/0 |
- I29A
%#,/77CIVIL ENGINEERING STUDIES

STRUCTURAL RESEARCH SERIES NO. 177
] =
1 6.3

EFFECT OF NOTCHES
ON THE AXIAL FATIGUE PROPERTIES
OF STRUCTURAL STEELS

Met3 Reference Roem

Civil Engineering De
partmer

B106 C. E. Building J

University of Illinois
Urbana, I1linoig 61801
By
R. K. SAHGAL :
J. E. STALLMEYER
and
W. H. MUNSE
UNIVERSITY OF ILLINOIS
URBANA, ILLINOIS |
MARCH, 1963 v







EFFECT OF NOTCHES ON THE

AXJAL FATIGUE PROPERTIES OF STRUCTURAL STEELS

by
R. K. Sahgal
J. B. Stallmeyer

and
W. H. Munse

A TECHNICAL REPORT OF AN INVESTIGATION CONDUCTED
in

THE CIVIL ENGINEERING DEPARTMENT
UNIVERSITY OF ILLINOIS ENGINEERING EXPERIMENT STATION

in cooperation with

The Engineering Foundation
American Iron and Steel Institute
Chicago Bridge and Iron Foundation
and
The Welding Research Council

University of Illinois
Urbana, Illinois
March 1963






SYNOPSIS

The effect Qf the stre;s'concentration on the zero-to-tension axial fa-
tigue strength of notched members of four structural steels has been studied. For
each of the four steels a critical notch severity was found at which a transition
in behavior tskes place. When the theoretical stress concentration exceeds this
critical value the fatigue strength increases instead of continuing to decrease as
would normally be expected. The maximum effective stress concentration determined
from these tests corresponds to a critical notch‘severity which is dependent on the
material, the geometry of the specimen, and the cyclic conditions of stress.

Microscopic examinations of the roots of the notched specimens which did
not fail revealed cracking in most cases. Some of the cracks apparently were non-
propagating cracks but the test lives in most cases were insufficient to isolate
such cracks positively as non-propagating. A study of‘other data on non-propagat-
ing cracks revealed that the laws governing their formation are not yet fully
understood. However, there are indications that the increase in fatigue strength
obtained above the critical notch severity is coincident with the formation of

non-propagating cracks.
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EFFECT OF NOTCHES ON THE AXTAL FATIGUE

PROPERTIES OF STRUCTURAL STEELS

I. INTRODUCTION

1.1 General Aspects of the Problem

During the past decade, & number of investigations have been conducted
to determine the fatigue properties of high strength structural steels. However,
the authors know of no published results where a high strength steel has exhibited
an increase in fatigue resistance over ordinary structural steel proportional to
the increase in static strength when such steels are tested under conditions ap-
proaching those which exist in fabricated structures. The fabrication procedures
used always produce stress concentrations, the effect of which is to lower the
fatigue resistance of structural steels. For example, an examination of the re-
sults of fatigue tests of various structural steels (Sec. 3.6) has shown that in
fatigue tests of butt welded joipts in ASTM A7 and A242 steelé, an increase of
approximately 10 per cent in the fatigue strength is obtained for the alloy steel.
The yield point of the alloy steel is, however, approximately 50 percent higher
than that of the ASTM A7 steel.*

On the basis of data éurrently available, it appears that for many
structures subjected to repetitions of large amplitude and of high mean stress;
the use éf high strength steels may have little advantage over the use of ordinary
low carbon (ASTM A7) structural steel. As a direct consequence of this, bridge
specifications in this country and abroad do not permit engineers to take advan-

tage of the superior static strength of members fabricated of high strength steels

* A comparison based on the yleld point has been presented because allowable
. stresses are usually a percentage of the yield. However a comparison based on
UTS is probably more rational (Fig. 1).
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if those members are required to withstand a large number of repetitions of loading
involving large amplitudes and high mean streésesn

A large number of high strength steels have been developed and are being
used in structural work. Of these steels, relatively few have been tested to
investigate their fatigue properties under the range of conditions which might be
encoﬁntered in service. To evaluate the fatigue properties of a number of steels
through tests of large members and connections would Bé extremely costly and would
require a prohibitive amount of time. The present investigation wes initiated to
investigate the possibility of developing & method to simulate in a small member
the behavior of various types of large joints in structursl members fabricated
primarily by welding.

Obtaining small, carefully machined lsboratory members to simulate the
behavior of large welded structural joints presented a number of problems. The
fatigue strengths obtained from large members are usually considerably lower than
those obtained from small, carefully machined specimens tested in the laboratory.
These reductions are primarily caused by stress'concentration arising from surface
conditions;, changes in section, and fabrication processes.

The problem of simulating a welded joint was especiglly difficult. The
presence of a weld, in addition to introducing a geometrical stress raiser by vir-
tue of the discontinuity in the parent metal, introduces several other factors.
The more important of these other factors are the metallurgical changes introduced
during the process of welding, possible micro and mecro cracks, residual stresses,
and welding defects.

The metallurgical changes introduced in the process of welding may
manifest themselves in a number of different wsys. Homogeneous welded Jjoints are
not obtained by any of the commonly used methods of welding and there is a grada-

tion in metallurgical conditions in the transition from the parent metal to the
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weld through the heat-affected zone. This gradation may differ considerably in
hardness levels and extent of decarburization. These factors are known to have
an adverse effect on the fatigue resistance of metals.

Micro cracking of welds is partly a consequence of the thermal cycle in-
volved in the welding process. It is more likely to occur if the heating and
subsequent coocling is non-uniform. In addition, any hydrogen (inherent or intro-
duced) can cause micro cracking. It is well known that cracks can act as points
of initiation for fatigue failures.

The influence of residual stresses on the fatigue broperties depends
on several factors. These factors are geometrical configuration of the Jjoint,
cyclic conditions of loading, and the distribution and magnitude of the residual
stresses in the critical zone. It is difficult to separate the effects of resid-
ual stresses from other factors, both structural as well as physio-chemical,
which are usually introduced during the process of introduction of the residual
stresses. However, a reasonably good quantitative prediction can be made regard-
ing these effects if experimental conditions are well defined and the influence
of these other factors are minimized (1k4)%.

In addition to the intrinsic chénge in homogeneity of material due to
welding, other factors may provide metallurgical or geometrical stress raisers.
Defects may include porosity, inclusions (gas pockets or slag), poor penetration,
and shrinkage cracks. Many types of welds have rough surfaces and join the
parent metal with some change of section.

The fatigue strength of a welded joint may be expected to approach that
of the parent metal only if geometrical and metallurgical effects are completely

eliminated. However, this is almost impossible and even by very careful treatment

* Numbers in parentheses refer to corresponding items in the bibliography.
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the fatlgue strength of a welded JOlnt could at best be bvought up to only 85 or
90 percent of that of the parent metal (lh) w

To simulate the geometrlca¢ and metallurgl al stress concentratlng
effect of a welded member, it was decided to use a smell specimen with & cir-
cumferential geometrical notch. The'éhoiée of the éﬁecimenéiénd of fhe geometri-
cal notches was dictated'by the rapid énd easy réprdductidn of specimens as Weii
as the magnitude of stress édhcentfation requiredo' It has beenvobserved experi-
mentally that the reduction in fatigue strength caused by a notch with & the-
oretical stress concentration factor K% ié'not‘élway§ pf0portibnal tb a change
in Kto The éctual‘reductioﬁﬁin'fatigﬁéaétréngth"is méaéurEd by'Kég‘the effective
stress concentration factor.

The différencé“between Ki?and'Ké;has been"found tb be’dependent-on
several factors. It varies not only for different matéiials:and types of stress
concentrations but also for different sizes df‘spe'cime‘nse‘"Iz'illaddi‘c,io\;r:x_9 the metal-
lurgical structure and thé éyclic‘condiﬁionstbf:loadihg he&e beén obsérved to
affect these parameters (i?); lThebfundameﬁtai cause of this difference between
Kt and K has been attributed by severai inveStigatoré to the difference in few
sponse of materials’subjeéted to repeatéd loadiné ffom theerS§Onse observed in
static, elastic'loédingo’ A1505 the analysisfén”which the theoretical factors"
are based depénds on tﬁe assumﬁtiohs Of(ah isotropic, perfectly élasticg and .
homogeneous matérial whdse'stréngth properties aré<influéﬁced by neither time
nor temperature. However, actual materials‘dd:ﬁof'léﬁd'themselves to such a de-
scriptioho“‘Moreovéfé the small‘localiZEd'spéts {crystals andlérain bdundaries)
in which fatigue cracks ave thotight to initiste are anisotropic. lLocalized pIASG
tic‘readjusimentsvméy occur in materials at stresses even below the endurance

limit which could alter the strength as well as the stress in the material (22).



..5...

The extent of theoretical stress concentration introduced by the notch_
in these small specimens was intended to produce an effective stress concentra-
tion equivalent to that which occurs in an actual joint. In other words, the
fatigue strength of the two specimens was intended to be equal. Preliminary
work on a specimen of ASTM AT s£eel was conducted to determine a notch configura-
tion to simulate & particular type of Jjoint. ASTM AT steel was chosen since a
considerable number of test results on large welded and unwelded Jjoints in this
material was available (Tables 10-13). After a notch had been selected to simu-
late the effect of a particular type of joint, tests were conducted on other
steels for which date on similar large welded joints were available.

As the tests progressed, it became appgrent’that our knowledge of the
behavior of both welded Jjoints and notched specimens was not sufficient to
achieve the‘original objective. For welded joints, variations in weld geometry,
stress conditions in the surface layers, patterns of residual stresses, and UTS:“
of the parent metal gave a considerable range of fatigue strengths and made it
difficult to pick out representative values of fatigue strengths of welded joints
for purposes of simulatioﬁ. On the other hand, for notched specimens, it has
been observed by several investigators (12, 13, 19, 20, 33, 45) that a specimen
with a geometrical notch with a small root radius (and consequently a large
value of K%) may have a fatigue strength greater than one which contains a notch
with a larger root radius and thus & smaller value of Kt’ when just the opposite

would be expected.

1.2 Object and Scope of Investigation

On consideration of the different aspects of the problem, the scope of
the investigation was broadened and a program was initiated to evaluate quantita-

‘tivexy the effect of the root radius of a geometrical notch on fatigue life,
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keeping all other varisbles constant. Four different materials were in&egtigated
énd the results are presented in this report.

| The results of the teéts of notched specimens were compared qualita-
tively with those from previous investigations on similar specimens. This com=-
parison shows the important role pleyed by such factors as the geometry of the
specimen and the cyclic conditions of loading in deﬁermining the fatigue strength
of notched specimens.

In keeping with the original intent of this study, comparison of the
results of fatigue tests on small, carefully machined specimens with previous
tests on large structural joints, both welded and unwelded, was made., Some of
the factors affecting the fatigue strength of these two types of specimens have
been brought out in Sec. 3.6.

Many attempts have been made in the past 50 years to correlate K% and
Keo This is the so=-called notch-sensitivity problem. As a part of this investi-
gation, a small study was made of the factors which influence notch-sensitivity
and these are discussed briefly. In addition, the effect of the increase in
fatigue strength obtained for a notch of extremely small root radius on the notch-

sensitivity index of structural steels has been studied.

1.3 Definitions and Notation

Definitions

Range of stress: The algebraic difference cf the maximum and minimum
stress in a stress cycle, tensile stress being taken
as positive and compressive stress as negative,

Mean stress: Half the algebraic sum of the maximum and minimum
stress in a cycle.

Alternating stress: : The range of stress superposed on the mean stress

in a cycle: one-half the range of stress.



Completely reversed cycle:

Endurance limit:

Fatigue strength:

Fatigue ratio:

Notch:

Average nominal stress:

Average true stress:

S-N curve:

Stress gradient:

Stress gradient hypothesis:

Notch=-sensitivity:

Notch=-sensitivity index:

_7_

A range of stress where the maximum and minimum
stresses are equal in magnitude but of opposite
sign.

The limiting value of the stress below which a
materisl can presumably endure an infinite number
of stress cycles.

The greatest stress which can be sustained for a
given number of cycles without fracture. The life
has been teken as 2,000,000 cycles in this report,
unless stated otherwise.

The ratio of fatigue strength to the UTS.

Any type of stress concentration.

The applied load divided by the original net area.
The applied load divided by the measured net area
at some particular time. This applies only to
specimens loaded above the yield point.

The graphical relationship between stress and num-
ber of cycles to failure.

The rate of change stress.

A hypothesis postulating that a relatively steep
stress gradient causes a smaller reduction in fatigue
strength than a mild one. (See Chapter IV.)

The susceptibility of materials to succumb fg the
damaging effects of stress concentrations under re-
peated loading.

A measure of the degree of agreement between Ke

and Kie
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Notch-sensitivity theory: A theory postulating that the notch-sensitivity of

steels increases with an increase in the UTS. (This

is also known as the falling fatigue ratio theory).

Notations
Kt = theoretical stress concentration factor based on the classical theory of
elasticity of Tresca and St. Venant (15). (The ratio of the maximum
local stress to the average nominal stress.)
K% = theoretical stress concentration factor based on the Huber-Mises Theory
(16).
Ke = Effective stress concentration factor or fatigue strength reduction
factor.
- fatigue strength of unnotched specimen at N cycles
fatigue strength of notched specimen at N cycles
q = notch sensitivity index (35).
- Kiwl K%-l
D = Unnotched diameter of test section of specimen (Fig. 2).
d = Notched diameter of test section of specimen.
p = root radius of notch.
UIS = Ultimate Tensile Strength.
N = number of cycles to failure in a fatigue test.
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II. DESCRIPTION OF MATERIALS AND TESTS

2.1 Materials

Four structural steels were used in this investigation. The chemical
analyses and physical properties of the steels are given in Tables 1 and 2,
respectivelyo The ASTM A7 steel {low carbon steel) is the same as that used by
Harris, Nordmerk, and Newmark (1) in a previous fatigue investigation of welded
conrections. One of the ASTM A2L2 steels (low alloy steel) used in this
investigation (designated 'B') has also been used in a previous fatigue investi-
gation in welded joints at the University of Illinois (6)*. The other ASTM A242
steel was used in a recently completed fatigue investigation on welded joinﬁé at
the University of Illinois (7) and is designated as steel "R". Steels designated
as A242 also meet the present spedifications for AUkl. The fourth steel is a
high yield strength quenched and tempered constructional alloy steel, abbreviated
in the body of the report as QT; at present it has no ASTM designation. Typical

microstructures of these steels are shown in Figs. 1 and 2.

2.2 Test Specimens

Figure 3 shows the basic form of the three different types of specimens
used in this program. The table in the figure presents the variation in minimum
diemeter of specimens. The three specimen configurations have the same geometric
shape, an overall length of 4 in., a 5/4 in. nominal diameter and a straight
test section ét mid-length l/h in. loﬁg° The radius of the transition curve was
maintained at 2 1/8 in. for all specimens. Specimen type A, having an unnotched
dismeter of 1/2 in. at the test section,; was used for all tests of notched

specimens herein. The other two types of specimens were used to determine the

¥ This steel is designated as steel 'T; in Ref. 6.
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fatigue resistance of thé materials in the unnotched condition. Type B, vhich
has a test section diameter of 3/8 in. was used for the ASTM AT stegl; type C,
with a test section diameter of l/h in. was used for the ASTM A242 and QT
steels.

All specimens were prepared from 5/4 in. thick plates with the
longitudinal axis of the specimen in the direction of rolling. The specimens
tested in the polished condition were treated in a manner similar to that used
in a previous investigation (25). The final polish was carried out with crocus
cloth.

