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SECTION A. 
INTRODUCTION AND SUMMARY 

STP490-EB/May 1972 

A. 1. - This literature review was prepared for 
Subcommittee 3 of the Metal Properties Council. 
At present there are not available comprehensive re- 
views of literature pertaining to the effect of notches 
and discontinuities on life in low-cycle fatigue. Note 
that in Section 1 of R.55 there are listed reviews and 
annotations pertaining to low-cycle fatigue, some of 
which touched upon the above subject. 

A.2. - This review consists of eleven sections, A to 
K. It contains selected figures from papers reviewed. 
The Sections are listed in the Table of Contents. Note 
that the discussed references are listed in each Section. 

A.3. - Practically all of the 59 references listed in 
Section K were taken from Section 4 of R.55, which 
was prepared by the reviewer for the Metal Properties 
Council. All papers reviewed were published between 
1955 and early 1969, either in the United States or in 
the United Kingdom, except for one published in 
Japan and two in Germany. In some instances the 
prepared reviews were more comprehensive than in 
others, depending on the content and the clarity of 
the paper. Also, in most cases a number of the original 
figures were reproduced. 

A.4. - The reviewer has found it advisable to de- 
velop a consistent nomenclature of his own and to use 
it throughout the literature survey. For details of 
nomenclature and abbreviations used, see Section B. 

A.5. - The cyclic stress-strain diagrams which lately 
have assumed considerable importance in low-cycle 
fatigue analysis are discussed in a separate Section C. 

The total imposed strain range in the apex of a 
notch is of particular importance in cyclic life of notched 
specimens. Its approximate determination, as proposed 
in a number of references, is discussed in Section D 
(Neuber's relation) and in Section E (Stowell-Hardrath- 
Ohman equation). 

A.6. - The experimental fatigue strength reduction 
factor kf which is the ratio of endurance strength of 
an unnotched specimen to the nominal endurance 
strength of a specimen with a notch, is well known. 
However, when an attempt is made to extend the con- 
cept to a limited cyclic life rather than to fatigue en- 
durance, complications arise because depending on the 
particular test procedure used, a number of definitions 
are possible. The main reason for it is the non-linear 
relationship between the imposed stress range and the 
resulting strain range in the low-cycle fatigue region. 

As a rule, in tension-compression or zero-tension 
low-cycle fatigue tests, notched specimens are controlled 
by a nominal stress range, referred to the net section. 
On the other hand, cycling loading of unnotched speci- 
mens may be controlled either by a stress range or by 
a strain range. 

The fatigue strength reduction factor "FS-thRF" 
is larger than one and is usually defined as the ratio of 
the controlling stress or strain range for the unnotched 
specimen to the respective, controlling stress or strain 
range for the notched specimen, corresponding to the 
same cyclic life. 

If a properly constructed cyclic stress-strain diagram 
is available, it may be used to derive a nominal strain 
range which corresponds to a given controlling nominal 
stress range and which may be used in calculating a 
"FS-thRF". 

A.7. - "FS-thRF" which are calculated with the 
help of strain controlled, unnotched specimens will be 
identified as Qc (for cracking) or Qf (for fracture) and 
will be identified as derived on a "strain basis': The 
references which discuss experimentally obtained 
factors Qc and Qf are reviewed in Section F. 

"FS-thRF" which are calculated with the help of 
stress controlled, unnotched specimens will be identi- 
fied as Kc (for cracking) or Kf (for fracture) and will 
be identified as derived on "stress basis'" The references 
which discuss experimentally obtained factors K c and Kf 
are reviewed in Section G. 

In addition to this division of the "FS-thRF", de- 
rived for zero-tension and for tension-compression tests, 
additional subdivisions are discussed in Section F. This 
separation of the experimentally determined factors in 
accordance with their derivation helps to clarify the 
reasons for their differences in magnitude. 

A.8.-  In Section H are discussed three references 
pertaining to "LCF" tests in bending. In one of the 
references the "FS-thRF" in bending was defined as the 
ratio of strain range measured on the surface of an un- 
notched cantilever beam divided by the strain range 
measured on the smooth surface of another beam whose 
other surface was notched. The skain ranges were mea- 
sured for the same cyclic life. These "FS-thRF" in bend- 
ing where designated Qbc and Qbf. 

A.9. - A few interesting references pertaining to the 
effect of notches in "LCF" were reviewed shortly in 
Section I. These references did not fit into Sections F, 
G o r H .  

A.10. - The reviewer has found only one paper de- 
voted exclusively to proposed future work on the effect 
of notches on low-cycle fatigue life. This paper, R. 31 
is reviewed in Section J. 

A.11. - It must be pointed out that this review is a 
detailed literature survey and not an interpretive report. 
It will be of value mainly to those doing experimental 
work and research in this area. It is intended to supple- 
ment this review with an interpretive report at a later 
date. 
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A. 12 - Since the 59 references were originally 
compiled and reviewed in 1970, 15 additional, more 
recent references were published. These new 
references 60 to 76 were added to the list of 
references but were not reviewed in this literature 
survey. 
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SECTION B. 
NOMENCLATURE 

B.1. - The reviewer has found it advisable to evolve his 
own nomenclature because the papers reviewed differed 
considerably in nomenclature. Note that except for A, 
Greek characters are not used in this nomenclature. 
This is contrary to the nomenclature employed by 
many others, e.g. Fig. 1-1-11. 

t ..... - 7  

, l I 

2% 
g>. 

STRAIN 

FIG. 1-1-11 - Schematic o f  mechanical hysteresis loop 
with characterizing parameters. 

For convenience, the reviewer introduced also multiple 
letter abbreviations for often used expressions and defini- 
tions, e.g. "FSRF" for fatigue strength reduction factor, 
"ESCF" for elastic, theoretical stress or strain concentra- 
tion factor, etc. 

The titles of reproduced figures were not changed and 
therefore contain the original nomenclature used by the 
authors. The figures are numbered as follows: e.g., 
Fig. 125-2640 indicates that its consecutive figure num- 
ber is 125 and that it is Fig. 26 in reference 40. 

Note that the elasto-plastic stress concentration factor 
"PS-sCF" is designated kp and that the elasto-plastie 
strain concentration factor "PS-nCF" is designated qp. 
These symbols are simpler than the usual. 

Correspondingly, the fatigue strength reduction factors 
to cracking or to fracture, on stress basis and on strain 
basis are designated Kc or Kf and Qc or Qf, respectively. 
This separation of symbols is convenient in analysis of 
experimental data. 

B.2. - ABBREVIATIONS 

"LCF" - Low-Cycle Fatigue 
"SHO" - Stowell-Hardrath-Ohman Method 

"ESCF" - Theoretical elastic stress or strain 
concentration factor, kt 

"PS-sCF" - 

"PS-nCF" - 

"FS-thRFC" - 

"FS-thRFF" - 

R. 39 - 

B.3. - SYMBOLS 

R -  
R = 0  - 

R = _ I  _ 
r -  

N o -  
N f -  
S t -  
S y -  

Spl - 
Smax - 

Elasto-plastic stress concentration 
factor, kp 
Elasto-plastic strain concentration 
factor, qp 
Fatigue strength reduction factor 
to cracking on stress basis, Kc 
on strain basis, Qc 
Fatigue strength reduction factor 
to fracture, on stress basis, Kf 
on strain basis, Qf 
Indicates reference 39 

Load or stress ratio during cycling loading 
Repeated or pulsating loading 
Reversed constant amplitude loading 
Notch root radius 
Number of cycles to cracking 
Number of cycles to fracture 
Tensile strength 
Yield strength 
Proportional limit 
Maximum cyclic, local stress at a stress 
concentration, usually at the apex of a 
notch 

Smin - Minimum cyclic, local stress at a stress 
concentration, usually at the apex of a 
notch 

AS -- Range of local cyclic, stress at the apex 

of a notch = Smax - Smin 
Smax - Cyclic maximum nominal stress based 

on net cross-section of specimen 
Smin - Cyclic minimum nominal stress based 

on net cross-section of specimen 
A---S - Range of cyclic nominal stress during 

one reversal = Smax - Stain 
Sm - Mean cyclic nominal stress 

_ g m a x  + 

2 
-S -Nominal  stress based on net cross-section 
E -Modulus  of elasticity 

E s - Secant modulus corresponding to the 
maximum local stress Smax 

Esn - Secant modulus corresponding to S, 
nominal stress based on net section 

Esy - Secant modulus corresponding to yield 
stress Sy 

ey - Elastic strain at yield stress Sy 

ey = Sy 
E 

�9 
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ey t - Total strain at yield stress Sy 
Sy 

eyt = Esy 

kp - Elasto-plastic stress concentration factor 
AS = Smax 

abbrev. "PS-sCF". k p - -  
AS Smax 

k t - Theoretical elastic stress or strain con- 
centration factor. 

Smax 
Abrev. "ESCF", k t - 

kf - Fatigue strength reduction factor abbrev. 
"FS-thRF". Experimentally derived 
from high-cycle fatigue tests on smooth 
and notched bars. Ratio of endurance 
limit of  unnotched bars to the endur- 
ance limit of  notched bars. 

kf _< k t 

K c - Fatigue strength reduction factor, on 
stress basis, to macrocracking. 
Abbrev. "FS- thRFC" 

Kf - Fatigue strength reduction factor, 
on stress basis, to fracture. 
Abbrev. "FS-thRF" 

Kfm - Fatigue stress reduction factor, on 
stress basis, to fracture, for the same 
mean cyclic nominal stress Sm 

ema x - Maximum cyclic, local, total strain at a 
stress concentration, usually at the 
apex of  a notch 

emi n - Minimum cyclic, local, total strain at a 
stress concentration, usually at the apex 
of a notch 

Ae - Range of local, cychc, total strain at the 
apex of  a notch = emax --emi n 

emax - Cychc maximum nominal, total strain 
based on net cross-section of  specimen 

-~min - Cyclic minimum nominal, total strain 
based on net cross-section of  specimen 

e m  - Mean cyclic nominal, total strain 

_ emax + emin 

2 
Ae -- Range of cyclic nominal, total strain 

during one reversal = ema x - emin 

- Nominal total strain which corresponds 
to the nominal stress S, across the net 
section. 

Esn 

qp - Elasto-plastic strain concentration factor 

_ Ae =emax Abbrev. "PS-nCF" 
A~ emax 

Qc - Fatigue strength reduction factor, on 
strain basis, to  macrocracking 
Abbrev. "FS-thRFC" 

Qf - Fatigue strength reduction factor, on 
strain basis, to fracture 
Abbrev. "FS-thRFF" 

Qbc and Qbf - The same as above, in bending. 
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SECTION C 
CYCLIC STRESs%STRAIN DIAGRAM 

C.1.- Under the conditions of continuously increased 
loading, the relationship between stress and strain is rep- 
resented by the well-known monotonic stress-strain 
diagram. However, under conditions of cycling loading, 
e. g., in the case of completely reversed total strain, a 
more or less deKmed, so-called "cyclic" stress-strain 
diagram or curve may be derived which may or may not 
coincide with the monotonic stress-strain diagram. It 
seems that a properly determined cyclic stress-strain 
diagram offers a more satisfactory method of studying 
material behavior in notches in the presence of cyclic 
plastic deformation. It was observed that after a number 
of fatigue cycles the varying relationship between stress 
range and total strain range becomes "stabilized" for 
practical purposes. It appears that both Manson in R35 
and Peterson in R40 (Fig. 48-39-40) proposed the use of 
"stabilized" cyclic stress-strain curves in analyzing the 
behavior of material in notches subjected to low-cycle 
fatigue. See C.3 for definition of cyclic stress-strain 
cu rves .  

At present, engineers are becoming more and more 
aware of the necessity of using such "stabilized" cyclic 
stress-strain diagrams in place of monotonic diagrams. 
See R30. 

Changes in the stress response occur rapidly in the 
early portion of the life but reach a reasonably stable 
response or steady state condition after about 10 to 20% 
of the life. Plots of the stress required to enforce the 
strain limit as a function of cycles are called cyclic strain 
hardening or softening curves. See Fig. 2-2C-11. An ex- 
ample of cyclic softening of a low carbon martensitic 

A~p 

! 

( a ] CONTROL CONDITION ( b ) HYSTERESIS LOOPS 

I do'/d~Acf p �9 CYCLIC STRAIN 

c 

(r  | CYCLIC STRAII~I SOFTENING 
AND) HARDENING CURVES 

FIG. 2-2-11 - Schematic representation o f  material 
response to reversed strain cycling. 

steel is shown by the hysteresis loops in Fig. 3-3-11. 
After the transient stage, a steady state is attained during 
which the hysteresis loops maintain an essentially constant 
shape until just prior to complete fracture. 

~'~" ~,( i  = 0.114 

FIG. 3-3-11 - Stress-strain response of  a low carbon 
martensite steel during completely reversed strain 
cycling. This material exhibits cyclic softening. 

C.2. - Feltner, et al, in R11 discuss the behavior of 
materials undergoing low-cycle fatigue. Their exposition 
is very clear and the reviewer quotes verbatim. The 
authors state, "During cycling straining materials may 
harden or soften, depending upon their thermomechanical 
history. For example, annealed materials will undergo a 
cyclic hardening process which is indicated by an increase 
in the stress required to enforce the strain limit on suc- 
cessive cycles. On the other hand, cold worked materials 
generally soften and the stress required to enforce the 
strain limit on successive cycles decreases. See Fig. 2-2B-11. 

The curve drawn through the tips of these stabilized 
hysteresis loops obtained from specimens tested at dif- 
ferent amplitudes is called the "cyclic stress-strain curve", 
See Fig. 4-4A-11. It provides a convenient description of 
the steady state cyclic stress-strain response of a material. 
Monotonic and cyclic stress-strain curves may thus be dis- 
phyed on the same diagram." See Fig. 4-4B-11. 

The authors point out that Manson has proposed a 
rule by which it is possible to predict from monotonic 
stress-strain properties alone, whether or not a material 
will cyclically harden or soften. This rule states, "if the 
ratio of the tensile strength to 0.2% offset yield strength 
is larger than 1.4, hardening will occur and if this ratio is 
less than 1.2, softening will occur. For ratios between 
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CYCLIC STRESS- 
STRAIN CURVE 

- -  (p 

(A} 

MONOTONIC-COLD WORKED 

PLASTIC STRAIN OR A~-p/2 
iS) 

FIG. 4-4AB-11 - (A) Cyclic stress-strain curve as 
determined from tips of  stabilized hysteresis loops. 
(B) Comparison of  monotonic and cyclic stress-strain 
curves for two initial conditions of  a material. 

1.2 and 1.4 a prediction can not be made, but the material 
should be relatively stable". 

C.3. - Landgraf, et at, in R30 discuss experimental 
methods for the determination of cyclic stress-strain 
diagrams. The authors point out that a survey of litera- 
ture indicates that there is no agreement as to the exact 
definition of the cyclic stress-strain diagram nor on test- 
ing procedures for determining it. They state that a 
definition of the cyclic stress-strain curve which has gained 
some measure of acceptance is the locus of tips of the 
stable hysteresis loops from several companion tests at 
different, completely reversed constant strain amplitudes. 
Such a curve cart be compared directly with the monotonic 
stress-strain curve. If the cyclic stress-strain curve is above 

Stress 

FIG. 5-1-30 - Monotonic and cyclic stress-strain curves 
for SAE 4340 steel. Pointsare tips of  stable loops from 
companion specimens. 

the monotonic curve, the metal cyclically hardens; if 
the cyclic curve is below the monotonic, the metal cycli- 
cally softens. Fig. 5-1-30 is an example of a cyclic stress- 
strain diagram obtained as described above. This method 
requires a number of identical specimens and considerable 
testing time. Therefore, the authors propose four alterna- 
tive procedures for obtaining this information with 
preferably one specimen. Only one of the proposed pro- 
cedures will be described here. For the others, consult 
the original paper. This "multiple step test procedure" is 
explained by the authors as follows: "It is known that 
the hysteresis loop rapidly adjusts to a stable steady state 
following sudden changes in cyclic strain amplitude. This 
makes it possible to obtain several points on the cyclic 
stress-strain curve from a single specimen by cycling at 
different strain amplitudes. This is shown in Fig. 6-2a-30. 

= ,A AAAAA, A/II/It 
vvVVV ; vvvvvvv VVVVVVI: 

o) Multiple Step Tast Prod'am 

IVllVVVVIV-+ [ I"vVVVV  ':" 
b) Incremental Step Test Program 

FIG. 6-2-30 - Strain control programs for obtaining an 
approximate cyclic stress-strain curve from one specimen. 

Each strain amplitude step and the corresponding stable 
stress amplitude provide one point on the cyclic stress- 
strain curve." Monotonic and cyclic stress-strain curves 
for several materials are shown in Fig. 7-7-30 and Fig. 
8-8-30. 

The authors point out that the relation between cyclic 

Cyclic o 

Monotonic 

ksi I /  2024 " T4 
~ r  , , 

~_ 0.01._~ 
in/ in 

he 

SAE 434O 
(350 BHN) 

~ 7 ~  CyclIc o 

otonic 

5~T6 

Cyclic 

Tl- 811 

i L 

o Com!~ani~ Specimens 

otonic 

Ten Steel 

~ - o -  
.. ' I  Cyclic 

s p, 
P 

WOsl~ioy A 

FIG. 7-7-30 - Monotonic and cyclic stress-strain 
curves for several materials. 
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FIG. 8-8-30 - Monotonic and cyclic stress-strain curves 
for four hardnesses of  quenched and tempered SAE 
1045 steel. 

stable stress amplitude and the stable plastic strain am- 
plitude may be described by a power function as shown 
by the equation 

S = k ( - ~ - - )  nc 

n c is the cycling strain hardening exponent. It is interest- 
ing that according to the authors the value of n c is found 
to be between 0.10 and 0.20 and usually close to 0.15 
for most metals regardless of their initial conditions. 
They conclude that metals with a high monotonic strain 

hardening exponent would be expected to cyclically 
harden while those with a low initial value would be 
expected to cyclically soften. An interesting comparison 
of monotonic and cyclic properties of several metals is 
shown in Fig. 9-Table 1-30. 

C.4. - Blatherwick, et al, in R4 include cyclic stress- 
strain diagrams for SAE 1018 steel. See Fig. 10-5-4. In 

,4 f 

4~ I 36 / �9 I0 CTSlet �9 

i24 ! / s, . . . .  . . ,  

IS B 

I 
8 0 0  

J I i I i I I I I 
1 2 0 0  I S O 0  2 0 0 0  2 4 0 0  2 0 0 0  

Strmn--mlcro-lnchl, get inch 

FIG. 10-5-4 - Cyclic stress-strain curves for SAE 1018 
steel at various numbers of  cycles. 

TABLE 1 - - M c g e r i a l  a n d  p roper t i e s .  

