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Abstract

Results of researches made for the purpose of investigating notch effects in low cycle
fatigue of steels are summarized in this paper. In the first half part, low cycle fatigue
behaviour of notched wide plates subjected to repeated tensile load are described, and the
crack initiation life of a notched wide plate is discussed in the correlation with the crack
initiation life of a hourglass shaped, small size specimen, which was strain cycled by dupli-
cating strain histories at the tip of notch in the wide plate.

The latter half part deals with the results of completely reversed, strain and load cycl-
ing tests of mild and 80 kg/mm? steels. One of the conclusions obtained is that the fatigue
strength reduction factor defined in strain cycling of smooth and grooved specimens is ap-
proximately equal to the plastic strain concentration factor of the notch.

load-controlled fatigue (kg/mm?)

List of Symbols Sz : Range of net section stress in load-
K. - Elastic stress concentration factor controlled fatigue (kg/mm?)
of a notch , a, m and p: Material constants
K, : Plastic stress concentration factor e, - Static fracture ductility (=In {100/
of a notch (100—RA)}, RA=reduction in area
K. : Plastic strain concentration factor in percent)
of a notch tm - Mean strain in strain cycling test
K, : Fatigue strength reduction factor ems  : Mean strain at the end of lst or
n . Number of stress (or strain) cycles 2nd cycle
imposed €ea . Longitudinal, natural elastic strain
N, : Visible crack initiation life; number amplitude
of cycles to initiate a surface crack ¢, : Longitudinal, natural plastic strain
0.2 to 0.5 mm in length amplitude
NyH): Visible crack initiation life of hour- ¢, : Longitudinal, natural total strain
glass specimen fatigued by strain amplitude
cycles with reproduced strain histo- ¢z : Longitudinal, natural total strain
ry at the notch root in wide plate range
Ny(P): Visible crack initiation life of notch- 2 - Diametral, natural total strain am-
ed wide plate plitude
N, : Expected visible crack initiation life ¢, . Radial, natural total strain ampli-
of notched wide plate on the basis tude
of results of small size specimens ¢, : Equivalent, natural, total strain am-
of solid cylinder plitude
N; : Failure life; number of cycles to Jden, @ Increment of mean strain
complete failure of a specimen oy . Yield stress (kg/mm?)
AN : Number of cycles in a step Ou - Nominal ultimate tensile strength
S, : Amplitude of net section stress in (kg/mm?)
* Professor, Department of Naval Architecture, 97 : Static true fracture strength (kg/
Faculty of Engineering, University of Tokyo mm?)
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1. Introduction

The estimation methods of low cycle fatigue
strength of a structure may be classified
into two groups. The first one is a method
of gaining direct information about the
fatigue strength of a structure by carrying
out load-controlled low cycle fatigue tests,
or displacement-controlled low cycle fatigue
tests in particular cases, of scale models of
structural components and notched wide
plates. The second method, that may be re-
garded as a so-called indirect method, is to
predict the fatigue strength of a structure
by using basic fatigue diagrams, which are
obtained by strain-controlled low cycle fatigue
tests of cylindrical specimens of small size.
The basis of the second method may be pro-
vided by the experimental fact that local
strain at a notch behaves, in general, in
roughly constant range of strain.

In the former case, the strength com-
parison between specimen series will be very
apt to be based on the qualitative judgement,
because it is generally difficult to conduct
fatigue tests of many specimens in any test
series due to restrictions of testing period and
expenses. Although the second method is
adopted in a structural design code such as
Section III of the ASME Boiler and Pressure
Vessel Code, weak points of the method are
mentioned as follows: (1) It is rather difficult
to prove scale effects involving influences of
yield zone size that depends upon material
properties, (2) Uneasiness is felt about to
what extent could controlling conditions in
strain cycling of a small size specimen dupli-
cate strain cycle history at a notch in a
realistic structure, and (3) To what extent
should the value of safety factor be evaluated
in the application of basic fatigue diagrams
for design purpose.

If the problem is simplified for the simplest
case where a notched wide plate is subjected
to tensile load, one question should be raised
on what kind of strain history must be ap-
plied to a small size specimen tested in strain
cycling in order to obtain the same fatigue
life for both a notched wide plate and a

cylindrical specimen of small size. Very few
researches, however, have been made from
such viewpoint. Crews et al.h» cycled side
notched, K.=2, 2024-T3 aluminume-alloy sheet
specimens until local stress conditions stabi-
lized, and reproduced the plastic strain
histories in simple, unnotched specimens of
small size. The results by Crews et al.
show good agreement between actual failure
life of notched sheet specimen and life pre-
dicted by the results of unnotched, solid and
cylindrical specimens in lower life range up
to approximately 3x10* cycles, while the
agreement is poor in higher life range.

The necessity of researches from such
point of view should be easily recognized
for ship structure steels, and this recognition
afforded the starting point of the investigation
of which results are described in the first
half part of the present paper.

The next problem concerns the fatigue
strength reduction factor caused by a sharp
notch, which is located in a structural dis-
continuity of small value of elastic stress
concentration factor. In other words, the
problem relates to notch effects in strain
cycling. The local and superposed influences
of gas cut notch, undercuts and weld defects,
which are located in the region of structural
notch, on the low cycle fatigue strength may
be cited as examples.

