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ABSTRACT

In thls paper an energy criterion for fatigue failure is
postulated. Micro-plastic strain hysteresis energy is consid-
ered to be the cause of fatigue damage. On this basis, a re-
lation is developed between stress amplitude and the number of
cycles to failure which utilizes only material properties ob-
tained from the static true stress-strain tension test. The
analysis 1is found to compare well with an experimentally deter-

mined S-N curve for soft SAE 4340,
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Ls INTRODUCTION
When the problem of fatigue fracture was first studied
nearly 100 years ago, investigators approached The problem by

considering both stress and deformation., It was soon learned

that a plot of alternating stress versus the logarithm of the
number of cycles to fracture was approaximately a straight line.
Stress, alone, furnished a convenlent design criterion and was
easy to control in laboratory tests. Fewer and fewer measure-
ments of cyclic deformation were made, until about 1930 when
nearly all effort in this direction ceased.

Efforts to understand the "fundamentals" of fatigue have
been mostly centered around microscopic examination of slip bands
and micro-cracks. Dislocation theory was introduced and now
direct observations of dislocation formation and movement can be
made . vSuch studies have helped to glve a better qualitative
concept of why metals are weak in fatigue.

Design is still, for the most part, based on a stress cri-
terion. Allowable stresses are still obtained by running S-N
curves for the material to be used under the conditions it is
expected to experience in service,

In the last ten yearé, there has been a deviation from the
stress criterion in the field of low cycle fatigue. For high
stresses or strains resulting in fatigue lives of less than
10,000 cycles it has been found that the cyclic plastic strain
range or the wldth of the hysteresis loop 1s a much more satis-
factory quantity to correlate with fatigue 1life than 1s the
stress. PFurther, it has been shown that the manner in which

the cyclic plastic strain per cycle correlates with the fatigue
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life depends on the static stress-strain properties of the ma-
terial being tested.

Hence, the importance of measuring strain as well as stress
has worked its way back into the philosophy of fatigue research.
And why shouldn't it? The area under a stress-plastic strain
curve is the amount of hysteresis energy converted during a fa-
tigue cycle. This quantity 1s probably a more satisfactory cri-
terion for fatigue damage than eilther stress or strain.

A, The Problem

If a cyclically loaded material exhibited a perfectly
linear elastic relation between stress and strain, that is if
there is no deteriloration of the elastic energy, the material
would be resistant to fatigue fracture. Obviously, to start
with a specimen in one plece and then after the application of a
finite number of load cycles find it to be in two pieces, re-

qulres a conversion of energy. The energy necessary to cause

fracture is collected in small amounts during the course of the
cycllc loading and is observable in terms of strain hysteresis.
Therefore, 1if fatigue fracture is an energy conversion process
and strain hysteresis is a measure of this energy, then strain
hysteresis 1s the necessary quantity to study. Thils approach is
the theme used in this paper.

Ble Previous Work

A few investigations concerning energy conversion and
1ts relation to fatigue fallure have been made. Hysteresis is

intimately related to the field of material damping in which a
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large amount of work has been doneol* Only those investigations
directly related to the study of hysteresis energy and_fatigue
behavior will be mentioned hefe°

The first study of this type was reported by Inglis2
who measured the total energy to fracture of fatigue specimens
subjected to rotating bending stresses. A plot of his results
is shown in Fig. 1. No attempt was made to correlate this data.
In 1947, Hanstock3 made a study of the total energy to fracture
for an aluminum alloy in alternating torsion. He suggested the

equation,

N
E AE = C + DN

where AE is the energy converted per cycle, N is the number of
cycles and C and D are constants. The constant C was defined as
the quantity of energy causing fracture while D was considered
to be an energy quantity which did not contrilbute to the frac-
ture process. Further experimental ef‘forts4 have been made in
an attempt to verify this equation but have met with little
success.

Efforts by Pardue, Melchor, and Good5 and Duce6 have
been made to measure the total energy to fracture, but an energy
criterion for fatigue fracture was not postulated.

