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ABSTRACT

This review outlines the discontinuities reported for
a wide variety of materials. It is suggested tha! there are
four basically different lypes of discontinuities in S/N curves,

related to various phenomena.

Ccrrelation of the dynamical yield point with the

discontinuity is established in a large number of irnistences.

—

Distribution of tais abstract is unlimited.
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NOMENCLATURE

stress
stress amplitude
mean stress

ninimm cyclic stress (Smi =8 ~5)

n m a
maximum cyclic stress (Smax =5 + Sa)
stress ratio (R = smin/smax)

Ivanova's critical stress (Eqs. 1, 2)

fatigue limit (nominal stress) of unnotched specimens
fatigue limit (nominal stress) of notched specimens
discontinuity stress levels

ultimate tensile strength

yield stress

0.2% proof stress

peak stress at the root of the notch at the discontinuity level
equal to Kt b4 SD or measured with strain gauges

peak yield stress (nominal stress at which the root of the
notch starts yielding)

the cumulative function for the fraction of population
failed prior to life N

cycle number (fatigue life)

Ivanova's critical number of cycles

cyclic constant (Egs. 1, 2)

theoretical stress concentration factor

stress concentration factor in elastic range
experimentally established stress concentration factor

number of cycles corresponding to the discontinuity level
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1. INTRODUCTION

Over many years & vast amount of fatigue data has been reported
for a variety of metals. Ever since the beginning of fatigue testing
1858 by Woehler, the results have usuelly been presented graphically in
the form of S~-N curves. The stress component S 1is normally the stress
amplitude Sa. and the constant component is S!n or the stress ratio R.

If a large number of identical test specimens are run until
fatigue failure occurs, the number of cycles sustained will differ very
much from specimen to specimen. Even when in the early days of fatigue
testing attempts were made to explain the large scatter in terms of the
ineccuracy of testing machines, specimens and machining, it was soon
realised that the scatter in fetigue life could not be disregarded, that
it is an intrinsic property of materials and fatigue was recognised as a
statistical phenomenon. For this reason the probability of failure F(N)
had to be introduced and interconnected with the two other main quantities
S and N. The single S-N plot has consequently been replaced by an
F-S-N diagram with the probability F as a parameter, or by three com-
plete families of curves, viz. S-N, S-F and F-N.

Some of the scatter can be attributed to errors in the applied
loads, non uniform test conditioas, environmental changes and manufecturing
of specimens., But the statistical nature of fatigue lives was expressed
in number of statistical theories of fracture by Weibulll’z, Kontorova and
Frenkel3, Afsnasicvh, Freudenthal and Gumbel®, Volkov®, Bolotin! and
Sedlaceke.

The generally accepted rule for plotting confidence intervals
in the S-N curve is based on the experimental evidence that the constant
probability curves determining the scatter are continuous functions. As
a rule the lower the stress level imposed the wider scatter bands
resulting.

Because the majority of fatigue data availeble deals with a
rather small number of specimens at each stress level {normally up to
3-5, rarely more), the incidental departure from the continucus curves
was neglected, being attributed to inconsistent testing conditions.

Some investigators, however, pointed out that rather than having a
continuous process, with continuously changing scatter, some form of a
transition was taking place involving a discontinuity in the S-N curve.
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2. EXPERIMENTAL EVIDLNCE FOR THE DISCONTINUITY IN THE LITLRATURL

2.1 Weibull discontinuities

In 1949 Weibull (ref. 1) published a paper concerning the
stutistical evaluation of fatigue data. In order to present a
practical example of the statistical handling of fatigue data, he used
results by Ravilly (ref. 9) derived from various metals, and he plotted
the S=N curves in double logarithmic scalez with coordinates S and N.
Providing the value Sps which is called by Weibull the endurance limit,
is properly chosen, the resulting S-N curves will be straight lines.
Weidbull states: " - it does not always happen that the S~N curve is one
single ztraight line on the log~log plot."

The S-N curves for annealed silver, nickel and steel for
reversed torsion tests as obtained by Ravilly and plotted by Weibull are
shown in Fig. 1. Weibull comments on these resuits as follows:~
"This seems to be the normal type (two straight lines shape). For the
moment our knowledge is too smell to tell if and how the point or points
of discontinuity are connected with some static properties, such as the
yield or elesstic points of the material.™

As can be seen from Fig. 1 the discontinuity in all curves falls
at values ot log N scmewhere between 4.9 and 5.2 and so the corresponding
lives are 8 x 10“ to 1.6 x 10° cycles. Because the plotted points
represent the mean from at least 20 results the phenomenon of the discon-
tinuity is thus revealed.

When Weibull later studied the probability distribution of log N
on T5S-T notched specimens in tension he found that some curves seemed to
be composed cf two corponents, cme lower and one upper (as regards N)
(ref. 10). Weibull's results have been reproduced in Fig. 2.

The probability distribution of log N in Fig. 2b for the stress
level 60 kg/mm2 covers the life rarge between about 5 x 102 and 103 cycles

whereas the curves in 2c¢ coincide with the life range 10° to 107

cycles.,
The percentage of upper component decreased or practically disappeared when
the load was lowered from 60 to 29 kg/mm? and increased when load changed

frox 18 to 16 kg/mma.