The accurate information about fatigue
strength reduction factor in low cycle fatigue
must be one of the important factors in
fatigue design of a structure. If the allow-
able stress could be increased by precise
design with smaller safety factor, overesti-
mation of the fatigue strength reduction
factor leads to loss of design stress. On the
contrary, underestimation of the factor will
cause unsafe design. Relating to this pro-
blem, the Nuclear Power Piping Code of USA
Standard, USAS-B31.7 (1969), defined the A-
factor for use in simplified elastic-plastic
analysis. The A-factor, that is the ratio of
(Ky—Ku) to (K.—1), is expressed in graphs
as a function of primary plus secondary stress
intensity for carbon steel, 2—1/4 Cr—1 Mo
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steel and 304 stainless steel. It seems con-
struction of A-factor curves were based on
a Targart’s paper? in which analysis was
made about the results obtained by Krempl®.
One subject to be discussed here is if A-
factor curves given in USAS-B31.7 Code
could be applicable to other steels than those
mentioned in the Code. Incidentally, A-
factor was changed to K.-factor, in Section
III of ASME Boiler and Pressure Vessel
Code (1971), with some modification of de-
finition,

A paper published in 1965 by Manson and
Hirschberg® may be the first instance of re-
searches on the fatigue strength reduction
factor in low cycle fatigue. After that several
papers have been published, and the results
of them are divided into two groups: the
one concludes the fatigue strength reduction
factor is equal to or lower than the elastic
stress concentration factor, while the other
leads the conclusion that the former is al-
ways higher than the latter.

For the purpose of obtaining a basis for
definite interpretation of the fatigue strength
reduction factor in low cycle fatigue, investi-
gations of which results are summarized in
the latter half part of the present paper was
made by carrying out strain- and load-con-
trolled low cycle fatigue tests of smooth and
notched specimens of the same steels.

Thus the present paper deals mainly with
condensed results of researches®> %78 which

Table 1 Chemical Compositions of Steels (Ladle
Analysis; Percent by Weight)

Steel C Mn Si P S
SM41B 0.20 | 0.71 | 0.06 | 0.11 | 0.23
SM50B 0.17 | 1.34 | 0.32, 0.20 ; 0.11
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had been carried out by the author and his
co-workers in order to investigate the notch
effects in low cycle fatigue of ship structure
steels.

2. Prediction of Fatigue Life of Notched
Plate®?

2.1 Experimental Details

Two commercial steels of 13 mm in thick-
ness were tested in the as-received condition:
a mild steel, SM41B steel specified in the
JIS Code, and a 50kg/mm? high strength
steel, SM50B steel specified in the JIS Code.
Chemical compositions and mechanical pro-
perties of the two materials are listed in
Tables 1 and 2, respectively.

Figure 1 shows dimensions of notched wide
plate specimens. A notch was machined at
the center of a specimen. The configura-
tions of three notches, type A, B and C, give
elastic stress concentration factor of approxi-
mately 5, 10 and 14, respectively with the
assumption of an ellipse or a slot with round
corners in an infinite plate®.

From the same materials hourglass type
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Fig. 1 Details of Notched Wide Plate Specimens
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Table 2 Tensile Properties of Steels (Mean Value of Static Tension Test Results

of Hourglass Type Specimens)

. ' Material gy Ou gy
Steel | Ve (kg/mm?) | (kgfmm) | g €
SM41B ~ M 27.5 | 44.6 | 97.0 0.887
SM50B l H 36.1 | 53.4 1 114.8 1.184
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o g mild steel, H for 50kg/mm? high tensile
Rolling Dir. o™ 3 .

-— M13 P2 steel, A, B and C for notch configurations
[___ - as shown in Fig. 1.

50 0] 2¢ |10 50 In case of the mild steel specimens, maxi-
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(K{=1.06)

Fig. 2 Details of Hourglass Shaped Specimen

specimens, of which configuration is shown
in Fig. 2, were also machined out for the
use in strain-controlled low cycle fatigue tests.

Each one of all the notched plate specimen
series was tested by static tensile load, and
strain distributions on front and rear sur-
faces of the notched section were measured
at maximum and minimum loads by using
strain gauges and Moiré method. With
reference to the method used by Nagai
et al.!®, gratings of 150lines/inch were
photoengraved on specimen surface, and
change of grating was photographed during
the test. By extending the technique de-
veloped by Bossaert et al.!V to linear mis-
matching method, strain analysis was made
for interference fringe lines which were made
on an enlarged photograph by mismatching.

Controlled repeated axial load was applied
to the notched wide plate specimen until a
fatigue crack up to 0.5mm in length will
initiate at a notch corner, and after that
the specimen was loaded under the condition
of constant maximum load or of constant
maximum net section stress.

Hourglass shaped specimens with the con-
figuration of 8 mm in diameter and 1.06 in
shape factor!®> were tested in strain cycling.
In the test, a cyclic strain history, that was
previously obtained at the tip of a notch in
a plate specimen subjected to repeated axial
loading, was duplicated in a hourglass type
specimen.

