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FOREWORD
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grams. Drafting work and manuscript preparation were by M. Chapin, B. Gulbrandson, D.
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ABSTRACT

The purpose of the work was to investigate the démping, stress-
strain, and failure properties under uniformly increasing stress amplitude
and to determine the relation of these properties to conventionally determined
fatigue strength. Data are presented on SAE 1020 Steel, 245-T4 Aluminum
Alloy, SAE 4340 Steel, and RC-55 Titanium under rotating bending siress
amplitudes which (a) are progressively increased during the test and (b)
are held constant as in conventional fatigue tests. The Gough dynamic
proportional limit method and the Lehr damping intercept under uniformly
increasing stress amplitude were found to agree with the conventional
fatigue strength only for certain materials and to be misleading in other
cases. The failure stress at different rates of stress increase and different
starting stresses was determined to evaluate the reliability of the Prot
short-time fatigue testing method. For the materials tested Prot startiag
stress below the cyclic stress sensitivity limit (in the region where damping
is unchanged by stress history) has practically no effect on the Prot failure
stress. In general, the test results for the four materials indicate that the
Prot method indicates the conventional fatigue strength with a reliability of
10 per cent. The use of modified Prot methods which utilize exponents n
other than 0.5 were not significantly better for indicating fatigb.e strength.
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STRENGTH, DAMPING, AND ELASTICITY OF MATERIALS
UNDER INCREASING REVERSED STRESS
WITH REFERENCE TO ACCELERATED FATIGUE TESTING

SECTION 1. INTRODUCTION

The determination of the fatigue properties by the conventional Woehler Method
under constant stress amplitude may be very time consuming. Not only is it necessary to
carry some specimens to large numger of cycles, but also large numbers of specimens are
sometimes required for statistically sound conclusions.

In view of the importance of reducing fatigue testing time, there has been con-
siderable interest for over forty years in accelerated fatigue testing methods (1).1/
Most of the methods are based on the relationship between the fatigue strength and other
physical properties of the material. The several methods investigated from 1920 to 1930
indicated that reliable results could be expected under certain conditions. Since some
methods were useful only for certain materials and others could do no more than provide
comparative results, interest in short-time fatigue testing methods decreased. Recently,
however, Prot {(2) proposed a new method whici has renewed interest in accelerated test

methods .

Whereas in the conventional fatigue test the load or strain amplitude is maintained
constant until fatigue failure occurs, in the progressive load increase (or Prot method) the
load amplitude is uniformly increased until failure occurs. The rate of load increase is
maintained constant during a given test, but may be different for different tests. In the
Prot approach the mean value of the failure stress at each rate of load is plotted against
the square root of the loading rate and the fatigue limit is presumably obtained by ex~
trapolating a straight line through these points to zero loading rate. [n order to save
time, Prot recommended starting the test at a stress approximately 6,000 psi below the
expected fatigue strength.

Prot based his method on the assumption that the 5-N curve is a hyperbola which
is asymptotic to the fatigue limit (3); thus,

N = K(s-se)“1 (M

where N is cycles to failure, S is reversed stress, S_ is the fatigue limit, and K and m
are material constants. Prot further assumed that the damage per cycle is proportional
to the difference between the test stress and the fatigue strength. This difference in-
creases with the number of cycles under progressive load increase leading to failure
stresses which lay on another hyperbola with the fatigue strength as the horizontal
asymptote. This assumed relationship indicates that the failure stress under uniform
load increase is a linear function of the square root of the loading rate. Thus;

Sg =S, + K/, (2)

where S, is the failure stress corresponding to the particular loading rate O in psi per
cycle.

The interpretation of test results obtained from progressive load increase tests is
not as simple as proposed by Prot since the effect of under-stressing (4) and of the non-
linearity of damage with respect to specimen life (5) must often be considered. There-
fore, the Prot failure stress is not always a linear function of the square root of the load-
ing rate as discussed above.

1/ Numerals in parentheses refer to references in the Bibliography.
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D. L. Henry {6) investigated the preklem of failure under progressive load increase
by using Miner's type of criterion for cumulative damage in futigue (7). Modified so that
the sum of damage increments reach a value which may be different from unity. Like Prot,
Henry used hyperbolic approximations for the conventional 5-N curve and found that:

n
for o1 ] :
PEWmET (4)

In.Henry's method the exponent n is determined from the constant m associated with the
corventional $-N curve (see Equation 4) while Prot assumed that n is 0.5 independent
of the S-N curve. :

The reliability of Prot's short-time fatigue testing method was the subject of
several investigations, (8) through {12). In generol, it is found that Prot's method gives
a good indication of the conventionrally determined fatigue strength for ferrous alloys
with a well-defined fatigue limit. However, for nonferrous metals, such as aluminum
alloys, the value of exponent n in Equation (3) which fits the experimental data best
may differ considerably from the convertionally determined one.

