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AB_TRA.CT

lllgh temperaturo fntigu_ IA on_ of the moat complex mnt,-,rl_,l, prob-

lems. Zt is well known that creep deformation and cyclic p]a,tJc d_,[or_ .:

matlon arc quite different in their mechanisms. The damag(,_ c_uH_;d by

these two deformation processes also differ slgnlf1.cantly. Ba,¢,d on

this observation, the concept of stralnrange partitioning an, lynls on

the combined effects of fatigue and creep was proposed.

Crack growths were measured at elevated temperatures under four

types o£ loadingl pp, pc, cp, and cc. In H-13 steel, all 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-

versed bending load, and the crack growth rates under these four types

of loading varied considerably, Both tensile and compressive hold times !

caused increased crack growth rate, but the compressive hold period was

more deleterious than the tensile one.

Hetallographic 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.

i
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I I. I_RODU_TION

The principles of line,t-elastic fracture mecbnntc_ hnve boon _uc-
t

cessfully applied in charactertstng the prop_ation of fatigue cr_,_k_an

austenttic stainless steels at elevated t_peratures by Brothers (1),

James (2), a_ $hahinian (3). As long as the average stress in the net

section remains generally elastic, the crack growth rate, da/dN, ts

g_erned by the crack tip stress intensity factor ra_e, ^K, at ele-

vated temperatures. At ro_ temperature, there is no significant effect

of cyclic frequency a_ lo_i_ wave form on fatigue crack gr_th rate.

However, the cre_ effect, the enviro_ental effect (most possibly, oxi-

dation), as well as t_ mec_nical properties o£ the materials themselves

stro_ly enhance t_ cra_ graph rate at elevated temperatures. In

deali_ with the fatigue-cre_ _teraction, we are generally c_cerned

with the _se_ation that fatigue at elevated temperatures is subject to

time effects, i.e., frequency, hold t_e, loadi_wave form, and environ-

mont.

An increase in temperature generally increases the crack growth

rate for a g_en AK and reduces the threshold AK for crack growth. (2,3)

Speidel (4) i_icated t_t the increase of cycle-deponent fatigue cra,-k

growth rate acc_p_ied by an increase in temperature correlated with

I the correspo_i_ decrease of the Young's m_ulus. Wei (5) suggested

that, for a given AK, an brrhen_s type equation might descr_e the

. fatigue cra_ growth rate at eleveated temperatures.

-u (AK) (i)da/dN -A f(AK) exp kT

I
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wher_ A 1_ a constant; f(AK), th_ crack drlvlnfi force; u(^K), the appnr-

en_ net_vation energy, k - Bolt_mann'. conntant, nnd T - ahn_._lut_, l_.m~

peratur_, However, Jame. et al, (2) and Shahinl.an _,r nl, (3) t._v_, .h_wn

that the crack growth rate data of both AI8[ 304 ,tainle_n ,fete] for l h_

temperature ranse of 75° to 1200% and the data of AISL 316 _l.aln|_,tln

steel for the temperature range of 70° to 1100%, respec.tlwly, dld m_t i

conform to a single Arrhenius type relationship. Since fat_uc, crack '1

growth at elevated temperatures obviously is 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 is needed.

James (6) found that in the plot of log (da/dN) vs. log (AK) for

various frequencies, there existed a critical value of AK, beyond which

the crack growth rate increased with decreasing frequency, and below

which there existed a frequency independency of crack growth. In their

log-log plots of crack growth rate, da/dN, vs. frequency v, 0hmura 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-

[at crack growth mode; whereas, at the low frequency extreme, there was

a purely time-dependent intergranular crack growth mode. In the tran_i-

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 t_me 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 tJ_e exceeded a critical value. Therefore, the metallurgl-

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

. [ "
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hold time.

IC iR a=Jl] not clear whethvr the cnvtronment_l +df_,,,t nr Ill,, _:r,'_'l_

I o#feet doclfltve]y influonc,_, the far]gtae er.ek growth rate _tt ,,,]¢,v_t,,_{
L

[ temperatures. Both environmental and creep effects nr_ time-d,,p,,ndont.
i,
!/ The most possible onvtronmental effects at elevat¢,d temper.tur,m are

caused by oxidation. The strain-enhanced oxide near a crack ctp could

either advantageously or detrimentally modt£y the crack propagation. (]0)

The effects of temperature, frequency, hold tlme 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 ts complicated. In

addition to cyclic plastic deformation, creep deformation and creep

damage become important when the test temperature is above one half Of

the absolute melting point of the material. Nhen a machine component or

a structural member is cyclically loaded at elevated temperatures, both

cyclic plastic deformation and creep deformation might have occurred.

