant effect
of cyclic frequency and loading wave form on fatigue crack growth rate.
However, the creep effect, the environmental effect (most possibly, oxi-
dation), as well as the mechanical properties of the materials themselves
strongly enhanqg the cracktgrowth rate at elgvated temperatures. In
dealing with the fatigue;créep inter&ction,'we are generaily concerned
with the observation that fatigue at elevated temperatures is subject to
time effects, i.e., frequency, hold time, loading wave form, and environ-
ment.

An increase in temperature génerally increases the crack growth
rate for a given AK and reduces the threshéld AR for crack growth. (2,3)
Speidel (4) indicated that the increase of cycle-dependent fatigue crack
growth rate accompanied by an increase in temperature correlated with
{ the corresponding decrease of the Young's modulus. Wei (5) suggested
that, for a given AK, an Arrhenius type equation might describe the

' fatigue crack growth rate at eleveated temperatures.

da/dN = A f(AK) exp :gé%ﬁl (1)




whére A is a cenatant; £(AK), the erack driving force; u(AK), the appar-
ent activation energy, k = Boltzmann's cenatant, and T = ahsolute tem~
perature, However, James et al. (2) and bhnhinlun et nl. (3) have nhuwn
that tho crack growth ruta datu of both ATIST 304 ntnin]ona ﬂtunl for tha
tomperaturc rango of 75° to ]200 F and the data of AJSL 6 utuinl«nm
steel for the temperature range of 70° ¢o 11000F. reapectively, did not
conform to a single Arrhenius type relationship. Sinee fatigue crack
growth at elevated temperatures obviously 18 a thermally-activated pro-
cess, they conclude that more than one thermally-activated process is
dominant in fatigue cracking over the entire temperature range, and a
more complete definition of the pre~exponential term, A 18 nceded.

James (6) found that in the plot of log (da/dN) vs. log (AK) for
various frequencies, there existed a critical value of AK, bLyond WhiLh
the crack growth rate increaaed with decreasing frequency, and below
which there existed a frequency independency of crack growth. 1In their
log-log plots of crack growth rate, da/dN, vs. frequency v, Ohmura et al.
(7) and Solomon et al. (8) showed that at the high frequency extreme
there was a frequency-independent and purely cycle-dependent transgranu-
lar crack growth mode; whereas, at the low frequency extreme, there was
a purely time-dependent fintergranular crack growth mode. In the transi-
tion region between these two extremes, the crack growth was of mixed
cracking modes and was of weak frequency-dependency.

Generally, the longer the hold time the faster will be the cyclic
rate of crack growth. However, Mowbray et al. (9) showed that the pre-
cipitation of a new metallurgical phase reduced the crack growth rate
as the hold time exceeded a critical value. Therefore, the metallurgi-

cal instabilities must be also dealt with in analyzing the effects of




hold time.

It 1s 8t1l] not clear whether the environmental of fect or the ereep
effect deciaively 1nf1uoncu6 the fatigue crack growth rate at elovated
tempafatu:os. Botﬁ environmontal and ctocp effoets are timo-dupwndonf.
The most possible environmental cffects at clevated temperatures are
caused by oxidation. The strain-cnhanced oxide near a crack tip could
either advantageously or detrimentally modify the crack propagation. (10)

The effects of temperature, frequency, hold time and environment on
crack growth rate at elevated temperature have been investigated; how-
ever, the effects of loading wave form are yet to be studied.

Fatigue crack growth at elevated temperatures is complicated. In
addition to cyclic plastic deformation, creep deformation and creep
damagg'becoqe importa@t when the ;eét temperature is abqye one héif‘éf
thé aﬁsﬁlute ﬁelting.ﬁoiﬁﬁ of'thelmatérial. wﬁen a machiﬂe compénent or
a structural member is cyclically loaded at elevated temperatures, both
cyclic plastic deformation and creep deformation might have occurred.
Cyclic plasti. -leformation and creep deformation are inelastic deforma-
tion, but the mechanisms and the damages caused by these two types of
inelastic deformation are quite different. Cyclic plastic deformation
takes place in slip bands which are distributed throughout the grains,
and therefore, causes transgranular cracking; whereas, the creep defor-
mation is generally caused by diffusion controlled mechanisms and grain
boundary sliding and migration, and therefore, intergranular cracking
often occurs. At elevated tempet;turea, fatigue cracks are generally
initiated along grain boundaries, but crack propagation might be cither

