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FATIGUE OF DUCTILE METALS AT RANGES OF STRESS
EXTENDED TO COMPRESSION

I. IVITRODUCTION

1. Historical

Fatigue of engineering materials has been recognized as an
elusive but very definite protlem for approximately a century. ing
this period, hundreds of thousands of tests have been conducted which
have resulted in the presentation of a relatively large number of botk
quantitative and qualitative theories. The qualitative theories remain
somewhat controversial, but the use of the microscope and of X-ray &if-
fraction has brought engineers and other scieﬁtists into closer accora
or the subject. On the other hand, the quantitative picture of the
problem has remained obscure.

Qualitatively, it is generally agreed that fatigue failures
are not unique but are merely the resﬁlt of a étressing action. Failure
by means of any stressing action, at our ﬁresent state of knowledge, is
considered basically a consequence~of slip. The slip within crystals
and eventual failure is explained by the dislocation theory of which
there are many slightly differing versions. The dislocation theory has
been developed and has been explained rationally, and yet the actual
proof of the theory has been obliterated by what may be considered our
Present macroscopic view of the particles involved in the theory.
Furthermore, our macroscopic concept completely precludes a quantitative

application of the dislocation theory.
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As a consequence, numerous statistical studies have been
initiated to develop criteria which are readily applicable to design.
These studies have yielded a satisfactory result in the realm of static
properties of materials. Generally, static properties may be determ;éed
accurately by either the von Mises-Hencky maximum distortion energy
theory or the Tresca maximum shear stress theory. The maximum normal
stress theory for some conditions yields satisfactory results, but this
theory has been experimentally invalidated by the observation that the
superposition of a moderate hydrostatic stress on an existing stress
state has no effect on the yield or flow conditions.

The three theories mentioned above have also been applied to
the prcblem of fatigue:. Moore and Morkovin (36, 37, 38)* analyzed their
extensive tests which involved full stress reversal on varying sizes of
specimen for three materials by means of the three theories. They con-
cluded that of the three theories, the meximum distortion energy theory
gave the best results. Bowever, for small specimens this theory gave
inconsistent results. In their conclusions, Moore and Morkovin give Two
possible alternmatives which may be briefly summarized as:

1) The maximum distortion energy theory could be correct

if the inconsistencies were attributed to poor
assumptions in the analysis or slight inaccuracies in
the experimental results.

2) Kone of the theories is correct and fatigue failure

is & result of factors not accounted for in their
derivation.

*
Numbers in parentheses throughout this report refer to items In

the List of References.



Either of these alternmatives will explain the possible incon-
sistencies noted by Moore and Morkovin but the first alternative has
been invalidated by results obtained by Hoffman (28) and Elling (20, 41).
These investigators found that in tests of materials on which the repeat-
. ed stress range was predominantly compression or pure compression, the
failure would occur at maximum stresses far exceeding those necessary to
cause failure under a similar stress range of predominantly tension.
This would invalidate all of the popular theories as they are generally
presented since they predict that failure will occur at the same stress
for either tension or compression.

Elling (20) reports that failure of unnotched specimens of
killed, annealed, strain-hardened, structural steel occurs at a constant
stness range when the stresses are predominantly compression. This
observation is qualitatively in agreement with Smith’s (46) conclusion
but quentitatively the agreement is in error. ‘Both conclude that
failure under such conditions occurs at a constant range of stress.
However, Elling's constant range of stress appears to be greater than
the endurance limit range for full reversal while Smith concludes this
constant range should be equal to this endurance limit; The fact that
Elling tested strain-hardened material may explain this difference.
However, it appears that Elling's results are directly comparable with
Hoffman's results from the same material which had not been strain
hardened.

Peterson in a discussion of Hoffman and Elling's (L4l) test
results suggests a seemingly logical revision to the maximum distor

€rergy theory which could theoretically define conditions for failure
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where compressive ranges of stress are employed. This suggestion is
presented only pictorially with no attempt at actual analysis.

Almen (1, 2, 3, 41) maintains that fatigue failures are
tension failures. It is not disputed that tension microstresses may
result from repeated loading in pure compression. As a matter of fact,
such stresses doubtlessly are produced. However, even considering the
stress concentration resulting from the discontinuity at the surface of

an unnotched speeimen, it is somewhat gquestionable that residual

tensile stresses of magnitude sufficient to initiate & crack are produced

unless an additional stress raiser is introduced. Furthermore, even if

such tensile stresses are produced, we arrive at the stalemate that with

our present state of knoﬁledge microstresses cannot be evaluated. Conse-

guently, at this time; only a statistical theory involving parameters
which may be readily measured or computed would be of practical value.

Yen (52} presents a hypothesis which essentially states that
repeated full reversal loading of a notched specimen will result in a
true stress range equal to the theoretical vélueo His conclusion is
based on the supposition that a material will work harden a sufficient
amount to develop the theoretical stress at the root of the notch after
a number of load repetitions.

Smith (4&) presents a hypothesis which considers strain
concentrations rather than stress concentrations. He assumes that the
strains developed at the root of a notch are the thecretical values; a
supposition which generally agrees with experiment. Using these

theoretical strains and a stress-strain diagram for the material, he

finds a stress corresponding to the strain developed in a notched fatigue
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specimen which he calls the "true stress". In a very few applications of
his hypothesis, Smith illustrates that this true stress correlates with
the stress at failure forAa comparable number of cycles of load on an:
unnotched specimen. The few applications of his hypothesis iﬁcluded
only one series of tests on one aluminum alloy tested from zero to
tension. Consequently, Smith's results cannot be considered conclusive
nor are they applicable to a perfectly plastic material since in this

case the true stress" would be a constant value over a wide variation

of fatigue strain ranges.

2. Object and Scope of Investigation

The object of the study reported"herein was to extend the
results of fatigue tests into a field which was previously almost
entirely neglected; that is, the field of compression fatigue. Natur-
ally, it was hoped that at least a partial answer to this century old
problem of fatigue could be found, and a rather lengthy analysis of
the current data as well as prior related data was employed in an attempt
to obtain this answer. As stated above, our present state of kmowledge
precludes the proof of a dislocation theory so that the answer sought
was one of a statistical nature which would be applicable to design.

The results obtained by Hoffman (28), Elling (20), and
Smith (44) seemed to indicate that it was possible that the true range
of stress was the cause of fatigue failure of ductile metals. Further-
more, it seemed that Yen's hypothesis revised to consider an apparent
change in mean stress was tenable. The unpredictable work hardening

characteristics of a material subjected to load reversals or relatively

high stresses in a single sense rendered an analysis using experimental
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results necessary. A simple comsideration of residual stress patterns
to be expected in & notcéhed specimen subjected to a fatigue cycle
involving a predominance of tension illustxrated that the true range of
stress to be expected under such ;onditions could be predominantly
compression. Consequently, if a correlation befween the true range of
stress in notched and unmotched specimens of a material was to be
investigated, a number of test results involving stress ranges predom-
inantly in compression would be desired. |

A review of the literature led to the surprising realiéation
that an extremely limited number of these tests had been run; In fact,
the only suck results found were those summarized by Smith {46)}. This
relative absence of data rendered it necessary to undertake a rather
comprehensive axial fatigue test program involving ranges of stress
varying from pure compression to tensile stresses approaching the
static ultimete strength. The materizl selected for study was a fully

killed, annealed, structural grade steel. The selection of this

meterial wae basel oz its uniform mechanical and chemical properties and

its use in engineering design. An unnotched axiel load specimen and a
notched axia. .oal epecimen with a theoretical stress concentration

factor of 2.0 were rtudied. The net cross-section for both specimen

types was C.. s;. :n. (dia. = 0.357 in. ). Choice of specimen size was

dictated by tne .(,000-1b capacity Sonntag machine used in the tests and

the expected max:ri- stresses required. The notch geometry was chosen
to be similar to that used by Moore and Morkovin (36) so that a similar

Procedure in preparing specimens could be used.
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A total of 127 tests were run in the current series, O
unnotched specimens and 33 notched specimens. The results of both series
of testé were plotted on modified Goodman diagrams on which constant
life contours were established by interpolation from the individual S5-N
diagrams for 1 x lOS, 5 x 105, and 2 x 106 cycles. Comparison of the
two resulting diagrams led to the comclusion that the true range of
stress hypothesis was invalid for this series of tests.

Peterson's (41) suggested revision to the maximum distortion
energy theory was then studied. Qualitatively, his revised theory gives
constant life contours similar in shape to those determined experimental-
ly. However, no numerical correlation between the experimental curves
and the theory was apparent.

Next, & purely empirical study was tried. This consisted of
expressing the constant life contours for the unnotched and notched
specimens by algebraic equations. It was found that straight lines and
arcs of circles could be fitted to the interpclated cycle contours, and
the results exkibited relatively small errors for the current tests.
However, modified Goodman diagrams drawn for the results of 98k tests
reported by Grover, Bishop, and Jackson (23-26) gquickly illustrated the
fallacy of the purely empirical equations. These tests involved axial
loading of sheet specimens of 24S-T3 and 755-T6 aluminum alloys and
normalized 4130 steel. Five theoretical stress concentrations were alsc
included. These were 1.0 (unnotched), 1.5, 2.0, 4.0, and 5.0.

Returning to a study cf the current test results it appeared
that a variation of fatigue reduction factor {defined on page 9) with

fatigue stress range was a possible explanation. The fatigue reduction



Tactor was computed focr each constant life contour for a number of
ranges of stress. This computed fatigue reduction facter ranged from
the theoretical stress concentration for a range of pure compression to
no stress concentration for high tension stresses. The fatigue reduction
factor as a functicn of fatigue stress range was readily establishedo
The resulting empirical equation modified for a stress concentration
factor of 1.0 was applied to the tests of unnotched specimens in order
to compute a hypothetical static stress necessary to predict the test
results of the unnotched specimens when the empirical modified fatigue
recuction factor was applied to it. The results thus derived were
compared to Grover, Bichop, and Jackson's tests but no correlation was
obtained.

At this point in the analysis, it seemed that statistically
the fatigue problem could not be answered. Further study of the current
tests and those by Grover, Bishop, and Jackson indicated, however, that
a possible answer to the problem might exist because the slopes of the
straight lines representing all constant life contours for the notched
specimens of the four materials were constant, within reasonable limits.
Furthermore, the cycle contours for unnotched specimens, except for the
current results, could be approximated by straight lines with a constant
slope differing from that found for the notched specimens.

This trend in the comnstant life contours was most encouraging
but in order to define faiiure conditions a determinatior of the zero to
tension intercept of the life cycle contours was necessary. This deter-
mination posed a difficult problem. However, approximate values of

these intercepts were obtained by an algebraic correlation of the
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fatigue intercept with the static tensile properties. This correlation
seems to give results which appear to be reasonable, but they may be
fortuitous since they cannot be justified by any theoretical considera-
tiOnsc Thus, the analysis presented herein gives reasonable results
with the exception of the unnotched tests of the current series. How-

ever, it should not be applied until it has been more thoroughly

investigated.

5. Definitions and Netation

The terms, fatigue and repeated loading, are used interchange-
ably throughout this report. Their meaning defines the entire problem
of the action of materials including failure when they are subjected to
numerous repetitions of stress.

Stress Range -- the algebraic difference of the maximum and
minimum stress imposed on a specimen with tensile stress defined as
positive and compressive stress as negative.

Mean Stress -- the algebraic average of the maximum and mini-
mum stresses.

Alterneting Stress -- that range of stress which is super-
posed on the mean stress in a fatigue cycle.

Full Stress Reversal -- a stress range where the maximm and
minimim stresses are of equal magnitude but opposite sign.

Average Aprlied Nominal Stress -- the‘applied load divided by
the original net area.

Average Applied True Stress -- the applied load divided by
either the measured EEE area or the estimated.ggE area corresponding to

the applied load.
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Theoretical Maximum Stress -- the maximum stregs developgd at
the root of a notch as predicted by the theory of elasticity. That is
the product of either the average applied nominal stress or the average
applied true stress ané the theoretical stress concentration factor.

Theqretical Stress Concentration Factor -- the theoretical
maximum nominal or true stress divided by the average applied nominal
stress or the average applied true stress, respectively.

Range Ratio -- the quotient of the arithmetic minimum stress
and the arithmetic maximum stress.

Fatigue Reduction Factor -- the quofient of the average stress
at failure in an unhotched specimen and the stress at failure in a
notched specimen for the same range ratio and the same life.

The Common Fatigue Intercept Stress -- numerically equai to
the product of the thecretical stress concentration factor and the
corresponding interpolated test stress at the zero to tension axis of a
modified Goodman diagram.

Constant Life Contour -- a curve established on modified
Goodman coordinates defining the fatigue stress range necessary to cause

failure at a specific life denoted by the number of cycles of stress

repetition.
Notation:
Gi'z average algebraic minimum stress in a fatigue cycle,
ksi
o, = average algebraic maximum stress in a fatigue cycle,
- ksi
o, = common fatigue intercept stress for the 2 x 10 cycle

life contour on the zero to tension axis, ksi

0., = nominal static ultimate tensile strength, ksi
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d, = yield strength by 0.2 per eent offset method or lower
yield point for ar elasto-plastic material, ksi

= per cent reduction of area obtained in & standard
tensile coupon test

H
|

per cent elongation in 2 in. obtained in & standard
Tensile coupon test

1)
il

= theoretical stress concentration factor

stress concentration factor for umnotched specimens

g 2

= number of cycles tc failure in a fatigue test

Oy = common fatigue intercept stress at N cycles, ksi
m = the slope of the constant life contours
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II. DESCRIPTION CF TESTS

1. ©Specimen Preparation

The stock from which all specimens were prepared was a 5/& in.
thick x 72 in. wide plate of structural grade fully killed steel shown
in Fig. 1. For all practical purposes, this parert plate met tne
requirements for ASTM designation A7-52T, Its ladle analysis and
average tensile properiies are sumsrized ir Tables la and 1lb, respective-
ly.

The initial step in the specimen preparation consisted of
flame cutting a 12-3/L in. or 13-1/2 in. length from the full width of
the plate. This strip was then marked and sawed as shown in Fig. l.

The outer edges were discarded since it was felt that the veriation in
physical properties could be reduced by doing so (43}, Blanks from one
entire 6-ft strir were annealed in one heat in an electric furnace at
165001«"° for arrroximetely ome hcur and ther were slowly cocled in the
furnace. Following tnis heat itreatment, the pieces were sawed into bars
7/8 in. wide. BEacz of these bars was ther machined o 3/4 in. square
and its ends tuirn=2 parallel.

Some tar: were turned into specimens immediately after they
had been machin=: <: .. in. square while others were statically pre-
stressed. Tae :-uti.: prestressing was introduced in order to reduce the
large amourt cf :.e.ling which occurred during the fatigue tests at the
high fatigue girvfsee iz both tension and compression. ILarge amounts
of plastic defcrmaticn complicated the test procedure for in some

instances the lirit switch of the fatigue machine was reached before

actual failure occurred. Of greater importance, however, is the fact
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that many of the failures were more characteristic cf gereral yielding
than of fatigue; i.e., the failure appeared as a necking down of the
specimen rather than the usual horizontal fatigue crack of brittle
nature. Since general yielding of a notched specimen is hardly conceiv-
able, this yielding characteristic of the unnotched specimens could have
nullified the intended purpose of this investigation. In addition, for
relatively high compressive fatigue stresses plastic buckling occurred
in the specimens without prestress. This phenomenon could not be elimi-
nated by changing the specimen geometry due to the limitations of the
test appara%uéﬁ Thus, another method of eliminating the buckling had to

be employed. This was accomplished to a large extent by the static

compressive prestress.