Material Condition 
0.2% Yield Strength, 

monotonic r r 
ksi 

Strain Hardening 
Exponent, 

n (monotonic)/n' (cyclic) 
Cyclic Behavior 

OFHC copper [9] . . . . . . . . . . .  annealed 
partial annealed 
cold worked 

2024 aluminum alloy [18] . . . .  T4 
7075 aluminum alloy [18] . . . .  T6 
Man-Ten steel . . . . . . . . . . . . .  as-received 
SAE 4340 steel [18[ . . . . . . . . .  quenched and tempered, 350 BHN 
Ti-SAI-1Mo-IV [18] . . . . . . . . .  duplex annealed 
Waspaloy . . . . . . . . . . . . . . . . .  Ref 11 
SAE 1,045 steel . . . . . . . . . . . . .  quenched and tempered, 595 BHN 

quenched and tempered, 500 BHN 
quenched and tempered, 450 BHN 
quenched and tempered, 390 BHN 

SAE 4142 steel . . . . . . . . . . . . .  as-quenched, 670 BHN 
quenched and tempered, 560 BHN 
quenched and tempered, 475 BHN 
quenched and tempered, 450 BHN 
quenched and tempered, 380 BHN 

3/20 
37/29 
50/34 
44/65 
08/75 
55/5O 

170/110 
145/115 

79/102 
270/250 
245/185 
220/140 
185/110 
235/ . . .  
245/25O 
250/195 
230/155 
200/120 

0.40/0.15 
0.13/0.16 
0.10/0.12 
0.20/0.11 
0.11/0.11 
0.15/0.16 
0. 066!0.14 
0.078/0.14 
0.11/0.17 
0.071/0.14 
0. 047/0.12 
0.041/0.15 
0.044/0.17 
O. 14/ . . .  
0.092/0.13 
0.048/0.12 
0.040/0.17 
0.051/0.18 

hardens 
stable 
softens 
hardens 
hardens 
softens and hardens 
softens 
softens and hardens 
hardens 
stable 
softens 
softens 
softens 
hardens 
stable 
softens 
softens 
softens 

FIG. 9-T.1.-30 
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addition to the monotonic diagram, cyclic diagrams are 
shown for 10, 20, 102,103, and 104cycles. Cyclic 
softening effect is evident in the curves. 

C.5. - Berling, et al, in R3 discuss the cyclic stress- 
strain curves for three stainless steels at three tempera- 

tures. The curves are shown in Fig. 11-14-3 for AISI- 
304, in Fig. 12-15-3 for AISI-316, and in Fig. 13-16-3 
for AISI-348. Each of the diagrams contains two curves, 
distinguished by open and closed circles. The open circles 
represent the stabilized values of stress and strain obtained 
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401 1 I ~ I l 

I E (c) 
30 I-; 816~ - 

1 I I I I T I l 2 0  
( a )  

80 
1 0 ~  
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0 L ~ I L [ l l , 

- -  6 0  I 1 I I I 1 I 

�9 4 0 1 _ E  ~ - 

20 20 

�9 Cyclic data - single specimen 
10 10 

C L I 1 I J l l 1 0J 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 0 0.5 1.0 1.5 2.0 2.5 3,0 3.5 4.0 4.5 

Cyclic strain (AEt/2) 
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FIG. 11 -14-3 - Cyclic and monotonic stress-strain diagrams [or AISI 304 stainless steel at 430 ~ 650 ~ and 
816~ (axial strain rate 4 x 10-3 sec-1). 
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816~ (axial strain rate 4 x 10 -3 sec-1). 
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FIG. 13 - 16- 3 - Cyclic and monotonic stress-strain diagrams for AISI 348 stainless steel at 430 ~ 650 ~ and 
816~ (axial strain rate 4 x 10 -3 sec-1). 

with the help of a number of individual fatigue tests. The 
closed circles represent test results obtained with a single 
specimen which was cyclically loaded for 50 to 100 cycles 
at each of several successively higher strain levels. This 
method, defined as "multiple step tests" was described 
previously in D.3. It appears that the data obtained with 
a single specimen are a good approximation of the curve 
representing many specimens. For comparison, the 
monotonic true stress-strain data obtained in tension tests 
are also shown. Considerable strain hardening is evident 
in all cases. 

C.6. - Krempl in R24 presents a comparison between 
monotonic and cyclic stress-steain diagrams for three steels 
at room temperature. Fig. 14-B7-24 is for low-carbon 
steel, Fig. 15-B8-24 is for 2 1/4 Cr- 1 Mo steel, and Fig. 
16-B9-24 is for type 304 stainless steel. In the three 
cases definite strain hardening was observed. The curve 
marked "cyclic" was derived from stabilized hysteresis 
loops obtained as a result of fatigue testing to failure of 
many specimens. 

C.7. - Younger in R56 discusses.the difference be- 
tween the cyclic stress-strain curve and the so-called 
"envelope curve". He points out that the envelope curve 
is the envelope of several stable hysteresis loops which 
have been shifted to a common point at the peak com- 
pression stress. See Fig. 17-2-56. On pages 12-15 the 
author points out that other investigators have shown 
that the envelope of the outer traces of hysteresis loops 
and the cyclic stress-strain curve differ by a factor of 2 
in the region between 102 and 104 cycles. Therefore, 
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v c$-1o 
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FIG. 14-B7-24 - Monotonic and cyclic stress-strain 
curves for carbon steel. 
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FIG. 1 6 - B 9 - 2 4  - Monotonic and cyclic stress-strain 
curves .for type 304 stainless steel. 

the stresses and strains connected with the envelope 
curve are double amplitude values, while the stresses 
and strains in the case of the cyclic stress-strain curve 
are single amplitude values. See Fig. 18-4-56. 
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FIG. 17-2-56 - T h e  relationship between the envelope 
curve and the cyclic stress-strain curve (2024-T351 
aluminum alloy). 
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FIG. 18-4-56 -Cyclic stress-strain envelope and 
locus curves. 

C.8. - Snow et al in IL45 present two cyclic stress- 
strain diagrams obtained at room temperature. Their 
Fig. 1 shows the diagram for Ni-Cr-Fe Alloy 600(Inconel). 
Fig. 4 shows the diagram for low-alloy steel A302B. 

C.9. - tvlanson, et al, in R. 33 (Fig. 6) shows cyclic 
stress-strain diagrams for 7075-I76 aluminum alloy and 
annealed AISI 4340 steel. 
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SECTION D 
NEUBER'S RELATIONSHIP BETWEEN STRESS AND STRAIN 

CONCENTRATION FACTORS AND APPLICATION TO 
LOW-CYCLE FATIGUE 

D. 1. - According to Neuber there exists an approxi- 
mate relationship between the theoretical elastic stress 
concentration factor, abbr. "ESCF"k t and elasto-plastic 
stress concentration factor, abbr. "PS-sCF"kp and elasto- 
plastic strain concentration factor "PS-nCF"qp in the 
form 

kt 2 = kp .qp (1) 

This relationship was developed by Neuber in R38, page 
550 and in R39. Neuber states that although Eq. (1) was 
derived for two-dimensional shear only, it could be gener- 
alized with good approximation to arbitrary two or three- 
dimensional states of stress. Obviously Eq. (1) apphes 
strictly when the local stresses and strains are within the 
proportional limit, because :then k t = kp. In some limited 
region beyond the proportional limit Eq. (1) appears 
plausible, because it is known from other considerations 
that with increasing average stress on the net section, kp 
begins to decrease and qp increases, so that the product 
may remain approximately constant. 

However, the evidence indicates that the product does 
not remain constant beyond a limited small region and 
that it gradually decreases with increasing nominal stress. 
This can be seen from Figs. 3, 5 and 7 in R50, by multi- 
plying the corresponding values of kp and qp shown in 
the figures. 

It must be understood that the stress and strain con- 
centration factors may be either referred to the nominal 
stress and strain based on the net section or to the stress 
and strain based on the gross section. For instance, see 
Fig. 5 in R39. 

Note that because the nominal strain en rapidly in- 
creases when the nominal stress increases past the yield 
strength Sy, the "PS-nCF" q , defined as the ratio of P 
ema x to e n, reaches a maximum and then begins to de- 
crease. For instance, see Fig. 24 in R30. 

In spite of the above, Neuber's approximate relation- 
ship was used by a number of investigators to estimate 
the cyclic life of notched specimens. 

D.2. - Topper, et al, in R49 use Neuber's relationship 
between kp and qp for the determination of fatigue life 
of notchedspecimens. The authors replace the "ESCF"kt 
by kf the fatigue strength reduction factor "FS-thRF"kfi 
which is almost always smaller than kt. See original paper 
for definition of kf. 

Neuber's relationship becomes 

kp -qp  = kf  2 (2) 

kp is the "PS-sCF" and qp is the "PS-nCF". 
In the following we cohfine ourselves to the totally 

reversed tension-compression loading of notched 
specimens, R = -1. 

If AS is the range of nominal stress based on net cross- 
section and AS is the corresponding range of local stress 
at the apex of the notch, then by definition 

kp _ __AS (3) 

AS 

Similarly, if Axe is the range of nominal strain, based on 
net cross-section and Axe is the corresponding range of 
local strain at the apex of the notch, then by definition 

Ae 
qp - _ _  (4) 

Ae 

Therefore, Eq. (2) becomes 

k,~2 _ AS Ae 
s 

AS Ae 

multiplying by modulus of elasticity E 

kf 2 . A S . A e . E  = AS.AXe-E (5) 

The physical meaning of Eq. (5) is pointed out by the 
authors as follows. ~ and ~-~ are the nominal stress 
and strain ranges at the notch apex. If the notch apex 
remains elastic during cycling, ~then 

_ _  J 

AS = A e . E a n d A S  = A e . E  

Eq. (5) becomes 

kf .  ~-~ = AS 

This is the familiar form whichrelates local stress with the 
product of nominal stress and kf. 

However, if only the nominal stress and the corres- 
ponding strain are limited to the elastic region, which 
often occurs, then only AS = Ae . E and Eq. (5) becomes 

(k f .  ~-g)2 = AS.  Ae �9 E (6) 

Note that Eq (5) applies to all values of nominal stress, 
while Eq. (6) applies for nominal stresses less than the 
yield stress. 

Equations (5) and (6) relate the nominal stress and 
strain behavior at the net section of a notched specimen 
with stress and strain behavior at the apex of the notch. 

�9 
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It can also be interpreted as furnishing indices of equal 
damage in notched and unnotched specimens of the 
same material. In completely reversed constant ampli- 
tude tests, a notched specimen and a smooth specimen 
will form macrocracks at the same fatigue life provided 

k f  2. AS �9 Ae �9 E for the notched specimen is equal 
to AS.  Ae . E for the smooth specimen. This means 
that smooth specimen results can be used to produce 
master life plots for estimating the fatigue life of notched 
members. 

When a strain range controlled fatigue test is performed 
on an unnotched specimen, the strain range Ae is known 
for a particular cyclic life. Stress range AS is then obtain- 
able with the help of the cyclic stress-strain diagram which 
pertains to the used material. (For the discussion of 
cyclic stress-strain diagrams see Section C). Such a master 
plot is shown in Fig. 19-1a-49 for two aluminum alloys, 
2024-T4 and 7075-76. 
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2Nf ,  Reversols to Failure 

FIG. 19-1 a - 49 -Smooth specimen fatigue data in a 
form suitable for predicting lives of  notched members. 

For a notched specimen o_f_f the same material the im- 
posed nominal stress ran eg_LAS is known. The correspond- 
ing nominal strain range Ae is again obtainable from the 
previously mentioned cyclic stress-strain diagram. The 
"FS-th RF"kf or the "ESCF" are also known. The pro- 
duet kf 2 �9 ~-g. Ae �9 E is calculated and the predicted 
life of the notched specimen is obtained from the master 
plot described above. 

For comparison with experimental results the authors 
used cyclic life data from R.20 pertaining to completely 
reversed tests on notched plates with kt = 2.0 and 4.0. 
The data points were plotted on the master plot shown 
in Fig. 19-1a-49 and the results of comparison are shown 
in Fig. 20-1b-49 and 21-1c-49 for the two aluminum 
alloys. Agreement between actual life data and predic- 
tions is seen to be good. 

The authors conclude that for completely reversed 
amplitude loading, R = -1, which does not introduce 
significant mean stresses at notch roots, the master plot 
curve derived from cyclic life data of unnotched speci- 
mens may be used to estimate the cyclic fatigue life of 
notched specimens made from the same material. 

Note that this method is limited to predicting crack 
initiation or final failure when the crack propagation 
stage is negligible. 

D.3 - Wetzel in R. 54 proposes a method which utilizes 

I 0 0 0 ~  . 2024 - T 3 

k ~  ,mKt 2.00, Kf-l.92 "~ I,IQ 

l- ~ OWn Symboll indicate AS-AeE 
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FIG. 20-1 b-49 - Notched fatigue data compared to 
the life curve predicted from smooth specimen data. 
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FIG. 21-lc-49 -Notched  fatigue data compared to 
the life curve predicted from smooth specimen data. 

Neuber's equation to help to predict the behavior of ma- 
terial at the notch root during cyclic loading. 

He describes twelve, specially controlled fatigue tests 
with zero to maximum load, R = 0, performed on un- 
notched specimens. The purpose of these tests was to 
investigate if such specially controlled tests with R = 0, 
performed on unnotched specimens will yield data which 
could be used to predict fatigue life of similarly loaded 
notched specimens. 

The underlying assumption in these specially control- 
led tests was the contention that if the unnotched bar is 
forced to simulate the behavior of the metal at the apex 
of a notch in a cyclically zero to maximum loaded plate, 
then the bar will fail in the same number of cycles as the 
notched plate. 

In setting up the tests it was assumed that the maxi- 
mum nominal stress across the net section does not 
exceed the yield strength of the material and therefore, 
Eq. (6) applies. Eq. (6) is re-written 

(kf ~)2 
E 

- - -  A S . A e  (6a)  

For zero to maximum (pulsating) loading of notched 
plates j~r is the nominal stress range for each half-cycle. 
Therefore, 

( kf ~ ) 2  

E 
is a constant and the product of local stress and strain 
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range AS �9 Ae must be equal to the same constant during 
each half-cycle. 

In other words, if the unnotched bar is controlled so 
that the product of the half-cycle change in stress and in 
strain is kept constant throughout the test, it ought to 
simulate the behavior of the metal at the notch root. It 
follows then that the product of maximum local stress S 
and the maximum local strain e is constant during each 
half-cycle. 

Therefore, in a "S - e" coordinate system the peaks of 
hysteresis loops must locate themselves on hyperbolas 
with a different origin for each subsequent cycle. This is 
shown in Fig. 22-3-54. This figure indicates cycle depend- 
ent strain hardening and also a relaxation of mean stress. 

Fig. 23-4-54 shows test results of fatigue tests with 
zero to maximum load on three aluminum alloy plates 
with "FS-th RF" kf = 1.9, 2.3 and 3.3. The three curves 
were available in the literature. The same figure contains 
points which represent test results obtained by the author 
with the twelve unnotched bars intended to simulate the 
behavior of notched plates with kf = 1.9, 2.3 and 3.3. 
The author states that the agreement between fatigue 
curves for the notched plates and the fatigue results 
obtained with the unnotched specimens is good. 

For additional details and explanations see the original 
paper. 

For a similar approach in using Neuber's equation and 
companion specimens to simulate behavior of notches 
during low-cycle fatigue, see Crews, R.7 and Section E.3. 

FIG. 22-3-54 -Recorded data from a smooth specimen 
simulation of the local stress-strain behavior of a notch. 

Note that because kf" ~g  is constant the test results 
obtained with one unnotched specimen may be used to 
simulate the behavior of a number of plates with notches 
of different geometry (kf). 

The 12 unnotched bars were fatigue tested, R = 0, 
and controlled as described above. For each of the bars 
the product AS �9 was constant; it varied from 2.47 
to 0.15 and the corresponding number of cycles to failure 
varied from 800 to a few million cycles. Test data are 
tabul~ted in Fig. 23a-T1-54. The author chose three 
values of kf = 1.9, 2.3 and 3.3. The corresponding values 
of nominal stress range ~-g which satisfy the control 
constants are tabulated. 

7C 

5C 

tr 
ta 

4C 

o 

Z 

<1 2 0  

IO  

Notched Rotes, Raf. 9 \ ~ C ~ -  
o .  

I I .  I I I I I 
I0 I0" I0 = I0" I0 = I0" I0 7 

Nf, Cycles to Failure 

FIG. 23-4-54 - S-N curves for O-max loaded notched 
plates compared with smooth specimen simulation data. 

T A B b E  l--Data from smooth 9024-T~ aluminum simulation specimens. 
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SECTION E 

STOWELL-HARDRATH-OHMAN EQUATION AND 
ITS APPLICATION TO LOW-CYCLE FATIGUE 

E.1. - Griffith in R. 12 (1948) and Stowell in R. 46 
(1950) have initiated a successful attempt, both experi- 
mental and analytical, to simplify the calculation of 
elastic stresses in a circular hole in an infinite sheet sub- 
jected to uniform tension at a remote distance from the 
hole. They obtained a rather simple formula for kp, the 
elasto-plastic stress concentration factor, abbreviated 
as "PS -sCF" 

E$ 
kp = 1 + 2 "-~ (7) 

In this formula E is modulus of elasticity at a point 
remote from the hole where the stress S is applied and 
where elastic behavior prevails. E s is the secant modulus 
corresponding to the maximum local stress Smax. For 
definition of secant modulus see IL 12 and Fig. 42-5-56, 
24-2-6 and 48-39-40. The "PS-s CF" is defined as 

Smax 
kp - S (8) 

emax (11) 
qP= 

ema x is the maximum strain usually in the apex of notch. 
-~ is the nominal strain which corresponds to the nominal 
stress ~- and which is based on the net cross-section of the 
specimen. 

Smax 
emax - Es (12) 

and 

g 
7 - (12a) 

Esn 

qp, the "PS-nCF", is obtained from the following simple 
relation 

qp _ Esn 
kp Es (13) 

Es 
Note that the secant ratio ~ is intended to account for 
local plasticity. 

Hardrath and Ohman in R. 14 (1953) intuitively 
evolved a much more general equation which could be 
applied not only to wide sheets but also to commonly 
encountered geometric discontinuities. The equation is 
rather simple 

k p =  1 + ( k  t -  1) Es 
Esn 

(9) 

Here, k t is the well known theoretical elastic stress or 
strain concentration factor, abbreviated as "'ESCF". 
Also, by definition the "PS-s CF" is 

Smax 
= _ ( l o )  kp s 

where S is the nominal stress based on the net cross-section 
of the specimen and which may exceed the proportional 
limit. Esn is the secant modulus which corresponds to the 
nominal stress Sand replaces E in Eq. (7). As before, 
Es is secant modulus which corresponds to the local 
stress Smax. 

The elasto-plastic strain concentration factor, designat- 
ed here as qp and abbreviated "PS-nCF" is defined as 

and is always larger than "PS-sCF"kp. 
Eq. 9, which has to be solved by successive approxi- 

mations, requires the determination of secant moduli 
E s and Esn. Under monotonic conditions of loading the 
secant moduli are determined from the well known stress- 
strain diagram. However, under cycling loading condi- 
tions it is logical to derive their values from a properly 
determined cyclic stress-strain diagram as suggested by 
Manson and Peterson. See Section C for additional 
discussion. 

Eq. (9) and the procedure suggested by StoweU, 
Hardrath and Ohman for the approximate determination 
of "PS-sCF"kp and "PS-nCF"qp will be referred to as the 
"SHO" method. For additionaI discussion, including 
the successive approximation procedure, secant moduli, 
etc. see Manson R. 35 (p. 6-11) and Younger R. 56. 

The "SHO" method as described above was intended 
to apply only to stress concentrations in thin sheets. 
However, the method was extended by Sarney, R 44 to 
cylindrical bars with circumferential notches in tension. 
A short description of Sarney's extension of "SHO" 
method may be found in Zwicky, R. 57. See E. 4 and 
E. 8. 

In the following references the "SHO" method was 
used by several investigators to approximate the behavior 
of material in stress concentrators (notches) during the 
first fatigue cycle or cycles. 

