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Abstract

Materials for submarine construction were investigated to

determine their low-cycle flexural fatigue behavior. Both ferrous

and nonferrous materials. including five steels with yield strengths

of 40.000 to 230.000 psi. five nickel-base. six aluminum-base and

three copper-base alloys were used in the study. Comparisons on

the basis of three parameters: plastic-strain range. total-strain

range, and nominal rev-ersed stress, were made of the effects of

mechanical notches. cycle pattern, welchnents, and salt-water

corrosion. It is concluded that the relationship between to1Z.1-strain

range and life is simi1~r for all the materials investigated and that

it offers a more general and practical approach to design than

plastic-strain range 0r nominal reversed stress.

I. Introduction

The majority of engineering problems involving the fatigue of

metals are directly concerned with adequate life under many millions

of l.tress cycles. The approach to such problems is essentially to

deSlgn !')r iniinite life, and over the years designers have developed

adequate design procedures -basea on e1.astlc theory and empirical

data. As one might expect, the infinite-life approach extracts a

penalty. especially in w~ight, when only short or finite fatigue life is

re quired.
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In the last two decades. a great many developments in science

and engineerin.g have called for a relaxation of the infinite Hfe concept,

especially where weight is critical, as in missiles, high-pressure

vessels. pipework. and certain aircraft components. These demands.

coupled with advances in the knowledge of plastic theory and a better

understanding of elasto-plastic states, have encouraged designers

to consider a finite life approacil to certain engineering problems.

In order to understand. utilize. and control the vast reaches

of the oceans. future :!:'esearch vessels and corabat subm2.:rines will

be expected to desceo'ld and operate at increasingly greater ocean

depths. Such accomplishment will require the utilization of m.aterials

of higher strength-to-weight ratio. particularly.high-strength

steels. titaniwn alloys, ~d reinforced plastics. Furthermore,

present design concepts will undoubtedly 'need modification and

innovation.

In conside:ring this situation. several years ago. Bureau of Ships

designers reasoned tha.; pressure cycles induced by ma~euveringdeep

diving submarines to various depths might possibly limit the life of

the pressure hull and certain internal equipments of the submarine.

The basis for this reasoning was t11.at structures exposed to sea water

pressure and corrosion 'Would be subjected to a finite nmnber of high

stY-ess cycles and therefore the structures' us-eful life might well be

2
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dictated by the resistance of materials to so-called low-cycle fatigue.

Accordingly, certain experimental investigations were autho.ized and

conducted. It is the purpose of this paper to present and discuss the

results obtained in an investigation of the low-cycle fatigue behavior

of metallic materials for submarine construction.

TI. LOVi.-Cycle Fatigue Defined

There is general agreement that low-cycle fatigue as applied to

metallic materials is concerned with lifetimes of less than one million

cycles. The '"vord lllow ll refers to the number of cycles to failure, and

not to the severity or intensity of the stre~ses. The fact is that the

nominal stresses necessary to produce failures in several t..'lousand

cycles are usually above the initial yield strength of the metal. Thus.

low-cycle fatigue nor.mally involves plastic deformation of the metal

and is sometirrJes called IIp l astic strain fatigue. "

III. History and Literature

Low cycle fatigue has been under serious study since about 1942.

Actually, Kommers 1 reported the results of some low-cycle fatigue

tests in 1912, but, as so often happens, the need was not present and

the subject lay dormant for some 30 years.

It is not the purpose of this paper to present a detailed review

and analysis of the published literature. inasmuch as this has already

been done in two recent papers. Benham 2 presents an excellent

summary and analysis of some 50 references dating to 1957. Yao and

3
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Munse 3 likewise review and analyze th~ su.bject through 1961. Certain

basic concepts, however, that contribute to the results or discussion

al'e reviewed below.

There is general agreement that low-cycle fatigu.e is ;). function

of strc'l.in and that the following relationship, or some modification

'thereof, describes the b{:havior of metallic materials in the low-cycle

range.

f. NIn = C

c. = true strain range

N = cycles to failure

m and c = material constants

Cozr.plete agreement is lacking. however. whether €. should be the

plastic strain range, -e p. or the total strain range (elastic + plastic).

t T" Also o the q"..estion sometimes arises whether C should be the

true strain as indicated Or the engineering strain, e _ The strains

ar2 rp.lated as followe:

€ =Lo + e} (2)

A few calculation.s will show that the question is for the most part

academic for stl'ains below 5%.

