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Distribution of Corrosion Fatigue Crack Lengths in Carbon Steel”

(1st Report, The Cracks which Grow Individually)

* % * k%
By Sotomi ISHIHARA , Kazuaki SHIOZAWA

It has been known that very small distributed cracks can be observed
the surface of a smooth specimen subjected to corrosion fatigue.

%k % k%
and Kazyu MIYAO

on
The fracture

process can be characterized by the interaction and coalescence of these small

distributed cracks.

In order to analize this corrosion fatigue fracture proc-
ess, high cycle fatigue tests were performed on carbon steel

sheet specimens

under completely reversed plane bending stresses in salt water(3.07NaCl).

Initiation and growth of cracks on the surface of smooth

specimen were

observed in detail during corrosion fatigue process. The distribution of crack

lengths at a certain stress cycles was able to be explained by a
calculation which took into account both the variation of number

statistical
of cracks

during stress cycling and the scatter of crack growth rates.
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1. Introduction

Many small distributed cracks have
been often observed at the surface of un-
notched specimens subjected to corrosion
fatigue, thermal fatigue, low-cycle fa-
tigue and fretting corrosion fatigue. This
fracture process can be characterized by
two stages, that is,the crack initiation,
crack growth during which cracks interact
and coalesce. From the viewpoint of
strength design of machine and structures
and safety maintenance of them, it may be
important to have full wunderstanding of
this fracture process.

The authors have studied the effects
of tensile prestrain on corrosion fatigue
strength of smooth specimens of aluminum
alloy [1-3] and carbon steel [4] , and
pointed out that the quantitative analysis
is necessary to evaluate the initiation
and growth behaviour of distributed fa-
tigue cracks caused by corrosion fatigue,
and the corrosion fatigue lives of smooth
specimens. However,there are a few stud-
ies [3][5-7] concerning the behaviours of
distributed cracks during fatigue process.
This may be because the initiation and
growth behaviours of the distributed fa-
tigue cracks are probabilistic, therefore,
these distributed cracks is difficult to
analyze qualitatively without statistical
evaluation of them.

Kitagawa et al. [5][6] are the pio-
neers in the studies which treat the prob-
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lem of the distributed cracks. They ex-
plained the corrosion fatigue process con-
sidering the behaviours of initiation, its
spatial distribution, interaction and coa-
lescence of distributed cracks using Monte
—-carlo method and displayed on graphic dis-
play. Tanaka et al. [9] reported that the
distribution of crack lengths after a cer-
tain number of stress cycles initiated from
a few randomly distributed defects can be
derived analytically. Tokaji et al. [7]
experimented and investigated the differ-
ence of the distribution of crack lengths
observed on the specimen surface during the
fatigue process of carbon steel in labora-
tory air,water and salt water respectively,
and reported that the distribution of crack
lengths is represented as a Weibull dis-
tribution. .

The authors discribe in this paper the
estimation method of fatigue life where nu-

merous cracks are initiated, theoretical
analysis of the distribution of crack
lengths after a certain number of stress

cycles.

Plane bending fatigue tests were per-
formed using smooth specimens of carbon
steel in salt water (3%NaCl), and the ini-
tiation and growth behaviours of distrib-
uted cracks on the smooth specimen surface
were investigated in detail by successive
observation of its surface during fatigue
process. Two types of cracks were observed
: One (designated as F1) propagates as a
single crack without interaction with the
others; The other(designated as F3) propa-—
gates with the interaction and coalescence
of closely located surface cracks. From
the authors’ experimental results, the
method to estimate the former (F31) type of
distributed cracks can be derived theoret-
ically by considering both the initiation
and growth behaviours of the distributed
cracks. The quantitative analysis of the
latter type of cracks(F3)will be described
in the authors following report.
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2. Main Symbols

22 : Crack length (2 : half crack length)

Fy : Cracks which propagate as a single
crack without interaction with others.

F2 : Cracks which show the interaction and
coalescence of closely located surface
cracks.