Figure L4 shows the details of the notch configurations and the
designations assigned to each of them. No Kt value is given for notch 'Y
because of the sharp discontinuities at the root. However, an approximate value
of Kt for this notch could be calculated assuming the existence of a smooth |
radiué at the root base@ on the assumption that localized yielding during the
first few load cycles would erase any sharp change in the section. The notcﬂes
were not polished after they were machined. They were, however, checked on a
comparator at 50 magnifications.

Each of the individual test specimens was given a combination letter-
number designation which makes possible identification of the specimen, the stee;
from which it was febricated, and the type of notch imposed om it. A typical
designation would be: ASB - 15 - V75. Here, the first three letters indicate a
series'of tests conducted on specimens fabricated from a given material where the
third letter identifies the material ksee Tebles 5 and 6). The first number is
the number of the specimen itself. The last letter-number combination identifies
the type of notch and the radius of the root in ten thousandths of an inch. The

letter designations assigned to the notch configurations are given in Fig. 4.



-lé‘
In more concise form, a specimen in test series ASB would be

designated as follows:

45 T5-715

Material B (A242)

Specimen 75

Notch V =

Root radius 0.0075 in.

2.3 ‘Testing Equipment
| All tests reported herein were conducted in a 10,000 pound capacity

Sonntag Universal Fatigue Testing Machine, Model SF-10-U. A general view of this
machine and the attached tension«com@ression'apparatus is shown in Fig. 5.
Figures 6 and 7 are interior views Qf the machine taken at 90O to each other.

This machine is a constant-load type in which the alternating load is
obtained from the vertical component of the centrifugal force produced by an
adjustable weight turning at a constant speed of 1800 rpm. A friction clutch
allows the main motor to reach synchronous speed almost instantaneously while the
adjustable weight reaches the same speed within 8 to 12 seconds to prevent
momentary overload of the specimen. The position of the adjustable weight
determines the amount of applied alternating load (0 to + 5,000 1b.). The
horizontal component of the centrifugal force caused by the rotatingAmass is
absorbed by four flexplates attached to the oscillator of the machine.

The mean load isAapplied by a separate irduction motor which is
connected to a gear reduction box. This gear reduction box drives a continuous

chain which in turn rotates two sprockets located beneath the lower base plate

of the machine. These sprockets are connecteq to two specially designed screws
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which possess_little or no backlash. These screws either raise or lower the
plate which supports the four heavy springs under the oscillator, thereby
applying the load to the specimen.

The cabinet of the Sonntag machine is only a shell which supports
the test mechanism on twelve springs, three located at each corner. Being
entirely spring supported, the test mechanism neither receives nor emits external
vibrations which'might cause overload of the specimen. This cabinet also houses:
the electronic equipment and controls which are rigidly attached to it.

Figure 8 shows a view of the attached tension-compression apparatus.
The main component is &a loading frame to which is attached the upper specimen
holder and seating block. The lower seating block is fastened té the oscillating
assembly. Hand-lapped specimen holders are used to clamp the specimens in the
machine and 0" assist in obtaining concentric léadingo

When a specimen fails, the displécement increases to approximately
+ 1/2 in. alléﬁing two limit switches located at the base of the oscillator to
break the main motor circuit. However, the use of these switches results in
the fracture surfaces being pounded until they are greatly distorted before the
machine actually stops. Since it is often desirable to preserve the fracture
surfaces, an additional limit switch was added to the upper plate of the mechine
along ﬁith an adjustable actuator to the oscillator. This actuator could then
be adjusted so that only a small displacement, occurring during a test, would
break the main motor circuit and stop the machine before total fracture of the
specimen. This switch i1s shown in the foreground in Fig. 7.

During a previous-investigation (25), considerable time was spent in
calibrating the Sonntag fatigue machine. The results of thé dynamic calibration
showed the alternating load to be in accordance with the specified value. In

the current investigation a check of the preload calibration was made using a
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1/2 in. diameter weigh;bar for which the stress strain relationship was knowh.
Within the limits of experimental error, the preload constant, used to set the
mean load, sgreed with that given by the manufactﬁrer, Only the preload
mechanism was remcalibréted since it seemed inconceivable that the adjustable
weight could change its lcad characteristics which depend only on its mess and

rotating speed.

.2.4 Testing Procedure and Presentation of Results

All the fatigue tes?s reported herein were, in general, conducted at
stresses producing failures after 100,000 to 2,000,000 repetitions of load. The
tests were conducted at room temperature and no heating of the specimens during
testing was observed. In all tests, tﬁe stress cycle was one in which the minimum
stress was a low nominal tension of approximately 1,000 psi, the maximum stress
being a tensile stresé° The initial nominel tension was used to ensure proper
clamping of the specimen. This stress cycle has béen referred to as a zero-to-
tension stress c;y’cJ.e°

"The stresses used for constructing the S-N diagrams for the notched
specimens are average nominal stresses baséa.on the original net area of the
specimen before notching. However, for the unnotched specimens, the stresses are
average true stresses based on the measured net area.’

Failure of a specimen was éssumed to occur when a noticeable fatigue
crack developed; however, no control was exercised over the depth, to which the
fatigue crack propagated. This failure criterie might produce a slight inconsis-
tency in the lives of different specimens, but in view of the fact that specimen
lives were over 100,000 cycles in almost all cases,; and because of the inherent
scatter present in fatigue testing, it is felt that the error can be safely

ignored.
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All of the different series of tests were compared on the basis of
fatigue strength corresponding to a particular cyclic life. The comparison was
made at 2,000,000 cycles and the maximum stress which a specimen could sustain
for 2,000,000 cycles without fracture was termed the fatigue strength corresponding
to 2,000,000 cybles, or simply the fatigue strength. It should be mentioned here
that other investigators (12,2L4) have observed that specimens which resist
2,000,000 cycles of loading msy have an infinite life.* The error involved in
comparisons based on fatigue strengths corresponding to 2,000,000 cycles will be
small since the so-called endurance limit will be only slightly less than the
fatigue strength corresponding to this life.

For specimens which sustained approximately 4,000,000 cycles of
loading, it was assumed that the stress was at or below the fatigue strength
corresponding to 2,000;000 cycles and the test was discontinued.

The average variation of life with maximum stress, as shown on the S-N
diagrams is usually a linear curve from 100,000 to 2,000,000 cycles when plotted
on a logarithmic scale. In cases where test data was insufficient, the part of

the plot not determined has been shown by broken lines.

* Assuming the absence of corrosive environment.
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IIT. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Results of Axial Fatigue Tests of Unnotched Specimens

The tests of unnotched specimens were conducted in order to obtain
the basic fatigue properties of the materials which were subsequently
investigated in the notched condition. These data provided a base for the
computation of the reduction in fatigue strength due to the presence of a
notch, compared to the values of Kio In addition; the three high strength steels
investigated were tested in the unnotched condition in two surface conditions -
the longitudinally polished and the rough-turned conditions. This provided a
base for the computation of the reduction in fatigue strength due to the
machining and surface defects.

The S=N curves obitained for the unnotched specimens in the longitudinally
polished condition on ASTM AT, ASTM A2L2 (steel B), A242 (steel R) and QT steel
are presented in Figs. 9, 10, 11 and 12, respectively. In all cases the fatigue

strengths are considerably above the yield values. The results are summarized

in Table 3.

Comparing the fatigue strengths of the small longitudinally polished
specimens with the fatigue strength of large plate specimens free of intentiocnal
stress raisers (Table 10), it can be seen that the small specimens shovw &
considerably higher fatigue strength. It can also be Q%served in Table 3 that
the increase in fatigue strength obtained for small specimens becomes more
marked with the increase in UTS. In addition the fatigue ratio for the small
specimens increases with the ratio of yield to UTLS..

I+t must be noted that the above comparison is bésed on average true
fatigue stresses and average nominal‘UTSa This mekes the fatigue ratios gppear

higher than those which would be obtained if average nominal fatigue strengths
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had been used. In addition, the speed of loading in the fétigue tests was
considerably higher than that used in the static tests for the determinatiqn
of the UTSO‘ It is known that the speed of loading has an effect on the static
strength of materials, the higher the speed the greater the static strength.
Also, an increased speed of loading'gives a more marked increase in the yield
strength than in the UTS which may increase only slightly (27). As a result,
the ratio of the yield to the UTS will also change with a change in the sp§éd
of loading.

The above discussion makes it appear that there are a number of
extraneous variables which may have an effect on the comparisons. There is,
however, a general trend to be observed from the test results: the fatigue
strength increases with;ﬁTS and with the ratio of yield to UTS. This is true
even for the unnotched specimens tested in the rough-turned condiﬁion, the
results of which are summarized in Tsble k. (See Figs. 11, 13, 1k.)

Valués of Ké for the unnotched, rduéh~turned specimens of the three
steels so tested have beeﬁ cqmputed and are presented in Tables 6 and 7. For
the steels ASTM A242 (B),v ASTM A242 (R), and QT these factors are 1.15, ;311,
and 1.15, respectively;ﬁ Since the specimens of these three steels were machined
in exactly the same manner, the comparison of the values of K.e is reasonably
valid. This data does not lend itself to the increasing notch-sensitivity
theory, at least not in the range of UTS considered and for‘the type of stress
raisers under consideration.

The only other variable which might appreciably effect the results
obtained on the unnotched specimens is the size of the specimens. The unnotched
specimens of ASTM A7 steel were 3/8 in. diamépér whereas the specimens of the
other steels were l/h in. diaméter° This reduction in diameter was made in order

to obtain higher stresses on the high strength steels without overloading the
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testing machine. The available lite:ature on the subject of size effect lends
weight to the feeling that this is not an added verisble and that the latter
calculations of Ké, using the fatigue strengths of the unnotched specimens of a
size different from that of the notched specimens, are thus juétified° All
specimens were axially loaded and in the unnotched, polished condition the
absence of any stress raisers eliminated any stress gradients at the surface

layers. Consequently there should be no size effect (15)0

3.2 Results of Axial Fatigue Tests of Notched Specimens of ASTM A7 Steel

The results of ten series of notched specimens of ASTM AT steel are
presented in Figs. 15 through 24. Details of the specimens and a summary of the
results are given in Table 5.

In seven series of tests; the root radius of specimens with V type
notches (60 deg. flank angle) was changed to give diffefent values of Kio By
changing the root radius 5etween the limits of 0.010 in. and 0.0025 in. the
correspending value of K% was varied between the limits of 3%.80 and 7.00 as
shown in Table 5. The results of these tests show that the fatigue strength
dacreases with & decrease in root radius only up to & certain point; after that,
any further decrease in the root radius causes an increase in the fatigue strength
instead of the decrease normally expected. Consequently, sbove a certain value
of K% there is ro furthér reduction in fatigue strength. These results suggest
that there is & maximum value of Ké and a corresponding minimum fatigue strength
for this material. These results agree with the previously reported observation
that a notched specimen with a smaller root radius and consequently a larger K%

may be stronger in fatigue than one with a larger root radius and correspondingly

lower value of Kf“
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The variation of fatiéue strength with root radius for this steel is
shown diagramméticqlly in Pig. 41. In Fig. 42 the vé;ues of K£ are plotted
against Ke, From these figures it can be seen that a transition takes place in
the corresponding relationships. The value of Kt at which transition takes
place corresponds to the value of root radius below which no further reduction
in fatigue strength occurs. The values of K£ and root radius at which transition
takes place have been termed the critical values.

The results of three other series of notched A7 specimens are presented
in Figs. 22 to 24. In two of these series, the geometry of the notch was
essentially the same as in the previous specimens, the flank angle being changed
from 60 deg. to 30 deg. However, the notched diasmeter of the test section
(and consequently the geometry of the specimen) was different and hence a direct
comparison of the results of these two series with previous tests is not
.possible. It is noteworthy, however, that the fatigue strengths of the specimens
of these two series are higher than the minimum valﬁe obtained in the other
seven series (See Teble 5). In series ASS-Y, the notch had a 60 deg. flank angle
and & flat surface at the bottom, in effect a truncated 'V'. It is very likely
that the sharp discontinuities at the root of this notch were erased by plaétic
deformation after the first few loéd cycles. The fatigue strength obtained with
this notch was on the order of 22,000 psi, only slightly higher than the fatigue

strength of series ASS-V100,

3.3 Results of Axial Fatigue Tests of Notched Specimens of ASTM A242 Steels
Table 6 summarizes thé details of the specimens and the results of
the fatigue tests of ASTM A242 steels. The S-N diagrams for the individual
series are given in Figs. 25 through 33.
The fatigue strengths obtained from the two ASTM A242 steels are

considerably different. In Fig. 41 the fatigue strengths are plotted against
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the root radius and in Fig. 42 the relationships between K% and Ke are shown for
these two steels. For both of these steels there again exists a critical root
radius below which the fatigue strength increases instead of decreasingf As
before, this gives a Kt VS Ké relationship such that at the critical value of
Kt’ corresponding to the critical value of root radius, Ké attains its meximum
value. The critical root radius for steels B and R was found to be omn the crder
of 0.050 and 0.010 in., respectively. It should be noted that although the UTS
values of these two steels were fairly close, the chemicel compositions and the
microstructures were different. In view of this, it is understandable that the
behavior of the notched specimens in these two steels was different (17).

An important observation can be made from the results of series
ASB-Q50. This series had a fatigue strength on the order of 19,000 psi which is
dower than the minimum velue obtained in the ASB-V series; 21,000 psi shown in
Fig° 41. Tt should be remembered that the geomeﬁry of the specimen was different
for this series; the size of the specimen was larger than that used in the ASB-V
series. It follows from the stress gradient hypothesis (See Sec. 4.1) that it is
possible that the larger-sized specimens will show a greater reduction in fatigue
strength. This i1s exactly what the results of this series of tests have shown.
It must be pointed out;, however, that this same result was not obtained in the
tests of A7 specimens.,

In the light of the above discussion, the previous statement that for
a particular material there exists a minimum value of Ké and a corresponding
minimum possible fatigue strength, irrespective of the extent of stress
concentration, requires qualification. The minimum fatigue sirength referred to
above depends not only on the material characteristics (both‘éhemical and physical)

but also on the size of the specimen. In Chapter 4 it will be shown that in
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addition to these factors, the minimum fatigue strength and the maximum Ké

depends on the cyclic corditions of loading.

3.4 Results of Axial Fatigue Tests of Notched Specimens of QT Steel

A summary of the details of specimens and results obtained on this
steel is given in Teble 7. The S-N,diagrams for the individual series of tests
are given in Fig. 34 through 40.

This steel was tested in two conditions: the as-received and the
heat-treated condition. Four series of %ests were conducted on the material in
the as-received condition. Of these series, three were similar to the ones used
to establish the root radius vs. fatigue strength relationship for the other
steels. Such a relationship for;QT steel is also shown in Fig. 41. As seen in
Figs. 34, 37, and 39, there was an abnormal amount of scatter in the results of
these fatigue tests which made it rather difficult to obtain represen%étive
values of fatigue strengths. The value obtained from Fig. Al for the dritical
root radius is on the order of 0.009 in. In Fig. 42 the Ki VSo Ké relationship
for this steel is shown. This relationship is somewhat different from the Ki
VS Ké relationship for the other steels.

The fourth series of notched tests of QT steel in the as-received
condition ﬁere on notch ¥, the flat type notch. These tests gave a fatigue
strength of 35,000 psi, the highest value obtained for this steel.