transgranular or intergranular However, as test temperature, hold time

and mean stress are increased, and cyclic loading frequency is reduced,
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creep deformation and creep cracking are favaured, and thus tendency for

integranular crack propagation is increaned., (11)
Bacause of the diffatencns in the mechanisms and the damage pro=

cesses, these two types of {nelastic deformation bore different relation=

ghips to failure life at clevated temporaturch. These basice differences

in mechanisms, damage processes, and thus, in the relationships between

failure 1life and the time-independent cyclic plastic deformation and the

time-dependent creep deformation, lead to the concept of strainrange

partitioning analysie.(12.13.l4,15)The imposed inelastic st:ain is sepa-

rated into four different types, f.e., Ae__y Be_ y B¢ and Ac , each
pp’  pc’ cp ce

of which bore a different relation to failure life. 1f the loading-

unloading is rapid enough to preclude the creep-effect at elevated tem=

peratures, and no hold period is introduced to the cycle, the imposed

inelastic strain is Aepp-completely tevetsed cyclic plasticity. With

rapid loading-unloading and the hold period at tensile peak in between,

the imposed inelastic strain is defined as Aecp~tensile creep reversed

by compressive eyclic plasticitys while the hold time is at the com=-

pression peak, it 1is Aepc-tensile cyclic plasticity reversed by com-

presive creep. When the hold periods are {ntroduced at both the tensile

and compressive peaks, with rapid loading and unloading, the imposed

inelastic strain is Aecc-completely reversed creep. The low cycle

fatigue experimental data at elevated temperatures ghow that the failure

1ives under these four types of cyclic straining are quite different.

The overall objective of this investigation was to analyze fatigue

crack growth at elevated temperatures in terms of creep damage and the

damage caused by cyclic plastic deformation. The effects of cyclic fre-

t elevated temperature

quency and loading wave form on crack growth rate a

were studied.
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1T, EXPERIMENTAL PROCEDURK

Fatigue crack growth in ATSI 316 atainlens ateel ot IEOOQF ad 1n
H-iS ateel at 1100°F was studied. The chomical compopitions of these
two materials are given in Tab10 1. The stalnleans steel apeciments were
tosted in as-reccived condition. The heat-treatment schedule for =13
steel is given in Table 2.

Both tension-tension type and reversed bunding type of loading
were employed. The tension-tension type tests were conducted on compact
tension (CTS) specimens and were load controlled. The single-cdge-
notched (SEN) specimens were tested undes completely reversed displace-
ment controlled cantilever bending. Fig. 1 shows the experimental set-
up fpr the revefsed bending test. Fig. 2 shows the specimen geometries.
The cyclic displacement was *+ 0.5 m. initially,‘the.108d:range was 900
1bs. (+ 450 1lbs.) or 4000 newtons (+ 2000 newtons). As the crack grew,
the range gradually decreased to 700 1bs. (3114 newtons), with compressive
maximum slightly higher (approximately 20% higher) than the tensile maxi-
mum. This conld have been caused by crack closure in the compressive
side. Only tension-tension type of tests were conducted on H=13 steel.

The overall chjective of this investigation was to analyze fatigue

crack growth at elevated temperature in terms of creep deformation and cyc-
1ic plastic deformation. Four different types of loading wave forms, i.e.,
pps D¢, cp, and cc, as shown in Figs. 3 and 4, were applied. In the above
notation, p represents cyclic plastic deformation and ¢ represents
creep deformation; the first letter refers to the type of deformation
imposed by the tensile half of the cycle, and the second letter refers

to the type of deformation imposed at the compressive half of the cycle.
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Hold time un either the maximum or the minimm load wan uned to indure
ereep datormntion. The period of hold time varied frnm 2.7 ro 60 seconds,
Froquencies ftam 0.9 to 500 cpm woro uaed, .