This prestressing procedure seemed to be justified in that

" the static cycle of stress would correspond to the first cycle or perhaps

the first few cycles of fatigue stress. Comparison of the results
reported herein and Hoffman's (28, Ll1) results for the same material tends
to indicate that this assumption is correct.

In this study, the values of static prestress were chosen, in
most instances, by the limits of the equipment used ir the process.

However, the values were selected at increments of stress which were

roughly equal over the entire range. The wvalues of prestress were comput-

ed as the quotient of the load and the area corresponding to this load,
the true stress by conventional definition. It was not always possible
to attain exactly a chosen prestress but nominally the studied static

prestresses included 50,000, 69,000, 86,000 and 97,000 psi compression,

and 60,000 and Th,000 psi tension. A tabulation of the average values
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and the maximum deviations from these averages obtained in the static
prestressing operation is given in Table 2. A stress-strain diagram
illustrating the entire compression prestress process is given in
Fig. 2.

The abnormally high value of Poisson's ratio recorded for the
97,000 psi prestress completely escapes explanation. It was computed
using small deformation theory, but large deformation theory would give
even greater values. Transverse strain was détermined by micrometering
the bar to thousandths of an inch at 5 equally spaced points in each
direction. The initial and final widths and breadths were then averaged
from these ten measurements. Two values for the transverse strain were
then computed, one value for the width and the other for the breadth of
the bar. These two values were again averaged giving a single average
value for transverse strain. Longitudinal strair was obtained by
measuring the initial and final lengths of the bar tc¢ hundrediths of an
inch.

Incidentally, a very brief study was made of the distributicn
of strain over the length of the bar. It was found that the greatest
ransverse and longitudinal strains occurred near the outer eighth
points of the bar and the smallest values occurred at the midpoint of
the bar. The magnitude of this variation was small and could hardly be
considered significant.

The static compressive prestress was accomplished ir increments
of approximately 1 in. total strain with the 3/4 in. square bar supported
along its length by 1/2 in. thick steel guide plates held in position by

a 6 in. square block of wood which was notched longitudinally through its
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center to accommodate the guide plates. It was clamped transversely in
both directions by bolted steel clamps. These 1 in. increments of total
strain were repeated until the désired prestress was reached. A detailed
illustrated explanation of this compression prestressing process 1s given
by Elling (20) who developed the equipment used in this process.

Only one change was made in Elling's procedure. This change
consisted of not planing the bars to the original 3/4 in. square cross-
séction after each completed cycle of prestress. As may be seen in
Fig. 2 and Table 2, the elimination of the intermediate planing apparently
did not affect the process fer the first four cycles of loading. It
should be noted that the stress-strain diagram for the last twe cycles
of compressive prestress without intermediate machining are not shown in
the figure. They are not shown since the plot of the first four cycles
with ard without intermediete machining showed ﬁo significant difference
in the final values of stress and strair attained. It became apparent,
however, on the last cycle of compressive prestress where the bars had
not been machined, that the final stress attained was not the same as
that obtained by Elling for the same strain. It appears that the stress
is not the sigrificent quantity so that this inconsistency is of little
consequence and the values of strair were thus held constant.

The inconsistencies in the stress attained became apparent
when an attempt was made to replace a bar in its supporting blocks to
attain a slightly higher stress. Actually, the stress attained during
this added cycle was found tc be less than at the end of the previous
cycle. The significance of this observation would appear to be that the

stress attained is a function of the lateral clamping force exerted by
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the supporting blocks, and thus stress should be given less weight than
longitudinal strain. However, it is more convenient to state stresses
rather than strains and thus apprcximate prestresses are used in report-
ing the fatigue data.

A1l material that was prestressed for use in the Sonntag
machine was strained at a comnstant rate of 0.042 in. per min. which
cerresponds to the rate of operation of the static preload me;hanism of
this machine as described below. The rate of strain should not affect
the fatigue results; nevertheless, it was eliminated as a variable by
maintaining ; constant strain rate.

Since Elling was primarily interested in the phenomenon cf
compression fatigue, he considered only material prestressed in com-
pression. In this investigation however, static tension prestresses
also seemed desirable. The latier was accomplished by merely placing
the 3/4 in. square bars in standard tension V-notch grips of a 120,000 1b
capacity universal testing machine and tensioning them the desiféd amount .
Each bar was gripped so that approximately 5 in. remained clear between
the grips. and the fatigue specimen was cut from the middle of this 5 in.
length with the minimum section cf the prestressed bar placed at the
center of the test section. The strain rate during prestressing was
again maintained at a constent rate of 0.042 in. per min.

For the 60,000 psi tensile prestress the 3/4 in. square bars
Wwere not reduced in section; they were merely gripped in the machine ard
the load was applied continuously until the desired stress was obtained.
Before installing them in the machine, a 4 in. gage length was laid out

Oon two of the machined longitudinal surfaces. These initial gage
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lengths were measured with a pair of dividers. Similarly, the same gage
lengths were measured at the end of the load cycle. For the T4,000 psi
tensile prestress it became necessary to reduce the transverse dimension
in cone direction by removing 1/16 in., from either side, because the
transverse yielding would render it impossible to fabricate the required
5/4 in. threads at the end of the fatigue specimern. The length of this
5/8 x 3/b in. reduced sectior was 2-1/4 in. on which a 2 in. gage length
was laid out. Thbe initial snd final gage lengths were again measured with
& pair of dividers. The transverse dimension for both prestresses were
measured initially and finally with a 0.001 in. micrometer. These measur-
ments were taken at each end of the gage length as well as at the center
and then were averaged in the case of the 60,000 psi prestress specimens
while for the 7L,000 psi prestress specimens the minimum cross section
was used to compute the stresses. The reason for the differernt method

of computation was the fact that the 60,000 psi material showed no mnecked
area while the 7L,000 psi material exhibited significent necking at
approximately the center of the gage length.

The static tensile properties detérﬁined from standard G.505
in. diameter tensile coupon tests of the prestressed material are summar-
ized in Table 3 and shown graphically irn Fig. 3.

The physical dimensions of the unnotched specimens are shown
in Fig. 4. These unnotched specimens were prepared from material bothk
with and without prestress. In either case, the actusl specimen prepar-
ation was the same. The bars were first turned toc 3/k in. diameter in
& lathe. Next the specimens were cut tc their approximate desired

length and the centers were established on their ends. The length of
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the bar after prestressing determined whether one or two specimens were
prepared from each bar,

The threads were turned and the ends were faced between
centers in a lathe. A template was used tc form the contour on all
specimens and heavy spring tension epplied against the ftemplate assured
uniformity of all specimens. The contour was formed by a roller
follower which followed the template while the lathe compound fed auto-
matically. During the cutiing operaticn, cil flowed continuously over
the specimen tc reduce the heating so that the specimen never felt
excessively ;Jarm° Therefore, the temperature attained during the speci-
men preparation should not have exceeded llO-lEOOFo It is quite doubtful
that even this temperature was reached since no noticeable heating was
observed. A cutting toocl was used to form the specimen to within
0.001 in. of the desired minimum diameter and polishing was used to
reduce the specimen to the desired diameter.

The polishing was accomplished by leaving the specimen between
the centers of the template equipped lathe. The standard tocl holder
was replaced by one adapted to support vertically a 1/16 HP 600C rpm
electric mctor. A special gbrasive cloth holder was made fdr this
motor in wkick folded abrasive cloth was clamped through the center of
this holder which projected about l/& in. on either gide of it. Thus,
the abrasive cloth contacted the specimen only during a very small
proportion of each revolution of the motor, greatly reducing the possi-
bility of heating during the polishing operation. During polishing,
the lathe was run at less than 200 rpm while the motor which rotated at

right angles to the axis of the specimen, was run at slightly less than
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its no load speed of approximately 6000 rpm. Because of the differential
in speed of rotation, the scratches introduced during the operation were
essentially longitudinal.

The polish was accomplished in four steges using successively
No. 80, No. 120, and No. 240 aluminum oxide cloth and then Crocus Cloth.

The notched specimens were prepared only from material without

prestress. In their preparation the same procedure as that used for the
unnotched specimens was followed except that the template was used to
turn the ber to the outer reduced diameter as specified in Fig. 4. When
this outer diaﬁeter was reached, a tocl ground to the proper notch dimen-
sions was used to cut the notch to within about C.00l in. of its proper
width and depth. A length of piano wire with a diameter one standard
size smaller than the width of the notch was then iﬁstalled in the chuck
on the polishing motor used inrn polishing the unnotched specimens. The
lathe and motor were run at the same speed as used in the polishing of
unnotched specimens in order to polish the notech. The latter was
accomplished in twc stages. The abrasives used were a mixture of oil
and Nos. 240 ani FFF. aluminum oxide dust which were fed down the piece
of piano wire ic accoxplish the polish in the same manner as described
for the urnnotche: g;=cimens except, of course, that the lathe compound

was held staticnary. Tais method of polishing the notched specimens is
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similar tc that .sze: » Moore and Morkovin in which they obtained a
consistent circ.lar cozntour in the notches.
The static tensile coupon specimens conformed to the ASTM

standard 0.505 in. dia. tensile specimen.
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The specimen number gives the position of the specimen in the
parent plate and are typical of those shown in Fig. 1. The final two
letters "A" and "B" are used only to differentiate between two specimens
from one bar and they do not give the position of the specimen in the

individual bar.

2. Testing Equipment

In a direct extension of Elling's tests, twenty additional
tests were completed in the Wilson lever-type machine. However, the
results 9f these tests are not included hefein for in these tests an
attempt was being made to further develop Elling's conclusion that fail-
ure by fatigue would not occur for stress ranges of less than 90 per
cent of the static prestress. As a consequence of this endeavor, the
stress ranges employed were such that the static prestress probably
would not correspond to the first few cycles of fatigue stress and the
results are not comparable with those reported below.

The original date reported herein was obtained in & 10,000 1b
capacity Sonntag universel fatigue testing machine, Model SF-10-U. A
general view of this machine and the attached tension-compression appara-
tus used in testing is shown in Fig. 5. This is a constant load type
machine in which the alternating load is obtained from the vertical
component of centrifugal force produced by an adjustable weight turning
at & constent speed of 1800 rpm. A friction clutch allows the main
motor to reach synchronous speed almost instantaneously while the adjust-
able weight reaches the same speed within 8-12 seconds to prevent momen-

tary overload of the specimen. The position of the adjustable weight
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naturally determines the amount of applied alternating load from O to
15000 1b. The horizontal component of centrifugal force caused by the
rotating mass is absorbed by four flexplates attached to the oscillator
of the machine. To clarify the above description, Figs. 7 and 8, taken
inside the cabinet of the machine, ére inclugded.

The load is maintained at a constant value by an electroric
load maintainer which is coﬁpled into the mechanism for applying the
mean load in a fatigue cycle. This electronic load maintainer consists
essentially of an inductance bridge of which the balance of one arm may
be controlled ﬁanually or autcmstically by an adjustable iron core
moving in an activated coil of the electronic circuit. Manually, the
inductance balance is affected or the desired mean load in a fatigue
- cycle is set by the counter located on the base plate of the machine as
shown irn Fig. 7. This counter actually measures the deflection of four
heavy springs located at the base of the oscillator in thousandths of an
inch. These springs are calibrated so that it is more convenient to
state the calibration constant in terms of the load appliéd per division
of the counter. The determination of and the value of this calibration
constant will be discussed below.

The counter is connected by & flexible shaft to the electronic
coil, the housing of which is rigidly fastened to the base plate to which
the four heavy springs are attached. Turning the crank located to the
right of the counter adjusts the position of the coilo‘ The iron core
for this coil is rigidly fastened to the base of the oscillator where the
opposite ends of the heavy sgrings are also rigidly attached. Thus, from

& balanced zero load position, the counter may be set to any desired load
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between zero and 5000 1b in either tension or compression, the capacity
of the mean loed mechanism.

The no load inductance balance of the electronic circuit is
initially set by removing entirely the core from the coil ard adjusting
a separate induction coil located in the power supply cabinet until
balance is indicated. The indication of balance in &ll cases is deter-
mined by a Westcn Sensitrol Tocated on the control panel of the machine.
This control panel is shown in Fig. 6 with the Sensitrol located in the
lower left hagd corner. This meter serves two purposes other than indi-
cating balance of the preload mechanism. The first of these is that it
automatically stops the loading device when the set load is reached if

the load is being controlled marually. Its second purpose is to auto-

matically start the loading device whenever the mean loaed falls below the

set value if the load is being contrclied autocmatically. Incidentally,
the automatic load control only operates when the main motor is running;
the manual control may be opersted separately.

The mearn load or preload is applied by a separate induction
motor which is connected to a gear reduction bex. This gear reduction
box drives a continuous chain which in turn rotates two sprockets
located beneath the lower base plate of the machine, one on either side
of the oscillatcr. These sprockets are connected to two specially
designed screws which possess little or no backiash. These screws then
either raise or lower the plate which supports the four heavy springs
under the oscillator, thereby applying the load to the specimen.

The cycle counter shown in the lower right corner of Fig. 6

counts the cycles in 1000's and is driven by & separate synchronous
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motor. This motor is activated through the main motor circuit so that
it starts when the main motor starts and sitcps accordingly. Since it
is also a synchronous motor, it rums at a constant speed equal to that
of the main motor.

When a specimen fails, the displacement increases to approxi-
mately ¥1/2 in. and two limit switches located at the base of the
oscillator break the mair motor circuit. However, the use of these
switches as limit switches resulted in the fracture surfaces being
pounded untiluthey were greatly distorted before the machine actually
stopped. Since valuable information may often be gained from the
appearance of the fracture surface, a means was devised to stop the
machine before total fracture occurred. This consisted of installing
an additional limit switch to the upper plate of the machine and an
adjustable actuator tc the oscillator. This actuator could then be
adjusted so that only a small additional.diSPlacement occurring during a
test would completely shut off the machine. This additional assembly is
shown in the foreground in Fig. 8. To prevent excessive displacement
of the mean load apparatus from the action of the automatic load main-
tainer, two other limif switches were instaliled a&s standard eguipment
vhich limit the total displacement to approximately +7/16 in.

The cabinet of the Scmntag machine is only a shell wﬁich
supports the test mechanism on twelve springs, three located at each
corner. Being entirely spring supportved, the test mechanism neither

receives nor emits external vibraticns which might cause overload of

v
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the specimen. This cabinet also houses the electronic equipment and

controls which are rigidly attached toc it.
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The Sonntag machine 1s designed to perform various types of
fatigue tests. However, for this study only axial tension and compression
loads were used. The tension-compression apparatus used is standard for
the machine éxcept for the tension spherical specimen holders which were
fabricated and hand lapped into their respective seats for these tests.
This modification was necessary since the maximum thread diameter of the
specimens was 3/4 in. while the standard holders can accommodate only
a 1 in. diameter. Figures 9, 10, and 11 shoﬁ the tension-compression
apparatus, and are self explanatory. Naturally, the spherical compression
seats and tension holders greatly facilitate the attainment of an axial
load on the specimen while it is being tightened in the tension-compression
apparatus.

A standard universal testing machine of 120,000 1b total capacity
was used to prestress all material and to test the standard 0.505 tensile
coupon specimens. A platen pacer was used to maintain a constant total
strain rate of 0.042 in. per min.for both the prestressing process and

the testing of the coupons.

