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ABSTRACT

Experimental observations relating to the fatigue process and

theories of fatigue are briefly reviewed. Short-time fatigue testing methods

are- systematicaily reviewed and critically discussed. The classification of

the methods is based on the relationship of fatigue properties to static

properties, to stress-strain characteristics under reversed stress, and to

other physical properties. Other methods discussed involve assumptions

regarding the shape of the S-N curve. Also tests utilizing special loading

conditions are reviewed. Advantages and applicability of the different

methods are discussed.
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SECTION I. INTRODUCTION

The determination of the fatigue properties of materials by the

usual Wohler Method is needless to say a time con sfuming job. Not only is it

important that a sufficient number of specimens be used so that the resultant

S-N curve is statistically sound. but also is it necessary to carry sonie speci-

mens as far as 108 cycles for some materials.

One obvious way of accelerating the usual S-N fatigue test is to

increase the testing frequency. Although this increase in testing frequency

does not usually affect the fatigue properties more than a few percent there

is usually a definite upper limit imposed by the temperature increase caused

by internal damping. Furthermore, unknown inertia forces and other sources

of error in fatigue testing sometimes become increasingly serious wi.h higher

frequency. However, even if testing frequency is increased to the highest

practical limit, the performance of the usual S-N fatigue test is still a time

consuming task, prticularly 1• statistica soundness of the results is important.

In view of the importance of reducing fatigue testing time there has

been considerable interest for several years in accelerated fatigue testing

methods; that is methods for rapidly determining the fatigue prnnertie s. of

materials without completing the usual S-N fatigue diagram. Some methods

for rapidly determining the fatigue properties of materials are based on the
•,osip 'bween the fatigue limit and other physical properties of the

material. Other methods are based on the behavior of a material under various

loading histories. The validity of such relationships cannot be definitely
established until more is knowna about the mechanism of fatigue and the re-
lationship of fatigue properties to other physical properties. Thus, until a more

basic understanding of fatigue and other mechanical behavior is developed,

all short time fatigue tests must be based primarily on empirical relationships.

Before reviewing the various types of accelerated fatigue tests it is

desii-able first to discuss briefly the mechanism of fatigue. This is done in

the next section.
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1
SECTION II. EXPERIMENTAL OBSERVATIONS RELATING TO

THE FATIGUE PROCESS AND THEORTES OF FATIGUE

The results of metallographic and X-ray investigation on the
I

mcchanism of fatigue may bc summarized as follows.

a. The plastic deformation under repeated stress occurs by slip

and twinning along the same crystallcgraphic planes and direc-

tion as under static stresses.

b. Slip follows the same basic law under both static and alter-

nating stress (the law of maximum resolved shear stress)
2

and is accompanied by strain hardening (1).

c. The reversed stress also reverses the direction of thel defor-

mation. However slip in the reversed direction does not seem

to take place along the identical slip plane, but along a neigh-

boring one. Hence, slip in opposite directions leaves the

external shape of the crystals essentially unchanged (2).

d. Fatigue cracks always start in regions which have suffered

the most severe deformation, that is, along the operative,

twin, or cleavage plane. The cracks then spread along the

path of least resistance, that is, along planes of actual maxi-

mum shear stress or along slip planeS.

e. The nature of fatigue fa.lure in polycrystalline aggregates is

the same in fatigue as under static stresses, namely inhibition

of Eiip (3). The cracks start in a highly deformed portion of

a crystal from which they spread. Cracks rarely seem to

follow a grain boundary and the rate of propagation of a crack

is generally reduced in the neighbozihood of a boundary.

This outline follows in the main points the publication of W. Boas,

"Theories of the Mechanism of Fatigue Failure, The Failure of Metais by
Fatigue. " Melbourne University Press, 1946, pp. 28-.39.

2lNumbers in parenthesis refer to the Bibliography appended to this
paper.
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f. In polycrystalline materiats, fatigue cracking seems to start

early in the fatigue life, as low as 5% of the cycles to failure.

The crack which leads to fracture is generally not the £'"--st

crack which appears. The crack propagates slowly at first., and

then after a certain number of cycles progresses at an increas-

ingly rapid rate until fracture occurs (4).
g. After deformation under static stresses, the lattice distortions

are fbund rather umiformly throughout the volume of the specimen,

whereas under fatigue conditions the lattice distortions are

localized in regions where fatigue cracks form (5).

h. In the surface of multi-crystalline materials, residual compres-

sive strs.s.-es are "developed by any kind of alternating stresses (6).

i. Little is known about the cause of the initiation of the fatigue

crack. There have heen several ,tten.pts to relate the start Of

the fatigue crack to the mechanism of the deformation. But all

of the existing theories include points which either cannot be

accepted oi, are vaguely expressed. Thus, none of the existing

theories seems to be fully satisfactory.

The deformation of a polycrystalline material is in any case inhomo-

geneous, due not only to the statistical orientation of the grains, but also

to the influence of the free surface. In polycrystalline materials, the defor-

mation of each crystallite is hindered by the influence of its neighboring

crystallites. This hindering of flow results from the mutual effect of the grains.

The greater the deviation in crystallographic orientation between two grains,

the greater is their mutual resistance to flow (7). Grain size and spacing are

also important factors determining the mutual resistance to flow offered by ad-

jacent crystals.

The total hindering effect of the environment surrounding any crystal

upon its deformation can thus be estimated by the summation of the effects of

a finite number of successive surrounding spherical layers (8). For crystal.-

lites near a free surface, a part of this spherical field of influence is missing,

and crystallites actually on the surface are affected only by a hemispherical

field. Since these grains are less hindered to deform because they have fewer

neighbors, they respond plastically under stress which is locally smaller than

that required to deform the grains in the interior of the body. Plastic defor-

mation will thus occur first on the surface and he propagated from the surface

toward the inside of the material (9).

WADC TR 53-122 3



The observations regarding the precedency of surface deformation

are based on a large number of X-ray examinations. It has been found in

static tension, compression, and bending tests made on steel and aluminum

that the layers nearest to the free surface of the specimens start to yield

under stresses which are on the average one-half to two-thirds as great as

the yield stress for uniform yielding (10). Nevertheless, on account of the

statistical fluctuation, yielding occurs in some crystals of the surface layer

at stresses in the range of the yield strength of single crystals (11).

These facts are of great importance in the interpretation of fatigue

behavior. They explain why the fatigue cracks always start from the surface

of the specimen, even under axial loading having uniform stress distribution.

Also this observation helps to explain the relationship between the static

yield limit and the fatigue limit. Finally, the high influence of surface

conditions on the fatigue limit becomes apparent.

Further evidence that fatigue takes place in a thin layer near the

surface is given by the exper~iments of E. Siebel and G. Stahli (12). The

life of a fatigue specimen could be greatly increased by removing a thin

layer (0. 002") of the specimen by polishing or etching after a certain number

of cycles.

SECTION III. THEORIES OF FATIGUE

As discussed previously practically all short-time fatigue tests

are based on the relationship between fatigue properties and the other physical

and mechanical properties of the material. A complete understanding and

utilization of this relationship is ,ossible only if it is considered in the light

of theories regarding the mechanism of fatigue. It is desirable therefore to

discuss briefly the three main groups of theories on the mechanism of fatigue.

The first group of theories is based on the observation that the

imperfections and elastic anisotropy of the crystallites in polycrystals cause

stress concentration. It is assumed that work hardening resulting from de-

formation causes an increase of the stress concentration until the stress in

the deformed region exceeds the static value required for rupture, thus pro-

viding initiation for the fatigue crack (13) (14).

WADC TR 53-122 4
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The second group of theories assumes a successive disruption of

interatomic bonds by alternating stresses. The number of bonds disrupted

increases rapidly with increasing number of cycles (15).

in the third group an accumulation of lattice distortions caused by

alternating slipping is assumed. The lattice distortions result in a develop-

ment of internal stresses. After a definite alternating deformation the sever-

ity of these internal stresses, when superimposed upon the nominal stress, is

sufficient to crack the material (16-20).

From. a basic viewpoint these three groups of theories are not as

different as a casual inspection might indicate. It does not appear likely

that one of these theories alone can explain the mechanism of fatigue; all

three theories considered together offer more opportunity. The ...... no

doubt that alternating slipping results in lattice distortion and internal stresses

on a submicroscopic scale and the nominal stress is superimposed over these

internal stresses. Also imperfections and the anisotropy of the crystallites

results in a stress concentration which is superimposed on the effect of in-

creasing lattice distortion. After a certain number of alternating stress

cycles the material is so weakened by internal stresses that a microscopic

crack is initiated.

In recent years there has been active development of the concept

Sthat the mechanism of slip takes place by propagation of a special kind of
lattice distortions, the so-called "dislocation". The rate of deformation is

then determined by the number of dislocatf.ons propagated. It is assumed that

shear hardening is caused by arresting an increasing number of dislocations

in the slip plane. This increasing density of dislocations should also take

place in reversed shearing. The concentration of similar dislocations in the

slip plane results in a complicated stress field. Shear farces occur between

the two blocks on each side of the slip plane and cause a bending of the planes

and tension stresses which are perpendicular to the slip plane.
The dislocation itself is surrounded by a stress field. In this

region Hooke's law is no longer valid and must be replaced by a nonlinear

and unsymmetrical relationship. Tensile forces produce a greater displace-

ment than compressive forces of the same magnitude. Therefore, disluca-

tions cause an increase in the volume in the slip zone and a decrease of the

cohezive strength of this zone. Although increase of the volume is small (21),

since the volume of the slip zone is relatively small compared with the total

WADC TR 53-122 b
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volume of the specimen, it results in compressive internal stresses in the

slip region. Because of the free surface influence discussed previously,

slip takes place originally only in a thin surface layer at fatigue stresses.

This explains that internal stresses arise during alternating stressing with

a compressive stress in this surface layer. These compressive stresses

are superimposed on the stress field surrounding the slip plane. Below

the fatigue limit it appears that the compressive stresses grow faster than

the additional tensile stresses perpendicular to the slip plane and thus a

crack cannot be initiated. Beyond the fatigue limit, the cohesion is so

weakened by the increasing number of dislocations that cracking is

initiated under the external loading before the balance between the in-

creasing compressive stresses and the internal tension stresses is reached.A •,. .... r oe~ codtin deensAnIh
"W heh.e ornot a crack propagates under these conditions depends on the

initial depth of the crack and the extent of the region in which the cohesive

strength of the material is weakened by reversed shearing.

The crack itself causes a stress concentration. The amount

of the concentration depends upon the depth of the crack and the radius of

the root of the crack. It is noted that in real material the radius of the

root of a crack or notch never could be smaller than the atomic distance.

Therefore, the peak stress never could be infinite at finite avera strEss,

as it is claimed by the classic theory of elasticity for a continuous medium

(22). Finally, for notches with such a small radius of the root, the cohesive

strength of the material associated with the attractive forces of the atoms

must be taken into consideration rather than the actual tensile strength of

the material. This cohesive strength is on the average 1000 times greater

than the tensile strei-igth. It is only decreased by the internal residual

stresses in the small region of dislocations. Whether a crack does or does
not propagate depends therefore upon the initial size of the crack, the

natural cohesion of the perfect crystal, the lattice condition in this region,

and the nature and amount of loading. This may explain why fatigue cracks

sometimes are initiated under alternating stresses but do not propagate.

The mechanism of fatigue described above is, needless to say,

very complicated. However, the understanding provided by this background

provides an operating framework for better understanding t"he relationship

between static ,nd fatigue properties.

WADC TR 53-122 6
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In principle, the fatigue limit is marked by the alternating stress

under which tne reversed plastic straining practically ceases due to the in-

fluence of strain hardening. This should result in changes in the physical

properties of the material such as damping, electrical resistance, magnetic

properties, coefficient of expansion. Some of these changes may, of course,

be so small as to be unmeasurable using presently available techniques. In

considering these changes it is necessary to con-rider not only stress magni-

tude, as is done in most accelerated fatigue tests, but also stress history.