In Profs earlier work he recommended starting the progressive load increase test
approximately 6000 psi below the expected fatigue limit. Corfen, Dimoff, and Dolan
(11) investigated the effect of starting stress on the fatigue strength determined by the
Prot method and found that in general, lower starting stresses resulted in a slightly
lower value of the Prot fatigue strength. However, this work indicates that the effect
of starting stress also depends on the type of material andits condition, being larger for
metals "susceptible to coaxing", in this case resulting in higher values of the Prot fatigue
strength .,

Several other short-time fatigue testing methods based on properties under
uniformly increasing alternating load have also been proposed (1). Among these are
Gough's dynamic proportional limit criterion {13) and Lehr's damping intercept criterion (14).

In view of the conflicting observations made regarding the reliability of these
three short-time methods for datermining the fatigue strength from the progressive loading
increase tests, the additional work described below wos undertaken.

SECTION {¥, OBJECTIVES, PROCEDURES, AND TEST PROGRAM

The purpose of this program was to investigate the reliability of various pro-
gressive load increase methods for determining fatigue strength. Rotating beam tests
were used for this purpose so that the following three properties could be conveniently
measured under uniformly increasing stress: (o} damping energy, (b) dynamic modulus
of elasticity, and {c) failure stress. The damping properties were procured to check
_the reliability of Lehr's damping intercept criterion, the elasticity data were intended
to check Gough's dynamic proportional limit method, and the failure stress data were
determined to check the Prot approach.

In order to help clarify understressing and damage effects, various starting
stresses were used. Progressive load increase tests were started at zero stress, near the
cyclic stress sensitivity limit* for damping {15) and between this limit and the fatigue
strength. For each starting stress, tests were performed under three different loading rates.

* See seciion on "Results and Discussion” for definition of the cyclic stress sen-
sitivity limit,
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Two ferrous and two nonferrous materials were used to cover a range of material
types and provide a more critical check on reliability of conclusions. The materials
used, starting stress, loading rate, and other details of the test program are given in

Table 1.

Conventional fatigue tests under constant stress amplitude were also performed
for comparison purposes. The damping and modulus properties were also determined
during these conventional fatigue tests.

SECTION HII, TEST MATERIALS AND SPECIMEN PREPARATION

The test materials used in this investigation were SAE 1020 steel, 2024-T4
aluminum alloy, SAE 4340 steel, and RC-55 fitanium. The chemical analysis,
treatment and test condition, and the mechanical properties of the test materials are
listed in Table |. Photomicrographs of the materials in test condition are shown in
Figure 1.

The specimens used in this work were of circular cross section and slightly
tapered to produce uniform stress along the test length under the cantilever beam
loading used. The length of the tapered test section was 1.75 inch, with 1 inch
fillet radius on each end. The specimen diameters are listed in Table .

The test specimens were rough turned, using water and oil coolant, from
0.05 t0 0.01 inch oversize at a speed of 325 rpm, a feed of 0.0042 inch per revolution,
and a tool edvance of 0.025 inch. Finish turning was from 0.003 to 0.005 inch over-
size for the 4340 and titanium specimens under conditions similar to rough turning ex~
cept for a 0.075 to 0.003 inch tool advance and a lower speed (45 rpm for the titanium).
The SAE 1020 steel and 2024-T4 aluminum specimens were left 0.02 inch oversize,
then ground to 0.002 inch oversize with 120 = 06 - V10 Aloxite whee! with a feed of
0.0013 inch per revolution using Tycol=Afton 8 coolant. All specimens were finally
polished using silicon carbide sanding belts, the final passes being with a belt having
a grit size from 400 to 900. For the SAE 4340 specimens kerosene coolant was used
during final polishing and CO, was used for the titanium.

All materials were thermally treated before machining except that the 4340
steel was rough machined to 0.01 inch oversize, then heat treated, and finally finish
machined and polished.

SECTION IV. TESTING MACHINE AND TEST PROCEDURE

The rotating cantilever beam fatigue, damping, and elasticity testing machine
used in this work has been described previously (15). For the progressive load increase
tests, the machine was adapted with a variable speed transmission between the main
motor and the table angle adjustor so that the desired rate of load increase could be
applied to the test specimen. A photograph of the adapted machine is shown in Figure
2. The variable ratio transmission T is driven by motor M which rotates the fatigue
specimen S, so that the psi per cycle increase during a progressive load increase test
is independent of the frequency of stress on the specimen.