5. Test Procedure

Unless & new specimen was set up immediately following the fail-
ure of the previous one, the main motor of the fatigue machine was run for
at least a half hour to allow the machine to warm up. While the machine
vas warming up, the spherical tension specimen holders and half round
compression bearings were removed and thoroughly wiped clean. The seats

for these parts were similarly cleaned. Each part was then coated with a

thin film of SAE 20 oil which was followed by evenly spreading a coat of

TR
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a dry molybdenum-sulfur lubricant on the oiled part. The parts removed
from the tension-compression apparatus were reassembled and the spécimen
was placed in test position.
The machine was then stopped, the preload zero was recorded,
and the specimen was tightened. The twelve shoulder bolts shown in
Fig. 11 were tightened cyclically in an attempt tc eliminate as far as
possible any bending which might be introduced as the specimen was
drawn down. Each cycle consisted of tightening diagonelly opposite
bolts in alternate pull-heads until an entire cycle was completed. Each
succeeding cycle reversed the previous onec‘ At the completion of each
cycle of tightening, the clamping force introduced in the specimen was
removed by controlling the preload mctor manually. The estimated maxi-
mum clamping force introduced on any specimen was 500 1b.
At the completion of the tightening operation, the desired
meen load was set on the preload counter, and the desired alternating
load was set by adjusting the rotating mass. The mean load was then o
applied menually until the desired value of preload was reached. When
yielding occurred with just the mean load on the specimen, the load was
maintained manually uztil no drift was recorded on the sensitrol over a :
period of five minutes. This five minute interval was arbitrarily
chosen as the point at which the load could be considered stable. 4
When the mean load had stebilized, the main motor was started 8
and the automatic load maintainer was turned on simultaneocusly. In
tests where yielding occurred, the frequency of operation of the losa
maintainer was timed until its period of operstion reached five minutes.

Again this interval was arbitrarily chosen as the point at which stability
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had been reached. In many of the statically prestressed specimens, it

is interesting to note that yielding apparently did not begin immediately
but occurred after a significant number of cycles in the tests. Almost
without‘exception, this yielding would first occur in & sense opposite

to that set on the load maintainer. After yielding progressed for a
short time in this sense, it reversed itself and often yielding also
progressed in the reversed sense. The yielding in a sense opposite to
that set on the load msintainer can doubtlessly be attributed to the
Bauschinger effect and was found to have a relatively short duration during
the cyclic straining. Since the load maintainer is only operative in

the sense originally set, the Sensitrol had to be watched quite closely
during this type of test tc insure that the desired stress range was
maintained.

Once statility had been attained, the added limit switch was
set so that it would stop the machine when & crack occurred in the
specimen. This switckh worked quite well in tests where the range was
predominantly tensico provided that it was reset periodically to compen-
sate for the small amcunt of yielding which usually occurred. However,
when the streses range was predominantly compression the added switch
was not particular.y effective since the yielding which occurred just
DPrior to failure, ».:i:i very few exceptions, rendered it inoperative since
the trip under e.-: :-::ii:tions moved away from the switch as yielding
Progressed. Ccuse;.rri.y, it appears advisable tc provide a second
similar 1imit switchk wrich will remain operative when compression yield-

ing occurs.



After the main motor was started, it was not stopped until
failure ocecurred or until it became apparent that no failure would occur.
As intimated above, the tests were very closely observed until the load
had essentially stabilized after which it was checked periodically with
the inter%al between checks seldom being greater than eight hours.
Checking the machine consisted of visual inspection of the specimen and
its holders as well as th? entire machine, especially the direction of
drift of the Semsitrol. Also, the number of accumulated cycles; the
gross diameter of the- specimen, and the room temperature were recorded.

A1l static tests were conducted at a constant strain rate of
0.0k2 in. per min. Before each test, the minimum diameter of each speci-
men was determined by a 0.001 in. micrometer. An esutogrephic load-strain
recording was obtained with a 2 in. gage length microformer extensometer
for strains up to four per cent. Until the microformer was remcved, no
diameter measurements were possible but the reduction in diameter was
on the order of 0.001 in. at 4 per cent strain.

The micrcformer was removed while no load was being applied and
& calibrated cliyp gage was inserted in the gage holes which had been
formed by the microformer. The strains indicated by the bonded electrical
strain gages oz the clip gage were measured with a portable strain indicat-
or. These clip gage strains were readily reduced to specimen strains with
the calibration constart. Load on the specimen and the specimern diameter
were recorded at irtervals of 200 micro in. per in. strain indicated by the
clip gage or a specimen strain of 1.2 per cent. After the clip gage was
removed, the specimen was fractured and the fracture load was noted.
Following failure, the final gage length and the diameter of the fractured

S8pecimen were measured.
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ITI. TEST RESULTS AND ANALYSIS

l. Current Test Results

The results of the ninety-four tests of unnctched specimens
condﬁcted in this investigation are summarized in Table 4 and in
Fig. 12. The true stress range in Table & was computed using a number
of definitions of the area "corresponding to the applied 1load". Obvi-
ously, when yielding occurred throughout the test the area corresponding
to the applied lozd could not be uniquely defined. The definition
adopted depended upon the experimental conditions which prevailed. These
conditions may be briefly summarized as:

1) When total fracture occurred and the test was so short that
orly the diameter at the stert of the dynamic test was knoﬁn, the true
stress range was computed using the one measured diameter.

2) Early in the program only initial and final specimen
diameters were measured. Eight testé were run before diameter measure-
ments were macde each time the machine was checked. When yielding obvi-
ously ceased during the test and no failure occcurred; the final area
defined the true stresses if no other areas were available. Otherwise
the averege of the initial and firal areas defined the true stresses.

3) If yielding occurred throughout the test at roughly a
constant rate, a&s indicated by comstant freguency of operation of the
Sensitrol, the average of the initial and final areas during the dynaumic
test seemed to be the most reasonable value of area.

4) When yielding occurred throughout the test but at a vary-

ing rate with essential stability occurring rather early, the most



%0

reascnable area seemed to be defined as the average of the area where
the preload essentially stabilized and at failure.

5) When yielding, as indicated by the load maintainer, began
after the test was underwasy, the true range of stress is defined by the
average of the areas when yielding began ard at failure. In a majority
of tests, yielding began immediately for which case the column in
Table k4 containing»the number of cycles at which yielding started is
left blank.

6) When yielding stopped rather early in the test sc that
for most of the test a constart area existed, the area at which yielding
ceased was used to compute the true stresses. The cessation of yielding
was determined by the approximate number of cycles at which changes in
specimen diameter were no longer noted.

7) In one test the preload limit switch was reached at approx-
imgtely the point where stability of yielding was reached. Consequently,
the test was allowed to continue even though the load maintainer was no
longer operative. For this case, the true range of stress was computed
using the area existing at the time that the limit switch was tripped.

The error ir the stresses computed by the above means decreases
in the order of definition of area from 1 to 6. vNo accurate estimation
of the error can be made. However, it is believed that the error
ranges from about 1C per cent for defimition 1 to about 2 per cent for
definition 6.

The general yielding type of failure reported in the column for
remarks is defined as those failures where the specimen contained no

crack at failure. Failure in these cases occurred by constant yielding
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throughout the test or by rapid yielding during the last few thousand
cycles of the test. In either case, this yielding resulted in a
considerably necked region where the area was so greatly reduced that
the specimen could not sustain the load. Ir this regard it is interest-
ing to note that in &ll tests of greater than 20,000 cycle duration,
three distinct periods of relative flow were apparent. The first period
was characterized by a decreasing rate of yielding for abcut ten to
fifteen thousand cycles. The seconﬁ period, that which encompassed the
major portion of the test, was one in which practically no yielding
occurred. Thé>third period occurred during the last twenty to fifty
thousand cycles and was characterized by an increased rate of yielding.
This observation agrees with the qualitative pictures drawn by other
authors in the field of fatigue.

In Pig. 12 the results of all valid itests of unnotched speci-
mens in the current series are plotted on modified Goodman cocrdinates.
These tests are those in which no apparent buckling of the specimen
occurred. Each test is represented by two poirnts irn the plot, one point
denotes the average nominal gtresses and the other the average true
stresses. In some regions these two points obviously coincide. In the
final analysie the true siresses were not comsidered; however, théy are
inciuded on the pilots for completeness. At each plotted point the number
of cycles to failure in thousands is reported so that the plot summarizes
the data as completely as possible. Also inciuded on these diegrams are
the empirical average nominal stress contours for specified constant

lives; the derivation of which is given later in this chapter.



32

In addition to the plot of the actual test values, the points
defining the &average nominal stress ranges for 1 x 105, 5 x 105, and
2 X 106 cycles to failure obtained by interpolation of the data are given.
These interpolated #alues are shown for comparison with the empirically
derived contours. The S-N curves utilized in this interpolation are of
the usual shape and are not included herein because their inclusion would
add greatly to the length of the report without materially adding to its
clarity. A tabulation of the results of these interpclations is given in
Table 6. i

In the tabulated data, it is apparent that ali failures for
stresses of tension to greater tension were characterized by general.
yielding. Ir only one test at these stress ranges was a crack actually
apparent at the surface of the specimen at failgre and that was in
specimen I-1-A. All other failures for a zero to tension range and
tension to greater tension ranges exhibited serious necking but no crack
appeared. This general yielding phenomens may account for the constantly
decreasing slope of the constant life contours obtained from the test
results.

The tebulated data also illustrates that buckling of the
unnotched specimens occurred for all tests of virgin material in which
the compression stress exceeded the tension stress. Consequently, only
the results of tests of statically prestressed matérial are shown in
the region of tension to greater compression ranges. Since buckling of
the virgin material occurred at such a low stress, the absence of buckl-
ing at higher stresses on the prestressed material may be open somewhat

to question. In the test results reported, no buckling was noted.
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Projecting the contours obtained from the test results to the pure
compression axis gives results in very good agreement with those obtained
by Hoffman and Elling (28 and 41) whose specimen geometry was such that
buckling was unlikely.

A rather large extrapolation of the S-N curves was necessary
in the region approaching pure compression, but it is felt that the
errors introduced by this extrapolation are not serious. The extra-
polation was accomplished by using the results of the buckled specimens
ag well as those of the specimens which did not apparently buckle.
Despite the presence of the observed buckling, the test results obtained
from buckled specimens are not far from correct in terms of the usual
S-N curve.

To complete this discussion, the stress ranges employed on the
prestressed material will be described. As noted previously the static
prestressing cycle was considered to be equivalent to the first few
cycles of fatigue stress. For this to be true the maximum stress of the
range employed_had to approach the static prestress as closely as
possible. This meximum stress was determined by a trial and error proced-
ure consisting of verying the stresses applied to each specimen until no
apparent buckling occurred for a specimen tested in the compression
range and no serious yielding occurred for a specimen tested in the
tension range. The first specimen tested under these conditions was
subjected to a maximm stress approximately equal to the static prestress
and a minimum stress defined by an extrapolation of the experimental
curves. Succeeding specimens were tested at successively smaller values

of maximm stress until the desired conditions were met. The fact that
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an extrapelation of the constant life contours to the pure compression
axis gives resulds in good agreement with Hoffman and Elling's seems to
justify the hypothesis that the static prestress is equivalent to the
first few cycles of fatigue stress.

The wide difference between the results of tests of virgin
material and material statically prestressed in tension should be noted.
If an experimental 2 x 106 constant life contour is drawn on Fig. 12 and
is extended to pass through the results of the tension prestressed
meterial, it is found that this contour remains approximately a straight
line in the tension region. Such a straight line would be in agreement
wvith constant strain results reported by Smith (46) and suggests that the
results obtained under conditions of comstant load are not comparable to
those obtained under conditions of constant strain. Usuaelly under condi-
tions of constant strain an attempt is made to maintain constant load
conditions by periodically adjusting the machine to compensate for
changes in load range resulting from yielding. This periodic adjustment
results in succees:ive stages of work hardening which would ultimately lead
to & condition sir:lar to that employed in the present study in the
tension range. Tae arparent agreement in the compression range of the
Present series wnere gtrain hardened material was exclusively used with

constant strein tects ty Boffman and Elling msy also be & manifestation

Finally :t thould be noted that a definite stress condition
separating feilure frox no failure seems to exist in the current tests
of material strair hardened in tension. This condition as may be seen

in Fig. 12 seems to be a maximum stress of 61,000 psi with & minimum

et
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stress of 30,000 psi for 60,000 psi tensile prestress. The correspond-
ing point for the Th4,000 psi tensile stress appears to be & maximum
stress of 70,000 psi with & minimum stress of 45,000 psi. However,
this result shoulé not be considered conclusive since only one value

of minimum stress was considered in each case.

The results of the teéts of the thirty;three notched specimens
with a theoretical stress concentration factor of 2.0 are summerized in
Table 5 and in Fig. 13. The true stresses reported in the table were
computed in & manner similar to that used for the unmotched tests.
However, the chanée in notch depth could not be measured during the
test because the notch depth micrometer would not fit into the apparatus.
Therefore, only measurements of the gross diameter were made and these
measurements were used as a basis for selection of the reasonable area
for computing true stresses. If no yielding occurred or if yielding
did not appear to occur until failure, the initial net area was used to
define true stresses. When the majority of yielding occurred very early
in the test with no significant change in gross diameter occurring
subseguently, the final area was used to compute the true stresses. With
yielding apperently occurring throughout a test the average of the
initisl and final net areas during the dynamic tests were used in the
computation. The errors in true stress computed in this manner should
be approximately the same as those stated for the unnotched series.

The number of cycles appled until yielding appeared to stop was consider-
ed the point at which the gross and net area reached stable values.

One should notice that in the tests involving rather high

compressive stresses cracks formed but apparently did not propagate
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significantly even after a large number of subsequent cycles of stress.
This observation mey indicate that a tension residual stress was intro-
duced at the root of the notch while the majority of the cross-secticn
carried a compressive stress. In fact, it would seem that this would be
the case, but, unfortunately, no correlation exists between the stress
range of a notched specimen subjected to rather high compression and

that of an unnotched specimen subjected to predominantly tension stresses.

For high tension or compression ranges the notched specimens
yielded considerably but the magnitude of the total deformation was much
less than that for the unnotched specimens. Also, the notched specimens
generally work hardened sufficiently to withstand the applied forces
much more rapidly than the unnoitched specimens. In all failures of
notched specimens, a definite crack was detected despite the amount of
yielding which occurred in the test.

In Fig. 13 the results of the tests of notched specimens are
plotted on modified Goodman coordinates. In the notched series,
buckling did not seem to occur until a maximum compressive stress of
70,000 psi was attained. Consequently, only two specimens of the thirty-
three tested showed evidence of buckling.

A summary of the modified Goodman diagrams for the notched and
unnotched specimens is shown in Fig. 1lb. This figure will be described

in detail in Section 3.

2. Tests by Grover, Bishop, and Jackson (23, 24, 25, 26, 27)

The results of 984 tests of 24S-T3 and 75S-T6 aluminum alloy
and normalized L4130 steel are summarized by these investigators in

tabular form as well as on numerous S-N curves. Their tests include

g
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unnotched specimens and notched specimens with theoretical stress concen-
tration factors of 1.5, 2.0, 4.0, and@ 5.0. The included stress ranges
vary from full reversal toc high tension to greater tension. These tests
were conducted on electrolytically polished sheet specimens in Krouse
constant strain type axisl load fatigue machines. By frequently adjust-
ing their machines, the authors state that comstant load conditions were
essentially maintained. In their amalysis, Messrs. Grover, Bishkop, and
Jdackson conclude that the indicated fatigue reduction factor is always
equal to or less than the thecretical stress concentration factor. Also
they found that the difference between the fatigue reduction factor and
the theoretical stress concerntraticn factor increases with increasing
noteh severity but not in proportionsl amounts.

For all values of thecretical sitress corcentrations studied
for each material, points corresponding to 1 x lO5s 5x 105, and 2 x 106
cycles to failure were selected from the S-N curves given by these three
investigators. Thege points were then plotted on modified Goodman
diagrams of the same type used in summarizing the current series of
tests. The resulting plots are shown ir Figs. 15 through 23. Also
included in these figures are the empirical constant life contours whose
derivation is given ir section 4 of this chapter.