Memsuromonta of crack length wore made throuah the glunﬁ window of
the resistance furnace by means of a travelling mieroseope mount.d onto
4 stationary rack. An clectric potontial technique was aluo umd for
crack length measurements., The circuit diagram is shown in Fig. §. The
potential probes and the current leads inside the furnace were 0.040 1n.
(0.1 cm) diameter, chromel wire; whereas, thosc outside of the furnace
were copper wire. The potential probes and the current leads were spot-
welded to the specimen. The potential drop across the crack was taken
as the difference between the readings wher the power supply wus on and
off. Thue, the thermal EMF's generatcd between the potential probes
and the testpiece at the testing temperatute were eliminated. A con~-
stant current of 5A was used for all tests, and the potential drop was
measured with an accuracy of 1 uV. Extensive calibration was done, and
an overall accuracy of + 0.003" (+ 0.008 em) in crack length measurements
was achieved. The potential drop and the maximum and the minimum loads
were recorded periodically.

The crack closure under reversed bending was also studied by the

electric potential technique. Metallographic examination on crack paths

under different types of cyclic loading was also made.




I1I. CALIBRATTON FOR THE FLECTRIC POTENTTAL TRCHNIQUE
FOR CRACK LENGTH MEASUREMENT

Tha'aléctfic potontinl'tdchniqhn'hna baah'ﬂunconﬁfully used for
monitoring crack growth at room tomperaturce, (10,17,18) Thin technique
was adaptod for ecrack longth moasurcments at clevated temperatures,
Fig. 3 shows the eircuit diagram. The results of the calidbration are
given in Figs. 6 and 7. The crack extension A/Ao i8 related to the po-
tential drop V/Vo, where Ao is the starter notch lengthj A, A plus the
crack extension; Vo. the initial potential drop across the starter notch
without crack extension; and V, the potential drop across the starter
notch plus the crack extension. For a given planar specimen geometry,

the result of the calibration is independent of specimen thickness,

heat-treatment, test temperature, and material resistivity and chemical

composition.

The potential drop across the crack was very sensitive to the posi=-
tioning of the potential probes and the current leads. The optimum
positions for the potential probes and the current leads for high reéro-
duéibility of the calibration curve are illustrated in Ref.17 for both
CTS and SEN specimens by means of an analogue method. The current leads
were situated far apart from the notch, and the potential probes were on
the top face of the specimen as cloge to the open end of the notch as
possible, as shown in Fig. 8. With this knowledge of the equi-potential
distributions on these two types of specimen, the optimum positi&ns for
current leads and potential probes could be easily determined by detcot-
ing the variations of potential drop across the crack caused by the
change in the distance between the current leads or between the poten-

tial probes or both,
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The effects of the ponitioning of the current leads and the poten=

t1al probes on the potential drop across the erack for the €T apaecimen

_ are shown in Fig, 9, The potential drop across the erack remained une

changed 1f the potontial prohes were located within 1/8" (0.9 em) from the

notch surfaces. Aleo, pesitioning the current lcads furthor apart lowered
the petontial gradiont noar tho starter notch, As a result of thewoo
findings, tho current loads wore locatod on the top face of the apocie
men far apart from the notch and the potential probes were puéitioncd on
the top face of the spocimen as close as possible to the notceh slot,
Similarly, for the SEN spocimens, the current leads were at the ends of
the specimen, and the potential probes were on the top face of the speei-
men as close as possible to the notch., In this investigation, the cali-
bration was made by using actual specimens and extending the crack by
faﬁigue cy&ling; | |

Although this technique had been employed at room temperature, the
temperature fluctuation in the furnace generates additional thermal EMF,
which has to be compensated in order to achieve a high degree of accur-
acy for the crack length calibration. A dunmy specimen was used, which
was connected in series to the testpiece, Fig. 5. The dummy speci-
men was of the same size, geometry and material as the testpliece,
and was ketb uncracked in the same furnace., At the same furnace tem-
perature it can be assumed that the potential drops, measured from