There are many different mechanisms responsible for
energy conversion during cyclic loading which are sénsitive to a

number of varlables., A study of these factors has been made in

* Numbers indicate references included in the bibliography.



a previous paper.7

C. Purpose

To study fatigue failure from an energy viewpoint re-
quires a knowledge of the stress and plastic strain during a
eyellic test, Very little has been done to measure the stress
and plastic strain in the most important stress region from a
fatigue viewpoint, that is at and just above the fatigue limit.
Measurements in this region are difficult to make due to the
small lnelastic strains which are involved. The present paper
represents a preliminary attempt to directly measure the micro-
plastic stralns which are present near the fatigue limit, with
the intention of correlating the hysteresis energy with fatigue
behavior.

D. Scope

The scope of this investigation covers the testing of
eight SAE 4340 specimens in an axial fatigue machine under condi-
tions of controlled stress. True stress-true strain information
was obtained for the same material.

Information on the fatlgue properties and cyclic
stress-strain behavior for this steel is given., An analysis is
presented which permits the prediction of the S-N curve ob-
tained. The analysis 1s based on energy as a criterion for fa-
tigue failure and only material properties obtalned from static

stress-strain data.



IT. EXPERIMENTAL INVESTIGATION

The material used in this investigation was SAE 4340 air-
craft quality steel. The chemical analysis, heat treatment and
engineering stress-strain properties of the material are given
in Table 1.

To experimentally investigate hysteresis energy and fatigue
behavior required a two-fold program. The first was to obtain
static true stress-true strain properties of the material and
the second was to obtaln cyclic stress-strain measurements dur-
ing the course of a fatigue test.

e Static Tests

The true stress-strain static tension curve for a ma-
terial is a more absolute and genuine representation of the
phenomenon of flow and fracture than is the usual engineering
stress-strain curve°8 For this reason true stress-strain data
was obtained for the 4340 steel in a static tension test.

Lo Specimens: Solid cylindrical tenslon specimens
were machined to the geometrical configuration and critical
dimensions shown in Fig. 2. The 1/d ratio for this specimen is
. 6.67. The specimens were lightly polished after heat treating
and measurements of the test section were made to the nearest
0.0001-in, on a supermicrometer.

25 Apparatus: An Instron tension testing machine
with a crosshead speed of 0.02-in. per minute was used to apply
and measure the load from zero load to fracture. The accuracy
to which the load could be read with the load cell on 5000 1lbs.
full scale was 10 1bs.

A modified version of a double ring diameter gage



6.,
as described by Plian and D'Amat09 was used to measure the de-
crease in diameter of the specimen. The configuration of this
gage 1s exhibited in Flg. 3. Four AD-7 wire resistance strain
gages were attached as shown and electrically connected as an
external four-arm bridge. This arrangement gives 400 percent in-
crease 1n bridge output and provides temperaﬁure compensation.

Sensitivity of this gage was 36,300 microinches
per inch of strain reading for a one inch change in opening of
the contacts. Thus, 0.0001l-in. change in opening of the contact
gave a reading of almost 4 microinches which 1s approximately
the accuracy to which the strain indicator used could be read.

A calibration curve was made before every test by
means of a rod wilth step diameters from 0.0900-in. to 0.1600-in.
in 0.0100-in. steps,

A micro-hardness tester with a 1.0 kg. load and a
Knoop point was used to determine hardness measurements on small
blocks of material which were heat treated with the specimens.
Hardness values are given in Table 1.

Da Test Procedure: Specimens were fixed in the grips

of the Instron machine with the dilameter gage in place. The
machlne was callbrated and a zero diameter readling taken. The
load was then applied and diameter readings were taken at approx-
imately twenty-five intervals before fracture of the specimen.
The final diameter measurement was made when the specimen was
removed from the machine.

The test technique used conslsted of setting a
strain reading on the strain indicator and marking the load

chart as the needle went by the null position. The Instron
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machine is equipped with a button controlled device for marking
the chart paper any tlme during the test.

B. Cyclic Tests :

The monitoring of hysteresis loops during fatigue
testing was performed by means of simultaneous stress and straln
measurements. All tests were performed at a fixed amplitude of
alternating stress about a zero mean stress.