2.2  Results and Discussion
2.2.1 Cyclic Characteristics of Peak Strains

Figures 3, 4, and 5 show cyclic character-
istics of longitudinal peak strain measured
by Moiré method at the tip of a notch in
wide plate specimen. In these figures the
specimen code is given as follows: M for

—O— Max. Strain s
--4&-- Min. Strain it

[o-]
o
T

(%)

w
o

N
wn

Longitudinal Strain at Notch Root
longitudinal strain (%)

| IS W T S BN S0 T W'

N
o

1 1 1

1 1 A 1
0 02 04 06 08 1.0
Cycle Ratio, n/N¢

Fig. 3 Cyclic Characteristics of Longitudinal Strain
at the Tip of Notch (Mild Steel Specimens;

K,=5)

—5—
oz
~7477 Min. Strain

T — T T

W

< -,
et -~
SRT o A

6' -
-
-

] /,/" N
;{’" Q “C‘ /’/A
; w Be\ b gitae
. L_S\a 0. -
‘A%/

. Max. Strain

35

et

>
\
N\

(%)

30

25

IS B (L S B B B O SN B
z
[+

20

AN

w

wn

Ed

w

[?Y

>

(o]

. \
”o

\
o

LS. I ST B ST T E S

——

oo~
15 HR a7 .290, Nc*®
Fos e s B0
QT

Longitudinal Strain at Notch Root
\\
R
z
(]
\!

10

' I 1 3 | ! 1 1 1 { |
0 0.2 0.4 0.6 08 10
Cycle Ratio, n/N¢

Fig. 4 Cyclic Characteristics of Longitudinal
Strain at the Tip of Notch (Mild Steel
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mum and minimum strains increased greate-
ly in the range of imposed cycles less than
one tenth of the crack initiation life, and
after that showed nearly constant increasing
rate. On the contrary, nearly linear increas-

ing tendency is observed in the whole range

of cycle ratio for the 50 kg/mm? strength
steel. Another tendency, which is observed
for both steels, is that the strain range at
the tip of a notch is found to be approxi-
mately constant until the crack initiation.
Closer observation about crack initiation
behaviour proved that the crack initiation
life of a notched wide plate could be affected
by four factors: (1) The maximum peak
strain at the first half cycle, (2) Amplitude
of peak strain, (3) Increasing mean strain at
the tip of a notch and (4) The degree of re-
straint in thickness direction. For example,
in case of a specimen with K; of 10, a fatigue
crack initiated at an early stage at the
thickness center of a notch root, and the
crack extended in thickness direction from
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Fig. 5 Cyclic Characteristics of Longitudinal

Strain at the Tip of Notch (50 kg/mm?

High Strength Steel; K;=10)

both ends of it. During this period no crack
was observed on specimen surfaces. In case
of a specimen with K; of 5, five to ten cracks
of about 1mm long were developed at an
early stage on the surface of a notch root,
and some of these cracks extended their
length, while the rest cracks stayed with
their original lengths. During this period a
crack of approximately 0.5 mm long initiated
independently on a specimen surface at a
tip corner of the notch. Thus, the crack
initiation life of a notched wide plate speci-
men Ny(P) was defined as the number of
cycles to initiate a crack up to 0.5 mm long
at a corner of tip of a pre-machined notch.
2.2.2 Comparison of Crack Initiation Lives

In Figs. 3,4 and 5 it is seen that peak
strains measured by Moiré method at the
tip of a notch fall in a scatter band. Faired
curves were drawn for each group of data
as shown by solid and dotted lines, and then
these curves were used as maximum and
minimum limits of strain history which should
be duplicated in strain cycling test of a
hourglass specimen. In other words, the
maximum and minimum strains in each
strain cycling of a hourglass specimen were
traced on these curves. Visible crack initi-
ation life of a hourglass shaped specimen
strain cycled in such a way was defined as
number of cycles to formation of a surface
crack 0.2 to 0.5 mm long, and symbolized as
N(H).

In Fig. 6, the relations between Ny(H) and
N«P) are plotted in log-log scale. It is seen
that data for mild steel specimens with K
of 5 and 10 fall about a dotted line, that
represents equal life of both specimens.
While, data for mild steel specimens with
K, of 14 and those for 50kg/mm? high
strength steel specimens with K. of 10 show
the tendency that N P) is much shorter
than N«H). Another observation of Fig. 6
suggests that the ratio of N(P) to N«{H)
becomes smaller as the K, of a notch in a
wide plate increases.

The reason for this tendency is probably
found partly in the definition of crack initi-
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ation life and partly in the difference in crack
initiation behaviour in notched wide plates.
Crack initiation life is closely related to the
size of crack. An example is given in Fig.
7, that was obtained by reversed strain cycl-
ing of hourglass specimens of a 60kg/mm?
high strength steel!®!. It is clearly ob-
served that the initiation life of a surface
crack 0.01 to 0.05mm long Ni.o1 is much
shorter than that of a surface crack 0.2 to
0.5mm in length N..
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Fig. 7 Relations between Crack Initiation Life and
Failure Life (60kg/mm? High Strength
Steel; Hourglass Shaped Specimen; Re-
versed Strain Cycling with Constant Strain
Amplitude)

As described above the crack initiation
behaviour in a notched plate differs widely
by many factors, among which the degree
of restraint in thickness direction is an im-
possible factor to reproduce in strain cycling
test of a hourglass specimen. -

If it is necessary, by all means, to get an
equal life between a wide plate specimen
with a sharp notch and a hourglass specimen,
it may be necessary to make a sliding change
of the definition of crack initiation life for
the notched wide plate specimen, correspond-
ing to the increasing K. value.

lida et al.'® carried out reversed, constant
amplitude strain cycling test on the similar
materials as used in the present test, and
obtained the following relations;

For a mild steel, SS41E steel in JIS Code,

€a=0.322(N,)™0-7°+0.0051(Ne)~0-1%¢ (1)

For a 50 kg/mm? high strength steel, SM50B
steel in JIS Code

€1a=0.320(Ne)~0-616+0.0053(Ne) ™12 (2)

In Fig. 8, N.(P) is plotted against the crack
initiation life of hourglass specimen tested
by constant amplitude strain cycling, that
is calculated by substituting total strain
range at a half of crack initiation life of a
notched wide plate into egs. (1) and (2).
Agreement between the equal life line, the
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Fig. 8 Correlation between Crack Initiation Life
of Notched Wide Plate and that of Hour-
glass Specimen Fatigued by Constant Am-
plitude Strain Cycling
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dotted line, and data is poor, and comparison
of Figs. 6 and 8 suggests that mean strain
increasing at the tip of a notch is remark-
ably influencing factor in the prediction of
crack life of a notched plate in lower cycle
range.