For additional discussion of factor qp and of the 
"SHO" method, see E. 4, Krempl R23 and F. 3, Manson 

15 

�9 
Copyright 1972 by ASTM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:06:02 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



E. 10 and Peterson I .4, Fig. 128-6-41. 
E.2. - Crews, et al, in R. 6 describe an interesting set 

of experiments with large, 12-in. wide edge-notched plate 
specimens from 2024-T3 aluminum alloy with 
"ESCF"kt = 2, referred to the net section. They have 
subjected these specimens to repeated tension loading, 
load ratio R = 0 and to completely reversed constant 
amplitude loading, load ratio R = -1. Strain gauges 
were mounted in the notch roots and local strains were 
measured during cycling loading whose magnitude was 
defined by the nominal stress across the net section. 

In order to determine the magnitude of stresses which 
correspond to the measured strains, unnotched companion 
specimens were provided. These specimens were subjected 
to the same strain history as measured in the root of  the 
notch and the measured stresses were assumed to represent 
the stress history at the notch root because in this region 
a practically uniaxial state of stress exists. The nominal 
stresses were over the range from that corresponding to 
incipient yielding at the notch root to that approaching 
the yield stress of the aluminum alloy on the net section. 

The authors describe as follows the behavior of 
material at the notch root. See also Fig. 24-2-6. For the 
first complete loading and unloading cycle of pulsating 

the tensile residual stress and strain at the end of the full 
cycle of loading when again the load reaches zero. 

Fig. 25-3-6 illustrates stress-strain relationship at the 
notch for the first complete cycle of pulsating loading, 
R = 0, for six different values of maximum nominal stress. 
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FIG. 24-2-6 - Local stress-strain curve for first cycle 
of  loading. 

load, R = 0, a typical behavior of local stress is described 
by the curve OAB; where A represents the maximum 
local stress and strain and B represents the compressive 
residual stress and strain occuring upon unloading to zero 
from the maximum load. For the ftrst complete cycle of 
completely reversed loading, R = -1, a typical set of local 
stresses and strains is depicted by the curve OABCD. C 
represents the minimum local stress and strain when the 
load is at the minimum (compression) and D represents 

-4 

0 5 I0 15 
Local s~'roin, ex I0 3 

FIG. 25-3-6 - Local stress-strain curves [or first cycle 
repeated loading (R = 0). 

The unloading part of each load cycle produced a com- 
pressive local residual stress. In tests with high nominal 
stress yielding in the notch root occurred upon unloading. 
Beyond the tenth cycle local stresses returned essentially 
to the same value. During cycling the stress range re- 
mained virtually unchanged. It is seen that the mean 
value of local stress decreased considerably when the 
nominal stress increased from 25,000 to 50,000 psi. 

Fig. 26-5-6 illustrates stress-strain relationship at the 
notch root for the first complete cycle of completely re- 
versed loading, R = - i ,  for three values of maximum 
nominal stress; For these tests, four characteristic values 
of local stress are of interest: the maximum, the residual 
compressive stress after unloading when nominal stress 
is zero at the end of first half-cycle, the minimum com- 
pressive stress at the minimum load, and the residual, 
tension stress after completing the cycle when the nominal 
stress reaches again zero. It is seen that the magnitudes 
of residual stresses ate influenced by the amplitude of 
nominal stresses. 

The authors observed that, for the aluminum alloy, 
under constant amplitude load cycling for both R = 0 
and R = -1, the stab'ilization of local stresses in the notch 
apex occurred in less than 30 cycles. 

In addition to the above experimental analysis per- 
raining to the behavior of local stresses during cyeUng, 
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FIG. 26- 5- 6 -Local stress~strain curves for j~rst cycle 
o f  reversed loading (R = -1}. 

the authors attempted to predict fatigue life of notched 
specimens similar to those used in this paper for the 
measurements of local strains. For this purpose they 
used fatigue life data generated by Illg, R. 20, on similar, 
but smaller, specimens witll kt = 2 for R = 0 and for 
R = -1. The authors state that they predicted fatigue 
lives on the assumption that fatigue failure would occur 
in notched specimens in the same number of cycles that 
produced failure in unnotched companion specimens 
subjected by them to repeated stresses equal to the local 
stabilized stresses observed in the tests described above. 
The estimates of life of the unnotched specimens were 
taken from a fatigue diagram (of alternating vs. mean 
stresses) for available fatigue tests performed on the 
same material by other investigators. The authors state 
that the estimates agree well with the data except at low 
nominal stresses. For more details, see original paper. 

The above is encouraging because there is a possibility 
that the fatigue lives of notched parts could be estimated 
from behavior of companion, unnotched specimens. 
Unfortunately, the key information needed to accomplish 
this is the relation between the applied nominal stresses 
and tlie stabilized stresses at the notch root and this re- 
lationship is obtainable only by rather painstaking tests. 

To help this situation the authors attempted to provide 
a method for computing the desired local stresses for the 
J~,st cycle of loading only. For these purposes they made 
use of the "HSO" empirical relation, Eq. (9), which de- 
fines approximately the "PS-sCF"kp. The authors 
develop a relation between S, the local stress during un- 
loading from A and nominal stress S, as follows 

S = Smax kp - (Smax - 'S)kp'  

where kp'  is obtained using the secant modulus E s' as 
shown in Fig. 24-2-6. For loading from C the local stress 
S is 

S = Smax kp - (Smax - Smin) k p '  - (Smin - S) kp"  

where kp"  is obtained using the secant modulus E s "  
as shown in Fig. 24-2-6. 

It is obvious that these equations require trial and 
error solution and procedure becomes rather compli- 
cated. However, the authors have made a number of 
simplifications and were able to evaluate the maximum 
local stress, minimum stress, and the hal[ and [ull cycle 
residual stresses for a number of nominal stresses and for 
load ratios R = 0 and R = -1. The results are plotted in 
Fig. 27-9-6 and Fig. 28-10-6. 
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FIG. 27-9-6 -First-cycle stresses for repeated loading. 
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FIG. 28-10- 6 - First-cycle stresses for completely 
reversed loading. 

The authors hope that these preliminary calculations 
of first cycle stresses will ultimately lead to the calculation 
of stabilized stresses at the notch root. For more details 
see the original paper. For application of the above pro- 
cedure see paper by Picket, et al, R. 42 (Appendix). 

E.3. - Crews in R. 7 continues the experimental and 
analytical work described in R. 6, in E. 2. In addition to 
k t = 2 he also considers k t = 4 and 6 and in addition to 
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aluminum alloy 2024-T3 he also considers SAE4130 steel. 
Pairs of notched and companion specimen were cut from 
adjacent positions in the sheet stock as shown in Fig. 
29-1-7. As before, the sequence of strain reading at the 
notch root was reproduced in strain gages on an unnotched 
companion specimen to determine the stress correspond- 
ing to each strain level. As before, the notched specimens 
were subjected to full cycles of completely reversed ten- 
sile_and compressive loading, R = -1. 

Smax the cyclic, maximum nominal stress (based on 
netsection) was selected to give products of k t Smax = 
60000, 100000 and 150000 psi. 

A set of first-cycle stress-strain curves derived with the 
help.of companion specimens is shown in Figs. 30-2-7 to 
33-6-7. Each Fig. is for a different "ESCF"k t and shows 
ftrst cycle hysteresis curves for three values of Smax. 
Each curve shows the stress-strain history at the root of 
the notch during a full cycle of completely reversed 
loading. See also Fig. 34-11-7. 

The loci of half-cycle and full-cycle residual stresses 
and strain are shown in each Figure. The author states 
that the antisymmetry of the loci displayed in Fig. 30-2-7 
is not generally characteristic of the residual stress-strain 
behavior for completely reversed loading. This can be 
seen from Fig. 31, 32, 33. 

The following conclusions reached by the author for 
the edge-notched sheet specimens studied under reversed 
constant-amplitude loading are quoted from the paper. 

For specimens which had elastic stress-concentration 
factors approximately 2, 4 and 6, the local stress-strain 

behavior at the notch root was essentially the same for 
constant values of the product of maximum nominal 
stress Smax and "ESCF" factor k t. 

Stabilization of local stresses appeared to occur in 
approximately 15 cycles of reversed loading for 2024-T3. 
The local stress range increased and the local strain range 
decreased during the stabilization phase. In a single test 
with 4130 steel the local stress range decreased slightly 
but did not stabilize in 30 cycles of reversed loading. 

Crews devoted a major portion of his paper to the 
calculation of local stresses and strains caused by the 
cycling of completely reversed loading. For this purpose 
he used the "SHO" Eq. for "PSCF"kp and also the 
Neuber relationship between kp and qp, described in 
Section D. He transformed the "SHO"equation to obtain 
a relationship between monotonic local stress excursion, 
monotonic local strain excursion and the monotonic 
variation of nominal stress which caused the local excur- 
sion, the "ESDF"k t and modulus of elasticity E. See his 
Eq. (3) in the original paper. 

He also suitably transformed the Neuber relationship 
to obtain an explicit expression for the product of local 
stress and strain excursions in terms of the monotonic 
nominal stress variation and k t and E. See his Eq. (4) in 
the original paper. 

The procedure for the analytical determination of 
local stresses during cycling is rather involved and will 
not be described here. Those interested are referred to 
the original paper. 

Note that Crews' approach is similar to the approach 
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FIG. 29-1-7 -Specimen dimensions and instrumentation. 
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FIG. 34-11-7 - Nominal loading and estimated local 
stress-strain curve for the first loading cycle. 

used by Wetzel in R. 54 and described in Section D. 
The author in his Fig. 12, (not reproduced) shows 12 

graphs which depict the stress-strain relationship between 
the local stresses and strains during the first cycle, for 
k t = 2, 4 and 6, as obtained experimentally and by using 
"'SHO" and Neuber's equations. 

He concludes that estimates of local stress and strain 
made by either using the modified "SHO" Equation or 
the Neuber Equation were good approximations to ex- 
perimental results for the first cycle of reversed loading. 
Also estimates of local cyclic stress found for 2024-T3 
by repeatedly applying the Neuber equation in a cycle- 
by-cycle manner correlated well with experimental results 
during the first 30 cycles of loading. 

In this elaborate paper the author succeeds in the elu- 
cidation of behavior of local stresses and strains in an 
edge-notched 2024-T3 sheet during the first complete 
cycle imposed by totally reversed loading. 

E.4 - Zwicky in R. 57 modifies the simple "SHO" 
relation in order to determine the total strain range Ae 
at the root of notch in terms of nominal stress range AS 
across the net section. Because the "SHO" relation is 
applicable only to monotonic loading the author uses a 
somewhat more complex relation which applies also to 
unloading and reloading during the first cycle, developed 

by Crews, et al, in R. 6 and previously discussed in E.2 
and E.3. He then proceeds to modify this expression in 
order to make it suitable for cycling loading by assuming 
that the hysteresis loop shown in Fig. 35-4-57 is sym- 
metrical and stabilized. If the nominal stress is cycled 

/q,.'/ 
' . , , / / /  EMAX 

LOCAL E 

FIG. 35-4-57 - Typical cyclic stress-strain relation 

with a stress range A--~- between S-max and Smin' and the 
corresponding local stress cycles between Sma x and Smin 
the equations in R. 6 assume the form 

Es 
Smin = Smax - (Smax - Smin) [1 + (k t -1)] ~ (14) 

By definition secant modulus E s Smax-  Smin _ AS (15) 
- ema x -emi n Ae 

where Sma x - Smi n is the local stress range As and 
ema x - emi n is the local strain range Ae. 

Smax - Smin = AS (16) 

ema x - emi n = Ae (17) 

In order to simplify the problem and to obtain explicit 
expression for Ae the author assumes that the local stress 
range AS is equal to twice the yield stress Sy 

AS = 2 Sy. 

It is debatable to what extent the ensuing simplification 
is justified by this assumption. 

Defining the nominal stress range AS 

Smax - Smin = A--S 

and ey, the elastic strain at yield stress Sy 

Sy 
e y -  E 

(18) 
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the author obtains, after some transformations 

ae \G I  
- - - =  (Kt - 1) (19) 

I -  

This expression is convenient to use in low-cycle fatigue 
problems since it defines the total local strain range Ae 
in terms of nominal stress range AS, yield strain ey, yield 
strength Sy and modulus of elasticity E. 

Ae . 
Ratio ,_-Z--- in expression (19) is shown in Fig. 36-8-57 

~ y  

~ 3  
.L 

v 2 

/ y /  ,'/ 
d// . /, 

o 
~r163 P~.Mr S'l'l~l~$ A K* ,~ ~ ~ * * .C ,  Qll STRAINIAJII~. II~A~'HEIIIIlCK II 

~*Ff,I'N, KI: 2 ~? V ~t = Z S t. . IL . , , .  r ST~..,~S F O t S ~ : i l  
<~,~,o, ,,= ~ 3~ t . =~ =, j o,,,=,* 

, 1 l I I I 
o.~ 0.4 o.s  o.6 0.7 o,s o.9 

(t~$) § (2Y) 

FIG. 36-8-57 - Comparison o f  measured and calculated 
strain ranges for various geometries and materials. The 
o and e on the Blatherwick and Olson tests refer to 
constant load or constant strain tests; the numbers refer 
to the cycle number at which the data were taken. 

as a function of 

a s  

AS 

2Sy 
for K t = 1.5, 2, 3, 4 and 5. 

The elasto-plastic strain concentration factor is defined 

Ae 

qP - A--~ 

the ratio of total local strain range to total nominal strain 
range. 

Assuming that AS does not exceed the yield stress 
range, then 

AS 
Ae = - -  

E 

and 

A e  

- _ _  E 
qP AS 

~ k e  
Substituting, __ from Eq. (19) we obtain 

IAs 

q p =  
K t - 1 

AS 
1 --  - -  

2Sy 

(20) 

This is an explicit expression for __"PS'nCF" qp in terms 
"ESCF"kt, nominal stress range AS and yield stre__ ss Sy. 

AS 
Fig. 37-5-57 shows qp as a function of ratio ~ for 

, /  

different Kt varying from 1.5 to 5. 
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FIG. 37-5-57 - Cyclic strain concentration factors 
during local yielding under plane stress conditions. 

The above discussion applies only to notches in a thin 
plate subject to plane stress conditions. 

The author extended the above analysis for a notched 
plate to plane strain conditions, e.g. to a cylinder longi- 
tudinally stressed with a circumferential notch. He based 
this on work by Sarney, R. 44, who extended the original 
plane stress "SHO" relationship to plane strain conditions 
under monotonic loading. Combining Sarney's approach 
with cycling, Zwicky developed new relations for the 
cycled notched cylinder which are more complicated than 
Eq. (19) and (20). These expressions are not explicit and 
must be solved by successive approximations. 

The author has calculated and plotted the total local 
Ae' 

strain range ~ in Fig. 38-6-57 which is similar to pre- 
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AS 
tinuously increasing with ratio - - .  It must be remem- 

2Sy 
bered that it was assumed that the nominal stress range 
AS is within the yi___eld range of the material and that there- 

AS 
fore, the ratio ~--~,, is less than 1. 

j ,  

However, it is known from other investigations that 
AS 

when the ratio ~ approaches 0.9 to 0.95, qp reaches 
J 

a maximum and then decreases with further increase of 
this ratio. For instance, see Figs. 40-24-40 and 47-40-40, 

FIG. 38- 6- 57 - To tal strain range for plan e strain 
conditions including effects of  local yieMing. 

viously discussed Fig. 36-8-57. He also plotted the plane ~. 
strain, elasto-plastic strain concentration factor ~ = 

Ae" 
qP' - ~ss " E in Fig. 39-7-57, which is similar "2 

to Fig. 37-5-57. 
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FIG. 39-7-57 - Cyclic strain concentration factors 
during local yielding under plane strain conditions. 

Note that the new qp' is less than qp for the plane 
stress case. It is even louver than the plane strain factor 
in the elastic regime which is (1 - v2) times the plane 
stress factor. 

The "PS-nCF"qp in Fig. 37-5-57 and 39-7-57 is con- 
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Hole diarn - .hi plate wid th ;  P L  denotea proport ional  l im i t ;  S denotes secant l im i t  correspond- 
i a g  to  t a n g e n c y  to  a s lope  of 0 .7  E .  

FIG. 40-24-40 - Experimental strain concentration 
factors at a hole in an axially stressed aluminum 
alloy plate. 

Peterson R. 40. Also Figs. 74-8-23, 75-9-23 and 76-10-23 
and discussion in F3. 

In the reviewer's opinion the occurrence of such a 
maximum will considerably decrease the large values 

of qp for ratios 2--~y near 1.0. See also discussion in E5. 

The author's formulae permit the calculation of total 
local strain range Ae in terms of known nominal stress 
range ~-S and yield strength Sy. He points out that the 
yield strength should be obtained preferably from a 
cyclic stress-strain diagram rather than from a monotonic. 

In order to compare his calculations with actually 
measured local strain ranges due to cyclic loading, the 
author plotted in Fig. 36-8-57 the results of several ex- 
periments published in the literature. 

He reviewed the tests by Griffith, R. 12, Blatherwick, 
et al, R. 4, Kooistra, et al, R. 22, Isberg, et al, R. 21 and 
others. 

In general, good correlations were obtained between 
the experimental and Iris calculated values. In most cases 
the yield strength Sy was obtained from monotonic 
stress-strain diagrams in absence of cyclic data. For the 
results of comparison and for discussion see the original 
paper. 

Zwicky suggests that the total calculated local strain 
range Ae may be used to determine the crack initiation 
in notched specimens. However, he warns that Ae is not 
necessarily the best guide for these purposes. 

Dawson in R. 8 (See E. 7) calculates the total strain 
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range for a circumferential groove on the inside surface 
of a turbine shell. 

E.5. - Haydl in__R. 16 modifies Zwicky's expression 
Ae 

for the ratio of - - .  See E. 4 Eq. (19) and R. 57. 
2ey 

He does it by combining the "SHO" expression with 
Neuber's approximate relationship betweeh kp, qp and 
k t. See section D. He points out that kp is always 
larger than 1 and lower than k t. According to his equa- 
tions, although qp is increasing and approaches kt2 it 
does not increase t O infinity as it would follow from 
"SHO" expression. This is shown in Fig. 41-8-16 where 
he compares his results with Zwicky's Eq. (19). 

Haydl summarizes his paper as follows. A new form- 
ulation for calculating stress and strain concentration 
factors in plastic range was suggested and applied to low 
cycle fatigue study. The formulae presented in this paper 
are more general than those in Zwicky's and show good 
agreement with existing experimental data. It is demon- 
strated that the present theory can also be applied when 
the material away from discontinuity enters the inelastic 
or plastic range. 

The reviewer points out that the paper is not too 
clearly written and it is difficult to follow the author's 
reasoning. 

E.6. - Younger in R. 56 uses the "SHO" expression 
to calculate the fatigue life of externally notched 2024-T3 
aluminum aUoy plates loaded in a fully reversed manner, 

R = -1. The "SHO" Eq. (9) is rewritten 

kp - Smax - l + ( k t - 1 )  Es (21) 
~" Esn 

In this equation the "ESCF" kt is replaced by kf, 
fatigue strength reduction factor "FS-th RF" as suggested 
by Petersen, R. 40. kf is always less than k t and intro- 
duces the effect of geometric size or notch sensitivity. 

It may be derived from high-cycle fatigue tests on 
smooth and notched bars as the ratio of endurance limit 
of unnotched specimens to the endurance limit of 
notched specimens. 

The "PS-sCF" kp is replaced by KF which is a fatigue 
stress reduction factor, abbreviated "FS-sRF" for a given 
notch (kt) and whose value changes with fatigue life. 
Eq. (21) becomes 

KF - Smax - 1 + (kf-1)  Es (22) 
~" Esn 

which corresponds to Younger's Eq. (17). 
The secant moduli E s and Esn are to be derived from an 

available cyclic stress-strain diagram, e. g. seeFig. 42-5-56. 
For each assumed value of nominal stress S, the maxi- 

mum local stress Smax may be found using an iterative 
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FIG. 41-8-16 - Total strain vs. applied stress. 
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method. Convergence is rapid and only a few trials are 
required to find solutions. 

