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Many small distributed cracks have been observed on the specimen during
corrosion fatigue process, and the damage of corrosion fatigue is related to
the behaviour of these distributed cracks. The distribution of crack lengths
during corrosion fatigue was approximated well by the three parameter Weibull
distribution under plane-bending fatigue tests of carbon steel in salt water.

A method of estimation of corrosion fatigue lives was proposed. The
crack initiation, crack growth behaviour and the variation of the distribution
of crack lengths during corrosion fatigue process were taken into consideration

in the method. Comparing the estimated results with experimental results, it
was concluded that this method could estimate the corrosion fatigue lives with

good accuracy.

Key Words : Fatigue, Corrosion Fatigue, Distribution of crack lengths, Esti-
mation of corrosion fatigue lives, Weibull Distribution

1. Introduction

Fracture process characterized by the
initiation and propagation of distributed
cracks has been frequently observed in cor-
rosion fatigue,thermal fatigue and low-cycle
fatigue. The evaluation method of the frac-
ture process méntioned above is now an ur-
gent problem to be solved because safety
maintenance of the machines and structures
which operate in corrosive environments is
strongly demanded.

It was pointed out by the recent stud-
ies [1-4] that fatigue damage is associated
with the decay of the surface layer of the
specimen during fatigue process, that is,
the initiation and growth behaviours of the
micro cracks on the specimen surface, and
also reported that [4] Manson-Coffin’s law
is a different representation of the growth
law of the micro crack. Especially in cor-
rosion fatigue, many distributed cracks are
initiated in the early stage of fatigue life
, and the greater part of the fatigue Llife
is occupied by the crack growth period of
these distributed cracks. Therefore,it may
be important to estimate fatigue lives under
corrosive environment by considering the fa-
tigue damage substantially as the initiation
and growth behaviours of the distributed
cracks.
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The authors have studied [5-7] the cor-
rosion fatigue behaviours of a smooth spec~
imen by setting eyes to the initiation and
growth behaviours of the distributed cracks
on the specimen surface. From these studies,
it was made clear that corrosion fatigue
lives are strongly affected by the initia-
tion and growth of the distributed cracks,
and that interaction and coalescence behav-
iours of these distributed cracks must be
taken into comsideration. Crack lengths
which appeared on the smooth specimen sur-
face showed a tendency of statistical vari-
ation. The distribution of crack lengths
for certain stress cycles and stress ampli-
tudes could be obtained by the statistical
calculation which took into account both in-
itiation and growth behaviours of the dis-
tributed cracks.

In this study, S-N curves and distri-
bution of fatigue lives will be obtained by
regarding the distributed cracks substan-
tially as corrosion fatigue damage,and fur-
ther the physical methods will be discussed
from the probabilistic and statistical view-
point. The distribution of crack lengths
stated in the previous paper [6][7] will be
approximated by a three-parameter Weibull
distributions in order to consider the var-
iations of these distributions during fa-
tigue process quantitatively. Using the de-
pendence of three parameters of these dis-
tributions on stress cycles and stress am-
plitudes, it is possible to represent S-N
curve quantitatively and to obtain the dis-
tribution of fatigue lives. Experimental
examination was conducted and S-N curves and
distribution of fatigue lives obtained the-
oretically were found in good agreement with
those obtained experimentally. To clarify
the probabilistic or statistical methods for
the S-N curves and distribution of fatigue
lives may be important to accomplish a reli-
able design method.
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2, Main Symbols

Symbols used in this study are the same
ones used in the previous studies.[6][7]
New symbols used in this study are given as
follows:
my : Shape parameter of the three-parameter
Weibull distribution
0o : Scale parameter of the three-parameter
Weibull distribution
Location parameter of the three-param—
eter Weibull distribution
nt : Total number of cracks
® : The area of the specimen surface
Kfc ¢ The value of the fatigue fracture
toughness
2% : Critical crack length
U(ZZigkc) ¢ The number of cracks which are
longer than 24
®n(22max) : The finite distribution of
maximum crack lengths
¥ (22max) : The asymptotic distribution of
maximum crack lengths
Pn(Nf) : The finite distribution of fatigue
lives
P(Nf) : The asymptotic distribution of
fatigue lives

.