2.2.3 Prediction Formulas of Crack Initiation

Life of Notched Wide Plate
Some formulas have been proposed to
predict the effect of mean strain in strain
cycling on the low cycle fatigue life. Among
these formulas the following expression given

by Sachs et al.!® is the simplest.

Ny=[(es—em)[er]™ (3)

where m is a material constant. By re-
placing N, with N,, the damage rate per
cycle will be represented by

lecr/(er—em)]™ (4)

when the sum of the value of eq. (4) becomes
to unity, it means the crack initiation. Based
on this concept, the crack initiation life of
a notched wide plate is discussed as follows.
Letting e be the local strain at the notch
root at the time of crack initiation in a
notched plate, emo be the mean strain at the
first cycle, and er: and Jdem: be the total
strain range and the increase rate per cycle
of mean strain at i-th cycle, respectively,
the following assumptions are made:
(1) The damage rate at i-th cycles is ex-
pressed by

[Emi/(fo-—fmo)] »; ( 5 )
and the crack initiation life is given by N
satisfying the equation

N
i§1 [e:rif(eo—cmn)] Pi=1 (6)

(2) Effects of increasing mean strain are in-
volved in p: and thus p: is a function of
Afmi/EtRi-

(3) Effects of the degree of restraint in thick-
ness direction are involved in eo.

In order to define the functional expression
of p:, strain cycling test, of which procedure
is 'shown 'schematically in Fig. 9, were car-
ried out by using hourglass specimens of the

same material as used for notched plate
specimens. Before the cycling test the speci-
men was loaded by static tension up to the
static tensile prestrain of 15%, and then the
specimen was strain cycled with the constant
total strain range of 2%, while the increas-
ing rate of mean strain was varied for each
specimen. The experimental results are
shown in Fig. 10, in which results by con-
stant mean strain are also plotted. From
the results the following expressions were
obtained approximately:

p=a[l—(denfcr)]*+1

a=0.92 for SM41 Steel, and
a=0.82 for SM50 Steel.

(7)

Strain

Ctr=const.
Em =€m0’A€m'N

Number of Cycles
Fig. 9 Schema of Strain Cycling Test
with Linear Increase of Mean
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Thus, p: in the formulas (5) and (6) becomes
pi=a[l—dcmiferi)] {41 (8)

As described above, cyclic behaviour of
peak strain at the notch root showed ap-
proximately linear increasing tendency for
SM50 steel specimens, while the increase
rate of peak strain was not constant in case
of the SM4l steel specimen. However,
simplification was made with the assumption
that peak strains at the maximum and the
minimum of each cycle behave linear in-
crease with constant strain range from the

second cycles to crack initiation life. Thus,
eq. (6) is modified to
D=N;[e:r/(e0—€m0)] ?
p=a[l—(den/e:r)] ' +1 (9)

a=0.92 for SM41 steel, and
a=0.82 for SM50 steel.

If eq. (9) is valid, D should become unity.
But it was found that D values for all the
specimen tested were ranged from 0.391 to
1.334.

Besides eq. (3) proposed by Sachs et al.'®,
Ohji et al.'”, Yao-Munse!® and Iida et al.'®
proposed prediction formulas for mean strain
effects in strain cycling fatigue as follows:
By Ohji et al,,

Ny = [(er)"—(em)™] [4(€rrf2)™ (10)
By Yao-Munse,
gl[(da/zjfuy’] i=1 (11)

p:l——OSG(ACC/ACl)
By lida et al.,

1—(Ne/ Neo)= [W1s(em~+€9a)— W1s(cpa)) [ Wy
(12)
One problem in applying these formulas
to the prediction of crack initiation life of
a notched plate, where the effects of notch
geometry are remarkable, is the evaluation
of restraint effect in thickness direction due
to a notch. Thus, ¢; and Je; in the above
formulas are replaced by e, Wy by Wiu(eo)
that is obtained as the energy corresponding
to o, and Ny by N.. Moreover, the mean

strain was assummed to be constant value
expressed by the following:

Cm=€m0+dfm' [NC(P)/Z] (13)

The exponent m in egs. (3) and (10) should be
equal to the value of p given by eq. (7) ap-
plied to the case of zero mean strain. Then
m is decided as 1.92 for mild steel, and 1.82
for 50 kg/mm?* steel.

In such a way expected life to crack initi-
ation of a notched plate N. was calculated
by substituting experimental data into the
equations mentioned above. Figure 11 shows
the ratios of N. to actual crack initiation
life of a notched specimen Ne(P). A short
vertical line crossing a bold horizontal line
represents a result of calculation. The re-
sults by the analysis using the author’s eq.
(9) show narrowest scatter band width, of
which center is situated near unity. While,
the results obtained by using equations after
Sachs et al., Ohji et al.,, Yao-Munse, and
lida et al. exhibit wider scatter in the range
of higher value of N/N«P), which means
the unsafe prediction.