Summarizing the above discussion insofar as it relates to

accelerated fatigue testing, the behavior of a material under fatigue stress

is a function of:

a) The constitution, such as crystal system, composition, state of

solution, grain size.

b) Deformation characteristics, such as yield limit of single

crystals and grain boundaries and strain hardening.

c) The surface finish, such as strain hardening by cold working,

or age hardening, etc.

d) The shape of the surface and of the specimen. These facts in-

fluence not on!y the local yield point and the local stress

distribution, but also govern the macroscopic stress distribu-

tion caused by different loading of the specimen.

It is thus apparent that understanding and predicting the relia-

bility of a short-time fatigue test is a very complicated problem. Practically

every property of a material is probably related in some way to its fatigue

strength, but this relationship generally differs from material to material.

Thus, the problem of short-time fatigue testing appears to be that of finding

an easily and quickly measured physical property which possesses a constant

rela;tionship to the fatigue limit of the material. Various possibilities are

suggested from the discussion of the mechanism of fatigue, and experimental

evidence regarding the reliability of such associations arp presented in the

next section.
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SECTION IV. RELATIONSHIP OF THE FATIGUE STRENGTH
TO STATIC PROPERTIES

4. 1 Stress at Which Slip is Initiated

W. Rosenhain has suggested (23) that one method of determining

the fatigue limiting range would be to determine the stress required to pro-

duce slip bands in the material. The execution of such a test would involve

'.he examination of polished specimen during fatigue test at various stress

magnitudes. It is now known from X-ray, metallographic, and other evidence

that the first signs of permanent deformation do not mark the fatigue range.

4. 2 Static Proportional Limit

Numerous experiments published by H. F. Moore and J. B.

Kommers (24), R. R. Moore (25), H. F. Moore and T. M. Jasper (26)

and J. M. Lessels (27) showed that the fatigue limit of all kinds of metals

lies beyond the static proportional limit and no constant relation between

thcse two properties sees•, to exist. The observation of this relationship

is as expected since localized strain hardening caused by slip is likely to

have a pronounced effect on fatigue which could not he revealed by the static

test. Furthermore, the jocation of the apparent proportional limit depends

limit is probably at zero stress (since damping, an indication of non-linearity

between stress and strain, is displayed at even very low stresses).

4. 3 Static Yield Strength

A. Schaal (28) (29) investigated the relation between the fatigue

strength and the yield strength of steel,and an aluminum alloy determined

by both static tests and by X-ray methods. He found, in agreement with

other investigators, that the ratio of fatigue to yield strength decreases with

increasing yield strength as shown in Figure 1. In non-ferrous metals,

having no definite yield point such as steel, the 0. 21 off-set yield strength

was arbitrarily assumed to be eqaivalent to the yield strength. P. Ludwik (30)

also investigated the ratio of this yield strength to the fatigue limit and

found this ratio to be 0. 33 for aluminum alloys, more than 0. 5 for Cr-Ni

steel, 0. 75 for mild steel, 1. 4 for brass, and more than 2. 0 for pure copper.

WADC TR 53-122 8



4. 4 Static Tensile Strength (Apparent Value.

The first attempts to find a relationship between the apparent tensile

strength of a material and its fatigue limit were made by L. Spangenberg (31).
C. E. Stromeyer (32), and H. F. Moore and F. B. Seely (33). R. Mailaender
(34) a)so investigated this ratio (Figure 2) and after numerous experiments
arrived at the following relationship between the tensile strength St and the
fatigue limit Sf of steel:

Sf = 0.+47 St 20%.

A. Pomp and M. Hempel (35) investigated the ratio of fatigue limit to tensile

strength of steel by statistical methods and found an average value of 0. 463

between the limits of 0.44 and 0.52. in general, the conversion factor seems
to decrease with increasing tensile strength as shown in Figure 3.

4.5 Static Tensile Strength (True Value)

W. Herold (36) studied the relationship between the fatigue limit

Sf and what is usually called the true tensile strength St determined by
dividing the breaking load by the reduced area at the section of impending
fracture. He proposed the relationship

Sf= 0.25 St.

The scatter in the data he procured in relationship to the expression is shown
in Figure 4. It appears there that this relationship is not more reliable than
that based on the apparent tensile strength. Since the true tensile strength

is more difficult to obtain accurately than the apparent tensile strength, this
approach does not appear to offer much promise.

WADC TR 53-122 9



4. 6 Combination of Various Static Properties

Several formulas dveloped to permit calculations of the fatigue
strength Sf of steel from the yield point Sy and the other tensile properties,

are listed below.

a) Sfb - 0.65Sy ± 30% (37)

b) Sfb = 0.285 (Sy+St) (38)

c) Sfb = 0.25 (Sy+St) + 5 (39)

d) Sfb = 0.20 (ST+St+*) (4:0)

e) Sfb = 0.175 (Sy+St+810+l00) (41)

f) S M a S++PSy, (42)

185 183
g) Sf 0.60 St 0.001 S?2 (43)

where Sy = yield stress, St = tensile strength, / f reduction in area,

S10 strain to fracture, and Sfb - fatigue limit under cyclic bending.
The reliability of these formulas has been evaluated by hundreds of tests

on scvoral kinds of steel including plain carbon steel, cast steel, and various

alloy steels containing Mn, Cr, Ni, W and other elements. Figures 5, 6,
and 7 show the results of some of these tests and a statistical evaluation (39),

(41), (42), (28), (Figure 7). A. Fry (42) also studied the reliability of these

equations representing the following results in the deviation of the different
formulas from the experimental results:

Formula b d e f

Deviation % 13.0 6.7 5.6 4.6

M. Hempel and H. Krug (44) investigated the relation between the
fatigue strength and the ratio of yield strength to ultimate strength of steel.

It was found that this relation depends on the type of treatment which leads

to an increase of the ratio; a heat treatment which increases the yield point

also generally increases the fatigue strength, but a cold-working treatmtnt
does not appear to influence the fatigue limit (45). For materials with an

ultimate strength St. of 140, 000 psi treatments which increase the yield

WADC TR 53-122 10



strength do not appear to effect significaltly the fatigue strength. Some of

the data on this relationship are given in Figures 8, 9, and 10.

4.7 General Evaluation of the Various Relationships by Static and Fatigue

Properties

Since the ratio of the yield strength to the ultimate strength of a

material differs over a wide range, the fatigue limit cannot, of course, bear

a constant relationship to both static properties. Experimental results to

date indicate that neither of these two properties has a definite relation to

the fatigue itmit for all materials. As discussed previously, the fatigue limit

is primarily determined by the strain limit of a thin surface layer of the

specimen. It is possible of course, that there are some relationships between

this strain limit and the yield or ultimate strength of a material. However,
"the change ofthe properties Of the thin layer would have only a small Influence

on the average properties revealed by the tension test. It is not surprising
that na general relationship exists between the static tensile properties and
fatigue.

There does appear to be an approximate relationship between static

tensile cnd fatigue properties within definite classes of materials, for example,

steel with some definite treatment. In justification of this it may be said

that X-ray measurements have shown a relationship between the average yield

strength of the thin surface layer and the yield of an entire steel specimen.

Therefore, It is possible that a relationship also exists between the fatigue

strength and the yield strength, provided that steels with similar heat treat-

ment are investigated.
This relationship loses its validity for materials without a definite

yield point. A yield strength arbitrarily established at 0. 2% offset seems to

be affected more pronouncedly by the type of treatment, such as cold working

or heat treatment, than the fatigue properties.

Summarizing, there appears to be an approximate relationship between

the fatigue strength of steel and its static tensile properties. However, to

date such a relationship has not been found for other materials.

5I
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SECTION V. MATHEMATICAL REPRESENTATION
OF THE S-N CURVE

C. E. Siromeyer (46) fouad that the S-N curve of steels could be

represented by the formula:

S -- S + C 1 0 6 1/4

where S is the fatigue limit, Sf is the definite fatigue limit, N is the

number of cycles, arid C is a constant for the material. From the results

of two tested specimens the fatigue limit can be calculated from the equation:

10 S1 (I00) 1/4

Sf=

(06)1/ - -106)1/4

This formula seems to be reliable for steels if the two specimens break at

approximately 50, 000 cycles, and 300, 000 cycles or more. The equation is

inaccurate if both specimens break in less than 40, 000 cycles. This formula

suggests the existence of a very definite fatigue range and is therefore limited

to steel.

A similar relationship was assumed by W. Spaeth (47), whose assump-

tion, although not expressed mathematically, is indicated by the following

equation:

S Sf + C NRf NN
where S is the failure stress, Sf the fatigue strength, NR an arbitrarily

chosen number of cycles, N the number of cycles to fracture, and C a

constant. The ratio N,.,N is denoted by W. Spaeth as "destruction velocity.

A linear relationship between S and NR/N within the limits I = NR/N = 0

was obtained for steel K 20 with the reference number of cycles N R 106

(see Figure 11) and for several lead alloys with NR -I0. Several aluminum
alloys givewith NR = .07, bent curves which seem to meet at 6000 psi in the
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case of NRIN = 0. This indicates that aluminum alloys show a definite fatigue

limit which differs from zero in the same way as steel.

Spaeth assumes basically that the S-N curves are hyperbolic in form
and his procedure provides a method for extrapOtation. This method has

doubtful value as an accelerated fatigue test since a large number of cycles to

failure are required for a reliable extrapolation. Other formulas for an

analytical representation of the S-N curve have been derived by several

authors. The relationship most often used at this time was proposed by

W. Weibull (48):

mN=k(S-Sf)

where S is the failure stress. Sf the fatigue limit and N the number of

cycles to failure; k and m are constants. This formula may be valid only

for steel, since it implies a definite fatigue limit of the material.

SECTION VI. DYNAMIC PROPORTIONAL LIMIT

J. H. Smith (49) attempted to associate the fatigue limit of a

material with its dynamic proportional limit obtained by a special procedure.

These procedures involved loading the specimen with a constant alternating

stress smaller than the fatigue strength and then superimposing static pre-

loading of increasing magnitude. If under these conditions the strain at the

mcan stress is plotted against the static mean stress, the relationship shown

in Figui-e 12 results. At a definite amount of the preload the curve deviates

from a straight line and Smith concluded that this dynamic proportional limit

defines the fatigue range. Since Smith's results are not conclusive for a

variety of materials, and since his method has received little of subsequent

attention, this method must at present be given a doubtful classification.

H. J. Gough (50) determined a dynamic proportional limit under

reversed cyclic stress by measuring alternating strain during progressively

increasing alternating stress as shown in Figure 13. He found a linear

stress-strain relationship below a certain stress beyond which the strains

increase more rapidly than the stresses. He suggested that this dynamic

proportional limit is a good indication of the reversed fatigue strength.
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E. Kaufman (51) designated this limit obtained by Gough as the "alternating

yield limit". Similar experiments have been made by McAdam, Jr. (52).

T. Robson (53) tested specimens by this method in a kind of rotating cantilever

beam. J. M. Lessels (54) found that at stresses beyond the fatigue limit a

horizontal deflection of the specimen takes place, caused by damping.

W. Mason's (55) experiments indicate that the fatigue limit is greater than the

stress corresponding to the limit of the straight line portion of the load-slope

diagram. B. J. Lazan and T. Wu (56) found that for a virgin mild steel

specimen the dynamic proportional limit fell within the fatigue scatter band.

However, the dynamic proportional limit was found to be decreased con-

siderably by cyclic stress history above 84 per cent of the fatigue limit as

shown in Figure 14. The figure also shows that cyclic stress below the

fatigue limit does not affect the initial tangent modulus of the mild steel

whereas the cyclic stress above the fatigue limit progressively decreases the

initial tangent nmodulus.