Three series of fa£igue tests on QT steel in the heat-treated
condition were conducted. It is known that a process of welding involving
complex thermal cycles alters the physical and metallurgical chéracteristics
of a weld heat-affected zone. Since QT steel derives its physical properties
by a process of éuenching and tempering, a welding process would produce more

complex changes iﬁ this steel than in.an ordinary steel. The heat-treatment
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was an attempt to simulate the metallurgical structure of a weld heat-affected
zone synthetically. It consisted of heating the specimens in a preheated
furnace to lGSOOF, after which they were removed and allowed to air cool.
Figure 2 contains typical micrographs of QT steel in the as-received and the
heat-treated condition. In sddition, a micrograph of a weld heat-affected zone
in this steel has been included (7).

Two types of tests on the heat-treated specimens were conducted. In
the first, the notching operation was performed before the heat-treatment (a
suffix 'a’ has been added to this series), and in the other series the notehing
operation was performed after the heat-treatment (a suffix 'b' has been added
to this series). Only one series was tested in which the notching was performed
after the heat-treatment. AThus, results of fatigue tests of geometrically similar
specimens in three different conditions were obtained (Table 7). The fatigue
strength of the notched specimens in the as-received material was 26,000 psi;
for those in which notching was performed before the heat-treatment the fatigue
strength was 23,000 psi, and for those in which the notching was performed after
the heat~treatment the fatigue strength was 29,000 psi. The decrease in fatigue
strength of the specimens notched after the heat;treatment suggests the important
role played by the surface condition and the effect of decarburizaticn in
fatigue.

An important aspect of the heat-treatment given to QI steel was the
change in physical and metallurgical characteristics of the materia}l° The ﬁTS
of the material increased due to the heat-treatment by approximately 6 per cent
whereas the yield strength decreased by approx;mately 13.5 per cent. In
addition, the per cent elongation was appreciably reduced (Table 2). The
heat-treatment to which these specimens were subjected invelved temperatures

which exceeded the upper critical temperature, A3° Cooling in air caused a
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rather low cooling rate and the structure obtained was completely different
from the original tempered martensitic structure. The structure after the
heat-treatment appeared to consist of very small, irregular ferritic grains,
whereas the metallurgical structure of the major part of a weld heat-affected
zone in QT steel consists of low carbon bainite end ferrite (7, 28). A
comparison of the metallurgical structures in Fig. 3 will show that the heat-
treatment process described earlier does not impart the same structu:e as a

weld heat-affected zone in QT steel.

3.5 Discussion of Results

:The results of the fatigue tests have shown that a notch with a
small root radius (or high Ki) mey have a fatigue strength greater than one
with a large root radius (or low Ki_t)° From the fatigue strength vs. root
radius an@ Kt Vs, Ké relationships shown respectively in Figs. 4l anq k2 it is
apparent that the effect of notches on the axial fatigue properties is
dependent on the charecteristics of the material. It has already been shown
that the fatigue strength is also a function of the geometry of the specimen
(Sec. 3.3). |
A This behavior: (i.e. that a notch with a small root radius can be
stronger than one with'a large roqt radius) has been observed by several
investigators (12, 13, 19, 20, 33, 45), but no satisfactory explanation has
been offered so far. Frost (12) has attributed this behavior to the formation
of non-propagating cracks¥*. According to Frost, non-propggating cracks form
at the roots of sharp notéheé below a particular value of root radius (and

hence above the corresponding K£)° The sharpness of this particular réot

radius has been found to depend on factors connected with the material

* For a detailed discussion of non-propagating cracks, see Sec. 4.2.



-2l

characteristics, the type of specimen, and the cyclic conditions of loading
(12, 41, 42, 43). Experimental evidence suggests that the increase in
fatigue strength observed in sharp notches is coincident with the formation of
nonpropagating cracks. (See Sec. 4.2).

Frost (12) and Phillips and Heywood (13) have presented -axial
fatigue test results on notched specimens of mild steel and a quenched and
tempered steel which are summarized in Table 8 for ready reference. The results
for mild steel are shown diagrammatically in Fig. 43%*% as a plot of the range
of stress (zero mean stress) at endurance against a variation in the root
radius of the notch. Also shown in Fig. 43 are the results of the current tests
of notched specimens of ASTM A7 steel for which the range of stress (ther
minimum stress being constant at 1,000 psi) corresponding to a life of 2,000,000
cycles is shown. It will be observed that the general shape of the relation-
ships is similar. However, certain related factors have to ‘be considered in

connection with the comparison. First, the cyclic conditions of loading are

dﬁffeient-° The resulits of tgsta”from,Refsg,lQWand,ljwargwonma,gomplejely
reversed stress cycle, i.e., zero mean stress. The present tests were on a
low.nominal tension-to-tension stress cycle, i.e., a tensile mean stress. In
addition, in the present tests the minimum stress was held constant and the
meximim stress was varied. Thus, the points obtained from the current tests
‘are not strictly comparable to each other since the mean stresses vary. Second,
the geometry of the specimens being compared is different. The tests on a

completely reversed stress cycle were carried out on specimens of a diameter

** In Fig. 43, the point for zero root radius has been taken from Ref. 26,
relating to cracked specimens. According to Frost (12), this point is not
strictly comparable to the others, but he suggests that this represents an
upper limit to the value for zero notch radius.
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larger than the ones on zero-to-tension. Coﬁseqpently, the reduction in fatigue
strength in the larger sized speéimEns will be greéter than in the smallef sized
specimens. Third, the materials of the two investigations have different chemicel
and physical characteristics, though the difference is not great.

Also from the dates summarized in Table 8, a K% VS K.e reletionship fb;
mild steel has been constructed. This is shown in Fig. 44 on which tﬁe data
obtaihed on ASTM A7 steel from the current series of tests is also shown. The
similarity in the general shape of the relationships is noteworthy.

It will be noted from Fig. 44 that the values of critical Kt for.the
tests under comparison are very nearly equel. This suggests that for the type
of material and specimen under consideration (mild steel or ASTM A7, circular
specimens) the mean stress might not be as important a factor as the range of
stress in determining the fatigue behavior. Phillips (41) has presented results
of fatigue tests on circular specimens of mild steel with cracks which indicate
that for this material the criterion for failure is the range of sﬁress alone.
If th¢ results of cracked specimens can be taken to represent a behavior similar
to that of notched specimens, it may be assumed that for notched circular
specimens of mild steel or ASTM A7 steel, the c;iterion for failure is the range
of stress alone.

So far, the discussion has been limited to the results of ASTM A7
steel and mild steel. The other steels tested in the current investigation show
results in general agreement with those of ASTM AT stee15 However, indications
are that in high strength and quencﬁgd and tempered steels the mean stress plays
an important role in determining the behavior of notched specimens. The resulis
* obtained by Frost (12) on a quenched and tempered steel for a completely

reversed stress cycle (zero mean stress) and geometrically larger specimens than
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those used in the current inve;tigation give a different value of critical Kt
than that obtained herein for QT steél° Phillips (41) has found tﬁét for
circular specimens with cracks, the criterion for failure of a quenched and
tempered steel (and‘an aluminum alloy) is a function of both the range of
stress as well. as the mean stress. No results of tests on notched circular
(geometrically similar) specimens to give the effect of the mean stress on the
behavior of a quenched and tempered steel are availsble at the present time.

It has been assumed that the behavior of notched circular specimens
of ASTM AT steel or mild steel depends upon the range of stress alone whereas
for high strength steels, both the range of stress and the mean stress affect
the behavior. It must be emphasized that more experimental work is needed to
clarify the laws governing the fatigue behavior of these materisls. Therefore,
as a result of the above assumption, the curves presented in this report to
represent the relationship between the fatigue strength and the root radii for
the high strength steels are not valid since the test points are not comparable
insofar as the mean stress-«s conc=rned (Fig., 41). A valid relationship of
this type would have to be constructed as a variation of the range of stress,
at a constant mean stress, with the root radius§ The relationshipgfo& ASTM AT
steel is valid, however, if the ébove assumption is correct.

From the results of fatigue tests of the notched specimens it appears
that for the mafterials ihvestigated, a minimum possible fatigue sitrength exists
for each material, irrespective of the extent of stress concentration introduced.
The minimum fatigue strength for a material has already been seen to be dependent
on the absolute size of the specimen (Sec. 3.3). Consequently the maximum Ké;
which is a function of the minimum fatigue strength, is also dependent on the
absolute size. Further evidence of this is provided by a comparison of the

present results on ASTM A7 steel with those of Frost on mild steel (12). It has
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been seen from Fig. 44 that for different sizes of specimens and for different
cyclic conditions of loading, the critical Kt for these two materials is
gpproximately the same. However, the values of maximum Ké corresponding to
the values of critical K% are consideragbly different. Ignoring the fact that
the materials for these two series of tests are different and assuming that the
range of stress governs the behavior of the types of specimens under consideration,
it appegrs that the differences in the values of maximum Ké can be attributed fo
the difference in the geometry of the specimens.

The fact that an increase in fatigue strength is obtained for values of
K.t greater than the critical has a distinct effect on the shape of the Ki VS. KE
relationships. Up to the value of the critical K%, the value of Ké will increase
with an increase in Kt° Beyond the critical K%, the value of Ké will not

inerease with any further increase in K%; it will in fact decrease. Thus two
dis@ihét parts of the Ki VS, KE relationship are obtained. However, the
dependence of Ké on absolute size and the cyclic conditions of loading would
give a series of curves, the transition of each curve taking place at the
critical K% which is determined by the conditions mentioned. In the limiting
case the full theoretical effect is attained and the curve will be linear up to
the critical Kio

Thg curves representing the variation of fatigue strength with a change
in root radius and the K_ vs. K relationships (Figs. 41 and 42) have been drawn
from a limited amount of test data. It is quite likely that instead.of sharp or
sudden changes in the curves, there is a gradual transition. In bther words,
in;tead of a critical value of root radius or a critical value of Kt’ there

might be a critical: range of these values. This fact may not have been brought

out by the results of only a few series of tests.
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Before closing a aiscussion on the behavior of notched specimens of
these materials, one other observation should be made concerning the values of
Ke for QT steel. The &alues of Ké obtained for this steel along with the values
for the other steels tested are summarized in Table 9. It can be seen that for
each particular Ki, the maximum Ké obtained is for QT steel. In one particular
case gKi = 3.,80), the value of K_ obtained for QT steel is even greater than K, .
This behavior is unusual for structurél steels but, as pointed out by Peférson
(1), it is characteristic of hard, quenched and tempered steels and indicates
the increased notchasensitivity in fatigue of this group of steels.

The tests on QT steel in the heat-treated condition have demonstrated
the importance in fatigue of changes caused by such a treatment. However, with
the heat-treatment spplied in these tests it was not possible to simulate the
microstructure of a’weld heat-affected zone. The metallurgical changes produced
by welding have beeﬁ synthetically produced in this steel (29), but due to the

Qomplex process and the equipment necessary; no attempt was made to include such

specimens in the present study.

3.6. Correlationrof Experimental Results with Results Obtained From Large Joints

In Tables 10 to 13, the results of most of the available fatigue tests
of large sfructural connections and Jjoints febricated by welding and tested on a
zero=-to=-tension stress cycle have been summsrized. To facilitate a comparison
of the test results, use has been made of the parémeter Ké and the fatigue ratios
{see Sec. 1.3).

Table 10 is a summary of the average results of previous fatigue tests
on several different materials tested in the unwelded condition. A comparison of
these data has been made by considering the fatigue ratios. It can be seen that

the fatigue ratios for the-results,considered fell in a fairly narrow range, the
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minimum value being 0.385 and the maximum 0.612. It is noteworthy that the
maximum velue is obtained for the steel with the lowest UTS and the minimum
value is obtained for the steel with the highest UIS.

Tables 11, 12, end 13 summarize the results for various types of
welded joints. The values of Ké corresponding to 100,000 and 2,000,000 cycles
have been computed for these results. In general, the values of Ké for transverse
and longitudinal butt-welded Jjoints are considerably lower than those of fillet-
welded Jjoints; consequently, the latter have the lowest fatigue ratios. This
would be expected since fillet-welded Jjoints usually involve sudden changes in
section in addition to the presence of the weld resulting in greater stress
concentrations which cause greater reductions in fatigue strength.

The fatigueAratios have also been used to compare the data on welded
joints. Fig. 45 shows the fatigue ratios for both welded Jjoint and plain plate
specimens diagramatically. In Fig. 45, the diagonal lines indicate particular
values of the fatigue ratios. It can be seen that the fatigue ratios for the
plain plate fatigue testsvfall'between 0.4 apd 0.6, with only two exceptions.

The fatigue strengths obtained from the small, unnotched specimens
(Tables 3 and 4) are considerably higher than those of the large plain plate
épecimens tested in the as-rolled condition (Table 10). The difference in the
fatigue strengths appears to increase with the UTS. To bring out %he basic
reason for these differences, a number of factors showld be considered. First,
in eddition to the presence of mill scale and other surface and rolling
imperfections;, the number of external and internal defects and discontinuities
increases in the large specimens- Second, in axial fatigue tests of small,

longitudinally polished specimens, there are virtually no stress gradients in

the surface layers whereas the mill scale and surface imperfections in the

large plain plate specimens act as stress raisers to set up stress gradients in
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the surface layers. Thus, when a comparison of test results of these two types
of specimens is made, we ignore not only the difference in the external and
internal discontinuties but also the differenée in thé stressing conditions in
the surface layers of the test specimens.

Teble 14 is a summary of the results of fatigue tests of four different
steels- obtained frém tests with different types of specimens. Values of K.e have
been computed for each type of specimen aésuming that the maximum attainable
fatigue strength is that given by tpe small; polished specimens¥*. It can be
seen that the values of Ké for the large plain plate specimens %ith mill scale
increase with en increase in UIS. Similar results have also been obtained by
Wilson and Thomas (23). These results are indicative of the general trend observed
in the past and also in the present tesﬁé, l.€6; tpé results of fatigue tests of
small, longitudinally polished speclmens do not gjve a true indication of the
fatigue strength of materials under conditions encountered in practice. In
actual practice, stress raisers arising from surface imperfections, febrication
processes, and unavoidable changes of section tend to reduce the fatigue strength
considerably. The undesirable effects of these stress raisers become more
critical as the UTS is increased.

In comparing the results of the small notched specimens and large
welded connections the mejor difference is seen to be in the values of Ké‘even
though the fatigue strengths are at comparable levels. A comparison of the
velues of Ké for the two types of specimens in different steels is presented in
Table 15. It can be sesn that the values of Ké are different for comparable
fatigue strengths and that the difference increases with an increase in UTS.

The values of K  for welded connections are generally much lower than those for

* This is a reasonable assumption since these specimens were polished
- longitudinally, i.e., in the direction of =pplied stress.
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specimens with notches at comparable fatigue strengths. The base for calculation
of K.e for notched specimens is the strength of small unnotched polished specimens.
The base for calculation of Ké for the buttnwélded joint is the strength of the “
plain as-rolled plate. In all cases the strength of the plain chhined
specimens is considerably higher than the strength of the as-rolled plate.
Therefore, since the notched specimens produce the same fatiéﬁé strqutﬁ as the
butt-welded joints, the values of Ké for the two conditions must be gquite
different.

In closing this discussion, it mey be stated that our present
knowledge of the effect of notches on small specimens 1s not sufficient. It
also appears highly improbsble that a particular notch could simulate the behavior
of any one type of welded joint in all materials, since different materials
respond differently to welding as well as to geometricel stress concentratiqnso
However, partial success was attained in achieving the original objective in

that it has been possible to simulate the stress concentrating effect of welding

in a small specimen with a geometrical notch.
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IV. NOTCH-SENSITIVITY IN FATIGUE

4,1 Theoretical and Empirical Aspects

The introduction of a notch in a statically loaded member causes
the stress at the root of the notch to increase markedly. The theoretical
stress concentration factor; Ki, is.defined as the ratio of the maximum local
stress to the aversge nominal stress. Mathematical (15).as well as experimental
(32) methods are available for the determination of the maximum stress. The
average nominal stress can be computed by the elementary stress formulas.