The next stage is advanced in making
divisions of mean strain levels as shown in

Fig. 12. In this case eq. (3) by Sachs et al.
l L LR LR AR
- after Author’'s Eq.

Sachs’ Eq.
H—H—++—+H Ohji et al's Eq.
—H— Yao-Munse's Eq.
i } —— lida et al's Eq.
Effect of Division
lHHH'l-HI 2 Steps
II—IH-H—HI L Steps
IH*HHH 6 Steps
[HHH 20 Steps
U W YOI R N
1 S 10 50 100

Crack Initiation Life Ratio, Neg/Nc(P)

Fig. 11 Ratios of Predicted Crack Initiation Life
to Actual Crack Life
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was used by the reason of its simplest form.
The results are shown in the lower part of
Fig. 11. Saturating behaviour of scatter
band width is observed as the number of
steps becomes greater than four?”. It, how-
ever, may be worthy of note that most of
the results are distributed in unsafe side of
life prediction.

3. Fatigue Strength Reduction Factor in Low
Cycle Fatigue®-®

3.1 Experimental Details

Three steels of 80 kg/mm? tensile strength
and a mild steel were used in the as-received
condition. Chemical compositions and tensile
properties are shown in Tables 3 and 4.

Smooth and grooved solid cylinder speci-
mens were machined out in the rolling di-
rection of 20 and 25mm thick 80kg/mm?
steels and of a 70 mm thick mild steel. De-
tails of specimens used for the mild steel
are shown in Fig. 13. Table 5 lists di-
mensions and K, values of specimens used
for 80 kg/mm? steels. Elastic stress concent-
ration factor for a round notched specimen
was calculated by the following formula?®.

j ‘B 142.4VR/h
Kﬁ=1+(KO+1>L1—<'1§d> } (14)
where K,=theoretical stress concentration
factor in case of notch angle of 0°
Ks=theoretical stress concentration
factor in case of notch angle of
8°

h=remainder subtracted radius of

minimum section from radius of
parallel part
R=notch radius.
Peterson’s charts'® were used for hourglass
shaped specimens and for K, values. The
specimen surface was polished with emery
paper of very fine grain and finished with
buffing cloth.

Diametral natural strain amplitude was
controlled for the fatigue tests of high tensile
steel specimens under the reversed cycling
condition. The change of diameter at the
minimum cross section of a specimen was
detected by an unbonded type wire strain
gauge or by a linear differential transformer.

In the fatigue tests of mild steel specimens
both diametral natural strain amplitude at
the test section of a specimen and axial load
applied were controlled under the reversed
cycling condition.

All specimens were tested at ambient
temperature by triangular shaped cycling.
The cycling rate was kept about 2 to 5 cpm
when the number of cycles to failure was
expected to be less than 100 cycles, while 5
to 10 cpm in other cases. In general, load-
ing was started with tension phase.

In order to make continuous record of
cyclic behaviour of longitudinal strain on
the surface of the test section, strain gauges
of 0.2 mm in gauge length were bonded longi-
tudinally with the transverse centerline of
the gauge located at the minimum cross
section, that is notch root of grooved cylinder
specimen of mild steel, while strain gauges
of 3mm in gauge length were applied on the
center of hourglass shaped, mild steel
specimen.

3.2 Results and Discussion
3.2.1 Static Tensile Properties

Two to five specimens in each test series
were tested in static tension. An example
of the results is shown in Fig. 14, in which
tensile properties are plotted against elastic
stress concentration factor. It is found that
true fracture stress increases gradually and
reaches to the saturated value at the K.
value of nearly 2.5 with the increase of K
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Table 3 Chemical Compositions of Steels (Ladle and Check Analyses; Percent by Weight)

Steel %toe;é | c si | Mn| P S Ni | cr | Mo | Cu Analysis
sM | 0.15 | 0.20 | 0.85 | 0.019 | 0.008| — | 1.05 | 0.48 | 0.30 Ladle

80 kg/mm?
High Ten. | 8NA | 0.16 | 0.28 | 0.36 |0.015 | 0.007 [ 2.25 | 1.20 | 0.42 | — Check
Steel 8NB | 0.10 | 0.23 | 0.60 | 0.019 | 0.009 | 2.65 | 0.47 | 0.45 | — Check
SM41A aM | 0.17 | 0.24 | 0.60 | 0.015 | 0.015| — | — — | = Ladle

Table 4 Tensile Properties of Steels (Mean Value; Cylindrical Specimen)

Steel Code K (cgfmm?) (egmm) | (cgimam?) i
8M 1.01 76.2 88.2 167.8 1.034
8M 1.11 83.7 96.7 169.2 0.807
8NA 1.11 85.2 96.3 169.2 0.998
8NB 1.11 79.3 86.6 163.7 1.071
4M 1.06 28.2 58.3 111.3 0.794

1) Shape Factor (Theoretical Elastic Stress Concentration Factor) of Specimen

Hourglass Specimen

@
& M60 P2.0
K¢ =106 N '
Table 5 Dimensions and Shape Factors of
Specimens Used for 80 kg/mm? Steels _ -
Code K (rﬁ:l) (r—ﬁ,:;) Remarks®
le——120 «—99.2 120
SMA 1.01 8 80 HG 20.4 20.4
380