Younger describes the calculation of KF as follows. 
Once combinations of pairs of Smax and g are found, 
the point corresponding to each Smax value is located 
on the fatigue life curve for unnotched specimens and 
the corresponding value of S is plotted directly below, 
at the same fatigue life. Finally, the resulting curve 
passing through the several plotted values of S 
constitutes the desired notch-fatigue curve for a 
particular kf. 

Smax 
The "FS-sRF"KF is calculated as a ratio 

Fig. 43-6-56 shows the variation of KF as a function of 
g for three different "FS-thRF" kf = 2.8, 2.0 and 1.8. It 
is seen the KF is equal to kf for small values of S and 
rapidly decreases to only slightly more than one for high 
values of g where cyclic plasticity becomes important. 

Younger describes his approach as follows. The un- 
notched fatigueqife curve becomes the curve that relates 
fatigue-life with the stabilized maximum local stresses at 
the root of the notch. The notched fatigue-life curves, 
on the other hand, relate fatigue-life with the nominal 
stresses. For additional details the reader is referred to 
the original paper. 

E.7. - Dawson in R. 8 makes use of "SHO" expression 
to derive thermal strains at an internal circumferential 
groove in an internally heated cylinder. Because biaxial 
conditions exist on the internal surface Dawson deter- 
mines the required secant moduli using the equivalent 
(Mises) stress and strain concept. Also the cyclic stress- 
strain diagram is used for this purpose. 

After making a number of simplifying assumptions 
the author obtains an expression for the equivalent strain 
in the groove. This is not an explicit expression and an 
iterative method of solution is necessary. 

Dawson has calculated the equivalent strain in the 

Kerr 
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F I G .  4 3 - 6 - 5 6  - Stress concentration factors during 
stabilized cyclic plasticity. 

notch for type 316 stainless steel a t600 o C for kt = 1.5 
and 3.0 and plotted it as a function of total axial strain 
away from the groove. His Fig. 4 (not reproduced) indi- 
cates that the equivalent strain in the groove is much 
larger than the elastically computed strain. Because of 
its relative complexity the details of the analysis were 
not described here and those interested are referred to 
the original paper. See also R. 44 and E. 8. 

E.8. - Sarney in R. 44 extends the "SHO" relations 
which apply to monotonic loading under uniaxial condi- 
tions to monotrmic loading but under plane strain 
conditions. Sarney assumed that the "SILO" equation 
applied also under plane strain conditions provided that 
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the secant moduli were defined in terms of the effective 
stress and strain at the notch. He also introduced a 
pseudo-Poisson's ratio which varies between 0.3 and 0.5, 
depending on the ratio of secant moduli. In addition, 
in the particular case of a circumferentially grooved 
cylinder he assumed that the tangential strain in the 
groove is zero. Zwicky in R. 57 has concisely described 
Sarney's approach. For more detailed analysis see the 
original paper. 

E.9. - Blatherwick, et al, in R. 4 describe fatigue tests 
on a low carbon C1018 steel, 0.0875 inches thick, 2 inches 
wide, edge-notched plate with "ESCF" k t = 1.8. 

Unnotched, companion specimens were used to de- 
termine the cyclic stress-strain curves. See Fig. 10-5-4. 
These curves were used to determine the stress distribu- 
tions corresponding to the strain distributions observed 
in the tests on notched specimens. Only the tension half 
of the stress-strain curves is shown, the compression half 
was identical. It is evident that considerable cyclic soften- 
ing occurs in this steel. 

The first series of fatigue tests were controlled by the 
strain amplitude at the apex of the circular notch. This 
amplitude was varied between equal positive and negative 
limits. Fig. 44-6-4 shows typical results of strain measure- 
ments across the net section after 1, 20 and 1000 cycles. 
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FIG. 44-6-4 - Stress and strain distributions in 
notched specimen under controlled strain amplitude. 

The stresses derived from cyclic stress-strain curves ob- 
tained from tests performed on companion specimens are 
also shown. It is seen that the strain amplitude was kept 
at constant magnitude at the notch root but that it de- 
creases across the net section with increasing number of 
cycles. Note that the stress amplitude decreases across 
the net section with increasing number of cycles and 
therefore, the stress concentratin factor at the apex of 
notch decreases. 

The second series of fatigue tests were controlled by 
a load across the net section which varied between fixed 
positive and negative magnitudes, R = - 1. The results of 
strain and stress measurements are shown in Fig. 45-7-4. 

The measured strain amplitude at the notch root in- 
creases with number of cycles resulting in increasing 
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Fig. 45-7-4 - Stress and strain distributions in notched 
specimen under controlled force amplitude. 

strain concentration factor. However, the stress at the 
notch root decreases but not as much as in the controlled 
notch-strain tests. Note that in the center portion of the 
specimen the stress increases, this in order to balance the 
reduction near the notch since the maximum total force 
is held constant during cycling. It appears that the stress 
distribution becomes more uniform with cycling. 

The variation of stress concentration factor is depicted 
in Fig. 46-8-4. As expected, it decreases with increasing 
average stress across the net section and decreases with in- 
creasing cycling. The authors state that "tests under both 
controlled strain and controlled load conditions gave nearly 
identical results in Fig. 46-8-4." They concluded that the 
stress history effects (constant notch-strain or nominal 
stress) are not relatively important and that the effect of 
the number of cycles of stress is much more important. 

In this investigation under controlled load amplitude, 
R = -1, the maximum stress at the notch decreases while 
the maximum strain increases. This was observed for a 
cyclic-softening material. The authors expect that cyclic 
hardening materials would exhibit the opposite effect. 

The authors state that there is increasing evidence that 
strain is the governing parameter in low-cycle fatigue and 
therefore, the cyclic-softening materials would be more 
notch sensitive than those which cyclically harden. 
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E.10 - Manson, et al, in R. 33 describe the application 
of  both the "SHO" procedure and o f  Neuber's relation in 
conjunct ion with cyclic stress-strain diagrams to the de- 
termination of  local strains in notches  during cycling. 
See also Section 1.2. 
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SECTION F 

FATIGUE STRENGTH REDUCTION FACTORS ON 
STRAIN BASIS RESULTS OF L.C.F. TESTS 

F. 1. - Krempl in R27 describes "LCF" tests performed 
at room temperature on large notched cylinders 2 in. dia., 
12 in. long, with a circumferential notch of a semi-circular 
shape, 0.1 in. dia. and 0.155 in. deep with "ESCF" k t = 
3.3, see Fig. 49-1-27. The cylinders were tested under 
completely reversed load, R = -1, controlled by the nom- 
inal stress in the net section. Three annealed steels com- 
monly used in structural nuclear application were tested; 

C ~-~ 6"_* ~," - 
3- [ 3" l ...... 

BOTH E/lOS 

.050,R . . . ~ / _ _ ~  "~'OIA 

1.7 TO - OIA 

DETAIL "A" |ENLAR~,ED) FOR 
COMPtETELY REVERSED LOADING K I -"3.3 

FIG. 49-1 - 27 

low-carbon steel, 2-1/4 Cr - 1 Mo steel, and Type 304 
stainless steel. 

In addition, unnotched cylindrical bars were fatigue 
tested under completely reversed tension-compression 
R = -1, and controlled by maintaining a constant imposed 
strain range. Also, in addition to cyclic fatigue life, "cyclic 
stress-strain diagrams" were obtained, see Figs. 14-B7-24, 
15-B8-24 and 16-B9-24. 

Note that the cycles-to-cracking for the unnotched bars 
were obtained from the load record. A precipitous drop 
of the maximum tensile load was taken as cycles to crack. 
Near-separation constituted failure. Using these definitions 
Nc and Nf were very close. 

The change in crosshead displacement was continuously 
monitored. Very little change in displacement range occurs 
throughout the life of the specimens. Yielding takes place 
only in the net section area, therefore in these tests load 

control was practically equivalent to displacement control 
for most of the fatigue life. 

For the notched bars, Krempl observed cycles to 
cracking Nc and cycles to fracture Nf. Periodic examination 
with red dye was used to determine crack initiation. The 
appearance of a 0.005 to 0.015 in. long crack in the root 
of the notch was taken as cycles to crack initiation. It was 
observed that for these notched bars Nc could be less than 
20% of Nf. 

Tables III, IVand V reproduced in Fig. 50-T-27 tabulate 
cycles to crack initiation N c and cycles to fracture Nf for 
the notched cylinders as a function of nominal stress am- 
plitude. Crack propagation consumes 70% of total life for 

TEST RESULTS GROOVED CYLINDER SPECIMENS, 
COltPLETELY REVERSED LOAD CORTROLLED 

LOADING AT ROOM TEMPERATURE 

Nomtn~ Stress  
8per  Amplltude, 

# 103 psl  

HJtertal: Carbon Steel 

C y c l e s - t o -  C y c l e s - C o -  ~'~ 
Crack Fa i lure  R 

103 p c !  

TA8LE III 

CG-4A 40.7  75 
CG-5A 35.0 300 
CG-LA 28.8 930 
CG-3A 25.0 4000 Co 8000 
CG-2A 21.0 6200 

TABLE 1,/ 

Haterlal: 2~ Cr - 1 Ho A l l o y  Steel 
AG-6A 40.7 150 
AG-SA 36 .0  565 
AG-1A 30.9 850 
AG-TA 27.0 4850 
AO-SA 26.8 2786 
AG-2A 22.5 9206 

TABLE V 

Kater la l :  Type 304 S t a i n l e s s  S t e e l  

SG-5A 4 0 . 7  447 
SG-2A 35.0 1132. 
SG-3A 30 .5  3900**  
SG-4A 2 7 . 0  4000 
SC-IA 23 .2  8889 

* Cracked  a l l  around 
~w Large crack 

= F l n a l  tensile f rac ture  area 
R Net s e c t l o n  area  

R ' true s t r e s s  at  s  

1664 0 .46 87 
6346 0.41 84 

17237 0.39 73 
38346 0.39 64 
52526 0 .36 59 

3641 0 . 5 5  73 
9504 0 .43 84 

20478 0 .36 86 
23354 0 .46  58 
43954 0 . 3 1  86 
98088 0 .28 79 

1643 0.29 138 
6438 0.22 158 
9043 0 . 2 3  130 

18822 0 . 1 9  141 
49519 0 . 1 6  145 

~ . Load amplltude 
HaC s e c t i o n  area  

FIG. 50-T-27  

the Type 304 stainless steel and about 90% for the other 
two steels. Results of the above fatigue tests are shown in 
Figs. 59-5-26, 60-6-26, and 61-7-26. 

Krempl presents an informative discussion of fatigue 
strength reduction factors which relate low-cycle fatigue 
life of notched specimens with fatigue life of unnotched 
specimens. 

Such "FS-th RF" are defined by dividing the stress or 
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strain obtained with unnotched specimens by the nominal 
stress or strain obtained with notched specimens which 
have the same life as the unnotched specimens. Of the two 
possible approaches, on the basis of stress control and on 
the basis of total strain control of unnotched specimens, 
the author chose the strain approach because it is favored 
in pressure vessel design. 

Therefore, in order to derive "FS-th RF" on controlled 
strain basis it is necessary to have available completely re- 
versed, R = - I ,  strain control/ed cyclic life data for un- 
notched specimens and completely reversed, controlled 
by nominal stress cyclic life data for notched specimens. 

To determine the "FS-th RF" on strain basis the author 
proposes three approaches, defined as methods la, lb and 2. 
These methods are interpreted graphically by the author in 
Fig. 52-5-27. 

Method lb requires that a cyclic diagram, obtained with 
the help of unnotched specimens and connecting stress 
range ASc and strain range Ae c be available. For given 
cycles to cracking N c the imposed total strain range Ae is 
obtained with the help of the unnotched cyclic life dia- 
gram which defines Ae in terms of N c. Then with the 
help of available cyclic stress-range strain range diagram 
the stress range AS c corresponding to Ae is obtained. 
Again from the available notched life data the nominal 
stress range ~-S n is obtained for the same N c. The fatigue 
strength reduction factor on strain basis, to macrocracking 
"FS-th RFC" Q~b is 

Qlb = AS____._c (from cyclic stress-strain diagr.) (23) 

AS n (from notched cyclic life) 

For a particular "ESCF" k t this factor Q[b varies with 
cycles to cracking N c or with the nominal stress range 
~Sn across the net section. Fig. 53-6-27 shows for the 
2-1/4 Cr - 1 Mo steel the variation of factor Qlcb with 
nominal stress amplitude for kt = 3.3. It is seen that the 
factor is less than k t and that it gradually decreases with 
increasing nominal stress amplitude or with decreasing 
cycles to cracking. 

Method la like method lb requires that a cyclic diagram 
for unnotched specimens be available. Fig. 52-5-27 defines 
the "FS-th RFC" Qc/a as follows 

Qlca = Ae 
Ae c (24) 

Ae is the imposed total strain range from the strain con- 
trolled, unnotched cyclic life data for a particular N c. 

Ae c is the strain range, derived from the cyclic stress- 
strain. This strain range corresponds to cyclic stress range 
ASc equal to the nominal stress range ~-g obtained from 
the available notched life diagram for the same cycles to 
cracking Nc as above. 

This factor nla is plotted in Fig. 53-6-27 for the same "r 
kt = 3.3. It is larger than kt and it increases to a max~i- 
mum of about 11 and then decreases with increasing 
nominal stress amplitude. The author points out that it 
is possible to multiply each strain range in Eq. (24) by 
the modulus of elasticity if one prefers working with 
fictitious stress ranges. 

Method 2 as described by Krempl does not require a 
cyclic stress-strain diagram as the other two methods. 
Fig. 52-5-27 defines the "FS-th RFC" on strain basis as 
follows 

Oc 2 = ZXe. E (25)  

/'iS n 

For a particular N c the strain range Ae is derived from 
the available cycle life diagram for unnotched specimens. 
As before, ~-Sn is the nominal stress range derived from 
the available cycle life diagram for notched specimens for 
the same cyclic life N c. Note that a fictitious smooth bar 
stress range is evolved in Eq. (25) by multiplying Ae by 
the modulus of elasticity E. 

Factor Q2 is plotted in Fig. 53-6-27. It is seen that at 

first it coincides with factor QlCa but continues to increase 
with increasing nominal stress amplitude while Qlca breaks 
away and even decreases. 
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FIG. 51-2-27 

Krempl states the factor Qla was initially proposed by 
him in R. 23 and that factor Q2 was used by Snow, et al 
in R. 45. 

The factors for the other two materials exhibit the 
same trend as for the 2-I[4 Cr - I Mo steel shown in Fig. 
53-6-27. The factor Q2 is steadily increasing, the factor 
Qlca shows a maximum and the factor Qlcb is always less 
than the "ESCF" kt. Also, in each case the factor depends 
on the applied nominal stress range 2~d. 

Krempl states that it follows from Fig. 53-6-27 that de- 
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pending on the definition, considerably different values of 
"FS-th RFC" can be obtained. If in addition, crack initia- 
tion is defined differently, even greater variations in the 
"FS-th RFC" can be expected. See, for instance, R 45, 
R 19 and R 17. Therefore, it is important that for design 
purposes a suitable definition of "FS-th RF" must be 
made. See R 48. Factors Qla, Qlb b and Q2 are strain 
based because they are defined with the help of total strain 
controlled cycling fatigue of unnotched specimens. Factors 
derived with the help of stress controlled cycling fatigue of 
unnotched specimens are defined as stress based and will 
be discussed later in Section G. 

The geometry of notched specimens was such that it 
permitted the measurements of strains at the notch root 
and an important feature of tests with notched specimens 
were the measurements of both axial and circumferential 
(transverse) strains at the root of the notch during cycling 
using high elongation 1/64 in. foil strain gages. It is inter- 
esting that the measured transverse strain range is more 
than ten times smaller than the axial strain range. The 
strain measurements in the root of the notch were termin- 
ated by strain gage failures which occurred before the first 
cracks in the notch were visible. A sample of the strain 
data obtained during the loading-up of the 2-1/4 Cr - 1 Mo 
steel specimens with k t = 3.3 is shown in Fig. 51-2-27. At 
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the start of each test the applied load was raised in discrete 
steps. At each load level the hysteresis loop connecting 
load with strain at the root of the notch was obtained. 
After that the load was raised to the next step. When the 
final cycling load was reached the load-notch-strain 
hysteresis loop was taken at selected cycling intervals 
until the gage has failed. The curve shown in Fig. 51-2-27 
is, therefore, only the initial curve and not the final stabil- 
ized curve. 

For the 2-114 Cr - 1 Mo steel the author plotted, in 
Fig. 54-7-27, the total imposed strain range vs. cycles to 
cracking for the unnotched specimens. He also plotted in 
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the same figure, with the help of Fig. 51-2-27 and Table 4 
in Fig. 50-T-27, the measured total strain range vs. cycles 
to cracking for the notched specimens with kt = 3.3. 
Krempl states that it is often assumed that the imposed 
total strain range is the controlling factor in low cycle 
fatigue life. That is, if the total strain range is known at 
the critical location then the cyclic life could be predicted 
from the unnotched strain controlled cyclic life data. For 
instance, see D. 2. 

The above contention is not substantiated by Fig. 
54-7-27 which is based on the author's test results. For 
the same imposed total strain range the notched specimens 
crack before the unnotched. In addition, the author de- 
termined equivalent strains from the axial and circum- 
ferential strain measurements and used them to plot the 
cyclic life test results in Fig. 55-8-27. It seems that the 
correlation was not substantially improved. It should be 

t l  

~!- 

m 

$PtooI"t.t-RP+I~ +DATA 

* 1~1= ~ ((tr-s z++ (s t (+j-E.J x) ~'J t~t =3o 3 
, +,. ~ C,+,-+,) 

C YCLf+,.~-TO - C,q AI:K 

[ 'o= t t I I l i t /  # /  I 1 t .~ l l l l , , ~ "  l I 

FIG. 55-8-27 

I 
2 in-~ dram 

35 • ~ 

I .i 12,n,_ + ~tn D 

6in -t 3 in  - 

P - . . . .  -- i f +  '.+ +- +. I  - ..... + i - , - 7 - -  
\ t..,o,o,._+oo+,+';,:. 

~ S m +4 m -4 THREAD 
BOTH ENOS 

0050 in. R 3 - " .*000Zin. diam O.1O0in.R - ~ . [  | 

DETAIL"A" (ENLARGED) FOR 
COMPLETELY REVERSED LOADIBD K t = 3.3 

DETAIL "k" FOR ZERO, 
TB - TENSION LOADING K t = 2.R 

F I G .  5 6 - 1 - 2 6  - Test specimen for completely reversed 
and zero-to-tension load controlled tests. 

(a) ZERO-TO-TENSION 

DESIRED NOMINAL A 

eA -~B = STRAIN RANGE 

eA + eS = MEAN STRAIN = e M 

0 L,_ ell fl =1 NOTCH ROO]TSTRAIN 

OA - FIRST LOADING 
AB - SUBSEQUENT LOADINGS 

pointed out that in the tests with unnotched bars the 
drop-off in the load was designated as cycles to cracking, 
while in the notched cylinders the occurrence of an 0.005 
to 0.015 in. long crack in the root of  the notch was used 
for this purpose. This difference may influence the de- 
gree of correlation. 