Neuber's analysis for calculation of stress concentration factors is
based on the classical theory of elasticity of Tresca and St. Venant (15)o
However, biaxial and triaxial fatigue tests have indicated that for ductile
materials, the Huber-Mises criterion is obeyed more closely than the Tresca;
St. Venant theory. On this assumption, Peterson (16) has peresented values of
theoretical stress concentration factors for ductile materials which he has
termed K%c The value of K% is never greater than K% and the maximum possible
difference betweeﬁ the two factors is on the order of 15 per cent. The fact
that a much larger discrepancy usually exists between Ki and Ke has led to
only a limited use of the modified faétor K%o |

- Since the maximum local stress increases in proportion to K%*, it
might be expected that the fatigue strength of the notched specimens, és coqpared
to that of unnotched specimens, would be reduced in propertion to Kio Expef%mené
tally, on laboratory specimens, it has been observed that the amount of reduction
in fatigue strength is not always direcily proportiocnal to Kio The actual
reduction is called the effective stress concentration factor or the fatigue

strength factor, Kéu

* K% has not been used for any computations in this investigation.
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The so-called problem of notch-sensitivity in fatigue deals with the
correlation of theoretical and effective stress concentration factors. An index
of notch effect generally accepted in the field of fatigue of metals is:

K =1 K -1
Q=g o g
K£ -1 Ki -1

where g is the notch-sensitivity index (35). This equation gives an index of
notch effect varying from zero to unity.*
Yen and Dolan (22) have discussed and critically appraised several
criteria suggested for the correlation of K% and Ké, It is felt that in the
light of the more recent work in this field, the information on this subject has
changed to such an extent that a complete re-examination of the problem is required.
Until recent years, it was thought that Ke would always be less than
Kt"

on laboratory specimens was obtained mostly from the soft steels. But recent

Peterson has attributed this conclusion to the fact that fatigue test data

work on quenched and tempered steels has indicated that K can exceed K, (14).
It has also been observed that Ké increase§ with an increase in the size éf fhe
specimen (13, 33, 34).

The factors influencing notch;sensitivity caﬁ, in general; be grouped
under two broad titles, material characteristics and state of stress. Under
material characteristics, the ultimate temsile strength (13), plastic deformation
(36) , metallurgicsl structure (17), and hardness level (37) are factors which

ﬁave been investigated.

¥ This assumes thet K can never exceed K It has, however, been observed

- that for certain ma%erials, it is possi%le to have K greater than K% and

hence a notch-sensitivity index greater than unity (See Sec. 3.5 end Ref. 14).
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Under the heading state of stress all the variables which can alter
a given state of stress, e.g., stress gradients, homogeniéty, inclusions, non;
propagating and propagating cracks, residual stresses, geometry of specimen,
cyclic conditions of loading, etc. should be included. It is felt that one of
the reasons why the problem of notch-sensitivity has defied solution for such a
long period of time is the fact that the effect of the state of stress has not
been given due importance.

The state of stress may also be affected by the so-called size effect
observed by several investigators (15; 3%, 34). This apparently is not a true
size effect. An increase in the size of an element usually involves two
importaht considerations. First, an increase occurs in the number of locations
within the material which are possible points of crack initiation. Furthermore,
the increase in surface area increases the number of various external defects
due to mechanical and surface treatments. Second, in geometrically similar
members, an increase in size changes the stress conditions at the surface since
the stress gradient diminishes. Thus the state of stress at the surface layers
will be different in a small member from that in & large one. To determine the
dependence of true or intrinsic size effect on the increase in the number of
internal and external discontinuities; it is necessary tc carry out fatigue
tests under stress conditions which are similar at each point of the surface
layer in both the large and small members (i.e., the stress gradients are equal).

As pointed out by Uzhik (21), investigators who claim a size effect
have studied the problem under conditions of simultaneous action of these two
variables-~-the discontinuity of stress and the discontinuity of the material.
Uzhik (21) has claimed, however, that under conditions in which the relative
stress gradlents are equal, no intrinsic size effect has been observed, even in

axially stressed notched specimens. Uzhik has alsc presented the mathematical
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condition to provide similarity of stress conditions in the surface layers in

the form:

RN
dy O hax. dy " ©

8- spec 2

where %% is the rate of change of longitudinal normal stress with respect to a
movement along the dismetral axis. Stated in words, this means that the relative
stress gradients at the surfaces must be equal.

The fact that no size effect has been observed in tests which have
provided for continuity of stress conditions at the surface layers lends weight
to Uzhik's arguments. Such tests have been reported by Phillips and Heywood (15)°
No size effect has been observed by these investigators in plain unnotched H
specimens tested under axial loading over a considerable range of sizes since
under such conditions no stress gradients are present. However, a size effect
in plain unnotched specimens tested in rotating-bending has been observed (34).
This can be explained by the stress gradient hypothesis since the stress gfadient
diminishes with an increase in size and hence may be iny an apparent size effect.
In tests of notched specimens, in which a stress gradient is always present, a
sizé effect has again been observed (13, 33). |

An explanation of the effect of decreasing the magnitude of the stress
gradient by increasing the size has been offered by Peterson (59)° According to
this explanation, a decrease in the magnitude of the relative stress gradient at
the surface layer lowers the ability of the material to deform plastically, thus
introducing micro-cracks when stressed. These micro-cracks form the nuclei for
fatigue cracks and hence decrease the”fatigue strength. When the stress gradient

at the surface layer is steep, the material is less notch-sensitive because
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fatigue cracks are more difficult to initiate and propagation across the grains
is hindered, thus resulting in a higher fatigue strength.

Phillips and Heywood (13) have offered a slightly different explanation
of the stress gradient hypothesis which postulates that a relatively steep
stress gradient causes a smaller reduction in fatigue strength than a mild one.
By their explanation the critical operative factor is the average stress over a
finite volume of material. With smaller members or with notches of small radii,
the steep stress gradients produced cause the average stress over the particular
finite volume-@o be-gonsiderably less than the maximum; thus the reduction in
fatigue strength is small. With larger members or with large radii notches the
stress gradient is not so steep; therefore, the average stress over the same
finite volume cf material is not much less than the maximum and a greater
reduction in fatigue strength results.

Thus far; it ‘has been pointed out that the so-called size effect may
not be a true size effect but only an apparent one. It is easily seen that ény
factor which causes an internal or external discontinuity changes the stress
gradient. Non-propagating cracks have been seen to increase the fatigue strength.
It is thought that this is related to the stress gradient effect° Specimens
with cracks, tested in fatigue, have shown effective stress concentration
factors of the order of 2 to 3 depending on the material (26). This, too, appears
to be due to the steep stress gradients introduced by the cracks. Internal
inclusions would probably act in a manner similar to craéks but very little
information is available on this subject. |

From the discussion presented and from the results of numerous investi-
gations it may be concluded that the actual reduction in fatigue strength is a
function of the geometry of the specimen; the extent of stress concentration,

the cyclic conditions of loading, and the material characteristics. With steep
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stress gradients (obtained with small specimens and sharp notches), the value of
Ke increases. Thus the results of small laboratory fatigue tests of notched
specimens would only be of limited use for application to large structures with
similar stress concentrations unless the stress gradients in the two conditions
are equal.

It has been implied, though actuallyrnot stated, that under conditions
encountered in practice, theoretical stress concentration factors could be used
in applications where repeated loadings are critical. DPeterson has also made
such a suggestion (14). It is, however, essential that caution be exercised in
their application to ultra high strength quenched and tempered steels since
these materials are very notch sensitive and Ké can exceed Kto

Any discussion of the problem of notch-sensitivity would be incomplete
without examining the equation for the notch-sensitivity index (q = Ke - l/Ki - 1)
in the liéht of current results. On the basis of the suggestion that full the-
oretical stress concentration factors be used, this eguation actually becomes
unnecessary. This equation has, however, been used extensively to determine
values of Ké using Peterson's relation between the notch-sensitivity index and
the root radius of the notch. Such relations have been presented by Peterson on
thg assumption.that aé Kt increases, the fatigue strength decreases. The results
of the present tests (and those of other investigators) have shown that tﬁis is
got so and that above a critical Kﬁ the fatigue strength increases rather than
decreases. This has a marked effect on the relation between the notch-
sensitivity index and the root radius.

From the data obtained in this investigation; calculations of notch-
sensitivity index, g, have been made for the different steels and are presented

in Tables 5, 6, and 7. These values are shown diagrammatically in Fig. 46. The

effect of the presence of a critical root radius (corresponding to the critical
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notch severity) can be distinctly seen in that the rate at which g, the notch-
sensitivity index, increases from zero to the value corresponding to the critical
root radius is greater than the rate of increase of q.above the critical root
radius. In other words, the variation of q is not smooth but shows transition

at (or in the region of) the critical root radius.

The fact that Ké (and g) is a function of the geometry of a specimen:
asbwell as the cyclic conditions of loading means that a particular relationship
between q and root radius is velid only for the conditions under which it is
derived. The notch-sensitivity index will increase with an increase in the
absolute size and will change if either the mean stress or the range of stress
is chaﬁged° Consequently, a series of such relationships would be obtained

for different experimental conditions.

4.2 The Significance of Non-Propagating Cracks

During the past few years, much information has been published on the
subject of non-propagating cracks, the conditions under which they form, and
their characteristics. Reference has been made in this report to such cracks as
a possible explanation of the observed behavior of notched specimens. It is
felt that a discussion of this topic is warranted since non-propagating cracks
appear to play a vitel role in determining the fatigue behavior of notched
specimens.

As the name suggests,; non-propagating cracks are cracks which do not
propegate under conditions in which they form. In 1951, Fenner; Owen, and
Phillips (31) ghowed that under reversed direct stress at zero mean stress, a
fatigue crack could form at low nominel stresses in less than 50,000 cycles of
loading at the root of notched specimens of mild steel. It was found that at
the low nominal stress under which the crack formed, no further growth of the

crack occurred, even after 100 million cycles of loading.
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In 1955, Frost (30) carried out a series of tests on an aluminum alloy
and found results similar to the agbove. Crack depths were measured and compared
with the theoretical¥* depth of material at the rocot of & notch which was sub-
jected to a stress gfeater than the nominal fatigue strength of the virgin
material. Excellent agreemént was obtained between the measured crack lengths
and the theoretical values.

ﬂbre recently, Frost attempted to experimentally define the conditions
of formation of non-propagating cracks in circular specimens with circumferential
notches under reversed direct stress and zero mean stress (12). His results
showed that non-propegating cracks form at or above a certain value of K% at
stresses below*¥ the nominal endurance of the specimen. Below this value of K%,
non-propagating cracks do not form, ioey; all,crabks will be propagating. The
results show that the X, below which non-propagating cracks doc not form

t
coincides with the K, above which no further reduction in fatigue strength

t

occurs, the critical Kio Frost has attributed the observed behavior of notched
specimens to the formation of non~p;0pégating cracks which necessarily bring
about a vital change in the state of stress around the notch root. This is
discussed later. It should be mentioned here that in the investigation under
reference, no tests to determine the effect of mean stress.on the formation of
cracks were made.

In a later investigation, Frost and Dugdale (42) outlined the

conditions for obtaining non-propagating cracks in notched plate specimens. Tests

were conductéd to investigate the effect of mean stress as well as range of

* Using the maximum principal stress theory, assuming a deep hyperbolic notch.

*% There is also & lower limit to the nominal stress below which no cracking
occurs.
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stress. The results of this investigation suggested that for plate type
specimens, the initiation of cracks is governed by'the range of stress. This
initiating stress was foﬁnd to agree falirly well with the theoretical stress
necessary to initiate a crack (obtained by dividing the endurance limit of the
virgin material by the theoretical stress concentration factor). On the other
hand, for the variation of mean stress and the range of stress investigated, the
stress necéésary for the growth of the cracks was found to be independent of the
notch radius. At the same time, unless the compressive mean stress is too
great, the growth of a crack was .found to depend on the greatest tensile stress
in the cycle. It thus appears that both the range of stress as well as the
mean cyclic stress are important factors in determining the initiation and
propagation of cracks in plate type notched specimensa

At present it is not known whether the observations of the conditions
of formation of cracks made on plate type notched specimens can be extended to
circular specimens and vice versa. There is some evidence, however, that the
behavior of fatigue cracks in thin sheet metal is quite different from that of
cracks in thicker plates and circular specimens (41).

Phillips {41) reported some data on the behavior of specimens with
cracks as stress raisers. No evidence was found to substantiate the general
feeling that cracks are the most effective form of stress raisers. Strength
reduction factors for cracks, under conditions of zero mean stress were found to
be fairly low (on the order of 2 to 3). In addition, these factors were found
to be almost as high for mild steel as for a high strengtﬁ, guenched and tempered
steel. However, the effect of cyclic conditions on the behavior of a crack was
found to be dependent not only on the material but also on the type of specimen.
For cracked, circular specimens of mild steel, the range of stress at the endur-

ance limit was found to be the same for a cycle of positive or temnsile mean
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stress as for a cycle of zero mean stress. It must be emphasized that this

behavior is confined to mild steel. According to Phillips, similar work on a
guenched and tempered steel (and an eluminum alloy) indicated that the maximum
tensile stress of the cycle at fhe endurance limit cannot exceed that of a
cycle with zero mean stress. Thus, for circulaf specimens in the cracked
condition, the criterion of fatigue failure for mild steel appears to be the
range of stress whereas for the guenched and tempered steel (and the aluminum
alloy), the criterion is the maximum (tensile) stress.

Summarizing the above discuésion, it can be said that the behavior.
(initiation and propagation) of cracks is dependent on the material, type of
specimen, extent of stress concentration; and the cyclic conditions of loading.
It may also be said that cracks are not the most effective type of stress
concentration.

A tentative explanation of the effect of the formation of non-
propagating cracks has been offered by Frost (56) on the basis of stress
gradients and the finite volumes or the layer theory. Coffin (43) has given an
explanation based on cyclic plastic strains. The explanation of tﬁe action of
non-propagating cracks given by Frost (30) is based on experimental obs"er*_:rag;ions°
The agreement of measured full grown cfack lengths with that of theoretical '
depths of material subjected to stresses greater than the endurance of the
virgin material has already been mentioned. This depth of material depends on
the stress field generated by the notch. The non-propagation of cracks ,suggests
that the critical operetive factor is the average stress over a finite volume
of material, i.e., the so-called layer theory. The layer theory explains the
reason why sharp notched specimens with cracks may be stronger than ones which
are not so sharp or without cracks. The stress gradients set up by a sharp

notch or a crack will be so steep that a high superimposed stress is necessary to
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create a stress of sufficient magnitude over the eritical layer of material.

Under no superimposed stress, steep stress gradieﬁts cause an average stress

over the critical layer or finite volume which is less than the maximum, thus
causing a smaller redﬁéﬁioﬁ in fatigue strength.

The stress field generated by a crack, when superimposed on the
stress field of the notch, gives an intermediate stress field {26). This would
mean that the resultant stress field broadengu"Thiszresultant stress field will:
ultimately be the decisive factor in determining the nature of the crack. Since
the stress gradient at the tip of a crack is always very steep, the stréss
gradient generated by the theoretical stress concentration will ﬁlay an
important role. fhe resultant gradiept caused by a high Ki will be steeper
than one caused by a low Ki, and as explained before, will cause less damage.