Tave;'nelli and Coffin 4 compared equation {l} 'JiI'ith data on a

variety of materials. They concluded: tha.t the follOWing form of the

generalized equation could be lI.sed to establish the strain-life relation­

ship of a material from the results of a simple tensic-,n test.

4
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Ep N 1/2 =~ :: _1_ ht. ( .100 )
2 2 lOO-%RA

where £p - plastic str·=..in range. in. lin.

N - cycles to failure

(f = true fracture strain (fracture ducility) in. lin.

RA = redl:.ction in area

(3)

Basically, the investigation described herein extends the work

of Gros$', Stout, ct al. 5. 6. 7 to materials for submarine construc-

tion. Professor Stout and his coworkers at Lehigh University have

conducted an extensive series of low-cycle fatigue tests under the

auspices of the ASME Pressure Vessel Research Committee. Inas-

much as the hull of a su.bmarine is a pressure vessel problem, it was

logical to continue on the basis of work under ~y at Lehigh.

IV. Desc:ription of Material

The materials investigated. together with their approximate

chemical composition and tensile properties. are listed in Table 1.

Not all of these materials are under serious consideration as struc-

tura! materials for submarine hulls and associated equipment exposed

to sea pressure. However. the general lack of low-cycle fa.tigue

information dictates its publication when availa.ble. The main interest

lies in the use of steel for the pressure hulls and of nickel and copper-

base alloys for salt wa.ter piping. fittings, water boxes, etc. Cur1:ently.

data are being developed on titanium and its alloys.

5
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Figure I shows typical true stress-true strain diagrams Io'.1- liT

and BY -100 steels. These illustrate the decrease in yielding pJ..:::.teau

observed with increasing strength. Included in Table lis sufficient

information to con;ruct close approximations of the true stress-true

st.:ain curves for all of the materials. The method of construction

is shewn in Figure Z.

v. Method of Test

All of the low-cycle fatigue tests described herein are of the

, completely reversed constant deflection flexural type. The

smooth and notched specimens. Figure 3. are identical to those used

by Gross and Stout 5, .6. 7 in their study of pressure vessel steels.

The welded specimen, Figure 4, differs from that of Gross and Stout.

The machines shewn in Figure 5 weJ:e designed and constructed

specifically to study the behavior of materials when subjected to cyclic

plastic strains. Figure 6 is a schematic drawing of one machine. The

short end of the specimen is rigidly fixed to the base of the machine.

and a 1?ending moment is applied through a weigh bar to the free end

by a double-acting hydraulic cylinder. The direction of the cylinder

is controlled by a four-way solenoid valve. Reversing of the cylinder

is accomplished either by electrical contact of the specimen with deflec­

tion control micrometer s as shown in Figure 6, or by an electrical

timer and mechanical stops. With the former method. a saw-tooth

strain-time pattern, Fig'..lr.e 7a, is formed whereas with the latter methoc

6



NAVENGRXSTA REPORT 91 197D

a square-wave patternt Figure 7b, is formed. Al! of the tests using

t.~e micrometer stops were run at 1 cpm. The timed. cycles varied

between 5 cpm and 0.02 cpm.

The cyclic strains developed in the test section of the fatigue

specimens were measured with resistance-type strain gages.

Although both wire- and foil-type gages were used, the majority of

tests were conducted with etched foil gages similar to BLH-FAP-25-l2.

This is a paper-backed l20-or..m gage having a 1/4 in. gage length.

The gages were applied longitudinally at the various locations shown

in Figures 3 and 4. The transverse center line of the gage was placed

at the minimum cross section. Prior to offsetting the gage of the

welded specimens as shown in Figure 4b, the effect on longitud:hlal

strain was determined. Experiments showed no .signifcant difference

between the location shown and the norn::al location at the longitudinal

ce~ter line.

The bending load applied t,:> the specimens was determined from

resistance-type strain gages attached to the weigh bar shown in

Figure 6. The dimensions and strength of the weigh bar are such that

only elastic strains occur within the load range of t..lJ.e machine. There-

fore. the applied load and corresponcling moment are a linear function

of strain.