3
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It is worth noting here that although the probability limits
F = 0.1 and F = 0.9 plotted in Fig. 2a are showun as continuous lines it
may not represent the true behaviour of the fatigue life scatter. An
insufficient number of stress levels does not allow a stricter prediction
but it can be seen that the fatigue results at the stress level of
35 kg/mm2 have very low scatter.

Whereas Weibull's first results deal with the discontinuity at
endurances arownd 10° cycles and more, in ref. 10 two discontinuities are
recognised: the lower ore is located about the knee of the S-N curves
(10° to 107 cycles) and the upper one covers ranges of relatively chort
lives, less than 103 to 10“ cycles. He does nct however offer an

explanation for such a "curious behaviows™ of the S-K curves.

2.2 Wood's 8-k curve ranges

In 1959 Wood (ref. 11) studied the fatigue mechanism in copper
end divided the S-K curve of copper into two renges: the H-range is
represented by the large amplitudes and short lives, whereas the F-range
is the small-amplitude range where life becomes infiritely long.

In 1965 Wood (ref. 12) reexamined his origiral conclusions and
divided the S-N curve of copper (fcc materiel) ss shown it Fig. 3. The
pexly irtrcduceé S-range is the small-amplitude range where life becomes
infinitely long. The distinctive microstructural characteristics cf the
three ranges are as follows:

1. In the H-range grains deform inhomogenecusly and strain harden. Cell
formation with the size about 1/10 to 1/1C0 of the original grair size
is the characteristic feature. Microcracks are initiated by pecres,
located i the cell boundaries, which multiply during cycling.

2, In the F-range distorted slip zones occur which continue to intemsify
vhen cycling. Macrocracks start in these zones by formaticr of small
pores at separate points. With continued cycling the pores multiply
and finally the whole slip zone becomes one microcrack, vhick Goes not
seem to be self-propagating. If in some part of a grain the micro-
cracks become numerous enough, the structuce may ccllapse locelly into

£ DACroCcrack.

5. In the S-range slip movements disperse and grains deform as uniformly
3
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a8 possible. This range forms some sort of "pseudc-safe" stress

range, in which the endurances approach infinity.

As Wood points out, the charecteristic microstructural featurez
for any of three ranges does not mean thet they exclusively prevail. They
predominate only and the characteristic featurec of the other ranges canu
elso be observe . As & result a pronounced stress amplitude transition
region can exist where two of Wood's ranges coexist.

As can be seen from Fig. 3 all Wood's three ranges are located
above 10° cycles.,

Investigations carried out by Muggeridge (ref. 13) cn GFHC ccpper
covered all three ranges with four stress levels, 150 being about an
average number of specimens st each level. Thc availability of an
extremely large number of fatigued specimens resulted in a fairly dis-
tinctive picture of the microstructural damage at a particular stress
amplitude and proved Wood's conclusions. At all stress amplitudes the
rercentages of H- and F-range microstructure were found to agree quite
closely with the percentages of the so-called short terr fatigue and
long term fatigue fractions as introduced by Swanson (ref. 14). Therefore
the engineering effect resulting in the wvider scatter or sharply changed
slope was correlated with microstructursl changes es a ceusative facter.

The stress ranges covered by the transition from the H- to F-,
S- range mechanism are located between 5.67 T/in® (5 percent H-, 95
percent F and S mechanism) and less than T7.37 T/in2 wvhere the H- and F-,
S- ranges contein 4O and 60 percent respectively. A corresponding range
of lives is between 105 and 2 x 106 cycles.

One can now conclude that tre discortinuvity is the result of a
blendirg of two endurance distributions caused by two coexisting failure
mechanisms. One is predomirantly causing failure ebove the discontinuity,
the other one beiow it.

A statistical evaluation of the same expcriments given by
Eeagenser {ref. 15) resulted in two parts of the mean S-N curve (Fig. 4)
for the short term and long term fatigue (curvec No. 1 ard 2 respectively).
The curve No. 3 in Fig. 4 represents the mean curve for a single distri-
bution of fatigue lives.
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2.3 Porter and Levy's discontiuuity

In 1960 Porter and Levy (ref. 16) reported the S-N curve of copper
fron a greet number of tests, vwhich were conducted on unnotched specimens
on a rotating cantilever machine at a constant speed of 4500 rpm. They
revealed the discontinuity at a stress amplitude of sbout 9.6 T/in® which
coincides with the average fatigue life 2 x 10° cycles (Fig. 5). A
metallographical examination showed that at this level two different modes
of failure coexist, one belonging to the low stress fatigue mechanism,
vwhich was recognised to be slip-dependent, and the other one, involving
the high stress mechanism, where the crack starts from I- and Z-ghaped
nuclei and propagates in random fashion, mostly using & grain boundary
path.

Porter and levy state that in most of the teats the ordinary
elastic limit was exceeded, but they do not think that the reported
discontinuity could be accounted for by using true instead of nominal
stresses,

Another very interesting statement by the authors is that although
the crack path is random (i.e. irregular) both at high and low stresses,
the large numbers of secondary slip bands, which are followed by the crack
at low stresses, make the crack travel relatively easily and so the
resulting fatigue life is shorter. At higher stresses littl> secoudary
slip is developed 8o the crack faces a higher resistance with a greater
degree of randommess and a resulting longer life. Nothing is, however,
said about the factors compelling the crack to follow, &t least partially,
the grain-bowmdaries.