In general, the experiments show that the dynamic proportional

limit, although usually somewhat higher than the fatigue limit of steels and

some non-ferrous metals, does provide a reasonably good approximation

for many materials. However, some materials, such as aluminum alloys,

do not reveal a dynamic proportional limit even at stresses well above the

fatigue limit.

In considering the relationship between the dynamic proportional

limit and the fatigue limit the several factors which affect the proportional

limit must be carefully considered. For example, strain-hardening effects

caused by stress history and the effect of strain rate may be very pronounced.

Furthermore, as in all proportional limit determinations, the accuracy ol'

testing affects significantly the points where nonlinearity is first observed.

SECTION VII. FAILURE STRESS UNDER
PROGRESSIVE LOAD INCREASE

Recently M. Prot (57) developed an accelerated fatigue testing
method which imposes a relatively small number of cycles on many speci-

mens, thus enabling a better statistical analysis of variability. The speci-

mens are subjected to a continously increasing alternating stress until
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fracture occurs. The rate of stress increase is constant during a given test,

but may be different for different tests. Prot's method involves plotting the
me,.n values of the failure stress at each rate of load against the square root
of the loading rate. He proposes drawing a straight line through these points,

extrapolating this line to intersect the ordinate of zero loading rate, and
suggests that this indicates the fatigue limit. Prot (09) claims that this
method would give more precise results than the regular Wohler method for
any kind of material, metallic or non-metallic.

Prot's method was used for comparative tests of SAE 4340 blade
steel by F. B. Stulen and W. Lamson (60). Prot's method has also been used
by Ward and Schwartz (58), some of the results of this work being indicated in
Figure 15. The tests proved that the endurance limit of that steel can be
predicted with "reasonable accuracy" by the progressiie-load method for this

material. It appears that the fatigue limit as determined by this short-time
test may be about 6 to 8 per cent lower than the value found by the regular
Wohler test. This is of the usual range of deviations obtained by the short-

time test methods in general.

E. M. Prot based his method theoretically on the assumption that

the S-N curve is a hyperbola which is asymptotic to the fatigue limit. He
further assumes that "the number of ruptures, molecules per cycle" is pro-
portional to the difference between the test stress and the fatigue limit. This
difference increases with the number of cycles in the Prot test method. Prot

derived relationships which indicate that if the failure stress is plotted against

the square root of the loading rate, a straight line should result. The formula
has the form:

S-- Sf + k CC

where S is the failure stress corresponding to the particular loading rate,

Sf is the fatigue limit, and k is, a material constant.

D. L. Henry (61) investigated the Prot method mathematically
based on the theory of cumulative damage under repeated loads, developed by
M. A. Miner (62) and the statistical theory of W. Weibull (60). By his cal-
culations he obtains the formula:

mI

S5Sf+D'11
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where S is the failure stress corresponding to the particular loading rate

C E is the fatigue limit, m and D are characteristic constants of

the material. According to Prot's theory m should be 1. However, m is

generally found to deviate from 1. For some materials two m values are
needed to describe the characteristic curve. Recent data indicate the results

of the Prot test may be influenced considerabiy by prestressing and coaxing

effect. G. M. Sinclair (64) made similar experiments in which load was in-

creased stepwise to investigate the coaxing effect in fatigue. Although Sinclair

did not include Prot method consideration in his work, the data are replotted

in Figure 16, to show failure stress versus average loading rate during the

step-load increase. This figu:'e indicates an agreement with Prot's assump-

tion for 75S-T6 aluminum alloy and 70 30 brass which are not susceptible

to strain aging according to Sinclair. However, materials such as SAE 2340
and 1045 steels, which are susceptible to strain aging display such a large

coaxing effect as to make the Prot method misleading.

SECTION VIII. DAMPING

8. I The Mechanism of Damping in Metals at Low and High Stress

The general characteristic of damping is the increase of the

entropy. This increase can be associated with magnetic and mechanical

effects. Mechanical damping is caused by the relief of initially produced

stress differences by transportation. The two types of mechanical damping

are caused by:

a) transportation of matter (diffusion, imperfections, slipping),

b) transmission of energy (thermal energy).

In discussing thp, merhanfikm of damping it is necessary to distinguish

between damping at low stress, (say >10 psi) which may be assumed to occur
without slipping, and damping at high stresses (say >10 psi) where deforma-

tion by slipping becomes significant.

The causesfr damping at low stress (65) are discussed briefly

below:

a. Microscopic thermo-elastic danjping. Adiabatic compression
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of an elastic material increases its temperature, adiabatic tension decreases

it. Due to the elastic anisotropy of the grains, fluctuating stress gradients

occur in polycrystalline materials which result in the transmission of thermal

energy during alternating stress. This leads to a microscopic thermo-elastic

damping. Stress gradients are also caused by submicroscopic and microscopic

discontinuities in the material which lead to the same kind of damping.

b. Macroscopic thermo-elastic damping. This has the same physical

interpretation as the microscopic thermo-elastic damping, but the stress

gradients are on a large scale and caused by non-uniform stress distribution

which depends on both the type of loading and specimen shape (for example,

alternating bending or tension on notched specimens).

c. Damping by diffusion. Not only do stress gradients cause thermo-

elastic damping, but they also influence the direction of migration of the atoms.

If, for example, a cell of the lattice is enlarged by tensile stresses, the diffu-

sion takes place easier in the tensile direction than in the contracted direction (66).

Alternating stresses cause fluctuating migration of atoms which consumes

mechanical energy and causes damping. The diffusion concept covers not

only the migration of atoms, but also that of imperfections such as dislocations.

d. Magnetic damping of ferromagnetic materials. When a ferro-

magnetic body is stressed the magnetic domains having preferred orientation

to the directions of stress are irreversibly enlarged. At higher stresses,

the domains reorient themselves in the direction of stress. This is accom-

panied by the generation of eddy currents on a microscopic scale which in-

volves a dissipation of energy and thus becomes a source of damping. This

component of internal friction may be greatly decreased by placing the material

in a strong magnetic field which holds the domains firmly in the direction of

stress thereby minimizinr the domain motions which cause eddy current.

Cold working also tends to stabilize the domain orientations by internal

stresses.

Although all the above phenomena contribute to damping at high

stress, other causes dominate. As stresses are increased plastic deforma-

tion is initiated on an increasing scale even at stresses far below that limit

normally determined as the yield strength. Several important characteristics

of this phenomena are discussed below.
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a) More than 90 per cent of the total energy input during static

plastic deformation is transferred to heat while the rest is

stored in the material by increasing lattice distortions. There

is some evidence that the same is true under cyclic stress of

large magnitude.

b) The'generated heat increases the thermo-elastic damping.

c) The generated heat increases the temperature of the specimen.

The amount of temperature rise is a function of the type of

specimen (material, shape), type of testing machine (heat flow

etc. ), type of loading (stress distribution) and frequency.

d) Since in some cases the increase in specimen temperature is

significant, a higher rate of diffusion occurs, resulting in a

higher diffusion damping and recovery from lattice distortion.

This recovery will tend to decrease damping. Furthermore,

the increase of temperature decreases the yield strength which

results in a larger plastic deformation, a higher generation of

heat, etc.

e) Frequency of cyclic Atress inf!ue•ices all types of damping.

At stresses and frequencies normally used in fatigue tests the

effect of strain rate on plastic deformation is the most important

factor. Increasing strain rate increases the yield strength

rapidly at first, and then more slowly after a certain critical

range has been reached (68, 69). Thus, the damping energy
is generally larger at lower frequencies than at higher fre-

quencies. Generally fatigue tests are conducted in the hyper-

critical range where the influence of frequency on the yield

strength is relatively small.

At stresses near the fatigue limit the amount of unit damping caused

by plastic deformation is much higher than that due to other weaker causes of

damping.

Cooling of the specimen decreases the damping energy (67).
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8.2 Relationship of Damping at High Stress .oFatigue Properties

Several decades ago experiments were performed to determine if the

fatigue limit of a specimen was indicated by a marked change in the damping

properties of a specimen. The damping was measured by different methods:

a) by decay of free oscillations, providing the logarithmic decrement,

b) by measuring the energy of damping through a mechanical or

electrical system,

c) by measuring the generated heat (only a part of the total

energy imposed to the specimen).

One of the first who investigated the relation between damping and

fatigue was 0. Bouduard (70). With his machine he observed that marked

difference In damping occurred only when the specimen was on the point of

fracture. Further experiments on this problem were performed by F. E. Rowett

(71) and B. Hopkinson and G. Trevor (72). W. E. Dalby (73) using a vibra-

tion decay method determined the fatigue limit as the lowest stress WhILch

ultimately produces a hysteresis loop. This conclusion was not confirmed

by the experiments of H. J. Gough and D. Hanson (74) who measured the

heat output of the specimen by a calorimetric method.

It is k1&wn that adiabatic dilatation decreases the temperature of

the specimen, while adiabatic compression increases it. With the infiation

of plastic deformation, a high increase of temperature takes place,

because more than 90 per cent of the energy input is transformed into heat.

Therefore, the yield limit is sharply defined by measuring the heat or tempera-

ture. This phenomenon was investigated by C. A. P. Turner (75), H. Rasch (76),

R. Plank (77), j. A. Capp and T. R. Lawson (78), H. Hort (79), and

G. Tammann (80).

Based on the above phenomena, C. E. Stromeyer (81) developed

a method for determining the fatigue limit by a calorimetric method. Up

to a certain range of stress, no evolution of heat from the specimen was

observed, but beyond this critical strebs perceptible heat was generated. The

heat generated increased rapidly with stress beyond this critical value. The

experiment was carried out on many metals and Stromeyer found that the

stress range necessary to produce the given rise in temperature of 0. 02 C

of the cooling water used in his calorimetric approach was remarkably con-

stant for different specimens of the same mtaierial, but varied greatly for
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different metals. Stromeyv.-r •laimed that the range of stress determined by

the calorimetric method was the fatigue range for the material. This method

of Stromeyer was further developed by H. J. Gough (82). He measured the

change of temperature of the specimen by a thermocouple, as a function of

the stress amplitude. Gough found, in agreement with Stromeyer, that at

a certain stress which is identical with the fatigue limit for a large number

of materials an evolution of heat takes place. After experimenting with more

than eighty materials Gough (83) concluded that the fatigue range as given by

the dynamic proportional limit and the calorimetric methods corresponds

closely with the fatigue limit as determined by the Wohler Method with

relatively few exceptions. For light alloys, for example, this method may

be misleading.

Detailed comparative experiments of this type using a temperature

measurement method were carried out by Moore and Jasper (84). The 48

specimens tested showed deviations from 0 to 4.4 per cent. The fatigue

limit of 25 specimens was lower than the temperature limit; in the rest of

the specimens it was vice versa.

Putnam and Harsch (85) investigated the rise of temperature

resulting from alternating loading by a special apparatus they developed.

They observed two marked points in the temperature-stress cnrve. The

first point was claimed to be caused by small failures in the material,

while the second point should be associated with the fatigue limit. Some of

these data are shown in Figure 17.

R. Stribek (38) presented data, which appears to be identical

with those of Putnam and Harsch, to arrive at the same conclusion.

Galibourg and Laurent (86) found that the stress of accelerated

temperature rise corresponds to the proportional limit rather than to the

fatigue strength.

E. Lehr (87) performed an experiment of this type using a

rotating beam testing machine he developed. The damping energy was

determined from the torque measured by a simple balance systerr. He

measured the change of damping as a f'_'nction of stress and observed two

significant points of the damping energy-stress curve as shown in Figure 18.

One point (A) marks the beginning of deviation of the curve from the straight

line; the second point (B) is obtained from the abscissa intercept of a line

drawn tangent to the higher damping portion of the! damping-stress curve.

The damping was measured after about 1500 cycles (one minute after the I
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beginning of the test) when the value of the damping energy had stabilized

according to Lehr. In general, the fatigue limit is near point A for steels

with a small initial damping, and near point B for steels with a high damping.