Yo

3. Estimation of S-N Curves Using the
Distribution of Crack Lengths
3.1 Approximation of the distribution of
crack lengths by the three-parameter
Weibull distribution
First, statistical calculation method
[61[7] for the distribution of crack lengths
will be described briefly below:
Crack groups(F) initiated on the specimen sur-
face were divided into two types of cracks:
One (designated F1) propagates as a single
crack without interaction with others.
Another (designated F2) shows interaction and
connection of closely located surface cracks.
The distribution of crack lengths(F) is rep—
resented by the mixed-type distribution of
F1(22) and F2(2¢) as follows.[6][7]

FompiFid paFyeereesseretocenencinnninaiieninin. (1)

where pj and p2 are probabilities of F1(22)
and F»(24), respectively. The sum of Pl and
P2 is unity, that is the following equation
holds,

PrFDa=1 vttt (2)

By considering the initiation and growth be-
haviours of the distributed cracks, the dis-
uﬁummofu&kh%msnaMFZMe—

quation (1) are represented by the following
equations [6][7]:

F(l,0,N)=

B(a)
‘/ﬁsh{l_e"(dKN_Nc)}
- Ly {log(I™— 1)~ g —log(N — Ny)}
)([DLcexp[ 7

my ™!

—B(Ne= )|

- 1M
where g= k + log{ml(czﬂ)1 1},

220= [ [T A (%) doazr)

The detailed expressions for £1(p) and f2(2%
/p) in equation (4) are given in the previ-
ous paper. [7]

As equations (1), (3) and (4) which re-

present the distributions of crack lengths
are complicated expressions, it is not easy
to examine how the distributions of crack
lengths change with the number of stress cy-
cles and stress amplitude. Accordingly,
let’s approximate the numerically calculated
results of equation (1) by the following
three-parameter Weibull distribution,

F(2!)‘—71—exp{—(21—ro)”"’/ao) """""" (5)

where mo, Qo and Yo denote shape parameter,
scale parameter and location parameter, re-—
spectively. For example, numerically calcu-
lated results of equation (1) for 0=127 MPa
are shown on the Weibull probability paper
of Fig. 1 by the solid lines. The dotted
lines- represent the ones which are obtained
by approximating the numerical results of
equation (1) by the three-parameter Weibull
distribution of Eq. (5). Approximation by
the three-parameter Weibull distribution was
conducted by using Sakai and Tanaka’s method
[8] in which the location parameter is de-
cided such as to make the correlation factor
maximal. As seen from this figure,both solid
and dotted lines nearly coincide with each
other, and so, the distribution of crack
lengths can be sufficiently approximated by
the three-parameter Weibull distribution.
3.2 Derivation of S-N curves

From the examination in clause 3. 1,
it has been made clear that the distribution
of crack lengths F(24) represented by Eq. (1)
can be approximated by the three~-parameter
Weibull distribution. That is, the distri-
bution of crack lengths F(2%) can be repre-
sented by Eq. (5). mo, Og¢ and Yo in Eq. (5)
are functions of stress amplitudes and num-
ber of stress cycles, respectively.

It can be considered a failure of the
specimen when maximum crack length (2%p,y)
among many cracks becomes equal to the crit-
ical crack lemgth (22;). Number of cracks,
V(2822%.), which are longer than 2%: is re-
presented by the following equation,

2122l)=n1-F(2L, o, N)]
=neexp[~ {2/~ n(o, N)}™¥/a(a, N)

Only one crack whose length is longer than

2% is enough to cause a failure of the

specimen,and so substituting V(2822%:)=1 in-
to Eq. (6) and transforming the equation, a

final expression for failure condition of

the specimen is given by the following equa-
tion,

{211:— rola, N )jrotatio

In{n(a)}= as(o, Nf)
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Fig. 1 Approximation of the distribution of
crack lengths by the three-parameter
Weibull distribution
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For the shape parameter, mo(O,N), scale pa-
rameter, 0g(0,N) and location parameter,
Yo(0,N) in Eq. (7), the following equations
are employed, respectively.

molo, N)Ysmo(a)=to"

1017

Substituting Eqs. (8), (12) and (13) into
Eq.(7), the following expression for S-N
curves is obtained.

kInNy=86" In(21.—y,)—1n(30*)

—-lnln{cDCa exp( C.d)} ........................ (16)