F.2. - Krempl in R 26 reports "LCF" tests performed 
at room temperature on the same cylindrical specimens 
and materials described in R 27, see F.1. For chemical 
composition and physical properties see Fig. 62'I"-26. In 
addition to completely reversed loading, R = -1,  he reports 
also on results of  tests with repeated tension, R = O. See 
Fig. 56-1-26 for notch geometry used in reversed loading 
and in repeated tension tests. Fig. 57-2-26 and 58-3-26 
show the interesting relationship between the nominal 
stress range ~ and the local strain range Ae at the notch 
root for monotonic, completely reversed and repeated 
tension loading for the 2-1]4 Cr - 1 MR steel. It can be 
seen that in the case of the repeated tension loading a 
relatively small strain range is superposed on a high mean 
strain. 

Note that Fig. 58-3-26 indicates that the strain range at 
the notch root for a given nominal stress range is less for 
the repeated tension case than for the completely reversed 

(b) COMPLETELY REVERSED 

NOMINAL ~ " ~ A  1 
STRESS ~ , ~ - -  FINAL NOMINAL STRESS 

V / A M  I --2 '+ ~EP 
/ / / / t l /  l - TM STEP 

I r 
INDIVIDUAL # t  f i t l  NO=R BOOT STRAIN 
NOMINAL STRESS ~ I I I  1 ,~11 
VERSUS ~ ! / l / / / f f  
NOTCH ROOT StRAta / I I  7/A 
HYSTERESIS LOOP ~ I 

FIG. 5 7 -  2 -  2 6  - Schemat ic  indicating nominal  stress- 
notch root strain relationship for zero-to-tension and 
completely reversed loading. 

condition. Also, the measured transverse strain range is 
considerably lower than the axial strain range. For addi- 
tional discussion the reader is referred to the original paper. 

Cycles to cracking Nc and cycles to fracture Nf are 
shown in Figs. 59-5-26, 60-6-26 and 61-7-26 for the three 
steels, respectively. These figures include also test results 
obtained for repeated loading, R = 0, of  notched cylinders 
and for externally notched flat plates with "ESCF" k t = 3 
previously reported in R 23 and discussed in F.3. A corn- 
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FIG. 58- 3- 26 - Comparison of  measured nominal 
stress-notch root strain range curves for zero-to-tension 
and completely reversed loading material: 2-1/4 Cr - 1 
Mo alloy steel 

parison of test results for the two loading conditions indi- 
cates that for the same imposed stress range cracking occurs 
first in the case of completely reversed loading, R = -1, but 
final fracture occurs first for the repeated loading, R = O. 
For a given imposed nominal stress range low-carbon steel 
has the shortest life to crack initiation followed by 
2-1/4 Cr - 1 Mo steel and by the Type 304 stainless steel. 
For a given imposed nominal stress range stainless steel 
has the shortest life to complete fracture followed by the 
low-carbon steel and the 2-1/4 Cr - 1 Mo steel. 

The author introduces a fatigue strength reduction 
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FIG. 59-5-26 - Cycles-to-crack and cycles-to-failure 
versus nominal applied stress range for zero-to-tension 
and completely reversed loading. Material." Carbon steel. 
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FIG. 60- 6- 26 - Cycles-to-crack and cycles-to-failure 
versus nominal applied stress range for zero-to-tension 
and completely reversed loading. Material." 2-1/4 Cr-1 
Mo alloy steel 
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FIG. 61 - 7- 26 -Cycle~to-crack and cycles-to-failure 
versus nominal applied stress range for zero-to-tension 
and completely reversed loading. Material: type-304 
stainless steel. 

factor to cracking "FS-th RFC", Q2 discussed previously 
in F.1. Figs. 63-1 la-26, 64-11b-26 and 65-11c-26 show 
the plot of factor Q2 vs. nominal stress amplitude for the 
three steels. It is seen that the factor is less for repeated 
loading, R = 0, than for the completely reversed loading, 
R = -1. The factor is much larger than the estimated high- 
cycle fatigue strength reduction factor kf and approaches 
it only for very small nominal stresses. 

Krempl points out that the number of cycles to cracking 
Nc is important in design against low cycle fatigue. There- 
fore, a designer would calculate the nominal applied stress 
amplitude at a discontinuity characterized by an elastic 
stress concentration factor k t. The "FS-th RFC" Q8 
would be obtained from Figs. 63-1 la-26, 64-1 lb-26, or 
65-1 lc-26 for R = 0 and R = -1. The cyclic life for a given 
kf would then be obtained from Fig. 66-12a-26, 67-12b-26, 
or 68-12c-26. If the obtained life is less than the desired 
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Chemical Analysis IMIII Test) 
Materi~! C Mr= P S St Nl Cr Mo 

Carbon Steel 0.16 0, 65 0. 008 0. 032 0.22 
304 Statnless Steel 0.07 1,45 0.031 0.028 0.53 8.7'/ 19,00 
2-1/4 Cr- l Mo AlJoy Steel 0.12 0,34 0.010 0.015 0.31 2.39 1.00 

TABLE2 

AVERAGE MECHANICAL PROPERT~S 

FIG. 62-T-26 

Proportional 0 .2~  Yield Ultimate El~176 llased on 2 In. l~cluellon 
Limit Strength Stress Gage I~ength In Area 

Material II03 psi) (103 psi) (103 ~1) , ,  �9 (%) 

Carbon Steel 
Direction of 
Roiling 21.0 29.4 62.4 35.0 55.0 

Carbon Steel 
TranSverse 21.7 29.0 61. I 32.5 51.0 

Type-304 Stainless 
Steel 20.9 38. 8 85.0 60.8 '/E, 1 

2-I/4 Cr-I Mo 
Alloy Steel 28. S 30. '/ "/4. S 31. $ 8% 

2 0  
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FIG. 63-1 la-26 - Fatigue strength reduction factor 
versus nominal applied stress amplitude for zero-to- 
tension and completely reversed loading. 
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FIG. 64-1 lb-26 - Fatigue strength reduction factor 
versus nominal applied stress amplitude for zero-to- 
tension and completely reversed loading. 

life the applied nominal stress amplitude will have to be 
reduced and procedure repeated. 

It follows that the design against crack initiation should 
be based on rigorously defined "FS-th RFC" and on de- 
finition of "crack initiation". In this investigation the 
magnitude of the factor Q2 depends on the imposed nom- 
inal stress amplitude. In all cases the factor was higher 
than the "ESCF" kf. The author determined the average 
crack growth rate for the three steels as a function of 
nominal stress amplitude. This is shown in Fig. 69-14-26. 
It is seen that the average crack propagation rate for a given 
nominal stress amplitude was higher for pulsating loading, 
R = O, than for completely reversed loading, R = -1. Also, 
the highest crack propagation rate is shown by the Type 304 
stainless steel followed by carbon steel and 2-1/4 Cr -1 Mo 
steel. 

F.3. - Krempl in R 23 describes the "LCF" behavior 
of symmetrically edge-notched plates, 0.10 in. thick, tested 
at room temperature and made from annealed low-carbon 
steel, 2-1/4 Cr - 1 Mo steel and Type 304 stainless steel. 
The plates with "ESCF" k t = 3 were subjected to repeated 
tension loading, R = O. The geometry of the plate specimens 
is shown in Fig. 70-3-23. 

The remits of the load controlled "LCF" tests (6 cycles/ 
rain.) are shown in Figs. 71-4-23, 72-5-23 and 73-6-23 for 
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FIG. 65 - 11 c- 26 -Fatigue strength reduction factor 
versus nominal applied stress amplitude for zero-to- 
tension and completely reversed loading. 

the three steels. In these figures the imposed maximum 
nominal stresses (on the net section) which controlled the 
tests are plotted against cycles to cracking N c and cycles 
to fracture Nf. Note the significant difference between 
Nc and Nf. Crack growth consumes 50% and more of the 
total fatigue life in these notched tests. A visible crack 
0.003 to 0.006 in. in the root of the notch determined 
cycles to cracking. 

Unnotched specimens 0.505 in. diameter were used to 
determine the completely reversed, total strain-controlled 
"LCF" tests. Cycles to crack were defined by the appear- 
ance of a visible crack of 0.003 to 0.006 in. long. How- 
ever, the difference between N c and Nf was very small for 
these unnotched tests and was disregarded in plots. The 
fatigue diagrams depicting imposed total strain range vs. 
cycles to fracture are shown in Figs. 78-5-25, 79-6-25, 
80-7-25 taken from Krempl R 25. 

On the basis of his experimental data, Krempl calculated 
fatigue strength reduct, ion factors,on strain basis for cycles 
to cracking N c. This' FS-th RFC was designated as Qlca 
and calculated by the method la discussed previously in F.1. 
Fig. 77-11-23 shows Qlca vs. imposed maximum nominal 
stress for the edge-notched plates with k t = 3 for repeated 
loading, R = 0. Factor Qlca increases with increasing maxi- 
mum nominal stress and finally exceeds considerably the 
value of elastic stress concentration factor kt. For more 
detailed discussion the reader is referred to the original 
paper. 

Krempl performed strain measurements in the apex of 
the notch during monotonic loading of the 0.1 in. thick 
edge-notched plates. These strain measurements together 
with the available stress-strain diagrams permitted the cal- 
culation of elasto-plastic stress and strain concentration 
factors kp and qp. These "Experimentally" obtained 
concentration factors were compared with factors calcu- 
lated using the "SHO" analytical method, discussed in E. 1. 

ta. 

= J , i , , ~ I = ~ , t I I e I 
CARBON STEEL 

ROOM TEMPERATURE 

O Kt=33 GROOVED CYLINDER, COMPLETELY REVE~EO, LOAD CONI'ROL 

�9 KI=2.9 GROOVED CYLINDER, ZERO-TO-TENSION, LOAD CONTROL 

102 
, l i e J J s I )  ~ = ~ t e e l e l  I I 

CYCLES-TU-CRACK 

FIG. 66-12a- 26 - Fatigue strength reduction factor based on crack initiation versus 
cycles-to-crack for zero-to-tension and completely reversed loading. 
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FIG. 67-12b-26 - Fatigue strength reduction factor based on crack initiation versus 
cycles-to-crack for zero-to-tension and completely reversed loading. 
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FIG. 68-12c-26 - Fat~'gue strength reduction factor based on crack initiation versus 
cycles-to-crack for zero-to-tension and completely reversed loading. 

Figs. 74-8-23, 75-9-23 and 76-10-23 show the "experimen- 
tal" and "SHO" concentration factors vs. nominal applied 
stress for the three steels. For nominal stresses up to the 
proportional limit the elasto-plastic stress and strain con- 
centration factors kp and qp showed good agreement. At 
higher nominal stresses the differences were atrributed 
to inaccuracies in strain measurements and to the approxi- 
mations inherent in the "SHO" method. 

Note that the "PS-nCF" qp is higher than the "PS-sCF" 
kp in the whole elasto-plastic range and that the factor kp 
is decreasing with increasing nominal stress and approaches 
a value slightly larger than one for large values of nominal 
stress. However, the "PS-nCF" qp is increasing up to a 
maximum, approximately where the nominal stress reaches 

proportional limit, and decreases with further increase of 
the nominal stress. 

Krempl measured crack growth rate for the repeated 
loading, R = 0. He states that the crack growth rates in the 
edge-notched plates correlated surprisingly well with the 
stress-intensity factor. For details see the original paper. 

F.4. - Iida in R 19 presents the results of completely 
reversed, strain controlled, room temperature LCF tests 
on unnotched and notched cylindrical specimens. Three 
low-alloy steels with 115000 psi tensile strength and dif- 
ferent chemical composition were involved. The config- 
uration of specimens is shown in Fig. 81-1-19. The 
unnotched specimens have a 14 mm radius and kt = 1.11. 
The notched specimens have circumferential notches with 
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FIG. 70-3-23 - Edge-notched flat-plate. 

radii 2.4 and 0.6 mm and "ESCF" kt = 1.57, 2.35, 2.48 
and 3.48. All fatigue tests were controlled by completely 
reversed, R = -1, diametrally measured, true strains for 
both urmotched and notched specimens. The true strains 
were calculated as 

do dc 
I n - - -  and In 

d t  

where do, dt and d c are diameters of the minimum section 
in initial, stretched and compressed conditions. 

The author presents in his Figs. 5 to 12, the relationship 
between the true total, plastic and elastic strain amplitudes 
and the number of cycles to crack initiation N c and to 
fracture Nf. Note that the Nf did not exceed 3 x 103 
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FIG. 71-4- 23 -Low-cycle fatigue test results of  edge-notched flat-plate specimens. 
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FIG. 80-7-25 - Total strain range and plastic strain 
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strain controlled low cycle fatigue tests. 
Material: Carbon steel. 

cycles and in some cases did not exceed 102 cycles. The 
specimens were continuously observed with the aid of a 
magnifying glass to define Nc. Figs. 82-8-15 and 83-9-19 
show some typical results of  LCF tests. Apparently test 
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FIG. 81 - 1 - 19 - Details of  specimen. 

results for annotched specimens, k t = 1, were not reported 
in the paper. 

Iida introduces the following ratio of strain amplitudes. 
"Total diametral strain amplitude for an unnotched speci- 
men corresponding to a given N c divided by the local, total 
diametral strain amplitude for a notched specimen for the 
same Nc." Ht plots this ratio with kt as a parameter against 
cyclic life N c and Nf in  Fig. 84-24-19. It is seen that this 
ratio is always larger than the "ESCF" kt and that its mag- 
nitude depends on kt. 

Iida calls this ratio fatigue strength reduction factor de- 
rived on the basis of  strain controlled fatigue tests. This 
factor is similar to the factor Qlca discussed in F.I.  
(Krempl R 27). It points out that, according to experiments, 
for a given kt, to cause failure in the same number of cycles 
the local diametral strain in the notch root is a number of 
times smaller than the diametral strain in an unnotched 
specimen. This has been also discussed in F. 1. 

The author plotted, in Fig. 85-25-19, the relationship 
between the "ESCF" kt and Nc using as a parameter differ- 
ent total strain amplitudes at the notch root. In the same 
figure he plotted also the "TSCF" k t vs. life ratio R L for 
different strain amplitudes (solid lines). The life ratio R L 
is defined as the ratio of N c for unnotched specimen to 
Nc for notched specimen with a fixed kt for a given total 
strain amplitude. It  is seen that life ratio RL is a function 
of total strain amplitude and of "ESCF" k t. 

F.5. - Snow, et al, in R. 45 point out that in the fatigue 
analysis of structures the largest uncertainty is the fatigue 
strength reduction factor which can be used to represent 
the weakening effect of stress raisers. The designer should 
recognize that unless the "FS-th RF" has been deter- 
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mined from experiments on a member of similar geometry, 
material and size to that of the prototype it should not be 
expected to give a precise estimate of fatigue life. 

The authors describe the results of axial and bending, 
room temperature LCF tests on Ni - Cr - Fe alloy 600 
(Inconel) and on low-alloy steel (A302B). Tests per- 
formed on flat, unnotched specimens were strain con- 
trolled. The notched specimens were singly and doubly 
edge-notched. The paper does not indicate clearly how 
the notched specimens were controlled in cyclic tension- 
compresion and in cyclic bending. 

The authors discuss a fatigue strength reduction factor 
which is shown in their Fig's. 6 and 7 but which again was 
not clearly defined. They compare this factor with other 
"FS-th RF" derived by Krempl in R. 23, See. F. 3.and by 
Iida in R. 15, Sec. F. 4 and conclude that for a good 
quantitative understanding of the laws governing fatigue 
life in the low-cycle range a much more detailed study of 
the phenomenon is required than was made in any of the 
three investigations. In the same time the authors state 
that the tests described in their paper are of more practi- 
cal significance than those which were reported in R 23 
and R 15. 

In addition, they also draw a conclusion from their 
own tests that under conditions of strain cycling, at nom- 
inal strain levels representative of good design practice, 
the use of a high elastic stress concentration factor k t as 
an estimate of a "FS-th RF" can be grossly over-conser- 
vative. 

The reviewer would have liked to discuss in more de- 
tail the results of reported fatigue tests and to review the 
significance of the calculated "FS-th RF" reported in 
this paper, but the complexity of the paper interfered 
with the aim. 

F.6. - Krempl in R 29 and R 28 answers the criticism 
by Snow et al, R 45, (see F. 5) of the fatigue test results 
described by Krempl in R 23, see F. 3. 

He points out that different magnitudes of"FS-th RF" 
are to be expected because the materials are different 
and also because the test procedures and test specimens 
were considerably different. He concludes that the dif- 
ferences in "FS-th RF" may be explained quantitatively 
if the many differences which occur in the separate test 
series are properly recognized. 
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SECTION G 
FATIGUE STRENGTH REDUCTION FACTORS ON 

STRESS BASIS. RESULTS OF LCF TESTS 

G.I. - IUg in R. 20 describes LCF tests at room tem- 
perature on notched and unnotched sheet specimens 
(0.090 in. thick) of 2024-T3 and 7075-T6 aluminum 
alloys and on SAE 4130 steel, 0.075 in. thick. The 
sheets were edge-notched and the "ESCF" kt was equal 
2 and 4. The tests were of the tension-compressio _n type, 
controlled by the cyclic maximum nominal stress Smax 
across the net section of the notched specimens. The 
tests on unnotched specimens were also stress controlled. 

In addition to a large number of completely reversed 
tension-compression tests, with load ratio R =__-1, there 
were tests with mean cyclic nominal stresses S m equal to 
20,000 psi and 50,000 psi which resulted in varying load 
ratios including R = 0 and R ~ 0. LCF tests were per- 
formed in the life range of 2 to 10,000 cycles, however, 
previously published data have been included to extend 
the data to 107 cycles. 

Figs. 86-4-20, 87-5-20, 88-6-20 present fatigue test 
results obtained with the 2024-T3 aluminum-alloy sheet 
specimens. Figs. 89-10-20, 90-11-20, 91-12-20 show test 
results for the normalized, SAE 4130 steel sheet specimens. 
The ordinates are cyclic maximum stresses and the 
abscissae define fatigue life from 1 to 107 cycles. Figs. 

'~176 I . . . . . . . .  I . . . . . . . . . . . . . . . .  

6C 

Stool, ksi 

86-4-20 and 89-10-20 summarize test results for un- 
notched specimens and load ratio R = -1 for 2024-T3 
aluminum and SAE 4130 steel, respectively. Figs. 87-5-20 
and 9011-20 summarise test results for specimens with 
"ESCF" k t = 2, for the two materials and Figs. 88-6-20 
and 91-12-20 summarize test results for k t = 4. Eacl: of 
the four figures for the notched specimens contain two 
curves, one for load ratio R = -1 and the other for a nom- 
inal mean stress Sm = 20,000 psi. In addition to the 
above six figures, the authors present six more figures 
for hardened SAE 4130 steel and for aluminum alloy 
7075-T6 (not reproduced), lllg points out that S-N 
curves are concave upward in the long-life range, have a 
reversal of curvature at an inflection point to concave 
downward in the fhort-life range. The tensile strength of 
notched specimens sometimes exceed that of notched 
specimens. In this investigation for alloy 7075-T6 the 
notched specimens had somewhat higher tensile strength 
than the unnotched specimens, however, for the case of 
alloy 2024-T3 the reverse was observed. For the 4130 
steel the notched specimens had a higher tensile strength 
than the unnotched. 

Using the test results, the author calculated Kf the 
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FIG. 86-4-20 - Results of axial-load fat~'gue tests on unnotched 2024-T3 aluminum-alloy sheet specimens. 
KT= 1.0. 
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K T  = 4.0. 

fatigue strength reduction factor to fracture "FS-th RFF". 
Because the data were derived from stress controlled 
fatigue tests on both unnotched and notched specimens, 
the factor Kf is defined on stress basis and is different 
than the factor Q discussed in section F and which was 
defined on strain basis. 