2.4 Shabalin's discontinuities

In 1958 three S-N curves for an aluminium alloy D16T (Russian
standard) with and without a cladding laver were reported by Shabalin
(ref. 17). The experiments were conducted in push-pull with R > O at
a relatively lov speed of 10 cpm and with sbout 10 uwnnotched specimens
at each stress level. The results for specimens vith a cladding layer
and vith a cladding layer resoved show that the whole S-N curves can be
quite clearly divided into two parts wvith the discontinuity between 32
and 33 kgI-2 (Fig. 5). Obviously, a cladding layer had not any effect
as far a8 the stress level of the discontinuity is concermed but in-
fluenced the fatigue life: the number of cycles for the discontinuity

5
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of clad specimens is sbout 4 x 10" vhereas for unclad specimens ahbout

105 cycles.

The third S-N curve reported in this paper is for a welded
joint, also showing the discontinuity between 18 and 19 kg/xmn2 at the
fatigue life between 2 and 3 x 103 cycles.

Shabalin's explanation of the digscontinuity phenomenon is based
on the theory of fatigue crack initiation by Oding (ref. 18) which is
supported by the different appearance of the fatigue fracture surfaces:
above the discontiruity fracture occurs at 45° plane, governed by
principal shear stresses, and below the discontinuity fracture is per-
pendicular to the specimen axis at the plane of maximum normal stresses.

A similar discontinuity as in the push-pull loading was reported
by the same author for rotating cantilever (ref. 19), and not only for
plain but for notched specimens as well. The very interesting poin®
revealed here is the appearance of the discontinuity in dependance on
the testing frequency (Fig. 7), qualitatively the same phenomenon later
reported by Finney (ref. 20). Shabalin, however, states that there is
also the discontinuity at the stress level § = 23 kg/nln2 (curve "2",
Fig. 7) vhich is not so pronounced and which ran be seen waen the plot
with erlarged N scale is made.

2.5 Ivanova's discontinuity

A very interesting observation has been made by Ivanova (ref. 21)
vho performed experiments aimed at determination of the fatigue limit
for a given material and geometry with minimum expense. She has
theoretically derived the critical number of cycles N and the corres-
ponding critical stress Sk, representing the stress at which, starting
from first cycles of loading, inelastic deformation of a crystal lattice
and submicroscopic cracks occur. Because the stress S is the limiting
stress where the mechanism of fatigue dsmage changes, one can expect a
different macroscopical behaviour and resulting fatigue life above and
below this stress level. This was proved by the author by plotting the
S-N curves for a number of materials with various manufactorial histories
wvith the following results:
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e) The critical number N is a constant for a given material being
determined by material properties. Heat treatment, geometry and
type of loading do not influence ita determination.

b) The critical stress 5, (Fig. 8) and the endurance limit 8, are
coupled by the equation:

§ -S,= a (for torsion) (1)
or
Sy - 8 =20 (for push~pull (2j
and bending)

wiere a is the so-calied cvelic ccnatant, which can be determined
theoretically. &£quations i and 2 are applicahle for both plain and
notched specimens.

c) The slope uf the S-K curve ahove 8, depends cu the work-hardening
coefficient of the material (ref. 22). For material wvhich work-hardens
the slope should change towards longer endursncea (Fig. 8§, curve 2),
vhereas for material with the exhausted vork hardening sbility the
slope should change in the other vay {curve 3).

The following Table 1 shows comstants a and Ik for some
aaterials as derived by Ivanova:

Table 1
material a
7/in? :.1:‘1‘.38
aluminium 2.22 2.3 x 10]‘
titanim 1.97 7.1 x 10°
iromn 1.9 20 x IOh
copper 2.03 8.3 x 10h
aickel 2.08 18.9 x 10"

The critical number l‘ can also be used for alloys providing
the alloying elements do not change the melting temperature and the heat
capacity.
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Providing Ivanova's theory ia generally applicable one need not
run fatigue tests for higher endurances than N, wyhen determining the
fatigue limit.

Although this theory seems to he supported by the experimental
results in many cases (e.g., ref. 23), there are, however, the S-N curves
vwhich show a rather substantial disagreement. For example, the §, value
for the S-N curve in Fig. 5 by Porter and Levy is about 11.25 T/in® and so
the fatigue limit should be 11.25 - 4.06 = 7.19 T/in° which is obviously
not true. Similar comparisons made for the S-N curves of copper, silver
and aluminium in the aforementiocned references 9, 1%, 15 do not support

Ivanova's theory either.

2.6 William's discontinuities

A nusber of discontinuities in various materials has been revealed
by Williams and co-workers (refs. 24-28). In ref. 24 they studied the
influence of reinforcing tae surface grains of 18/8 stainless steel plain
specipens with a carburising treatment and found that the fatigue limit can
be raised to the level of the discontinuity when using the rotating canti-
lever type of fatiguing. They divided the S-N curve of the austenitic steel
into three regions (Fig. 9). ‘The lower stress levels up to the fatigue
limit do not cause fatigue cracking because the material seems to be capable
of developing a resistance to fatigue cracking by strain hardening, as
evidenced by the fact that the fatigue limit of 22 'l'l:in2 is substantially
above the yield point of 15 T/ina. Between the fatigue limit and the dis-
continuity, vhich is at the level o 32 T/in2, they claim that the relatively
weak surface grains are not capable of further strain hardening and thus the
surface starts cracking. Reinforcement of the surface grains in a case
carburising treatment prevents the premature yielding of the surface grains
and the fatigue limit is tben raised to the stress level of the discontinuity.
For stresses above the discontinuity plastic deformation occurs in both the
surface and the core grains.