As seen from the above equation, S-N curve
can be represented by the three parameters,
mo, O¢ and Yo of the Weibull distribution
which describe the variation of the distri-
bution of ecrack lengths during fatigue proc-
ess. That is, S-N curve can be obtained by
investigating the values of the constants,
Z, N, 8, k3, T, £, k4 and the change of
crack density n with stress cycling experi-
mentally. Fig. 2 shows the procedure for
the calculation.

o, N)=go*"N*
volo, N)=1g*N*
(gs m, 8. <, k3, T, g, k4 constants)
Total number of cracks, n¢, in Eq. (7) is
given by the following equation,

N G)= DR ceevererrersrrrciirriennreeneecenns (9)

where ¢ and n denote the area of the spec—
imen and number of cracks per area, respec-
tively. The value of n in Eq. (9) is given
by the following equation [6],

n=no[l—exp{— BN = Ne)J] oovveeeveenes (10)

no and B in above equation have the follow-
ing relations [6] to stress amplitude, g,

4. A Comparison between Estimated S-N Curve
and Experimentally Obtained Ones

4.1 Specimens and experimental procedures
The material tested was a low-carbon
steel, JIS SS41, whose chemical composition
and mechanical properties were reported
elsewhere [6], and so omitted in this paper.
The shape and dimension of the specimen are
shown in Fig. 3. The surface of the spec—
imen was coated with silicone rubber except
for the central area of 16 by 16mm. Fatigue
tests were carried out using a Schenk-type
bending machine whose cyclic speed was 60
Hz, and a completely reversed plane bending
was made. The enviromment in the present
tests was salt water (3% NaCl) kept at 298K

B8=Ciexp(Czo) }
n0=C; exp(C,0)

(C1, C2, C3, C4 are constants which are

independent of stress amplitude)
Accordingly, substituting Eq. (10) and Eq.
(11) into Eq. (9), and further, performing
approximation, total number of cracks (nt)
is given by the following equation,

1e(0) 5 OHo= OCy eXp(Cyg) wevererersresanns (12)
Next, fatigue fracture toughness, Kfe, for

surface crack is given by the following e-
quation [9],

Kre= Mooy TAs X (L) Q) reeeerererersoneannen (13) which was attained at a rate of 20v30ml per
- (GG ) +erreeeercensesseseans (149) minute on the specimen surface. If speci-
Q=E —0.212(d/o, men’s stiffness decreased during fatigue,

where Ag,Mp and Oy denote crack aspect ratio
(=a/22, a: crack depth), correction factor
and yield strength of the specimen, respec-

the loading condition was adjusted to secure
constant bending moment at any time.
Removing the specimen surface steadily by

tively. And, E denotes a complete ellipti-

cal integral of the second kind and is given

by the following equation, /320

&3
E= [ 1= (1443 sin*g) g oroees (15) Feal] isf} S
0
< l -

3 -
SO t:3.0

mm
TART )
&Z Fig. 3 Shape and dimension of the
specimen used
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Fig. 2 Flow chart for the estimation
of S-N curve

Fig. 4 Relation between crack aspect ratio
and crack length
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electro-polishing or grinding, and thereaft-
er, taking a replica of the specimen sur-
face,depths of the surface cracks were meas-~
ured from the depth at which all cracks
disappeared.

4.2 Crack aspect ratio

Fig. 4 shows the relation between crack
length (22) and crack aspect ratio (Ag=a/24
» a: crack depth) during corrosion fatigue
process. The figure is arranged by taking
Ag on the vertical axis and 2% on the hori-
zontal axis. Experimental points in the
figure were obtained by observing the spec-—
imens which were broken or whose test was
interrupted during corrosion fatigue of o=
98MPa or 1184Pa. As seen from this figure,
aspect ratio (Ag) at constant crack length
shows a large amount of scatter, but it de-
creases monotonously with an increasing 2%
in the range of 0.7"0.1. The solid line in
this figure was obtained by linking together
the mean values of Ag in some range of crack
lengths in a smoothed curve, and used to
find the values of Ag at any crack length
for the estimation of fatigue lives.