CycZtc plastt, .ieformatton and creep deformation are inelastic deforma-

tion, but the mechanisms and the damages caused by chess two types of

inelastic deformation are quite different. Cyclic plastic deformation

takes place in slip bands which are distributed throughout the grains,
;i

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 temperatures, fatigue cracks are generally

initiated along grain boundaries, but crack propagation might be either

trans8ranular or intergranular However, as test temperature, hold time

and mean stress are increased, and cyclic loading frequency is reduced,

3
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creep defomaClon and creep cracking are favoured, and thus t+_mdtmey for

intagranular crack propagation is Increased. (11)

Because of the differences in the mechanisms and the dm,+t_c, pro-

cessea,these two •types of incise,to deformation bore different r(,latl,m-

ships to failure life at elevated tempera,urea. Those be,is dtfferone,.a

!. in mechanisms, damage proceases, and thus, in the relationships between
]:
i'
,',_ failure life and the time-independent cyclic plastic deformation and the

:' time-dependent creep deformation, lead to the concept of stralnrange

i partitioning analysis.(t2,13,14,15)The imposed inelastic st_aln is sepa-

l* rated into four different types, i.e., ACpp, ACpc, A_cp and Ac , eachi CC
I

of which bore a different relation to failure llfe. If the loadlng-

i unloading is rapid enough to preclude the creep-effect at elevated tem-
!*
i

_i pets,urea, and no hold period is introduced to the cycle, the imposed

_ _Cpp-COmpfete ly
i. inelastic attain is reversed cyclic plasticity. With

rapid Ioadius-unloadlng and the hold perlod at tensile peak in between,

the imposed inelastlc strain is defined as A¢ -tensile creep reversed
• cp

by compressive cyclic plasticity; while the hold time is at the com-

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

presive creep. Nhen the hold periods are introduced at both the tensile

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

inelastic strain is Sect-Completely reversed creep. The low cycle

fatigue experimental data at elevated temperatures show that the failure

lives 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-

":"_ quency and loading wave form on crack growth rate at elevated temperature
i i

_..:* were studied.
i_I
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II. EXPERIMENTALPROCEDURE

¥_ttgue, crack growth In hl$I 316 srain3,.,.s 1tree! at 13()O"_Fm_d In

H-13 sta_l at 11000F was studied. The chemical c,_mpa_ittom_ ,,f tl.,_,

two matortal_ are given in Table ]. Th_ ata:ln]t,m_ ttt(,4,1 al,t,clm_,nf_ w_,rq,

tested in as-received condition. The heat-treatment _ch_,d_,lv I'_rr 1t-13

steel is given in Table 2.

Both tension-tension type and reversed bending& type of loading

were employed. The tension-tension type teats were conductud on compact

tension (CTS) specimens and were load controlled. The single-edge-

notched (SEN) specimens were tested unde_ completely reversed displace-

nmnt controlled cantilever bending. Fig. i shows the experlmental set-

up for the reversed bending test. FIg. 2 shows the specimen geometries.

The cyclic displacement was_ 0.5 n_n. Inltlally, the load range was 900

lbs. (_ 450 lba.) or 4000 newtons (± 2000 newtons). As the crack grew,

the range gradually decreased to 700 ibs. (3114 newtons), with compressive

maximum slightly higher (approximately 20Z higher) than the tensile maxl-

mum. This cmlld have been caused by crack closure in the compressive

side. Only tenslon-tenslon type of tests ware conducted on H-13 steel.

The overall QbJectlve of this investigation was to analyze fatigue

crack growth at elevated temperature in ter_s of creep deformation and cyc-

I lic plastic deformation. Four different types of loading wave forms, i.e.,

pp, pc, cp, and cc, as shown in Figs. 3 and 4, were applied. In the above

notation, p represents cyclic plastic deformation and c 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 cycl_.

5
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Hold time ,_1: _:l,ther l:ho mr_x:i-mumor the m:lntmumlmid w_ un_d to _lnd,wo

cro_p doformn_ion. The period nf hold _lmo vnric, d from 2.7 re 60 nc,eond_,

Froquone$o_ ,from0.9 to 500 cpm woro uaod.