The trerd cf the results of the notched tests of the aluminum
alloys and high alloy steel as shown on the modified Goodman diagrams is
similar to those of the current study. However, the trends of the results
for the unnotched specimens are generally different than those for the
current series. Yet, the test results for uanotched specimens of normal-

ized L4130 steel appear to be in better agreement with the results for

ifi
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the killed structural steel in that the experimental constant life

contours appear to have a steadily decreasing slope as the range approaches
the static ultimate tensile strength. It is unfortunate though that these
earlier investigators did not extend their tests further into the tensionA
region so that this trend could be more definitely established. This
semblance of a trend may nullify the previously described possibility

that fatigue tests run under conditions of constant load are not comparable
to those run under conditions of constant strain. Therefore, this question

certainly warrants further study.

3. Summary of Attempted Analysis

The anzlyses which were pursued and which failed to yield consis-
tent or reliable results are briefly summarized in Chapter I. Their
failure seems to render & more detailed description of little or nc appar-
ent value. Consequently, further discussion will not be incliuded@ here
except for the case of the hypothesis concerning ﬁrue range c¢f stress
which at the outset was a primary consideration in the study.

The primery disprocf of the true range of stress hypothesis is
illustrated in Fig. 1k. This figure porirays the interpolated constant
life céntours resulting from the actusl test results on modified Goodman
coordinates. Six groups of contours are shown irn the figure.

The lowest group of contours, consisting of three individual
s0lid lines and two individual short dashed lines which intersect at
the diagonal full reversal line, are the constant life contours for
average stress on the net section of notched specimens. The solid lines

DPortray the average applied nominal stress while the shcrt dashed lines
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portray the average applied true stress. For the 2 x 10~ cycle contour
the nominal stress is the same as the true stress since no change in
rea was observed in these tests.

The intermediate group of six curves which intersect the
above described group portray the constant life contours for unnotched
specimens. The contours made up of long dasheé describe the average
applied nominal stress while the contours made up of én alternation of
long dashes and short dashes describe the average applied true stress.

The highest group of contours is related fo the lowest group
by the theoretical stress concerntration factor of 2.0. Conseguently,
the same symbol is used for the contours of each group. This highest
group cf contours represents the theoreticel stress at the root of the
notch for the notched specimen tests based on a stress concentration of
2.0.

The wide variation in the shapes of the contours for the
unnotched and notched specimens in itself disproves the premise which
led to this study. A better illustration of the fallacy of the hypothesis
is a consideration of the range of stress to cause failure under full
reversal in a notched specimen. For failure of a notched specimen in
2 x 106 cycles of full reversal of stress, a range of 76,400 psi
(theoretical meximum) was required. For failure of an unnotched speci-
men in 2 x 106 cycles at a range of stress of 76,400 psi the required
Stress ranged from 70,000 psi compression to 6,400 psi tension as also
seen in Fig. 1lbk. This range would require a mean stress of 31,800 psi
compression to be developed in the notched specimen if the true range of

stress hypothesis were valid. The attainment of such an extreme mean
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" stress in a notched specimen subjected nominally to full stress reversal

is not at all tenable.

4, Derivation of Empirical Constant Life Contours

Early in the gralysis, it became apparent that all of the
constant life contours on the modified Goodman diagrams could be
reasonably well represented by straight lines with the exception of the
current series of unnotcked tests. As a result, average straight lines
were fitted to the results by eye. The slopes and the intercepts on the
zero to tension axis for these straight lines were then determined.

It was noticed that the slopes for the notched specimens were relatively
constant. Therefore, these slopes were tabulated and aun average éf the
thirty-nine resulting values gave a value of 0.700. The slopes for the
unnotched tests were not nearly as consistent; nevertheless, it seemed
possible that reasonable results could be obtained by following the

same procedure for this series. The resulting average of twelve slopes
for the unnotched series was 0.500. The errors computed between these
average values of slope and the values of the slopes used in computi

the averages are tabulated completely in Table T.

After the slopes of the straight line average contours were
defined, it was necessary tc alsoc define the intercept in order to
completely define the contour. At first, this appeared tc be an
impossible task, but eventually an empirical approach was selected
which correlates the zero to tension intercept with the static tensile
properties of the material. Before a description of this correlation
1s presented it is emphasized that the result is absclutely empirical

and may well be fortuitous. The element of chance is expressly
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{1lustrated in the fact that one of the parameters used was not given

)y Grover, Bishop, and Jackson so that average values from the literature
1ad to be inserted. Nevertheless, the final result, as illustrated in
Table 7, leads to a2 maximum error of 59.3 per cent for the intercept of
the unnotched tests of the current series. However, this series
obviously does not lend itself well to this straight line anslysis. For
the remeinder of the materials tested,; the maximum error is 25.1 per cent
which, considering the usual npature of the scatter in fatigue tests, is
good. Furthermore, a series of tests located after this analysis had
been completed geve more opportunity to check the results. This series
cf tests was a group of zero to tension fatigue tests with rotched speci-
mens of 15 different steels reported by Baron and Larscn (11). In this
last series all of the parameters required in the empirical analysis were
reported and the maxirum error in the computed intercept for the various
series is 38.L per cent, as shown in Table 8. Again, considering the
nature of fatigue results this error does not seem too ééveren As may

be seen in Table &, the maximum error in computed intercept is recorded
for material M witih & tiress range of 0-30,000psi. At this stress range
the average 1ife wvur «77.000 cycles while &t a stress range of 0-31,500 psi
the average 1ife wne .5,000 cycles; The next highest error is 33.8 per
cent for the Barc: ani Larson series.

Finsl'l:>, :t eno>ulé also be emphasized that the following analysis
is certainly nct the cz.y possible one. This analysis assumes that the
ﬁheoretical streseg concentretion is developed in the notched specimens
?nd disregards any additiomal stress concentration which might arise

through inherent defects in the material. Since small stress
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yncentrations undoubtedly exist in umnotched specimens of any material

r virtue of inherent defects in the material structure, this assumption
; not entirely realistic. A more realistic spproach would be one in
1ich either a constart value or a function of the theoretical stress
sncentration factor is assumed for the concentration due to inherent
:fects. BSuch an approach could be accomplished by assuming various
alues or functions describing the concentration due to defects and
itting them to the results to determine the best agreemeﬁte However,
ssuming no added‘concentration from defects in the materials would
=sult in the greatest error betweer derived and experimental values for
he unnotched specimens and lesser error as the severity of the imposed
otch was increased. Yet, in the results of the subsequent analysis the
aximum error in intercept was generally observed for the greatest notch
everity so that refinement seems to be unnecessary.

Despite the numerous reservations discussed above the results
f the analysis seem to warrant presentation and may suggest & basis for
urther investigatiorn.

The intercepts con the zerc tc temsion axis of the modified
oodman diagrams for crly notched specimens at a comstant life contour of
L X 106 cycles were reduced to a common value. This was accomplished by
mltiplying the observed intercept by the corresponding thecretical stress
:oncentration factor for each material. This procedure gave one common
Dtercept stress for the ASTM-A7 steel, four for each of the aluminum

Qdleoys, and four for the 4130 steel. The values were averaged to provide

me value for each material as follows:
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Average Nominal Common  Range of Values

Material Intercept Stress In Average
psi psi
Annealed ASTM-AT 68, 000 Only ome value
2LS-T3 Aluminum Alloy 48,000 43,100 - 54,800
755-T6 Aluminum Alloy 50, 000 43,800 - 56,800
Normalized 4130 Steel 107,000 ~ 96,000 - 120,000

It should be obvious that these average common intercept
stresses correspond theoretically to the stress at failure in
2 X 106 cycles for a hypothetical unnotched specimen containing no
stress raiser. The observed intercepts for the 2 x 106 cycle contour
were used ip the analysis because smaller amounts of yielding would be
encountered at this life than &t lesser lives, and, therefore, these
data are possibly more reliable.

Except for the reductior of area of the three materiais tested
by Grover, Bishop, and Jackson, all static tensile properties of the
four materials were known. Average values for the reduction of area for
24S-T3 eluminum elloy and normalized L4130 steel were found in Reference
(21) while that for 75S-P6 aluminum alloy was found in Reference (10).
The necessity for using average values rather than actual values for the
Bpecific material studied was most unfortunate and renders the analysis
€ven more questicnable. Following are the average static tensile

Properties used in the analysis.
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Ultimate Per Cent Per Cent

Materisl Yield Strength Tensile Elongation Reduction
ksi Strength in 2 in. of Ares.
ksi
Annealed ASTM - A7 %3 .65 56.15 43,1 63.3
2LS-T3 Aluminum Alloy 5L.,00° 7%.00 18.2 26,0
755-T6 Aluminum Alioy 76900b ' 82.50 11.h4 36.0
Normalized 4130 Steel 98.50° 117.00 14.3 66.0

Lower yield point

0.2 per cent offset

Many functions of the sbove properties singly and in combina-
tion were investigated in an attewpt tc relate the commeon fatigue inter-
cept stress to the static tensile properties. All such attempts failed

except the following which reduced te four simultaneous equations:

U

33.65 A + 56,15 B + 43.1 C + 63.3 D - 68000 = 0 (ASTM-AT)

54.00 A+ 735.00 B + 18.2 C + 26.0 D - L8000 = © (24s-T3) (1)
76.00 A + 82.50 B + 11.4 C + 36.0D - 50000 = O (755-T6)
98.50 A +117.00 B + 14.3 C + 66.0 D -107000 = © (¥130)

The coefficients of A, B, C, and D are the yield strength, Oys the ulti-

mate tensile strength, GU; the per cent elongation, e, and the per cent

reduction of area, r. The constant terms sre similarly the common

fatigue intercept stresses, qFo The solution of these equations yielded:

A = -1604; B = +1705; C = -1246; and D = +1263.

Thus, the general equation given below was found:

1705 oy - 1604 oy + 1263 r - 1246 e = o (2)

O
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One will notice in the above equation that the coefficients of the two
stetic strength parameters and the coefficients of the two static
ductility parameters are approximately equal, and "factoring" would give

an equation of the following general form:

o = R(GU - UY) + S(r - ) (3)

Adjusting the factors R ard S to give the least error in OF for the

notched specimens of the four materials, one obtains the expression:
o = 1743 (QU - GY) + 1443 (r - e) in ksi. (4)

The second constant in this expression obviously has stress units.
Unfortunately, however, this inconsistency could not be: resolved. This
expression seems to give reasonable results for relatively ductile
materials. As an illustration consider a material which has been work
hardened to its static ultimate tensile strength where ag - UY = 0 such
as the material prestressed to T4,000 psi tension from the current tests.
For this material substitution in equation {(4) yields approximately
GF = 65,500 psi which would seem to be entirely within reason.
We have also established that:

0. = mo, + =— (5)

- defines the 2 x 106 cycle constant life contour.

Failure at 2 x 106 cycles is of interest since this life corres-

jPOnds to that frequently defined as the endurance limit for steel. However,
fit would be valuable to be able to define failure at any number of cycles,

-in- Consequently, an extrapolation procedure based on actual test results
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) Ultimate Per Cent Per Cent
Material Yield Strength Tensile Elongation Reduction
ksi Strength in 2 in. of Ares.
ksi

Annealed AST™ - A7 33,655 56.15 43,1 63.3
PLS-T% Aluminum Alloy 5L, 00° 73 .00 18.2 26.0
75S-P6 Aluminum Alioy 76°oob ‘ 82.50 114 36.0
Normalized 4130 Steel 98.50° 117.00 1k.3 66.0

Lower yield point

b 0.2 per cent offset

Many functions of the above properties singly and in combina-
tion were investigated iIm an attempt tc relate the commen fatigue inter-
cept stress to the static tensile properties. All such attempts failed

except the following which reduced te four simultaneous equations:

33.65 A + 56,15 B + 43.1 C + 63.3 D - 68000 = 0 (AS™M-AT)

50.00 A+ 73.00 B + 18.2 C + 26.0 D - 48000 = 0 (24s-T3) (1)
76.00 A + 82.50 B + 11.4 C + 36.0 D - 50000 = O (755-T6)
98.50 A +117.00 B + 1k.3 C + 66.0 D -107000 = © (4130)

The coefficients of A, B, C, and D are the yield strength, ay, the uwlti-

mate tensile strength; o_; the per cent elongation, e, and the per cent

Uﬁ

reduction of area, r. The constant terms are similarly the common

fatigue intercept stresses, qu The sclution of these equations yielded:

A = -160k; B = +1705; C = -1246; and D = +1263.

Thus, the general equation given below was found:

1705 oy 1604 dg + 1263 r - 1246 e = . (2)

%
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One will notice in the above equation that the coefficients of the two
static strength parameters and the coefficients of the two static
ductility parameters are approximately equal, and "factoring" would give

an equation of the following general form:

Op = R(OU - UY) + 8{r - e) (3)

Adjusting the factors R and S to give the least error in GF for the

notched specimens of the four materials, one obtains the expression:
o = 1743 (cU - 01.) + 1443 (r - e) in ksi. (&)

The second constant in this expression obviocusly has stress units.
Unfortunately, however, this inconsistency could not be resolved. This
expression seems to give reasonable results for relatively ductile
materials. As an illustration consider a material which has been work
hardened to its static ultimate tensile strength where oy = 9y = O such
as the material prestressed to TL,000 psi tension from the current tests.
For this material substitution in equation (4) yields approximately
0 = 63,500 psi which would seem to be entirely within reason.
We heve also established that:

0, = mo, + =— (5)

2 1 KT
defines the 2 x 10° cvcle constant life contour.
Failure at 2 x 106 cycles is of interest since this life corres-
ponds to that frequently defined as the endurance limit for steel. However,
it would be valuable to be able to define failure at any number of cycles,

N. Conseguently, an extrapolation procedure based on actual test results
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averaged in the constant life contours of the Goodman Diagrams has been
established. It is apparent from the test results that the slope of the
constant life contours decreases slightly as the number of cycles defining
the contour decreases. TYet, the many approximations and averages used in
the derivation so far renders a consideration of this change in slope
absurd. Therefore, only & correction to the common fatigue intercept

stress, was considered in adapting the analysis to various numbers of

O
cycles to failure. This was accomplished by plotting the average inter-
cepts of the qonstant life cycle contours fitted to the interpolated test
data on an S-N log-log coordinate system. Straight lines fitted each of
the three points plotted for each stress concentration in each material.
The slopes of these straight lines were then computed and resulted in an
average slope of 0.115 for notched specimens and 0.057 for unnotched speci-
mens of all four materials. The total range in thirteen individual slopés
averaged for the notched specimens was from 0.065 to 0.161 with all but
these two values falling between 0v085 and 0.133. On the other hand, tﬁe
range in slopec everaged for the unnotched specimens was from 0.020 to
0.100 for five iniividual slopes. Defining ON as the common fatigue inter-

cept stress fcr K cycles to failure and using the average slopes described

above, cne ctiaLni:

0.115
. (i—é—ig—) for notched specimens.
’ ’ g 0.057 (6)
- ¢ x 10 ‘ .
gt (——Tr————) .. for unnotched specimens.