4.3 Determination of fatigue fracture
toughness Kfe

Corrosion fatigue tests were conducted

at stress amplitudes of 118MPa and 147MPa,
and crack growth behaviours of the main
. crack which caused the final failure of the
specimen were investigated by successive
observation of the specimen surface during
fatigue process. The results plotted on the
semi-logarithmic paper are shown in Fig. 5.
It seems that the £inal unstable failure of
the specimen occurred at the ecrack length
indicated by arrows in the figure which is
designated as the critical crack length 2%c.
After the values of 2%; are determined for
each of stress amplitudes, fatigue fracture
toughness Kf. was calculated by using both
Eq. (13) and As-2% relation of Fig. 4. The
results are summarized in Table 1. As seen
from Table 1, the values of fatigue fracture
toughness for 0=118MPa and 147MPa are some-
what different from each other. Though the
one for 147MPa is larger than the one for
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Fig. 5 Crack growth behaviours of the main
crack which caused the final failure
of the specimen

118MPa, the average of both values will be
employed in this study.

4.4 Variation of the three parameters of
Weibull distribution with stress ampli-
tude and number of stress cycles

Using Eqs. (1), (3) and (4), the dis-
tribution of crack lengths was calculated
numerically [6][7], and thereafter the dis-
tributions were approximated by the three-
parameter Weibull distribution. Variations
of the obtained shape, scale and location
parameters with stress amplitudes and stress
cycling are plotted on the logarithmic paper
of Fig. 6. As seen from the upper figure of
Fig. 6(a), it may be acceptable to regard
shape -parameter mo as a comnstant though it
changes a little during fatigue process.
This tendency is independent of stress am-
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Fig. 6 Variations of the three-parameters
of Weibull distribution with stress
amplitude and number of stress cycles
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plitudes. So, the relation between the
erage value of mo, mo, during fatigue
stress amplitudes was investigated, and
results are shown in the wupper figure
Fig. 6(b). As seen from this figure, a
ear relation holds between fis and 0 on the
logarithmic paper and mo increases monoto-
nously with an increase of 0. Seeing the
dependency of the scale parameter, Oy, upon
stress amplitude and number of stress cy-
cles, from the lower figures of both Fig. 6
(a) and 6(b), both Qo~N and 0¢-0 relations
are composed of two sections represented by
the different straight lines on the loga-
rithmic paper. Similar tendency is observed
in Fig. 6(c) which represents the dependency
of location parameter, Yo, upon stress cy-
cles. The reasons will be discussed later
in this study. Expressions of Eq. (8) for
the three-parameters of Weibull distribution
which describe the distribution of crack
lengths stated in the clause 3. 2 were de-
cided by taking the character of the three-
parameters shown in Fig. 6 into considera-
tion.

4.5 Comparison between an estimated S-N
curve and one obtained experimentally
The variation of the three parameters
of Weibull distribution which represent the
distribution of crack lengths with stress
amplitude and stress cycles shown in Fig. 6
was approximated by Eq. (8), and the values
of constants, g, N,---, k4, could be decided.

180 . T T
'\ ® Experimental
™ \ — Estimated
>
£ 149 N
= Q
bIOO
n .=;|
] In salt water N
o
60
103 0% 107 10°
Number of cycles to failure. Nt

Fig. 7 A comparison between estimated S-N
curve and experimentally obtained one
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Thereafter, substituting the values of con-
stants into Eq. (16), S-N curve could be es-
timated. The results are shown in Fig. 7.
Data points represented by the mark "e" in
this figure are ones obtained experimentally,
and they are in good agreement with the es-
timated S-N curve. From the above consider-
ation, it was made clear that S-N curve for
the smooth specimen in the corrosive envi-
ronment could be obtained theoretically
through statistical calculation which took
the initiation, the growth and the coales-
cence behaviours of the distributed surface
cracks into consideration.

Though the dependencies of scale and
location parameters of the Weibull distribu-
tion on the stress amplitude and number of
stress cycles are represented by the two
different straight lines on the logarithmic
paper, the latter straight line will be a-
dopted for the reasons stated in the clause
5. 1. The values of the constants used for
the estimation of fatigue lives are listed
in Table 2.

5. Considerations

5.1 The dependencies of scale parameter Qg
and location parameter Yo on the stress
amplitude and number of stress cycles
As stated in clause 4. 4, the dependen-

cies of g and Yo on the stress amplitude

and number of stress cycles are represented

by the two different straight lines on the

logarithmic paper. The reasons will be con-
sidered in this clause.