F : F=p3Fy + paF

p1 : The probability of existence for Fi.

p2 : The probability of existence for Fj.

N : Number of stress cycles.

Nf : Number of stress cycles to failure.

Ne ¢ Number of stress cycles to the earliest

crack initiation.

Number of cracks per unit area.

Saturated number of cracks per unit

area.,

B8 : Crack initiation rate.

G : Stress amplitude.

! Stress intensity factor range.

C, m : The constants in the Paris-equation,
dg/dN = CAKM,

The constant in the crack growth equa-

tion for Fp, d2/dN = C'.

k : k = logC

Ng : Number of stress cycles to
of cracks.

: Half crack length when cracks appear.

: The mean value of m.

: The mean value of k.

: Standard deviation of k.

n 3

c' :

appearance

3. Material and Experimental
Procedures

The material tested was a low-carbon
steel, JIS SS41, whose chemical composition
and mechanical properties are 1listed in
Table 1 and Table 2,respectively. The lat-
ter was obtained after annealing treatment.
Shape and dimension of the specimen are
shown in Fig. 1. Flat specimens were ma-
chined from a 3 mm thick rolled plate. Lon~
gitudinal direction of the specimen was
taken in rolled direction. After mechanical
polishing with emery-paper(#1000),specimens
were annealed at 1173K for one hour in vac-
uum. The ferrite grain size was examined

about 52um in diameter. Specimen was tested
by fatigue testing machine after electro-
surface of the

polishing by 30 um. The

N=7.211X105 L—timm
0:=127 MPq

Fig. 2 Appearances of the distributed cracks

, N=1.255XI06 —mm

initiated on the specimen surface

during corrosion fatigue

Table 1 Chemical composition of the
material
c Si Mn P S
0.16 | Q01 042 {0019 | 0.02
Table 2 Mechanical properties of the
specimen
Yield strength | Tensile strength | Elongation
Oy MPa Os MPa € %
175 328 71

(‘9 Coated with silicon-rubber

Q
7 Y
b6.5 &: ; I ©]q (=]
L | 4 ¥ =14 M)
@ - A o D_
/ 16
.40 | t=3
65 mm
20

Fig. 1 Shape and dimension of the
specimen

specimen was coated with silicone rubber

except for a central area of 16 by 16 mm as
shown in Fig. 1 on which region the cracks

were observed.

The specimen surface was observed suc-
cessively by the Replica method as follows:
Fatigue test was stopped after an appropri-
ate number of stress cycles,and cracks were
replicated on replica film from the speci-
men surface. Cracks were examined on the
replica film enlarged to 30~40 times. Fig.2
is an example of the photo which shows the
morphology of the distributed cracks on the
specimen surface fatigued in salt water at
0=127MPa. From this figure, crack length
of 20 um could be measured at least.

The difference between fatigue 1life
under successive corrosion fatigue test and
that of intermittent one is little (tZOZ),
and so, the effects of elimination of cor—
rosion products on corrosion fatigue behav-
iours are considered to be small.

Fatigue tests were carried
out using a Schenk-type bending
machine whose cyclic speed was 60
Hz,and completely reversed plane
bending was done. The environ-
ment in the present tests was
salt water (37NaCl) kept at 298+
0.5K, which was dripped at a rate
of 20~30 ml per minute on the
specimen surface. If specimen's
stiffness was decreased during
fatigue, loading condition was
adjusted so as to secure constant
bending moment tests. Experi-
mental details are reported else-
where [1], so omitted in this
paper. S5-N curves obtained in
these experiments are shown in
Fig. 3.