The explanation given by Coffin (45) to explain the non-propagation of
cracks is based on the assumptioﬁ that a.small crack can transmit compression
without any stress concentrating effect of the crack. Coffin reasons that under
the action of an external cyclic logd the stress and strain are fully reversed
for a notch, but when a crack is present the full reversal does not occur. For
a stress concentration to occur in compression, the crack must grow to a length
beyond the influénce of the notch. According tc Coffin, when the notch plastic
strain is low in relation to the plastic strain at the tip of the crack,. the
crack will continue to propagate. This mechanism has been used to explain
experimental observations. Since the plastic strain would not change
significantly due to the change in mean stress in a cycle, this has been
interpreted to mean that the mdén stress would not affect the stress necessary
to initiate a crack. It has been observed that a tensile mean stress requires
& higher K_ for the formation of non-propagating cracks (42) . This means that

the cyclic plastic strain i1s increased due to the opening up of the crabk during
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a greater portion of the cycle. On the other hand, a compressive mean stress
has been observed to require a lower Kt for the formation of non-propagating
cracks. This follows as a result of the decrease in the cyclic plastic strain
due to the closing of the crack in a greater portion of the cycle.

It might be added that the shapes of the cracks are, generally, not
very important. This stems from the experimental observation made by Post (Lk)
that the stress gradient around the tip of a crack is so severe that the shépe
of the crack has a negligible effect on its aistribution° This, of course,
is confined to the normal cracks observed and does not hold for very large

cracks.

4.3 Microscopic‘Examination of the Roofs of Notched Specimens

Iﬁ the current investigation, microscopic examination of the roots of
notched specimens of ASTM A7 steel were mede. All the specimens which did not
fail were sectioned, polished, and etched* in the usual menner. The speciﬁens
were examined at magnifications up to 500 and the results are presented in Table
16. Photographs of typical cracks are presented in Figs. 47 through 51.

Cracks were found in all the §pecimens examined. In certain cases,
rather broad cracks were present wherea§ in others extensive local breakdown
appears to have occurred at the notch root. Most of the cracks were highly
irregular in shape. |

In this material, four specimens were examined which had a theoretical
stress .concentration factor, Ki, greater than the critical‘(ice,, beyond which
the fatigue strength increased instead of decreasing). These are specimens
 ASS-272, 269, 281, and 280. In specimens ASS-272 and 269, (Figs. 48 and 49) the

cracks were fairly regular but those in specimen ASS-281 (Fig. 48) were very

¥ Using two per'cent Nital.
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_irregular. In this specimen, extensive breakdown at the root of the notch seems
to have occurred. Some secondary cracking also'appears to have begun. In
specimen ASS-280 (Fig. 48), the crack is regular but it is accompanied by
extensive loqal breakdown at the roo% of the notch. The stresses used for these
specimens were such that failure did not occur in Q?OO0,000 cycles; presumably
these stresses were very close to the endurance limit. It may be menﬁioned thatv
the lives of the speqimens were such that positive identification of a non;
propagating crack was virtuaelly impossible. However, because these specimens had
a Ki gfeater than the critical, these cracks were most probably non-propagating.
Phillips made the observation (41) on cracked specimens that the mean stress has
nc effect on the behavior of cracks in mild steel. This means that the conditions
cutlined by Frost for zero mean load apply to the results of the present tests

on a tensile mean load. Th?s lends weight to the thought that these cracks

were non-propagating. In addition, tests were cbnducted on a constant load
fatigue machine; therefore, if a crack formed it should have propagated %o
failure unless other factors inhibited such propagation.

In all the other specimens examined, the value of Ki was less than the
critical. All these specimensﬂcontained cracks. As mentioned in Sect. 4.2, the
conditions cutlined by Frost may also bé applied here. According to these
condipions non-propagating cracks in these specimens cannot form. The presence
of cracks in these specimens would then indicate that these cracks were
propagating and that the stresses at which the cracks formed were either at or
above the nominal endurance limit. It is quite possible that these specimens
would have fractured if the tests had been continued longer. Some>evidence of
this possibility has been offered by Hyler and co-workers (46). According to
*his evidence, propegation of a fatigue crack ié quite slow over a considerable

ﬁortion of the life of a specimen. However, at some stage acceleration of the
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propagation of the crack may take place and final failure may QcCur at a small
percentage of the total life. Such an observation has been made by other
investigators (47, 48). In addition, Head states that a crack could initiate
at as early as 10 per cent of the estimated 1life and spend the rest in
propagating (40).

The shapes of the cracks in the specimens with K%‘less than the
critical is again highly irregular (Figs. 49 to 51). Specimen ASS~2h2; shown
in Fig. 50 reveals extensive local breakdown at the root of the notch.

The essential details of the observations of the cracks can be
summarized as follows:

(a) Cfacks usually form perpendicular to the direction of loading
and seem to grow indiscriminately, passiﬁg through the grains.

(b) Fatigue cracks may initiate on the surface at some distance
away from the minimum section diameter.

(c) Extensive localized breakdown of material may occur at the root
of the notch.

(d) Localized breakdown of grains in the path of the crack may occur.

(e) The contour of the root of the notch may be altered as a
consequencé of the deformation during cyclic stressing. (See Fig-. 47?)

In this discussion, the effect of machining strésses and cold wo;king
introduced in machining the notches has not been considered. Experimental evid-
ence suggests, however, that although the surface finish of a notch may sppreci-
ably change the fatigue 1ife, the growth of cracks is independent of the surface
state (46, 49).

In closing this discussion, it must be stated that the results of the
microscopic examination of the roots of specimens of ASTM AT steel are not con-

clusive in themselves. The nature and conditions of formation of non-propagating
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cracks was not the primary objective of the study at hand, hence the tests were
in general terminated in less than four million cycles. The roots of notched
specimens of steels other than ASTM AT were not examined since the conditions

of formation of cracks in these steels under conditions of tensile mean load

are as yet unknown.
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V. SUMMARY

The results of the present investigation héye thrown considerable
light on the tasic fatigue behavior of notched members, and an attempt has
been made in the preceeding chapters tp emphasize the role of the significant
variables. Only during the past decade has a concentyated effort been directed
at understanding the basic action of stress concentrations in fatigue as
coﬁpared to the earlier empirical and semi-empirical approaches. The authors
hesitate to draw conclusions in this developing field of study for the simple
reason that as yet there is insufficient data for an acceptable theory of the
nature of initiation and propagation of fatigue failures. However, the general
pattern of the possible overall solution to the problem is graduaslly emerging.

- Some of the more important observations made as a result of this

study are: |

(a) In small (circular) notched specimens, there exists a critical
notch severity which when exceeded does not cause any further decrease in fati-
gue strength and may actually cause an increase in fatlgue strength. The
critical notch severity at which transition in behavior takes place appears to
be depeﬁdent on the material characteristics, the geometry of the specimen, and
the cyclic conditions of loading (the range of stress_as well as the mean
stress). The critical or maximum value of Ké is governed by the same factors.

{b) In general, values of K_ obtained were found to be less than K.
AEbwevér, for QT steel (a quenched and tempered, fine grained material) values of
ké greater than Kt may be obtained. In addition, the variation in fatigue
strength with a change in Kf is not as great in the quenched and tempered steel

as it is in low carbon (ASTM AT) or low alloy (ASTM A242) steel.
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(¢c) The relationship between Ki and Ké can be separated into two
distinct pér‘gso Below the critical Ki, Ké decreases. In the limiting case,

Ké will be equa;kto K% up ﬁo/the critical K% and thefpp elther decrease or attain
a constant value. '

(d) Changing the original metallurgical structuré of QT steel by
heat-treatment causes the fatigue strength of notched specimens in this steel
to drop apprecisbly. However, if the notch is introduced after the original
metallurgical structure has been changed; the fatigue strength increases instead
of decreasing. This suggests the vital role played by the decarburization
introduced in the process of changing the original metallurgical structure.

(e) It esppears possible to simulate the stress concentrating effects
of welding in any material by means of a geometricel notch. However, it does
not appear possible to simulate these effects in all materials by means of a
single notch configuration. This is due not oniyito the different response of
materials to the effect of stress concentrations but also to the metallurgical
effects of welding.

(f) The fatigue strength of large unwelded specimens is considerably
lower thanvthat of smail polished specimen§o This is primerily attributable to
the increase in internal defects and to sﬁrface conditions such as rolling
impérfections and mill scale. This difference én fatigue strength appears to
increase with an increase in the‘UTS of the material.

(g) At«present;wno proven relgﬁi;nship exists by which the results
of fatigue'tests of small-scale specimens with stress concentrations can be
extrapolated for determining the effect of similar stress concentrations on
large-scale applications. It is therefore suggested that fpr members with

stress concentrations employed in usudl practice, the full theoretical stress
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concentration effect be used with the limiting theoretical effect being the
critical value of K% for the particular material, type of member, aﬁd cyclic
conditions of stress...

In members with stress concentrations which are subject to limitations
of size and weight, fatigue tests of the full-sized members should be conducted
to determine the extent of actual reduction in fatigue strength and the member
then designed accordingly until a method of extrapolating fatigue strengths from
laboratory specimens is developed. Pending such a development, the use of the

full theoretical stress‘concentration will lead to conservative designs if

fatigue tests of the full-sized members are not conducted.
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IABLE 1

CHEMICAL COMPOSITION OF STEEL PLATES

Chemical Content in Percent*

Steel Designation - Vo B 5 51 tu or ML AL Va o
ASTM AT 8 0.17 0.68 0.016 0.039 0.03 ND ND ND ND ND ND
QT C 0.15 0.8%5 0.013 0.015 0.28 0.19 0.54 0.93 0.031 ND ND

%
ASTM A242 B 0.25 1.05 0.022 0.027 0.09 0.27 0.10 0.65 None 0.13 0.02
ASTM A242 R 0.13 0.42 0.066 0.025 0.43 0.33 0.93 0.28 None 0.20 0.01

*
Check Analysis

%
Designated as T in Ref. 6

ND--Not Determined

=vg-



TABLE 2

PHYSICAL PROPERTIES OF STEEL PLATES

Steel Designation Yield Strength Ultimate Tensile Strength Elongetion Reduction in Area
psi psi percent percent
. ht KH
ASTM AT S 34,500 56,900 33,0 62.0
K
ASTM Aoke Bt 47,800 73,600 27.0 58.0
HHH
ASTM A242 R 49,900 75,500 28.5 69.3
* *¥
QT C 111,900 126,600 22.0 69.1
HHHH * HK
C 97,000 134,100 15.7 55.4

%
Based on 0.2 percent offset

*¥%
Based on 2 in. gage length

*

** .
Based on 8 in. gage length

W 0
Material heated to 1650 F. and allowed to air cool

t Designated as T in Ref. 6

=GG-
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TABLE 3
RESULTS OF FATIGUE TESTS OF SMALL

POLISHED SPECIMENS IN THE UNNOTCHED CONDITION

Fatigue Strength Yield Strength

Steel Zero-to-Tension Fatigue Ratio TS
psi
ASTM AT 47,000 0.826 - 0.608
ASTM A242 (B) 62,000 0.842 0.650
ASTM A242 (R) 68,000 0.900 0.660
QT 122,000 0.964 0.884
TABLE 4
RESULTS OF FATIGUE TESTS OF SMALL ROUGH-TURNED
SPECIMENS IN THE UNNOTCHED CONDITION
Fatigue Strength
Steel Zero-to-Tension Fatigue Ratio
psi
ASTM A242 (B) 54,000 0.732
ASTM A242 (R) 61,000 ' 0.809
QT 106,000 0.837




TABLE 5

SUMMARY OF RESULTS OF AXIAL FATIGUE TESTS ON ASTM A7 STEEL

Specimen Diameter .,  Notch Details ’ Fatigue Strength
Series in. A Kt Zero-to-Tension 4K,e q
D d ‘p, in. a, deg. psl

Assf 0.375 .. _ - 1.00 47,000 o i.oo -
ASS-V100  0.500 0.400  0.0100 60 3.80 21,500 2.19  0.k4es
ASS-V80 0.500 0.400  0.0080 60 4.20 21,250ff 2.2  0.378
ASS-VT5 0.500 0.4500  0.0075 0 4.35 21,000 2.24  0.370
ASS-V65 0.500 0.400 0.0065 60 4.65 20;500 2.29 0.353
ASS-V50 0.500 0.400  0.0050 60 5.5 19,000 2.47  0.354
ASS-V35 ~  0.500 0.400 0.0035 60 6.00 20,000 2,35 0.270
ASS-V25 0.500 0.400  0.0025 éq . 7.00 25,000 1.88  0.146
ASS-P50 0.500 0.437  0.0050 30 4,75 21,000 : 2.2k -
Ass-Q50 0.500 0.422  0.0050 30 4.9 23,000 “ 2.05 -
ASS-Y 0.500 0.400 Flat Notch 60 - 22,000 . 2.14 -

.*~ - :
Unnotched, longitudinglly polished

o
Estimated value, see Fig. 16



TABLE 6

SUMMARY OF RESULTS OF AXIAL FATIGUE TESTS ON AST™™ A242 STEELS

Specimen Diameter Fatigue Strength

Series in. ' Notch Details K, (Zero-to-Tension) K, q
D a4 - P, in. o, deg. psi

STEEL 'B' .

ASB" 0.250 mmemm e -- 1.00 62,000 1.00  cmee-
AsB Y 0.250  mmmee emmmmmeees - —- 54,000 1,15 mmmee
ASB-V100 0.500 0.400 0.0100 60 3.80 23,000 . 2.70 0.607
ASB-VT5 0.500 0.400 0.0075 60 4,35 22,000 2,82 0.543
ASB-V50 0.500 0.400 0.0050 60 5.15 21,000 - 2.95 0.470
ASB-v25 0.500 0.400 0,0025 60 7.00 28,000 2.21 0.202
ASB-Q50 0.500 O.k422 0.0050 30 k.96 19,000 326 meeee
ASB-Y © 0.500 0.400 Flat Notch 60 S 23,500 2.64 oo
STEEL 'R’

ASR" 0.250 . emmee e -- 1.00 68,000 1.00  eeee-
ASRTY 0.250  cmmem oo - ———— 61,000 1011 e
ASR-V100 0.500 0.400 0.0100 60 3.80 23,500 2.90 0.679
ASR-V50 0,500 0.400 0.0050 60 5.15 | 26,000 2.61 0.388
ASR-V25 0.500 0.400 0.0025 60 7.00 32,000 2.13 0.188

*
Unnotched, Longitudinelly polished

Hi
Unnotched, Rough turned

_QQ-



TABLE T

SUMMARY OF RESULTS OF AXIAL FATIGUE TESTS ON QT STEEL

Series

Specimen Dismeter

Notch Details

Fatigue Strength
(Zero-to-Tension)

D ! p, in. a, deg. Kt psi Ke q
Asc” 0.250  mmmem e -- 1.00 122,000 1.00  emme-
e
AsC 0.250 ©  m=m==  emmeeaaan -- ———- 106,000 I R
ASC-V100 0.500 0.400 0.0100 60 3.80 26,000 L. 70 1.321
M
ASC-V100a, 0.500 0.400 0.0100 60 3.80 23,000 T
FFRee
ASC-V100b 0.500 0.400 0.0100 60 3.80 29,000 mmmm mmeae
ASC-V50 0.500 0.400 0.0050 60 5.15 27,000 4.52 0.848
0
ASC-V50a 0.500 0.400 0.0050 60 5.15 19,000 e ————
ASC-V25 0.500 0.400 0.0025 60 7.00 28,000 k.36 0.560
ASC-Y 0.500 0.400 Flat Notch 60 ———— 35,000 3,49 eemaa

.
Unnotched, Longitudinally polished

*¥%
Unnotched, Raugh turned

*

RARH o .
Heated to 1650 F., Air cooled, Notched after heat treatment.