' ' ‘
both testpiece and dummy specimen Vl and V02 are affected to the same

' '
extent, i.e., V1 = n-vl and V°2 - n'voz. where n 18 the multiplying
factor caused by the temperature change, and V1 and Voz are the potential

drops across the crack in the testpiece and across the starter notch




in the dummy apaciman'at the preacribed teat temperature, Let VL/V

be the ratio of the patential drop measured from the ttatpieop to the
.jpotantial drqp mausurmd from the dummy spocimun at the time of crack exe
tensioa mensuremont; and V /V 02" the ratlo of the potentiul drop meap~
ured from the testpieca to the petential drop measared from the duminy
spocimon at tho boginning of tho test without crack extonnion 1a the
tostpicco. Those two quantitics, V;/VO; and Vollvoz. aro measuredsnnd
the ratio of tho potential drops duc to crack extension alone, which ox-

cludes the temperature cffects is

v, /v

- 02 -

V/Vo VL7V—‘ V:l/V01 . (2)_.
ol o2

The effects of these variables caused by temperatur: fin.' ...-on were

thus eliminated.

With the technique described above, the calibration showed a very
good reproducibility, and an accuracy of + 0. 003" (¢ 0,008 em), for

crack growth monitoring, was achieved.

L
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IV. RESULTS AND DISCUSSION

The bulk ofkche At program was conductod on ATST 316 afaiﬁlaaa
ateél; The results of the eyelic cr#ck étowth under thé'rdvafaed bend-
irg tosts are summarized in Figs. 10, 11 and 12, The specimen was 2"
(5.08 cm) wide with a machined notch crack starter 0.4" (1.02 cm) deop.
The loading was displacement controlled. Five diffcrent types of load=
ing were tested. The loading wave form and the hold time are noﬁed in
the figures. In these figures Aa 18 the crack extension from the notch
root.

As shown in Fig. 10, the average crack growth rate under ramp load-
ing at low cyclié frequency (10 cpm) was more than 10 times faster than
that under rapid ramp loading (100 cpm). The hold time at compression,
p¢ loading; was more deleterious than the hold_time at tension, i.e., cp
loadiné.‘ The cra§k gfdﬁth rate varied from 2 x 100 inches/cycle (5 x
10-'6 cm/cyele) to 6 x 107 inches/cycle (1.5 x 1074 cm/cycle). One speci-
men, solid points in Fig. 11, was first tested under the pc type loading.
When Aa reached 0.3" (0.762 cm), the loading was changed to cp type.

The data, i.e., the solid points, agreed well with the data of the
earlier tests. The reproducibility of the tist data was found to be
very good. The results of a similar test showed very good reproduci-
bility of the data under the cc type loading and the low frequency ramp
loading (10 epm), Fig. 12.

A set of compact tension specimen was used to test the tension=
tension type of loading. The results are shown in Figs. 13, 14, and 15,
and are aummarized in Fig. 16. The hold times used were 4, 15, and 60

seconds. The loading and unloading rates were the same for all of these

10




Bpacimena, with the exception of the ramp loading ét 100 ecpm. Thesa
tééta wqrc load cont;ollﬁd; The cyélic load raﬁgo.waa 400 to 4000 1ba,
(1780 to 17600 neﬁtonﬂj. The iond range waé too high'to npbly the
lincar clastic fracture mechanics. Tho loadiﬁg level of these aApecimens
was highor than the bending specimens, and consequently, the crack

4 4

growth rates: 1 x 10™' to 5 x 10™° inches/eycle (2.5 x 10~

to 1.3 x
10-3 em/cycle), were huch higher. The effacts of ce, pc and cp types of
tension-tension loading were much smaller than the effects of reversed
bending load. The crack growth rates under cc, pc and cp types of load-
ing were nearly the same; moreover, they were twice as fast as the crack
growth rate under ramp fatigue loading at 100 cpm. The effecté of hold
time on cyclic crack growth rate were very small. The crack growth rate
at 10 cpm ramp loading was only 30% higher than the growth rate under
ramp fatigue loading‘hflioo cpm.. This was in great contrast to the re-
sults of the reversed bending tests as shown earlier, where the crack
growth rate at 10 cpm ramp loading was nearly 10 times faster than the
ramp fatigue loading at 100 cpm.