4. Experimental Results
and Discussion
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4.1 The initiation behaviours of the
distributed cracks

The relations between number of cracks
per unit area, n, and stress cycles, N, in
corrosion fatigue are shown in Fig. 4 for
the cases of 98, 127 and 147 MPa. As seen
from this figure, cracks are initiated in
the early stage of corrosion fatigue and in
this stage, the increase rate of number -.of
cracks per unit area with stress cycles is
large, but thereafter, it tends to saturate
and settle to a constant value. Therefore,
the relations between n and number of stress
cycles, N, are approximated by the following
equation;
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Fig. 4 Change of number of cracks per
mm“ during stress cycling in
salt water
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n=no{l— e""”‘”"}}
N2N,

where, No in the above equation is the

number of cycles to the earliest crack in—

itiation. In corrosion fatigue, N may be

nearly equal to zero. Experimentally ob-

tained values of ng and B are shown in

these figures. Crack density decreases

slightly in the latter stage of fatigue of

127 and 147 MPa. For this reason, it may

be thought that the decrease in crack den-

sity which comes from regarding connected

cracks as a single one exceeds the increase
in crack density which comes from initia-

tion of new cracks. Therefore, in approxi-
mating n-N relation as Eq. (1), we must pay
attention to the effective range of its

approximations.

Next, the relation between ng, 8 and
stress amplitude ¢ is given in Fig.5. From
this figure, it can be seen that linear re-
lationships between Inng, 1nB and o are es-
tablished experimentally, and they may be
treated as a rate process governed by
stress amplitude.

B8=C exp(Cz0) }
720=C; exp(Ci0)

n=ne(l-exp(~AN) o
162622 X0 * exp(0060) -0
L= B =280x07%xp (006 T)
<8
g O «Q
= 2=
" —H3
-2 fad ! L ”
80 100 120 140

Stress O MPa

Fig. 5 Relation between ng, B and stress
amplitude

in salt water
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Fig. 6 Examples of crack growth curves
in salt water at ¢ = 127 MPa
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Experimentally obtained relationships are
given in Fig. 5. The constants, Cj, C2, C3
and C4 in Eq. (2) are independent of stress
amplitude, but may be affected by wvarious
environmental, metallurgical and mechanical
factors, and perhaps a further detailed study
may be necessary.

4, 2 The behaviour of crack growth
Examples of crack growth curves obtained

by successive observation of smooth specimen
surface under corrosion fatigue are shown in

Fig. 6. Though the initiation time for each
& \
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Fig. 7 Change in crack growth behaviours
before and after crack coalescence
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Fig. 8 Relation between crack growth rate
(dg/dN) and stress intensity factor
range (AK) for cracks which grow
as a single crack

crack differs from case to case,crack growth
curves are plotted for convenience as if all
of the cracks were initiated at the same time
of N=0. As seen from this figure,there are
two types of crack growth behaviours.
That is, one propagates as a single crack
without interaction with others, and the
other shows the interaction and coalescence
of closely located surface cracks.
The latter is a discontinuous growth behav-
iour which gives staircase-like growth
curves. In an other study[10], crack growth
rate was obtained by approximating discon-
tinuous growth curves shown in Fig. 6 with
smoothed curves, while in the present study,
crack growth rate is discussed by separating
crack growth behaviour before crack coales—
cence from that after crack coalescence.
The relation between crack growth rate,
d2/dN and half crack length, &, is shown in
Fig. 7. As an example, the results of ¢ =
147MPa are given. As seen from this figure,
it is obvious that d%/dN before crack coa-
lescence is dependent on &, but d&/dN after
crack coalescence is not dependent on .
The relation between crack growth rate,
d&/dN, and stress intensity factor range,
AK, is given in Fig. 8 for the crack which
propagates as a single crack. As examples,
the results of 98, 127 and 147MPa are shown.
AK is defined as follows;

It can be seen from this figure that there
exist linear relationships between log(di/
dN) and log(4K), and therefore, the follow-
ing Paris—equation is derived.

dl/dN=CAKm .................................... (4)

For each crack, C and m in Eq. (4) were de-
cided by using the least square method ex-
cluding the experimental points which obvi-
ously deviate from the regression line be-
tween d2/dN and AK. The valuesof C and m
for each crack are different. So, the
values of logC and m were plotted on a nor-
mal probability paper. The results are
shown in Fig. 9 for the cases of 98, 127 and
147 MPa. The ordinate indicates the cumu-
lative probability of k(=logC) and m, and is
represented by tj/(tgtl), where ti is the
rank obtained by arranging the values of k
and m according to their size, and to is the
number of samples.
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9 The distribution of the constants C and m (normal
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It can be seen from Fig. 9 that the
statistical distributions of C and m are
logarithmic normal and normal respectively.
The values of k, Sy, m and S, for each
stress amplitude are shown in Table 3.