8MU 1.11 7 14 HG

8MB 1.57 8 2.4 RN Round Notch Specimen

8MC 2.48 8 | 0.6 RN M60 P20

8MD 3.48 8 0.25 RN | I I A | i
- lf ™

8NA 1.11 7 14 HG

e 120 ——sfe— 70 —>-70 —— 120 —>
8NAN 2.35 7 0.6 RN : 380
8NB 1.11 7 14 HG
Notch Details
8NBN 2.35 7 0.6 RN .
60

1) Elastic Stress Concentration Factor
2) Diameter of Test Section R R{mm)|1.05 | 2.80 | 4.90
3) Notch Radius Kt 3.49 | 2.49 | 2.01
4) HG=Hourglass Type Specimen (Solid)

RN=Round Notch Specimen (Grooved, Solid) Fig. 13 Details of Specimens
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Fig. 14 Relations between Tensile Properties
and Shape Factor of Specimen
(80 kg/mm? Steel)

value. On the other hand, curves of static
fracture ductility and nominal ultimate
tensile strength show steep change up to
the K value of approximately 1.6, and there-
after gradual change with the increasing K.

3.2.2 Crack Initiation Life as a Function of
Equivalent Strain Amplitude

Letting d. and d. be diameters of the test
section at the maximum tensile and com-
pressive axial deformations, respectively, dia-
metral natural total strain amplitude, e,
that is the controlling value in diametral
strain controlled, reversed fatigue test, is
given as follows:

€, =(1/2) In (dc/dv) (15)

Then, longitudinal natural plastic, elastic
and total strains, €pa, €ec and ea, are obtained
with the assumption of constant volume in
plastic deformation, for an hourglass shaped
specimen:

OR

= e

€ta="€pa+ €ea =260+ <‘—;——-y>

where v=Poisson’s ratio (=0.3)

E=Young’s modulus (=21000 kg/mm?)
or=longitudinal true stress range in
the stable condition, where cyclic

127

hardening and softening behavi-
ours have disappeared.

As described above strain gauges were
bonded, before the fatigue test, at the test
section of mild steel specimens. Results of
strain measurement on hourglass shaped
specimens showed fair agreement with the
calculated value by eq. (16) within the error
range of +10%.

Results of diametral strain controlled
fatigue test on hourglass shaped specimens
of mild steel are shown in Fig. 15, in which
longitudinal natural strain amplitude is plot-
ted against number of cycles to initiate a
surface crack 0.2 to 0.5mm long, N and
failure life, N;. Linear relations are easily
observed for c.a versus N and eq versus N
curves, while plastic strain amplitude does
not exhibit linear decrease, in log-log plot,
against increasing N.. Such phenomenon
was previously pointed out by Hotta et al.?»,
who concluded: (1) Steels with banite and
tempered martensite structures show a con-
vex curve of e, versus N and (2) Steel, of
which tensile strength is lower than
60 kg/mm?, with ferrite and ferrite-perlite
structures shows a straight line relation be-
tween epe and MN;. According to the con-
clusion by Hotta et al., eps versus N curve
in Fig. 15 should be a straight line, because
steel tested is a mild steel. Curved relation,
however, is shown for no reason that could
be discovered.

As for a round notched specimen, by intro-
ducing radial strain amplitude, €, the fol-
lowing formula is found with the assumption
of constant volume.

ctatelate=0 a7

The e, can be measured by strain gauge of
short gauge length, and ¢, is the control
value, then ¢, is given by eq. (17). Thus,
equivalent strain amplitude, eeq,a 18 calculated
by '
2
65‘110':——3_{(6‘@_6?0,)2+(E.Lia_€{a)2+(E{a_fc¢>2}l/2
(18)
In Fig. 16, the results of diametral strain
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Fig. 16 Equivalent Strain Amplitude versus Crack Initiation Life for Notched

Mild Steel Specimens

controlled fatigue tests of grooved cylinder
specimens are plotted in the form of ewq,a
against N.. The solid line represents the ew
versus N, curve for hourglass specimen.
Fair agreement can be seen between the

solid line and results of notched specimens,
excepting data for K.=2.49 in the N range
less than 400 cycles. This observation may
lead, as the first approximation, to a con-
clusive remark that, regardless of specimen
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geometry, a fatigue crack will initiate at an
approximately same life, if the equivalent
strain amplitude at a notch root is equal.
Moreover, it may be concluded that the
fatigue strength reduction factor is approxi-
mately equal to dynamic, plastic strain con-
centration factor. The comparison of the
former with the latter showed fair agreement
all over the range of nominal stress ampli-
tude in the test. Incidentally, the dynamic,
plastic strain concentration factor can be
obtained by a comparatively easy method,
of which principle was previously proposed
by Manson and Hirschberg!®. The method
needs one of the following formulas**~?® and
dynamic true stress-natural strain diagram,
that is obtained from data on the relation
between strain range and stress range in
the stable condition during the strain
cycling test of the hourglass specimen.

K.=K/[(K—K:+1)
K, K.=(K.):

(19)
(20)

3.2.3 Fatigue Strength Reduction Factor in
Low Cycle Fatigue

In low cycle fatigue a specimen is loaded
beyond the yield stress. Thus, even if the
specimen has no or little stress concentration,
the controlling value, strain amplitude or
stress amplitude, should be carefully selected
from the viewpoint of design use. In case
of the notched specimen, the problem will
be more complex, because strain distribution
along the notched section is not simple as
the case of the smooth specimen.

Different opinions?~%826-2% on the appropri-
ate way of low cycle fatigue test of grooved
cylinder specimen have been reported to
obtain reliable information about the appli-
cation of laboratory test results to fatigue
design. Table 6 summarizes various methods
proposed previously.