W
Heated to 1650°F., Air cooled, Notched before heat treatment.



TABLE 8

SUMMARY OF RESUITé OF AXTAL FATIGUE TESTS ON
NOTCBED SPECIMENS FROM OTHER INVESTIGATIONS

=

Specimen Piameter Fatigue
Ay i L@ Lo *
Material o iy 1t Strength X X
D d p, in.- a, deg. psi t e Ref.
MILD STEEL 0.977 - -- 31,360 S S 12
0.15 C
o.ug i 1.700 1.30 0.050 55 9,520 3.% 3.3 12
0.014 8 1.700 1.30 0.010 55 8,400 6.6 3.7 12
0.015 P '
UTS = 65.0 ksl 1.700 1.30 0.00k 55 7,620 10.0 b1 12
MILD STEEL 0.560 mm—e emmeeee <k - 32,260 ———— ——— 13
0.11 C '
0.43 Ma 1.700 1.30 0.025 55 8,510 by 3.8 13
0.021 P 1.700 1.30 0.002 55 8,510 14.0 3.8 13
0.012 S ;
UTS = 58.7 ksi 1.700 1.30 0.200 - 15,000 1.9 2.15 13

Corresponding to the endurance limit on a completely reversed stress cycle.

Semi-circular groove.

_09_



TABLE 8 (Cont'd)

SUMMARY OF RESULTS OF AXIAL FATIGUE TESTS ON
NOTCHED SPECTMENS FROM OTHER INVESTIGATIONS

Specimen Diameter

i Fatigue
Material =0 - Notch Details Strength* K X

D a P, in. o, deg. psi t e Ref.

‘ 0.977 = =====  me=eea- - 82, 400 e R 13

Ni-Cr STEEL 0.990 0.850 0.0050 55 16,900 4.6 4.6 12

8?22 ;n 1.250 0.850 0.0050 55 11,300 8.0 7.9 12

0.012 § 1.700 1.300 0.0020 55 10, 500 14.0 7.9 13

g‘ging 1.700 1.300 0.0250 55 17,200 5.0 4.8 13

0.75 Cr 0.56k4 0.524 0.0025 55 34,200 5.8 2.4 13
0.58 Mo
0.05 Va
0.%2 si

UTS = 141.0 ksi

*
Corresponding to the endurance limit on a completely reversed stress cycle.

m"[9—
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i TABLE

SUMMARY OF EFFECTIVE STRESS
CONCENTRATION FACTORS FOR STEELS INVESTIGATED

*
Values of Ke Obtained

Notch K

© A7(S) A242(B) A242(R) Qr(c)
V100 3,80 2.19 2.70 2.90 4. 70
V75 4.35 2.2k 2.82 - -—--
V50 5.15 2.u7 2.95  2.61 k.52
V25 7.00 1.88 2.21 2.13 4.36
Q50 4.96 2.07 . 3.26 ———- ————
Y -—-- 2.1k4 2.64 ——— 3.49

*
Effective stress concentration factor for g fatigue strength corresponding to a
© fatigue life of 2,000,000 cycles on a zero-to-tension stress cycle.



TABIE 10

AVERAGE RESULTS OF PREVIOUS AXTAL FATIGUE TESTS ON PLAIN PLATE
SPECIMENS ON A ZERO-TO-TENSION STRESS CYCLE

Fatigue Strength, psi

Fatigue Ratio Ref.

Material UTs Thickness  Width Surface Condition 7 7
psi in. in. 100,000 2,000,000

A7 57,400 3/l 5 as-rolled 53,500 34,600 0.602 1
A7 57, 400 3/h 5 mill scale off = = =----- 35,300, 0.612 1
A7 54,500 3/h 5 as-rolled = ==mm-- 30,300, 0.555 2
Si Steel 80,700 3/h 5 as-rolled = =mme-- 35,800 0. kkh 2
AT 61,300 7/8 5 as-rolled 49,800 31,600 0.51h 3
A7 61,300 7/8 5 mill scale off 59,600 mm=me= e 3
AT 58,900 1/2 3 as-rolled 49,100 3L, 700 0.590 5
A7 58,900 7/8 5 as-rolled 44, 500 29, 500 0.501 5
A2ho (P) 76,700 3/ n as-rolled 53,500 38,500 0.502 6
A2k2 (T) 73,600 3/4 i as-rolled’ 57,800 k2,500 0.577 6
A242 (Q) 77,600 3/4 L as-rolled 55,300 40,000 0.515 6
QT 107,000 3/4 3 1/2 as-rolled 62,200 11,100 0.385 7
T-1 123,000 1/2 3 1/2 as-rolled 76,000 50,000 0.407 8
A7 57, 400 3/ L 5 as-rolled 53, 500 3k, 600 0.603 10
AT 63,800 3/L 5 as-rolled O 11
C Steel 61,800 3/h 5 as-rolled = mm=me- 30, 300 0.490 23
Si Steel 80,800 3/h 5 as-rolled = = ~---a- 35,800 0.44%0 23
Ni Steel 99,000 3/4 5 as-rolled = m-m=-- 39, 500 0.400 23

*
Data taken from Ref. 23

- g9=,



TABLE 11

AVERAGE RESULTS OF PREVIOUS AXTAL FATIGUE TESTS ON TRANSVERSE
BUTT WELDED JOINTS ON A ZERO-TO-TENSION STRESS CYCLE

len g’ﬁh Fatigue $trength Ke gog inmber Fatigue
Material UTS Thickness Electrode Reinforcement  of F pSlF - - O 2y Cog Ratio  Ref.
psi in. , Weld,in. 100,000 2,000,000 100,000 2,000,000

AT 57, 400 3/h E6010 on 5 34,900 2l4,000 1.54 1.h44 0.418 1
A7 57, 400 3/4 B6010 off 5 33,300 21,800 1.60 1.59 0.380 1
AT 57,400 3/h ET016 on 5 37,900 23,800 1.41 1.46 0.415 1
AT 57, 400 3/h ET7016 . off 5 35,400 29,100 1.51 1.19 0.508 1
A7 54, 500 3/4 - on 5 1/2 - 21,800 - 1.40 0.400 2
AT 5.4, 500 3/h - off 51/2 - 27,900 - 1.08 0.511 2
AT 54,500 3/4 - on 5 1/2 - 22,800 - 1.33 0.419 2
Si Steel 80,700 3/h C-Mo type on 6 - 24,000 - 1.49 0.298 2
Si Steel 80,700 3/4 C-Mo type off 6 - 23,700 - 1.51 0.294 2
© AT 61, 300 7/8 - on 5 33,100 22,500 1.51 TUL.hl 0.366 3
AT 61,300 7/8 - off 5 44, 500 26,300 1.12 . 1.20 0.429 3
AT 59,000 7/8 E6012 on 5 34,700 21, 200 1.41 1.46 0.360 L
AT 62,300 7/8 " E6030 on 5 31,600 21, 500 1.54 1.h44 0.345 b
AT 60, 200 7/8 E6010 on 5 30,800 21, 200 1.59 1.46 0.351 h
AT 63,300 7/8 - on 5 34,000 22,300 1.44 1.39 0.351 y
AT 58,900 1/2 E6010 off 3 35,600 28,900 1.38 1.20 0.490 5
AT 58,900 1/2 E6012 off 3 38,100 26, 500 1.29 1.31 0.451 5
A242 (P) 76,700 3/k E7016 on L 38,600 26,300 1.38 1.47 0.344 6
A2h2 (T) 73,600 3/h MIL180 on L 39,400 26,700 1.47 1.58 0.364 6
A2h2 (Q) 77,600 3/h MIL180 on L 39,400 - 1.40, - x - 6
A242 (R) 75, 500 3/h ET7016 on 5 3k,000 2k, 100 1.64 1.60 0.319 7
QT 107,000 3/h E11016 on 5 38,100 25,600 1.63 1.60° 0.24%0 7
Qr 107,000 3/h E12016 on 5 38,800 24,900 1.61 1.65 0.233 7
QT 107,000 3/k E11016 of f 5 42,500 27,600 1.46 1.%9 0.259 7
T-1 123,000 1/2 E12015 on 3 1/2 50,000 21,000 1.52 2.38 0.171 8

%
, Estimated values.

.,179..



TABLE 12

AVERAGE RESULTS OF PREVIOUS AXTAL FATIGUE TESTS ON LONGITUDINAL
BUTT WELDED JOINTS ON A ZERO-TO-TENSION STRESS CYCLE

Length Fatigue Strength K AfOr’ Number Fatigue
Material UTS Thickness Electrode Reinforcememnt of F »psiF of Cycles Ratio Ref.
psi in. Weld,in. 100,000 ~ 2,000,000 100,000 2,600,000
AT 57, 400 3/h E6010 on 20 37,400 2k, 500 1.h4 1.42 0.426 1
AT 57,400 3/l E6010 of f 20 39,800 29,600 1.34% 1.17 0.515 1
A7 57, 400 3/h ET016 on 20 41,700 26,300 1.28 1.32 0.457 1
AT 5T, 400 3/h ET016 of f 20 48,300 30, 200 1.10 1.15 0.526 1
AT 59,100 1/2 E6010 on 32 38, 500 2k, 300 1.28 1.30 0.409 5
AT 59,100 1/2 E6010 off 32 49,300 25,300 1.00 1.26 0.427 5
A2k2 (P) 76,700 3/h ET016 on 19 47,200 28, 200 1.13% 1.36 0.369 6
A2k2 (T) 73,600 3/4 MIL180 on 19 45,100 - 1.28 - - 6
A2ko (Q) 77,600 3/4 MIL180 on 19 42,200 - 1.31 - - 6
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TABLE 13

AVERAGE RESULTS OF PREVIOUS AXIAL FATIGUE TESTS

ON FILLET WELDED JOINTS ON A ZERO-TO-TENSION STRESS CYCLE

Fatigue Strength

K for Number

N psi of Cycle Fatigue
Material UTs Type of Fillet Electrode 7 7 Ratio  Ref.
psi 100,000 ~ 2,000,000 100,000 2,000,000
A7i 57, 400 Longitudinal Fillets 'A’ " EA010 21, 500 - 2.49 - - 10
AT, 57, 400 Longitudinal Fillets 'A' ET016 22,700 - 2.35 - - 10
AT, 57, 400 Longitudinal Fillets 'B' E6010 27,000 - 1.97 - - 10
AT 57, 400 Longitudinal Fillets 'B’ E7016 27,900 - 1.92 - - 10
AT 61,000 Longitudinal Fillets 'W' - 15,300 7,000 3.5 4.95 0.114 9
AT 61,000 Longitudinal Fillets 'Z° - 21,600 8,100 2.47 4. 27 0.133 9
AT 61,000 Longitudinal Fillets 'T' - 21,000 - 2.55 - - 9
AT 61,000 Longitudinal Fillets ‘U’ - 20,100 - 2.66 - - 9
A7 61,000 Longitudinal Fillets 'V’ - 1k, 200 - 3.76 - - 9
AT 61,000 Longitudinal Fillets 'EZ’ - 21,600 - 2. 47 - - 9
AT 62,250 Longitudinal Fillets E6010 27,200 19,700 1.96 1.76 0.316 11
AT 57, 400 Tee Fillets E6010 22,600 11,300 2.36 3.07 0.197 10
AT 57,400 Tee Fillets ET7016 25,700 12,200 2.08 2.84 0.212 10
AT 57, 400 Tee Fillets MIL180 28,700 15,800 1.96 2.19 0.275 10
AT 63, 200 Tee Fillets E6012 19,100 9,630 2.80 3.6 0.152 11
AT 63,700 Transverse Fillets - 30,300 18,500 1.77 1.88 0.291 11
Single Pass
A7 63,700 Plates connected with fillets - 21,640 9,640 2,47 3.60 0.157 11
AT 63,700 Combined Longitudinal and - 28, 300 20, 500 1.89 1.69 0.322 11
transverse fillets
AT 64, 500 Channels connected to - 16,650 9,070 3.21 3.83 0.140 11
Plates with Fillets
A2k2 (P) 76,700 Longitudinal Fillets E7016 22, 400 - 2.39 - - 6
A2h2 (P) 76,700 Tee Fillets ET016 23,000 12,300 2.33% 3.1h 0.160 6

* o P
Material same as used in Ref. 1.
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TABIE 14
AXIAL FATIGUE STRENGTHS OF STRUCTURAL STEELS OBTAINED

FROM TESTS OF DIFFERENT TYPES OF SPECIMENS

. - uTs Fatigue
Material Type and Finish of Specimen ksi F2,OOO,OOO Ratio Ke Source
. % ‘
ASTM AT 3/8 in. dia., unnotched, polished 56.9 47.0 0.826 1.00 Table 5
ASTM AT 3/4 in. plate, as-rolled, 5 in. wide 57 .4 34.6 0.602 1.36 Ref. 1
*.
ASTM A242 1/4 in. dia., unnotched, polished 73.6 62.0 0.8k42 1.00 Table 6
ASTM A2h2 1/% in. dia., unnotched, rough turned 73.6 5.0 0.734 1.15 Table 6
ASTM A242 3/l in. plate, as-rolled, 4 in. wide 73.6 ho.5 0.577 1.46 Ref. 6
. ,
QT 1/4 in. dia., unnotched, polished 126.6 122.0 0.96Mk 1.00 Table 7
QT 1/4 in. dia., unnotched, rough turned 126.6 106.0 0.837 1.15 Table 7
T-1 1/2 in. plate, as-rolled, 3 1/2 in. wide 123.0 50.0 0.407 2.4k Ref. 8

*
In the longitudinal

direction.

[}
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TABLE 15

COMPARISON OF EFFECTIVE STRESS CONCENTRATION
EACTORS QF NOTCHES AND TRANSVERSE BUTT WELDS WITH
COMPARABLE FATIGUE STRENGTHS

‘ * L% .
Type of Specimen UTS Fatigue Strength Ké Results
B psi (Zero-to-Tension) i from
psi
ASTM A7 STEEL
Notched, K, = 7.0 56,900 25,000 1.88 Table 5
Transverse Butt Weld 57,400 24,000 1.4k Ref. 1
ASTM A242 STEEL (B)
Notched, K, = 7.00 73,600 28,000 2.21 Teble 6
*
Transverse Butt Weld 73,600 26,700 1.58 Ref. 6
QT STEEL
- Notched, K = 3.80 126,600 26,000 4,70 Table 7
Transverse Butt Weld 107,000 25,600 1.60 Ref. T

*
In Ref. 6, this steel is designated as 'T'.

3

""Por notched specimens, the basic fatigue strength taken was that of polished

specimen whereas for welds it was that of plate specimens in the as-rolled

condition.



TABLE 16

RESULTS OF MICROSCOPIC EXAMINATION OF THE ROOTS OF
NOTCHED SPECIMENS OF ASTM A7 STEEL WHICH DID NOT FAIL

Specimen Root Radius. Ki* Maximum Stress = No. of Cycles Notch Root Shown Ih
0, in. psi 107
ASS-272 0.0025 7.00 25,000 2,897+ Fig. U7
ASS-269 0.0025 T7.00 25,000 2,849+ Fig. 48
ASS-281 0.0035 6.00 21,000 5,399+ Fig. 48
ASS-280 0.0035 6.00 20,000 3,969+ Fig. 48
ASS-190 0.0050 5,&5“ 19,000 5,357+ Fig. L9
ASS-191 0.0050 5.15 19,000 5,219+ Fig. 49
ASS-199 0.0065 k.65 20,000 5,366+ Fig. 49
ASS-240 0.0075 4,35 20,000 6,365+ Fig. 50
ASS-242 0.0075 k.35 21,000 5,417+ Fig. 50
ASS-254 0.0100 3.80 21,000 u,921; Fig. 51
ASS-255 0.0100 3,80 21,000 5,356+ Fig. 51

*Critical p = 0.00k4 in.

