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Abstract

A modified method for the analysis of short fatigue crack growth has been presented, and calculations
based upon the modified method are compared with experimental results for S45C carbon steel.
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It is also shown that the modified method is in good agreement with experimental data. The proposed
equation for the fatigue crack growth rates includes a material constant which relates the threshold
level to the endurance limit, a correction for elastic-plastic behaviour and a means for dealing with

the effects of crack closure.

In this study one of the modifications is to substitute the Forman’s elastic expression of the stress
intensituy factor range into the geometrical factor. The other is a consideration of the bending effect
which is developed from the moment caused by the eccentric cross sectional geometry as the crack
grows. Thus, this method is useful for residual life prediction of the mechanical structures as well

as the welding structures.

1. Introduction

The problem of fatigue has been approached by
determining the nominal stress range which could
be applied to either a smooth or a notched specimen
without occurring failure for an indefinite number
of cycles”. In smooth specimens, this stress range
is termed the endurance limit, Ag,,, and is typically
defined in terms of a given number of applied cycles
ranging from 10° to 10° cycles.
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Fig. 1 Schematic of the Kitagawa-Takahashi curve
showing the thresholds between propagating
and non-propagating cracks.”

In Fig. 1, the Kitagawa-Takahashi plot”, the line
given by AK, represents the threshold condition
which a crack should not grow under linear elastic
fracture mechanics(LEFM) assumptions. Obviously
they are invalid when small scale yielding conditions
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are exceeded, and this occurs to a greater or less
extent when the term Ao exceeds about two thirds
of the cyclic yield stress, o, in a reversed stress
test. A second line on the plot is the fatigue limit
itself, which can be approximated to the cyclic yield
stress range. Obviously LEFM is not applicable at
these levels of stress. An examination of the figure
reveals why cracks can grow at levels less than AK,,
but it should also be appreciated that cracks growing
on surface of plane specimens at stress levels below
the fatigue limit have been reported.

An analytical method for predicting of the fatigue
crack growth rate of short and long fatigue cracks
has recently been proposed”. The method involves
three modifications which include a material cons-
tant, concept of the plastic zone size to crack length
ratio and the development of crack closure. Com-
parisons were made between calculations based upon
the modified method and experimental data for
7075-T6 and 2024-T3 aluminum alloys. By com-
parisons it has found to be in good agreement with
each other.

The expressions or related versions thereof, have
been used in the analysis of fatigue cracks growing
from sharp notches in Armco iron®, as a function
of R, as well as in the study of the growth of short
surface cracks in steels®. And the applicability of
the approach to short fatigue crack growth in a S45C
plain carbon steel was already examined™. The value
of K., used in those papers at R=—1 was 0 but
McEvily insists it should be a value lower than zero.
And at the higher growth rates a large deviation
between calculations from experimental data and the
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line obtained for the analytically calculated values®.
Therefore it is necessary to make further modifi-
cations in the expression.

2. Method of analysis

2.1 Overall approach

The following equation is the basic constitutive
equation used to relate the rate of fatigue crack
growth, da/dN, to the effective stress intensity factor
range, AK,, and the effective stress intensity factor
range at threshold, AKp,.

L= ACAK AR W

where A is a material constant. Experimental re-
sults for the aluminum alloy 6061-T6* and for the
alloy steel 9Cr-1IMo® have been found to be in good
agreement with Eq. (1). In order to deal with short
cracks this expression has been generalized to form
three modifications along with the basic equation.

The first of these modifications is to include a
material constant to relate the endurance limit and
AK,,.. The second modification accounts for the fact
that the plastic zone size associated with a newly
formed crack is large in comparison with the crack
length in violation of a restriction imposed upon the
LEFM. The third modification accounts for the de-
velopment of crack closure in the wake of a newly
formed crack.

After these modifications have been made the
resulting equation, the equivalent of Eq(1) is as
follows 5

da — 2
N AM) (2

where

M={/Em+ Y\/—_ga(sec T%'# 1)} (0= 00)

—(1=¢™) (K Ko) —AK 3

where 7, is a material constant of the order of
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Y is a geometrical factor, which for surface
flaws is equal to 0.65;

A is the length of a newly formed crack
measured from the initiation sites 3

6, and o,, are the maximum and mini-
mum applied gross stresses ;

o is the yield stress :

k is a materrial constant of dimensions
mm~ which reflects the rate of crack
closure development as a new crack
Erows »

K,.. is the closure level associated with
a long crack.

However in this study the value of ¥ is modified
to a variable as the crack length is increased.