The strain-measuring gage on the specimen and the load-measuring

gages on the weigh bar are connected into separate Wheatstone bridge

7
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circuits. The outputs of these bridges are fed into separate axes of

a Moseley Model 25 two-axis recorder. Accordingly, the applied

bending load and strain in the test section of the specimen a,re plotted

simultaneously. For specimen strains beyond the proport5.onallimit,

a mechanical hysteresis loop similar to that shown in Figure 8 is

developed. Various parameters can be obtained from the loop as

shown in the figu:::e. Frequent reference will be made to these

parameter s.

It was observed that under conditions of constant deflection,

all of the parameters in Figure 8 undergo changes during the early

stages of strain cycling. The magnitude and direction of these changes

depend upon whether the material is subject to IIcyciic-strain harden­

ing" or "cyclic-strain softening." It was observed that for cyclic

plastic strain ranges above about 0.001 in. per in., the shape and

size of the loop tended to stabilize within 10 cycles. Similar findings

have been reported by Gross and Stout 7 and others. For cyclic

plastic strain ranges below 0.001 in. per in., however, complete

stabilization did not occur within 100 or more cycles. For the purpose

of this pha-seof theinve-stigation, the loop wasconsidexedto'be ~table

at 10 cycles regardless of the plastic strain range.

Elastic stress calculations on the fatigue specimm' show that the

maximum fiber stress is not developed at the minimum cross section

but at approximately 0.028 in. beyond the minimum section towards

8
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-;;he fixed end. In general, however, p.lastic strain fatigue failures on

smooth base metal speci..."'nens did not occur at a precise location, but

tended to fall in about a 1/4-in. -'wide band extending across the speci­

men. Elastic stress caJ.c,llations show a variation of approximately

4% in the maximum longitudinal fiber s-::ress in this region.

To secure the test wher, cracks o,:;car in the specimens, a

No. 36 Formex iP,sulated copper wire grid is cemented to the test

section. The gr'1.d constitutes a part of the electrical control circuit.

As a crack forms and develops in the specimen, it causes a break in

the grid. This interrupts the control circuit and strain cycling ceases.

In general, the end point in the test wc<.s reached when one or more

fatigue crad'~s became 1/8- to 3/l6-in. long.

IV. Results of Tests

The results preH~nted in this paper are bC'sed on data obtained

from 257 separate', individual tests*. The data have been combined

in various ways to study (1) the relationships between life and three

parameters, namely, plastic st:t"ain range (e p), total strain range

(€T), and maximum reversed nominal stress (SR); and (2) how these

relationships are influenced by factors such as cycle pattern, notches,

salt-water corrosion, etc. Comparisons have been rrlade on the basis

of linear log-log lines of best fit derived by standard statistical pro­

cedures. Some 114 relationships were studied. In general. the fit of

the linear relationships was quite good: ~'s .evidenc-ed,.;;hy.tn€.-fa'ct::tliat:

*Copies of the original data may be obtamed from the author.

9
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74% of the relationships had a correlation index (r Z) of o. 90 or higher

with 60% exceeding 0.95. A correlation index of 1. 0 indicates perfect

correlation.

A. Steels

The regression lines obtained for steel are shown in

Figure 9. Beneath the graph are the function constants for the three

parameters. Included also are the number of tests involved in corn-

puting the regression lines.

Several things are apparent in analyzing Figure 9. On the

basis of E p , cycles to failure shows a progressive decrease with

increase in strength. The opposite is true for € T and SR. Two of

the three BY -230 steel specimens exhibited no plastic strain, yet

failed in less than 10,000 cycles. The failure of the plastically

strained HY -230 specimen was catastrophic; that is, complete frac­

ture occurred after the initiation of a small crack. This is indicative

of the high susceptibility of this steel to low energy crack propagation

at this strength level.

The variations in slope of the regression lines for Epare

mconsisten1:: with the observations of Travernelli and Coffin 4, who

contend that t.h.e slopes of the log € p vs. log N relationships for

most metallic materials are similar and that a value of -1/2 cZ.n safely

be assumed for engineering purposes. Figure 9 indicates that Cp is a

highly variable and sensitive parameter, whereas e T is less variable.

10



NAVENGRXSTA REPORT 91 1970

The consistency of 6 T is dem.onstrated in Figure 10 where the individual

test results are plotted. The 95% confidence liInits for the results are

included. Only the HY -2.30 shows evidence of being difi>7ent from the

general population. As one would expect, tp.t: SR relationships in

Figure 9 are inconsistent, being gen(ra.l1y affected by the strength

levels of the materials.