**Critical Kt = 5.67.
*%%Minimum stress for all specimens = 1,000 psi.
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QT, heat-treated x250

FIG. 2(a) TYPICAL MICROSTRUCTURES OF STEEL

FIG. 2(b) TYPICAL MICROSTRUCTURE OF A WELD
HEAT-AFFECTED ZONE IN QT STEEL
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A 1/2" (A1l Notched Specimens)
B 3/8" (Unnotched Specimens AT)
c 1/4" (Unnotched Specimens A242, QT)

FIG. 3 DETAILS OF AXIAL FATIGUE SPECIMENS
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FIG. b DETAILS AND DESIGNATION OF ROTCHES






FIG. 5 GENERAL VIEW OF SONNTAG FATIGUE TESTING MACHINE

o Lo

FIG. 6 INTERIOR VIEW OF THE SONNTAG MACHINE SHOWING THE
OSCILLATOR, ITS SUPPORTING MECHANISM AND THE
PRELOAD COUNTER






FIG. 7 INTERIOR VIEW OF THE SONNTAG MACHINE SHOWING
THE OSCILLATOR AND THE ADDITIONAL LIMIT SWITCH

FIG. 8 SIDE VIEW OF SONNTAG TENSION-COMPRESSION APPARATUS
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FIG. 10 RESULTS OF AXIAL FATIGUE TESTS ON ONE-QUARTER IBCH DIAMETER
LONGITUDINALLY POLISHED UNNOTCHED SPECIMENS (F A-242 STEEL
(DESIGNATION B), SERIES ASB# ]
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FIG. 12 RESULTS OF AXTAL FATIGUE TESTS ON ONE-QUARTER
INCH DIAMETER LONGITUDINALLY POLISHED UNNOTCHED
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FIG. 26 RESULTS OF AXTAL FATIGUE TESTS ON NOTCHED SPECIMERS
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FIG. 36 RESULTS OF AJCEAL FATIGUE TESTS ON NOTCHED
SPECIMENS OF HEAT-TREATED QT STEEL (NOTCHED
AFTER HEAT TREACBVJENT) , SERIES ASC-V100b
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FIG. 37 RESULTS OF AXIAL FATIGUE TESTS ON NOTCHED
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FIG. 38 RESULTS OF AXIAL FATIGUE TESTS ON NOTCHED
SPECIMENS OF HEAT-TREATED QT STEEL (NOTCHED
BEFORE HEAT TREATMENT), SERIES ASC-V50a
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FIG. 40 RESULTS OF AXTAL FATIGUE TESTS ON NOTCHED
SPECIMENS OF QT STEEL, SERIES ASC-Y
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ASS=2T2 x150 ASS-272 x150

p = 0.0025 in., K = 7.00
1000 to 25,000 psi; 2897,000 + cycles

FIG. 47 RESULTS OF MICROSCOPIC EXAMINATION, SPECIMEN ASS-272






ASS-269 x150

p = 0.0025 in., K, = 7.00
1000 to 25,000 psi; 2,849,000 + cycles

ASS-281 x500 ASS-280 x500

p = 0.0035 in., K = 6.00 p = 0.0035 in., K _ = 6.00
1000 to 21,000 psi; 5,399,000 + cycles 100 to 20,000 psi; 3,969,000 + cycles

FIG. 48 RESULTS OF MICROSCOPIC EXAMINATION,
SPECIMENS ASS-269, 281, 280







ASS-191 x500

p = 00005 in., Kt = 5-15 p = 00005 ino’ Kt = 5015 .
1000 to 19,000 psi; 5,357,000 + cycles 1000 to 19,000 psi; 5,219,000 + cycles

ASS-199 x500 ASS-199 x500

P = 0.0065 ino’ Kt = )4'065
1000 to 20,000 psi; 5,366,000 + cycles

FIG. 49 RESULTS OF MICROSCOPIC EXAMINATION,
SPECIMENS ASS-190, 191, 199






ASS=-2h2 x150 ASS-240 x500

p = 0.0075 in., K, = h.35 p = 0.0075 in., K = L.35
1000 to 21,000 psi; 5,417,000 + cycles 1000 to 20,000 psi; 6,365,000 + cycles

FIG. 50 RESULTS OF MICROSCOPIC EXAMINATION, SPECIMENS ASS-242, 240






x500

ASS=-255

p = 0,010 in., K, = 3.80
1000 to 21,000 psi; 5,356,000 + cycles

0.010 in., K, = 3.80
1000 to 21,000 psi; 5,356,000 + cycles

FIG. 51 RESULTS OF MICROSCOPIC EXAMINATION,
SPECIMENS ASS-255, 25k







APPENDIX

RESULTS OF INDIVIDUAL FATIGUE TESTS

Contained in this Appendix are the resulis of the individual
series of tests from which the SN diagrams presented in Figs. 9 through 40
have been conducted. The individual test results have been presented in

tabular form with the series designations provided for ready identification.






i TABLE A-1

RESULTS OF AXIAL FATIGUE TESTS
ON UNNOTCHED SPECIMENS OF A7 STEEL

SERIES ASS*
True Stress Range, psi Change in Cycles to failure
Specinen Minimum Maximum pZiith lO5
ASS-T 1,300 62,500 21.6 | 564
ASS-10 1,200 61,700 17.4 277
ASS-1 3,900 ' 60,000 12.6 380
ASS-8 1,200 58,600 | 19.8 795
ASS-11 1,200 58 , 400 13.5 390
ASS-4 1,100 56,500 11.4 400
ASS-13 1,100 55,000 12.0 632
ASS-6 1,100 - 51,800 T4 929
ASS-16 1,100 50,400 6.9 910
ASS-18 1,100 49,000 5.4 1,126
ASS-19 1,000 48,800 3.7 3,173
ASS-12 1,000 48,800 4.8 864
ASS-1k4 1,100 48,600 5.8 1,836+*%
ASS-15 1,100 48,600 5.2 1,517
ASS-17 1,000 48,300 4.8 2,124
ASS-5 1,100 47,500 5.4 3,52k+

*¥Longitudinally polished.
*¥Failure in threads.



TABLE A-2

RESULTS OF AXIAL FATIGUE TESTS
ON NOTCHED SPECIMENS OF A7 STEEL
SERIES ASS-V100

Specimen Stress Range, psi Cycles to failure
Minimm Mookt 100

ASS-262 1,000 35,000 156
ASS-260 1,000 35,000 14k
ASS-261 , 1,000 35,000 137
ASS-257 1,000 30,000 558
Ass-258 1,000 30,000 363
ASS-259 1,000 30,000 357
ASS-266 1,000 27,500 520
ASS-265 1,000 27,500 452
ASS-263 1,000 25,000 881
ASS-264 1,000 25,000 339
ASS-248 1,000 23,000 2,028
ASS-247 1,000 23,000 469
ASS-250 1,000 22,000 2,318
ASs-248 1,000 22,000 2,086
ASS-249 1,000 22,000 996
ASS-252 1,000 22,000 570
ASS-254 1,000 21,000 4,921 +%
ASS-256 1,000 21,000 5,022+%
ASS-253 1,000 21,000 5,3334%

ASS-255 1,000 21,000 5,356+%

* No failure.



TABLE A-3

RESULTS OF AXIAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A7 STEEL

SERIES ASS-V80

Specimen Stress Range, psi Cycles to failure
, Minimum Maximum ZI.O3
Ass-212 1,000 27,500 ‘ 67k
ASS-213 1,000 27, 500 594
ASS-216 1,000 25,000 889
ASS-217 1,000 25,000 431
Ass-2llk 1,000 2k, 000 1,112
Ass-2L6 1,000 2k, 000 987
ASS-245 1,000 24,000 973
ASS-214 1,000 24,000 705
ASS-243 1,000 24,000 553

ASS-215 1,000 24,000 460




TABLE A-k

RESULTS OF AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF AT STEEL

SERIES ASS-VT5

Specimen S‘Eress Range, psi Cycles to failure
Minimum Maximum lO3

ASS-211 1,000 30,000 486
ASS-210 1,000 30,000 349
ASS-202 1,000 25,000 1,089
ASS-237 1,000 25,000 663
ASS-238 1,000 25,000 516
ASS-203 1,000 25,000 323
ASS-205 1,000 24,000 866
ASS-204 1,000 2k, 000 576
ASS-239 1,000 2k, 000 386
ASS=-206 1,000 23,000 1,474
ASS-207 1,000 23,000 581
ASS-208 1,000 22,000 1,548
ASS-209 1,000 22,000 781
ASs-242 1,000 21,000 5, b1 T7+%
ASS-241 1,000 21,000 3,596

ASS-2L0 1,000 20,000 6,365+%

¥ No failure



TABLE A=5
RESULTS OF AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A7 STEEL

SERIES ASS-V65

Specimen : §tress Range, PSi Cycles to failure
Minimum Maximum 103

ASS-200 1,000 30,000 123
ASS-201 1,000 30,000 93
ASS-194 1,000 25,000 165
ASS-195 1,000 2k, 000 205
ASS-197 1,000 22,000 3,531
ASS-196 1,000 22,000 812
AssS-199 1,000 20,000 5,366+%
ASS5-198 1,000 20,000 L, 000

¥ No failure



TABLE A-6

RESULTS OF AXTAIL FATIGUE TESTS

ON NOTCHED SPECIMENS OF AT STEEL

SERIES ASS-V50

Specimen Stress Range, psi Cycles toBFailure
Minimum Maximum 10

ASS-193 1,000 30,000 205
ASS-192 1,000 28,000 613
ASS-186 1,000 2k, 000 430
ASS-184 1,000 2k, 000 420
ASS-185 1,000 24,000 301
Ass-187 ' 1,000 20,000 1,178
ASS-191 1,000 19,000 5,357+%
ASS-190 1,000 19,000 5,219+
ASS-188 1,000 18,000 5, 069+%
ASS-189 1,000 18,000 5,015+%

¥* No failure.



TABLE A-T7

RESULTS OF AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A7 STEEL

SERIES ASS-V35

Specimen Stress Range, psi Cycles to failure
Minimum M L 10°
ASS-275 1,000 35,000 | 72
ASS-276 1,000 30,000 100
ASS-277 1,000 25,000 125
ASS-281 1,000 21,000 5,399+%
ASS-280 1,000 20,000 3,969+%
ASS-279 1,000 19,000 3,835+%
ASS-278 1,000 15,000 3, 050+%
ASsS-278 1,000 23,000 483 %%
ASS-279 1,000 21,000 : 2,342 ¥%

¥* No feilure.
¥¥Re-test.



TABIE A-8

RESULTS OF AXIAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A7 STEEL

SERIES ASS-V25

Specimen Stress Range, psi Cycles toBfailure
Minimum Maximum 10

ASS-267 1,000 | 35,000 100
ASS-273 1,000 30,000 418
ASS-268 1,000 27,500 571
ASS-271 1,000 26,000 1,561
ASS-270 1,000 26,000 1,33k
Ass-272 1,000 25,000 2, 80T7+%

ASS-269 1,000 25,000 2,849+

* No failure.



TABLE A=9

RESULTS OF AXIAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A7 STEEL

SERIES ASS-P50

Specimen Stress Range, psi - Cycles ‘t.oBfailure
Minimum Maximum 10

ASS-123 1,000 32, 500 | 146
ASS-124 1,000 32,500 134
ASS-125 1,000 32,500 98
ASS-105 1,000 - 30,000 543
ASS-106 1,000 30,000 485
ASS-10k4 : 1,000 30,000 396
ASS-107 1,000 30,000 168
ASS-119 1,000 27, 500 24
ASs-121 1,000 27,500 594
ASs-122 - 1,000 27,500 312
ASS-120 1,000 27,500 296
ASS-110 1,000 25,000 1,358
ASS-108 1,000 25,000 835
ASS-118 1,000 25,000 597
Ass-111 1,000 25,000 389
ASS-109 1,000 25,000 349
ASs-115 1,000 22,000 2,721
ASsS-116 1,000 22,000 1,859~
ASS-11k _ 1,000 22,000 1,87
ASS-117 1,000 22,000 1,317
ASs-113 1,000 20,000 3, T22+%

ASs-112 1,000 20,000 3, 509+%

% No failure.



TABLE A-10

RESULTS OF AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A7 STEEL

SERTES ASS=-Q50

Specimen Stress Range, psi Cycles to failure
Minimum Max Larum 10°
ASS-1k2 ' 1,000 32,500 167
ASS-141 1,000 32,500 62 .
ASs-13L4 1,000 30,000 575
ASS-137 1,000 30,000 402
ASS-136 _ 1,000 30,000 286
ASS-135 1,000 30,000 219
ASS-138 . 1,000 27,500 908
ASS-140 1,000 27,500 L3
ASS-131 1,000 25,000 3, 560+%
ASS-130 1,000 25,000 2,077 ~
ASS-132 1,000 25,000 1,450
ASS-133 1,000 25,000 438
Ass-127 ﬁ 1,000 20,000 6,312+%
ASS-129 1,000 20,000 5,050+%
ASS-1k4h 1,000 20,000 5,002+%
ASS-126 1,000 20,000 3, 796+%
Ass-131 1,000 20,000 3,560+%
ASS-143 1,000 20,000 2,51k4

* No failure.



TABLE A-11

RESULTS OF AXTAL FATIGUE TESTS

ON NOICHED SPECIMENS OF A7 STEEL

SERIES ASS-Y
Specimen Stress Range, psi Cycles to failure
Minimum Maximum 10°

ASs-180 1,000 35,000 117
ASS-179 1,000 35,000 110
ASS-177 1,000 27,500 358
ASS-178 1,000 27,500 358
ASs-218 1,000 25,000 1,740
ASS-1Th 1,000 25,000 859
ASS-219 1,000 25,000 697
ASS-173 1,000 25,000 539
AsSs-221 1,000 2L, 000 4,155
ASS-220 1,000 24,000 3,209
ASS-231 1,000 24,000 2,154
ASS-228 1,000 24,000 2,073
ASS-227 1,000 24,000 1,504
ASS-232 1,000 24,000 1,147
ASs-22k 1,000 24,000 921
ASS-225 1,000 2k, 000 769
ASS-230 1,000 23,000 2,832
ASS-222 1,000 23,000 2,439
ASS-223 1,000 23,000 2,136
ASS-235 1,000 23,000 1,721
ASS-233 1,000 23,000 1,461
ASS-23L4 1,000 23,000 693
AsSs-226 1,000 23,000 343
ASS-229 1,000 23,000 257
ASS-175 1,000 22,500 4, 656+%
ASS-182 1,000 22,500 L, 120+%
ASS-183 1,000 22,500 3,915 .
ASS-176 1,000 22,500 742
ASS-236 1,000 22,000 6,059+%
ASsS-181 1,000 21,000 4, 362+%

% No failure.



TABLE A-12

RESULTS OF AXTAL. FATIGUE TESTS ON

UNNOTCHED SPECIMENS OF A242 STEEL

SERIES ASB¥*

True Stress Range, pSi Change in Cycles to failure
Specimen - area, 3

Minimum Maximum percent 10
ASB-T6 1,075 64,600 7.1 485
ASB-80 1,050 62,000 4.8 2,818+*%
ASB-TT 1,050 60,900 4.8 3,418+
ASB-T9 1,030 59,900 3.3 4 ,186+*%

¥Longitudinally polished.