Measurements of crack length wore made throuRh th¢, _h0n. w'l.dow of

the rea_.atance furnace by moanA of a travellln_ mlt,r:,m.op(, moun,:..d onto

a stationary rack. An electric potential technique wa_ _1.o umd for

crack length measurements. The circuit diagram is shown in Fig. 5. Th.c

;, potential probes and the current leads inside the furnace were 0.040 In.

L

_ (0.1 cm) diameter, chrome1 wire; whereas, those 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 whet the power supply was on and

i: off. Thus, the thermal EHF°s generated between the potential probes

and the testptece at the testing temperature were eliminated. A con-

stant current of 5A was used for all testsD and the potentlal drop was

measured with an accuracy of i pV. Extensive calibration was done, and

an overall accuracy of -+0.003**(± 0.008 cm) 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 aiso studied by the

electric potential technique. Metallographic examination on crack paths

under different types of cyclic loading was also made.
b

6
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[[$, CAL$RRATIONFOR TH_ _LECTRIC POTENTTALTECHNIQUE
FOR CRAOKLENOTHMEASUREMENT

The electric paranoia| roehnlqun h._ b_,f,n .ucee_nfutly .r._d for

monttortnA crack growth .r room temperatures. (l_, 1.7,181 'l'hlt_ r._qmtqu.

was adapted for crack le_gth measurcmt,nt_ _Jt t,l_,w_tt,d tt,mt_,ratur_,s.

Fig, 5 shows the circuit diagram. The result, of the c.lJbratlon art, ,.

given in Figs. 6 and 7. The cracF extension A/A° Is related to the po-

• tenttal drop V/V o, where A is the starter notch iength! A, A° plus theO

crack extension; Vo, the initial potential drop across the starter notch

without crack extension; and V, the potential drop across the starter
z

: 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 materlal resistivity and chemlcal
• I

composition.

The potential drop across the crack was very sensitive to the posi-

tioning of the potential probes and thecurrent leads. The optimum
: !

positions for the potential probes and the current leads for high repro- I

ducibllity of the calibration curve are illustrated in Ref.17 for both 1

CTS and SEN specimens by means of an analogue method. The current leads 1

were situated far apart from the notch, and the potential probes were on

" the top face of the specimen as clo_e to the open end of the notch as i

possible, as shown in Fig. 8. Nith this knowledge of the equ_-potenttal i

distributions on these two types of specimen, the optimum positions for

current leads and potential probes could be easily determined by detect- i

In8 the variations of potential drop across the crack caused by the i
1
1

change in the distance between the current leads or between the poten-

tial probes or both, _!

I
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The affecr.a of _h¢ po_tiontnR of th_ ¢urr¢,nt ]p_d_ mid ttl¢_ pot_,n-

i_! ¢$al p_abam an thp potan_$al drop _c_o_a th_ er_ck fur tim Cl',q _p_clmon

: ++ arm shown in F_g. 9, The potential drop across tim ¢r+)ck r+,mai.+,d un-

i/ mhana_,d +f Ow potanr_M probes wore h+wacod within 1/8" (0.3 e,.) |r.m tll_,notch aurfaceH, Alma, paa_t_onlnB th,, current l_,adm furrh_,r apart lawt_r(,d

the pot_mtial Eradlent attar ti_L_atatt vr notch. An a r_,lmlt of thc.v

Ib,
f:Lndings, the current toads wore located on the Lop [,lt,.t, t}f tht, HI'IC'V_-

men far apart from the notch and the potential probes weft, positioned on

the top face of the specimen as close as po_sibte to the notch nlot.

Similarly, for the SEN specimens, the current leads were at the ends of

the specimen, and the potential probes were on the top face of the speci-

men as close as possibleto the notch. In this investigatlon,the ca11-

bratlonwas made by usln8 actual specimensand extendingthe crack by

fatlguecycling.

Althoughthla techniquehad been employedat room temperature,the

temperaturefluctuationIn the furnacegeneratesaddltlonalthermalEMF_

which has to be compensatedin order to achievea high degree of accur-

acy for the crack lengthcalibration. A dummy specimenwas used, which

i. was connectedin series to the testplece,Flg. 5. The dummy specl-

:', men was of the same size, geometryand materialas the testpleee_
V
,?.