AL Specimens: Thin walled tubular specimens were
used for several reasons which are as follows: (1) they provide
a small enough cross-sectional area so that their strength did
not exceed the capacity of the machine used; (2) they provided a
relatively 1arge‘1ateral surface area to which wire resistance
strain gages could be attached; and (3) they reduce the possi-
bility of buckling when axlally loaded,

The geometry of the specimen and its dimensions
are shown in Fig. 4. The specimens were cut to length and
drilled through with a 5/16-in. gun drill. Next they were
fitted to a mandrel and placed in a lathe where the threads and
reduced section were machined. The specimens were then heat
treated to the prescribed hardness., After being heat treated,
they were honed on the inside, refitted to a mandrel, and
finish polilished on the outside. The inside surface was honed
until there were no scratches visible to the naked eye and then
was fine honed to a high polish.

The outside of the test section was mechanically
polished with successively finer grades of emery cloth (grade
Nos. 241, 1, and 00). By controlling the relative angular

velocities between the polisher and the specimens and also the



translational speed and direction of the polisher, the fine
scratches resulting from the filnal polishing were orientated
nearly parallel to the axls of the specimen. In order to mini-
mize resldual stresses due to machining, the specimens were
stress relief annealed in a vacuum at 9OOOF for one hour,

This machining and finishing process gave speci-
mens whlch had an acceptable surface finish and concentricity of
surfaces within 0,001-in.

2. Apparatus: The testing machine used was a modif-
ication of the one reported by Findleyolo A schematic diagram
of 1t is shown in Fig. 5. The machine is a constant amplitude
of deflection type and has a capacity of approximately 3,000 1lbs.

The present technique and method used for making
extremely accurate stress-strailn measurements does not allow
high frequency measurements to be made. Since the normal operat-
ing frequency of the machine was 1200 cpm, it was necessary to
install an auxillary drive system for low frequency cycling. The
frequency of operation with this system was 1/2 cpm and was slow
enough to permit stress-strain measurements with a static strain
indicator. It is known that frequency has an effect on the
energy converted per cycle, however, for the range of frequencies

used, this effect is smallo7

G Measuring Technique: Load was measured by use of

a ring dynamometer employing four wire resistance strain gages.,
The gages were arranged in a four arm external bridge giving a
400 percent increase in bridge output and temperature compensa-
tion. The load cell was calibrated in a standard tension machine

and had a calibration factor of 0.3897 1lbs. per microinch/in.,
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Several methods of strain measurement were con-
sldered in the light of sensitivity and simplicity. Ultimately,
four ABD-T bakelite gages were attached to the specimen in the
form of a four arm external bridge as shown in PFig. 6. This
arrangement does not lend to simpllcity since it requires a
large supply of time, patience and bakelite strain gages. How-
ever, it does give remarkable sensitivity. The four arm exter-
nal bridge with the two Polsson effect gages gives a 260 percent
increase 1in bridge output and is the only method of attaining
complete temperature compensation in an axlally loaded specimen.,

The average cross-sectional area of the specimens
was 0.018 sq. inches, A one 1b, change in load on an average
specimen gave a reading of approximately 5 microinches in the
elastlc range. Sensitivity of thils type is sufficient to pro-
vide quantitative results.

Due to the smooth surface finish on the specimens,
nitro-cellulose bonded gages drifted. Bakelite gages were then
used 1n an effort to achileve a better bond and more stability.
Even with these, gage slip was encoﬁntered at the higher
stresses and false negative permanent strains were observed.

A clip type extensometer with much lower sensi-
tivity was then employed so that a constant check could be made
on the strain gages on the specimen. It consisted of two heat
treated steel loops with wire resistance strain gages mounted in
the same manner as on the load cell. The loops were founded on
the shoulders of the specimen to avoid fatigue failure at the
gage point marks. In case the strain gages falled, the exten-

someter could be used for strain readings during the remainder
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of the test. This served the purpose very well since an accurate
calibration of the extensometer could be made during the early
stages of a test. Also, this calibration compensated for any
difference between straln measurements made from shoulder to
shoulder over a gage length and those made directly on the test
gection,

4, Test Procedure: Bakelite straln gages were

mounted on the specimen test section and were then subjected to
a drying cycle, the maximum temperature reached beilng 2500F.

The specimen was placed in the machine free of
initial stress with the aid of the distortion detector described
in Ref. 10. The electrical circult for the specimen straln gages
was completed and the extensometer mounted in place.