Consequently, for any number of cycles, N, we obtain by substitution in

equation (5):
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o = mo. 4+ & (7

For the tests analyzed herein we have, thus, established:

0.115
% 2 x 10°
o, = 0.700 o, + K; C'ﬁﬁ"") . for notched specimens
0.057 (8)
% 2 x 100
o, = 0.500 o, + = (—=—7=) = . for unnotched specimens.
2 1 KT N

In the second eguation (8) a stress concentration factor, K%,
is included despite the fact that it deals only with unnotched test
results. As explained above, a stress concentration in an unnotched .
specimen 1s entirely feasible by wvirtue of the inherent defects in a
material. The determination of this unnotched stress concentration was
the next step in the analysis. This determination was accomplished for
each material by dividing the common fatigue intercept stress for the
2 x 106 cycle life contour, Ops Tor a material by the observed correspond-
ing intercept velue obtained from the ummotched test results. The

following results were thus obtained:

Material K}
Annealed ASTM-AT T 1.548
24S-T3 Aluminum Alloy 1.168
75S-T6 Aluminum Alloy 1.133

Normalized 4130 Steel 1.333
Average 1.296

Using the above average value of K% led to gross errors for the

unnotched specimens of all four meterials. As a result, it seemed gquite



possible that the inherent defects in the two different materilals
(aluminum and steel) could vary widely. Thus, the values of K% were
averaged for the two aluminum alloys giving & value of 1.15 and a
corresponding average of l.44 for the two steels. Use of the latter
averages gave good agreement for the two aluminum alloys but a large
errcr still remained for the steels. Noting that the material properties
of the aluminum alloys were gquite similar while those of the steel were
quite dissimilar, one might anticipate the last result obtained. The
final analysis of the unnotched speciméns consisted of using the average
value of K% for the two aluminums and the computed value of K& to one
decimal place for each of the steels. Thus, the resulting equations for

the unnotched specimens are:

0.057
% 5y 10°
6, = 0.500 o, + ( ) . for the two aluminum
2 1 1.15 N
alloys.
% 2 x10° oot
o, = 0.500 o, + 5 ( - ) . . for annealed ASTM-AT7 steel.
(9)
0.057
0. = 0.500 . + F (2X l06) for normalized 4130 steel
2~ 1 1.3 N °

These empirical equations in addition to equations (4) and (8)
define the empirical nominal stress comstant life contours shown on
Figs. 12, 13, and 15 through 23 where the interpolated test values are
also shown. Thus, a graphical comparison between the test and empirically
derived results may be drawn readily and the maximum errors are tabulated

in Table 7. With the exception of the unnotched tests of annealed ASTM-AT

t steel, the results appear to be surprisingly good.

b
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The discrepancy between the derived and experimental results
is quite apparent in the unnotched series of the current program. By
making the broad assumption that the empirical derivation giver herein
is valid, a possible explanation of the apparent gross errcr for this
case may perhaps be due to a severe sensitivity of unnotched annealed
ASTM-~-AT steel to eccentricities of loading in fatigue. However; nc
theoretical or experimental evidence can be found tc support this sup-
position. Furthermore, a material with a well defined yield point may
possibly exhibit vastly altered fatigue properties when tested in the
absence of stress raisers. ILastly, there remains the gquestion raised
earlier regarding the possible incomparability of constant strain and
constant load fatigue testing.

In the notched test results of annealed ASTM-AT steel where
the agreement of the derived and experimental values appears to be good,
the consistent positive error of the derived result in the compressive
range may possibly be explained in the following manner. Plastic
buckling was noted in the unnotched tests at the yield point of the
material. Conseguently. even though buckliing was not apparernt in any
notched test exceptr at the maximum compressive stress employed, a condi-
tion of plastic instebility may have caused the experimentel results in

the compression rangze to fall consistently below the derived results.

3

For both the unnotched and notched tests of 24S-T3 aluminum

i alloy the experimertel and derived results compare quite favorably.
:'Similarly the comperison for all tests of 755-T6 aluminum alloy is
f.favorable butc the errors are generally slightly greater than for the other

;@alUMinum alloy. The 4130 steel tests show the greatest deviation between
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experimental and derived results, but even here the comparison seems to
be quite favorable.

As stated previously after the analysis was complete a group
of tests were found which provided additional means of checking the
correlation between the static tensile properties and the zero to tension
fatigue intercept. Tkis group of tests was reported by Baron and larson
(ll) and included the results of zero tc tension comstant strain fatigue
tests for fifteen different steels. A complete tabulation of the static
tensile properties of these steels was reported in the same reference.
The theoretical stress concentration employed by Barcn and Larson was
2.32. A complete tabulation ¢f Baron and Iarson’s average experimeﬁtal
results, as compared to the derived results reported herein, is given in
Table 8. From failure at as little as 111,000 cycles to no failure in
3,058,000 cycles, a range of meximum fatigue stress from 23,000 psi to
40,000 psi and a wide range of static tensile properties, the absclute
error between the derived and experimental values ranged from 0.3 to 38.4
rer cent for three basic types of steel. Admittedly this error is large,
but the overzll results seem to check sufficiently well to justify further

study to determine the velidity of the analysis develcoped herein.

E% 5. Estimation of Variations in Test Resulis

The greatest possible source of error in the reported stresses
:é is the amount of bending introduced in both unnotched arnd notched speci-
A%?Ens from the eccentricities of appliied axial loads. This bending would
1§n°t affect the average stresses reported herein, but it would seriously

E 8ffect the maximum and minimum stresses attained in & specimen. To



51

measure these maximum and minimum siresses Is essentialliy impossible,

but estimates of meximmm and mirimum stresses can easily be obtained
from strair measurements. Measuring strains in each specimen tested
vould be both excessively time consuming and expensive. Therefore, the
strain distribution was measured only in the calibration tests of the
fatigue machine. Three calibration specimens or weigh bars were used in
this calibration, and six SE-4 electrical resistance strain gages were
mounted in pairs at intervals of 120 deg arcund the circumference on each

"active"” gage measuring

of the weigh bars. Ore gage of each pair was the
the longitudinal strain and the other was a "compensating” gage orierted
90 deg to the axis of the active gage ard applied on the same longitudinal
line. This gage afforded an automaiic temperature strain compensation for
each strain measurement. Each pair of gages formed two arms cof the
measuring bridge, the strair ir wkich was recorded on & six channel
recording oscillograph. The strain induced in each of the three circuits
was recorded concurrently using three channels of the oscillograph whiie
two of the other three channels recorded specimen temperature and machine
speed.,

Ezch of the weigh bars was desigred for & maximum average

gy e

E Btrain of 500 micrc-inches per inch so that ne vielding would occcur during

&y calibration. Also, this limitation on the sirain practically assured
that no strain gage would fail by fatigue during the dypamic calibrations.
: ObViouslyy only one weigh bar was reguired ir order %o calibrate the
é*fatigue machine over its fuil range of load. FHowever, it was felt desir-
;:&ble to have greater sensitivity than was affcrded by merely using cme

f ¥°igh bar. Thus, three weigh bars, CL with a capaeity of #1,500 lbs, C2



52

with a capacity of #5,000 1b, and C3 with a capacity of 10,000 1b were
mede to operate at the limiting strain of 500 micro-inches per inch.
Each of the three weigh bars was statically calibrated over its fuldl
range in a 120,000 1b universal testing machine. The strains were
recorded at each increment of load using three channels ¢f the oscillo-
graph. A fourth chanmel was used tc record the weigh bar temperature
for the purpose of compsrisorn in the event that serious temperature rises
might be recorded during the dymamic calibration. The specimen tempera-
ture was measu;ed by clamping an iron-constanbtan thermocouple directly to
the specimen. Static calibrations were completed for each direction
{tension and compression) of load for two orientations of the weigh bar.
These orientations vere obtained by merely rotating the weigh bar through
90° after the first calibration run and repeating the losding. By
orienting the weigh barg in two different positions, an indication of the
source of the recorded eccentricities could be roughly determined. IT
the eccentricity of load resulted in bending ir the same relative direc-
tion for each orientation, the bending was probably caused by imperfect
fabrication of the weigh bar while if the peosition of the applied load
changed with weigk ber orientation, the bending was prcbably caused by
the specimen hclders. the machine, or the SPecimen.alignmﬁnto In this
mapner It was found that the source of tending was inherernt in the speci-
men 1n the case of weigh bars CL and C3 while in C2 it was mainly due te
the mis-alignment ¢f the specimer or the machine.

The preload mechanism as weil as the eccentric of the fatigue
machine was calibrated before the current test program was begun. Except

for the fact that only one orierntation of the weigh bar was used, the
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salibration technigue was the same for the first prelocad calibration as

for the static calibration. In the dynamic calibration of the eccentric

the increments of load and the procedure were essentially the same as

those used in the static calibration. However, in the dynamic calibration

1 fifth channel of the oscillograph was used to check the constancy of the
speed of the eccentric. The latter measurement was necessary since the
slternating load is applied by centrifugal force produced by the eccentric;
the magnitude of the load is controlled solely by the speed of the eccentric.
In &1l calibrations the speed was found to be in accordance with the speci-
fied value.

The initial calibration of the fatigue machine indicated that a
serious amount of bending was being introduced by the tension-compréssion
apparatus. As a consequence, a portable strain indicator was used to
measure the individual strains on weigh bar Cl and thus align this appar-
atus more accurately ir an attempt to reduce the bending as much as
possible. The alignment was adjusted by trial and error until the strain
readings for each gase in wwo different orientations of the weigh bar
were essentially conriarnt which would indicate that the recorded bending
was due to the specioen and not the machi;ea

Followirgy tr.c elignment and approximately every two months
during the test yro.az, the preload mechanism was re-calibrated using
the two smaller we.,:n *arc and a portable strain indicator to measure
the individual stralrz. Only the preload mechanism was re-calibrated
Blnce it seemed inzonzeivable that the eccentric could change its load
Characteristics which depended only on the mass of the eccentric and its

Totating speed. During every calibration the three strains were measured
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individually for each load increment so that the plane of strain distri-
pution over the cross-section could be determined. From this plane of
strain, the eccentricites were computed and these eccentricities are
sumarized in Fig. 2L. It is interesting to note that differences in
eccentricities were observed with the machine warm or cold for weigh bar
C2. Since only this one weigh bar shows consistent variations between
the machine being warm or'cold, no logical explanation can be given for
the observation.

A As seen irn Fig. 2, the eccentricities are rather high for small
values of applied load but they rapidly decrease as the load increases.
It is felt that the magnitude of eccentricity whick might have been
expected at the maximum locad in each fatigue test was on the order of
0.015 in. as estimated from the calibration tests. Since the weigh bars
used in calibration were prepared in the same manner and with the same
amcunt of care as the test specimens, the eccentricity measured on the
veigh bars should be essentially the same as that on the test specimens.
An eccentricity of C.0l5 in. on a specimen of 0.357 in. diamster may
not appear serious but it can readily be shown that such an eccentricity
would give a 33.6 per cent difference between average and maximum stress
for unnotched specimens and a similar difference of 30.2 per cent for
notched specimens. This veriation was computed from a consideration of
the theory of elasticity; therefore, the severity of the difference, when

One considers stresses, may not be too serious since the mejority of the

iztests were run at stresses in the plastic range. On the other hand, if
_li°ne considers strains there will be no reduction in this difference.

;Yet statistically one is assured that eccentricities varied from specimen
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to specimen so that the large amount of averaging of test data utiiized
herein may, at least to some extent, reduce the magnitude of the differ-
ence due to bending.

It shouid be noted here that Grover, Bishop, and Jackson as
well &s Baron and Larson, and apperently the majority of those who have
studied axial load fatigue characteristics report no estimate of their
eccentricities of applied loads. As has just been illustrated, relstively
small eccertricities may lead tc rather large variations in stress so that
the conclusions reached as a result of axial fatigue tests may be mislead-
ing if no measure cof the bending ir the specimens is considered.

A rather minor source of errcr results from the fatigue machine.
A summary of the results of the calibrations of the machine is given in
Table S. In the firal analysis of the current series of tests, the
average calibration constants given ir this table were used. Coznseguent-
ly, it is felt that the reported data are as accurate as they can be.
However, in this analysis the effects of drift in the preload and the
backlash in the preload were not includsd since their application is rot
readily apparent. It is felt that the average error due to the machine
is appreximately 1.5 per cent of the average stresses reported. Thus,
this source of errcr is negligibie especially when it is compared te the

Possible veriation due tc bending.
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IV. CONCLUSIONS AND RECOMMENDATIONS

1. Conclusions
The conclusions reached in this study are described in deteil
in the-preceding chapter. For convenience, however, they are briefly
summarized here:
a. Based or the thecretical maximum rarge of stress in a
notched specimen, failure of ASTM=-AT steel in fatigue does not appear
to be a function cf the true range of stress developed in an unnoiched

gpecimen cf the same mater

ial,

b. A rationai revision to the meximum distortion energy
theory to explain fatigue failures in compression is not apparent.

c. A variatiorn of fetigue reduction fact@r}with range ratio
seems indicated but the variation is not cozsistent for different
materials or perhkaps for different test conditions.

d. Unnotcked fatigue specimens of steel may behave different-
ly than similar slumirum alloy specimens especially at fatigue ranges of
high tension %o greater iension.

e. Constart streir conditions approximating constant load -~
conditions msy rot be comparable to constant load conditioms of fatigue
testing.

f. &tatic work hsrdening in compressicr appears tc be compar-
able to the first few cycles of fatigue .stress provided the maximum
Tatigne stress is epprocimately egual‘to the stress attained during the
Work hardening.

g. Under fatigue conditions of constant locad in the ternsion



to greater tension range the failures resemble general yielding rather
than the brittle fracture characteristic of fatigue.

h. Straight line constant life contours plotted on modified
Goodman coordinates have a constant slope, within reasonable limits, of
0.700 for notched specimens of anneéled ASTM-AT steel, 24S-T3 and
755-T6 aluminum alloys, and normalized 4130 steel. For the last three
materials however, the stress ranges include no tests predominately in
compressioh.

i. The corresponding slope for unnotched specimens of the
same materials is 0.50Q but the error for annealed ASTM-AT steel is
large since the experimental contours for this material deviate consider-
ably from & straight line.

| J. The S-N curves for notched spe;imens of the four materials

reported bave a constant slope, within reasonable limits, of 0.115 between

5

1 x10" and 2 x 106 cycles,

k. With the same reservations as in J the slope is 0.057 for

unnotched specimens.

l. A fatigue reduction or stress concentration factor whose
magnitude is a function of the material seems indicated for unnotched

sSpecimens.

2. Correlation of Zero tc Temsion Fatigue Intercept with Static Tensile

Properties, Its Uncertainties and Limitations

The folliowing purely empirical equations derived in Chapter IIT

give.reasonable results except for unnotched ASTM-AT steel:
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: % o x 10° R
o, = 0.700 o, + =— ( ) for all notched specimens (8)
2 1 KT N
ODO
% o x10° 4
0, = 0.500 0, + y== ( ;f ) for unnotched 24S-T3 and
° 755-T6 aluminum elloys
0.057
C. -
F 2 x 10 . for unnotched annealed
o, = 0.500 0y + 7= (=) ASTM-AT steel (9)
0.057
C.
o, = 0.500 o, + 1F5 (2 § 1C 3 for unnotched normalized
¢ 43130 steel
where
ap = 1743 (cU - UY) + 14k3 {r - e} for all reasonably ductile

materials (4)

Despite the seemingly good correlation, the analysis resulting in these
equations is quite uncertain by virtue of the fact that the per cent
reduction of area was not stated for the actual materials tested by
Grover, Bishop, and Jackson. Average values offfhis property were
taken from the literature arnd used in the analysis. This uncertainty
is not alleviated by the favorable comparison with Baron and Larson's
results since, for the series reported herein, the error at the inter-
cept is averaged out by tests at different stress ranges while the over-
all fatigue results for the steels studied by Baron and lLarson are not
known. Therefore, further studies of these purely empirical relations
would be desirable to determine whether these expressions are realistic.
Furthermore, the limitations of these equations must be
realized even for the purpose of checking their validity. All of the
materials analyzed'herein are rather ductile so that the application of

the analysis to brittle materials is not advocated. The analyses include
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considerations of specimen lives ranging from 1 x lO5 to 2 x 106 cycles

so that correlation outside this range is questionable. ILastly, for
only the current series of tests is the complete modified Goodman
diagram known. Consequently, projection of the proposed analysis to

compression ranges of fatigue stress for other materials would be a pure

extrapolation.