From Fig. 9 and Table 3, it may be seen
that the values of m, k, Sk and Sp are near—
ly independent of stress amplitude and re-
garded_to be constant. The average value
of m, m, is about 1.02, which is considered
to be smaller than that obtained usually
for a single through crack. The distribu-
tions of m and k obtained from fatigue‘tests
conducted at 0=147 MPa in laboratory air
using the same specimens as the ones of this
study are also plotted in Fig. 9. 1In this
case, the values of m is 2.1. This discrep-
ancy between the two values of m mentioned
above may be due to the following reasons:
In corrosion fatigue, most of cracks are
initiated from corrosion pits, therefore,
the small crack growth behaviours may be
affected by these corrosion pits and the
variance of crack aspect ratio with crack
length. Furthermore, in corrosion fatigue,
the degree of dependence of crack growth
rate on stress intensities is lowered by
stress relaxation and crack interaction
which may be due to the initiation of many
cracks during fatigue at each of crack tips.
At present, it is not obvious what is the
most important factor among them, so amore
detailed study may be necessary.

Kitagawa et al. [11] reported that the

following relation between C and m in the
Paris—-equation had been established:
C=AB™  eevercerersosrennons (5)
Table 3 Values of the parameters
Stress MPa m sm k sk
98 1.01}| 0.30] -9.94| 0.26
127 1.17| 0.18| -9.97] 0.18
147 0.88( 0.24] -9.91] 0.24
Average 1.02§ 0.24| -9.94 0.23
~97 T
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Fig. 10 Correlation between C and m
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About the crack growth behaviours of the
distributed surface cracks under corrosive
environment in the present study, it was
examined whether Eq. (5) can hold or not.
For the case of 0=127 MPa, the result of
this examination is given in Fig. 10. From
this figure, though experimental data locate
over a somewhat wide range, it can be seen
that a linear relationship holds between
logC and logm, and Eq. (5) is nearly estab-
lished. Experimentally obtained equation
between C and m is shown in this figure.
When a crack which grows following the
Paris-equation connects with another crack,
the connected cracks grow as a single crack
and their growth rate under constant stress

amplitude is approximated by the following
equation, as seen from Fig. 7:
dI/AN =C'  cvereesererereinnnnn (6)

For this reason, the following are 1likely:
If two of semi-elliptical surface cracks in-
teract and connect with each other, the
three-dimensional shape of the connected
cracks immediately after crack connection
will be a half guitar-shaped one.

Stress intensity factor at both ends of the
surface crack having the shape just mentimn-
ed is smaller [12] than that of a semi-
elliptical surface crack under the condition
that their crack lengths at surface are e-
quivalent. Therefore, a decrease in crack
growth rate may be observed immediately
after crack connection if crack growth rate
is measured only by surface crack length.
As crack shape like a half guitar immediate-
ly after crack comnection changes into a
semi-elliptical crack shape, it is expected
that the crack growth behaviours represented
by Eq. (6) change steadily to the one in
which crack growth rate depends on crack
length (the Paris-equation represented by
Eq. (4)). However, in this experiment, the
distributed cracks initiated on thespecimen
surface are so many that the probability of
interaction and connection of these cracks
becomes high, and therefore, ' the cracks
immediately after crack connection connect

100
In salt water ,
80~ (O=147MPa
-__L__ _ C‘-E'z
6o ("7 sc exo| ;as.;iJ |
. C'=348x107, Sc=1.86xI07
£ s0-
=2
b
w o
20— I~ —
| [T
o}

o'|234567_§910
o X|0
Fig. 11 Distribution of C' appearing
in crack growth law for crack
group Fp, d&/dN = C'

mm/cycle
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with other surrounding cracks successively
before a guitar-shaped crack recovers the
semi~elliptical shape. This may be the rea-
son why the decrease in crack growth rate
after crack connection is observed succes-
sively as shown in Fig. 7. As another rea-
son why Eq. (6) is obtained, it may be con-
sidered that the crack immediately after
crack connection cannot recover the semi-
elliptical shape when the stress relaxation
occurs at a place where many cracks are in-
itiated.