P. Ludwik used, in most cases, the Schenk torsion and bending

fatigue testing machine with an optical system. for indicating the hysteresis

loop. He measured the chtage in damping during sustained cyclic stress and

found, for steel, a maximum in the D-N curve (88). No relationship was

found to exist between this maximum or other damping trends and the fatigue

strength. Further, the experiments showed, as indicated in Figures 19, 20,

21, and 22, that the damping is not stable in some cases even after 108 cycles.

The increase of damping in the first stages was also observed by H. F. Moore

and J. B. Kommers (89) and designated as "heat burst".

P. Ludwik and R. Scheu (90) made comparative experiments of

darnping energy as a function of number of cycles on tool steel (StC 110),

high carbon steel (StC 100), mild steel, Si-steel, Al-Si-Cu-Mn alloy and an

Mg alloy. They compared the change of temperature of the specimen with the

total damping energy and investigated also the influence of cooling of the speci-

men on damping (Figure 23).

Since the temperature increase in uncooled specimens is significant

at high stress levels, cooling the specimen so as to maintain room temperature

resulted in a significant decrease in damping. They claimed that the tempera-

ture rise caused by increasing alternating stresses marks the fatigue limit in

the same way as the rise of damping.

P. Ludwik (91) also investigated the difference between the tempera-

ture rise and the rise in damping and the dynamic proportional limit. He found

that for magnesium and aluminum-copper alloys the point of temperature rise

occurred below and the dynamic proportional limit occurred above the fatigue

strength. Duralumin showed a smooth D-N curve and no marked point of rise

of damping. Pure copper and brass phowed the point of rise of temperature

and the dynamic proportional limit far below the fatigue limit. Mild steel

showed the same, but not as large a deviation. The fatigue strength of Si-steel

was identical with the point of temperature rise and the dynamic proportional
limit. Soft Cr-Ni steels have the fstigue limit above the point of temperature I
rise, while hardened and tempered stael showed no sIgnM',cant discontinii.ty

in its damping curve. Cr-Si steels showed a similar behavior to the Cr-Ni
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steels. In general, the dynamic proportional limit was found to be at stresses

higher than those producing a significant temperature increase.

W. Herold (92) investigated the damping measurement type of short-

time fatigue tests on about 80 different steels. He found the best agreement

between the results of his short-time test and the Wohler test for steels with

an ultimate strength of about IGO, 000 psi as shown in Figure 24. Steels with

a smaller strength had a high damping, which causes the point of the rise of

damping to be significantly below the fatigue strength.

A deviation method employing damping measurements to find the

fatigue limit was developed by A. Esau and H. Kortum (93). In this method

the alternating stress was raised in steps and cyclic stress was continued

until stabilization of the damping occurred. At a definite stress the damping

failed to stabilize and steadily increased. The authors claimed the stress to

he indicative of the fatigue limit. This method probably has very little appli-

cability since most materials do not appear to display stabilized damping at

all stresses below the fatigue limit.

8. 3 Damping at Low Stress

E. Cerold and A. Karius (94) investigated the influence of alter-

nating stresses upon the damping at small stresses, and its connection to

the fatigue limit. Damping at low stresses as a function of alternating stress

magnitude shows, according to these investigators, changes similar to those

at high stress. In accordance with Lehr's method, Gerold and Karius

determined the fatigue limit from the alternating stress at which low stress

damping rises. They examined Brass 58, Al, Al-Cu-Si alloy and steel by

this method, and found it only applicable for steels with less than 0. 6 per

cent C. The change of the natural frequency could be measured by the same

equipment. It was found that the change of the natural frequency caused by

alternating stresses was in accordance with the change of damping (Figure 25).

Since lattice distortions caused by plastic deformations increase

the damping, this method is also an indicator of the initiation or plastic deforma-
.41

tion. Not only is this method subject to the uncertainties of the Lehr Method

but there is also another factor which adds to the total uncertainty. Damping

at low stress indicates any kind of change of lattice condition. Besides

plastic deformation, phase changes or change of state of solution, etc., also
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cause a change of lattice distortion. These effects are superimposed which

makes the detection of the fatigue limit difficult. Further research must be

done I clarify this problem.

All the short-time fatigue tesling methods based on damping measure-

ment as discussed above do not take into account stress history effects.

P. Ludwik found that the effect of stress history on damping at stresses below

the fatigue strength was small ii most cases. B. J. Lazan and T. Wu (56)

found that for mild steel damping does not change with stress history until

a certain critical value, which they designated as the "cyclic stress sensitivity

limit," is reached. At stresses below this limit there seems to be no effect of

stress history on damping (See Figure 26). The relationship of the cyclic

stress sensitivity limit to the fatigue limit and its possible use in accelerated

fatigue testing is currently under study at Minnesota. One advantage in using

this limit is that it is independent of stress histo;•y during a stepwise load

Increase test. Cyclic stress sensitivity limit is found to exist not only for

mild steel, but recent work at Minnesota indicates that other materials, in-

cluding alloy steels, gray iron, aluminum alloys, and magnesium alloy, also

display this critical stress. In genral, the ratio of cyclic stress sensitivity

limit to fatigue strength was found to be in the range of 0.75 to 0. 90 for the

materials investigated.

SECTION IX. CHANGE IN MODULUS OF ELASTICITY

Comparative experiments of B. J. Lazan and T. Wu (56) showed

that the tangent modulus of mild steel unlike its damping or proportional

limit was not affected by stress history below the fatigue limit. However,

cyclic stress above the fatigue limit decreased the tangent modulus progressively

with increasing number of cycles (Figure 27). If other materials display the

same behavior the change of tangent modulus by stress history might have

possible use for rapid indication of fatigue properties.
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SECTION X. MAGNETIC PROPERTIES

E. Moench (95) proposed a shirt-time fatigue test method for ferro-

magnetic materials. This method is based on the fact that plastic deformation

and fatigue changes significantly the magnetic induction of a ferromagnetic

material which can be "measured by a relativw.ly simple method. Moench found

that every ferromagnetic material has its own "magnetic stress limit" which

can be obtained in a short-time test. This magnetic stress limit is reasonably

close to the fatigue limit for mild steel, but deviates for steel with a higher

carbon content. Further experiments on this problem have been carried out

by F. Forster and K. Stambke (96), K. Fink and H. Lange (97), H. Fink and

W. Hempel (98). and R. L. Cavanagh (99), without giving more details.

SECTION XI. ELECTRICAL RESISTANCE

Shoji Ikeda (100) proposed in 1928 to use the change of electrical

resistance caused by alternating stresses for a rapid determination of the

fatigue limit. This method was investigated in detail by F. H. Moore and

Seichi Konzo (101). The test was started at lVw stresses and the stresses

were gradually increased stepwise. At the end of every stepwise increase
in stress,readings of temperature and electric resistance of the specimen

were taken. The curve of electric resistance versus stress magnitude shows

a definite break at stresses in the range of the fatigue limit. Comparative

tests were made by Moore and Konzo with Armco iron, 0. 2 carbon steel,

0. 52 carbon steel, hardened tool steel, brass, monel metal, and copper

(Figure 28). The tests showed a fair coincidence between the fatigue limit

as determined by the electric-resistance test and by a regular long-time

fatigue test. In general, the electric-resistance test gave results in the

"safe"range. The average deviation between the limit as determined by
the two methods was 4.67 per cent, and the maximum 9.4 per cent (with

the exception of 0. 2 carbon steel which had a larger deviation). The electric-

resistance tests were in fair coincidence with the rise-of-temperature test.

In the case of monel metal the rise-of-temperature test failed while the

electric-resistance method gave good results.
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Changes in the electric resistance of a material are caused (a) by

a change of temperature, and (b) by the structural rearrangement within the

metal (state of order of the lattice). In general, the electric resistance of

a metal is increased by a change of its structure from the ordered to the dis-

ordered state, as is caused, for example, by cold working. Moore and Konzo

made the important observation that in some cases the electric resistance

decreased at alternating stresses below the fatigue limit, in spite of the rise

in temperature (Figure 28). From these results it may be concluded that

alternating stresses below the fatigue limit may cause a change of the struc-

ture of the metal from the disordered to the ordered stage. This is in accor-

dance with the observations of F. Vitovec (102) that the free energy of low

carbon steel is diminished by alternating stresses below the fatigue limit.

At stresses beyond the fatigue limit, an analysis must take into account the

existence of several zones caused either by stress distribution or surface

factors. One zone is at the surface whose lattice distortion is increasing, and

a neighboring zone in which the lattice distortion is decreasing (103).

In general, the change of electric resistance caused by cold working

is more pronounced than that due to structural rearrangement.

SECTION XII. SURFACE ACTIVITY OF STRESSED MATERIAL

Recently J. Kramer (104) found, that any kind of cold working of

metals and some non-metals causes a weak electron radiation. The pheno-

menon results from the lattice distortions and increase of internal potential

energy of the material caused by cold working. Cold working causes a metal

to attain a more disordered lattice. As a result of the thermrionic motions

of the atoms, recovery takes place causing a disordered transformation

which is accompanied by the release of electrons. The resultant radiation

depends upon magnitude of strain, temperature, time, and surface conditions

of the specimen. The change of radiation by cold working and temper-ing

conforms to the change of the electrical resistance. Because of th'. uncon-

trolled influence of the surface condition only qualitative measurements can

be made at present. Nevertheless, the radiation effect can be used for-

comparative examinations and may, therefore, have possibilities in materiais 4
testing.
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Fatigue tests on copper showed an increase of radiation at a definite

stress which may be in the range of the fatigue strength (Figure 29). Based on

his experiments, Kramer proposed to use the effect of change of radiation by

alternating stressing for short-time fatigue tests. Kramer made only a few

exploratory tests, therefore extensive experiments are necessary to prove

Kramer's proposal.

Change of electrical resistance, coefficient of thermal expansion,

and radiation effect are intimately related. It seems that exact comparative

investigations of these effects could provide further knowledge regarding the

mechanism of fatigue. However, the changes of these effects are very small

and, therefore, sensitive and usually complicated equipment is required.

SECTION XIII. EFFECT OF PRIOR FATIGUE STRESS
ON ULTIMATE TENSILE STRENGTH

The method of H. F. Moore and H. B. Wishart (105) is based on

the theory that below the fatigue limit cycles of repeated stress increase the

tensile strength whi.e above this lirnit crceks becgin to develop and propagate,

whereby the tensile strength is reduced. These investigations subjected five

or six fatigue specimens to approximately 1,400, 000 cycles, each at a

different stress. The stresses for the different specimens covered a range

of values on both sdes of the estimated fatigue strength. After each fatigue

test, the tensile strength of the specimens were determined. The alternating

stresses were plotted versus the corresponding tensile strengths to determine

if the fatigue limit can be predicted from the peaked condition of this curve.

This method was tried on structural steel, cold-rolled steel, brass, monel

metal, nickel-steel, chromium-nickel steel, duralumin, and specimens of

cold-rolled steel with sharp notches. As shown in Figure 30, the short-

time test predicted the fatigue limit satisfactorily for all materials except

brass and duralumin. These exceptions have also been observed by the other

short-time test methods and are not surprising, since change of phase caused

by alternating loading during the test takes place, which could not be covered

by a short-time test.
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However, s;ince the change of the tensile strength caused by alter-

natung stresses is small the resultant flat curve makes it difficult to define

a peak value with certainty.

SECTION XIV. COEFFICIENT OF THERMAL EXPANSION

A rapid method for determining the fatigue limit of materials has

been recently proposed by J. L. Rogenholtz and D. T. Smith (106) as their

"Dilastrain Method". This method depends on the effect of prestressing a

specimen by a definite number of cycles upon the coefficient of linear thermal

expansion. The coefficient of linear thermal expansion was obtained by

heating the specimens from 20* C (66*F) to 1000 C (212° F) or from 250 C

to 450 C. The number of prestressing cycles for best indication depends upon

the type of material and lies in the range of 10, 000 to 50, 000 cycles for

aluminium alloys, brass, and bronze and of 80, 000 to 100, 000 cycles for steel.