The existence of the discoatinuity is further supported by the
appearance of the fracture characteristics: irregular contour below and
smooth sbove the discontinuity. The reason for thias, according to the
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teuthors, is that the discontinuity involves a change in the mechanism
of crack initiation from the development of a slip hand cracking below,
to "grooving of the surface" by cyclic creep ahove the discontinuity,
vhere the macroplastic deformation induces a concentric path.
Investigations of the fractured surfaces of 18/8 stainless steel
specimens revealed that whereas at the level of the discontinuity the
fracture mode changes in constant load test, it remains unchanged in
constant strain test and so it is thought that strain hardening effects
are erxhausted above the discontinuity. The S-N curves for constant load
and constant strain are consistent with this conclusion because they are
separated below the discontinuity and practically identical above (Fig. 9).
These surprising relationships require further verification, however,
especially when compared with subsequent work by Williams (ref. 29)
carried out on mild steel, where he fcund that the substantial improvements
in the fatigue resistance arising from the case carburising of plain
specimens are not evident in tests on notched specimens which have had the
same treatment. The presence of the stress gradient (rotating cantilever)
complicates the fatigue crack initietion conditions for carburised specimens
wvhich makes the stress analysis very complex especially in the case of the
18/8 steel where a plastic flow occurs even at the fatigue limit stress
level. Sometines an increased stress level, a steeper stress gradient
or a different ratio of the carburised layer thickness tc the specimen
diameter can switch over the location of starting fatigue microcratks from
the surface to the subsurface stress initiation and so change the macro-
scopical stress conditions, (ref. 30).
The particularly important feature of William's results is the
correlation between the fatigue limit and the level of the discontinuity

Por plain and notched specimens given as
S, xK=8§ (for plain specimens) (3)

b g D
or

Sp X Ky =S (for notched gpecimens) (%)

When consideration is given to the results for plain specimens




then the above relationship 3 becomes (for rotating cantilever)

Sf x 1l.5 = SD’

as shoun from a survey of a wide range of materials - see Table II.

JIable II
Material 5y 5, 5, /Sf
T/in® ?/in?

90 Ton Maraging Steel 55.0 35.0 1.57
Annealed 70/30 Brass 19.0 12.0 1.58
70/30 Brass Stretched 25% 25.0 17.0 1.47
Cold Drawn Mild Steel (EN3B) 28.0 17.c 1.64
Annealed 18/8/Ti Steel 32.0 22.0 1.k6
gu alloy (Hiduminium 48) 19.5 12.0 1.64
(hmn 2i%Mg o.15$zr
Experimental Alloy ex

RAE, Parnborough 5%Mg 24.0 15.0 1.6

4%Zn 1%Mn

L65 (Al-Cu-Mg) 21.5 13.5 1.6
Copper 9.7 6.5 1.5

According to Williams and Taylor (ref.56) the two above
equations can be supposed to be the criterion governing crack growth ’
and then they propose equations S x K 3 S, and S x Kt Py SDK to differ-
entiate between propagating and non-propagating cracks.

The equations 3 and 4 vere checked at a number of the S-N
curves for various materials and results were not consistent. The first
equation 3 for plain specimens seems to be satisfied relatively more
often but one can also find rather substantial divergencies in both
cases. It mc{ be pointed out, however, that it is usually very
difficult, if not impossible, to check William's equations for some
established S-N curves, because the authors, as a rule, neglect any
irregularity in the S-N curves and draw continuous lines, masking the

discontinuity.

10
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A1l discontinuities for various materials and types of loading
(including random) reported by Williams occur at an intermediate stress
3 and 6 x 101‘ cycles.

There is, however, some evidence for the existence of two dis-
continuities in 2014~T6 aluminium alloy and in hard and soft steels, which
comes from the results published in ref. 31 and reassessed and revealed
for other materials by Shurmer in ref. 32. The shape of the S-N curve
(Fig. 10) clearly indicates the possibility of a discontinuity at the
life of approximately 102 cycles. It is suggested that the lower dis-

level and endurances between 2 x 10

continuity (as discussed above) corresponds to the general exhaustion of
strain hardening in the tensile half cycle of applied load and the upper
discontinuity at about 10° cycles corresponds to the onset of general
plastic damage in the compressive half cycle.

Some sort of "upper dircontinuities™ given as a substantially
changed slope of the S-N curves, have alsoc been found in refs. 33, 34,

35 and the authors conclude that above this discontinuity failure occurs
by cyclic creep (ref. 34) with nominal stresses approximately equal the
ultimate tensile strength and at lower stresses failure occurs by fatigue.
This is probably the reason why in ref. 35 the upper part of the S-N
curve is called the "quasi-static failure". Schijve (ref. 36) points
out, however, that there is a large difference between a static failure
and high level fatigue fgilures. In fatigue, even in high level fatigue,
necking at aluminium alloy specimens is not observed (ref. 34) and a
fatigue load will finally produce a fracture after a small amount of
fatigue cracking and so the specimen will essentially fail because of
fatigue. For mild steel, however, two mechanisms of fracture were found,
a necked-out type at high stress levels and conventional fatigue at

lower stresses.