All the tests were performed at room temperature. The testing speed was
1000 rpm for 2024-T4 aluminum alloy gpd RC-55 titanium and 2000 rpm for SAE
1020 and SAE 4340 steel. In all cases the frequency of cyclic stress during damping
and deflection readings was 20 rpm.

Conventional fatigue tests under constant stress amplitude were performed

with the same type of testing machine and specimen as the progressive load increase
tests,
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SECTION V. FATIGUE AND DAMPING PROPERTIES
UNDER COMNSTANT STRESS AMPLITUDE

The S-N fatigue data procured under conventional constant stress amplitude
conditions are listed in Tables 2,3,4, and 5, and plotted in Figure 3.

During the course of each constant stress amplitude fatigue test, the damping
energy absorbed by the test specimen was continuously determined. Typical data
procured for the four test materials are shown in Figure 4. Observe first in Figure 4
that under relatively low stress, the damping does not change with stress history (that
is,number of stress cycles) but as the stress approaches the fatigue strength then damping
is affected by repeated fatigue stress. The four test materials diagramed showed differ-
ent patterns of change during sustained cyclic stress; for example, the titanium and
mild steel increase in damping with stress history, whereas the aluminum alloy decreases
up to immediately before failure. However although the pattern of change at high stress
amplitudes is different for different materials, it should be observed that all test materials
have one behavior in common; damping does not change with number of cycles at low and
intermediate stress cy’npli'fudes but is affected by sustained cyclic stress near and above
the fatigue limit. 1

The stress history dependence of damping can better be seen in Figure 5 which
shows damping versus stress amplitude on. a log-log basis. The stress history effects at
high stress amplitude are shown in these dia?rgns by the family of curves for each ma-
terial. For example, the curves labeled 10" ¥ indicate the damping after 20 cycles.
Although these curves for the four different materials are quite dissimilar in many re-
spects, they all display a "cyclic stress sensitivity limit" S| (see solid square dots).
Below this {imit the log-log plot of damping versus stress curve is a single valued
curve, usually a straight line, indicating no stress history effect. Above this limit,
however, two changes generally occur. First the damping becomes not only a function
of stress amplitude, but also of number of prior stress cycles and thus a separate curve
is required for each stress history. Secondly, a change in the slope generally occurs,
in some cases quite abruptiy. For the four materials under discussion, the cyclic stress
sensitivity limit varies between 60 and 88 per cent of the fatigue strength at 2 x 10
cycies: The existence of a cyclic stress sensitivity limit has been observed not only
in the four alloys under discussion, but in over ten others investigated to date, some
at elevated temperatures (15).

In some materials, mild steel for example, both the change in slope and the
effect of stress history on demping occur abruptly ot a definite stress and the cyclic
stress sensitivity limit is well defined. In other materials, such as in the aluminum
alloy, these changes are much more gradual and the point defined as the stress sensi-
tivity limit depends on the sensitivity of measurements. In this regard the difficulties
in defining the cyclic stress sensitivity |limit are similar to those encountered in defining
a proportional limit under static stress.

The effect of stress history on the damping properties seems to be associated with
localized plastic deformation. |In polycrystalline materials, some grains which are fav-
orably oriented and are in a critical stress condition yield plastically, preferentially
near the surface (17) at stresses which are significantly below the overall fatigue strength.
However, the per cent volume of those grains is very small and their effect may be lost
in the general overall observation. With increasing stress beyond the cyclic stress
sensitivity limit the number of grains which yield plastically increases, slowly at first

T/ This observarion has been made for numerous other materials (15). However,
it should be mentioned that RC-55 behaved rather erratically and did give some evidence
of stress history effect at low stress amplitudes.
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but with increasing rapidity. At stresses above the fatigue limit the per cent volume
displaying significant plastic behavior is large enough to cause the gross effects
observed.

Since damping is an extremely structure sensitive property, it appears reasonable
to inquire about the relationship between the cyclic stress sensitivity limit and the stress
below which fatigue coaxing or damage becomes insignificant. One might expect. that
since cyclic stress below the sfress sensitivity limit has little effect on damping, correspond-
ingly itshould also have little effect on subsequent fatigue strength at higher stress levels.
However, cyclic stress above this limit changes the material significantly, as indicated
by the change in damping. It might therefore be expected that these changes would be
reflected as fatigue coaxing or damage effects which might affect the fatigue life during
subsequent loading at higher stress levels. Therefore, starting stresses both below and
above this limit were used for some materiais in the progressive load increase work de-
scribed later.