The authors present limited data of the type shown in Figure 31 and claim that

the fatigue limit coincides with the minimum point as shown. With some alloys

the coefficient falls regularly to the fatigue limit and then rises, producing a
sharp "V". It should also be noted that the change of the coefficient is very

smaii •"d in the range of I to 5 per cent. Since the temperature range used

for coefficiemý rneasureme~it necessarily was relatively small, instruments

of great sensitivity are required.

This method must be investigated more thoroughly before it can

be accepted.

SECTION XV. DETERMINATION OF THE FATIGUE LIMIT
BY X-RAY DIFFRACTION

15.1 Method of F. Regler

F. Regler (107) claims to have observed sharp edges on the back-

reflection X-ray lines which enabled him to measure exactly the radial

breadth of the reflections. Furthermore, he reports an increasing broadening
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of the reflections caused by fatigue stressing. Based on these observations,

he proposed methods for determining the fatigue limit and forecasting the

life of a specimen which is loaded beyond the fatigue limit. No one other .han

Regler has reported observation of these sharp edges on the reflections nor

reproduced his experiments (108), (109), and (5). It seems that the sharp

edges of the reflections observed by Regler were probably Laue asterism

resulting from the polychromatic background superimposed on the mono-

chromatic X-rays.

15.2 Method of R. Glocker (110)

R. Glocker used the characteristic radiation of chromium to

measure lattice parameter as an indication of surface strains to a depth

of about 0. 004 inches. At constant alternating loading beyond the fatigue

limit, he observed a continuous decrease in surface strain. Inf most cases,

no decrease could be observed at loadings below the fatigue limit. However,

if an initial decrease did take place below the fatigue limit it was followed

by an increase caused by strain hardening as shown in Figure 32. R. Glocker

proposed to use this effect for rapid determination of the fatigue limit

because only 200, 000 cycles are necessary for detection, whether the loading

is in the safe range or not. This method was tried by J. A. Bennett (111).

He found that a stress smaller than the fatigue strength produces a decrease

of the surface sLrain in the same way as stresses beyond the fatigue strength.

SECTION XVI. STRENGTH UNDER, COMBINATION
OF ALTERNATING BENDING AND TENSION LOADS

E. Mohr (112) developed a method for rapid determination of the
fatigue limit primarily for thin sheets and wires. Each specimen was sub-

jected to constant tensile force and to a fixed alternating bending angle causing

bending strain considerably smaller than the tensile strain. To establish the

S-N curve different specimens were subjected to the sane cyclic bending angle,
but each specimen had a different tensile force as indicated in Figure 33.

Mohr claims that the stress at the break in his curves is identical with the

fatigue limit of steel and with the fatigue strength of non-ferrou5 rrieta!5 at

20 x 106 cycles.
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F. Erdmann-Jessnitzer, H. Hanemann, and E. J. Kohlmeyer (113)

found no timesaving by this method for testing Zn and Zn-alloys.

SECTION XVII. SUMMARY AND ANALYSIS OF METHODS

Since fatigue cracks are, in general, brittle tensile cracks, propor-

tionality between fatigue strength and tensile strength was assumed in early

work. However, no general relationship of this type could be found for all

types of materials and all conditions. The relationship between fatigue and

other static properties such as proportional limit, yield strength, and true

tensile strength have been considered again without success. This approach

has been elaborated upon by developing formulas, particularly for steel, which

give the fatigue limnit as a function of several static properties such as yield

strength, apparent tensile strength, elongation, and reduction of area, etc.

These formulas seem applicable only under special and highly limited con-

ditions. However, these formulas have been used rather widely in the steel

industry of Germany.

Based on the fact that fatigue is caused by reversed slipping, the

fatigue limit was proposed to be identical to that stress at which slip lines

begin to form or at which slip lines do not appear again after prestressing.

No proportionality between this so determined stress and the fatigue strength

could be observed since other secondary effects such as strain hardening,

aging, etc., influences the fatigue properties.

Another attcmpt for reducing fatigue testing time is based on assump-

tions that the shape of the S-N curve is fixed. Assuming the S-N curve to be

a hyperbola, two or three reliable points may be sufficient for mathematical

or graphical determination of the fatigue limit. The Prot method also must

use this assumption, among others, to interprete the fatigue strength under

uniformly increasing load. The validity of the methods based on this assump-

tion seems tobe very limited since numerous fatigue tests show that S-N curves

frequently do not display a hyperbolic shape.

W5
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Attempts have also been made to associate fatigue properties with

the stress-strain characteristics under reversed stress. A large number of

fatigue tests showed that the dynamic proportional limit gives a good indica-

tion of the fatigue strength for many metals and alloys and appears to have

isewer exceptions (for example, duralunzin) than do other methods.

In several other methods the change of other physical properties

caused by alternating stress have been investigated for possible association

with fatigue properties. Properties studied in this way include damping,

magnetic properties, electrical resistance, coefficient of thermal expansion,

mosaic size detected by X-rays, surface stresses detected by X-rays, surface

activity, and ultimate tensile strength. In general the change of the property

as a function of reversed stress only has been investigated, and only recently

have stress history effects been studied. All of these physical properties

have been found to be affected by fatigue stress, but in most cases the magni-
tude of change is relatively small and therefore difficult to determine accur-

I ately. To date, insufficient basic work has been completed to clarify the

significance of such associations.

In other groups of short-time tests fatigue rupture properties are

determined under conditions of uniformly increasing stress or other types of

] constant load condition. Special attention may be directed to Prot's. method

in which the stress is uniformly increased until failure. For reasons

discussed previously the progressive load increase method does not appeAr

to be applicable for all materials.

Generally speaking, some of the short-time fatigue tests seem to

be very useful as comparative tests. No one or few short-time tests display

definite superiority over the other methods and the best test for a given pro-

ject depends on individpal circumstances and objectives. For any new material

or material in such condition where the fatigue properties are unknown, short-

time tests will provide only an approximate indication of fatigue properties-

regular long-time tests must be used if accurate fatigue properties are

required.

WADC TR 53-122 30 .4.



BIBLIOGRAPHY

1. H. J. Goi h', S. J. Wright, and D. J. Hanson: Further Experiments on
Single C-ys als of Aiuminum Employing Reversed Direct Stresses.
Institte of Metals 36 (1926) p. 173.

2. H. J. Gough, D. Hanson, and S. J. Wright: The Behavior of Single
CrystaTs'T-Aluminum Under Static an epeated Stresses. Phil. Trans.,
Roy. Soc. 226 (1926) p. 1.

3. W. Boas: Physics of Metals and Alloys. Melb. U. P. 1947.

4. F. Wever, M. Hernpel, and H. Moeller: Dia Veraenderung des Kristallzu-
stanz'g von Stahl bei Wechselbeanspruchung bis zum Dauerbruch. Stahl
und Eisen 59 (1939) pp. 29/33.

5. E. Martin: Auswirkung kleiner Verformungen auf das Roentgenfein-
strukturbild. Archiv f. d. Eisenhuettenwesen 10 (1936/37) pp. 415/417.

F. Wever, M. Hempel, and H. Moeller: Die Aenderung des Kristallzustan-
des we-cselbeansp-rucIter Metalle-TEmRoentgenbild. Archiv f. d. Eisen-
huettenwesen 11 (1937/38) pp. 315/318.

H. J. Gough and W. A. Wood: Deformation and Fracture of Mild Steel
Under Cclic Stresses in-R"ation to Crystalline Structure. Proc. Inst.
Mech. Eng. (London) 141 (1939) pp. 175/185.

J""L. Glocker, 0. Kemmnitz, and A. Schaal: Roentgenographische Spannungs-
messung iiei dynimischer Beanspruchung. Archly f. d. Eisenhuettenwesen
13 (193A/40) pp. 89/92.

6. F. Gisen and R. Glocker: Roentgenographische Bestimung der zeitlichen
Aenaeertmg des Eigenspannungszustandes bei Biegewechselbeanspruchung.
Zeitschrift f. Metallkunde 30 (1938) pp. 297/298.

F. Wever and G. Martin: Verhalten spannungsbehafteter Werkstuecke
bei"Wecselbeanspru-cung. Mitteilungen d. KWI. f. Eisenforschung
21 (1939) pp. 213/218.

7. B. Chalmers: Influence of the Difference of Orientation of Two Crystals
(Tin) on the Mechanical Effect of Their Boundary. Proc. Roy. Soc.
(London), A , 162 (1937) p. 120.

8. A. Slibar and F. Vitovec:. Ueber den Wirkungsbereich der Spannungsver'-
festigung. Schweizer Archiv f. angew. Wissensohaft u. Technik 16 (1950)
pp. 80/84.

9. F. Vitovec and A. Slibar: UJeber den Einflusz der frelen Oberflaeche auf
die Verformungsbehfiderung im vielkristallinen Werkstoff. Schweizer
Archly f. angew. Wissenschaft u. Technik 16 (1950) pp. 76/80.

WADC TR 53-122 31



10. H. Moellex and J. Barbers: Roentgenographische Untersu-chung ueber
Spannungsverteilung -und Ueberspannung im Werkstoff. Mittellungen
KNI. f. Eisenforschung 17 (1935) pp. 157/166.

F. Bollenrath and E. Schiebold: Roentgeitographische Spannungs-
mesq~ungen~em Uebe-RqchFeiter der Flieszgrenze an Blegestaeben aus
Fluszstahl. Zeitschrift d. Vereins Deutscher Ingenieure 82 (19381
pp. 1094/1098.

F'. Bol1enrath. V. Hauk, and E. Osswald: Roentgenographische
SpannungsrnessungeiiT-Fi UeberscFirhiten der Flieszgrenze an Zugszaeben
aus unlegieriern Stahl. Zeitschrift d. Vereiris Deutscher Ingenieure
83 (1939) pp. 129/132.

F. Bollenrath and E. Osswald: Ueber den Beitrag einzelnerKrista11ite
eines vielkrisitallinen Koerpers zur Spannungs mes sung mit Roentgen-
strahien. Zeitschrift f. Metallkiinde 31 (1939) pp. 151/159.

F. Bolienrath and E. Osswald: Roentgenographische Spannungsi-
finegssungen'ii Uebershc-Kreiten der Druvkflie-,rzrnz~e au unleitmartepm
Stahl. Zeitschrift des Vereins Deutscher Ingenleure 84 (1940)"
pp. 539/541.

R. Glocker and H. Hasenmeier. Roentgenspannungsmessungen ueber
den B9eginn des Flie~szvor-ganges bei C-Stahl. Zeitschrfit des Vereines
Deutscher Ingenieux'e 84 (1940) pp. 825/828.

V. Hauk. Roentgenographische Spannungsmessungen an Zugstaeben
aus effaluminium und aus einer A1-Cu- Mg- Legierung bei
plastischer, Verforrniungr. Zeitsc~hrift fuer Metallkunde 39 (1948)
pp. 108/111.

R. Boehier and R. Giocker: Roentgenographische und mechanische
Untei-rEs-iing des F~iv-eszorganges bei Biegung. Zeitschrift fuer
Metalikunde 38 (1947) pp. 304/1309.

A. Schaal: Roentgenographische Untersuchung ueber das Verhalten
der Werkstoffe bei Schwingungsbeanspruchung. Zeitsehrift fuer
Metailkunde 40 (1949) pp. 417/427.

A . Slibar and . iovec; VeUt den usz ue feie 'raehUt U --" u r i n Ob~ ~ eauf die E astizitaiftsgre-nze vielkristalliner Werkstoffe. Beitraege
zrangewandten Mechanik (Federhcifer-Girkniann-Festschrift),

Wien 1950, F. Deutike. pp. 349/36:3.

11. G. Fronmeyer and E. G. Hofmann: Roentgenographische Spannungs-
messungen an einzelnen Kr-isitaliten eines aut Zug beanspruchten
Stahies. Zeitschrift fuer Metalikunde 43 (1952) pp. 151/158.