Now, let’s denote the probability of
crack initiation in unit stress cycles (N,
N+AN) by q(N). If the variation of the crack
density during corrosion fatigue is given by
Eq. (10), q(N) can be expressed by the fol-
lowing equation,

g(N)=8exp{—B(N —N¢)} rererererreemenens 17
Denoting the mean value of number of cycles
to crack initiation, Ni, by Ni, Ni is express-
ed as follows:

N1=waiq(N()dN.'=“1'

Ne A
The values of Ni for each stress amplitude
can be calculated by substituting the values

+ N

Table 1 The values of fatigue fracture

toughness
o MpPa 21 mm A (=a/21) Keo Mpaml/2
TP.11{TP.12 |TP.1l6
118 7.1 1 6.6 ] 6.5 0.15 6.38
Average 6.7 Average
147 4.5 0.18 6.61

Table 2 The values of the constants used for
the estimation of S~N curve

4 n § € k3 9 mm?2
0.062 0.601 6.67 x107 30 6.43 '2.58 256
T 3 kg cz cyq Kfe MPaml/2
9.21 XIO‘Z3 7.41 1.20 6.22 x10-% 0.06 6.50
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of B and Nc into Eq. (18). In the g,N re-
lation of Fig. 6(a), number of cycles at the
point where two different straight lines in-
tersect corresponds to nearly 1v2 times the
value of Nj. And also, in the Qg—0 relation
of Fig. 6(b), the value of the stress ampli-
tude at the point where two different
straight lines intersect corresponds to the
one calculated in the case when the values
of N for each line just correspond to the
values of Ni. The same tendency as those
stated above can be observed in the Yo-N re-
lation of Fig. 6(c). Thereafter, if the
former and the latter regions of two differ-—
ent straight lines can be considered the
crack initiation and the crack growth peri-
ods, respectively, the dependencies of scale
and location parameters on stress amplitude
and number of stress cycles for both periods
are found to be different from each other.
In this experiment, as final failure of the
specimen occurs in the crack growth period,
the dependencies of qp and Yo on the stress
amplitude and number of stress cycles used
for the estimation of fatigue lives in the
clause 4. 5 are decided by using the char-
acter of the latter region of two different
straight lines.

5. 2 Estimation of the distribution of
maximum crack lengths and the dig-—
tribution of fatigue lives

. In chapter 3. supposing that the weak-
est link theory can be applied for esti-
mation of fatigue lives in the case where
many distributed cracks are initiated during
fatigue, that is, considering that the spec—
imen is broken when maximum crack length in
the specimen obtained from the distribution
of crack lengths becomes equal to the crit-
ical crack length 2., an expression for
failure condition of Eq. (7) was introduced.
From the viewpoint stated above, the scatter
of fatigue lives among many specimens, that
is, the distribution of fatigue lives may be
closely related to the variation of the dis-
tribution of maximum crack lengths with
stress cycling. In this clause, the rela-
tion between the distribution of crack
lengths and the distribution of maximum
crack lengths or the distribution of fatigue
lives will be discussed.

It is supposed that there exists an in-

" in salt water
e 90} =-- Calculation
- 9,3: ®: Experiment
Z @ CuBMPa
® % Guermp
£ 20— 1|57
"3 1o 147
s L o3z
=5
2
3 -
3
€ osl-
S
ot { | 1
103 106 o

Number of cycles to failure Nt

Fig. 8 Numerical results for distribution
of corrosion fatigue lives

finite population of the distributions of
crack lengths at a certain stress amplitude
and number of stress cycles. Let’s repre-
sent the distribution function and the prob~
abilistic density function of it by F(2g,
o, N) and £(2¢, g, N), respectively. When
fatigue tests are performed by using each
test specimen, let’s denote the number of
cracks initiated during fatigue by ngt. In
this case, the distribution of crack lengths
observed on the specimen surface may be e-
quivalent to that for ny cracks extracted
from the infinite population of crack
lengths. 1In corrosion fatigue, all of the
nt cracks initiated during fatigue are sup-
posed to be able to grow steadily with
stress cycling. According to statistics of
extremes [10], the distribution of the max-
imum crack lengths which are observed among
nt cracks is given by the following equa-~
tion,
@n(zlmax)'—'[F(zL G, N)]"‘ .................. (19)