SECTION VI, FATIGUE STRENGTH UNDER
PROGRESSIVE LOAD INCREASE

. The fatigue strength test data procured under progressive load ihcrease are
listed in Tables 2,3, 4, and 5, and plotted in Figure 6. Different starting stresses
were used in arder to determine their effect on failure strength, and also to clarify
the relationship of coaxing and fatigue damage to the cyclic stress sensitivity limit.

Considering first the mild steel, the upper part of Figure é shows the Prot
failure stress determined at the different starting stress of 0, 29,000, 33, 000, and
37,000 psi for different loading rates. The cycles to failure plotted for all curves are
those imposed. beyond the stress of 37, 000 psi so direct comparison can be made for
different storting stresses. Observe first that starting stresses of zero and 29, 000 psi
have about the same Prot failure stress, indicating little coaxing or fatigue damage
effect below the cyclic stress sensitivity limit. However if the starting stress is 33, 000
 or 37,000 psi, the curves are significantly below those for the lower starting stress.
This indicates that at stresses between 29, 000 and 33, 000 psi, o .d between 33, 000
psi and 37,000 psi there is sufficient coaxing effect to produce the significant spread -
in the curves shown. For example, at a Prot loading rate of approximately 0.025
psi per cycle the fatigue failure stresses for different starting stresses were: 47, 200 and
46,300 psi (average 46,700 psi) at O psi starting stress; 47,000, 46,600, 46, 400,
and 46, 500 psi (average 46, 600 psi) at 29,000 psi starting stress; 45, 100, 44,700, and
44,000 psi (average 44, 600 psi) at 33, 000 psi starting stress; and 43, 700, and 43,700
psi at 37,000 psi starting stress. The specimens started at zero and 29,000 psi failed
at a higher stress than those started at 33,000 psi (failure stress 46, 000 compared to
44,600 psi) apparently due to coaxing effects between 29,000 psi and 33,000 psi
even though the fatigue limit is at 35,000 psi. Similarly, stress history between 33, 000
and 37,000 psi produced sufficient coaxing effect (or a combination of coaxing and
damage) to account for the difference between the failure stress of 43,700 and 44, 600
psi. Since the cyclic stress sensitivity limit is 29,000 psi it apppears that this limit
indicates the stress below which no coaxing or fatigue damage effects occur but
above which these effects may be significant in mild steel.

In the case of 2024-T4 aluminum alloy, diagramed in Figure 6, whether the
test is started at 0 or 24,000 psi appears to make {ittle difference in the Prot failure
stress if cycles are counted beyond 24, 000 psi in both cases. Since 24,000 psi is
the cyclic stress sensitivity limit for this alloy, this limit appears to be the stress
below which coaxing or fatigue damage are insignificant.
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For the case of the RC~-55 Titanium shown in Figure 6, the starting stress effects
appear to be too small to be separable from the scatter in the data. If there are coaxing
effects beyond the cyclic stress sensitivity limit of 24,000 psi, these are smaller than
the scatter in the present data, and therefore no conclusions are possible at this time.

In general the RC-55 data were more variable than for the other test materials.

In order to evaluate the reliability of Henry's medification of the Prot theory,
the material constant m for each of the four test moterials was determined as shown in
Figure 7. This constant m was then used to compute the vaive of exponent n in accord-
ance with Equation 4. In the Prot type diagrams which follow, these. computed values
of n as well as others are used for comparison purposes.

The Prot type diagrams shown in Figures 8, 9, 10, and 11 are intended to compare
the effects of different values of n and starting stress. In each case, three values of
n are plotted, {(a} n,, the 0.5 value originally suggested by Prot, (b) ng, the value
of n which results in the straightest line for failure siress, and {c) ny, tshe value of n
determined fromthe constant m for the material . s

For mild steel, cluminum alloy, and titanium the plot failure stress under pro-
gressive load increase versus the square root of the loading rate (np = 0.5) does not
result in a straight line. However, if a straight line is approximated through these
points the Prot fatigue strength so determined is in all cases within % 10 per cent of
the conventionaliy determined fatigue strength. For 4340 the Prot method provides a
better approximation of the convential fatigue strength, the difference being only 4%.

If the Prot test data are ploited accoerding to exponent ng of the loading rate
which results in the straightest line the fatigue strength so determined is in some cases
considerably smaller than the conventionally determined fatigue strength, os shown by
RC-55 titanium, Figure 11,

The n,, values determined by Equation (4) from the constant m of the material
differ in most cases from the two other vaiues of n. In most cases ny was different from -
the other values of n and appeared to offer no advantage, Theoretically the ny, value
should produce straight line relationship, but since this is not generally the case, the
validity of Miner's criterion that damage is a linear function of the number of cycles
at a given stress should be questioned.