The method after Manson and Hirschberg?® .
needs a series of reversed, diametral strain-
controlled tests of smooth specimens and
then a series of load-controlled test of notched

Table 6 Definitions of Fatigue Strength Reduction Factor

Method Control T ISjtsr(:'as(;fvls).y réat\gllxi .
by Valueb est Procedure® Curve for Definition® Result®
Smooth Specimen®

G | BEen | - — e
SRS - s [ Kok
Krempl Ta ‘L<(SI\)I) % e oL S(N)— H(N) €(S)/e*(N) Ky>Ki
Krempl Tb fL((SI\)U gg SCT of 25, (S)—S*(S) S¥(S)/S(N) K< K,
Krempl 11 (L(<S131) %g O o — ExcS)SN) | Kr>K
Stress Amp. kgls\l)) g% Iig"; 8; %SS — S(S)/S(N) Kr<K:
| m, | wsan | - [ wwe | 32K

1) ¢ ): strain amplitude,
notched specimen.

2) SCT: (diametral) strain controlled test,
notched specimen.

L( ): load (=nominal stress) amplitude,
For example, ¢(S) means strain amplitude for smooth specimen.
LCT: load controlled test,

(S): smooth specimen, (N):

SS: smooth specimen, NS:

3) ¢¥N) and SXS) are obtained by a stress-strain diagram as a corresponding value to S(N) and €(S),

respectively.
4) €eq: equivalent strain amplitude

5) Ky: fatigue strength reduction factor, K,: theoretical elastic stress concentration factor, K.:

plastic strain concentration factor
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specimens. In the latter test series, a notched
specimen is loaded by duplicating a stress
range against cycle history that has been
obtained by strain cycling a smooth specimen.
Manson and Hirschberg tested a 7075-T6
aluminum alloy and a 4340 steel by this
method, and discussed the agreement of pre-
dicted crack initiation life of notched speci-
men with experimental results. Fatigue
strength reduction factor in low cycle range
K; is not defined in their paper, but experi-
mental results seem to suggest that Ky is
nearly equal to plastic strain concentration
factor K.

In the method after Iida® reversed, diame-
tral strain controlled tests are carried out
for both smooth and notched specimens. By
applying egs. (15) and (16), longitudinal strain
amplitude against crack initiation life curves
are constructed for both specimen series, and
K, is defined, as shown in the upper schema
in Fig. 17, as the ratio of longitudinal strain
amplitude for smooth specimen at a certain
N to that for notched specimen at the same
N.. One problem in this method is found,
as pointed out by Krempl*”, in the method
of conversion of longitudinal strain amplitude
from the controlled value of diametral strain
amplitude. The fact of a complex state of
strain distribution along the notched section
suggests that experimental results by this

Strain - Controlled

€1(s)
€N

SN fF~—=———=~—

W’\
SSP_W\

Fig. 17 Schemata for Definition of
Fatigue Strength Reduction
Factor

type of testing may limit its application for
specific cases.

Krempl®»26:20 studied the influence of the
definition of the fatigue strength reduction
factor on its magnitude, after discussing the
various probabilities of defining this factor.
The method adopted by Udoguchi and
Wada?®, who derived the conclusion that K,
is nearly equal to K is very similar to
Krempl’s method la. Krempl’s methods are
based on results by reversed, true strain-
controlled fatigue test of smooth or hourglass
shaped specimens and results by reversed,
load-controlled tests of grooved cylinder
specimens.

In the Krempl’s method Ia, the nominal
strain range of the notched specimen is ob-
tained from the nominal stress range by
using a cyclic true stress-natural strain dia-
gram for the smooth specimen, or monotonic
diagram in case of lack of data. The Ky is
defined as the ratio of the strain range such
defined to the strain range of smooth speci-
men.

In the method I6 by Krempl, the stress
range of the smooth specimen is figured
from the strain range via a suitable stress-
strain diagram. The ratio of the stress range
such obtained to the stress range of the
notched specimen, that is the control value
in the test, is defined as the K.

The K; by Krempl’s method IT is defined
as the ratio of fictitious stress range of the
smooth specimen, that is obtained by multi-
pling Young’s modulus by the strain range
in the test of smooth specimen, to the
nominal stress range in the test of the notched
specimen.

Three problems related to Krempl's
methods may be posed here: (1) Essential
difference of cyclic characteristics of stress
and strain diagrams in load- and strain-con-
trolled fatigue. In the strain-controlled
fatigue, the maximum and the minimum
stresses vary with cycles due to cyclic
hardening and softening, and in the case of
load-controlled test the behaviour is the re-
verse, (2) True stress versus natural strain
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diagram for a notched specimen differs much
from that for smooth specimen, and (3) The
converted strain used in the Ia is a kind of
nominal and averaged strain, that does not
correspond to the realistic surface strain at
the notch root.

Methods proposed by Manson et al., lida
and Krempl and others are based on a few
assumptions respectively, and have points of
discussion. It may be worthy to cite here
Krempl’s opinion?® that there is, at present,
no best way to obtain low cycle fatigue de-
sign information which would satisfy all the
requirements.

The simplest difinition of K, is shown in
the second frame from the bottom of Table
6 and in the lower schema in Fig. 17. In
this case both smooth and notched specimens
are load-controlled and Ky is defined as the
ratio of nominal net section stress ampli-
tudes. Physical meanings of this method is
clear in the case where a structural com-
ponent with discontinuity 1is subjected to
load-controlled condition.