One obvious criticism emerging from the data concerning the
upper discontinuity as published in ref. 32 is that at the high frequency
of testing used {50 cpm) and the resulting short life (less than U seconds)
the accuracy and reproducibility of results is suspect. The plotted
scatter does not seem, however, to je very large.

A second point worth mentioning here is the omset of plastic
deformation in push-pull with R < O. Once the material yields the

11
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yielded section becomes a plastic hinge, the critical buckling force

is substantially reduced and the specimen is, as a rule, subjected

to additional bending stresses of very high amplitudes. Therefore,
tests at very high stress levels should use guides, preventing buckling,
or specimens should be designed for this extreme type of loading. This
seems to have been overlooked in ref. 32, as the specimen dimensious
suggest.

A great number of tests at very high stresses with endurances
less than 103 cycles, carried out by C»>ffin (e.g., ref. 37) and Manson
(ref. 38) do not show, however, any irrvgularity in the S-N curve. But
the effect of test frequency, which in experiments by Coffin and Manson
vas substantially lower than in ref. 32, and the effect of the stress
ratio R may have a decisive influence as mentioned previously by Finney
(ref. 20) or Benham and Ford (ref. 34). This was, indeed, observed by
Shurmer (ref. 32) who presents the upper discontinuity only for alter-
nating tension-compression (R = -1) and fluctuating compression (R = =),

but plots the smooth S-N curve for fluctuating tension (R = 0).

2.7 The discontinuity in miid steel

Fatigue tests in push-pull on large grain mild steel notched
specimens conducted at Southampton University resulted in three S-N
curves shown in Figs. 11, 12, 13 (ref. 47). All these curves show some
sort of a disturbance (discontinuity) the stress levels SDK for which
are presented in Table III. They were determined not only from the
S-N curves, but also from the cumulative distribution plots of fatigue
lives. Moreover, the crack growth rate vs. crack length plots for
constant ret stress fatiguing (stresses were based on the remaining
uncracked area) showed quite distinctive change at the discontinuity
level as well (ref. 4T).

The stress concentration factor Kt was calculated using
Neuber's theory (ref. U8) and the technical stress concentration factor

12
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Table III
?ng; Kt KF SDK NDK Spy
. . 2 . 2
T/in cycles T/in
S1S1 3.9 2.5 5.8 86.103 7.0
Sis2 .6 2.8 6.8 65.103 6.4
S1S3 n 1.7 9.9%  120.10° 9.9

——

»
with mean stress of 4.2 T/ina.

KF was determined by means of miniature strain gauges located in the
root of the notch.

The last column of Teble III presents the so-called peak
yield stress Spy’ i.e. the value of nominal stress corresponding to
the onset of plastic deformation in the root of the notch. This was
monitored by the aforementioned strain gauges. 'The values correspond
to the load rate of 40 sec™ and were obtained both from the dynamic
fatigue tests and "static" tests in simple tension.*

On comparing the discontinuity levels SDK and the nominal
peak stress values Spy the resulting correlation is obvious: the
discontinuity level coincides with the nominal pesk yield stress for
a given notch. Therefore, when the stress levels along the S-N curve
are being increased and the resulting endurances lowered, the stress
level is reached when the material in the root of the notch starts
vielding. According to this explanation, for materials with the
yield stress-load rate sensitivity the discontinuity level will vary
with frcquency.

This conclusion was further supported by the microstructural
investigation which revealed that the crack below the discontinuity is
purely iransgranular, whereas shbove i% the fatigue damage is super-
imposed on the plastically deformed material, which makes the crack

*The load rate is of importance for these values because many have
confirmed that both th: upper and lower yield pnints of mild steel

are quite sensitive to the strain rate.

13
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join the grain boundary path (ref. 47).

Another verification of the discontinuity-yield stress
relationship comes from Fig. 1k, which shows the plane bending S-N
curves for mild steel sheet specimens with a stress concentrator,
obtained in both sinusoidal and broad band white noise loading.

The sinusoidal S-N curve reveals the discontinuity at the stress
level of 23.F T/ine, which coincides with the dyneamic peak yield
stress in the root of the notch.

The "random" discontinuity occurs somewhere between 11.2
and 16.5 T/in2 cf the root mean square value (RMS) of peak stresses,
obviously much lower than the yield stress. If, however, the
probability of exceeding the yield stress level of 23.5 T/in2 for
the above RMS values is calculated (based on the Gaussian distribution
of amplitudes, as determined by the analogue-digital computer) the
result is 1 and 8 percent, respectively. Therefore, at the RMS value
of 11.2 T/in®
and at the 16.5 T/in2 level approximately every twelfth cycle will
make the material yield.*

an occasicnal pesk can reach the dynamic yield stress

2.8 Other discontinuities

In 1964 Finney (ref. 20) reported an unusual "hump" in the
S-N curves of notched rotating centilever fatigue specimens of two
high strength age-hardening aluminium alloys. At a test frequency of ’
12,000 cpm ductile cup-and-cone fractures were cbtained in tests at
stress levels above tne discontinuity (hump) at endurances less than

10S cycles, while specimens giving endurances greater than this shcwed

*Fram the theory presented above no yielding should occur at the
11.2 T/in®
the discontinuity. ‘This small disagreement is probably due to the

level becasuse this forms the part of the S-N curve bel

truncation of a random signal, which is not reflected in the
calculation.
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a very coarse type of fracture, which was predominantly transverse in
nature and ccntainea a considerable amowunt of black fretting product.
Finney also showea that the discontinuity is affected bty the frequency
of fatigue cycling, an increase in frequency (i.e., the load rate) frcm
100 to 12,000 cpm tending to emphasize the discontinuity in the S-N
curve (Fig. 15).