When the value of nt is large, Eq. (19) 1is
transformed into the following asymptotic
distribution [11] of the largest value for
exponential type,

¢(21mx)=exp[—-exp(— E(Zlmlx— ’V)}]

where, @ and W are scale parameter and char-
acteristic maximum value of the asymptotic
distribution of the largest values for expo-
nential type, respectively. The specimen
is supposed to be broken when one of the ng
cracks initiated in the specimen becomes e-
qual to the critical crack length 2f..
Accordingly, taking Eq. (19) into consider-
ation, the probability for failure of the
specimens, Pp(Nf), at stress g and stress
cycles Nf is given by the following equation,

Pa(N,)=1—0n(2{:)
=1—[F(214, o, N)]"‘ ........................ 1)

When the value of nt is large, Eq. (21) is
transformed into the following equation,

P(N)=1—-$(21.)
=1—exp[—exp{— @(2lc— W)}] +==ereeer (22)
2 and W in Egs.(20) and (22) have the fol-
lowing relationships [12] with the functions,
F(%, 0, M), £(22, o, ¥) and n¢,
F(w, o‘,N)=1—1/ng}
d=nf(W,o, N)

When a three-parameter Weibull distribution
of Eq. (5) is adopted for F(R o ,N), £ and W
are given finally by the following equa-
tions,

é‘:(ln n‘)l-(l“ﬂo) Mo aﬂ-””m}
W=7v+(ayin n )t ™

Though an infinite population of crack
lengths is needed to obtain the distribution
of fatigue lives actually, the distribution
of crack lengths obtained from a single spec—
imen was used in place of the infinite pop-
ulation of crack lengths in this paper.

That is, the distribution of fatigue 1lives
was calculated by substituting Eq. (8) in
chapter 3 into Egqs. (21) and (22). The val-
ues of nt and 2%; were decided by using Eq.
(12) and Eq. (13), respectively. The dis-
tribution of fatigue 1lives calculated as
stated above is shown in Fig. 8 plotted on
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the Weibull probability paper. The solid

and dotted lines in the figure indicate the

asymptotic distribution of Eq. (22) and the

finite distribution of Eq. (21), respective-
ly. As seen from this figure, the scatter

of fatigue lives tends to become larger with
a decrease of stress amplitude. This tend-

ency is the same as that [13] observed dur-

ing fatigue in air. . And also, it is seen

that there is no difference between the fi-

nite distribution and the asymptotic distri-
bution because the solid and dotted lines in
this figure correspond to each other. This

result stated above may be due to the fact

of numerous crack initiations during corro-

sion fatigue process. Accordingly, it is

considered that the distribution of corro-

sion fatigue lives is fully represented by

the asymptotic distribution of Eq. (22).

Experimental points in this figure show
the distribution [14] of corrosion fatigue
lives which was obtained by using 15 spec-
imens at 0=118MPa. Comparing the experimen-—
tal distribution of corrosion fatigue lives
with the estimated one, both distributions
nearly coincide with each other, though the
estimated distribution is somewhat shorter
than the experimental one.

As stated above, it is clear that fa-
tigue lives of the materials which contain
many small distributed cracks can be ex-
plained by considering the situation of
crack distribution. It is also shown that
the distribution of fatigue 1lives depends
on the distribution of crack lengths and
that both distributions correspond with each
other within the range of the present exper-
iments. .

Many factors can be 1listed as the
causes of the scatter of fatigue lives :For
example, (i)variations of experimental con-
ditions, that is, the differences in the
characters of fatigue machines and the var-
iations in the set values of stress ampli-
tude, (ii) the differences in both the ini-
tial conditions and microstructures of the
material, and (iii) the scatter in the prog~
ress of fatigue damage. But it has not been
clarified sufficiently which is the most
influential one of these factors. In the
estimation method of S-N curve and distribu-
tion of fatigue lives until now, based on
the P-S-N curves which are obtained by per-
forming fatigue tests with many specimens,
the safety factor in design 1s decided.