3. Recommendations for Future Study

The analysis presented herein should be thoroughly investigated
in order to determine whether or not it is valid. Not only should the
possibly fortuitous expression for the zero to tension fatigue intercept
be checked, but alsc the values of the slopes of the contours of comstant
life and the interpolation for different pumbers of cycles. Should any
or all of the findings reported herein prove valid their range of appli-
cability should then be thoroughly investigated.

Failure of unnotched specimens is largely an academic problem
since stress raisers are practically always present in engineering
structures. Yet, as a measure of the strength which inherent defects
usurp from a material, one might be interested in an unnotched fatigue
reduction factor. Two general methods of computing such a quantity are
presented herein and could be studied should the need arise. One which
is more rational than the other would consist of running & series of
notched fatigue tests with two or more values of theoretical stress
concentration. Also, a series of unnotched tests would be required.

The fatigue reduction factor as some function of the theoretical stress
concentration could then be assumed and a hypothetical stress for failure

in a specimen with no stress raiser computed. Assuming various functions
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one could perhaps find a constant hypothetical stress for all theoretical
stress concentrations considered. The fipal result would be the fatigue
reduction factor for an unnotched specimen. The other method corresponds
to the analysis used herein and consists. of computing an average hypo-
thetical stress as above by multiplying the theoretical stress concentra-
tion factor by the corresponding stress at failure and averaging the
result for the stress concentrations considered.

An investigation to check the observed possible lack of compar-
ability of unnptcbed fatigue tests of steel and aluminum alloys in the
renge of high tension to greater tension may be of value in explaining
the fatigue phenomenon.

Iastly. the possible lack of correlation between results of
constant load fatigue testing and constant strain fatigue testing, where
constant load conditions aré approximated, may be significant. Thus,

work might alsc be directed along this line.
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TABLE la

CHEMICAL ANALYSIS OF PARENT PLATE MATERIAL

Chemical Compcsition

Per Cent
C 0.23
Mn 0.47
P 0.008
S 0.029
Si 0.16
. N 0.008
¥
TABLE 1b
STATIC TENSILE PROPERTIES OF THE PARENT PLATE
AS ROLLED
Yield Strength 33400 psi
Ultimate Strength 59400 psi
Per Cent Elongation 22.6
in 8 in.
Per Cent Reduction 60.6
in Area

¥* Average of 2 tests conducted con the plate used
in the current series by W. E. Boas and repcrted
in "Development of Small Specimen Acceptance
Tests for Ordipary Structural Steels,” Master's
Thesis, University of Illinois, Urbana, 1947.
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SUMMARY OF RESULTS OBTAINED DURING THE PRESTRESSING OF MATERTAL

Average for

6 Bars
Max., Deviation
from Average
in Per Cent

Average for

25 Bars
Max. Deviation
from Average
in Per Cent

Average for

12 bars
Max. Deviation
from Average
in Per Cent

Average for

12 Bars
Max. Deviation
from Average
in Per Cent

Average for

18 Bars
Max. Deviation
from Average
in Per Cent

Average for

18 Bars
Max, Deviation
from Average
in Per Cent

¥ Load divided by corresponding areas
+ = tension

Stated

Prestress

psi

*
True

Prestress

psi

-50,200

5.98
1.97

-68, 600
T.29
5.83

-85,800

1.52
2.10

-92,600

1.08
0.97

+59, 500

L.03
1.51

Residual Residual Poisson's

Longitudinal Transverse Ratio
Strain Strain

in./in. in./in.
0.0522 0.0242 046l
LoLh1 \ 5.79 6.68
4 .08 6.20 4.33
0.1400 0.07%8 0.527
5.00 7.86 k.93
3.79 7-59 6.07
0.3065 0.1956 0.638
2.25 k.50 2.82
2.77 2.97 0.94
0.4990 0.4160 0.833
0.80 0.97 1.32
0.80 1.92 1.4k
0.1198 0.0564 O.4T71
22.45 21.8 4 L6
8.85 k,79 L 46
0.2583 0.122k 0. b7k
L.53 7.19 6.5k
12.89 15,69 L.01
- = compression;

Strain rate = 0.042 in./min. for all bars.



TABULATION OF RESULTS FROM STATIC TENSILE TESTS OF ANNEALED AND PRESTRESSED MATERTAL

Specimen  Actual Upper Lower Ultimate Strength Fracture Strength Per Cent Per Cent  Modulus

No. Prestress Yield Yield Nominal True Nominal True Elong. Reduct. of
Point Point Stress Stress  Stress Stress in 2" of Area  Elasticity
psi pel pst pei psi psi psei ksi
L-1-B 0 VT R0 SHT50 69600 5000 111000 h3.8 59.5 32800
M-2-B 0o Wy i g (9500 39800 105300 43 .5 62.2 30700
N-2-B i R S Y BRG] 69500 0000 112800 4%.0 64 .5 28300
0-3-B ' Wreco N0 545700 T0900 40500 105200 1.3 61.5 29300
P-3-B O N0 31000 56200 70300 39000 113000 45.0 65.5 28000
Q-4-B 0 o850 34900 56150 72100 40000 106700 41.8 62.5 28800
S-5-B 0 38750 35300 55400 68800 39000 116300 43,3 66.5 29800
W-4-B 0 39400 35250 55850 69000 39000 106900 45.5 63.5 30100
T-5-B 0 34850 33000 56100 TOT00 40000 105200 42.5 62.0 31400
Y-5-B 0 39000 36000 56000 69600 40000 105%00 h2.5 62.0 30600
7-6-B 0 h2lhoo 36000 56250 70800 L0000 111000 h1.5 64.0 32800
AA-6-B 0 37700 31400 56000 69900 39600 115200 - 65.8 29200
Averages 0 39550 33650 56150 70050 40150 109500 43.1 63.3 30200
K-8-B ~50%00 - 30150 55800 69500 40500 112500 41.0 64.0 -
Q-3-B -50500 - 29950 55800 69700 40000 114000 41.5 65.0 -
T-8-B -19800 - 29500 56600 70000 41000 102800 42,0 60.0 -
CC-3-B -50100 - 33200 56700 69800 L0500 107300 40.5 62.3% -
7-5-B ~-50200 - 32550 56800 69500 40500 107300 41.5 62.3 -
EE-8-B -50500 - 32800 58200 72300 42000 309100 40.5 62.3 -
Averages -50200 - 31360 56650 70130 Lo750 108800 k1.2 62.7 -
P-2-A -68900 - 36250 60700 64500 42500 108400 28.5 60.8 -
P-2-B -68900 - 36250 61200 65000 41000 105700 28.0 61.2 -
Y-2-A -68800 - 39150 60600 71400 40500 105100 28.0 61.5 -
¥-2-B -68800 - 39500 61500 65500 41500 102000 26.0 59,2 -
DD-l-A -68500 - 38600 59700 77000 40500 118000 27.0 65.6 -
DD-k-B ~-68500 N 39650 61100 63600 42000 108700 25.0 61.3 -

Aversges -68750 - 38250 60800 67800 41300 108000 27.1 61.6 -

L9
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TABULATION OF RESULTS FROM STATIC TENSILE TESTS OF ANNEALED AND PRESTRESSED MATERTIAL

Actual

Prestress

psi

-84000
-84700
-87000
-86600
~-86600
-86100

-85850

-92200
~92000
-91800
-93400
=95100
-93400

-92650

~61900
+59700
+59500
+59%00
+59200
+59500

+59800

471800
+74700
+T4H000
+T4000
+T3500
+73100

i | I S T |

| I S T B |

Upper Lowexr
Yield Yield
Point FPoint

psi

psi

WGoo
h3750
250
5250
45250
45750
44800

49000
48700
50250
50750
49750
49900

k9750

62600
60500
59500
62200
62200
61750

61450

68900
68800
68800
71200
T2700
T4100

Ultimate
Nominal

Stress
pol

70800
70500
TO700
71100
71400
71100

70900

19500
79900
79500
80700
80800
79900

80100

65500
64300
63200
64700
64000
64000

64300

69900
TO300
70300
69500
72400
13500

Strength Fracture
Nominal

True
Stress
psi

88400
74500
75100
74900
75200
75000

T7200

84800
85600
83400
85400
86000
85000

85000

75300
71000
70000
T1500
70100
70100

TL000

75200
70400
71400
83000
72800
81800

Stress
psl

45000
5000
L4500
45000
15000
4$000

44900

48500
19200
49000
52000
50500
49000

49700

16500
45000
44500
45500
45500
45000

45300

52300
51500
52000
52500
54100
53600

Strength Per Cent Per Cent
Reduct.
of Area

True
Stress
psi

112000
113500
118000
119200
114900
125700

117200

119200
117700
118700
137800
127300
133300

125700

107500
104700
111700
113200
111800
107800

109500

103000
107800
100000
113000
107800
116200

*Broke outside gage length.

Elong.
in 2"

22.
22,
21,
21,

A}
i_a
VIO W ODD0000

59.8
60.3
62,1
62.%
60.7
6h .2

61.6

59.3
58,1
58.7
61.1
60.3
63.1

6001

56.8
57.0
55.1
59.8
59.3
58,2

5T7.T
49,2
52.2
48.0
255
49,7
54,0

Modulus
aof
Elasticity
ksi

E RN T S T T |
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SUMMARY OF FATIGUE TEST RESULTS -- UNNOTCHED SPECIMENS OF ANNEALED ASTM-AT STEEL
ZERO PRESTRESS

Spec. Nominal Stress True Stress  Per Cent Change In Area No. of Cycles No. of True Remarks
" No. Range Range For Computing When Yielding Cycles Prestress
ma.x. min. max. min. True Range At Failure Started Stopped to Fail. psi.
+ = tension + = tension + = increase 1000's 1000's 1000's
- = Ccompr. - = compr. - = reduction
E2A 427250 -27250 427250 -27250 0 0 - 0 135 -
EPB  +27350 -27350 +27350 -27350 0 0 - 0 286 -
F1A  +27680 -26820 +27680 -26820 0 0 - 0 95 -
F1B  +24435 -24005 +2LU435 -24005 0 0 - 0 91h ~
GlA 422765 23635 +22765 -23%635 0 0 - 0 W13 -
G1B  +23750 -23750 +23750 -23750 0 0 - 0 L1139 -
HIA 436300 -100 +3%6300 -100 0 0 - 0 30822 -
HB  +40850 +450 443000 +475 -5.1¢ -5.12 - 11 38872 -
I1A  +L45550 450 +55600 +60 -18.04 -36,0 - 75 194 -
I1B  +h42h50 450  +4L600  +50 5,08 e - 15 3364 -
JIA  +43900 0 +45200 0 4,18 e - 15 3391 -
J1B  +2Lh65 -24035 +2Lhh65 -24035 0 0 - 0 4852 -
ElA 425465 25035 +25465 -25035 0 0 - 0 355 -
ELB 436070 -14130 +44000 -17250 -18.04 -36.0 - Lok Y] - General Yielding Type
of Failure
E5A 433550 -12050 +34950 -12570 ~=b.08 =7.0 - 99 TellY -
E5B  +32500 -11900 +32500 -11900 0 -5.1 - 0 837 -
F2A 431530 -11970 +31530 =11970  mcmeen wemco- - 0 1678 -
F2B 450150 +15150 +58000 +17400 -13,0 -13.0% - 536 31038 -
F3A 455750 +14250 +69700 +17800 -20,0% ~41.0 - .17k 17 - General Yielding Type
of Failure
F3B  +52400 +15000 +64300 +18420 -18,69 -37.2 - 293k 293 - General Yielding Type
v of Faillure
G2A  +51100 +15300 +58900 417600 -13.1% -13.12 - 682 hhp7? -

(O
\O



Spec. Nominal Stress

No. Range
max. min.
4+ = tension
@ = COMPr.

G2B  +60770 +30430

G3A  +58630 +29970

G3B  +55900 +30700

H2A 452510 +30290

H2B  +53600 +30400

H3A 451880 +3%0220

H3B 457600 +45500

I3A 455650 +45550

I3B 453130 +45070

J2A  +54350 +45250

J2B  +54550 +45450

Z1A 455050 +45950

T2A  +54650 +45550

Z1B  +43800 +200

I2B  +44550 4150

TABLE + (LUl )

SUMMARY OF FATIGUE TEST RESULTS -~ UNNOTCHED SFECTMENS OFF AWNEALED ASTM -A7 STEEL
ZERO PRESTRESS

Per Cent, Change In Area No. of Cycles

True Stress No. of True Remarks
Range For Computing At Failure When Yielding Cycles FPrestress
max. min. True Range ‘ " Started Stopped to Fail. psi
+ = tenslon 4+ = increase 1000's  1000's 1000's
- = COmpr. - = reduction
+89100 +h600 -5la8d -58.6 - 1uk 1h - General Yielding Type
a of Failure
+73100 +37350 ~19°8' ~3h .6 - lEk 12 - General Yielding Type
of Fallure
+69400 +38170  -19,44 35.6 - 195 19 - General Yielding Type
of Fallure
+66200 +38200  -20.7% 38,2 - 13225 1302 - General Yielding Type
of Failure
+6TH00 +38200 -20.44 -36.5 - 520k 520 - General Yielding Type
of Failure
+58950 +34h00  -12.08 -12.0% - 983 h960® -
+T7500 +61150  -25.63 ~3T7.3 - 7 7 - General Yielding Type
of Failure
+67700 455500  -17.8% -25.2 - gk 8 - General Yielding Type
Kk of Failure
+65100 +55400  -18.4% -28.6 - ST 5kl - General Yielding Type
. ‘ of Failure
+64100 453500  -15.38 -15.3% - 2808 L5262 -
+6T400 +55000 ~l7o5d -26.5 - 215lk 2151 - General Yielding Type
of Failure
+63800 +53200 u1507d -19. 4 - 52k1 32 - General Yielding Type
K of Faillure
+67h00 +56300  -18,94 -29. 4 - 8% 78 - General Yielding Type
of Failure
+h7550  +220 8,05 -16.6 - 352 2600 -
+50600 4170  -11.9¢ -23.8 - 531K 533 -

oL




Spec. Nominal Stress

No. Range
max. min.
+ = tension
- = COmpr.
MIA  +2L44L0 -35960
QLA  +17860 -381L0O
QlB-  +52090 +44510
K1A  +52520 +44680
K1B  +29500 -35500
01A  +20620 -35380
01B  +19020 -35480
M1B 454500 +54500
S1A 452850 +44750
K8A 417300 -LOT700
Q3A  +19500 -35600
T6A  +19550 -35550
Z5A 421380 -3%5220
CCAA 425060 -35440
EEBA +21300 -35200
E6 +2TWT70 -27040
ET +30520 -30080
ES +29470 -290%0

SUMMARY' OF FATIGUE TEST RESULTS - UNNOTCHED SPECIMENS OF ANNEALED ASTM -A7 STEEJ
ZERO PRESTRESS

True Stress
Range

max.
+

+23150
+17200
+63950
+60600
+27850
+19600
+1783%0
+67200

+64500

+16320
+18870
+18890
+21.380
+20870
+25060
+24100
+21500
+20950

+27650
+30750
+29600

min.