The importarce of tke load rate for fatigue testing has elso
been pointed ou' Yy Cammon and Rosenberg (ref. 42) who found different
S-N curves for copper when using two different starts of the test (tke
first quarter of & cycle). 1If the load was applied at once the life-
times were considerably shorter compared with the lifetimes for a fairly
gradual application. They attempted to explain this effect by the
different nature of cold work being present in these twvo cases.

Cracl paths in copper studies by Kemsley (ref. 43) gave the
same results as published by Porter and levy. He found that the
development in low stress specimens of localized slip pockets may lead
to complete fracture in certain of these pockets. This is not the case
with high stress specimens, where the marked surface rumpling occurring,
results in valleys at grain boundaries which in this way act as stress
concentrators and cause intercrystalline fracture. Kemsley does not
however, provide any reason for the creation of valleys at grain
boundaries.

Fatigue tests carried out by Swanson (ref. 1l4) were aimed at
the investigation of the "knee" of the S-N curve for 202u4-T4 aluminium
alloy specimens under axial loading. It was discovered that the knee
(discontinuity) of the SN curve is not simply an area of gradual
change of a single endurance distridbution, but a region where two liuear
families of endurance distribution, viz. short term fatigue (STF) and
long term fatigue (LTF) cross each other, or overlap (Fig. 16). The
Swanson's discontinuity coincides with endurances at about 2 x lO5
cycles and it was proved for copper by Muggeridge (ref. 13) to originate
from different tailure mechanisms above and below it, as mentioned

previously.

15
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A similar approach as published by Swunson was adopted by Cicei
(ref. Lh) who conducted fatigue tests on a marageing steel with some
conditious (grip ecceantricity, hardness, heat treatment batch, ultimate
tensile strength, surface finish, ambient temperature and relative
humidity) controlled as carefully as possible. In this case the dis-
contiauity, being a blend of STF and LTF, lay somewhere between 105 and
107 cycles.

Frost (ref. 46) also deals with a problem of high and low stress
fatigue. Having based his explanation on Holden's theory of crack
initiation he argued that when plain specimens are subjested tc such
nominal stresses that failure occurs in a small number of cycles, failure
is due to the formstion of sub-grains in the bulk of the specimen and
cracks forming in the sub-grain boundaries. When the stress amplitude
is reduced a stress level will be reached at which the sut-grain structure
does not form in a large enough extent. For g piain spzcimen to fail at
lower stress levels it is necessary to suppose the surface grooves are
created and operate with the local strain concentration at the root
forming the sub-grain structure.

Panseri and Mori (:rer. U5) conducteld the rotating beam type cf
fatigue tests on titanium alluy unnotched specimens both at room and low
and high temperature. The S-N curves at temperatures of 300, 40C and
500°C show a very distinctive gap in endurances (Fig. 1T), whick are
shifted to the shorter lives above it. The authors could not explain
this "peculiar phenomenon" but state that it was possible to exclude any
influence of extraneous factcrs affecting the mode of fracture. Therefore
the results were not subjected to any random scatter, It will be found
useful in this connection, to present slso the variation of mechanical

properties (proof stress and ultimate tensile strength Su)versus

S
0.2
temperature for the material used as obtained by the authors (Fig. 18).

2.9 Nine's discontinuity

All aforementioned discontinuities have been revealed for poly-
crystalline metals. There is also, however, some sort of discontinuity
in the S~-N curve of single crystals of <111> and <100~ copper as
reported by Nine (refs. 39-41). He conducted tests ir torsion at constant

16
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strain levels (Fig. 19) and the metallographic and X-ray evidence support
the idea that the fatigue mechanism changes from one governed by slip on
primary systems below the discontinuity, occurring at the value 0.007 and
0.0035 of the surface strain respectively, to one in vhich an interaction
of the primary systems and secondary systems must be taken into account.
At high strain amplitudes heavy rumpling of the surface parallel to the
axis occurs until chips break out of the specimen early in life. The
formation of deformation bands here show a striking similarity to the
phenomena observed for wnidirectional straining. Thus it would appear
that at these amplitudes fatigue is basically similar to high amplitude
unidirectional strgining but has a cyclic character superimposed.
The fatigue life corresponding to the discontinuity is about

> cycles for <1l1> crystals and 105 for <100> omes,

Although Nine states that by using oriented single crystals of
high purity material the reproducibility has been improved one cannct be

5 x 10

satisfied with his statement that a statistical analysis is unnecessary.
Especially at high strains vwhere chips are ejected the S-N curve would
require more points than one for each sirain level. This is partially
based on the S-N curves for <100> and <1l1> crystals of copper as
published by the author, where the endurances above the discontinuity
seem to be shifted in a dlfferent way: to the right for <ill> crystals
and to the left for <100> crystals. This, of course, does not neces-
sarily mean that the phenomena occurring in these two cases are the same,
because of the differcnt crystal orientation.