SECTION Vil, DAMPING PROPERTIES UNDER PROGRESSIVE
LOAD INCREASE AND LEHR'S METHOD

Figure 5 shows damping energy versus stress amplitude considering both the
constant stress amplitude and uniformly increasing stress tests.

The damping data of the SAE 1020 steel specimens indicate a cyclic stress
sensitivity limit ot 29, 00C psi which is 83 per cent of the fatigue limit. Damping
curves under progressively increasing stress, plotted in the same diagrom, show a
sharp break at this cyclic stress sensitivity limit. There seems to be no effect of loading
rote on the damping behavior for starting stresses up to the cyclic stress sensitivity limit.
For starting stresses above this iimit damping increases more rapidly with increasing
stress, as would be expected from stress history effects.

Fatigue tests at constant stress amplitude on 2024-T4 aluminum alloy show a
cyclic stress sensitivity limit at approximarely 25, 000 psi, which is 89 per cent of the
fatigue strength. However, damping curves during progressive load increase exhibit no
such |imit, the double logarithmic plot of damping versus stress being linear up to the
failure stress. This also would be expected from the nature of the stress history effect.
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SAE 4340 steel exhibits a cyclic stress sensitivity limit ot approximately 55, 000
psi which is 15 per cent below the fatigue strength. The damping data under progressive
load increase fall within the history band of the data obtained under constant stress
amplitude.

The diagram for RC-55 titanium indicates that considerable history effects occur
at stresses below the fatigue strength. In view of scatter in the data the general
trends are not conclusive. It is thus apparent from the above discussion that the damping
versus stress relationship is very dependent on prior loading history.

In the short-time testing method suggested by Lehr (14) damping energy is
plotted versus alternating stress to a linear scale. Lehr uses two different stresses as
reference points, one which marks the beginning of the deviation of the curve from
an approximate straight line in the low stress damping range, and a second which
is obtained from the abscissa intercept of a line drawn tangent to the higher damping
region of the damping stress curve. According to Lehr, the fatigue sirength is near
the lower stress limit for materials with a small initial damping, and near the higher
stress limit for materials with a high initial damping. Considering what is now known
regarding the nature of the damping versus stress relationship (15), the Lehr approach
must be considered a rough approximation at best.

Figure 12 shows a linear plot of the damping energy-stress curve for SAE 1020
steel and RC-55 titanium. The diagrams for the stee! and the location of the fatigue
limit ore in agreement with those published by Lehr. The diagram for titanium indicates
a significant effect of the loading rate on the fatigue strength determined by Lehr's
method. The highest loading rate, 0,09 psi per cycle, indicates a fatigue strength
which is only one per cent smaller than the conventionally determined fatigue strength,
but at other loading rates there is considerable difference. For the aluminum alloy
Lehr's method cannot be applied since the change of damping is so gradual and no
significant transition range can be cbserved. In the case of SAE 4340 steel the scatter
of data was too large for use of the Lehr method.

! In view of the stress history effects discussed above, the significance of the
Lehr intercept method for determining the fatigue limit is very questionable.

SECTION VIII, EFFECT OF FATIGUE ON STRESS-5TRAIN
PROPERTIES AND GOUGH'S DYNAMIC PROPORTIONAL
LIMIT METHOD

H. J. Gough (13) determined a dynamic proportional limit under reversed cyclic
stress by measuring alternating strain during progressively increasing alternating stress.
He found a linear stress=strain relationship below a certain stress, beyond which the
strains increase more rapidly than the stresses. He suggested that this dynamic propor-
tional limit is a good indication of the fatigue strength.

in order to show the proportional limit mare clearly, the deviation from stress=
strain linearity rather than total strain (elastic plus plastic) was plotted as a function
of amplitude of reversed stress in Figure 13. For the S AE 1020 steel specimens, the
static proportional limit under bending stress was found at 41,000 psi. The dynamic
stress-strain behavior depends on the loading rate and as shown in Figure 13, varies
between 28, 000 and 31,000 psi, increasing with increasing loading rate. The dynamic
proportional limit averages 29, 000 psi which is approximately 8 per cent smaller than
the fatigue limit. it is interesting to note that the dynamic proportional limit of mild
steel is of the same magnitude as the cyclic stress sensitivity limit.
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o Figure 13 shows aiso the deviation from stress-strain lineqfity as a funetion of
amplitude of reversed stress for SAE 4340 steel. The diagram indicates that the dynamic
proportional [imit is o function of {oading rate, decrsasing with decreasing loading -

ratz, The dyndmic proportional limit under G.0G5 psi per cycle loading rafe is equal to

¥

the fotigue limit of this material, but is different at other loading rates.