Fig. 17 shows the additional results under the tension-tension type
of loading but at lower load levels: 200 - 2000 lbs. (890 - 8900 newtons)
and 100 - 1000 lbs. (445 - 4450 newtons). Tests were conducted at 10
cpm and 100 cpm. As the load level was reduced, the frequency effect on
i - crack growth rate gradually disappeared. The craék growth rate, da/dN,
versus the stress intensity factor range, AK, was plotted in Fig. 18.
The data showed that below AK - 20 ksi/in (22 MPa/ , the frequency
effect disappeared. Above this AK level, the crack growth rate at 10 cpm
ramp loading was approximately 30% higher than the ramp loading at 100

cpm., James (6) had found similar results.

11
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Fig., 19 shows the data of two samples - tested at 500 cpm rnmp
1oading and 10 epm "aquare' wave form 1oading. The londing and unload;
ing rato of the low froquency aamplo VAR very ¢loﬁu to that of the high fre-
quency samplo 500 cpm. Tha load range was from 150 to 1500 ba, (668 to
6680 newtons). It was interasting to find that the crack growth rates

of these two samples were nearly thc same.

The results of compact tension specimens under tcnsion-tension type
of cyclic loading are also plotted in Figs. 20 and 21. The number of
cycles needed to grow a crack by 0.6" (1.524 cm) vs. the applied load
range AP is plotted in Fig. 20; the total time needed to grow a crack
by 0.6 " (1,524 cm) vs. the applied load range is plotted in Fig. 21.
The solid squares are the results of "gquare" wave form loading at 10

é ; cpm. These two plots showed that the crack.growth rate had a strong

- cyclié dependency and that time effect was secondary. In other words,

the.creep effect was less than the’fatigue effect; The results also in-
dicated that an increase in the frequency increased the number of cycles
to failure and decreased the time to failure.

In general, the hold time had a negligible effect if the loading
was tension-tension type, but the effects of hold time were significant
in reversed bending loading. In the later case, both tensile and com-
pressive hold times increased the crack growth rate. It is reasonable
to expect that creep and stress relaxation at tensile dwell period caused
an ' \crease in the crack growth rate. However, when a crack was under
a compressive load, the surface was closed, and the crack lost its effect.
1t seemed that the hold time at compression caused creep and stress re-

laxation of the mating crack surfaces in contact. Soon after the load-

ing was reversed, the mating surfaces separated from each other. There=-

fore, the effective applied stress intensity factor range was increased,

12
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which causred faster crack growth rate,

Figa. )2. 23, 24, 25, and 26 show tho motal]ogrnphyﬁ along the crack
pntha of SEN rovotﬂcd cantilover bcnding apocimona undor fivo different
cyclic wave form loadings, 1.0., rnmp louding (10 cpm and 100 c¢pm), cp,
pc and cc (10 cpm). These pictures wore taken at the mid=scction of the
specimen., The metallographs on the side surfaces showed the same pattern.
The cracks in these specimens were all grown by 0.6 inches (1.524 cm).
Pictures near both the crack tips and the notch roots are shown. The
crack growth data of these specimens are shown in Fig. 10. The maximum
difference in crack growth rates among these specimens was more than 10
times. The crack paths were largely transgranular for all these five
specimens in spite of the differences in their hold times and frequencies.

" Figs. 27, 28, 29, and 30 show the same results for the CTS tension-
tension specimens. COnsiderable crack branching was obaerved for the
10 cpm ramp loading, which gave the fastest crack growth rate; the branch-
ing was the least for the 100 cpm ramp loading, which gave the lowest
crack growth rate. The amount of branching decreased in the order of
16 cpm ramp loading, pc, cc, CP» and 100 cpm ramp loading, which para-
1leled the decreasing order of erack growth rates among these five types
of loading wave form. The {nitiation sites of the crack branches were
often located along the grain boundary; however, the crack paths were
predominantly transgranular. An estimate of the portions of intergranu-
lar crack paths was made. The results were 15%, 11%, 11%, 8%, and 7%
for the five types of loading, respectively., These estimates were not
very accurate but they indicated the qualitative trend that the higher
the percentage of intergranular cracking, the faster the crack growth

rate. Moreover, this small difference in intergranular cracking should

13
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not be the main cause fér the wide difference in erack growth rate ﬂhoﬁn
in Figf 10."Th£a obao:vntion'wgs contrary to the finding  of Manaon

lét al. (12.13.14).in&icatingbthnt the tonailclcréop in dAﬁigh tompérh-
ture fatigue test for a cﬁ type of 1oud1na'causéd intorgrnﬁuinr crack=
ing. This discrepancy was probably duc to the limited silze of the re-
gion of high plastic strain range found in our cracked spccimens, where=
as the low cycle fatigue push-pull hour-glass cylindrical specimens
underwent gross "uniform" plastic strain. It should also be noted that
the hold times by Manson et al. were often more than one minute, but for
these tests the hold times were limited to 6 seconds, which could have
been too short to incur sufficient damage to cause intergranular crack-

ing.