Factor Kf was calculated as the ratio of__S'max, max- 
imum stress in the unnotched specimen to Smax, maxi- 
mum nominal stress in the notched specimen for the 
same fatigue life 

S 'max 
K f - - -  

S m a x  

The calculations were made only__for load ratio R = -1 and 
Kf was plotted as a function of S max in Figs. 92-16a-20 
and 93-16b-20. In each of the four figures (a, b, c, d) for 
the four materials there are two curves shown for kt = 2 
and 4. It is seen that Kf reaches a maximum for very 
small values of Sm ax, however this maximum is smaller 
than "ESCF" k t. Also Kf decreases with increasing Smax 
and when Smax reaches the tensile strength Kf  approaches 
one. Note that the width of the scatter-band decreases 
with increasing nominal stress. It should be pointed out 
that the author did not attempt to analyze the effect of  
mean stress on cycles to fracture. 

G.2. - Nachtigall, et al, in R. 37 discuss fatigue life of 
four metals in ambient air, liquid nitrogen and liquid 
helium at 70OF, -320OF and -452OF. The metals tested 
were 2014T6 aluminum alloy, Inconel 718, 5A1-2.5 Sn 
titanium alloy and AISI Type 301 stainless steel. The 
notched and unnotched sheet specimens were tested in 

pulsating tension with a load ratio R = 0.14. The notched 
specimens had a rather large "ESCF" kt > 17. 

The relationship between the maximum nominal stress 
S-max and life to fracture for the four metals is shown in 
Fig. 130-4abcd-37. It is seen that decreasing the temper- 
ature from 70~ to -320~ resulted in increased fatigue 
strength for all the four metals. Inconel 718 and Type 301 
stainless steel exhibited the highest fatigue strength and the 
two light metal alloys the lowest. 

The authors calculated Kf, the fatigue strength reduc- 
tion factor to fracture, on stress basis. It is shown in Fig. 
131-6-37 for 2014-T6 aluminum alloy and for Inconel 
718 for tests at three temperatures, 70~ -320~ and 
-452~ Kf was calculated as the ratio of maximum 
stress for the unnotched specimens to the maximum 
nominal stress for notched specimens, for the same life 
to fracture. 

The tensile notch strength factor, that is the ratio of 
tensile strength for the unnotched and notched specimens, 
was plotted at 1/2 cycle. The authors state that up to 
approximately 50 to 100 cycles the "FS-th RFF" was 
nearly the same as tensile notch strength factor for all 
materials at all temperatures. With increasing cyclic life 
the factor Kf was increasing and at room temperature at 
104 cycles Kfis  equal to 3 for 2014-T6 aluminum alloy 
and equal to 2 for Inconel 718. It appears that for 
fatigue lives of the order 106 cycles the factor Kf is 
about 3 for Inconel 718 and about 5 for 2014-T6 
aluminum alloy. 

Note, that these are rather small values considering 
that the "ESCF" k t is larger than 17. The above results 
are for pulsating loads with load factor R = 0.4 and not 
for completely reversed loads. 
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G.3. - Bell, et al, in R.2 describe axial fatigue tests of 
unnotched and notched 18 Cr - 9 Ni steel sheet 0.039 in. 
thick. The load ratio varied widely from -1.0 to +0.91 
and fatigue life varied from 10 to 107 cycles. The 
notched specimens had three 1/8 in. dia. drilled holes 
with "ESCF" k t = 2.44. The authors were investigating 
the effect of mean stress on the fatigue life of notched 
specimens subjected to axial load cycling. Tests were 
conducted on Haigh machine for cyclic life in the range 
from 5 x 103 to 107 cycles at 3000 c.p.m. In the range 
from 10 to t05 cycles, tests were carried out on a 
Schenck axial-load fatigue machine at about 10 c.p.m. 
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FIG. 92-16ab-20 - Variation of KF with maximum 
nominal stress of  notched specimen. R = -1. 

Tests were conducted at values of load ratios R = -1.0, 
-0.46, +0.075, +0.33, +0.5, +0.725 and +0.91. 

The results of fatigue tests on both fatigue machines 
are plotted, for values of R as a parameter, as curves of 
maximum nominal stress against cycles to fracture in 
Fig. 94-3-2 for unnotched and in Fig. 95-5-2 for notched 
specimens. Above figures provided a basis for detailed 

analysis of  various quantities, which is shown in Figs. 
96-7a-2 and 96 7b-2 for unnotched and notched specimens 
respectively. In these figures the cyclic stress amplitude 
(nominal for notched specimens) is shown as a function 
of mean imposed stress for various values of  cyclic life. 
It is seen that for very long cyclic life the curves for un- 
notched specimens are similar in shape to the weU-known 
curves devised by Goodman, Soderberg and others. 
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FIG. 93-16cd-20 - Figure 92 concluded. 

The authors have analyzed a number of approaches de- 
signed to derive the cyclic life curves for the notched 
specimens shown in Fig. 97-7b-2 from the unnotched data 
in Fig. 97-7a-2. They came to the'conclusion that none of 
the investigated approaches were satisfactory. Instead, the 
authors proposed a modified fatigue strength reduction 
factor to fracture Kf m which includes the influence of 
various mean stresses. The proposed definition is as follows 

Max. cyclic stress amplitude for utmotched specimen 
Kfm = 

Max. cyclic nominal stress amplitude for notched specimen 
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The above ratio is for the same mean stress for the un- 
notched and notched specimens and for the same cyclic 
life. 

The authors state that the above definition results in 
curves of the simplest form for graphical representation. 
The "FS-th RFF" Kfm calculated in the above manner 
is shown in Fig. 98 -9 -2  as a funct ion of  cyclic  life for 
different mean stresses and for k t = 2.44. Note that for 
R = -1. (Sm = 0) Kfm varies from approximately 1.0 
at one cycle to a maximum of about 1.6 at 30 x 103 
cycles and then decreases. 

The authors state that until there is more information 
about the localized stress and strain conditions, it is not 
possible to predict accurately notched fatigue data from 
unnotched fatigue tests. However, if the notched fatigue 
curve is known for zero mean stress (R  = -1), curves for 

other mean stresses might be possibly derived using an 
approach proposed by the writers. 

G.4 - Wellinger, et al, in R. 53 (in German) describes 
fatigue tests performed at room temperature on unnotched 
and notched specimens from a German low-alloy steel (34 
Cr Ni Mo 6) heat treated to three different strength levels. 
The notched specimens were cylindrical (24 mm dia.), some 
had deep circumferential notches with "ESCF" kt = 1.6, 
2.4, 5.2 and 8.1, and others had shallow notches with 
k t = 1.4 and 4.2.  

Two series of tests were made, with fully reversed tension- 
compression, load ratio R = - i ,  and with pulsating tension, 
R = 0. The life range extended from 1 cycle to 107 cycles. 
In some tests cycles to crack initiation were observed. Fig. 
99-18-53 is interesting. It shows the ratio of N c to Nf cycles 
to fracture as a funct ion of  "ESCF" k t. For unnotched  
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N ~0 gO ~ ~100 

FIG. 99-18-53 - Crack initiation in relation to the 
elastic stress concentration factor and to the number o f  
cycles to fracture for reversed tension-compression load- 
ing and for pulsating tension. (34Cr Ni Mo 6 steel in 
three different hardness levels). 

specimens (kt = 1) the ratio may be as high as 0.9, for sharp 
notches, as low as 0.08. This ratio appear to be the same 
for load ratios R = 0 and R = -1. 

Some of the test results with completely reversed 
tension-compression are shown in Fig. 100-7-53. It shows 
the cyclic stress amplitude as a function of cyclic life up to 
107 cycles for "ESCF" k t = 1, 2.4, 5.2 and 8.1. Besides kt 
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FIG. 100- 7 - 53 - Reversed tension-compression fatigue 
tests on specimens o f  34 Cr Ni Mo 6 steel in hardness 
levelH3. (12/24 mm dia. ; a m = 0). 

the table in the figure includes the "FS-th RF" kf which 
is lower than k t. 1 

The authors have calculated --~-,  the inverted fatigue 

strength reduction factor to fracture on stress basis Kf. 
1 

K----f- was plotted as a function of cyclic life for the deep 

and shallow notches in Figs. 8 and 9, which are not re- 
produced because of their complexity. The authors 
indicate in Fig. 101-10-53 that, although specimens with 
shallow and deep notches and with same kt have the 
same endurance limit, the low-cycle life is shorter for 
shallow notches. 

This paper has 22 figures, mostly rather complex and 
in addition the text is not always clear. It is of interest 
that the authors list only German literature references 
pertaining to low-cycle fatigue. The very many papers 
on this subject published in the U. S. and United 
Kingdom are not mentioned. 

Another paper by Wellinger, et al, R. 52 was recently 
translated into English. 

deep notch 

~= shallow n o t c h ~ ~ _  
-6 

unnotched 

D 

Cycles to fracture, log N 

FIG. 101 - 10-53 -Fatigue diagram for specimens with 
shallow and with deep notches o f  the same elastic stress 
concentration factor. 
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SECTION H 

FATIGUE STRENGTH REDUCTION FACTORS 
IN BENDING. 

H.1. - Hickerson, et al, in an elaborate and complete 
paper, R. 17, report onLCF tests performed at Lehigh 
University under the sponsorship of Pressure Vessel Re- 
search Comm. (PVRC). These tests were intended to 
provide information on the influence of notches, holes 
and fillets on room temperature fatigue life of three 
pressure vessel steels A201A, A302B and A517F. The 
tests were performed on the widely used "Lehigh" canti- 
lever-type specimen which provides nearly complete 
transverse restraint in the center of the reduced test 
section and therefore, induces in the specimen a 2 to 1 
biaxial stress state. See Fig. 102-1-17. Three discontin- 
uities common in pressure vessel design elements were 

TI 

f2!~"R 

3/ii --'--r-~-~., << 

Fixed Grip 
~ l . o t : t t  

I 

FIG. 102-1 - 17 - Lehigh fatigue specimen. 

simulated --45 ~ shallow notches with "ESCF" k t from 
1.4 to 5.0, sharp-edged surface hole with kt = 2.2 and a 
fiUet with k t = 2.1. Specimens containing stress raisers 
were basically the same as the standard unnotched 
specimens and the desired geometrical configuration 
was machined in the reduced section only on one side 
of the specimen while the other side was unchanged. 
See Fig. 103-2-17. For specimens with the 1/2 in. deep, 
1/2 in. dia. hole, strain measurements were taken in the 
minimum section at a point midway between the hole 
and the edge. 

Fatigue testing was c___ontrolled by the imposed nomi- 
nal total strain range Ae n which was measured on the 
unnotched side of the specimen. Specimens were tested 
in repeated nominal bending tension, R = 0, repeated 
nominal bending compression and in fully reversed nom- 
inal bending, R = - I .  

Failure of the specimens was considered from two 
aspects -macrocracking and complete fracture. Fracture 
was defined as the point at which the load on the speci- 
men was essentially zero, this usually coincided with 
complete separation of the specimen into two parts. 

�9 
Copyright 1972 by ASTM International 

Macrocracking in the case of  the plain and notched 
specimens tested in pulsating tension, R = O, was defined 
as the point at which the load on the specimen dropped 
to 85% of its initial value. For the definition of macro- 
cracking of other notched specimens see the original 
paper. 

The imposed total nominal strain range for notched 
specimens measured on the unnotched side is designated 
Ae n and the corresponding total strain range for the 
unnotched specimens is designated Ae. 

I o / V  V~- ad- 
R? ~ ~ R=O R=-CO R=-I 

Notch Hole Rllet Loading 

FIG. 103-2-17 - Stress raisers and loading cycles studied. 

The authors introduced two fatigue strength reduc- 
tion factors, one for macrocracking Qbc and another for 
fracture Qbf- These "FS-th RF" were defined as follows: 

Ae 
Qbc =--~n for macrocracking 

and 
Ae 

Qbf - % - - -  for fracture. 

In both cases, the imposed strain ranges Ae and Ae n are 
for the same number of cycles. For discussion of other 
"FS-th RF" see Section F.1. 

After a large number of fatigue tests were completed 
the authors plotted curves of total imposed strain range 
as a function of cycles to crack initiation and to fracture, 
for the unnotched, notched, holed and filleted specimens. 
The cycles to failure range from 1500 to 100000. Using 
this data the "FS-th RF" Qbc and Qbf were calculated 
and plotted as a function of cyclic life for the three ma- 
terials and for the several notches in repeated tension, 
repeated compression, and in totally reversed bending. 
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The authors compare factors Qbc and Qbf with elastic 
stress or strain concentration factor k t. Probably it 
would have been more logical to compare Qbc and Qbf 
with a fatigue strength reduction factor kf which includes 
the effect of size and notch sensitivity on fatigue 
endurance and which is usually less than k t. 

The authors discuss extensively, with the help of eleven 
figures, the behavior of the experimentally determined 
"FS-th RF" Qbc and Qbf. Here only some of the more 
important results will be mentioned. 

The fracture behavior of specimens with notches in 
repeated tension, R = 0, is similar for the three steels al- 
though the actual values of Qbfvary. This may be seen 
from Figs. 104-3-17, 105-4-17 and 106-5-17. Factor 

2.5 t 

8 2.0 i 
L2 

I t I I I I I I 1 I 1 I I I I I I ]  

A201A 

�9 Tension, R =0 Notch in <~ Compression, R=-O0 

? 
/ /  

I . O  I I 1 1 I I I I  I 1 1 I I I [ I I 

Ioo3 ~o,coo Ioo, ooo 
Cycles to Fracture 

FIG. 104-3-17 - Notched fatigue strain reduction factors 
for fracture of  A2OIA. 

Qbf is low in the low-cycle region, is substantially less 
than kt, but rises in the higher cycle region. 

Figs. 107-6-17 and 108-7-17 which show factor Qbc 
for macrocracking shows the same trends as the other 
figures, but the Qbc values are displaced to levels above 
kt for A302B and close to k t for A517F. The authors 
suggest that the substantial increase in factor Qbc as 
compared with factor Qbf be given consideration in 
component design. 

The results of fatigue tests in reversed bending, R = -1, 
are shown for macrocracking and for fracture in Fig. 109- 
8-17 for steel A302B and in Fig. 110-9-17 for steel 
A517F. It is seen that factor Qbc exceeds factor Qbf in 
the whole range of cycles but does not rise in the high- 
cycle region. 

The authors provide a convenient table Fig. 111-T5-17 
which summarizes general relationship between factors 
Qbc, Qbf and "ESCF" k t for notched specimens, for 
R = O, R = -1, and R = -co. 
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FIG. 105-4-17 - Notched fatigue strain red,Lction factors 
for fracture of  A302B. 
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FIG. 106- 5 - 1 7  - Notched fatigue strain reduction factors 
for fracture of  A517F. 

The results of a series of fatigue tests on steel A517F 
to determine how factors Qbc and Qbf vary with "ESCF" 
kt are shown in Figs. 113-11-17 and 113-10-17, respec- 
tively. As previously, factor Qbc exceeds factor Qbf in 
all cases. In approximately the same order, higher values 
of kt result in higher values of Qbc and Qbfi 

The "FS-th RFF" Qbf for notches in compression is 
shown in Figs. 104-3-17, 105-4-17 and 106- 5 17. The 
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F I G .  1 0 9 - 8 - 1 7  - No tched fatigue strain reduction factors 
for A302B in reversed bending. 
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F I G .  1 1 0 - 9 - 1 7  - Notched fatigue strain reduction factors 
for A51 7F in reversed bending. 

Tab le  5 - - G e n e r a l  Re la t ionsh ip  B e t w e e n  Kt and  Kf for  No tched  S p e c i m e n s  

Loading ~ , 5000 cycle life ~ 100,000 cycle life 
condit ion Macrocracking Fracture Macrocracking Fracture 
R = O  K ~ < K t  K f < < K t  K s ~ K t  K f = K t  
R = --1 K~ < Kt K~ << Kt KI < Kt Kf << Kf 
R = --r Kf ~ Kt Kf << Kt Kf ~ 1 .0  K~ ~ 1 .0  

FIG.  I l l - T 5 - 1 7  

55 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:06:02 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



2 5  I I i 4 ( U T I I  J 1 ~ t ~ I I I I  

L 
o 2.0 

g 

1.5 
g 

ASITF 

Fully Reversed, R=-I 
Notched 

K -2 2 e.p ~ _.....-.-m t - "  

Kt=19 Kt= 1.4 

I .O  I I I i I I I J J  ~ I I I I I l i t  

IOCO tODO0 ~0,000 
Cycles to Frocture 

FIG. 112-10-17 -Variation of K f for fracture with K t 
for A517F. 
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FIG. 113-11-17-  Variation of Kf [or macrocracking 
with K t for A517?'. 

fact that a notch in compression can shorten low-cycle 
fatigue life is an indication that plastic strains present at 
the root of the notch cause tensile strain to occur. The 
authors state that, as the nominal strain range is increased, 
the local plastic strain at the peak of the load cycle will 
be sufficiently large to produce reversed bending condi- 
tions. Therefore, in large strain range tests the com- 
pression notch is, in fact, in compression only during the 
first half of the cycle, and thereafter will be alternately 

in tension and compression. Similarly, the tension notch 
will not be in tension alone after the first half cycle. 
Therefore, at high strain ranges and short cycle lives the 
curves for the two loading conditions must approach on 
another, as observed. For additional informative dis- 
cussion the reader is referred to the original paper. 

Fig. 114-12-17 shows factors Qbc and Qbf for the 
sharp-edge hole, k t = 2.2, for completely reversed loading, 

.,_25 

,= 

~ 2.0 

n.- 

o 

~ L5 

I z i I I t 1 1 1  I I I I I I I I I  

Steel Mocrocrocking Frocture 
A20IA o �9 
A302B z~ �9 

ASITF [] �9 

Sharp Edged Hole, K I -- 2 2  

Fully Reversed, R=-I 

I ,O ! I J I I I I I I  I I I I I I I I I  

IC~0 X ~  iCO~ 
Cycles to F oilure 

FIG. 114-12-17 - Fatigue strain reduction factors for 
sharp-edged holes in A2OIA, A302B, and A517F. 

R = -1. Typical values of Qbf fall below 1.3 artd for 
Qbc fall below 1.6. 

Fig. 115-13-17 shows factors Qbc and Qbf as a 
function of cyclic life for steel A517F with holes, 
kt = 2.2, fdlets, k t = 2.1, and with notches, kt = 2.1. 
It seems that the factors Qbf for the notched and 
fs specimens have quite similar values. However, 
factor Qbc for the fdleted specimens is well above 
that for the notched specimens and for the whole 
cyclic range is close to kt = 2.1, which was measured 
photoelastically for this configuration. The authors 
state that this result is in agreement with the generally 
reported observation that fillets commonly become sites 
for crack initiation in fatigued components. 

The results of this investigation indicate that the 
"FS-th RFF" Qbf seldom reaches or exceeds "ESCF" k t 
in either the high or low-strain regions and, in fact, for a 
notch in nominal repeated tension it decreases in the 
low-cycle region. The authors state that the above re- 
suits do not agree with the results of the current PVRC 
study with full-scale pressure vessels where factors Qbf 
were found to be much larger, between 7.1 and 3.4. 
They point out that the growth of fatigue cracks is inde- 
pendent of the initiating notch, flaw or defect. The 
growth depends on the material, on the imposed total 
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FIG. 115-13-17-  Comparison of  Kf  for notches, holes 
and fillets in A517F. 

strain range, on the character of loading cycle with re- 
peated tension, R = O, producing the highest propagation 
rates. Also, at the highest strain ranges the three types 
of loading cycles (R = O, -1, _co) coverge, since extensive 
plastic flow reduces all the tests to the fully reversed 
type, R = -1. This is shown in Fig. 116-14-17 for steel 
A517F and in Fig. 117=15-17 for steel A302B. In these 
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FIG. 116-14-17 - Relationship between strain range 
and crack propagation cycles for notched specimens of  
A517F. 

figures the nominal total strain range is plotted as a func- 
tion of propagation cycles from macrocracking to fracture 
for the three types of loading. 