*¥No failure.



TABLE A-13

RESULTS OF AXTIAL FATIGUE TESTS ON

UNNOTCHED SPECIMENS OF A242 STEEL

SERIES ASB**
N ) —
True Stress Range, psi Change in Cycles to failure
Specimen aresa,
Minimum Maximum percent 10°
ASB-T0 1,200 71,500 16.1 234
ASB-T1 - 1,050 63,000 b7 234
ASB-T2 1,075 59,200 7.1 782
ASB-Th4 1,050 57,150 4.8 1,579
ASB-T3 1,000 54,200 1.6 4,3914%
ASB-T5 1,000 53,400 0.8 3,399+

*¥No faillure.
*¥Rough turned.



TABLE A-1k

RESULTS OF AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A242 STEEL

SERIES ASB-V100

Specimen Stress Range, Psi Cycles to failure
Minimum Max:imum 100

ASB-9L 1,000 37,000 218
ASB-95 1,000 37,000 137
ASB-92 1,000 35,000 347
ASB-93 1,000 35,000 269
ASB-82 1,000 25,000 4,542
ASB-8L4 1,000 25,000 3,853
ASB-81 1,000 25,000 1,653
ASB-85 1,000 25,000 1,141
ASB-86 1,000 2k, 000 3,313
ASB-83 1,000 2k, 000 2,709
ASB-87 1,000 23,500 1,260
ASB-88 1,000 2%,000 3,482
ASB-89 1,000 22,000 2,726
ASB-90 1,000 21,000 2,796
ASB-91 1,000 20,000 L, 959+%

¥* No failure.



TABLE A-15

RESULTS OF AXIAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A242 STEEL

SERIES ASB-VT5

Specimen Stress Range, psi Cycles toBFailure
Minimum Maximum 10

ASB-2 . 1,000 35,000 337
ASB-9 1,000 35,000 272
ASB-3 1,000 35,000 229
ASB-10 1,000 35,000 154
ASB-11 1,000 35,000 14k
ASB-L4 1,000 30,000 622
ASB-1 1,000 30,000 597
ASB-14 1,000 30,000 388
ASB-5 1,000 30,000 . 238
ASB-6" 1,000 26,000 630
ASB-6 1,000 26,000 437
ASB-13 1,000 25,000 1,062
ASB-16 1,000 25,000 336
ASB-15 1,000 25,000 857
ASB-7 1,000 2k, 000 1,726
ASB-12 1,000 2k, 000 1,294
ASB-8 1,000 23,000 6,015+%
ASB-17 1,000 2%,000 2,117
ASB-18 . 1,000 23,000 1,019
ASB-20 1,000 22,000. ! 8,07k+*
ASB-19 1,000 22,000 1,708

¥ No failure.



TABLE A-16

RESULTS OF AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A2L2 STEEL

SERIES ASB-V50

Stfess Range, psi Cycles to failure

Specimen i 3
Minimum Maximum 10-
ASB-63 1,000 27,000 936
ASB-61 1,000 - 25,000 790
ASB-62 1,000 23,000 91k
ASB-6T7 1,000 22,000 1,691
ASB-64 1,000 22,000 786
ASB-66 | 1,000 21,000 Y4, 175+%
ASB-65 1,000 20,000 b4, 086+*

¥ No failure.



TABLE A-17

RESULTS OF AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A242 STEEL

SERIES ASB-V25

Specimen Stress Range, psi Cycles to failure
Minimum Mex Larom 10°

ASB-97 1,000 32,000 264
ASB-33 1,000 30,000 1,089
ASB-35 1,000 29,000 2,819+%
ASB-98 1,000 29,000 g
ASB-34 ' 1,000 28,000 3,216+%
ASB-28 . 1,000 28,000 2,383
ASB-99 1,000 27,000 3,033+%

ASB-96 1,000 26,000 3,818+%

¥* No failure.



TABLE A-18

RESULTS OF AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A2L42 STEEL

SERIES ASB-Q50

Specimen Stress Range, psi Cycles toBfailnre
Minimum Maximum 10

ASB-55 1,000 30,000 181
ASB-56 1,000 30,000 142
ASB-57 1,000 27,500 235
ASB-58 1,000 27,500 235
ASB-51 1,000 25,000 148
ASB-5k4 1,000 25,000 439
ASB-52 1,000 25,000 150
ASB-53 1,000 25,000 133
ASB-59 1,000 22, 500 . hih
ASB-60 1,000 22,500 231
ASB-45 1,000 20,000 2,032
ASB-41 1,000 265000 2,029
ASB=-42 1,000 20, 000 923
ASB-46 1,000 20,000 543
ASB-43 1,000 20,000 L8l
ASB-Lk 1,000 20,000 236
ASB-50 1,000 18,000 3,805+%
ASB-L9 1,000 18,000 3, T50+%
ASB-47 1,000 18,000 3,620+%
ASB-48 1,000 18,000 2,479

# No failure.



TABLE A-19

RESULTS OF AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A242 STEEL

SERIES ASB-Y

Specimen Stress Range, psi Cycles toBfailure

Minimum Maximum 10
ASB-23 1,000 35,000 297
ASB-26 , 1,000 35,000 171
ASB-29 1,000 35,000 165
ASB-25 1,000 35,000 125
ASB-30 1,000 30,000 493
ASB-69 1,000 30,000 351
ASB-68 1,000 30,000 159
ASB-21 1,000 25,000 e
ASB-22 1,000 25,000 613
ASB-2k4 1,000 2L, 000 3,955+%
ASB-27 1,000 24,000 2,206
ASB-28 1,000 24,000 1,697

¥ No failure.



TABLE A-20

RESULTS OF AXIAL FATIGUE TESTS ON

UNNOTCHED SPECIMENS OF A242 STEEL

SERIES ASR* and ASR**

True Stress Rénge, psi  ~Change in Cycles to failure
Specimen — : area, 3
Minimum Meximum percent 10
SERiEs ASR¥*
ASR-25 ) 1,050 68,800 5.5 L, 589+
ASR-29 1,040 67,700 ko0 2,550+%%%
SERIES ASR¥**
ASR-23 1,125 66,800 1.7 1,102
ASR-21 1,050 65,500 5.5 864
ASR-20 1,025 62,000 3,2 1,854
ASR-24 1,050 61,500 k.0 1,344
ASR-22 1,025 59,400 2.k 3, 35047
ASR-19 1,000 50,800 1.6 13,177+
ASR-18 1,000 48,000 —-- 5,081+
ASR-17 1,000 45,000 ——- 5,184+
ASR-16 1,025 41,000 2.4 5,007+%*¥*

*Specimens longitudinally polished.
*¥Specimens rough turned.
*¥No failure.



TABLE A-21

RESULTS OF AXIAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A242 STEEL

SERIES ASR-V100

Specimen Stress Range, psi Cycles to5failure
Minimum Mex imum 10

ASR-11 1,000 38,000 ok
ASR-12 1,000 38,000 81
ASR-13 1,000 37,000 152
ASR-1)4 1,000 37,000 135
ASR-9 1,000 35,000 676
ASR-10 1,000 35,000 | 409
ASR-2 1,000 25,000 2,227
ASR-1 1,000 25,000 688
ASR-L 1,000 2l,000 5, 436+%
ASR-5 1,000 24,000 5,23 1+%
ASR-3 1,000 2k,000 3,968
ASR-6 1,000 24,000 1,738
ASR-T 1,000 23,500 55295+%
ASR-8 1,000 23,500 5,101+%

ASR-15 1,000 2%, 500 2, 489

# No failure.



TABLE A-22

RESULTS OF AXIAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A242 STEEL

SERIES ASR-V50

Specimen Stress Range, psi Cycles to failure
| Minimum Mex imam 100

ASR-30 1,000 30,000 367
ASR-32 1,000 - 28,000 348
ASR-33 1,000 27,000 891
ASR-35 1,000 27,000 700
ASR-34 1,000 26,000 5,26k
ASR-31 1,000 26,000 L, 039+%

¥ No failure.



TABLE A-23

RESULTS OF AXIAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF A242 STEEL

SERIES ASR-V25

Specimen Stress Range, psi Cycles to failure
Minimum Max Lo 100

ASR-37 1,000 36,000 118
IASR—58 1,000 34,000 | 887
ASR-42 1,000 33,000 3,619+%
ASR-39 1,000 33,000 1,549
ASR-36 1,000 32,000 4, 7184+
ASR-40 1,000 32,000 L, 083+%

% No failure.



TABLE A-24

RESULTS OF AXIAL FATIGUE TESTS ON

UNNOTCHED SPECIMENS OF QT STEEL

SERIES ASC*
True Stress Range, psi Change in Cycles to failure
Specimen . area . 3
Minimum Maximum percent 10
ASC-61 1,060 127,000 5.5 794
ASC-63 1,000 122,400 3.1 2,991+**
ASC-62 1,000 120,400 2.4 3,386+%%
ASC-60 1,000 116,000 0.8 T,218+**
ASC-59 1,000 110,000 - 2,979+

*Specimens longitudinally polished.
**No failure.



TABLE A-25

RESULTS OF AXTAL FATIGUE TESTS ON

UNNOTCHED SPECIMENS OF QI STEEL

SERIES ASC**

Cycles to failure

True Stress Range, psi . Change in
Specimen ares
Minimum Maximum percent 103“
ASC-55 1,080 117,400 7.0 139
ASC-56 1,030 107,400 3.2 263
ASC-5k 1,000 101,600 3.6 5,363+%
ASC-53 1,000 95,750 1.6 h,oo7+*
ASC-52 1,000 92,200 2.4 5,308+
ASC-51 1,000 76,200 0.8 5,506+%
ASC-52 1,000 106,500 - 3,6 To4+***
ASC-51 1,000 102,600 ——— 5,3084%%*

*No feilure.

*¥Specimens rough turned.
**¥Reteésted, no failure.



TABLE A-26

RESULTS OF AXTAL FATIGUE TESTS
ON NOTCHED SPECIMENS OF QI STEEL

SERIES ASC-V100

Specimen Stress Range, psi Cycies to failure
Minimum Mex imum 100

ASC-108 1,000 43,000 157
ASC-109 1,000 43,000 70
ASC-106 1,000 40,000 333
ASC-107 1,000 40,000 264
ASC-T1 1,000 35,000 5,292+%
ASC-Th4 1,000 35,000 1,095 -
ASC-T2 1,000 35,000 834
ASC=T3 1,000 35,000 291
ASC-76 1,000 33,000 855
ASC-T75 1,000 33,000 602
ASC-T78 1,000 30,000 5, T3k4+*
ASC-T79 1,000 30,000 1, kel
ASC-TT7 1,000 30,000 1,372
ASCc-80 1,000 30,000 538
Asc-81 1,000 27,000 5, 024+
ASC-83 1,000 27,000 1,863
Asc-82 1,000 27,000 845
ASC-103 1,000 25,000 6,019+%
ASC-84 1,000 25,000 5,122+%

ASC-85 1, 000 25,000 5,011+%

* No failure.



TABLE A-27

RESULTS OF AXIAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF QT STEEL

SERIES ASC-V100a#*

Specimen Stress Range, psi Cycles toBfailure
Minimum beimum 10

ASC-9k 1,000 35,000 360
ASC-95 1,000 35,000 309
ASC-87 1,000 30,000 729
ASC-86 1,000 30,000 685
AsC-88 1,000 27,500 1,583
AchB9 1,000 27,500 1,115
ASC-91 1,000 26,000 1,287
ASC-90 1,000 26,000 8ok
ASC-93 1,000 24,000 5, 38l
ASC-92 1,000 24,000 1,302

¥ Heat treatment, performed after notching, consisted in heating specimens
to 1650°F. and air cooling.

¥*¥ No failure.



TABLE A-28

RESULTS OF AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF QT STEEL

SERIES ASC-V100b#*

Specimen Stress Range, psi Cycles to failure
Minimam Maximum 10°
ASC-97 1,000 35,000 263
ASC-99 1,000 35,000 183
Asc-101 1,000 30, 000 5, 120+%%
AsC-100 - 1,000 130,000 1,855
ASC-102 1,000 30, 000 995
AsC-105 1,000 28,000 5,012+%%
AsCc-104 1,000 28,000 L, 21043
Asc-98 1,000 27,000 5, 010+
AsSC-96 1,000 25,000 5,020+%%

* Heat treatment, performed before notching, consisted in heating to 1650°F,
and air cooling.

*¥No failure.



TABLE A-29

RESULTS OF AXIAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF QT STEEL

SERIES ASC-V50

Stress Range, psi

Specimen i M Cycles to failure
10°
ASC-47 1,000 35,000 k53
ASC-39 1,000 35,000 173
ASC-4k 1,000 32,500 632
ASC-46 1,000 31,500 1,607
ASC-48 1,000 31,000 359
ASC-k2 1,000 30,000 3,277+
ASC-40 1,000 27,500 2,971+%
ASC-k9 1,000 27,500 1,261
ASC-125 1,000 27,000 2,958+"
ASC-124 1,000 25,000 3,9404%
ASC-123 1,000 20,000 5,413+%

*No failure.



i TABLE A-30

RESULTS OF AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF QI STEEL

SERIES ASC-V50a*

Specimen Stress Range, psi Cycles toBfailure
Minimum Maximum 10

ASC-30 ‘ 1,000 : 35,000 121
ASC-29 1,000 35,000 119
ASC-26 1,000 30,000 256
ASC-2k 1,000 30,000 235
AsC-27 1,000 30,000 221
ASC-25 1,000 24,000 573
ASC-32 1,000 24,000 415
ASC-33 1,000 2k, 000 408
Asc-28 1,000 22,000 1,067
ASC-31 1,000 21,000 845
ASC=3k4 1,000 21,000 u72
Asc-38 1,000 20,000 3, 117+%%
ASC=37 " 1,000 20,000 o7
ASC-35 1,000 20,000 4 610
ASC-36 ) 1,000 . 19,000 3, TT7+%%

¥ Heat treatment, perfofmed aftér nbtching, consisted in heating specimens
in 1650°F. and air cooling.

#¥* No failure.



RESULTS OF AXTIAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF QT STEEL

TABLE A-31

~ SERIES ASC-V25

Stress Range, psi

Cycles to failure

Specimen
Minimum Max imum lO5

AsC-112 1,000 35,000 825
AsSC-113 1,000 35,000 510
ASC-11L4 1,000 33,000 376
AsC-115 1,000 31,000 282
AsC-111 1,000 30,000 2, 87T+%*
ASC-116 1,000 27,000 864
AsSC-117 1,000 24, 000 3,00+
Asc-121 1,000 20,000 3,115+%
ASC-120 1,000 17,000 2, Thl+*
ASC-120 1,000 30,000 L, 22243
ASC-117 1,000 27,000 3, TTo+¥¥
Asc-111 1,000 25,000 3,571+*%

# No failure.

*¥% Retested, no failure.



TABLE A-32

RESULTS OF "AXTAL FATIGUE TESTS

ON NOTCHED SPECIMENS OF QT STEEL

SERIES ASC-Y
Specimen Stress Range, psi Cycles to}failure
Minimum Maximum 10

ASC-65 1,000 40, 000 308
ASC-67 1,000 38,000 523
AASC—66 1,000 37,000 1,395
Asc-68 1,000 36,000 1,61k
AsC-6k 1,000 35,000 3,618+%

¥ No failure.