To show that this expression is equivalent to Eq.
(1), it is noted that when crack closure is fully
developed, ie., when (1—¢™) approaches unity, the
above equation can be written as

Al e 4ot
@

since /27, is order of 107 and for the small
value of o in comparison with o, Eq. (4) can be

written as
da _ — R
EV—A ( Y\/nacm —K,,,m,‘,’_ AK,,,;;,) (5)

This equation in turn can be written as

da

dN:A (K.~ K o — AK ) =A(AK,— AK,,)" (6)

which is equivalent to Eq. (1.

The nature of each of the three modifications will
next be discussed.

2.2 Modifications
We begin by considering the first term, the qua-

ntity +/ 217.(Gus—On), in the expression for M. In
the linear elastic range, the stress concentration fa-
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ctor K; of such as elliptical and. circular holes” is

a
_ il )]

And the maximum stress at the stress raiser”
is

O, =K,0 ®

If p=0, especially, for the ellipse of the major
axis, 2c and the minor axis, 2, then the ellipse is
identical to a crack of 2a=2¢ and the stress con-
centration factor K, increases to infinity. When a
crack of the crack length 2z is deformed by the
Mode-I loading condition, the stress intensity factor'”
of the crack is

K=0y/ra (9

And from the stress concentration factor, K, of
Eq.(7) the factor of v/na of Eq. (9) is

limK; =lim(1+2 \/_%—) > 21351\/% (10)

9]
N 135101\/%_ K, an

Therefore Eq. (9) is

/75
Kzo\/naZIViEll 3 Kro a2

Howerer, if we consider that the radius of a fatigue
crack tip is of a finite size, p, rather than zero, Eq.
(12) can be written as

/TP /7.
K= l}_.rrpl '4*Kr0': 4 Ot (13)

where a,, is the maximum stress at the stress
raiser, equal to K.c. Eq. (13) can also be written
as

K:ILTD*'(KT*I)] o/ Ff (14)

KBRIRZBETE, #£135 H2%%, 1995 65

The above also be written as

K=( /?‘FY\/J‘};)U 15

np,
where Yy/7a is equal to (K,—1) /.

Ther stress immediately ahead of the crack tip,
o,, is expressible in terms of the stress intensity
factor and the distance ahead of the crack tip,”
7, e,

K

O,V.V = / 2"7’

By setting o, equal to o,,, an effective distance

(16)

7., can be defined in terms of p, as follows :

np.
Cpeur\/ 2nr. :0',5,... 4p (17)
so that
P
= 18
"R

and Eq. (15), can then be written for cyclic loading
in the linear elastic range as

AK=(\/2n7,+Y\/ma) Ao (19)

In order to evaluate the constant 7, we could let
the crack length, a, in the above equation go to zero
and determine 7, by setting AK equals to AK,,, and
Ao equals to the range of the endurance limit.

However, for the second step, since in the case
of such a short crack the size of the plastic zone
would be large to the crack size, the Irwin's cor-
rection(see Fig. 2) incorporated in the second term
of the expression for M must be used. Irwin su-
ggested™ that if the plastic zone size is large with
respect to the crack length, the crack length be
increased by an amount equal to one-half of the
plastic zone size in order to maintain a linear-elastic
formation. In this expression the plastic zone size
has been computed on the basis of Dugdale’s ana-
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lysis™. From Fig. 2, the enlarged crack length @
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Fig. 2 Irwin's plastic zone correction.””

1
a=a +E‘ 7, (20)

And the plastic zone size is

n=asec rr;: -1) (21

So Eq. (20) is

Ty (22)

. a
a =—(1+sec
2 o,

In addition it has been observed that microcracks
below a certain size are ineffective in reducing the
fatigue strength™. This finding has been interpreted
to indicate that the microstructure becomes the co-
ntrolling factor as the size of the fatigue crack ap-
proaches to zero. In the present analysis, the material
constant 7, will be taken to represent this distance
below which the microstructure exerts a more sig-
nificant effect on resistance to fatigue than a mic-
rocrack does. Therefore AJ. McEvily and Z. Yang®
substituted 7, for ¢ in Eq. (2), and Y equals to 0.65
for a semi-circular surface flaw, the following equa-
tion is obtained for 7, -
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{\/ 2 +Y. \/7% 7, (sec %"d— + 1) }Ao,m, =AK,,
(23

Eq. (23) can be solved for 7, iteratively, Y=0.65

. f TG
However, instead of ®=Y. 7a(sec—2— +1),
G}‘

the author modified it as follows :

_ ) / e
O=F,(&(1+bending effect)v-;—r-a(sec n;, +1)
(24)

where F,(&) is a function of &= %in the Forman’ s

formula™ for stress intensity factors. The formula
is as follows :