With no load on the specimen, zero readings for
the extensometer, load cell and specimen strain gages were re-
corded., The first few cycles were applied by hand while the ec-
centric was adjusted to insure completely reversed stressing.
The slow frequency drive system could then be turned on and the
machine allowed to slowly apply cyclic loading. The 1200 cpm
drive system was operated intermittently until the specimen
fractured, or the test was stopped. Measurements of stress-
strain loops were made periodically throughout the test.

The procedure varied somewhat from one test to
~another., However, the method of taking readings was the same.
The technique consisted of taking straln readings for the same
loading and unloading values of stress. The method of analogous
to the case where a specimen 1s dead weight loaded. As each

weight is added a strain reading is taken untll the maximum
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desired stress is reached. Strain readings are agaln taken as
each weight 1s removed, thus giving strain readings at the same
stress level for the loading and unloading portions of tThe hys-
teresis loop. This is the principle by which the mechanical

hysteresis loops were measured.
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III. EXPERIMENTAL RESULTS AND DISCUSSION OF TRENDS
A, Results of Tests

Al Static Tests: The results of the static tension

tests are given in Table 2 and Filg. 7 in the form of true stress-
strain properties and the true stress-strain curve. Flgure 7 was
plotted by combining the data for the two specimens.

2. Cyclic Tests: Two types of information were ob-

tained in this investigation: cyclic stress-strain data and fa-
tigue data. The fatigue data is listed in Table 2. Figure 8
shows the results of the cyclic stress-strain measurements. Not
only the maximum stress values, but all values of stress at
which inelastic strains were measured are plotted in Fig. 8.

This data was obtained early 1n the life (N<3 percent of the 1life
to fracture) of six specimens. Values for tension and compres-
sion have been plotted together.

BYe Discussion of Trends

A Statlic Tests: In the region from the yield point

to the ultimate load the true plastic strain is related to the

ALl 1/n

true stress by €. = ko A plot of this equation on loga-

p
rithmic coordinates is a straight line. The tension test data
has been plotted in this manner and is shown in Fig. 9. The
slope of this line, n, is known as the strain hardening exponent.
The values of n obtained from the two specimens are listed in
Table 2. The data for both specimens was combined and the slope
computed by the method of least squares. The least squares value

of the slope was n = 0.0987 which agrees closely wlth the average

of the values taken from the two curves which is n = 0.0985,
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2. Cyclic Tests: The data in Fig. 8 contains a

large amount of scatter for two reasons which are: (1) it rep-
resents tension and compression data from six different specimens
and (2) it is difficult to accurately measure such small
quantities.

The line drawn through the data on Fig. 8 has a
slope of one-half and appears to fit the data fairly well in the
region of lower stresses. As the stress increases the data
tends to fall to the right of this line.

Figure 10 shows a sample of the cyclic stress-
strain behavior for a stress amplitude of 85 ksi. At a stress
of this magnitude the hysteresis loop grows rapidly. Figure 11
glves the variation of hysteresis energy with the number of
cycles and stress amplitude. The areas of the hysteresis loops,
AW, for this plot were obtalned by numerically integrating the
cyclic stress-plastlic strain data. The straight line on the
semi-log plot shows the energy per cycle to be a growth process

such that AW = ce®N

s Where C is the AW value for N = 0, e 18 the
base of natural logarithm and ¢ is the slope of the lines on the
semi-log plot of Fig. 11,

For specimens tested below f?O ksl., the change
in the hysteresis loop was found to be small. The specimens
tested below the fatigue 1limit showed elther a constant value or

a slight decrease of AW.
D Interpretation of Static and Cyclic Stress-Strain

Results: PFigure 12 shows the relation between stress amplitude

and total energy to fracture. The point (of, U) from the static

tension test has been plotted on this curve since it is the
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minimum amount of energy that 1s required to fracture a specimen.
A fatigue criterion based on constant energy to fracture would
not be grossly in error except below the fatigue limit. If N
goes to infinity at the fatigue limit the total energy converted
must also go to infinity. Clearly, in order to introduce a fa-
tigue 1limit, an analytical function for N in terms of energy
must "blow up" to infinity at the fatigue limit. This could be
introduced analytically, but it must be supported by a physical
reason,

A clearer picture of the manner in which hyster-
esis energy is con&erted in a material can be obtained from a
plot such as Fig. 13. The data for stresses near the fatigue
1limit (Fig. 8) and the static tension data (Figs. 7 and 9) are
plotted on the same logarithmic plot.