The values of C' in Eq. (6) are dif-

ferent from each other depending on the
combination of single crack which have
various crack lengths and crack shapes.
A histogram of C' is shown in Fig. 11 for
the case of 0=147 MPa. The solid line in
this figure indicates the best fit of the
experimental distribution of C' approxi-
mated by a normal distribution. From this
figure, it may be considered that the dis-
tribution of C' is a normal one.

4. 3 The distribution of crack lengths

From the photograph of the distributed
cracks shown in Fig. 2 and crack growth be-
haviours stated in section 4.2, cracks are
classfied into two types. That is,one(des—
ignated Fj) propagates as a single crack
and the other (designated F7) shows the in-
teraction and coalescence of closely located
surface cracks. When cracks are apart from
one another, it is likely that the interac-
tion between them is little and the growth
rate obeys the Paris—equation.

However, when cradks approach one another,
the degree of the interaction between them
increases and the crack growth behaviours
change from one in which crack growth rate
obeys the Paris-equation to one in which
crack growth rate is constant independently
of number of stress cycles. At this moment,

99,
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Fig. 12 An example of the distribution
of crack lengths obtained
experimentally -
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it is supposed in this study that the crack
which belongs to Fj changes the omne which
belongs to Fp and that interacting cracks
coalesce and form a new single crack.

When stress amplitude is high, two interac-
ting cracks whose growth rates follow Eq.
(6) coalesce with one another easily, but
when stress amplitude is low, crack tips of
two interacting cracks camnot coalesce with
each other and this interacting condition
continues for long period. For this rea-
son, though two cracks coalesce with one
another actually within the specimen, it
seems that the remaining parts of the ma-
terials between two interacting cracks are
not broken easily, when stress amplitude is
low and stress relaxation occurs at the
place of crack coalescence.

Using the photographs of the replica
taken at a certain number of stress cycles,
the number of cracks for a certain range of
crack lengths was investigated and the re-
sult is shown in Fig. 12 taking the cumula-
tive probability as ordinate and crack
length, 2%, as abscissa. The results of 98
and 147 MPa are given as examples. The ex-
perimental data points represented by(’, °
and 0 in the figure correspond to the crack
groups F1, F2 and F respectively, where
crack group F shows the distribution of
crack lengths for all of the cracks without
classification of cracks into F1 and F2.

As for the effects of the magnitude of
stress amplitude on the distribution of
crack lengths, in the high stress amplitude
(147 MPa), there are many cracks which be-
long to crack group F2, and both the cracks
which belong to F1 and the cracks which be-
long to F2 exist at the same time for acer-
tain range of crack lengths. Therefore,the
crack group F is represented by the follow-
ing mixed type distribution of F] and F3:

F(21)=ﬁ1F1(21)+b2F2(21)}
bitp2=1

where, p; and pp represent the probability
of existence for F]l and Fp, respectively.
On the other hand, in the low stress ampli-
tude(98 MPa), most of cracks belong to the
crack group Fj. Though the cracks which be-
long to F2 are observed in the latter stage
of fatigue, even in the case, F tends to
show a more compound type distribution of Fj
and F2 than mixed type distribution.

The variation of p]l with stress cycling

15
Number of cycles N xi0®

Fig. 13 Change of the crack existence
rate pj for crack group Fj with
stress cycles in salt water
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is shown in Fig. 13 for the case of 0=127
and 147 MPa. As seen from this figure, the
values of pj3 decrease monotonously with
stress cycles and this trend is independent
of stress amplitude, but the degree of this
lowering in pj for 0=147 MPa is larger than
that for =127 MPa. Considering pj+P2=l,p>y
increases with N monotonously.