12. E. Siebel and G. Staehli; Versuche zurn Nachweis von Schaedigung
undV-e-rfestigung r -GIe~iet der Zeitfestigkeit. Archiv f. d.
Eisenhuettenwesen 15 (1941/1942) pp. 519/527.

VVADC TR 53-122 32



13. E. Orowan: Theory of the Fatigue of Metals. Proc. Roy. Soc., A ,
L77 Tf('-pp. 79/106.

14. N. N Afanasev: Statistical Theory of the Fatigue Strength of Metals.
Jour. of Technical Physics (USSR) 10 (1940) pp. 1553/1568.

15. A. M. Freudenthal: The Statistical Aspect of the Fatigue of Materials.
Proc. Roy. Soc., A , 187 (1946) p. 416/429.

16. P. Ludwik: Die Veranderung der Metalle bei wiederholter Bean-
spruchung, Z. Metallkunde 15 (1923) pp. 63/73.

17. H. J. Gough and W. A. Wood: Strength of Metals in the Light of
Modern- sic s. Royal"?Jnautical Society, 606th Lecture (April 20,
1936).

18. W. Kuntze: Berechnung der Schwingungsfestigkeit aus Zugfestigkeit und
Trennfestigkeit. Z. VDI 74 (1939) pp. 231/235.

19. A. Thum and C. Petersen: Die Vorg~rige im ziigig und wechselnd

beanspruchten Metallgefuge. Z. Metallkunde 33 (1941) pp. 249/259.

20. E. S. Machlin: Dislocation Theory of the Fatigue of Metals. NACA-

ReportNo. 929, 1949.

21. G. Maspn: Lehrbuch der Metallkunde. Berlin-Goettingen-Heidelberg
1951, Springer.

22. H; Neuber: Kerbspannungslehre. Berlin 1937. Springer.

23. W. Rosenhain: The Effect of Strain on the Structure of Metals. An
Introduction to the Study of Physical Metallurgy. 2nd Ed. 1919,
Chap. XII.

24. H. F. Moore and J. B. Kommers: An Investigation of the Fatigue of
Metals. Vletin No. 124, Eng. Fxpt. Station, University of Illinois,
Urbana. USA.

25. R. R. Moore: Resistance of Metals to Repeated Static and Impact
StresseisTASTM 24 (1924) II, p. 547.

26. H. F. Mcore and T. M. Jasper: An Investigation of the Fatigue of
Metals.7-J'versity of Ilihnor-1s ng. Expt. Stat. Bull. No. 142, 1924.

27. J. M. Lessels: Discussion. Proc. ASTM 24 (1924) II pp. 442 and
602/60.

28. A. Schaal: Einfluszfaktoren bei der Bestimmung der Schwingungs-
festTgk-ertaus der statischen Flieszgrenze. Zeitschrift fuer
Metallkunde 41 (195u) pp. 334/339.

29. A. Schaal: Schwingungsfestigkeit und statische Streckgrenze.
Arc'7hT. . Eisenhuettenwesen 16f. (1942/43) pp. 21/26.

WADC TR 53-122 33



30. P. Ludwlk: Schwlngungsfestlgkeit. Zeltschr. d. Oesterr. lng. -u. Archi-
tek4ýeenVeieines, 1929, p. 403.

31. L. Spangenbe.g: Ueber das Verlialten der Metalle bei wiederholter
Beansprucliiiii Z. Bauwesen 24 (1874) p. 473 and 25 (1875) p. 78.

32. C. E. Stromeyer: A Method of Determining Fatigue by Colorometry.
Engg. 118(191T4)p. 2.81.

C. E. Strorneyer: The Elasticity and Endurance of Steam Pipes. Engg.

C. E. Stromeyer: The Determination of Fatigue Limits Under
Altenatng tress. Proc. Roy. Soc. 40 (1924) p. 411.

33. H. F. Moore and F. B. Seely: Cons'kantes et Diagrammes pour les
essais d-es fa-tigues. Soc.Test. Mat. (1916), 11, p. 471.

34. R. Mailaender: Ermuedungserscheinungen und Dauerversuche. Stahl
und Eisen 44 (1924) pp. 585/589, 624/629, 657/661, 684/691, 719/725.

35. A. Pomp and M. Hem pel: Archiv. f. d. Eisenhuettenwesen 14
(194U/41T pp. 4037413.

36. W. Herold: Die Beziehung der Dauerfestigkeit zu den statischen
FesTiglke-iitswerten. Zeitschrift des Vereines Deutscher Ingenieure
73 (1929) p. 1261.

37. R. Mailaender: Ermuedungserscheinungen und Dauerversuche. Stahl
und ETisen44 1 924) pp. 684/691.

3. R. Stribek: Dauerfestigkeit von Eisen und Stahl bei wechselnder Biegung,
3. ver~g~irchen mit den Ergebnissen des Zugve. s uches. Zeitschrift des

Vereires Deutscher Ingenieure 67 (1923) pp. 631/636-

39. E. Houdremont and R. Mailat-nder: Dauerbiegeversuche mit Staehien.
Stahil und Eisen- 49 (1929) p~p. 8-3T839.

40. A. Jenger: Erfahrungen ueber die Pruefung der Dauerfestigkeit
Verc~veener Werkstoffe mit der MAN- Biegeschwingungsmaschine.

Mitt. Forschungs Anst. d. GHHI-Konzerns 1 (193n)pp 8/18.

* 41. W. Lequis, H. Buchholz, and E. Schulz: Biegeschwingungsf estigkeit
in iffi~erFBziehur'g zu den uebrigen Festlgkeitseigenschaf ten bei Stahl.
Stahl und Eisen 53 (1933) pp. 1133/1137.

42. A. Fry, A. Kessner, and R. Qettel: Die Bedeutung der Streckgrenze
fuer-Me Wechs-erFe-stigjteit bUei St-a-ehlen hoeherer Festigkeit. Archiv
f. d. Eisenhpettenwesen 14 (1940/41) pp. 571/576 and 15 (1941/42)
pp. 201/202.

WADC TR 53-122 34



43. E. Gerold and A. Karius: Abkuerzungsverfahren zur Ermittlung der
Weciselfestigkeit._Archiv f. d. Eisenhuettenwesen (1950) pp. 191/195.

44. M. Hempel and H. Krug: Streckgrenzenverhaeltnis und Biegewechsel-
festigjeit von Stahl.7Arhiv f. d. Eisenhuettenwesen 16 (1942/43)
pp. 27/30.

45. M. Hempel and H. Krug: Einflusz der Streckgrenze auf die Biegewech-
selfestigkeit von Stahl. Mitteilungen d. XWI. f. Eisenforschung
24 (1942) pp. 97/103.

46. C. E. Stromeyer: The Determination of Fatigue Limits Under
Alternatin-gStress Conditions. Proc. Roy. Soc. 40 (1914) p. 411.

47. W. Spaeth: Evaluation of Fatigue-Test Data in Materials Testing.
Meta17. M950, pp. 374/377.

48. W. Weibull: A Statistical Representation of Fatigue Failures in Solids.
Tranisi.oy. Inst. Technology, Stockholm, No. 27, 1949.

49. J. H. Smith: Some Experiments on Fatigue of Metals. Journ. Iron
and Stee--THiist. (1910) II.

50. H. J. Goagh: The Fatigue of Metals. New York 1926, D. Van Nostrand,
p. 244.

51. E. Kaufmann: Ueber die Dauerfestigkeit einiger Eisenwerkstoffe und
ihre Beeinflussung durch Temperatur und Kerbwirl-ung. Berlin 1931.
VDI- Verlag.

52. D. C. McAdam, Jr. : Accelerated Fatigue Tests and Some Endurance

Prope.rties of Steel, Their Relation to Other Physical Properties and J
to Chemical Composition. ASTM 23 (1923) p. 56.

53. T. Robson: Determination of the Fatigue Resisting Capacity of Steel
Under Alternating Stress. Engineering (1923) p. 67.

54. J. M. Lessels: Endurance Properties of Steel, the Relation to Oher
Physical Properties and to Chemical Composition. ASTM 23 (1923) II.

55. W. Mason: Report on Alternating Strcss. Rep. Brit. Assoc. (Complex
Stre-s-s-Dtstribution Ctee. ) i913, p. 183.

56. B. J. Lazan and T. Wu: Damping, Fatigue, and Dynamic Stress-
Strain PFroerties ofI Mild Steel. ASTM Preprint Nr. 22, 1951.

57. E. M. PF'ot: L'Essai de Fatigue Sous Charge Progressive. Comptes
RenduT. V.7225 , Oct. 20, 1947, p. 667.

58. E. J. Ward, and D. C. Schwartz: Investigation of Prot Accelerated
Fatigue--Tiest. WADC Technical Report 52-234

WADC TR 53-122 35



59. E. M. Prot: L'Essai de Fatigue sous Charge Progressive. Une
nouellete"chnique d'essai de materiaux. Revue de Metallurgie 45
(1948) pp. 4CI11489. Discussion p. 489.

E. M. Prot: Fatigue Testing Under Progressive Loading. A New
Techniquei1ror Testing Materials. WADC Technical Report 52-148.

80. F. B. Stulen and W. D. Lamson: Preliminary Report on the Pro-
gressivee-Md Method of Faatrgi Testing. Curtis Wright Corpora-
tion, Prop. Div., Caldwell, New Jersey, TN 270, April 12, 1951.

61. D. L. Henr : WADC, Wright-Patterson Air Force Base, Ohio;
private communication.

62. M. A. Miner: Commulative Damage in Fatigue. Journ. Appl.
,Mechanl~iF"ept. 1945, pp. A-159 /I64.

63. W. Weibull: Statistical Theory of the Strength of Materials. Ing.
VedensTas Akad. Handl. 1939,' p. 151.

64. G. M. Sinclair: An Investigation of the Coaxing Effect in Fatigue
of MetaiiTA M Preprint No. 92, 1952.

65. C1. Zener: Internal Friction in Solids. Proc. Phy. Soc. (London)
52 (r pp. 152/166.

Cl. Zener: Elasticity and Anelasticity of Metals. Chicago 1948,
Univ-ersiy of Chicago Press.

66. F. J. Radovich and R. Slnoluchowski: Influence of Pressure on Inter-
metallic Diiison. Phys. Rev. M51944) p. 62.

687. P. Ludwik and R. Scheu: Die Veraenderlichkeit der Werkstoff-
daem-pfuni. ZeitsEcRYM des Vereins Deutscher Ingenieure 76

•,•(1932) pp. 683/685.

68. M, J. Manjoine and A. Nadai: High Speed Test at Elevated
Temperatures. Proc. ASTW40 (1940) pp. 822/837.

69. F. Vitovec: Ueber den Einflusz von Temperatur und Verformungsge-
schwindigkeit auf die kritische Schubspannung. Zeitschrift fuer
Metallkunde 43 (1962) pp. 128/130.

70. 0. Bouduard: Breakdown Tests of Metals. Intern. Assoc. Test.
Mat. V•- thCongress 1912, Paper V3.

71. F. E. Rowett: Elastic Hysteresis in Steel Proc. Roy. Soc.
89 (19XIT-p2328.

72. B. Hopkinson and G. Trevor: Elastic Hysteresis of Steel.

73. W. E. Dalby: Research on the Elastic Properties and the Plastic
Extension of Metals. Phil. Trans. Roy. Soc., Ser. A, 221 (1921)
p. I.

WADC TR 53-122! 36



;TI

74. H. J. Guhand D. Hanson: The Behavior of Metals Subjected to
RepeateU t-resses. Pir--c.Roy. Soc. , Ser. A. , 104 (1923).

75. C. A. P. Turner: The Thermodynamic Determination of Stress.
Trans. Am. 7o-c. Engg. 48 (1902) p. 140.

76. E. Hasch: Method for Determining Elastic and Critical Stresses in
Materials by Means of Elastic Measurements. Sitzu-ngsberichte der
Berliner Akademie 1908, p. 210. Proc. Int. Ass. Test. Materials,
1909, Art. 7.