_, and was ketp uncrackedin the same furnace. At the same furnacetem-
il

peratu_eit can be assumedthat the potentialdrops,measured from
$ t

both testpleceand dummy specimenV1 and Vo2 are affectedto the same

extent,l.e._ Vl = n.VI and Vo2 = n'Vo2,where n is the multlplylng

factor caused by the temperature change, and V1 and Vo2 are the potential

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

_ " ' L
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in the d_llmny _pe_lmen at the premcrlbod l:o_t t_mporaturo, Let VI/Vo2

be the ratio of tho potontlal drop moaaurod from the t,mtptor-_ to tho

. po_en_ial drop mo.Nur_d from the dummy .apoc_mtm at the tim,, of crack ox-
.... i ,, • ,

tcnoton m_atquroment;l and reliVe2, the ratio of tho pmontl.:t drop moan_

urod from the teNtp_ec_ to _ho potential drop moa.,tr(_d from th,, dummy

opoeimen at the beginn|nt_ of the tort wl.thout crack t,xtotaf)lon In tim
I !

tostpieco, Those two quantltles, Vl/Vo: I and Vol/Vo2, are m_,aourod,tlnd

the ratio of the potential drops dae to crack t,.xtt,.nt_ion alone, which ex-

cludes the tmperaturo effects is

! !

v,./vo2
V/Vo - Vz/Vol . (2)

• Vol/Vo 2

The effects of these variables caused by temperatur_ fk,_.,..i.,.,:.,onwere

thus eliminated.

With the technique described above, the calibration showed a very

good reproducibi_!ty, and an accuracy of ± 0.003" (± 0.008 cm), for

crack growth monitoring, was achieved.

1;

9
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IV. _SULT8 A._ DIACUSBION

The bulk of the test program was conducted on ^TSI 316 ,taJn]_As

steel. The results of the cyclic crack growth under the rover_cd band- 1

ing tests are summari_ed in Figs. 10, 11 _nd ]2. The ,pccimon wan 2" j

(5.08 cm) wide with a machined notch crack starter 0.4" (1.02 cm) deep.

L The loading was displacement controlled. Five different types of load- ._-

iug were tested. The loadins wave form and the hold time are noted in

the figures. In these figures Aa is the crack extension from the notch

root.

As shown in Fig. 10, the average crack growth rate under ramp load-

..:, ing at low cyclic frequency (I0 cpm) was more than i0 times faster than :

that under rapid ramp loading (100 cpm). The hold time at compression,

pc loading, was more deleterious than the hold time at tension, i.e., cp

loading. _ The crack growth rate varied from 2 x 10-6 inches/cycle (5 X

10"6 cm/cycle) to 6 x 10"5 inches/cycle (1.5 x 10 "4 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 t_st 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 loadin8 and the low frequency ramp

loading (10 cpm), 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 summarized 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
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Ap_ctmens, with.the exceptton of the r_mploadtng _t 100 cpm, Thes_

¢est_ were lo_d controlled, Th_ cyclic load rang_ w_s _00 to 4000 lbs,

(1780 to 17800 newton_), The load range wa_ too high to npp!y th_

Itnoar elastlc fracture mechanlcs. Tho loadlng 1ovel o_ thoso sp_clmcns

was higher than the bending specimens, and consequently, the crack

growth rarest i x i0"4 to 5 x i0"4 Inches/cycle (2.5 x I0"4 to 1.3 x d

10-3 cm/cycle),were much higher. The effects of cc, pc and cp types of I

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 effects of hold

time on cyclic crack growth rate were very small. The crack growth rate

at lO cpm ramp loading was only 30Z higher than the growth rate under

ramp fatigue ioadlng at i00 cpm. This was in great contrast to there-

sults of the reversed bending tests as shown earlier, where the crack

growth rate at i0 cpm ramp loading was nearly i0 times faster than the

ramp fatigue ioadlngat lO0 cpm.

Flg. 17 shows the additional results under the tenslon-tenslon type

of loading but at lower load levelst 200 - 2000 ibs. (890 - 8900 newtons)

and 100 - 1000 Ibs. (445 - 4450 newtons). Tests were conducted at i0

cpm and i00 cpm. As the load level was reduced, the frequer_cyeffect on

crack growth rate gradually disappeared. The crack growth rate, da/dN,

versus the stress intensity factor range, AK, was plotted in Fig. 18.