In this study, it was assumed that me crack
is produced when a coalescence of the dis-
tributed cracks has occurred.

5. Derivation of the Distribution
of Crack Lengths
{The crack group Fj which grows as a
single crack)

In this chapter, the distribution of
crack lengths during fatigue process will
be discussed theoretically considering both
the crack initiation and propagation behav-~
iours of the distributed cracks obtained ex-
perimentally and stated in the section 4.1
and 4.2. As stated before, two types of
cracks whose crack growth behaviours were
different from each other were observed dur-
ing fatigue process, so, in order to derive
the distribution of crack lengths theoreti-
cally, it will be important to follow the
mechanism of crack growth for each crack
group faithfully. 1In this chapter, a quan-
titative calculation method for the distri-
bution of crack lengths in crack group F1
is described, and crack group F9 will be
treated in the next study.

Let us consider the Paris-equation re-
presented by Eq. (4) as crack growth law.
By integrating Eq. (4) with initial condi-
tion that #=2¢ at N=Ng, the following equa-
tion is obtained;

2H2~m)

l=[la"""”’+(azzt)""zx 2;’" C(N—Na)]

(m¢2) ............. erarectaraseacessinernasannen (8)

In above equation, replacing m}=(2-m)/2, Eq.
(8) can be written as follows:

m=I"=(a"x)""™ mi C(N —Ng)reererees (9)

For the calculation of distribution of crack
lengths, it is important to examine whether
a correlation between C and m should be con-
sidered or not. In the next section, the
calculation method of the distribution of
crack lengths in which m is taken as con-
stant and C 1s a probabilistic variable will
be described. Then a calculation method of
the distribution of crack lengths in which
correlation between C and m in Eq. (13) 1is
taken into consideration will be introduced.

5. 1 Case 1 : m is constant and C is a
probabilistic variable

In Eq. (9), the variables are replaced «=-

as_follws: Bo=m)(o2m)}t "L (N-Ny), log(g™l-
zom1)=t, logBy=b , logC=k, which leads to
the following equation:

F= Byt rereeeenareeens B P (10)

Here, for the value of m, the average of m

listed in Table 3 will be employed.

As the distribution of C is logarithmic nor-
mal from experimental results shown in Fig.
9, the distribution of k, £(k), is normal,

191

that is,

_ 1 { (k—E)z}
R ot BT
where k and Sk are the mean value and stand-
ard deviation of k, respectively. From Eq.
(10), the probabilistic density function for
t is found as follows:
1 { (t—-f)’}

—_— SAETET e 12

i T 12)

where t and St are the mean value and stand-
ard deviation of t, respectively. _
The following relationships hold between t,
St and k, Sk:

Se=S4, t_=k-+bo .............................. 13)

After the conversion of probabilistic vari-
ables, the probabilistic density function
for the half crack length, i(2), has the
following relationship with h(t):

iD= S| =

my__ pm "'E—b 2
o] = ko
Whlm‘_1
P LA PR 4
x| ] e

Function 1(%) is a probabilistic density
function for the length of a crack which is
initiated at a number of cycles No and ob-
served at a number of cycles N. The rela-
tionship between the density of cracks, n,
and the number of cycles of loading, N, is
approximated as Eqs. (1) and (2) for varia-
ble stress amplitude. Therefore, the proba-
bility density function £1(2,0,N) for all
of the cracks that have been initiated until
stress cycles N is given as follows:

_1 N, dn(No,O') e
£l 0, Ny=— [ i1 TN, - (15)

and therefore the distribution function Fj(
£,0,N) is obtained by integrating Eq.(15):

F).(l, ag, N)=

8
V/E{l—e—ﬁ(lv—u:)}s‘
le‘:'/p‘:exp[[— {log(I™ — 1)
—g—log(N = No)}*/ 253]—~B(No— N.))
mllmx-l

W ANodl+sveresees veavsecasmernes (16)
where, g=kilog{mj(o2m)1l-m3}.