77. R. Plank: ZuAr Thermodynamik elastischer und bleibender Formaen-
derngn Zeitschrift des Vereins Deutscher Ingenieure 54 (1909)
pp. 1841859.

78. J. A. Ca pp and T. R. Lawson: Thermoelectric Indication of Strain as
a Test~iin-gethod. int-.A-s--T'est. Materials 1912, Art. 9.

79. HI. Ifort: Die Waermevorgaenge- be-in Laengren von Metallen. Forschungs-
arb-eiten auif dem Gebiete des Ingenieurwesens Nr. 41, 1907, p. 1/53.

80. G. Tarnmann and H. Warrentrup: Die Teniperaturaenderungcn bcizn
Recken von Mtlsalen. Zechr. f. Metallkunde 29 (1937)
pp. 84/88.

81. C. E. Stromneyer: The Determination of Fatigue Limits Under
Aleratn.&,I-tr-cs Conditions. Proc. Roy. Soc. 40 (114 p-ý X. 411

82. H. J. Gough,. Improvements in Methods of Fatigue Testing. Engg.

83. H. J. Gough: The Fatigue of Metals. New York 1926, D. Van Nostrand.

84. W. Spath: Physik der M~echanischen Werkstoffpruefung. Berlin 1938.
Springer. p. 161.

85. Putnam and Harsch; Rise of Temperature Method for Determining
Endurance fLimit-. University of Illinois Eng. .Expt. CItation Bulletin
No. 124, p. 119.

86. E. Lehnr: Die Abkuerzungsverfahren zur Erinittlung der Schwingungs
festigkeIt von Materialien. Doktor-Ing. Dissertation, Stuttgart 1925.

87. E. Lehr: Oberlaechenempfindlichkeit und innere Arbeitsaufnahme der
Werk-stoffe bei Schwingungsbeanspruc hung. Zeitschr. f. Metallkunde.
20 (1928) pp. 780/90.

88. P. Ludwik: IKerb-und Korrosionsdauerfestigkeit. Metallwirtschaft
10 rf 3TMj~ 7 01.

P. Ludwik: Bruchgefahr und Materialpruefung. Schweizerischer ~
Ver bancTuer die Mate rialpruefund der Technik. Diskussionsber.

Nr. 13, Zurich 1928.

WADC TR 53-122 37



89. H. F. Moore a.nd J. B. Komlmers: The Fatigue of Metals. McGraw-Hill Book
Company, 7nc. .London T927-.

90. P. Ludwik and R. Scheu. Die Veraenderlichkeit der Werkstoffdaempfung.
Zeit~sThiT~t des Vei'ýfiiiheutscher Ingenieure 76 (1932) pp. 683/685.

91. P. Ludwik: Ueber Dauerversuche. Mitt. d. K. K. Technischen Versuchs-
amtes, ien, 1918, p. 36.

92. W. Herold: Die Beziehungen der Dauerbiegefestigkeit zu den statischen
Fes tigke"if-swer ten. ZVDI 73 (1929) p. 1261.

93. A. Esau and H. Kortum: Die Veraenderlichkeit der Werkstoffdaempfung.
Zeitschrift des VTerehin-Deutscher lngenieure 77 (1933) Nr. 42 and Die
Mesztechnik 10 (1934) p. 21. DRP. No. 568910.

94. E. Gerold and A. Karius: AbKuerzuwlgsverfahren zur Ermittlung der
Wechs~efe~stigkeit.7AFJ&"iv f.d. Eisenhuettenwesen 21 (1950) pp 191/195.

95. E. Moench: Forschungsarbeiten auf dem Geb. d. Ing. Wesens 11 (1940)
pp. 472MT4. _

96. F. Foerster and K. Stambke:. Magnetische Untersuchung innerer Spannungen.
Zeiifs-chrfiF7. Metallk-u-nde 33(1941) p. 97/104.

97. K. Fink and H. Lange: Wechselbeanspruc hung und magnetische Eigenschaften.
PhyFika-lische Zeitc rift 42 (1941) pp. 90/95.

98. K. Fink and M. Hem pel: Ueber magnetische Messungen an dauerbeanspruchten
Stafilstaeben. Archiv f.d. Ei.senhuettenwesen 20 (1949) pp. 75 /78.

9,9. R. L. Cavanagh: Progress Reports, Fatigue Prediction Fellowship. Wright
Air Deeopment Center. Contract No. AF-33(038)-19151, E. 0. No. 604-
305SR-72.

100. hojiIkeda: Emn neues Schnellverfahren zur Bestin'mung der Dauerfestigkeit
durch3Reisung des elektrischen Widerstandes. Journ. Soc. of Mech. Engr.
of Japan 31 (1928) nr. 136. Tpchnology Rep. Tohoku Univ. 8 (1929)

pp. 41/767.

101. H. F. Moore and Seichi Konzo: A Study of the Ikeda Short- Time (ElJectrical
ResistanceiTfest for Fatl-giiiof Metals. University of Illinois, Eng. Exp.
Stat. Bulletin Nr 205.

102. F. Vitovec: Ueber die Ursache des Trainierens bei Dauerwechsel-
beaiH~sruFii~ung. Berg- und iluettenmaennische Monatahefte 95 (1952) pp. 3/5.

103. F.Vitovec: Vergleichende Untersuchung ueber einsinnige und wechselndfe
Ferfo-rmung. Hiabilitationssc.hrift, Technische Hophschule Wien 1950.

r-. Siebel and G. SU~ehui. Versuche zum Nachweis von Schaedigung -and
Verfeistigung in, Grebet der Zeitfestigkeit. Archiy f. d. Elsenhuettenwe~sen
15 (1941'42) pp. 519/527.

WADC TR 53-122 38



104. J. Kramer: Der metallische Zustand. Goettingen 1950.

105. H. F. Moore and H, B. Wishart: An "Overnight" Test for Determining
'Enduraiin-ce2Tmit. Proc.TgTM. 33 (1933) pp. 334/347.

106. J. L. Rosenholtz and D. T. Smith: Dilastrain Method for Determining
Endurance Limit of Mate riafi7.-Ye tal Progress, Flebruary. 1952,
pp. 85/88.

107. F. Reger~: Statische und dynamische Beanspruchung von Stahikon-
struikHoiin im Lichte der Roentganstrahlen. Mitt. des Techn.
Versuchsarntes Wien, 21 (1932) pp. 31/46.

FI Regler: Verformung und Ermuedung metallischer Werkstoffe im
Roe-ntie-j~iild. Muenchen 1939, Hanser.

i08. P. Ludwik. and R. Scheu: Bruchgefahr und Roentgenstrableninterferenz.
Metailw rjschaft IL3T(M) p. 257/261.

109. F. Wever and H. Machler: Die Airbeiten N )n F. Regler zur Wcrkstoff -
prui~uiii mit Roenitgens trahlen. Archiy f.- d. Eisenhuettenwesen 9
(1935) pp. 47/55.

110. R. Glocker: Materialpruefung mit Roentgenstrahlen. 3d. Ed., Berlin-
Goe-tfinigen- Heidelberg 1949, Springer pp. 339)/f345.

R. Glocker, G. Kemnltz. and A. Schaal: Roentgenographische Spannung-
messung bei dyniamischer BeanspruHZKun-g. Arch. f. d. Eirenhuettenwesen
13 (1939) pp. 89/92.

Rt. Glocker, W. Lutz, and 0. Schaaber: Nachweis~ der Ermuedung
wechs-el~e-anspru-ch5ter Metalle "drc i stimnmung der Oberflaechen -

spannung mittels Roentgenstrahlen. Zeitschrift des Vereins Deutscher
Ingenieure 85 (1941) pp. 793/800.

ill. J. A. Bennett: A *tdy of Fatigue in Metals by Means of X-Ray
Strain-Measurements. Proc. Soc. Expt. Stress Analysis 9 (1952)
II, pp. 105/112.

ii2z E. Mohr: Ueber die Bestimmung eirper der Schwingungstestigkelt
nah~iii-t-enden Kennziffer rnittels des Beige -Zug- Versuches.

1" (1938) p. 535.

E. Mohr: Der Biegezugversuch emn neues Pruefverfahren fuer
metilYTsche Werkstoffe. Zeitschr. d. Vereins Deutscher Ingenieure
64 (1940) pp. 49/52.

H. Decker and E. J. Kohlmeyer: Zeitschr. f. MetahIkunde 32 (1940)
pp.W7TW, 133/141.

113. F. Erdmann-Jessnitzer, H. Hanemiann, and E. J. Kohlmeyer. Beitrag
zur Dauerfestigkeit von .gewalztem Zinik und von ZiE-kle-ger -etn.
Zeltschrift f- Meta~lkund.- 34 (1942 pp. 222/2-4.

WAI)C TR 53-122 39



0

*p _,0o _ 10

~~J- 1  U 0.
'U 0 .

w I.-

~wo0
____- ILOO W 21fl-- cc iW I I i j

__ 0_ -4C

wU __ I 0.~
UO. 0j xn (W

OF-I

0 ~ _ w7Ki 1

-- -3 -

w 11 
___ 0ac0

U-

U-__ 00

420. -I-1 w
00

t 20

WAccR3- kU



120 
7 l v -

o C -STEEL N1 N-STEEL ft/t 0 vo

0OSI-STEEL *CR-STEEL 0-f/
go 90 e MN-STEEL 0 NI-CR-STEEL.

NI-CR-STEEL WITH ADDITIONS es
0 AUSTENITIC STEEL
Z + CAST STEEL 0

w I.40

,:30

0 30 60 90 120 150 180 210
TENSILE STRENGTH, KSI.

FIG. 2 *--FATIGUE LIMIT VERSUS TENSILE STRENGTH OF
SEVERAL STEELS (E. HOUDREMONT a R. MAILAENDER).

1401
R cO.6 Rz-0.5

12RATI FATIGUE STRENGTH / t xf £f

R R TIO STATIC STRENGTH 1111111111

IL
C 8 0 -

w

40r-

20 _ __

120~0 16 21 4

STATIC TENSILE STRENGTH, KSI.

FIG, 3-FATIGUE LIMIT VERSUS TENSILE STRENGTH OF STEEL (BATTELLE MEMORIAL).
WADC TR 53-122 41



I - --

01- •, Sf a 0.25 st-5 -00 -0000 - -. 0 %

c1i5

0000

4260 320 380

TRUE TENSILE STRENGTH, KSI.

FIG. 4- FATIGUE LIMIT VERSUS TRUE TENSILE STRENGTH
BASED ON NECKED AREA (E. HEROLD).

56

at 40--40 - 7 b
.. ,/ ,-3j.• _ -C d os

/ ' r -
0 30o- b , 32 "-, C

z 
W

nI20 -O N W1V A I N

C0 g JF III~ J 'k-j.1-U
30-0-10 010 20 3040 0

DEVIATION -% 48 32 -16 0 +16 32
DEVI AT ION - %

FIG. 5- FREQUENCY DISTRIBUTION OF THE FIG. 6-FLUCTUATIONS OBTAINED FROM
FLUCTUATIONS OBTAINED FROM DIFFERENT DIFFERENT FORMULAS FOR THE

FORMULAS FOR THE DETERMINATION OF DETERMINATION OF THE FATIGUE
THE FATIGUE LIMIT FROM THE TENSILE LIMIT FROM THE TENSILE PRK-

PROPERTIES OF STEEL (R. MAILAENDER) PERTIES OF STEEL (LEQUIS,

WADC TR 53-122 42 BUCHHOLZ, SCHULZ).