For the three materials, the authors collected all avail- 
able data defining the number of cycles from macro- 
cracking to fracture for repeated tension loading, R = O. 
The data were plotted in Fig. 118-16-17 against local 
macroscopic strain range experienced at or near the 
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FIG. 117-15-17 -Relationship between strain range and 
crack propagation cycles for notched specimens of  A302B. 
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FIG. 118-16- I 17 - Comparison of  measured pressure 
vessel fatigue life with that calculated from crack propa- 
gation in notched tests. 

fracture site. In the same figure they have plotted 
similar data obtained from the full-scale vessel tests. 
The authors state that the general order of agreement 
of the two sets of data are close enough to demonstrate 
that the low-fatigue lives of the full-scale vessels may be 
attributed to the existence of sharp crack-like flaws that 
are present even before testing has begun. In other words, 
it appears, that the causes of the exceptionally high 
values of "FS-th RFF" Qbf, obtained in the full-scale 
tests are not macroscopic stress raisers first producing 
cracks and then propagating them, but are rather macro- 
scopic stress raisers propagating already existing cracks. 

The authors conclude that laboratory test data per- 
raining to crack growth can be used, with further refme- 
l e n t ,  to predict the behavior of full-scale vessels. 

H.2 - Baron, et al, in R. 1 report on "LCF" tests per- 
formed at room temperature on a 3% Ni, Cr, Mo grooved 
plate 1.5 in. wide, 0.286 in. thick, machined from a heat 
treated forging. The dimensions of the specimen are 
shown in Fig. 119-1-1. The transverse groove is one inch 
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FIG. 119-1 - 1 - Test specimen with O.02-in.-radius fillets. 

wide, 0.085 in. deep, and the small fillet radii are 0.004, 
0.02, and 0.04 in. The corresponding "ESCF" kt were 
obtained photo-elastically as 2.8, 2.0 and 1.6, respec-- 
tively. The largest fillet was produced with a 3 in. radius 
grinding wheel and kt was practically equal to 1.0. 

The specimens were tested in repeated bending, R = 0. 
The modified Schenck fatigue machine produced a uni- 
form bending moment over central 2 in. of the specimen. 
The imposed total (elastic + plastic) strains were measured 
over a 0.3 in. gauge length in the center of the groove. 
Note that the measured strains are not local strains (near 
the fillets) and must be considered nominal. 

The end point of each test was taken to be the life at 
which a crack first became visible in one of the Fillets 
when viewed under magnifying glass. 

The effect of varying Fillet radius, kt = 1, 1.6, 2.0 and 
2.6 is shown in Fig. 120-3-1. The fatigue strength reduc- 

tlon/actors to crac~ng qbc were flerlvefl oy CUVlcung me 
total strain range for a given cyclic life N c with a 3 in. 
radius (unnotched) by the nominal, total strain range for 
the same life with a smaller radius. This calculated factor 
was tabulated in Fig. 121-T III-1. The table indicates 
that Qbc tends to decrease with increasing life. 

TABLE I l i  

Stre~,-Coneentration t Fill~ Radius, Effective Strain-Con~.ntration Factor 
Factor in Fatigue (1(l) for a Life of: 

(El) 3000 cycles I0,000 cycles 30,000 cycles 

0.004 2"8 2-6 2"5 2.3 
0-02 2"0 2.0 2 '0  1.8 
0.04 1"6 1"8 1.7 1-6 

FIG. 121-TI l l -1  

The authors conclude that in short-life, strain-con- 
trolled fatigue the "FS-th RFC" Qbc is practically equal 
to the "ESCF" k t. The smallest radius gave the greatest 
difference between the two. They state that this is rather 
surprising and they quote some previous work on strain 
concentrations in support of their conclusion. 

H.3. - Coles, et al, in R. 5 describe "LCF" tests at 
565~ on 1% Cr, Mo, V steel beams in reversed bending 
at one cycle per minute. The 0.2 in. deep beams were 
notched only on one side and the notches were 0.020 in. 
deep transverse grooves with various root radii which re- 
suited in elastic stress concentration factors kt = 2.8, 3.1, 
3.6 and 4.7 shown in the table in Fig. 122-21-5. 

The authors point out that a notch in a specimen sub- 
jected to plastic strain under bending conditions changes 
the strain distribution considerably and the notched sec- 
tion tends to act as a plastic hinge. It was not feasible 
to take account of these local effects and the imposed 
strain amplitude in Fig. 122-21-5 is the strain measured 
in an unnotched specimen whose ends were subjected 
to the same angular deflection. The plotted strains must 
be regarded as "nominal" and the interpretation of 
results is accordingly restricted. 

[ '2 , , 

o-8 = 5 JN 

o 80" 

~o.4 

~ o ~ .  1,,, .-'. 

-Ito .~ 

. . . . . . .  i ~ o o  . . . . . . . . . . . . . . . . . . . . . . . . . .  . o  0100 tO,O00 I00~000 I~O00mO00 
cYCLES TO rA~LUaE 

FIG. 120-3-1 - Effect o/fillet radius. Specimens machined from the 3% 
Ni-Cr-Mo steel forging. (YieM strength 47 tons/in.2J. 
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The test results are plotted in Fig. 122-21-5 together 
with comparable results for unnotched specimens. The 
notches apparently caused substantial reduction in cycles 
to fracture e.g. from 110 to 8 cycles at +2.5% strain and 
from over 20,000 cycles to 900 cycles at +0.2% strain. 
Also, the maximum reduction in nominal strain range at 
fracture occurred at a life of about 100 cycles and nu- 

mericaUy exceeds the "ESCF" k t. Note that variations 
in root radius had little effect on the resulting strength 
reduction. 

The authors state that the notch effect may be less pro- 
nounced in situations where the notch is so small in rela- 
tion to the component thickness that there is no tendency 
for a plastic hinge to develop. 
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SECTION I 
MISCELLANEOUS STUDIES ON EFFECT OF 

NOTCHES IN LOW-CYCLE FATIGUE 

1.1. - Manson, et al, in R. 33 present the results of an 
exploratory study developed to permit a simple analysis 
of the fatigue process in hourglass shaped specimens with 
simple machined notches subjected to uniaxial reversed 
loading at room temperature. The study is limited to 
and presents preliminary results for the estimation of 
crack inRiation and propagatian to failure for two ma- 
terials annealed 4340 steel and 7075-T6 aluminum. The 
investigation was conducted to determine the degree of 
validity that could be expected when highly simplified 
assumptions were made with regard to three major facets 
of the fatigue problem of notch specimens: (a) the de- 
termination of the strain at the root of the notch, (b) 
the number of cycles required to develop a crack of 
engineering size, and (c) the number of cycles required 
to propagate the crack of engineering size to complete 
fracture. 

The above was quoted verbatim from the paper. 
The crack which defined initiation was taken as a sur- 

face crack ranging from 0.006 to 0.010 inch long, which 
was found experimentally to be about 0.003 in. deep. 

The authors state that an approximate analysis has 
been developed whereby the number of cycles required 
to start an engineering size crack and the number of 
cycles required to propagate this crack to failure could 
be estimated for a notched specimen from a knowledge 
of the fatigue behavior of unnotehed specimens. Rea- 
sonably good agreement with experimental results were 
obtained for the two materials and the two notch con- 
figurations tested. Further evaluation with more materi- 
als and a wider range of notch geometries is desirable. 
The effect of cyclic strain hardening or softening on the 
crack propagation stage also requires further evaluation. 

The specimens used had a conventional circular hour- 
glass shape with a minimum diameter of 1/4 in. Slot 
notches, 0.010 in. deep with radii 0.008 and 0.025 in. 
were machined into the specimens. The "ESCF" were 
kt = 3 and 2 respectively. The measured fatigue strength 
reduction factors for 106 cycles were 2.9 and 2.0 for the 
4340 steel and 2.9 and 1.7 for the 7075-'176 aluminum. 

The authors made an important assumption that the 
crack will be initiated in a notched specimen in a number 
of cycles dependent only on Ae, the calculated, local 
strain range at the root of the notch. The number of 
cycles to initiate a crack in the notched specimen is 
assumed to be the same number of cycles required to 
initiate a crack in an unnotched specimen subjected to 
the same local strain range. Note that although the 
above assumption is plausible it may not be generally 
valid, 3. g. see discussion in Sections F. 1. and F. 4. 

In order to calculate Ae, the plastic strain concentra- 
tion factor "PS-n CF" qp must be known. The factors 

qp were calculated using two approaches, previously 
discussed in Sections D and E, the "SHO" and the Neuber 
approach. This paper contains discussion of the two 
methods and also a new graphical procedure to deter- 
mine qp. It is important to note that cyclic stress-strain 
diagrams, see Section C, were used instead of monotonic 
diagrams. The local strain range in the notch root is 
Ae = Ae �9 qp. 

The authors assume that for a notched specimen the 
crack propagation period for a given strain range depends 
to a first approximation onlthe applied strain range only 
and not on the strain-concentration factor imposed; the 
crack propagates under a strain-concentration essentially 
unrelated to the strain concentration that caused it to 
form. This strain concentration which controls propa- 
gation depends largely on the crack itself and not on the 
geometric conditions existing prior to the development 
of the crack. 

The authors point out that even though the higher 
stress concentration factors have a considerable effect in 
reducing the crack initiation periods, the crack initiation 
period for notched specimens is generally a relatively 
small part of the total life. Thus, only to a minor extent 
does the sum of the two components, initiation and pro- 
pagation, reflect the differences introduced by the higher 
nominal stress concentration. This observation is in 
agreement with the general experimental finding that in- 
creasing the nominal stress concentration factor for a 
notch does not produce a correspondingly large decrease 
in fatigue life in the low cycle range. In fact, as the 
nominal stress concentration factor is increased, a value 
is reached beyond which further decrease in total life is 
negligible. The above was quoted verbatim. 

There are many curves presented in this informative 
paper and for further details and discussion the reader is 
referred to the original paper. Appendix B is a sample 
calculation for an annealed 4340 steel-notched specimen 
with kt = 2 and imposed nominal axial strain range of 
0.008 in. per in. 

Also for further discussion of propagation of cracks in 
notched specimens the reader is referred to Section 1.2. 
and to Price, et al, R. 59. 

1.2. - Dawson, et al, in R. 9 report on push-pull "LCF" 
tests at elevated temperature (600~ on notched cylin- 
drical specimens, 0.2 in. dia., of type 316 steel. The 
notches were machined from one side at a tangent to the 
specimen circumference. The notched depth quoted is 
the maximum depth. The details of each notch and the 
associated "'ESCF" are shown in Fig. 123-T 11-9. The 
authors state that this type of notch was chosen to mini- 
mize the increase in the nominal stress as compared with 
a plain specimen, so that a given cross-head displacement 
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TAnLE ll.--Details of Notched Specimens 

Notch Depth, in. 

0"~1 
0'002 
0.004 
0-~8 
0'016 

Elastic Stress-Concentration Factor for 
Different Root  Radii (~) ,  in, 

0.004 
0.008 

FIG. 123-T11-9 

p-0 '002  0 - 0 . O 0 )  

2'4 ! 2.1 
2.6 2.3 
3.1 2.6 
3.75 3.2 
4.2 3'7 

1.8 
2.6 

-0.004 

1"8 
2"2 
2"5 
2"9 
3'2 

Notch 
Ansk (e) 

t 30" 

might be considered to give the same nominal strain. 
The data were obtained at two nominal strain ranges 

away from the notch, +0.325% and +1.26%. The cycles 
to fracture are shown in Fig. 124-10-9 as a function of 
notch depth for four different notches including varia- 
tions in root radii and in the notch included angle. In 
addition, data for urmotched specimens at the same 

z 

e 
~t  

o 

O Z & G 8 10 12 11. 16 11 20 

I~loteh dupth~ in .x 10 "z 

FIG. 124-10-9 - Effect of notch depth and form on 
endurance of Type-316 steel 

nominal strains are included. It is seen that increasing 
the notch depth and reducing the root radius lowers the 
cycles to fracture. 

The authors state that when the strain at the notch 
root is large, e. g. +1.26%, nominal imposed strain, the 
cyclic life is relatively unaffected by root radius. Also, 
at the lower imposed strain, for notch depth less than 

0.006 in., an increase in the notch-root radius raises 
cyclic life even to the extent that a specimen fracturing 
in 5000 cycles required 50% of its life to initiate a 
crack. 

Fractograpaic examination showed that with one ex- 
ception the initial stage of cracking was absent so that 
the cyclic life of the notched specimens were determined 
by crack propagation alone. This later concept did not 
predict the lives of the notched specimens too well, the 
actual life usually being less than predicted. For addi- 
tional discussion of the above concept see the original 
paper and also Price, et al, in R. 59. 

1.3. - Peterson in R. 40 discusses elasto-plastic rela- 
tions in notches and the "PS-n CF" qp which is derived 
by the "SHO" method. Fig. 40-24-4Ois interesting. It 
shows qp as a function of nominal stress. Note that qp 
exhibits a maximum when the nominal stress reaches 
the yield stress. 

Peterson developed an analytical method for estimat- 
ing the life of notched members in the finite life region. 
This method is discussed by the author in the Appendix 
to R. 40. It uses an analytical expression for the cyclic 
stress-strain diagram and an iterative procedure for the 
determination of "PSCF" qp and is based on the "SILO" 
method. 

It appears that the suggestion use the "cyclic stress- 
strain diagram" instead of the "monotonic" for the de- 
termination of qp was first made by Peterson in this 
paper. 

The results of applying this method to notched mem- 
bers of normalized SAE 4130 steel tested at room tem- 
perature are shown in Fig. 125-26-40. For the details of 
this rather complex figure and for the analytical method 
developed by Peterson the reader is referred to the 
original paper. 

To help the designer, Peterson prepared a chart for 
the SAE 4130 steel based on results of his analytical 
,method. This chart is shown in Fig. 126-29-40. The 
factors kf refer to any notch geometry that has the 
specified kf value at the endurance end of fatigue life. 
In Fig. 127-30-40 the same curves ate shown in dimen- 
sionless form, together with similar curves for two other 
widely different steels. 

1.4. - Peterson in R. 41 continues the analysis of the 
effect of notches which he discussed in R. 40. He added 
Fig. 128-6-41 which shows the ratio 

Plastic Strain Conc. Factor qp 

Fatigue Strength Reduction Factor kf 

for three steels as a function of cyclic life with elastic 
stress concentration factor as a parameter. He points 

out that the maximum value of the ratio ~ i s  about 
- j r  

2 in the low-cycle life range and I in the high-cycle, en- 
durance range. The author does not explain sufficiently 
clear how the above seven curves were derived. 

Peterson suggests that until further work is carried out 
the curves shown in this figure be used for design pur- 
poses. The reviewer assumes that the curves are for room 
temperature and that cyclic stress diagrams were used 
for their determination. 
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FIG. 128-6-41 - Variation of strain concentration factor as a function of the 
number of cycles to development of small crack. 

The last short chapter pertains to crack propagation 
in a low carbon steel plate. 

1.5 - Picket, et al, in R. 42 are concerned with "LCF" 
life of pressure vessels. The authors have proposed a 
method for predicting the "LCF" life of full-size pres- 
sure vessels based on tests performed at the Southwest 
Research Institute and other laboratories. The method 
separates crack initiation from crack propagation and 
uses the "SHO" approach for the determination of local- 
ized strain. Because this is an elaborate paper which re- 
quires a great deal of attention, it will not be reviewed 
here and the reader is referred to the original paper for 
particulars of the analysis. 

1.6 - Manson et al in R. 33, see I. 1 describe a notch 
configuration which was used for experimental inves- 
tigations of notched specimens in Low-Cycle Fatigue. 
The specimen had a conventional circular hourglass 
shape. In the minimum section there are two tan- 
gentiaUy located (slanted) notches placed summetrically 
on opposite ends of the same diameter. See Fig. 132-3-33. 
The controlling nominal Total Strain Range is measured 
across a diameter on the surface of the minimum section 
which was not notched. Similar, but very shallow and 
sharp notches were described by R. A. T. Dawson et al 
in R. 9, see 1.2. 
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SECTION J 

PROPOSED FUTURE WORK 

J.1. - I.anger in R. 31 states that unwarranted con- 
clusions are too often drawn from inadequately analyzed 
"LCF" tests of notched specimens. See discussion in 
section F. 5. He bypothesizes that a set of five signifi- 
cant parameters determine the number of cycles required 
to initiate and to propagate a crack in an unnotched spec- 
imen. They are: 1) Total strain range, 2) Prestrain or 
cumulative value of monotonically increasing strain, 3) 
Mean stress. After the crack has initiated its rate of 
growth is determined by 4) Range of fluctuation of 
stress intensity factor KI. 5) Mean value of K1 during 
the cycle. The author presents justifications for the 
choice of the above five parameters. 

For notched specimens the fatigue process is to be 
studied in two phases, crack initiation and crack growth. 
The initiation is determined by the local strain range, by 
the mean local strain and by the mean stress in the 
notch apex. 

Detailed elasto-plastic analysis considering strain hard- 
ening, loading, unloading and reqoading is feasible at the 
notch root. The analysis must be carried for a number 
of cycles to determine whether or not shakedown occurs. 
If it does not occur, the rate of monotonic strain increase 
must be determined. When the analysis has been com- 
pleted the cycles to crack initiation can be determined 
by reference to available fatigue data for unnotched speci- 
mens. In the reviewer's opinion the equivalence of local 
strain range in the notch and in an unnotched specimen 
in respect to cyclic life is a tacit assumption. For in- 
stance, R. 26, 23 and 19 indicate that the above assump- 
tion may not be justified. After the crack has initiated, 
its rate of growth is determined by the stress intensity 
factor K 1. 

Langer proposes to check the validity of the hypo- 
theses by a series of tests on a notched specimen shown 
in Fig. 129-2-31. This is a compact tension specimen 
used in fracture mechanics for crack-growth studies. The 
notch radius can be varied to result in a series of elastic 
concentration factors K t. Also, the slot width t should 
be large enough to prevent closing at the largest com- 
pressive load. Langer states that the primary object of 
the tests is to determine whether local strain range, mean 
strain and mean stress control crack initiation in notched 
specimens in accordance with the same quantitative rules 
as they do for urmotched specimens. If this correlation 
could be firmly established, practical predictions of crack 
initiation could be made from analysis and unnotched 
fatigue data. 

. 4 ! ! 

-* / 2 "  

(), 
t 

! 
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7 
1" 
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FIG. 129-2-31 - Compact tension specimen modified 
for crack initiation tests. 

He suggests as a first step to investigate two steels, 
I'-1 and Type 304 stainless, with a low and a high strain 
hardening exponent, respectively. Load cycle R = 0. 
One series with controlled load, the other with controlled 
amplitude. Load levels, one estimated to crack in 1000 
cycles, the other to crack at about 20,000 cycles. Two 
"ESCF", kt -- 1.5 and I0. 