K=[cF,(O+cF. (O] /ra (25)

and where F,(¢) =g(§){0.752+ 2.02¢+0.37

(l—sin —;g)z} is for the tensile stress, and F,(&)

= g(g){0_923+0.199(1—sin 727—6)‘} is for the bending

stress where

7
2 tan 92 "_f
gO=092(5){ nE | %,
2

In this case there is no bending stress caused
by a bending load. The bending effect comes from
the fact that the specimen becomes eccentric as the
crack grows. The bending effect is defined-as the
ratio of the bending stress, o,, occurred at the
deepest point by the bending moment of the ec-
centric specimen under the tensile stress, G

G,  nDFhR

Cn 4.,

(26)

bending effect=
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Phi’ 4P

where o©,,.= ~— , ¢,,=

I, DP—2ca’ D—%a

. D 4a D' D
h = +hv Inet:Icn_Ielsr Icg: D + = hzv
2 3n 64 4

na’c
(1_ ﬁ + nac %2
orf 2

and L,=

So Eq. (24) is

2 tan —
2 sec§{0.75+ 2.02E+037

. I NG e
(1—sin ff} (H_nD’hh)‘/ fa(sec _2(;_4-1)

4,
(24)

If the crack length is small, then the ratio of crack

length to the diameter of the specimen, fz% and

the bending effect go to zero. Especially in case of
0..{{ o, the value of ¥ approaches to 0.657. The-
refore Eq. (23) is

V/2mr+ @) Ac,.= AK,, (23)°
and we can get the value of the constant 7, should
not depend upon the mean stress under which the
endurance limit was determined. However, if in
practice there should be a difference in 7, for dif-
ferent mean stresses then an average value of 7,
would be used.

The third term in the expression for M accounts
for development of closure as a crack grows from
an embryonic state to a length beyond which there
is no further increase in crack closure™. Fig. 3 shows
how crack closure develops over a distance, A, as
a function of the material parameter £". } is the
length of the newly formed crack. It has been pro-
posed that the transient development of closure with
crack extension can be expressed in the following

manner™ :

KBIREREIE, HI3E F29, 19954 6A

Kop[)\]/Kopmax

T 1T
0.0 0.5
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1.0 1.5
Crack length, A [mm]

Fig. 3 The ratio of the crack opening level for a short

crack to that of a long crack as a function of

crack length and the parameter k, where & has
the units of mm ™"

K,=(1-M(K,.—K..) @n

The material parameter k can be determined ex-
perimentally, but in Fig, 4 it could be determined
with increasing ultimate tensile strength in ferritic

‘s 12004
S 1100+
o 1000+
=
g 900 o=AISI 1010 in Air
5 8004 o=AISI 1010 in Vacuum
: 700-] 0=Mod. p Cr Mo in Air
= 600 m=Mod. p Cr Mo in Vacuum
5 a=AIS] 4340 in Air
-~ 500
a=AISI 4340 in Vacuum

2 4004
T
E 300
5 200 T T T T T T T T T

o} 10 15

Material constant £ (mm™)

Fig. 4 Dependence of £ on strength level for steels
tested in air (open symbols) and in vacuum
(filled symbols).™
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materials. Therefore the authors calculated the value
of k from Eq. (28).

¢(mm™")=0010,,(MPa) —2.2 (28)

The fourth term in the expression for M:simply
reflects the fact that the threshold level must be
exceeded in order that the crack grows.

3. Application

Fig. 5 shows the rate of growth of short, semi-
circular cracks in a S45C carbon steel as a function
of crack length at R=—1(R is the ratio of the
minimum to the maximum stress in a cycle) for
the plane specimens. These data were obtained by
Nisitani and Goto™ for a steel that had been heat
treated to a yield strength of 364 MPa. It is noted
that the shortest cracks are of the order of 10pm
in length. These cracks were grown in cylindrical
specimens of 5mm diameter. Fig. 6 shows the data
of Nisitani and Goto plotted as a function of the
crack lengths for the drilled specimens at R=—1.

For the macroscopic crack, AK, was determined
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Fig. 5 Rate of fatigue crack growth at R=—1 for short
cracks in the plane specimens as a function of
the crack length".
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Fig. 6 Rate of fatigue crack growth at R=—1 for short
cracks in the drilled specimens as a function
of the crack length".

to be 6.0 MPa - m". Crack closure measurements
indicated that the crack opening level at threshold
was 3.3 MPa * m", so that AK,, was 2.7 MPa - m".
Nisitani and Goto reported that the value of Ag,.
was 440 MPa. After substitution of the appropriate
value in Eq. (23), a value for 7, of 254 pm was
determined. Since in the range where the crack is
small, the value 7, calculated by Eq. (23)" is almost
same as that of Eq. (23), the authors used the value
of »,=254um calculated by Eq. (23).