Figure 14 shows the deviation from stress=strain linearity as a function of = ©:
amplitude of reversad stress, ioading rote, and starting stress for RC-35 titodivm.. The
behavior of this material is rather unusuc! as explained previously, Both the static
and dynamic preportionat 1imit are smaller then the Fatigue strength, in fact, the dynamic
stress=strain cEcz'_gr-am starting from zero stress indicates an increase of the bending modulius

at tow stress, " Because ‘of this behavior it is difficult to determine a definite dynamic™
proportional limi¥. The loading rate has a significant effect on the stress—strain behavior
at all starting stresses. ' In general, the deformation of a given stress is increasing with
decreasing loading rate . ' - - S

- For 2024-F4 aluminum alloy the stress—deformation curve under both static - -
joad and progressively increasing alternating load remains lineag wp to 43,000 psi. =~ - - .
This stress is far beyond the fatigue strength of 27, 080 psi ot 107 cycles of this material,

- These results show thot the dynamic proportiona! limit of 2024=T4 does not indicate the
- fatigue strength. - : _ : ' I ‘

It is apparent from the chove that even though Gough's dynamic proportional
limit method may give a relichle indication of the fatigue strength of some materials,
it may be misleoding for many materials. '

SECTION IX. SUMMARY AND CONCLUSIONS

The purpose of the work woas to investigate strength, damping and elasticity

~ properties of various engineering alloys {SAE 1020 steel, 2024~ 74 aluminum alloy,

SAE 4340 steel, and RC-55 titanium) under progressively increasing stress amplitude,
and to study the reliability of varicus short time fatigue testing methods using progressive
load increase. Tests were performed under constant stress amplitude and under uniformly
increasing stress amplitude storting from various stresses in the range from zero to the
fatigue strength. :

Tests under constant stress ampiitude indicated that at low end intermediate

- stress amplitude the demping energy does not change with number of cycles, whereas
when the stress amplitude exceeds o certain value, which is in generel smaller than
the fatigue strength, damping is o function of number of prior stress cycles. The stress
which marks the beginning of stress history effects is called the cyclic stress sensitivity
limit. One might expect that since there is no apparent change in domping below the
cyclic stress sensitivity limit, correspondingly there might be litile effect of cyclic
stress below this limit on subsequent fatigue strength. Therefore in the progressive load
increlase' work starting stresses both below and above this limit were used for some ma-
terials.

The following observations and conclusions may be made from the data presented
for the materials tested:
1.  Stress history below the cyclic stress sensitivity {imit hos reiatively little
 effect on the fatigue strength properties. The magnitude of the starting
stress is therefore insignificant as long as it is below the cyclic stress
- sensitivity limit. Starting siresses above this limit may result in signifi-
cantly different failure stresses. RC«55 titanium may be an exception
to this observation, ' .
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2. If the failure stresses obtained under progressive load increase are plotted
versus the square root of the loading rate as suggested by Prot a curve
rather than a straight line is generally observed. . However, if a straight
line is approximated through these points the fatigue strength so determined
is, in all cases investigated, within ¥ 10 per cent of the conventionaliy
determined fatigue strength.

3. If the Prot test data are plotted according to an exponent ng of the loading
rate which results in the straightest line the fatigue strength so determined
may be considerably smaller than the conventionally determined fatigue
strength.

4. According to Henry (4) the exponent nm can also be determined from the
conventional S-N curve. However, these values differ in most cases from
the exponents determined by the two other methods and result in no im-
provement in indicating the conventional fatigue strength. )

5. Lehr's damping intercept gives a fairly good indication of the fatigue
strength of mild steel and titanium. However, Lehr's criterion is a rough
approximation and neglects the stress history effect,

6. Gough's method which is based on the dynamic proportional limit gives o
fair indication of the fatigue strength for steel. Since 2024-T4 aluminum
alloy does not display a dynamic proportional limit in the stress range of
interest, Gough's method is not suitable as Gough himself previously
recognized. Since the dynamic proportional limit is a function of loading
rate and increases with increasing loading rate these factors must be con-
sidered in using this method.

7. Lehr's and Gough's methods are probably an implication of the cyclic
stress sensitivity limit, In general, the dynamic proportional limit and the
change in slope of the damping curve occur af the cyclic stress sensitivity
limit.