X

5. 2 Case 2 : Correlation between C
and m considered

Taking the common logarithm of both
sides of Eq. (5) and using logC=k, logA=a
and logB=b, the following equation 1is ob-
tained:

Using Eq. (17), my can be expressed as fol-
lows:

mi=(2=m)/ 2= (2b—k+@)/2b wrreeeeeees (18)

Substituting Eq. (18) into Eq. (8), the fol-
lowing equation is obtained:

(M= (g*x ) "m10% 24 gy (N — N,)
.......... - (19)
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Assigning j(2) and g(m;) as the probabilistic density functions for half crack length, ¢ and
m], respectively, the following relationship is obtained:

a'm;
) dl
As the distribution of k is normal, the probabilistic density function of my, g(my), is given
by the following equation:

J'(l)=g(m1)

— 1 _(ML—”_ll)z D I T
9lm)=—ze exp[ o ] (21)

where, Ell and Spy are the mean value and standard deviation of m], respectively. The follow-
ing relationships hold between T3, Sp; and K, Sk.

ﬁ1=(2b+d-5)/2b, Sm:Sk/IZb! R A R R /)

Next, using Eq. (19), the value of |dm1/d5?.l can be calculated, and then, substituting this
into Eq. (20), a final expression for j(%) is obtained as follows:
. 1 (m:—n’n)’ ) —my ™!
= CAD[ 5 ] I l - (23)
23727 S, 2% 3 (g 1) 20+ 108 0" ) =)+ 17 Log 1~ I8 Log I
. 1

The variation of the density of cracks, n, with stress cycles of loading is represented by Eqs
. (1) and-(2) for various stress amplitudes. Therefore, the probabilistic density function
f(%,0,N) for all of the cracks that have been initiated until stress cycles N is given as

B (LA O L SN
(1,0, Ny=— [ i) 27020 g, (24)
and therefore, the distribution function F1'(%,0,N) is obtained by integrating Eq. (24):
- — E L (mx—m"l)’
— my—-1
Xl mnll ANodl ++reererrarercerrsaicnraiinninnnnn. (25)
my__ ym 2 — m —_jmy
\ (m—17){2b+log(o%r) T+ ™ g 1= 15 log o
6. Numerical Results and by a solid line, and the results calculated
Discussion with correlation between C and m is repre-

) sented by a dotted line. The values of the
6. 1 Examinationabout whether correlation

between C and m in the Paris-equation

should be considered or not 9%3.. (@) =98 MPa
90 )
Numerical calculation for the distribu~ E
tion of crack lengths was performed using S0
Eqs. (16) and (22) at ¢=127 MPa, and the in- C — :Calculated
tegrals were evaluated by means of Simpson's 10k ¢ Experimental Fy
rule. An example of these numerical results 5k ) gN'gi‘IO
together with experimental results is shown a: |.2x|%6
in Fig. 14. Experimental data correspond to | In salt water er 2xIos
those for the cracks which propagate as a 3 999
single crack. The distribution of crack 99|~ (b1 =127 MPa
lengths calculated without consideration of 3 0
correlation between C and m is represented T soE
> [
999, = —
T 3 10 :Calculated
99 ! I ré == 2 5L Experimental Fi
a'QO-— In salt water / 3 @:N=5.1x103
= L LY e CH 7.2X|0§
o I— T=127MPa &ﬁ’ | o 9.3190
| L L 299
= =% 2 R o-aTNRe
= ¥ / 3
2 < E 9O
2 7 -
glo c/ L © sof
9 /! o —:Calculated
£s o) ~ N - Experimental Fi
3 / R o+ 0: NaL6XI0%
E] L / N=7.211x10 L e 3.2xI0°
E / 5 e 48xi03
g, N/Nt=0.477 o: 64xI0°
i | I 1 t i
002 005 Ol 05 10 20
005 ol 0.5 10 Crack length 2L mm
Crack length 2L mm
Fig. 14 1Investigation about whether cor-— Fig. 15 Comparison between numerical