- C 24 -CSTEEL :o N-STEEL

#-~ I-

Sd-. '. o SI -STEEL. • ,-STEELL L
290- _-- -f MN-STEEL *NI-CR-STEEL

-~ ) 180- NI -CR-STEEL WITH AOOITIO
I x AUSTENITIC STEEL

60 ' •12E +CAST STEE, .
0 A

S C ---- 1 1I 1__I.'120 ---

30 007 i60

__ 15-- -I -, -

u<LT 60 120 180 240
0 -I-- -

0 15 30 45 60 75 90 105 TENSILE STRENGTH-KSI.
FATIGUE LIMIT BY EXPERIMENT, KSI.

FIG, 8-YIELD STRENGTH VERSUS ULTIMATE

FIG. 7-DEVIATION OF THE FATIGUE LIMIT STRENGTH FOR SEVERAL STEELS

CALCULATED FROM DIFFERENT (E. HOUDREMONT a R. MAILAENDER).
FORMULAS FROM THE ORIGIN
(R. MAILAENDER).

180
Sf IeSt + PSy

S 2 (0.00267 - 0.0054 Sy/St) + St(O.0 4 3 3 + 0.767 Sy/St)

v 1 2 0 -

I,-

S60

____ ___.. ._ .L .i _______

0 30 60 90 120 150 180 210 240 270
TENSILE STRENGTH-KSI.

FIG. 9-RELATIONSHIP BETWILEN FATIGUE LIMIT AND TENSILE STRENGTH
OF STEEL WITH DIFFERENT RATIOS OF YIELD STRENGTH TO
TENSILE STRENGTH (A. FRY, A. KESSNER, AND R. OETTEL).

WADC TR 53-122 43



ini

000

000 w )
- in OD

__ ~-__ _;

__I__ -j

-U;

___~c 
_j 

__~

IE 
M

___ ___ ___ 6 
(I

__~~~~ 

>__ 
__ I!

___~~~- 

>_ 

__ _ 
_ _ 

W

(i cir

0 ~ V 0

0-00 0

In 0 n 0 0

0 
q*

AS)4- H.19N3H±S 3fl9Ivj

WADC TR 53-122 44



zI

60-

55 4,

2 .10 0-

-50 i---I.
U)0
cr 45-t

, a

-JJw 0 z =4(-_ -- T {2I0 6__

• 9Ld

05o 0.2 0.4 0.6 0.B 1.0
DESTRUCTION VELOCITY. N'/N

FIG. II - FAILURE STRESS VERSUS DESTRUCTION
VELOCITY OF STEEL (W. SPAETH).

6 /0

• 30 ' '' Iik

20---- - '

I I.
00 I 2 3 4 5 6 7 8 9 iO II

EXTENSOMETER SCALE READINGS

FIG. 12-MMEAN STRESS VERSUS MEAN STRAIN UNDER CONSTANT
CYCLIC STRESS BELOW THE FATIGUE LIMIT (T. H. SMITH).

WAPC TR 53-122 45 ;



/

22f-/

20- /

)16L CUPRO-NICKEL BRASS

uJ

12-
,,- I0
Uo 14-w

• COPPER

I

<6-

0 2 4 6 8 10 i2 14 16 18

EXTENSOMETER SCALE READINGS, INCHES

FIG. 13-ALTERNATING STRESS VERSUS ALTERNATING STRAIN

UNDER PROGRESSIVELY INCREASING LOAD (H.J. GOUGH).

.--- DYNAMIC PROPORTIONAL LIMIT

% JI STATIC PPOPORTIONAL LIMIT

Z- 35-6 KSI.

"2C,1

0

0 150
5.10- 1- 6 7

NUMBER OF CYCLES

FIG. 14- STATIC AND DYNAMIC PROPORTIONAL LIMIT VERSUS NIMSER
OF CYCLES OF MILO STEEL (B. J. LAZAN AND T. WU).

WADC TR 53-122 46



00i

t j 0 I-

0 
00> c

I I 
I 

LL.

00

LL 0

cli~~_ 
_ _i 0 O G

'ISdS3nl-z

I-.. ___ 53-_ 2 47-~- -- '7



100 i

95 " -

90

85,_,

so

A. .,-,w----- SAE 2340 STEEL

75- 0- - - SAE 1045 STEEL
. INGOT IRON, AGED

07 - - , INGOT IRON, UNAGED
70 ,75-S-TG ALUMINUM ALLOY

,,,i ,, 70-30 BRASS

65-

I-

w, 55

.50

45

04

__ _ ___ __., -• "Z+ '7i:"
25

+

0 0.01 0.02 0.03 0.04

VRATE OF LOADING-PSI./CYCLE

FIG. 16- FAILURE STRESS VERSUS SQUARE ROOT OF LOADING RATE

OF VARIOUS MATERIALS. STEPWISE LOAD INCREASE (SINCLAIR).

WADC TR 53-122 48



N i

77O

S5oJ9" 0 0_

w 20

I 0

~~20L -j--- -- I
70- -- - -i- ox -49--- -4-0

0A 0 00 0ZO0 20 0 1 2 02

TEMPERATURE RiSE, GALVANOMETER READINGS

FIG. 17-SPECIMEN TEMPERATURE VERSUS ALTERNATING STRESS FOR
DIFFERENT KINDS OF STEEL (PUTNAM AND HARSGH).

60- ,

UJ .

w0c

C. 50- 40

I3 0 1.. ... . . ..

10;

00 612 18 24 30 06 42 48

ALTETPNATING STRESS, KSI.

FIG. 18 - DAMPING ENERGY VERSUS MAGNITUDE
OF ALTERNATING STRELSS (E_.. LAND-HR ).

W'ADC TR b3-122 49 ,



400'--- __ _____ -_ ___

0

ir

10,10 jQ7K

NUMBER OF CYCLES

FIG. 19-TEMPERATURE RISE OF THE SPECIMEN VERSUS NUMBER OF CYCLES
AT DIFFERENT CONSTANT STRESSES. CR-NI- STEE'L. (P. LUDW!I().

400~$ S42.7 Of~y

U)300

Sa 39.3 KSI. -o0

______K.____ ______ _____

10010

NUMBER OF' CYCLES

FIG. 20- TEMPERATURE RISE OF THE SPECIMEN VERSUS NUMBER
OF CYCLES AT DIFFERENT CONSTANT STRESSES. CARBON
STEEL WITH 68,300 PSI. UJLTIMATE STRENGTH (P LUDWIK).

WADC TR 53-122 50



zI

zl zI-

0
1o Cf -

LL-

UU

o0

10 0 _j -

4 w 3:

w: >- a: m

LL. CLL

wz D

c Ni /I8 Ch~ N 9Nd'Z~

WADCvNM~ TR 33S2 18



ID n w U..

It 0-0

If)LL :E U_0I) ~
- 0 zz

__u 0 81 -

0 k) IJ WIL LL

0 (0 0w 0 0 Z~

N * -'38fl±1 9 dN31 .ON~VV w

WADC TR 5312 3



_ z

__ (Aw cc

zw

I ) cr

c.J

0 LLJp

tow

0 0 0 0 0 0 0 0 0 00
0 N V~ :3 a' l l- 0 V9 ('4

%,)~O8 iA9NnllO3

WA[)C~~ <R5-23

K-~i ___o__



>0

0)0

-z (n Ct

w U
44 II

~L&J
U) Zw

z ZW

CID 0 W

:1 :

0w at

w

0 U

0~~ an-

0 0 an -0 I
3¶AD~d 1*fO Id 1'N U AiN 9IIAV CL LL

3E U) >
WAD TR 5312 5



I+

w 2

I W a

10 0

)- I N

8 GR

10 .-:

1 0 01K., C6 -

0-2I

(IJ -

IY zA f

B.fr 0

ai o Q)0

WD0C TRm-125



RESISTANCE

TEMPERATURE.,") ,RESISTANCE I -H
w 50

I-I

S40
,.,I= -• _r_ _[_

- 1 1 V SPECIMEN 114 85
"MAXIMUM VARIATION IN
LABORATORY TEMPERATURE20 o~O'5 F ,

"1 10 SPECIMEN , 1 H,2,
MAXIMUM VARIATION IN

LABORATORY TEMPFRATURE 1.8 F.

" 4.56 4.86 4.60 6.76 6.78 6.60 6.82
POTENTIAL DROP IN MiLLIVOLTS

71 72 74 76 76 so70 TO 9o 0oo 110
TEMPERATURE IN DEG. F.

RESISTANCETEMPERATL:9E _fESISTANCE,
40ý 14 REISA-, JjL -, IIr TEMPERATUNRIFE

a, I2 I y I-

L, FIRST! SECOND
a [F TEST - T EST,-" ' I .ii .

- _ SPECIMEN

z ~~AS IN.E

U) I-.-FIRST
z 6- - --- TESTN1

I' A IAX, VARIATION

. ------ --- -IN LABORATORY
4 MAX. I .__,TEMP. 1.2*F.

O VARIATIONIL_w- IN"IN I COPPER
2 LABORATOR -SEN-2

EMP. I.I F. SPECIMEN 1020i
0

2.12 2.14 2.16 2.06 2.10 2.12 2.14 2.16
POTENTIAL DROP IN MILLIVOLTS

75 76 77 78 78 79 80 aI
TEMPERATURE IN DEG. F.

FIG. 28 - ELECTRICAL RESISTANCE AND TEMPERATURE OF THE

SPECIMEN VERSUS ALTERNATING STRESS FOR MONEL-
METAL AND COPPER (F. H. MOORE AND S. IONZO).

5
WADC TR 534-122 56



0.10
o 0.08

M: 0.06--

I
D 0.04

0
0 5 10 15 20 25 30 35 40 45

ALTERNATING STRESS, KSI.

FIG. 2S -RATE OF ELECTRONWRADIATION VERSUS
ALTERNATING STRESS (J, KRAMER).

S32 55 40 . 70

) - .S
30 50 35 . . 65- S&A.E.

o SE.!40. 2330o -A .rA.DI . JASAETEE, 01L
0r 2 02 :D-ORA NO. 312D0 60,UENH

STEEL SEEIL STEEL, AS N• " OLLED RA'l
2 6 4 0 -2 5 '- _L _ ...L 5 5

50 60 70 90 IO0 110 60 70 60 50 100 150

w
S25 50 -30 20

-J 20 45 25 Is

15 I., 40 20 -- 6 CLD--- .DRAWN

1 0 35 1. 15 -14 STEEJfi MO.EL METAL DR TC

> 30 0 12
= 59 60 61 106 110 112 57 58 140 150

TENSILE STRENGTH AFTER 1,400,000 OF REVERSED FLEXURE, KSI.

FIG. 30-EFFECT OF !,400,000 CYCLES OF REVERSED FLEXURAL STRESS
ON ULTIMATE TENSILE STRENGTH (H. F. MOORE a H. B, WISHART).

WAI)C TR 53 122



z 10.5-SIO.O~----- __

o I'CbJ

x
w
U.

0

9.5
38 40 42 44

REVERSED BENDING STRESS, KSI.

FIG. 31 -COEFFICIENT OF THERMAL EXPANSION VERSUS ALTERNATING
STRESS (J. L. ROSENHOLTZ AND D. T. SMITH).

100
+ -m e - i A - -- m- _

- ,I FRACTURE

cJ'
"Lu 50

Ow
U- 4

W 1. 46.936 PSI. M. 44,091 PSI.
•X. 45,514 PSI. Ir. 36,980 PSI.

0 1.0 2.0 3.0 4.0

NUMBER OF CYCLES x 106

FIG. 32-SURFACE STRESS OF STEEL DETERMINED BY X-RAYS VERSUS
NUMBER OF CYCLES AT DIFFERENT ALTERNATING STRESSES.

WADC TR 53-122 58



WLINEAR PLOT LOGARITHMIC PLOT

z

NUMBER OF CYCLES

FIG. 33- S-N CURVE UNDER CONSTANT BENDING

STRAIN AND VARIABLE STATIC 'TENSILE '
STRESS (E. MOHR).

9I

WADC TR 53-122



UNCLASSI FIC "

7 UNCLASSI'FEED