17
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3. ANALYSIS OF THE PUBLISHED INFORMATION

This reviev of a wide range of materials exhibiting the
discontinuity in the S-N curve suggests that there are four different

types of discontinuities:-

(i) the first type, or the work hardening discontinuity, appearing at
the lowest levels, occurs (according to Ivanova's investigations,
Section 2.5) at a fixed number of cycles L

for a given material. The physical reason for this discontinuity

which is constant

is the onset of work hardening;

(ii) the second type, or the yield discontinuity (described by Bily,
Section 2.7) is caused by macroscopic yielding. The number of
cycles at which it is detected is variable, the nominal (for
wnotched specimens) or peak stresses (for notched ones) and the
dynamic yield point being the only perameters determining the dis-

continuity location;

(iii) the third type, or the creep discontinuity (described by Williams,
Section 2.6) is brought about by the exhaustion of work hardening
ability (Shurmer adis "in tension™) and the omset of cyclic creep;

(iv) the fourth type or the upper discontinuity {as described by Shurmer
for LT3 aluminium alloy and mild steel, Section 2.6) is thought to
correspond to the exhaustion of the work hardening ebility in the

compression half cycles of load.

If one is to divide the S-N curve according to the discontinuity
levels one must be aware that not all four types have to appear. Some of
them may not be detectable in a common way or may not exist at all.
Sometimes it may be difficult, if not impossible, to decide to which type
an observed discontinuity belongs. The characteristic of the materiel
tested will obviously have the main influence. It is for instance
impossible to discover the yield discontinuity in the SN curve for the
18/8 stainless steel, the fatigue limit of which'is higher than the yield
point.

- 18 -




It is instructive to attempt to categorize the remaining dis-
continuities of the 1eview into the classification. Unfortunately, this
is bedevilled by the fact that not all investigators give the relevant
material parameters.,

First of all we can noie the very interesting difference hetween
fractures sbove and below the discontinuity., Williams pointed out many
times that at the discontinuity level, both plain and notched specimens show
a change from eccentric crack propagation paths below to concentric paths
above. This can, however, be quite well explained if we suppose that the
discontinuity represents the yield point. In the specimen surface layer
potential sources of microcracks (e.g. inclusions) are always present, some
being more severe than the others due to different geometrical configurations.
If the specimen is stressed elastically, the sharpest micronotch will initiate
a crack which will further create a macronotch with the appropriate macro-
scopic stress concentration, and so the crack or a few cracks vill propagate
unsymmetrically., If, however, the peak stresses on the surface overcome the
yield stress, all micronotches are blunted and therefore offer approximately
the same chances for crack initiation. This is nicely shown in ref. 49
vhere the high stress level appeared to generate a multitude of crack nuclei
whereas at low stress levels only a few cracks were nucleated. From this
viewpoint some of the William's discontinuities could be ascribed to the
yield discontinuities. The same can be said about the Finney's observations
vhere the cup-and-cone fracture above the discontinuity was observed and
Bristow's results (ref. 50) showing the 45° shear fracture above the ais-
continuity.

The results by Shabalin (Section 2.h4) conform accurately to this
hypothesis of yielding at the \.discontinuity. The fracture path above the
discrontinuity follows the 45° divection and it is perpendicular to the
specimen axis below. Moreover, in all cases the load rate was very low
(10 cpm) and the discontinuity level coincides well with the yield point of
33.k4 kg/mz. Therefore, the primary reason for the Shabalin's discontinui-
ties does not stem from the Oding's theory of vacancies, but from the macro-
scopic yielding which conditions a different crack initiation mechanism above

the discontinuity.
19
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Porter and Levy state (Section 2.3) that in most of their tests
the ordinary elastic limit was exceeded. The specimen fatigued above
the discontinuity showed intense grain rumpling and very little dense slip.
Whereas the metallographical observations seem to. show that their discon-
tinuity is the yield type and similar to the investigation of mild steel,
the first statement is not clear. If the expression 'most of tests were
above the ordinary elastic limit' involves all tests above and around the
discontinuity (and the data is mainly derived from these stress levels)
then the discontinuity would belong to the yield type.

One point worth mentioning here is the William's equation
S, x 1.5 =8

f D
prising that this relationship had been experimentally deduced if we

as presented in Section 2.6. It will not be really sur-

realize some correlations between the static materials values and the
fatigue limit. The statistically evaluated ratio of the ultimate tensile
strength Su to the fatigue limit Sf
materials about 2.5, as derived by Buch (ref. 52}). Pope presented the
frequency-distribution curve for this ratio Su/Sf in a variety of metals
(ref. 53) and the peak occurs at about 2.32. If we proceed further and
take in general the ratio of Su/sy = 1.T as derived by Buch, then the

is for the majority of ferrous

ratio Sy/Sf is between 1.4 and 1.5. Thus, the ratio of the discontinuity
level (SD = Sy) vs. the fatigue limit is about 1.5. Therefore, the
William's equation 3 for plain specimens actually supports the yield
discontinuity, although it does not hold for the mild steel S-N curves
in Section 2.7, because of the yield stress-load rate sensitivity of mild
steel. The analogical equation for notched specimens cannot be, however,
proved on this basis and it is to be left for a further verification.
Panseri and Mori's discontinuities, described in Section 2.8,
agree well with the yield points, as can be clearly seen from a comparison
of the S-K curves in Fig. 17 and variation of the proof stress 80.2 VS,
temperature in Fig. 18. For example, at 500°C the discontinuity occurs
somevhere at SO kg/mm? and at 300°C at 52 kg/mme. The corresponding S

0.2

values in Fig. 14 are 45 and 60 kg/mz, respectivei-% Obviously, according

®*Although the proof S,J > and vield stress in general differ, they cannot
differ very much here, because the difference between Su and So > in Fig. 18

is relativ:ly small.