Cracks in two SEN speciménS‘under reversed cantilever bending were
grown by:0.3" (0.762 éﬁf. Thé‘tfacings'of the load vs. the eleﬁtric po-~
tential drop, which was a measure of crack length, were then recorded
with an X-Y recorder as shown in Fig. 31a and 31b. These two specimens
were under ramp loading but at different frequencies: 10 cpm, and 100
cpm. These two loading conditions give the fastest and the slowest crack
growth rates as shown earlier in Fig. 10. :The tracing for the 100 cpm
frequency definitely indicated crack closvre under the compressive
loading. On the other hand, there was only a very slight indication,
if any, of crack closure for the 10 cpm specimen.

When a crack is closed, it loses its effectiveness. Therefore,
crack closure reduces the effective stress intensity factor range, and
the crack growth rate is correspondingly reduced. However, this obser=-
vation was only qualitative due to the limitation of the gensitivity

of the instrument used, the uncertainty of the effect of oxides, and the

14
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mismateh between the two mating crack surfaces, This obaorvutjon of
erack closure was nlﬁuﬂupportod by the metallographic pivturvﬂ of Fipn.
22 through 26, The erack opunings at both the notch root and the crnck

tip in Fig. 22 (ramp londing. 10 cpm) were defintitely much wider than

those in Fig. 26 (ramp loading, 100 cpm). The crack openings and the
crack growth rates of the other three specimens were in between these
two extremes. A wide crack opening delayed the crack closure during the
unloading half cycle and promoted the crack opening during the loading
half cycle. 1It, therefore, increased the effective load raege and in
¢ turn, both the effective stress intensity factor range and the crack

growth rate.

Possible reasons for the large differences in crack growth rates

in 316 stainless steel SEN specimens under reversed cantilever bending
are grain ‘boundary damage caused by creep deformation, corrosion, crack %
tip geometric change caused by creep, and relaxation of the compressive
stress between the mating crack surfaces during the compressive half
cycle of the loading. Undoubtedly, each of these factors played a role
in high temperature fatigue crack growth. Yet, the effects of grain
boundary damage und corrosion were not the dominant ones. The metallo-
graphic pictures did not show extensive intergranular cracking. The
crack paths were largely transgranular. The effect of corrosion for
pe-type of loading should have been less than that for cp-type of load-
ing. Yet, the crack growth rates showed otherwise. Thus, the results
of this investigation indicated as possible explanations for the large
differences in crack growth rates (shown in Fig. 10) the crack tip geo-
metry change by creep and the stress relaxation between mating crack

surfaces.

15
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Fié, 32 showa the data of compact tenafon apecimens on H-13 steal,
The teat temperature was 1100°F, The data ahowed neglipible difforonyoa
in crack growth rates undor all four types of-]ondiﬁg; Alﬁo.iﬁho dif-.
ference in hold time at both maximum and minimum lohda, 4 acconds and
16 scconds, ha . uegligible effect on crack growth rate.

It was found that the types of loading cycles had significant effects
on fatigue lives of unnotched cylindrical 316 stainless steel specimens,
which were under cyclic push-pull strain controlled loading. (12,13,14,15)
However, the effects of hold time on the fatigue lives of unnotched H-13
steel was negligible. (19) This observation on the difference of the
sensitivities of 316 stainless steel and H-13 steel to fatigue-creep
interaction agreed with our results on fatigue crack growth. RoweVer,_
our reéuits showed that the coﬁpressive creep was more deleterious than
the tensile one, and the effects of creep on cyclic crack growth rates

were less than the effects on the lives of unnotched cylindrical specimens.
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V., CONCLUSIONS

1, An electrio potontial toohnlque for crack length measurement

at olovated .omporaturo was dOVOlOpOd and an extenaive 0n]1brntinn work

was made. Tho optimum pasitiona for current leads and potential prohes
were determined in order to achieve a high accuracy and pood reproduct -

bility. An accuracy of +0.003" (+ 0.008 ¢m) in crack length measurement

was acnieved.