The author states his proposal accentuates the crack 
initiation studies because this subject is not being given 
enough attention, while work is already in progress on 
crack propagation. He suggests that the specimen width 
be investigated in order to define which of the two con- 
ditions, wide or thin, is more conservative for crack 

�9 initiation. 
Langer also reviews the results of LCF tests described 

in R. 19, R. 23 and R. 17 and comes to the conclusion 
that the derived several fatigue strength reduction factors 
cannot be compared because of widely different test 
procedures. However, he suggests that for practical strain- 
controlled conditions such as occur when the source of 
cyclic loading is differential thermal expansion, the tests 
described in R. 17 give the most realistic picture. See 
also Section F. 6. 
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Material IRadius, Calculated Measured 
P,, elastic-stress fatigue 

in. concentration notch 
factor, factor, 

% r,f 
7075 T6 !0 .0~  3 2.9 
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/075 T6 .025 Z L I  

aluminum 
4340 steel .008 3 2. 9 
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Side view 
R in. rad. 

FIG. 1 3 2 - 3 - 3 3  - Test section of  notched fatigue 
specimen. 

66 
Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:06:02 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SECTION K 

REFERENCES 

STP490-EB/May 1972 

1. BARON, H. G. and BRINE, F. E., "A Note on 
Low-Endurance Fatigue at Regions of Stress 
Concentration". Raft 58. pp 113-121 

2. BELL, W. J. and BENHAM, P. P., "The Effect of 
Mean Stress on The Fatigue of Plain and Notched 
Stainless Steel Sheet in the Range from 10 to 107 
Cycles". ASTM. STP #338, 1963. pp 25-46 

3. BERLING, J. T. and SLOT, T., "Effect of 
Temperature and Strain Rate on Low-Cycle 
Fatigue Resistance of AISI 304, 316 and 348 
Stainless Steels", Fatigue at High Temperature, 
ASTM, STP 459, 1969. pp. 3-30 

4. BLATHERWICK, A. A., and OLSON, B. K., 
"Stress Redistribution in Notched Specimens 
During Fatigue Cycling", Experimental Mechanics, 
Vol. 8, Aug. 1968, pp. 356-361 

5. COLES, A., et al, "The High-Strain Fatigue 
Properties of Low-Alloy Creep-Resisting Steels" 
Ref. 58. pp 270-294 

6. CREWS, J. H., Jr. and HARDRATH, H. F., 
"A Study of Cyclic Plastic Stresses at a Notch 
Root". ExperimentalMechanics, June 1966 
pp 313-320 

Also CREWS, J. H., Jr., "Local Plastic Stresses In Sheet 
Aluminum Alloy Specimens With Stress-Content. 
Factor of 2 Under Constant Amplitude Loading" 
NASA TN I3-3125, Dec. 1965 22 pg. 

7. CREWS, JOHN H. JR., "Elastoplastic Stress- 
Strain Behavior at Notch Roots in Sheet Specimens 
Under Constant-Amplitude Loading", NASA TN 
I)-5253, June 1969 33 pp 

8. DAWSON, R. A. T., et al, "Factors To Be Con- 
sidered in The Design and Operation of Turbines 
to Prevent Failure by Thermal Fatigue", 
Ref. 58. pp 40-54 

9. DAWSON, R. A. T., et al, "High-Strain Fatigue 
of Austenitic Steels". Ref. 58. pp 239-269. 

10. FORREST, P. G., "The Use of Strain Cycling 
Tests For Assessing Thermal Fatigue Resistance" 
Applied Materials Research, Oct. 1963 
pp 239-246 

11. FELTNER, C. E., and LANDGRAF, R. W., 
"Selecting Materials to Resist Low-Cycle 
Fatigue". Paper presented at the ASME Design 
Engineering Conference, New York, N. Y. 
May 5-8, 1969. Paper ASME 69-DE-59. 

12. GRIFFITH, G. E., "Experimental Investigation 
of the Effects of Plastic Flow in a Tension Panel 
With a Circular Hole". NACA TN 1705, 1948 

67 

13. GROSS, M. R., "Low Cycle Fatigue of Materials 
for Submarine Construction". Naval Engineering 
Journal, Oct. 1963. pp 783-797 

14. HARDRATH, H. F., and OHMAN, L., "A Study 
of Elastic and Plastic Stress Concentration Factors 
Due to Notches and Fillets in Flat Plates". 
NASA Report 1117, 1953. 

15. HARDRATH, H. F., and ILLG, W., "Fatigue Tests 
at Stresses Producing Failure in 2 to 10,000 Cycles. 
24S-T3 and 75S-T6 Aluminum-AUo-y Sheet 
Specimens With a Theoretical Stress-Concentration 
Factor of 4.0". NASATN 3132 Jan. 1954. 14pp 

16. HAYDL, H. M., "Stress and Strain Concentration 
in The Plastic Range With Application to Low- 
Cycle Fatigue". Presented at the Fall Meeting of 
the Society for Experimental Stress Analysis, San 
Francisco, Cal. Oct. 28-Nov. 1, 1968 

17. HICKERSON, J. P. and PENSE, A. W., and 
STOUT, R. D., "The Influence of Notches on The 
Fatigue Resistance of Pressure Vessel Steels" 
Welding Journal, Welding Research Supplement, 
February 1968 pp 63S-71S 

18. IBRAHIM, S. M. and MC CALLION, H. and 
DUDLEY, B. R., "Elastic-Plastic Deformation 
Around A Circular Hole In A Plate Under Cyclic 
Loading". Institute of Mechanical Engineers - 
Proceedings, 1965-1966 Vol. 180 Pt. 3I 10 pp 

19. IIDA, K., "Fatigue Strength Reduction Factor In 
Plastic Strain Cycling". Internt. Institute of 
Welding, Document XIII-427-66 

20. ILLG, W., "Fatigue Tests on Notched and Un- 
notched Sheet Specimens of 2024-T3 and 707S-T6 
Aluminum Alloys and SAE 4130 Steel With Special 
Consideration of The Life Range From 2 to 10,000 
Cycles". NASA TN-3866 Dec. 1956 39 pp 

21. ISBERG, L. J., and WOZNEY, G. P., "Mechanical 
and Thermal Low Cycle Fatigue Tests of Grooved 
Cylinders". General Electric Co., Large Steam 
Turbine Dept., Schenectady, N.Y. Report. 
November 25, 1964. 

22. KOOISTRA, L. F., and LANGE, E. A., and 
PICKETT] A. G., "Full Size Pressure Vessel 
Testing and Its Application to Design". 
Transactions ASME. Journal of Engineering for 
Power. Oct. 1964, No. 4 pp 419-428 

23. KREMPL, E., "Low Cycle Fatigue Strength Reduc- 
tion In Notched Flat Plates". Trans. ASME. 
Paper 67-MET-13 11 pp 

24. KREMPL, E., "The Influence of Prior Plastic 

Copyright �9 1972 by ASTM International www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:06:02 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Strain Cycles on the Stress-Strain and Tensile 
Properties of Three Piping Materials at Room 
Temperature". Report issued by General 
Electric Co. Atomic Power Dept. GEAP 5474, 
Appendix B, San Jose, Cal. - Sept. 1968 

25. KREMPL, E., "Determination of Smooth Bar 
Data" (6. 3. 1) Report issued by General Electric 
Co. Atomic Power Dept. GEAP 5082, San Jose, 
Cal. - Jan. 1966 

26. KREMPL, E., "The Influence of Stress-Strain 
Concentration and Mean Stress on The Low-Cycle 
Fatigue Behavior of Three Structural Steels at 
Room Temperature". Report issued by the 
General Electric Co. Atomic Power Dept. 
GEAP 5726, San Jose, Cal. - Sept. 1968 

27. KREMPL, E., "Notched High-Strain Fatigue Be- 
havior of Three Low-Strength Structural Steels". 
Submitted for presentation at the ASME Pressure 
Vessel Meeting, Delft, Holland, Sept. 1969. 
Also, report issued by the General Electric Co. 
Atomic Power Department GEAP-5714. 

28. KREMPL, E., "Memorandum- Fatigue Strength 
Reduction Factors". General Electric Co. 
Memorandum, Nov. 1968 - Personal Communi- 
cation. 

29. KREMPL, E., "Remarks concerning the Westing- 
house Report WAPD--T-2093 by A. L. Snow, 
B. F. I_anger, W. G. Gibbons (See 4-29)". General 
Electric Co. Memorandum, July 1968 - Personal 
Communication. 

30. LANDGRAF, R. W., and MORROW, JO DEAN, 
and ENDO, T., "Determination of The Cyclic 
Stress-Strain Curve". Journal of Materials, Vol. 4, 
No. 1, March 1969 pp 176-188 

31. LANGER, B. F., "Proposed Research on Low- 
Cycle Fatigue of Notched Members". Westing- 
house Electric Co. Research Memo 67-IDO- 
Codes-M1. Oct. 31, 1967 11 pp 

32. MANSON, S. S., "Thermal Stresses and Low- 
Cycle Fatigue". Book. McGraw-Hill 1966 435 pp 
pp 180-182 

33. MANSON, S. S., and HIRSCHBERG, M. H., 
"Low-Cycle Fatigue of Notched Specimens by 
Consideratin of Crack Initiation and Propagation". 
NASA TN I)--3146, June 1967. 27 pp. Replaces 
NASA TMX-52126 and paper presented at the 
"International Conference on Fracture", Sendai, 
Japan Sept. 1965 

34. MANSON, S. S., and HIRSCHBERG, M. H., 
"'Fatigue Behavior in Strain Cycling in The Low 
and Intermediate-Cycle Range". In book: "Fatigue. 
An Interdisciplinary Approach", Syracuse Univ. 
Press, N. Y. 1964 pp 133-178 

35. MANSON, S. S., "Fatigue: A Complex Subject. 
Some Simple Approximations". Experimental 
Mechanics, Vol. 5 #7, July 1965 pp 193-226 

36. MOWBRAY, D. F. and SLOT, T., "Note on Stress 

and Strain Distribution In A Notched Plate 
Specimen During Cyclic Loading". Transactions, 
ASME, Vol. 91, Series D, Journal of Basic Engineer- 
ing, Sept. 1969, pp 379-382 

37. NACHTIGALL, A. J., and KLIMA, S. J. and 
FRECHE, J. C., "Fatigue Behavior of Rocket 
Engine Materials at -452~ '', Journal of Materials, 
Vol. 3, #2, June 1968 pp 425-443 

38. NEUBER, H., "Theory of Stress Concentration 
for Shear-Strained Prismatical Bodies With 
Arbitrary Nonlinear Stress-Strain Law". 
Transactions, ASME, Journal of Applied 
Mechanics, Dec. 1961 pp 544-550 

39. NEUBER, H., "Stress Concentration in Strength 
Calculations~'. Konstruktion, 1968 #7, in German. 
pp 245-251 

40. PETERSON, R. E., "Fatigue of Metals in Engineer- 
ing and Design". ASTM. Edgar Marburg Lecture, 
1962. Also, Materials Research Standards, Vol. 3, 
No. 21,Feb. 1963. pp 122-139 

41. PETERSON, R. E., "Design Relations for The 
Low-Cycle Notch Effect and A Chart of Conditions 
for Crack Propagation". In book, "Mechanics of 
The Solid State". Edited by F. P. J. Rimrott and 
J. Schwaighoffer. Univ. of Toronto Press 1968. 
pp 146-153 

42. PICKETT, A. G., and GRIGORY, S. C., 
"Prediction of the Low-Cycle Fatigue Life of 
Pressure Vessels". ASME Transactions, Paper 
67-MET-3 Journal of Basic Engineering, Dec. 1967 
pp 858-870 

43. PIAN, T. H., and D'AMATO, R., "Low-Cycle 
Fatigue of Notched and Unnotched Specimens of 
2024 Aluminum Alloy Under Axial Loading" 
WADC TN-5827. Also, ASTIA AD 142307, 
Feb. 1958. 

44. SARNEY, G. W., "Stress-Strain Concentration 
Factors in Plastic Flow". Report DF--65-LS--41. 
June 2, 1965, General Electric Co., Large Steam- 
Turbine Dept., Schenectady, N. Y. 

45. SNOW, A. L., and LANGER, B. F., and GIBBONS, 
W. G., "Low-Cycle Fatigue Strength of Notched 
Ni-Cr-Fe Alloy 600 and Low Alloy Steel". 
Journal of Materials, JML SA, Vol. 5, No. 3, 
Sept. 1970 pp 71%737 

46. STOWELL, E. Z., "Stress and Strain Concentration 
At A Circular Hole In An Int~mite Plate". NACA 
TN-2073. Feb. 1950. 

47. STOWELL, E. Z., "The Calculation of Fatigue 
Life In The Presence of Stress Concentrations". 
Nuclear Engineering and Des/gn, 1968 pp 313-316 

48. TAGART, S. W., "Plastic Fatigue Analysis of 
Pressure Components". Transactions, ASME. 
Paper 68-PVP-3 17 pp 

49. TOPPER, T. H., and WETZEL, IL M., and 
MORROW, JO DEAN, "Neuber's Rule Applied to 

68 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:06:02 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Fatigue of Notched Specimens". Journal of  
Materials, Vol. 4, No. 1, March 1969 pp 200-209 

50. TUBA, I. S., "An Analytic Method For Elastic- 
Plastic Solutions". International Journal o f  Solids 
and Structures, 1967 Vol. 3 pp 543-564 

51. WELLINGER, K., and GASSMAN, H., and 
LUITHLE, J., "Attending Plastic Deformation and 
Strain Concentration Factor". K D. L Berichte 
No. 129, 1968. 6 pages. In German. 

52. WELLINGER' K., and LUFT, G., "Tensile Tests 
Under Pulsating Load on Notched Specimens in 
The Low-Cycle Fatigue Range". Periodical: 
Mitteilungen Der I1. G. B., June 1968. In German. 
pp 210-215 

English Translation: British Iron and Steel 
Institute Translation Service BISI 6695. 

53. WELLINGER, K., and LIEBRICH, M., "Notch 
Sensitivity of Steels In The Low-Cycle Fatigue 
Region". Konstruktion Vol. 20, No. 3, 1968. 
In German. pp 81-89 

54. WETZEL, R. M., "Smooth Specimen Simulation 
of Fatigue Behavior of Notches". Journal o f  
Materials, Vol. 3, No. 3, Sept. 1968 pp 646-657 

55. WUNDT, B. M., "Bibliography on Low-Cycle 
Fatigue 1957-1968. Part 1". Compiled for the 
Metal Properties Council, Oct. 1968. Published 
by ASTM STP 449. 

56. YOUNGER, D. G., "Cyclic Plasticity and Fatigue 
At Stress Concentrations". Presented at 1968 
SESA Spring Meeting. Albany, N. Y. May 1968. 

57. ZWICKY, E. E., JR., "Cyclic Plastic Strain 
Concentration Factors". Transactions ASME. 
Paper 67-WA/PVP-6 8 pp 

58. BOOK, "Thermal and High-Strain Fatigue". 
International Conference, Institute of Metals and 
Iron and Steel Institute, London, June 1967. 
Published by The Metals and Metallurgy Trust 
Monograph and Report Series, No. 32, 1967. 
pp 435 

59. PRICE, A. T., and ELDER, W. J., "High Strain 
Fatigue and Crack Propagation in Type 316 Steel". 
Journal o f  The Iron and Steel Institute, June 1958. 
pp 594-598 

60. BOWLES, C. Q., "Strain Distribution and Deform- 
ation at the Crack Tip in Low-Cycle Fatigue". 
Army Materials and Mechanics Research Center. 
AMMRC. CR 70-23, June 1970. 62 pp 

61. CREWS, J. H. JR., "Crack Initiation at Stress 
Concentrations as Influenced by Prior Local 
Plasticity". Achievement of High Fatigue 
Resistance in Metals and Alloys. ASTM STP 467, 
1970 pp 37-52 

62. MORROW, JO DEAN, and WETZEL, R. M., and 
TOPPER, T. M., "Laboratory Simulation of 
Structural Fatigue Behavior Effects of Environment 

and Complex Load History on Fatigue Life. 
ASTM. STP 462. 1970 pp 74-91 

63. MOWBRAY, D. F., and McCONNEELEE, J. E., 
"Application of Finite Element Elastic-Plastic 
Stress Analysis To Notched Fatigue Specimen 
Behavior." Presented at the First International 
Conference on Structural Mechanics in Reactor 
Technology. Berlin Germany. 20-24 Sept. 1971. 

64. OSMAN, H. A., "Stress and Strain Distribution in 
Notched Members Under Cycling Loading". 
Proc. 3rd Conference on Dimensioning. Budapest, 
Hungary, 1968. pp 177-184. (In English) 

65. SMITH, K. N., and TOPPER, T' H., "Basics of 
Structural Fatigue". Society of Automotive 
Engineers Inc. Paper 700555. April 14, 1970. 
12 pp 

66. TOPPER, T. H., and BYRE GOW-DA, C. V., 
"Local Stress-Strain Approach to Fatigue Analysis 
and Design". Trans. ASME. Paper 70-DE-24.11 pp 

67. UDOGUCHI, T., and WADA, T., "Notch Effect 
on Low-Cycle Fatigue Strength of Metals". 
Bulletin of Japan Soc. Mech. Engrs. (JSME) 
1969 Vol. 12,No. 52. pp 673-682 

Also First International Conference on Presure Vessel 
Technology. Delft, the Netherlands. Sept. 29- 
Oct. 2, 1969. Sponsored by ASME. Part II. 
Materials and Fabrication. pp 1191-1202. 
Discussion pp 211-213 

68. OSMAN, H. A., "Evaluation of Local Plastic Strain 
History of Fatigue" 1970. 107 pp. University 
Microfilms, Ann Arbor, Michigan. U.S.A. 

69. IIDA, K., "Crack Initiation Life and Microfracto- 
graphic Analysis in Strain Cycling Fatigue". 
Welding Research Abroad. January 1972 pp 2-11 

70. LEIS, B. N., GOWDA, C. V. B., TOPPER, T. H. 
"Cycle Inealastic Deformation and The Fatigue 
Notch Factor". Presented at the ASTM Symposium 
on Cyclic Stress-Strain Behavior, Analysis and 
Failure Prediction. Bal Harbour, Florida, 7 and 8 
December 1971. 

71. MOWBRAY, D. F., McCONNELEE, J. E. 
"Applications of the Cyclic-Stress-Strain Curve 
in Determining Notch Fatigue Deformation and 
Life". Presented at the ASTM Symposium on 
Cyclic Stress-Strain Behavior. Bal Harbour, 
Florida. 7 and 8 Dec. 1971. 

72. MORRO, J., MARTIN, J. F., DOWLING, N. E., 
"Local Stress-Strain Approach to the Fatigue of 
Notched Members". Presented at the ASTM 
Symposium on Cyclic Stress-Strain Behavior. 
Bal Harbour, Florida. 7 and 8 Dec. 1971. 

73. PAPIRNO, R., "Plastic Stress-Strain History at 
Notch Roots in Tensile Strips Under Monotonic 
Loading". Experimental Mechanics October 1971 
pp 446-452. Also Army Materials and Mechanics 
Research Center, Watertown, Mass. Report. 
AMMRC TR 70-72, Feb. 1970. 

69 
Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:06:02 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



74. GONYEA, D. C., "A Method for Low-Cycle Fatigue 
Design Including Biaxial Stress and Notch Effects." 
To be presented at ASTM-ASMF.-ASM Symposium 
on Fatigue at Elevated Temperatures". The 
University of Connecticut, Storrs, Conn. June 1972. 

75. DOWDA, C. V. B., TOPPER, T. H., "Cycle Deform- 
ation Behaviour of Notched Mild Steel Plates in 

76. 

Plane Stress". To be published by SESA. 
Paper No. 1705. 

LEIS, B. N., GOWDA, C. V. B., TOPPER, T. H. 
"Some Studies on the Influence of Localized and 
Gross Plasticity on the Monotonic and Cyclic Con- 
centration Factors." Presented at 1971 Annual 
Meeting of the A.S.T.M. Atlantic City, N.J. 

70 
Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:06:02 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:06:02 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.