Setting aside the discussion, fatigue
strength reduction factors for the mild steel
tested were calculated as a function of the

! 1 ! ! 1 ! !
Ki= DL]
16 ( \ -~
349
. "\4[3 m] a
- — \
(0]
o
u- e 0 -
U - /
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« A
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L ,{ 50000~ |
O SM41A i
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Fig. 18 Fatigue Strength Reduction Factor by

lida’s Method as a Function of Nominal
Stress Amplitude (Mild Steel)
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Fig. 19 Fatigue Strength Reduction Factor by
Krempl’s Ja Method as a Function of
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Fig. 20 Fatigue Strength Reduction Factor by

Krempl's I6 Method as a Function of

Nominal Stress Amplitude (Mild Steel)

nominal stress amplitude. Results by Iida’s
method are shown in Fig. 18, in which the
tendency of larger Ky is observed in the
whole range of the abscissa. Figures 19 to
91 are results by Krempl’s methods. The
K, values by Krempl’s methods of Ia and II
are always larger than K., while K; by the
method Ib gives smaller value than K. Direct
method comparing stress amplitudes in load-
controlled fatigue tests of smooth and notched
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specimens shows smaller Ky than K.
3.2.4 The A-Factor

The A-factor defined in USA Standard,
USAS-B31.7 (1969), is expressed as follows:

A=K~ K)l(Ki—1) (21)

This factor is calculated from the test re-
sults for the mild steel and plotted in Fig.
23, in which A-factor curve described in the
USAS B31.7 for cabon steel (p-Number 1,
ASME IX) is also shown by a dot-dash line.
In this case solid curves were calculated by

Fig. 23 A-Factors versus Modified Stress Ampli-
tude (Mild Steel)

substituting K, values calculated by the
method described in the last part of section
3.2.2. Large discrepancy is observed ex-
cepting the point of 2.2 of the ratio of stress
amplitude to yield stress. This observation
may suggest necessity of further studies on
the definition of low cycle fatigue strength
reduction factor for design use.

4. Conclusions

Repeated (zero-to-tension) load-controlled
fatigue tests were carried out in low cycle
fatigue range on center notched wide plate
specimens of mild and 50 kg/mm? strength
steels. Maximum and minimum strain
histories against cycles were measured by
Moiré method at the tip of a notch, and
these histories were duplicated in strain
cycling of hourglass specimens of the same
material. The following conclusions can be
drawn from the results of the tests:

(1) Crack initiation behaviour of a notched
wide plate is influenced by the four factors:
the maximum peak strain at the first half
cycle, amplitude of peak strain, increasing
mean strain at the tip of a notch and the
degree of restraint in thickness direction.

(2) In cases of mild steel specimens with a
notch of 5 and 10 in elastic stress concen-
tration factor, good correlations are found
between the crack initiation life of the
notched plate and that of hourglass shaped
specimen, which was strain cycled by dupli-
cating strain histories at the tip of notch in
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the wide plate. While correlation is not so
good for the cases of mild steel specimens
with a notch of 14 in elastic stress concen-
tration factor and for 50 kg/mm? strength
steel specimens.
(3) Poor correlation is found between the
crack initiation life of the notched wide plate
and that of the hourglass shaped specimen
fatigued by strain cycling with constant
mean strain.
(4) An expression predicting cumulative
damage in a notched wide plate was derived
on the basis of results of strain cycling tests
on hourglass specimens with linear increase
of mean strain. The ratio of the predicted
crack initiation life, that is calculated by the
derived expression, to that of the actual
crack life of a notched wide plate ranges
from approximately 0.75 to 2.5. Nevertheless
the scatter width of the predicted-to-actual
crack life ratio is narrowest for the present
method, as compared with the results ob-
tained by using previously proposed formulas
expressing the effect of mean strain.
(5) In case where a previously proposed
formula predicting effects of mean strain is
used for prediction of the crack initiation
life of the notched wide plate, the scatter
band width of predicted-to-actual crack life
ratios saturates with the increasing number
of divisions in the method of replacing linear
increase of mean strain by arbitrary number
of steps with progressively increased mean
strain. In the present paper four steps were
enough to minimize the scatter band width.
However, the predicted-to-actual crack life
ratio derived by this method gives in general
the prediction of unsafe side.

Completely reversed strain cycling tests on
a mild and 80 kg/mm? steels and completely
reversed load cycling tests on a mild steel
were carried out, in low cycle fatigue range,
by using hourglass shaped and grooved
cylinder specimens. From the tests results
conclusions can be drawn as follows:
(1) A visible surface crack 0.2 to 0.5 mm
long initiates at an approximately same
number of cycles at the notch root of a

grooved cylinder specimen with any shape
factor, if the equivalent strain amplitude at
the notch root is equal. And the crack initi-
ation life of a grooved cylinder specimen is
nearly equal to that of an hourglass specimen,
if the equivalent strain amplitude for the
former is equal to the longitudinal total
natural strain amplitude for the latter.

(2) Fatigue strength reduction factor defined
by strain cycling tests of smooth and grooved
specimens is equal, in principle, to the plastic
strain concentration factor at the notch.

(3) The fatigue strength reduction factor K;
derived by Krempl’s method I shows smaller
value than the elastic stress concentration
factor of a notch K.. While, K, values by
Krempl’s methods Ia and [I and by Tida’s
method are larger than K. value.

(4) Fatigue strength reduction factor de-
fined by load cycling tests of smooth and
grooved cylinder specimens is always lower
than the K. value.
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