In the region of low stresses the inelastic strain
is largely composed of anelastic strain, since slip and plastic
strain decrease rapidly as the stress decreases. The relation-
ship between stress and anelastlc strain for a ferromagnetic ma-
7 1/2

g = kZ eZ

elastic strain. This relationship results from the fact that

*
terial may be expressed as, s Where €, is the an-

Internal frictlion for a ferromagnetic material is linearly re-

12 The line labeled "anelastic" in Fig. 13 has

lated to stress.
a slop of 1/2.
In the high stress region the ratio of the plastic

straln to the anelastic strain 1s very large. Therefore, it is

¥ The z subscripts have been chosen from the first letter of C,.
Zener's name who did pioneering work in this field and coined
the word "anelasticity."
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a reasonable assumption to consider the inelastic strain in this
reglon as entirely plastic.

Summing up, inelastic strain may be considered to
be composed of anelastic straln and plastic strain. For high
stresses the plastic strain dominates. For stresses below the
fatigue limilt the anelastic strain dominates. For stresses near
the fatigue limit the two may be combined to form the curved
portion of the solid line shown in Fig. 13.

By definition, fatlgue damage does not occur be-
low the fatigue limit where the inelastic strains are predomi-
nantly anelastic. Thus, anelastlc strain energy is non-damaging
from a fatigue viewpoint. The significant inelastic strain
energy which causes fatigue failure must then be the plastic
strain energy. If anelastic strain energy is considered to be
non-damaging and plastic strain energy is considered to be dam-
aging, a total energy to fracture versus stress amplitude curve
similar to Figs. 1 and 12 would be obtained.

The slopes of the curves in Fig. 11 for stresses
at or below the fatigue 1limit are slightly negative. This indi-
cates an energy decay process. This energy decay 1s analogous
to cyclic strain hardening and 1s probably related to it. There-
fore, at stresses at or below the fatigue 1limit, the damaging
plastic straln energy dies out before the minimum amount of
total energy to cause fracture (U) is accumulated. Yet anelastic
strain energy remains constant and is accumulated with each suc-
cessive cycle. Thus, the total energy continues to increase.
For high stresses the specimen falls when the total energy

reaches a value just a little larger than the energy required
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to fracture a static tension specimen,
In light of these observations, any analysis to
establish an S-N curve using energy as a criterion for fatigue

fracture should only include the plastic strain energy .
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IV. ANALYSIS
Using the model of a stress-plastic strain hysteresis loop
as shown in Fig. 14, it is possible to generate an S-N curve us-
ing only the static true stress-strain properties of the material.
To do thlis, energy 1s used as the criterion for fatigue fracture.

A. Theoretical S-N Relationship

For a reversed stress amplitude of Ua the area under
the c—ep hysteresis loop for a single cycle, AW, may be written

as,

o
a

(1) AW = dW/4dN = 2§ g de
0 P

where o 1s some general stress level and ep 1s the plastic
strain at that stress level,

In Fig. 11 it was shown that the energy per cycle
changes with number of cycles for large stresses. However, note
that for stresses in the regilon of ordinary fatigue (lives

greater than 104

cycles) there is only a small change in the
energy per cycle., Thus, it can be assumed wlith only a small er-
ror that the energy per cycle is only dependent on stress and is
independent of duration of test.

The total energy converted by a specimen via damaging

plastic strain hysteresis in N cycles, ng can be written as,

* The 1ldea of this analysis was advanced by JoDean Morrow in
"Speculative Remarks and Analysis Concerning Mechanical Hys-
teresis Energy as a Criterion for Fatigue Failure," a private
communication to about 50 researchers in the field of flow and
fracture, and the subject of a talk presented to members of
the technical staff of the General Electric Company, Evendale,
Ohio, March, 1959,
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o
a
(2) Wy =2 QYO o dep

The quantity WN 1s assumed to lncrease until the ca-
pacity of the material to convert damaging energy in this fash-
ion 1s exceeded at which time the body falls by fatigue. It can
be assumed that the damaging energy to fracture in a fatigue test
1s constant and identical with energy to fracture in the static
tension test, U, (see Fig. 12) the area under the static true
stress-strain curve,

The only portion of the inelaStic strain which i1s con-
sldered to cause fatigue damage 1s the plastic strain, ep, shown
in Fig. 13. That due to the anelastic strain, also shown in Fig.
15, 1s considered to be non-damaging. It is impractical to
measure ep at the stresses of interest because the anelastic
strain €, is the same order of magnitude as ep making it d4if-
ficult to separate the two., For want of better measurements at
stresses in the reglon of fatigue fallure, the ep curve (Fig. 9)
taken in the high stress region, where it is easily measured and
is the dominating inelastic straln, can be extrapolated back to
the low stresses of interest.