B. Aluminum Alloys

Figure 11 shews the relationships obtained for aluminum­

base alloys. As was the case for steels, the slopes of the € p

relationships gener'ally increase with strength. An ~"Cception to this

behavior is the 5456-H32.1 alloy which had a lesser slope than o.her

alloys of comparable strength. The 7079- T6 alloy behaved in a manner

similar to that of the BY -230 steel; i. e., low-cycle fatigue failure

occurred in the apparent absence of plastic strain, and complete

fracture of the plastically strained speciInens occurred instantaneously.

The behavior of all of the alloys was so consistent with respect to ET

that a single :1."egression line with limits has been plotted in Figure 11.

The SR relationships were similar to those observed for steel.

C. Nickel Alloys

Relationships for the nickel-base alloys are shown in Figure 12.

The results are similar to those observed for the previous alloys. Of

particula.r interest is the fact that the slope of the log € p vs. log N

relationship is approximately -1/2 for Ineonel and Nionel. Also; nOne

1l
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of the plastically strained, high-st!'ength nickel-base alloy!'; exhibited

instantaneous fracture.

D. Copper Alloys

Figure 13 sho:"s the relationships obtained for copper-base

alloys. In general, the results were more erratic than observed for

other materials. Much of this can be attributed to (1) the normal

heterogeneity of cast materials and (2) fr!e limited nUIIlber of speci­

:mens tested. Because of the rela.tively high variability of the ET

relationships for the copper alloys, the individual regression lines

are shown.

E. Effects of Cycle Pattern

As mentioned earlier i.n the paper, both saw-tooth and

square-wave types of load patterns were used in v-arious phases of

the investigation. Fi~re 14 compares the results obtained with these

two patterns for BY -100 steel in ai:.·. Inasmuch as the square-wave

results iu.ab: did not seelll io be affected by cycle times ranging

from 0.067 to 5 cpm, the regression lines shown are for the com­

bined data. The greater sen.sitivity of tl:.e e p parameter as

compared to e T and SR is apparent.

F. Effect of Notches

Figure 15 shows the effect of mechanical notches on the

behavior of HY -100 steel in air. Of particular note is the convergent

1·esponse with decreasing life for Ep as compared to the pa:ralle!

12
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response fOT E T and SR" The latter behavior indicates a constant

percentage reduction in life du.e to the presence of notches.

G. Effects of Weldments

Figure 16 compares welded-specimen data with the regres­

sion line for unwelded specimens. It is apparent that although all of

the failures involved the weld meta2, the weld metal per ~ ha.d little

or no effect on cycle s to failure in air.

H. Effects of Salt-Water Corrosi..:>n

The salt water corrosion tests described below were per­

formed with Se\rern River water continuously wetting the test area of

the specime:::.. This is a brackish estuary water containing 1/3 to ;./6

the salt content of natural sea water depending upon the season and the

tide.

L ,Steels

Figure 17 shows the general effect of salt-water corrosion

on the behavior of BY -100 steel. The similarity between the effect of

corrosion and the effect of mechanical notches (Figure IS) is to be

expected if the resultant effect of corrosion is in fact the generation

of a notch. The intersection of the salt water curve with the air cu.rve

for £ p would infer that salt water may impTove the life of the material

in the very low-cycle region. Although some of the salt water data

lie to the right of the air curve in the region of 500 to 1000 cycles

to failure, none of the data fell outside the 950/0 confidence limits for

13
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air. It is possible that the observed effect exists because of notch

strengthening. On the other hand. fue two curves may w;::oU blend

into each other. The true 1:-..ehavior in this region would a.ppear to be

of -little importance from an engineel.·ing standpoint.

On the basis of ET' the salt wa.ter life appears to be

consistently infe:rio:r to that in air. Statistical tests of the grouped

data show no sigJJ.ificant differences between the two means. However,

an analysis of the differen~s between actual life in salt water and

expected life in air on a paired data basis show that there is less than

1 cr..ance in 1000 that the effect of the two environments is the same.

From a practical standpoint, Figu:re 17 indicates that the expected

life in salt water is about 1/2 of that in air.