8. All short~time fatigue testing methods using progressive load increase have
serious |imitations. However, Prot's method or extensions thereof can be
applied to a wider range of material types than the two other short-time
testing methods investigated.

9. The titanium investigated in this work shows characteristics which differ
in a few important respects from the other materials, However, the Prot
approach appears to be reasonably reliable for this materials.
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TABLE 1l

FATIGUE TEST DATA FOR SAE 1020 STEEL AT VARIOUS

LOADING RATES AND DIFFERENT INJITIAL STRESSES

Specimen failure
Number Stress
A-=e-l KSI

2612 53.37

2595 44 .98

2594 40.02

2600 37.04

2591 34,97

2579 52.99

2584 51.99

2577 47 .71

2583 46.10

2582 42 .87

2580 41,12

2593 52.80

2586 52.6)

2585 52.97

2588 446,62

2587 446,23

2589 46.06

2575 41 .57

2576 41.06

2590 40.41

2597 51,92

2598 456,17

2599 41.09

2592 53.73

2581 44 .94

2578 38.97

T.S. - Test stopped.
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Number
of Cycles
Kilocycles

26.00
197.33
521,27

1,210.76
30, 765.41

STARTING STRESS O KSl

13

550.14
552 .64

1,634.75
1, 908,92

17, 983.60
16, 063 .69

STARTING STRESS 29 K3l

263.15
260.55
254 .32

761.48
753.18
751.95

4, 871,42
4, 484 .50
5, 320.00

Specimen Aged After Polishing

225.34
682.22
3, 855.02

Specimen Stress Relief Annealed

258.58

711.04
4, 474 .46

Loading
Rate
PS1/Cycle

D000 O

0.09632
0.09408

0.02919
0.02415

0.002384
0.002560

0.90956
0.90951
0.08974

0.02258
0.02230
0.02255

0.0025%0
0.002687
0.002155

0.1015
0.02511
0.003130

0.09568
0.02240
0.002227

T.S.



TABLE Il (Cont.}

Specimen Failure Number Loading
Number Stress of Cycles Rate
A----L KSI Kilocycles PSI/Cycle

STARTING STRESS 33 KSi
2607 41.23 181.83 0.1003
2608 50.69 175.55 0.1008
- 2609 . 50.06 170.48 0.1001

2603 45.14 386.79 0.02495

2604 ' 44,69 463.81 0.02515

2605 44 .01 433.87 0.02536

2601 40.67 4,241.65 0.001809

2606 40.13 1,569.18 0.004557

2602 39.24 1,653.23 0.003772

STARTING STRESS 37 KSi

2618 49 .82 131.01 0.09830

2617 49.76 133.62 0.09610

2616 43.76 278.60 0.02443

2615 43.72 278.95 0.02462

2614 38.51 643.01 0.002538

2613 38.44 638.59 0.002548
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TABLE 1

FATIGUE TEST DATA FOR 2024-T4 ALUMINUM ALLOY AT VARIOUS
LOADING RATES AND DIFFERENT INITIAL STRESSES

Specimen
Number
P~==-D

1120
422
420
418
423
416

1128

1126
417

- 1134

456

1117
1122
1121
1130
1115
1118
1119

1133
1123
1132
1124
1127

WADC TR §5-225

Failure
Stress

KSI

50,00
44.90
42.00
38.90
36.90
35.20
33.00
32.40
30,70
28.00
26 .04

44 .80
43.60
39.80
38.40
38,40
36.50
33.20

44 .60
44 .40
32.00
38.70
35.00

Number
of Cycles
Kilocycles

14.00
46.10
79.34
76 .02

128.85
206,30
170.38
465.16
412.03
9, 466.63
13, 543.46

STARTING STRESS 0 KSt

500.00

517 .60
1,322.00
1,291.00
1,313.00
3, 763.00
11, 592.00

STARTING STRESS 24 K5I

268.00
267 .00
543.00
545,70

1, 225.00

15

Loading
Rate
PSI/Cycle

COOOOOOOOOO0

0.0900
0.0840
0.0300
0.0297
0.0290
0.00970
0.00286

0.0768
0.0764
0.0276
0.0270
0.0090



TABLE IV

FATIGUE TEST DATA FOR SAE 4340 STEEL AT VARIOUS LOADING RATES

Specimen Failure
Number Stress
AH---L KSlI

2224 120.17

2223 101.11

2222 88.55

2231 85.62

2220 82.36

2225 79.40

2227 75.13

2226 69.94

2249 66.95

2248 75.95

2247 72.60

2244 71.03

2237 67.00

2251 65.37

2257 62 .56

2256 61.04

2255 59.97

2232 66.48

2241 66,02

2239 75.10

2245 81.15

2236 79.20

2235 77 .33

2240 77.26

2234 70.78

2250 68.64

2252 67.37

2233 64,69

2246 100.03

2243 92,55

2230 85.92

2229 84.40

2228 82.10

2242 81.52

2238 77 .54

2253 . 76.16

2554 74.43

WADC TR 55-225
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Number
of Cycles
Kilocycles