= tension
= COITlPI'c

-335950
-36400
+54600
+51600
-34600
-33650
~35250
+67200

+54600

-38400
-34400
-34350
-35220
-34450
-35440
-34100
-35200
~34600

=27200

~30350
~29150

Per Cent Change In Area No. of Cycles
For Computing At Failure When Yielding

True Range

+ = increase 1000%s
- = reduction

+ 5.7% +11.4 -
+ 5.04 + 9.8 -
-18.58 -18.5% -
13,33 -19.1 -
+ 2,50 + 2.5 .
+ 5,14 + 8.2 -
”" 6o6e + 701 -
-18.90 -18.9
-17.8% 17.8

50,000 psi
+ 6.0° + 6.4
+ 3.3% + 3.3
+ 3.48 + 3.42 -

- ! 38
+ 2.2 + 4.3
- . - 7

4+ Lh.0 + 4.0
. - 56
+ 1.7 + 3.5

69,000 psi COMPRESSIVE
- 0.6% - 0,62 .
- 0.6% - 0.6 ]
- 0.3 - 0.4 -

Started Stopped to Fail.

1000's

565

3755
2178

2502k
5

195K

9078
0

Lok

COMPRESSIVE PRESTRESS

1033k
198
9o

1842
210

2h13

PRESTRESS
9

0
4588k

No. of
Cycles

1000's

36
375,

1507k
2502%

5

195

907

0

a

4o

1033
3Zolh6

12827%
1842

2ko

2U13

5h73%
582
4588

True
Prestress
psi

-50300
~50500
-19800
-50200

-50100

-50500

-68500
~68500
-68200

Remarks

Specimen buckled
Specimen buckled

Specimen buckled
Specimen buckled
Specimen buckled
Preload. limit switch
reached before start-
ing test

Preload limit switch
reached a 40,000
cycles

Specimen buckled

Specimen buckled




Spec. Nominal Stress

No.

Flt
F5

' F6

F7
F8

Gl
G5
66
GT
G8
Hh
H5
H6
H8

Ih

Range

maXo.

mina.

4+ = tension
- = COmpr.

+32860

+50500

+50350

+50000
+50730

+11600
+1.2600
+13800
+14870
+16330

+15160
+15100

+16310

+17240.

421240

~32000

¢]

+150

0
=870

=-56000

~53%000
~52800

~50730
-48670
~48520
-47500
~45290
~15360

-45460

SUMMARY OF FATIGUE TEST RESULTS -~ UNNOTCHED SPECTIMENS OF ANNEALED ASTM -A7 Steel

True Stress
Range

maxo.

min,

+ = tension
- = COmpre.

+33400

+52500

+52550

+51400
+54500

+11170
+12020
+13%220
+13%920
+16330
+15860
+151.60
+14880
+151.00
+14880
+16310
+l6l50
+17240
417000
421240

32500

0

+160

0
=930

~53900
50600
~50600
=47550
~U8670
47300
48520
=W 7600
=4 7500
~4+6800
-45290
-4t4800
-45360
-414600
45460

+20630 -4L4050

69,000 PST COMPRESSIVE PRESTRESS

Per Cent Change In Area No. of Cycles

For Computing At Failure When Yielding
True Range

+ =

~1,44d

“3 08d

0t

-2,64
-6,84

d
+3.9
+h°7d
+h,34
+6.84

+3.0F
+l:8f
1.5
4.2
+1i6f

#3158

increase
reduction

=2.7

-T7.6

-8.h

"50)‘"
”15 07

+7.8

+508
+3.5
+;°8
+2.2
+3.2

+6.0

No. of
Cycles
Started Stopped to TFail.

1000's 1000's 1000's

i

52
90
297
650
263
31

uy

Wtk

569"

11766k
173%

K
21
008"
125K
o7hk
891
43]
1086
1925
1029

3h2

Ly
L6l

589

11766
173

21
208
125
27h
891
431

1086

1925

1029

342

True
Prestress
psi

-68200

-68600

-68500

=68700
-68400

-68200
-67800
-68900
-68900
-68800
-68600
-69100
~68400
-69000

-68800

Remarks

General Yielding Type
of Failure

Specimen accidentally
scratched with micro-
meter

General Yielding Type
of Faillure

General Yielding Type
of Faillure

Specimen buckled
Speclmen buckled
Specimen buckled
Specimen buckled
Specimen buckled

Specimen buckled
Specimen buckled

Specimen buckled

gl




Spec.
No.

M1A
QLA

K1B
0lA
01B
M1B

S1A

K8A
Q3A
TA
Z5A

CC3A

EESA

E6
ET

Nominal Stress

Range

max.
+

iton

+24hLo
+17860
+52090
+52520
+29500
+20620

+19020

+54500

+52850

+17300
+19500
+19550

+21380
425060

+21500

+2TWT70
+30520
+29470

min.

tension
compr.

-35960
-38140
+4l510
+44680
-35500
~35380
-35480
+54500

+44750

-40700
-35600

=35550
~35220

-35440

-35200

-27040
-30080
~29030

SUMMARY OF FATIGUE TEST RESULTS -- UNNOTCHED SPECIMENS OF ANNEALED ASTM -A7 STEEL
ZERO PRESTRESS

True Stress
Range

max.

min.

+ = tension
- = compr.

+23150
+17200
+63950
+60600
+27850
+19600
+17830
+6T7200

+64500

+16320
+18870
+18890
421380
+20870
+25060
+241.00
+21300
+20950

+27650

+30750
+29600

-33950
-36400
+5h600
+51600
-34600
-33650
=-33250
+67200

+54600

-38400
-34L00
~34350
-35220
-34450
-35440
-34100
-35200
-34600

"=27200

30350
~29150

Per Cent Change In Area No. of Cycles
For Computing At Failure When Yielding

True Range
+

+ 5,74
MO
-18.58
-13.3¢
+ 2°5b
+ Sold
+ 6.6°
-18.9h

-17.8h8

50, 000
6.0%

+ o+ .

+
N W
=
w®

+
1 F1 o
(=)

69,000

i
o O
W Oy

o))

i

= increase
- = reduction

+11.4 - 56k
+9.8 - 3755
-18.5% - 2178
-19.1 - 2502
+ 2.5 - 5k
+ 8.2 - 195K
+ 7.1 - 9075
-18.9 - 0
-17.8 - 40X
psi COMPRESSIVE PRESTRESS
+ 6.4 - 10%3k
+ 3.3 - 198
+ 3,48 gho

- 38 1842
+ 4.3

- 7 240
+ k.0

- 56 2h13
+ 3.5
psi COMPRESSIVE PRESTRESS
- 0.6% - 9
- 0.6 - 0
- 0.k - 4588k

Started Stopped to Fail.
1000's

No. of
Cycles

1000's 1000's

36
379,

1507k
2502%

5

195

907

0

8

4o

1033
3246
128272
1842

240

2h13

sh3®
582
4588

True
Prestress
psi

-50300
-50500
-49800
-50200

-50100

-50500

-68500
~-68500
-68200

Remarks

Specimen buckled
Specimen -buckled

Specimen buckled
Specimen buckled
Specimen buckled
Preload limit switch
reached before start-
ing test

Preload limit switch
reached a 40,000
cycles

Specimen buckled

Specimen buckled



TABLE 4 {(CONLED)

SUMMARY OF FATIGUE TEST RESULTS =~ UNNOTCHED SPECIMENS OF ANNEALED ASTM =AT Steel
69,000 PSI COMPRESSIVE PRESTRESS

Spec. Nominal Stress True Stress Per Cent Change In Area No. of Cycles No. of True Remarks
No. Range Range For Computing At Failure When Yielding Cycles Prestress
max. min. mx. min.  True Range Started Stopped to Fail., psi
+ = tension 4+ e tenalon + = increase 1000's 1000%s 1000's
- = COmMpr. . m oL, - = reduction
Fl +32860 <2000 a0 Ll -1t -2.7 - B K Ly -68200 General Yielding Type
a Kk of Failure
F5 +50500 0 4529500 0 -3.8 =7.6 - Lok b6k -68600 Specimen accidentally

scratched with micro-

. . meter
F6 +50350  +150 452550 4160 0l 8.4 - 589k 589  -68500 General Yielding Type
of Fallure
FT  +50000 0 451400 o -2,68 ~5olt - 117665 11766 -68700
F8 - 450730 -870 +54500 -930 -6.84 13,7 - 173k 173 -68400 General Yielding Type
of Faillure

Gl +11600 =56000 411170 -5%900 +3.94 +7.8 - o1k 21  -68200 Specimen buckled

G5 +12600 =53%3000 +12020 -50600 +h°7d - - 2085 208  -67800  Specimen buckled

G6 +13800 -52800 +13%220 ~50600 +u.5g - - 125§ 125 -68900 Specimen buckled

GT +14870 -50730 +13920 =L7550 +6.8 - - 27h 27h  -68900  Specimen buckled

G8 +16330 =48670 +1633%0 48670 - . - 52 891 891  -68800 Specimen buckled
+15860 -L47300 43,0 +5.8

HA +15160 =Lk8520 +15160 -48520 -0 - 90 431 b3l ~68600 Specimen buckled
+14880 ~U7600 +1.8 +3.5 : _

5 +15100 =47500 +15100 -47500 - g - 297 1086 1086 -69100 Specimen buckled
+14880 -46800 +1.5 +2.8

H6 +16310 ~45290 +16310 -45290 -2f - 650 1925 1925 -68400 Specimen buckled
+16130 44800 +1.. +2,2

H8 +17240 -45360 +172L0 “32260 D6f - 263 1029 1029  -69000
+17000 -4L4600 +1. +3.2

Ih +21240 -U5460 +21240 ~L5h6E0 - g - 31 342 342 -68800
+20630 -44050 +3.1 +6.0

gL




Spec.
No.

Ph
T2
¥6

BBU

B5
B8
3
N1
P6
Th
¥8

M5

Nominal Stress

Range

max.
o+

nmou

+10550
+11750

+18050
+l§900_

+15250

+15370
+ 9900
+ 3950
+10450
+ 9350
+ T250

+11250

+54950

min.

tension
CONIPY »

-60250
~-60850

~60650
~60800
-60550
-k5430
~60800
= 76050
=T5450
~75550
=75650
-75650

+14650

LODMY T ER AT A -IJI

SUMMARY OF FATIGUE TEST RESULTS -~ UNNOTCHED SPECIMENS OF ANNEALED ASTM -A7 STEEL
86,000 psi COMPRESSIVE PRESTRESS

True Stress
Range

max.

min.

+ = tension
- = compr.

+103%50
+11750
+11610
+18050
+17500
+13900
+135770
+15250
+15100

+15570
+ 9900
+ 3940
+ 3910
410450
+ 9950
+ 9250
+ 9320
+ T250
+ T110
+11250
+11080

+54950

-60250
-60850
~-60100
-60650
-58900
~-60800
-60200
-60550
-60000

45430
-60800
75800

~T75300

-T5450
-Th600
=75550
-T75500
=75650
~-Th200
-75650
~74500

~-14650

Per Cent Change In Area No. of Cycles
For Computing At Failure When Yielding
True Range

Started Stopped to Fail.

No. of
Cycles

+ = increase 1000's 1000's 1000°'s

- = reduction

0 0 - 0 3184

- - 1461 11053% 11053
+1.2f 2.

s - 38 95 95
+3,1 +5.8

o - 330 3580 3580
+0.9 +1.8

- - 666 2086 2086
+1.0F +2.0

97,000 psi COMPRESSIVE PRESTRESS

0 0 - 0  68%0°

0 0 - 0 50212
+0.5 - 647 2533 2533
+1.0 +2.1
' - - 190 507 507
+1.0f +2.0

- - 122 Loz ho2
+0,5% +0.9

- - 272 243k 2h3hL
+1.9 +35.7

- - 282 786 786
+1.6% 4+2.9

'60,000 psi TENSILE PRESTRESS

0 0 - o 7085%

True

Prestress

psi

84500
-87100

84500
86100

-86200

~97000
-97500
-97%00

-92100
-91900
-91700

-93200

+59100

Remarks

Specimen buckled

Specimen buckled

Specimen buckled

¢L.




S TABLE 4 (CONL'D)

Spec. Nominal Stress

No.

N3
Q5
Sk
Wl
z3
M5
N7
P8
s6
W7

Yh
AAT

Range

tension
COmpPr .

+70200 +29800

i+g
=

+64880 429520
+61970 +29630
+60080 +29720
+60970 +29630
+74970 +4h630
+73%630 +4h4370
+73280 +44520
+726T0 +4lth30
+70720 +44480

+69000 +44800
+70180 +4kli20

8 No fallure

Based on initial area

0 min,

SUMMARY OF FATIGUE TEST RESULTS -- UNNOTCHED SPECIMENS OF ANNEALED ASTM -A7 STEEL
60,000 psi TENSILE PRESTRESS

True Stress Per Cent Change In Area No. of Cycles No. of True Remarks
Range For Computing At Failure When Yielding Cycles Prestress

max. min.  True Range Started Stopped to Fail. . psi

+ = tension + = increase 1000's 1000's 1000's

-~ = COmpr. - = reduction ‘

+80500 +34200 12,89 -25.8 - 5 5 +59800  General Yielding Type
of Fallure

+75650 +34500  -1k,29 28,1 - 8 8 +58600  General Yielding Type

a of Faillure

+72400 +34650 -1l L -29.0 - 26 26 +59600  General Yielding Type
of Faillure

+60080 +29720 0 0 - 0 L5618 +59500

+61050 +29750 = 0.3P - 0.3 - 12 28927 +59700

Th,000 TENSILE PRESTRESS

485900 451200  -12.7% 254 - b Iy ¥T3600  General Yielding Type
of Failure
+85300 451400  ~13.7% -27.% - 6 6 +74200  General Yielding Type
of Failure
+88100 453600  -16.8% -33.7 - 6 6 #73300  General Yielding Type
. of Fallure
+85050 452000  «~1k.6% 29,2 - by b +71900  General Yielding Type
a of Failure
+79600 450000 -11.2 -22,.4 - 13 13 +70500  General Yielding Type
of Failure
+69000 +44800 0 0 - 0  Lheu® +74900
+70180 +hhli20 0 0 - 0 L7om8 +73800
Based on average of initial and final € Based on area where ylelding appeared to stop

areas.during dynamic test h Based on area where preload limit switch was

start of dynamic test Bagsed on average of areas where preload reached

¢ Based on final ares

essentially stabilized and at fallure

: J Prue stress range before yilelding began
Based on average of areas where yielding

began and at failure Yielding occurred throughout the test

HL




Spec.

No.

AADA
AA2B
Z8A
78B
L1A
LT7A
LTB

M4A
M4B
M8A
MBB
N2A
N6B
N6A
05A
P3A
PTA
P7B
QA
S5A
T3A
T1A

T1B

SUMMARY OF FATIGUE TEST RESULTS -- NOTCHED SPECIMENS OF ANNEALED ASTM-A7 STEEL ~-
THEORETICAL STRESS CONCENTRATION FACTOR = 2.0

Nominal Stress
Range

meX. min.

+ = tension

- = compr.

+19000- -19000
+24760 - 8540
+25740 -10660
+3T7950 450
+41460 - 460
+20480 -20920
+36910 - U450
+193%320 -35180
+16020 -35520
+13950 -355T0
+11080 -353%20
+24250 -24250
+32480 -10420
+ 8380 -3%5520
+44880 620
+38000 -10500
+34680 - 720
+55980 +14480
+49500 +14200
+46580 +14220
+ 5200 -55100
+66650 +29250
- 5650 -55650

~12200 -55500

True Stress
Range

max.
+

nn

+19000
+2W760
+25800
+38200
+41460
+20480
+36910
+193%20
+16020
+13930
+11080
+24250
+32480
+ 8320
+45800
+38350
+34680
+591.00
+521.00
+48850
+ 4995
+79000
- 5450

-11810

min.

tension
compr.

-19000
- 8540
-10690
- hkso
- k60
-20920
- 50
-35180
-35520
-35570
-35320
-2h250
-10420
-55230
- 630
-10600
- 120
+15300
+14960
+14900
-52950
+34700
-53700

-53700

Per Cent Change In Net Area No. of Cycles
For Computing At Failure

True Range

+

= O CQC

| B}
[eoNe]
- =
oA

c  COOQODODDOOO-

nn

increase
reduction

.