Figure 18 shows the corrosion-fatigue results of a recent

experiment in which the cycle time was varied at four differ~nt levels

of total strain range. The data are plotted on the baljis of cycles per

day versus days to failure. The trend of the data has been developed

into lines Qf co~.stant total strain range. Extrapolation of these lines,

as shown. permits an estimate of the expected life for one or more

cycles per day. The lu:niting case would be for zero total strain

range and its consequent zero cycles per day. In the absence of general

corrosion, the limiting case would be expected to give infinite. life.

The differences between the expected life in. air and the

actual life' in salt water for the 5ixteen points in Figure 18 are shown

14
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in Table Z. It is apparent from the row sums that the effect of salt

water increases with decreasing strain levels as one would expect.

The column sums show no similar significant effect for cycle time.

Table 2

Effect of Corrosion on BY -100 Steel (Nair -N salt water}

Approx.
6 T Level Cycle Time - cpm Row
in./in. 1. 200 0.300 0.075 0.020 Sums

0.015 242 441 393 259 1,335
0.012 829 847 1,447 ·743 3.866
0.009 3.021 3.079 1,980 3,902 7.1, 982
0.007 3,486 4,290 6.629 5,725 .~O. 130

Column
Sums 7,578 8,657 10,449 iO,629 37, 313 )

2. Copper ABoys

Figures19 through 21 co mpare the results of a few

corrosion-fatigue tests with the results of air tests shown previously

in Figure 13. Both the air and corrosion data are too few to merit

extensive analysis. The graphs do show, however, the general

tendency for the corrosion-fatigue data to fall to the left of the mean

air curve, but for the most part well within the confidence limits

shown.

Vll. Discussion

One of the major problems confronting a st:l·uctural designer is

an interpretation of the requirements of a structure in terms of the

15
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mechanical propertie s of a material. The translation from an engineered

structure to material data or vice-versa is a complex. expensive. and

tUne consuming process normally requirir.g years of experience, model

testing, analysis, retesting. reanalysis, etc. The design of structures

on the basis of low-cycle fatigue is no exception, and one finds more

and more references to the subject in material and design literature.

T:"l.e work of Coffin and his coworkers 4. 8 is frequently cited in

the lite:rat',J.re. They represent a continu"ing effort to understand and

utilize low cycle fa.tigue data in design. The earlier relationship.

€pN 112 = c. proposed by Tavernelli and Coffin 4 has been modified

by Langer 9 to incorporate stress rather than strain, and to provide

a smooth t~ansition to the endurance limit in the high-cycle region.

The modified equation is as follows:

_..;;E~c~_ + Se
2N 1/2.

where: S = stress amplitude, psi

E = modulus of elasticity, psi

N = cycle s to failure

-Se = .endurance limit, psi

c = l!?ln( 100 )
100 -'Yo RA

(4)

Langer proceeds to take this equation and show how it can be applied

to the design of pressure vessels 'for low-cycle fatigue. Tavernelli

and Coffin 8 checked the modified equation against their experimental

16
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data and concluded that the agreement for lZ ofIS materials was

conservative and good.

Equation (4) ,:;an be solved in terms of total strain, E T , with

the following result

1
2N 1/2

100 ) +
100 -% RA (5)

Comparing the cU.rves for various materials obtained from equation

(5) with the actual tc,tal strain data described herein results in

varying degrees of fit ranging from ultra-con-servative to uncon-

servative. Furthermore, many of the good fits c.annot be supported

by a more rigorous analysis of the data. For exa:mp~e, an analysis

of equation (5) reveals that the position of the curve is strongly

influenced by the redu'Ction in area, R. A. '" and the expo-n.ent of N

which is assumed to be 1/2. As mentioned previously, the data. do

not generally support tt.l; use of. ~ exponent of liZ, so that the

agreement u: many caseR- ;<.Pi?ea.1·s to be fo?tt.nate but unsupported.

Kooistra and Lemcoe 10 d"'.scribe the r;~su.lts of an experimental

study to determine the low"-:fcle fatigue ch?..racteristics of two full-

size pressure vessels. They s.ttempted to correlate the results with

laboratory fatigue tests of the type described heTein. It was concluded

that the correlation in one case was very good, v,'hile in the other

was poor.