results and experimental results
about the distribution of crack
lengths F1

relation between C and min Paris
~equation should be considered
or not
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parameters needed for these numerical calcu—
lation were obtained from experimental re-
sults stated in the sections 4. 1 and 4. 2.
It can be seen from this figure that numeri-
cal results without consideration of corre-
lation between C and m nearly correspond
with experimental results, whereas numerical
results with correlation between C and m
show a tendency in which crack lengths are
distributed over a more restricted region ,
and they do not correspond with experimental
results. This tendency is also reported in
the study of Sakai et al. [13] in which
crack growth period for a single crack ini-
tiated from notch was analized. This dis-
agreement with experimental results may be
due to postulation that all of the experi-
mental data points fall on the regression
line between d2/dN and AK, and it may be
thought that, even if Eq. (5) holds and cor-
relation between C and m is apparent within
the limits of experimental data shown in
Fig. 10, correlation between C and m observ-
ed for enough data from a statistical view-
point does not always hold [14]. As the
other reasons, it may be stated that though
the scatter in the value of k for a certain
value of m is somewhat large, postulation
of Eq. (5) results in ignoring this scatter
of k.

As stated above, in calculating the
distribution of crack lengths, the experi-
mental results could be explained well by
the calculation method in which m was taken
as constant and C was a probabilistic varia-
ble, as shown in Fig. 14,

6. 2 Comparison between numerical results
and experimental results about the
distribution of crack lengths

From the examination in section 6.1,
substituting experimentally obtained data,
K, Sk, M and B in sections 4.1 and 4.2 into
Eq. (16), the distribution of crack lengths
for a certain number of cycles of loading
and stress amplitude can be evaluated numer-—
ically, and the results for ¢=98, 127 and
147 MPa are shown in Fig. 15 by solid lines.
The values of M, k and Sk were considered
constant independently of stress amplitude,
and the mean values of the experimental data
were employed. From this figure, it can be
seen that the distribution of crack lengths
shifts in the right direction with stress
cycling and calculated results for the dis-
tribution of crack lengths coincide well
with experimentally obtained results.

7. Conclusions
Using smooth specimens of carbon steel,

plane bending fatigue tests were conducted
in salt water(3%NaCl). And, how the crack

initiation and growth behaviours of the dis=- o

tributed cracks correspond to the change in
the distribution of crack lengths during fa-
tigue was investigated by means of succes-
sive observation of specimen surface, with
the following results obtained.
(1) The distribution of crack lengths

can be rearranged as a single distribution
in the early stage and in the region of low
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cyclic stress amplitudes of corrosion fa-
tigue, while, in the latter half stage and
in the region of high cyclic stress ampli-
tudes of corrosion fatigue, the distribution
of crack lengths can be represented by a
mixed type distribution which is composed
of F1 which propagates as a single crack and
F2 which shows the interaction and coales—
cence of closely located surface cracks.

(2) The crack growth behaviours for
crack group F] are nearly represented by the
Paris—-equation, d%2/dN=CAK®, C and m have
different values for each crack, and their
distributions are logarithmic normal and
normal, respectively. The following corre-
lation holds between C and m, C=AB®,

(3) In the Paris-equation, d&/dN=CAR® ,
the mean value of k (k=logC), Kk, standard
deviation, Sk and the mean value of m, i,
were nearly constant independently of stress
amplitude in this experiment.

(4) The change of crack demsity, n, ini-
tiated during corrosion fatigue with stress
cycles can be represented by the following
equation,n=ne{l—e~*¥-¥} yhere n, and B are
functions of stress amplitude and written as

B =C1exp(C20) , ng = C3exp(C40).

(5) The distribution of crack lengths
at a certain stress and cycles for crack
group F1 can be evaluated by a statistical
calculation which takes into account both
the crack initiation and growth behaviours
Qf the distributed cracks. In this case,
the experimental results could be explained
well by the method in which m was taken as
constant and C was a probabilistic variable.
On the other hand, the results obtained by
the calculation method in which correlation
between C and m was taken into consideration
did not coincide with experimental results.
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