N W

°

° o @

T T T S B T R |
VIV FEFEFIVWVMVEHEFHFFOFHOOODOOHFHF OO OOO

a o

°

!
'._l
~~_TNOWVOV0O DOEHEIO

3

+
W
no

No. of

Where Yielding Cycles

Stopped
1000's

3099°

121€

12

to Fail.
1000's

2110
13428
5099
540
313
867
623
130
239
366
624
321
388
617
100
91
1507
165
382
529

121
131

239

Remarks

(A1l reference to no. of
cycles is in 1000's. )

131 cycles to first crack
TOT7 cycles without fracture
or serious propagation

2394 cycles to first crack
6361 cycles without fracture
or serious propagation - 3




TABLE 5 (CONT'D)

SUMMARY OF FATIGUE TEST RESULTS -- NOTCHED SPECIMENS OF ANNEALED ASTM-AT STEEL --
THEORETICAL STRESS CONCENTRATION FACTOR = 2.0

Spec. Nominal Stress True Stress Per Cent Change In Net Area No. of Cycles No. of Remarks
No. Range Range For Computing At Failure Where Yielding Cycles

max. min. max. min. True Range Stopped to Fail.

+ = tension + = tension + = increase 1000's 1000's

- = COmMpY. - = compr. "« = reduction
T3B  +61580 +29320 +67900 +32230 ~9.,2°% -9.2 L05€ ko5
TSA  +59570Q +29230 +64500 +31620 ~T.TC =TT 30 656
W2A - 5700 -T0300 - 5250 -64700  +48,5€ +8.5 18¢ 18 18 cycles to first crack

and buckling of specimen

500 cycles without fracture
or serilous propagation

W2B  -17650 -70750 -16600 -66500  +6.4° +6. 1 18 023 233 cycles to first crack
UWT cycles without fracture
or serious propagation

whAa  -24730 -TO6T0 -23000 -65800  +7.5¢ +7.5 12 837 12 cycles to buckling of
specimen. 837 cycles %o
first crack. 1783 cycles
wlthout fracture or serious

propagation

YS5A  +26120 -26540 +26120 -26540 0 0 0 126 126 cycles to first crack
166 cycles to fracture

Z2A  + 5300 -35100 + 5270 -34950 +0, 43 +0.7 0 1766 1766 cycles to first crack
2409 cycles to essential
fracture

Z6a  +44050 +15050 +44050 +15050 0 -3.2 0 1041

AAGA  +5T7020 429780 +59400 +31000 404 -8.0 18 2145

a
No failure 4 paged on average of initial and final net

b Based on initial net area areas during dynemic test

e v
. the test
C‘Based on final net area since majority of ylelding Tielding occurred throughout e e

occurred very early in the test. =



RESULTS OF S-N INTERPOLATION TO ESTABLISH NUMBER OF CYCLE CONTOURS

UNNOTCHED SPECIMENS

ZERD PRESTRESS

No. of Nominal Stresses True Stresses No. of Nominal Stresses True Stresses
Cycles max. min. max. min. Cycles maX. min. max. min.

L000's psi psi psi psi 1000's psi psi psi psi
100 +53750  +45000 +65400 +55000 100 +54100  +30000 +68200 +3800
500 +53100  +45000 +64T00 +55000 500 +53100  +30000 +67100 +38000
2000 +52850  +45000 +64550 +55000 2000 452200  +30000 +66200 +38000
100 453600  +15000 +65T700 +18000 100 +46850 0 +63500 0
500 +52100  +15000 +63000 +18000 500 +44L00 0 +50600 0
2000 +51400  +15000 +60800 +18000 2000 +44050 0 +47700 0
100 +36500  -12000 +14000 12000 100 +30350  -30350 +30350 -30350
500 +33300  -12000 +34700 -12000 500 +24500  -24500 +24500 -24500
2000 +31400  -12000 +31400 -12000 2000 +23900  ~23900 +23900 -23900

50,000 psi Compressive Prestress 69,000 psi Compressive Prestress
100 +27000  -35000 +24650 -35000 100 +27700  -45000 +24250 -45000
500 +24250  ~35000 +22000 -35000 500 +19950  -45000 +18350 -45000
2000 +21850  -35000 +19700 -35000 2000 +16700 45000 +16000: -45000
86,000 psi Compressive Prestress 97,000 psi Compressive Prestress
a a b b.

100 +21750  -60000 +21200 -60000 100 +15500  -75000 +14250 -75000
500 +18600  -60000 +18800 -60000 500 +10300  -~75000 + 9250 -75000
2000 +15870  -60000 +15170 -60000 2000 + 5800 -T75000 + 5000 -75000

Long extrapolation below 2 x lO6 cycles

Too few valid points to be accurate

LL




No. of
Cycles
1000's

100
500
2000
100
500
2000

100
500
2000

100
500
2000

Nominal Stresses

max.
psi

+68300
+61400
+57500
+46)450
+38750
+355100

+27950
+22300
+19100

+ 3500

- 9700
~11500

RESULTS OF S-N INTERPOLATION TO ESTABLISH NUMBER OF CYCLE CONTOURS

min.
psi

+30000
+20000
+30000

-27950
-22300
-19100

-55000
-55000
-55000

NOTCHED SPECIMENS

True Stresses No. of Nominal Stresses
max. min. Cycles max. min.
psi psi 1000's psi psi

+78200 +32000 100 +60650  +15000

+66200 +32000 500 +48100  +15000
+60600 +32000 2000 +43150  +15000
+46450 0 100 +37200  -11.000
+38750 0 500 +30900  -11000
+35100 0 2000 +26300  -11000
+27950 -27950 100 420700  -35000
+22300 -22300 500 +12800  -35000

+19100 -19100 2000 + 4500 -35000

+ 2800 -53000

- 9000 -53%000

-10800 -53000

True Stresses
max. min.
psi psi

+63400 +15000
+49700 +15000
+40500 +15000
+37600 -11000
+31100 -11000
+26400 -~11000

+20700 -35000
+12800 -35000
+ 4500 -35000

gL




TABLE 7

MAXTMUM ERRORS BETIWEEN DERIVED AND EXPERIMENTAL RESULTS

Material

Annealed
ASTM
AT

Steel

245 T
Aluminum
Alloy

755 -T6
Aluminum
Alloy

Normalized
4130
Steel

Number
of Cycles
1000's

100

500

2000

100

500

2000

Error
in

Slope
Intercept

Slope
Intercept

Slope
Intercept

Slope
Intercept

Slope
Intercept

Slope
Intercept

Slope
Intercept

Slope
Intercept

Slope
Intercept

Slope
Intercept

Slope
Intercept

Slope
Intercept

79

Theoretical Stress Concentration

1.0

1.5

2.0

4.0

5.0

Maximum Error in Per Cent

-4y .8
+45.2

-L6.0
+59.5

+

+ o+



COMPARISON OF DERIVED FATIGUE INTERCEPT AND AVERAGE FATIGUE STRESS FOR FAILURE
UNDER ZERO TO TENSION AXTIAL LOADS AS GIVEN BY BARON AND LARSON

Theoretical Stress Concentration Factor = 2.32 In All Cases

Designation Ultimate Yield Reduction  Elongation Number Maximum Fatigue Error
(Baron and Larson) Strength  Strength of Area in 2" of Cycles Stress (psi) Per Cent
psi psi Per Cent Per Cent 1000's Derived  Test
High Strength Low Alloy Steel (ASTM A242-50T)
} %98 29200 31500 - 7.3
A 79500 55000 59.3 50.0 6he 27600 27000 + 2.2
2059% 2200 25000 - 3.2
4o 23200 35000 -33.8
B 65200 L4hoo 61.2 55.0 683 22100 31500 -29.8
1510 20200 P7000 -25.2
292 42500 35000 +21.4
c 82600 47800 60.5 47.8 532 39600 31500 +25.8
2170% 33700 27000  +24.8
: 330 23600 35000 -32.6
D 4400 57000 - 60.1 50.0 %85 23200 31500 -26.4
891 21000 27000 -22.2
. , : 418 35200 35000 + 0.6
E 77900 48200 61.5 50.2 1166 31300 21500 - 0.6
3058% 28000 27000 4+ 3.7
489 33800 35000 - 6.3
F 78800 49500 60.8 50.0 899 31600 31500 + 0.3
‘ 2063 28700 27000  + 6.3
, 175 30200 40000 -23.0
a 73600 51200 60.6 51.0 298 2840Q 37500 ° -23.7
1230 24000 35000 -31.h4
2013% 20600 31500 -28.2

e




COMPARISON OF DERIVED FATIGUE INTERCEPT AND AVERAGE FATIGUE STRESS FOR FAILURE
UNDER ZERO TO TENSION AXJAL LOADS AS GIVEN BY BARON AND LARSON

Theoretical Stress Concentration Factor = 2.32 In All Cases

Designation Ultimate Yield Reduction Elongation Number Maximum Fatigue
(Baron and Larson) Strength Strength of Area in 2" of Cycles Stress (psi)
psi psi Per Cent Per Cent 1000's Derived Test

Rimmed Steel

H 52700 31100 63.8 57.5 111 28200 31500

438 24000 27000
Carbon Steel (ASTM AT)
264 33600 31500
I T0000 36600 53%.3 50.5 651 30500 27000
: ' 1460 27800 25000
136 31900 31500
. 408 27200 27000
J _ 62100 34400 5T7.2 53.0 93 25500 23000
178 29600 31500
: 382 27200 30000
K 60000 35400 60.5 54,2 863 24700 27000
996 24300 25000
1428 23200 23000
Silicon Steel (ASTM A94)
328 38200 35000
L 90000 51800 Ll 2 40.5 1681 31700 31500
2009 31000 27000
300 43200 35000
' 528(7) L0500 31500
M 88800 48400 50.4 b3.5 b37(7) 41500 30000
‘ 1559 35600 27000

Error
Per Cent

+ + +

+
-
O OO OO HEFEO

.

1

O OV O 01 N WN—
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COMPARISON OF DERIVED FATIGUE INTERCEPT AND AVERAGE FATIGUE STRESS FOR FAILURE
UNDER ZERC TO TENSION AXTAL LOADS AS GIVEN BY BARON AND LARSON

Theoretical Stress Concentration Factor

Designation Ultimate
(Baron and Larson) Strength
psi
N 90800
0 83600

Yield

Strength

psi

51500

46500

Reduction Elongation
of Area in 2"
Per Cent Per Cent

Number
of Cycles
1000's

Silicon Steel (ASTM A94) Cont'd

46.9

58.6

40.5

49.2

No Failure

287
498
54
2649

123
321

%

927

2165

2.%2 In All Cases

Maximum Fatigue

Stress

Derived

41900
39400
37400
32400

L6500
41500
36900
53400

(psi)
Test

57500
55000
53000
31500

57500
55000
25000
31500

Error
Per Cent

+11.7
+12.6
+1%.3
+ 2.9

+24.0
+18.6
+11.8
+ 6.0

38.




TABLE 9

SUMMARY OF RESULTS FROM CALIBRATION OF SONNTAG MACHINE

Weigh Eccentric Preload Max. Drift in  Average Preload Zero Date Remarks
Bar Constant Constant Preload During Backlash Determined From : of »
No. Dynamic Run  in Preload Calibration Curves Calibration
1b/unit  1b/div. 1b 1b aiv.
20.8(1';a 1002(T)
c-1 1.01 El.BéT + 18 50§T§ 1001(T) 4-29-53 All strains recorded by
21.3(C) - 50 L8(c 1004(C) oscillograph.
20.6(¢C) 1002(c¢)
b 25.3(Tg lOOléT) A1l strains recorded by
c-2  1.09 23.1(T +156 60(T) 996(T) 4-%0-53 oscillograph. Machine not
2&.2§C§ - 0 95(C) 1001(cC) warmed up prior to calibra-
2k.o(c 998(c) tion.
22.0(T) 1002('T) "
Cc-3 1.0L 21.9(T) +20k 85(T) 997(T) 5-4-53  All strains recorded by
23.6(C) -110 - 994(c) oscillograph.
21.0(T) ‘ 1000('T)
c-1 - 21.0(T) - Lo('T) 998(T) 6-15-53
21.3(c) - 35(¢) 1001(c) :
20.9(¢) 1000(C) ' All strains measured by
21.6(T) 1003(T) strain indicator.
c-2 - 21.4(T) - 50(T) 1000(T) 6-15-53
: 21.8(c) - 63(C) 1003(C)
21.8(c) 998(c)

¢8




TABLE 9 (CONT'D)

SUMMARY OF RESULTS FROM CALIBRATION OF SONNTAG MACHINE

Weigh Eccentric Preload Max. Drift in  Average Preload Zero Date Remarks
Bar Constant Constant Preload During Backlash Determined From of
No. Dynamic Run in Preload Calibration Curves Calibration
1b/unit 1b/div. 1b 1b div.

21.6(T) 1002('T) A1l strains measured by

c-1 - zl.ugwg - uong lOOléTg 8-11-53  strain indicator.
21.2(c - 30(C 1003(C
21.2(c) ' 1001(¢) Avg. load applied per cycle
21.5(T 1005(T of automaFlc preload = 22 1b

oo _ Ql.Bng _ 58(T) lOOE(Tg 8-11-5% asdditermlned on weigh bar C2
21.7(0) - 55(0) lOOY(C) an s constant for full range
o1 8(0) lOOB(C) of preload.

’ (No fatigue tests conducted

21.5(T) 1001('T) from 9-30-53 to 1-12-54)

c-1 - 21L.4(T) - 10(T) 1000(T) 1-12-5k4
21.4%(c) - 20(c) 1001(C) All strains recorded by
21.8(¢) 1000(C) strain indicator. Machine
20.2(T) 998(T) not.warmed up prior to

bC—2 _ 22.2(T) - O(T) 998(T) 1-12-5h gaélbration of weigh bar

22.6(C) - 45(c) 998(¢) e
22.4(c) 997(¢C)
21.3(T) 1001(T)

c-1 - 21.3(T) - 28(T) 1002(T) 4-8-54
21.0(c) - ho(c) 1002(C)
21.0(c) 1001(¢) All strains measured by
22.0(T) 1002(T) strain indicator.

c-2 - 21.9(7T) - 35(T) 1000(T) . 4-8-54
22.0(c) - T5(C) 1003(C)
22.2(C) 998(C)

T8




raBLy Y (CONL' D)

- SUMMARY OF RESULTS FROM CALIBRATION OF SONNTAG MACHINE
Weigh Eccentric Preload Max. Drift in  Average Preload Zero Date Remarks
Bar Constant Constant Preload During Backlash Determined From of
No. Dynamic Run  in Preload Calibration Curves Calibration
1b/unit 1b/div. 1b 1b div. :
. 21.6(T) 1000(T)
- - 2L1. - -1.0-
-1 L.6(T) 30(T) 1001(T) 4-1.0-54 All strains measured by
21.6(c) - 22(c) 1001(C) X
21.5(c) 1000(C) strain indicator. Machine
not warmed up prior to
b 22.3(T) 1000(T) calibration of either
c-2 - 22.3(T) - 25(T) 998(T) 4h-10-54 weigh bar.
22.5(C) - 65(c) 999(c) :
22.h(c) 996(cC) f
Av. 1.01 21.5(7T) +111 Lu(T) 1001(T)
21.6(c) - 80 46(c) 1001(c)
a

(T) = Tension; (C) = Compression.
These calibrations not included in average since machine was not warmed up prior to calibration.

Calibration range for this weigh bar only covers the entire range of the machine using both the
eccentric and preload mechanism in loading.
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FIG. 10 END VIEW OF THE SONNTAG TENSION-COMPRESSION APPARATUS
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