2. In 316 stainless steel, the hold time effects were much less if
the_loading was teusion-tension type in comparison with the reversed
beading loading. Both tensile and compressive hoid times caused an in-
C'ease in crack growth rate, however, the compressive hold period was
rore deleterious than the tensile one.

3. 1In 316 stainless steel specimens undsr tension-tension type of
loading within the limited range of hold time studied, the creep effect
during the hold time is less than the fatigue effect.

: 4. In 316 stainless steel, there existed a transition value of AK,
26 Ksiv/in (22 MPa¥in),in the plot of log (da/dN) vs. log (AK), below
wkich the crack growth rate was independent of frequency, and beyond
which decreasing the frequency increased the crack growth rate.

5. Metallographic examination on 316 stainless steel specimens
showed that all the crack paths of different wave~form loadings were

largely transgranular for both CTS tension-tension specimens and SEN

reversed cantilever bending specimens.

6. There seemed to be a qualitative correlation between da/dN and
crack opening displacement, COD. The COD was large and the da/dN fast

for the 316 stainless steel specimen at 10 cpm ramp loading, the COD
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was sﬁall and the da/dN alow for the 316 stainless steal Apeeimen at

100 cpm ramp loading. There was alao an indication of crack clofure

for ﬁﬁo high frcquebéy tést. Thé widér cinck qpohing in the caﬂb of

10 cpm ramp loading delayed tho.béginniﬁg of crack closure in the un-
loading half=-cyele, and promoted the opening of the cerack opening, during
the loading half-cycle. Hence, it incrcased the effective load range

and the effective stress inteneity factor range, and it enhanced crack

growth rate.

7. 1In H-13 steel, the effects of hold time and loading wave form

on crack growth rate were negligible.
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TABLE 1

CHEMICAL COMPOSITIONS OF TYPF, 316 BTAINLESS -

8TEEL, AND H=13 STEEI,

AISI Type 316 Stainlgss Stocl (%)

c Mn 81 TR Cr

0.08 2.00 1.00 0.045 0.030 18.00

H-13 Steel (%)
c Cr Mn v S Mo

0.40 5.00 0.40 1.10 1.10 1.35

——
b, =
S

Ni Mo

14.00 3.00

Fe

Balance

Fo

Balance
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1.
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TABLY 2
HEAT-TREATMENT SCHEDULK FOR He13 BTFFL

Austonitiging by prohcating the spoeimens to 1400°F for 1/2 hour,
thon holding at 1850°F for 1 hour, followed by air cevling te room
temperatura,

Double tempering at 1200°F for 2 hours. Air cooling to room

temperature.
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\4— ELECTRIC POTENTIAL CALIBR.

FOR CRACK LENGTH

AIS! 316 STAINLESS STEEL
COMPACT TENSION SPECIMEN
L3

o 0.4 amp, 70F
A 5 gmp., I300°F

12

lt'

1o] S— A —
10 I 1.2 1.3 1.4 1.5

V/Vo

FIG. 6 ELECTRIC POTENTIAL CALILRATION CURVE FOR 316 STAINLESS STEEL
COMPACT TENSION SPECIMEN.
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F1G. 7 FLECTRIC POTENTTAL CALIBRATION CURVE FOR 316 STAINLESS STEEL
SEN CANTILEVER BENDING SPECTMEN.
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316 STAINLESS STEEL

TEST TEMP. I300°F

COMPACT TENSION SPECIMEN
LOAD: 400 Ibs TO 4000 Ibs

5000 <000

3000 4000
NUMBER OF CYCLES,N

2000

1000
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ELECTRIC POTENTIAL DROP ACROSS CRACK ( BV

FIG. 31 TRACING OF LOAD VS. ELLCTRIC POTENT:AL DROP ron (a) 10 cpm
AND (b) lOOocpm RAMP-TYPE, REVERSED BIN51iG; 316 STAINLESS
STEEL, 1300°F.
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