20




to this explanation no discontinuity could be found at room temperature

or at -196°C, because the range of fatigue stresses does not cover the

yield stress.

As far as influence of the load rate on the discontinuity
level is concerned, as described by Shabalin and Finney for rotating
cantilever, it must be pointed out that in this case any change in the
frequency of loading also changes stressing conditions. If we imagine
the cantilever system as a system with discrete resonant frequencies,
then stressing of the created crack will depend on the frequency of
rotation. Moreover, if the maximum deflection of the specimen is not
in phase with the upper crack position, the resulting stressing will be
lower and the specimen will have a chance to last longer, compared with
tesiing where excitation and deflection are in phase. In general, the
frequency of testing will always have an influence on stressing conditions.
This very important point seems to have been missed in both mentioned works
having at least partially conditioned the different appearance of the S-N
curves and the discontinuity levels, A firmer conclusion is, however,
impossible without a dynamical analysis of the system.

Purely mathematical calculation, based on the yield stress
and discontinuity values reported by Finney in ref. 51, could ascribe

at least two of his discontinuities to the yield one.

Other discontinuities reviéwed in Section 2 cannot unfortunately
be correlated with the yield stress because the yield stress values are
not available. The William's discontinuity in the 18/8 stainless steel
is undoubtedly caused by some other phenomenon than yielding, the work
hardening ability playing probably an important role. On the other hand,
mild steel with an exhausted work hardening ability still shows the dis-
continuity in its S-N curve, as shown in ref. UT.

There is actually no contradictory difference between the
phenomenon of the discontinuity in polycrystalline materials and in a

single crystal of copper as observed by Nine (Section 2.9). He noticed
that above the discontinuity an interaction of two-slip systems occurred,
represented by cross slip and grooves on the surface, which served as
sources of formation and propagation of cracks. Therefore fatigue above
the discontinuity is superimposed on unidirectional straining or plastic
flow.
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In ref. 47 it was argued that the process of yielding in

polycrystals of mild steel starts with the grain boundary movement
followed with the formation of slip lines and perhaps sub-grains.
If, however, the grain boundaries are locked up, or allow a very small
deformation, or do not exist (single crystal), yielding is transferred
to the matrix which is covered by slip and cross slip. Therefore if
one assumes that the same applies for copper, the Nine's discontinuity
in single crystals can be related to yielding.

The shift in endurances at the discontinuity level varies in
different materials, annealed 18/8 stainless steel and copper showing a
shift to longer endurances with increasing stress and aluminium age
hardening alloys and titanium the opposite effect. For mild steel
both changes have been reported and Tayler (ref. 54) has shown that the
shift in life found at room temperature was reversed when the process
was carried out at -80°C (Fig. 20). He attributes this change to
suppression of strain ageing effects in mild steel at -80°c. Bily's
work, however, shows that even at room temperature the shift at the
discontinuity is to shorter life with increasing stress.

Finally, Table IV summarises the reported discontinuities
with some relevant material and testing characteristies. Obviously,

the peask stress values at the discontinuity level S . X Kt

pp (= Spx
or measured in some cases) reported in this Table, have a theoretical
meaning only, because in sharp notches and at high stress levels

yielding occurs.
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L. CONCLUSION

From Teble IV it can be concluded that many of the discon-
tinuities published can be ascribed to the dynamical yield point.
Therefore the observed yield discontinuity divides the S-N curve into
two parts: the lower or elastic part with the classical slip dependant
fatigue mechanism and the upper, plastic part, where the fatigne damage
is superimposed on the statically deformed material. So this discon=-
tinuity in fatigue problems bears the same importance as the yield stress
in static loading, being essentially the same but under dynamic conditions.
The difference between the upper and lower part of the S-N curve is actually
the difference between high-level and low-level fatigue and it is basically
the difference of the crack growth mechanism (ref. 47). The two fatigue
mechanisms above and below the discontinuity are essentially the same,
except that the primary static change associated with yielding facilitates
or retards the macroscopic crack propagation in the former case. Whether
the yielding phenomenon damages or strengthens the material from the point
of view of fatigue depends entirely on the material itself, on its ability
to accommodate the macroscopic plastic deformation. Any improvement in-
creasing the yield stress will at the same rate make the low level elastic
fatigue region wider. On the other hand. the assumption that the fatigue

process involves only one mechanism, i.e. the S-N curve contains no dis-
continuity, can lead at least in some cases (especially in random loading)
to a completely invalid estimation of fatigue lives.

Explanatory notes to Table IV
l: push pull PP
rotating bending RB
plane bending FPB

torsion T
2: see classification in Section 3

3: corresponds to the load rate of fatigue testing and geometry of
fatigue specimens

h: measured values
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Explanatory notes (continued)

value of an occasional pegk as explained in Section 3

value in minutes
S u
0.1 value

5p/80.1
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: Fig. 20
Comparative fatigue tests of mild steel at + 20° C ana - 80° C
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