A logarithmic plot of o and ep is linear as can be

seen from Figs. 9 and 13. Thus,

€
(3) €, = —2u (0)}0M 2 k(g)/P
2

where 9, and €, are any convenlent corresponding values of true

stress and true plastic strain taken in the regilon where plastic
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strain dominates, and n is the slope of the curve in Fig. 9.
Differentiating Eq. (%) with respect to ¢ and substi-
tuting into Eq. (2) gives,

0]
» a
ey mgw S G0 g
n 0

Integrating between O and 0. gives,

2kN 14n/n
—2__ (q,)

(5) Wy = =

At fracture N = N, and W, = U, Substituting in Eq. (5) and re-

T N
arranging terms leaves,

Taking the n/l4n root of both sides, and writing the

equation in log form,

: n/n+l
(7) log [?il_i_ﬁé] 3 iy Ten N = log o,
2k 1l +n

Using the symbol K for the first term in Eq. (7) which
1s constant for a specified material and set of test conditions,
a slmple equation for an S-N curve can be written,

* = leas

(8) 1log o
& Ab o

) log Np

Thils relationship which is based on a limiting con-
stant plastic strain energy to fracture, plots as a straight

Line on & leog ¢, V. log Nf curve (see Fig. 15). The slope of

a
the line is e n/l4+n, and the intercept at one cycle (log Nf = 0)
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is K.
B Qualitative Comparison with Known Fatigue Behavior

One method of plotting usual fatigue data for lives

between 104 and 107 cycles is a log o, - log Nf curve, The rea-

a
son for this 1s that such a plot tends to make the data fall on
a straight line such as Fig. 15. The slopes obtained for such
plots are compatible with the theoretical value of the slope

from Eq. (8) which is based on the slope of a static true stress-
true plastic strain curve.

At least in ferrous materials the S-N plot shows a fa-
tigue limlt or a deviation from the straight line for low
stresses such as shown by the dashed line to the right in Fig.
15, The analysis as presented in the preceding section does not
predict such a fatigue limit.

For high stresses the logarithmic S-Np plot also devi-
ates from linearity as shown by the dashed line at the top of
Fig. 15. The present analysis does not predict such a deviation.
Since it 1s known that the hysteresis loop lincreases in area
during the fatigue test at high stress amplitudes (see Fig. 11),
then incorporating this fact in the analysis would produce a fa-
tigue life curve at high stresses similar to the dashed line in
Plg. 15:

C. Comparison of Experimental Results and Analysis

As pointed out in the preceding section, Eq. (8) does
not apply in the high stress region or in the low stress region
of fatigue (below the fatigue limit). In the intermediate range
which is where most experimental S-N curves are established, Eq.

(8) is reasonably valid.
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Equation (8) was applied to the fatigue life data of
13

this investigatlion and that of a previous investigation on the
same material., ONLY statlic stress-strain data is needed to ap-
ply Eq. (8). The static tension data for the two specimens re-
ported in Table 2 were averaged for this purpose., These average
values are: U = 158,000 1b-in/in’, and n = 0.0985, For the
values of O, and €, 2 convenient point on Fig. 9 was chosen,

This point was o, = 151,000 psi. and €, = 0.08 in/in.

c

Using these values the dotted line of Fig. 16 was
constructed.

The agreement between the S-N curve established from
the static stress-strain curve using energy as a criterion and
the experimental points 1is extremely good except for the two por-
tions of the curve which have been previously mentioned.