The results described have demonstrated the consistency of the

total strain approach as compan~d to the plastic strain approach to low-
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cycle fatigue. Figure 22 shows the CT regression lines for each of .

the types of materials and the equation and 95% confidence liInits for

the combined data. 11: would appear Ll:l.at an expcne1"'_t of 1/3 for N

would be a ECJOd approximation for all of the materials. The total

stTain Tanf.'.: ·'t:·.V:oach offers several a~.va.ntages. In addition to the

consistency already mentioned, total strain range is directly measur-

able v!7.th a strain gage, and thus requires no simultaneous recording

of load and stTain as doe s plastic strain range.

It is apparent that much remains to be done in the area of low-

cycle fatigue. Future work at the U. S. Naval Engineering Experiment

Station will be in the following directions: (1) Continue flexural tests

of ferrous and nonferrous m:,terials including titanium; (2) conduc·t

axial fatigue tests of identical specimens on a recently installed

.:t. 300.000 lb fatigue machine; and (3) conduct pressurized "box" tests

to help bridge the gap between laboratory tests and complex structures.

In. the latter tests, a rectangular box of 1 or 2-inch thick plate w~lded

C:.Q. all edges will be subjected to internal cycIic pressure. Th'3 peak

pressure will produce a calculated maximum stress (elastic theory)

equal to SO% of the yield strength of the base plate. Except for

explosive loading. the conditions of the test will be equal or more

severe than those of a submarine structure. Conditions will include

unintentional notches and defects. residual stresses. corrosion.

temperature. etc. Such a test should detel"mine the adequacy of the

!S
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yield strength approach and, if such an approach is inadequate.

whether the outcome could have been predicted on the basis of p!'esent

knowledge of fatigue and/or fracture mechanics.

VIII. Summary and Conculsions

The low-cycle flexural fatigue (E = -l) behavior of steels,

aluminum alloys, nickel alloys, and copper alloys ha.ve been investi­

gated. The mater~.als were compared on the basis of three parameters.

namely, plastic strain range (G p), total strain range ( E T). and

nominal reversed stress (SR). The Farameter versus life (N) relation­

ships were studied to determine the influence of various factor s s~ch

as mechanical notches, cycle pattern, weldments, and salt-water

corrosion. The conclusi.ons reached from this investigation are as

follows.

1. The observed effects in the low-cycle region depend to a

large extent on the parameter beirLg considered. Plastic range is the

most variable and most sensitive parameter. Total strain range is

the least variable, and nominal reversed stress is the least sensitive.

2. Slopes of tbe log ~ versus log N relationships range from

-0.42 to -2.40 and ger:i.erally decrease with increasing strength for a

gi-.ren type of material. The assumption t.'1at the slope is a constant

ha",-ing a value of -1/2 fo~ all materials is not supported by the data.

3. Slopes of the log ET versus log N relationships range from

-0.22 to -0 . .LB. It appears that a slope of -1/3 represents a good

appro:Xilnation for all of the materials.

19
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4~ High strength materials such as BY -230 steel and 7079-T6

aluminum can fail in less than 10,000 cycles in the absence of apparent

plastic strain. When plastic strain is present. failure of these two

materials occurs as instantaneous fracture under the conditions of

the test.

5. Cycle pattern, i. e., saw-tooth or square-wave, has little

effect On cT and SR versus N relationships. On the other hand,

approximately a 50% decrease in life was observed faT the square-

wave pattern as compared to the saw-tooth pattern on the basis of ep.

6'. Weld metall'er ~ appears to have little or no effect on the

low-cycle fatigue behavior of BY -IOOsteel.

7. Mechanical notches cause a decrease in fatigue life for all

parameters. On the basis of cT and SR- the decrease occurs as a

constant percentage reduction.

8". The effect of salt-water corrosion on the low-cycle fatigue

of HY -100 steel is similar to that of mechanical notches. On the basis

CT·the life in salt water is about 50%' of that in air. The corrosive

effect of salt water increases with decreasing CT' but seems to be

lii.Ue affected---by--eyc1e' time~:r se.--
Considerable work is currently under way in the area of design

for low-cycle fatigue. Much remains to be done, however. in utilizing

data of the type described her~in in the design of complex structures.

It would appear from this investigation that a design approach based on

20
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total strain range would be more general and practical than an

approach based on either plastic strain range or nominal reversed

stress.
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FIGURE' 12
LOW-CVCLE FATIGUE RELATIONSHIPS
FOR NICKEL BASE AL~OYS IN AIR
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