The data showed that below AK - 20 ksll_n (22 MPo_, the frequency

effect disappeared. Above this AK level_ the crack growth rate at i0 cpm

ramp loadlng was approximately 30Z higher than the ramp loadlng at 100

cpm. James (6) had found similar results.

11
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Fig. 19 shows the data of two smnplee te_ed _t 500 cpm rnmp

loadlng and 10 epm "_quare" wave form loading, Th_ lending and unload-

Ing rate of the low frequency _amplo war v_ry ,_I,o_,,t. thai el the,h_gh fre-

quency sample,500 cpm. The Load range was from 150 to 1500 IbH, (668 to

6680 newtons). It wa_ interesting to find that the craek _rowth rates

of these two samples were nearly the same.
|

The results of compact tension specimens under tension-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

rar_e AP is plotted in Fig 20; the total tlme 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 "square" wave form loading at 10

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

cyclic dependency and that tlmeeffect was secondary. In other words,

the creep effect was less than the" fatigue effect: The results also in-

,,. dtcated 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 tenslon-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.

It seemed that the hold time at compression caused creep and stress re-

laxatlon 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 caused faster crack growth rate.

FiRs. 22., 23, 26, 25, and 26 show the:metallographys along the crack

paths of SEN reversed cantilever bonding specimens under five• different

cyclic wave form loadlngs, _.e., ramp loading (lO epm and lO0cpm), cp,

pc and cc (10 cpm). These pictures wore taken at the mid-section of tile

specim_n. 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 crick branching was observed for the

l0 cpm ramp loading, which gave the fastest crack growth rate; the branch-

ing was the least for the i00 cpm ramp loading, which gave the lowest

crack growth rate. The amount of branching decreased in the order of

i0 cpm ramp loading, pc, cc, cp, and i00 cpm ramp loading, which para-

lleled the decreasing order of crack growth rates among these flve types

of loading wave form. The initiation 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-

far crack paths was made. The results were 15Z, llg, llg, 8Z, and 7Z

for the flve types of loading, respectlvely. These estimates were not

very accurate but they indicated the qualitative trend that the higher

the percentage of intergr_nular cracking, the faster the crack growth

rate. Moreover, thls small difference In Intergranuiar cracking should

13
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not be the maln cause for the wide dlff_r_nco in crack growth rate Ahown

in Fig. 10. Th_s ob_orvatlon was contrary Co th_ flndln_ nf Man_(_n

et al. (i2,13,14) indicating that th'ctensile cro_p In _ihigh tomp¢,r_l-

turc fatigue test £or a cp type of lolldtng caused intcr_r_mular cr_ck-

tng. This discrepancy was probably due to the limited s'lze c_f the r_,-

gton of high plastic strain range found in our cracked sp_ctmens, 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 Hanson etal. were often more than one minute, but for

_ these tests the hold times were limited to 6 seconds, which could have

i_ been too short to incur sufficient damage to cause intergranular crack-

il_ lug.

i_ Cracks in two SEN speclmensunder reversed cantllever bending were

grown by 0.3" (0.762 cm). The tracings of the load vs. the electric po-

tenttal drop, which was a measure of crack length, were then recorded

with an X-¥ recorder as shown in Flg. 31a and 31b. These two specimens

were under ramp Zoadlng but at different frequencies: 10 cpm, and i00

cpm. These two loading conditions glve the fastest and the slowest crack

growth rates as shown earlier in Fig. i0. The tracing for the i00 cpm

frequency definitely indicated crack closure under the compressive

loading. On the other hand, there was only a very slight Indlcatlon,

if any, of crack closure for the 10 cpm specimen.

Nhen 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-

vatlon was only qualltaClve due to the llmltatlon of the sensitivity

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

_• 14
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mismatch between the two mating crack aurface_, This obaorvntJon of

crack closure wa_ alH._upportodby the metallographle plctur_,_ _f Figs.

_ 22 through 26, Th0 crack opening8 at both tile notch root and th0 orask "

tip in gig. 22 (ramp loading, 10 cpm) were deftnttely 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. It, therefore, increased the effective load range 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 grainboundary 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 and 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

pc-type of loading should have been less than that for cp-type of ioad-

int. Yet, the crack growth rates showed otherwise. Thus, the results

of this investigation indicated as posslble 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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Pig. 32 shown the data of compact tennion np_e[m.nn ,,n 11_13 stool.