Most probably the close agreement is to some extent
fortuitous, but by no means an accident. Preliminary attempts
to extend the analysis to cover two harder sets of SAE 4340 fa-
tigue data’® did not meet with such good success., Equation (8)
predicted longer lives than were measured, the worst agreement
being for the hardest condition. It is believed that at least
part of the difficulty stemmed from not having the proper static
true stress-true strain data, and cyclic data such as reported
in this paper. Static true stress-strain measurements may never
replace experimental S-N curves, but at least this small amount
of success offers some hope of reducing the number of cyclic

tests required,
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V... SUMMARY AND CONCLUSIONS

Hysteresis energy has been postulated as a criterion for fa-
tigue failure. Speciflcally, the plastic strain energy portion
of the hysteresis energy has been assumed to account for the
damaging effects. Cyclic and static stress-strain studies have
been conducted on SAE 4340 steel. An analytical relation be-
tween stress amplitude and fatigue life has been derived on the
basls of four assumptions which are: (1) plastic strailn energy
1s responsible for material damage; (2) a logarithmic plot of
statlic true stress versus true plastic strain is valid when ex-
trapolated back into the fatigue stress region; (3) the damaging
energy per cycle for a glven stress amplitude is the area under
the static true stress-plastic strain curve depicted in Fig. 14:
and (4) the fotal damaging energy required to cause fatigue
fracture is constant and 1s equal to the area under the static
true stress-true straln curve of Flg. 7.

The analysis is compared with the experimental results.

For the material listed in this investigation it may be con-
cluded that: (1) hysteresis energy is a valid criterion for fa-
tigue failure; (2) the static true stress-strain curve provides
the necessary and sufficient information to predict fatigue life
for stress amplitudes near and slightly above the fatigue limit;
(3) cyclic stress-strain measurements serve to elucidate two
facts which are: (a) the rapld growth of the hysteresis loop in
the high fatigue stress region accounts for the erroneous predic-
tion of longer lives than actually measured and (b) the slight
decay of hysteresis energy for stresses at or below the fatigue

limit demonstrates that damaging plastic strain hysteresis energy



dies out due to cyclic strain hardening before the critical
energy to cause fracture (U) is accumulated.,

The incorporation of the observations in parts (a) and (b)
of the last paragraph into the analysis would tend to correct
for the erroneously predlcted long lives at high cyclic stresses

and would introduce a fatigue limit,
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Material:

Composition:

Heat Treatment:

Engineering
Tensile Properties:

Engineering
0.2% Offset Yield
Strength, psi

25,
TABLE 1
DESCRIPTION OF MATERIAL

Aircraft Quality SAE 4340 Steel

C = O.)'I'O, Mn o 0081’ P = 00018,
S - 0,019, 81 - 0,25, Ni ~ 1.77,
Cr - 0.87, Mo - 0.24

The fatigue, tension, and hardness
specimens were austenitized at 15200F
in a neutral salt bath, quenched in
still oll at room temperature and
tempered at 1200°F for one hour. After
the specimens were stress annealed one

hour at 900°F.

Average tenslle properties for two
specimens are given 1n the table below.
Knoop hardness of test blocks along
with the approximate Rockwell C equiva-

lent is also glven.

Engineering Hardness
Ultimate Knoop Approx.
Strength, psi 1l kg, load Rockwell C

127,200

138,700 il 20




TABLE 2

26.

SUMMARY OF TEST RESULTS

STATIC
Spec. No. Ops DPSI €ps i /la, U, 1b—-in/in3 n
el 218,500 0.8%0 151,300 0.094
&« 3 228,200 0.895 164,500 0.103
CYCLIC
o Total Energy to
Spec. No. =0 psi Nf Fracture, wf,
1b-in/in’
9 15,000 543,000 1) 287,000(1)
4 56,000 1,800,000(1) 1,850,000(1)
3 60,000 153,200 232,000
1 65,000(2) 257,800 576,000
12 72,200 67,100 no data
2 75,000 34,200 158,000
10 85,000 1,850 329,000
8 90,000 1,700 no data

(1) Did not fail - considered runout

(2) Tested for a few cycles at f35,000 psi
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] Ri,R3,-Axial
8 R2,R4,-Poisson

Res.=120 ohms

1 Bridge
—— Excitation

——

E ’ Voltage

output———

FIG. 6-Detail of Strain Gage Arrangement
On Straight Section of Test Specimen
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FIG. 14- MODEL OF o- €p HYSTERESIS LOOP
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Intercept = K
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FIG. 15— S -N CURVE OBTAINED USING
ENERGY AS A CRITERION FOR FATIGUE
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