19,42
78.11
113.86
76.23
131.14
289.06
168,20
5,579.04
16, 749.12

32, 341.92
30, 186.65
29,909 .80
28, 951.71
25, 691.02

' 26,043.17

21, 496.25
24, 100,32

8, 231.23
8, 268 .46

1, 842.56
3, 125.82
2, 370.68
3,023.88
2, 32420
2,717 .69
2, 642.33
2,516.78
2,671 .62

1,046.03
991.48
861.27
849 .32
804.49
879.20
779 .48
771 .97
707 .19

L.oading
Rate
PSI/Cycle

OCOO0OOoOOCOOCO0O

0.002348
0.002405
0.002375
0.002314
0.002545
0.002402
0.002840
0.002488

0.008077
0.007985

0.04076
0.02596
0.03340
0.02557
0.03324
0.02605
0.02598
0.02677
0.02422

0.09563
0.90335
0.90076
0.90040
0.10200
0,09272
0.90050
0.09866
0.10520



TABLEV

FATIGUE TEST DATA FOR RC55 TITANIUM AT VARIOUS
LOADING RATES AND DIFFERENT [NITIAL STRESSES

Specimen Failure
Number Stress
AK---AA KSI
2402 50.00
2439 47 .04
2443 43.50
2403 43.60
2404 40.61
3891 52.16
3881 51.65
3878 50.76
3866 51.34
3894 50.45
3892 48.78
3877 46.68
3893 44 .98
3890 43.01
3873 54.72
3872 53.90
3864 53.35
3875 49.75
3874 49 .09
3867 49.09
3876 446.36
3880 45.64
3870 43.84
3865 43 .37
3879 51.33
3888 50.82
3889 50.12
3886 48.93
3885 48 .46
3882 47 .90
3884 47 .03
3883 45,12
3887 -43.81

T. S. - Test stopped.

WADC TR 55-225

STARTING STRESS O KSlI

Number
of Cycles
Kilocycles

12.33
21.19
180.22
20, 250.00
20.,990.00

1564 .83
488.32
489 .07

1,384.33
1, 130.40
1,080.76

4, 094,60
4,367.72
4,221.90

STARTING STRESS 23 KSI

293.33
280.30
252.99

567 .97
527 .33
648.30

2,359.93
1,725.67
2, 205,54
2, 526.81

STARTING STRESS 34 KSI

17

166.94
168.74
163.03

325.87
319.35
292,17

1,157.75
1,092.64
993.66

Loading
Rate
PS1/Cycle

COO0O0Oo

.09235
. 10580
.10380

.03713
04463
.04513

.01140
.01030
.01019

OO0 OO0 ©OOO

0.1077
0.1102
0.1195

0.04705
0.04905
0.03828

0.009915
0.013100
0.009426
0.008281

0.1048
0.0987
0.0977

0.04539
0.04488
0.04713

0.01116
0.01013
0.01031

o

Win



Specimen
Number
AK----AA

3902
3901

3899
3900

3897
3898

WADC TR 55-225

TABLE V- (Cont.)

Failure Number
Stress of Cycles
KSl Kilocycles

STARTING STRESS 41 KSi

52.47 118.27

52.42 115.25

50.66 197 .86

50.52 198.86

46.84 605.08

46,48 451.92
18

Loading
Rate
PSI/Cycle

0.09797
0.09976

0.04933
0.04841

0.01025
0.01272



100X Trans. Keller's Etchant 100X 5% Nital Etchant
24S-T4 SAE 1020

100X 3% Picral Etchant 100X 5HNOg3, 1HF, 94 H20
SAE 4340 RC-55 Titanium

Fig. 1. - Photomicrographs of Test Materials in Testing Condition.
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Fig. 2. - Rotating Cantilever Beam Fatigue and Damping
Testing Machine with Variable Speed Transmission
for Progressive Load Increase Tests.
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Fig.12 Lineor Plot of Damping Energy Versus Alternoting Stress at Different
Loading Rates for SAE 1020 Steel and RC55 Titanium.
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Fig. 14 Deviation from Stress—Strain Linearity as g
Function of Amplitude of Reversed Stress, Load-
ing Rate, and Starting Stress for RCS55 Titanium,
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