Fig. 7 shows the data of Nisitani and Goto plotted
as a function of the parameter M in Eq. (2) for
the plane specimens. In calculationg the value of M,
Eq. (3) was used. For the constants used, 7,.=25
4um, o,.=1/2 Ac and R==—1, 80 0., ™ ™ Char and
K,..=33MPa - m", at the threshold level. And in-
stead of constant Y=065, Y=F,(& (1+bending ef
fect) in Eq. (24) was used. Where F,=g(&{0.75+
2.026+037(1—sin n&/2)} and g(&) =0.92(2/m) {(tan
n&/2) /(& D « secné/2 and bending effect=o0,./0.,
=4D°hh’ / (4 Inet) in Eq. (26) where é=a/D. K
=0, Fa)"* AK,={@n r)"+F}Ac.. in Eq.
(23). A 0.,=440MPa m". The value of k was taken
to be 4 mm™', a value which seemed to be appropriate

Journal of KWS, Vol. 13, No. 2, Jun., 1995



A Modification in the Analysis of the Growth Rate of Short Fatigue Cracks in S45C Carbon Steel under Reversed Loading 103

—_— 10-2 =
@ E
3] F .
> - .
L r
E 10°
£ g ¢
S~ - &
L &
> 4
T 104k s
= A
3 3 9~ o
s
[1)] -
& 105 8 o . 460MPa
g E %‘) 2 Ao= %Pa
- Ac=510MPa
o L a8 v Aes 580MPa
o 106 L o ®  Ac=640MPa
© .
| - -
O 10.7 lIIllIll 1 llllllll L1 bilai
100 10 102 108

M (MPam12)

Fig. 7 Rate of fatigue crack growth at R=~1 for short
cracks in the plane specimens as a function of
the calculated parameter M with the regression
(dotted straight line).

to the strength level of the S45C steel from Eq.
(28).

The dotted straight line in Fig. 7 represents the
regression of all data. The slope of the dotted straight
line is 2.14, and a value for the constant 4 in Eq.
(2) which means the intersection with the y-axis
is 1.62X10™" mm/cycle. As in Fig. 7 the data obtained
at low growth rates agree with Eq. (2). And at the
higher growth rates the deviation is also decreased.

In Fig. 8 the data optained from CT and CCT
specimens of S45C steel plotted with the data from
plane specimens. The slope of the straight regression
line is 204 and a value for the constant A in Eq.
(2) is 2.04X107 mm/cycle.

Fig. 9 also shows the data of Nisitani and Goto
plotted as a function of the parameter M for the
drilled specimens. In calculationg the value of M
for the drilled specimens the same equation and the
same constants as used in calculation for the plane
specimens were used. But instead of the newly fo-
rmed crack length A, A=g-a, is used, where a, is
the initial drilled depth of the drilled specimens.
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Fig. 8 Rate of fatigue crack growth at R=—1 for short
cracks in the plane specimens and for long cracks
in CT and CCT specimen as a function of the
calculated parameter M with the regression
(dotted straight line).
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Fig. 9 Rate of fatigue crack growth at R= —1 for short
cracks in the drilled specimens as a function
of the calculated parameter M with the regre-
ssion (dotted straight line).
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The dotted straight line in Fig. 9 represents the
regression of all data. The slope of the dotted st-
raight line is 2.19 and the line intersects the y-
axis at 0.87X107" mm/cycle.

From Fig. 9 we can see the data obtained at low
growth rates agree with Eq. (2). But at the higher
rates of the stress range of 370 MPa, and 420 MPa,
the values of M look like to reach at saturation points
for each range. These observed abnormal behavior
possibly caused from the tangent and the sine factors
in Eq. (24)"

A modified LEFM approach to the analysis of the
short caracks has been presented. The modified
method is in good agreement with the experimental
crack growth rate data of the short and long cracks
in the plane specimens. In addition the agreement
is good for the cracks started from small drilled holes
in the specimens. However the agreement is not
as good for the crack whose lengths are longer than
2 mm. Further works would be needed to resolve
this problem.

4, Conclusions

1) The further modifications to the basic linear
elastic approach to the analysis of the rate of fatigue
crack propagation for short cracks was presented.
Basically these modifications include a material co-
nstant relationg the threshold level to the endurance
limit, a correction for elastic-plastic behavior and
means for dealing with the effects of crack closure.

2) By substituting the Forman's elastic expression
into the geometrical factor and considering the be-
nding effect, good agreements were found between
calculations and experimental resuits.

3) This method is useful for residual life prediction
of the mechanical structures as well as of the welding
structures.
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