But in the method, these factors stated

above have not been discriminated sufficient-

1y from one another, and therefore,the prob-
abilistic and statistical ground can’t be
given in the estimation method of safety
factor. Recently, many studies have been
made in the field of reliability and have
pointed out that it is important to clarify
the physical factors for the advance of fa-
tigue damage and to investigate the probabi-
listic features of fatigue process. Consid-
ering that fatigue process is composed of
crack initiacion period and crack growth
period, if the probabilistic features of
each period can be made clear, the features
of the distribution of fatigue lives will be
clarified and the probabilistic and statis-
tical ground may be given to the method of
design. From the result of this study, it
may be appropriate to consider the features
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of the distributed cracks substantially as
fatigue damage,because fatigue lives obtain-
ed by using the character of the distributed
cracks coincide with experimental results.
The method stated in this study may be able
to contribute to the advances of machine
design by increasing the reliability in de-
cision of safety factor, and can be applied
as a quantitative evaluation method for the
remaining fatigue life. Though above dis-
cussions on the scatter of fatigue 1lives
have been made from the standpoint of (iii)
stated before, it may be possible to inves-
tigate the scatter of fatigue lives from the
standpoint of (ii) by applying probabilistic
and statistical method for the distributed
cracks to the distribution of the defects at
initial state of the material. If fatigue
cracks are initiated from the defects con-
tained in the material, by investigating the
distribution of these defects it will be
possible to evaluate fatigue lives of the
material by the same method as the one
stated in this study. Especially in the
case of corrosion fatigue, 80% of the crack
initiation parts are occupied with corrosion
pits [15]. Therefore, if the features of
the distribution of corrosion pits can be
known, it is likely that the estimation of
corrosion fatigue lives can be performed.
Detailed examination will be 1left to the
future.

As the cause of the scatter of fatigue
lives (i) is considered to be an artificial
one and to have a different character from
the causes (ii) and (iii) which are the
material factors, it must be investigated
separately. 1In the other study [16], the
authors performed two-level fatigue tests
which involved the variance of environments
and investigated the physical means of
Miner’s rule by setting eyes to the distri-
bution of crack lengths. And it has been
made clear that Miner’s rule corresponds to
the change in the state of the distributed
cracks with the change of stres amplitude
or environment. '

6. Conclusions

Probabilistic method of determining
fatigue lives and their distributions where
many cracks were initiated during fatigue
process is studied, and the results obtained
are summarized as follows:

(1) Distribution of crack lengths calcu-
lated by taking the initiation and growth
behaviours of the distributed cracks into
consideration could be approximated suffi-
ciently by the three-parameter Weibull dis-
tribution. 1In the present experiment, the
change in the three parameters with stress
amplitude and number of stress cycles can be
given as follows: Shape parameter mg was
assumed constant though it changes a little
during fatigue process, and so the mean
value of mg, Mg, during fatigue was adopted
as the value of shape parameter. There ex-
ists a linear relation between mo¢ and stress
amplitude O on the logarithmic paper and fig
increases monotonously with an increase of
O. On the other hand, the dependencies of
the scale parameter (¢ and location parameter
Yo on stress amplitude and number of stress
cycles were represented by straight lines
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which were composed of two sections on the
logarithmic paper. Both parameters increased
monotonously with an increase of O and N.

(2) Assuming that the failure of the
specimen will occur when maximum crack
length among many distr¥ibuted cracks becomes
equal to the critical crack length, the es-
timation of S-N curve was conducted by
taking the variation of the three parameters
of the Weibull distribution which represent
the distribution of crack lengths with
stress cycles into consideration. Estimated
results and experimental ones coincide well
with each other.

(3) If the weakest link theory holds,
the scatter of fatigue lives may be closely
connected with the scatter of maximum crack
lengths. Based on statistics of extremes,
the expressions for the distributions of
maximum crack lengths and fatigue 1lives
could be obtained from the distribution of
crack lengths. From the numerical examina-
tion, it was shown that the scatter of cor-
rosion fatigue lives tended to become wider
with a decrease of stress amplitude and this
tendency was the same as that observed dur-
ing fatigue in air. And also, it was shown
that the distribution of fatigue lives ob-
tained experimentally under stress amplitude
of 118 MPa coincided well with calculated
one.

. The authors wish to express their
thanks to Messrs. A. Takimoto and T.
Kawahara who cooperated throughout the ex-
periments.

Numerical calculation in this study
were performed at Computer Center of Toyama
University.
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