The te_t temperature wa_ l]O0°F. The data nhowod negllglblo dlfforeneo_

in crack growth rates under all four type_ of loading. Alno, the dif-

ference in hold time at both maximum and minimlan loads, 4 seconds and

16 seconds, h_. _lcgligtble 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)

Howeverj 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. However,

our results showed that the compressive 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.

16
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V, CONCLUBIONB

l, An e].ectrlc pot_ntial technique far crnck length measurement

at elevated _emporaturc was devolopod and anoxtonsl.vo callbrnt_m work

if.: was made, The for current loads and
optimum lmsitions pot_,ntial prob_,s

were determined in order to achieve a high accuracy and good reproduct-
_*

bility. An accuracy of _0.003" (± 0.008 cm) in crack lungth measurement

was achieved.

2. In 316 stainless steel, the hold time effects were much less if

the loading was teusion-tenslon type in comparison with the reversed

be'adingloading. Both tensile and compressive hold times caused an in-

cT:easein crack growth rate, however, the compressive hold period was

_ore deleterious than the tensile one.

_ 3. In 316 stainless steel specimens under tenslon-tension type of

i_ loading within the limited range of hold time studied, the creep effect

! during the hold time is less than the fatigue effect.
i

1 _ 4. In 316 stainless steel, there existed a transition value of AK,

2_ Ksli_n (22 MPai_n),in the plot of log (da/dN) vs. log (AK), below

wt=ichthe crack growth rate was independent of frequency, and beyond

which decreasing the frequency increased the crack growth rate.

5. Metallographlc examination on 316 stalnless steel specimens

showed that all the crack paths of dlfferent wave-form loadings were

largely transgranular for both C_S tenslon-tenslon specimens and SEN

reversed cantilever bending specimens.

6. There seemed to be a qualltatlve correlatlon between da/dN and

crack opening displacement, COD. The COD was large and the da/dN fast

for the 316 stainless steel specimen at I0 cpm ramp loadlng, the COD

17
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was _m_ll and the da/dN _law for rha 3]6 _ta_nle_ _taa] _pea_men or

100 epm ramp loading, Thorn wa_ a).o an Indicnti_onof _rnck clo_ure

for the high frequency teat, The w_d_r crack openina lnth,, ca_, of

10 cpm ramp loading delayed the beg_nnin_ of crock elo_ure in the un-

loading half-cycle, and promoted the opening of the crock Ol.,nln_ d.rln_

the loading half-cycle. Hence, it increased the _ffective load range _.

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

growth rate.

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

on crack growth _ate were negligible.

• : ,. .

!
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TABI+E ],

CHI_ITCAL COHPO,qI:TIONS OF TYPI_ 31.6 II'rAINI_E_ "

BTF,I'_LANDII-13 BTF,I_L

C Pln Sl P S Cr NI No Fo ._

0.08 2.00 1.00 0.045 0.030 18.00 14.00 3.00 Balance

:,, H-13_Steel.(_)
k

i C Cr Mn V S1 Mo Fe
[
I

i 0.40 5.00 0.60 i.I0 I.i0 1.35 Balance

L

i.
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H_AT'TRF_TP_,NT _IIF, DULI':FD_ H'I-3 g'rF_L

 �I, AuutenltlzlnB by preheating _b_ rapeclmenH to ]40ooF for I/2 hour,

_' then holding at 1850°F for I h_ur, followed by atr eoulinB to room

temperature,

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

temperature.
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1.4 ELECTRICPOTENTIALCALIBR.
FORCRACKLENGTH
AISI 316STAINLESSSTEEL
COMPACTTENSIONSPECIMEN

1.3
o 0.4 omp.,7_F

5 omp.,1500°F

L2

I0
1.0 I.I 1,2 1.3 1.4 1.5

wvo
FIG. 6 EI,F,C'rRI.CPOTLNTIAL CALII;RATION CURVE FOR 31b STA]NI,ESS STEI_.L

COHPACT TENS) 014 SPECIHI';N.
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1.4 SPECIMEN
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1.3 _ 5 omit, 1300°F
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FIG. 7 F,LECTRIC POTENTIAL CAI,IBI_ATION CURVE FOR 316 STAINLESS STEEL

SEN CAHTILEVLR I_ENDING SPECJI4ER.
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