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Nomenclature slope
A Scale parameter in Weibull distribution
CDF  Cumulative distribution function Py Scale parameter in exponential distribution
f(t)  Failure law in terms of density function u Mean fatigue life
N Number of cycles to failure o, Log mean of population
P Failure probability of the i-th data . Variance of fatigue life
S, Stress amplitude o Log variance of population
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1. Introduction

The fatigue phenomenon is complex and inf-
luenced by many factors. Until now, there have
been many problems not understood well about
fatigue.

Experimental results obtained by either cons-
tant or variable amplitude fatigue tests show wide
scattering of fatigue life, which do not give just
single correlation, even if the conditions of speci-
men preparation and testing conditions are stric-
tly specified.

In recent years, for the reliable design of a co-
mponent, failure probability became an important
quantity. To evaluate this quantity, the true dist-
ribution of cumulative damage in the component
and its critical value must be known. Unfortuna-
tely, since it is impossible to know the true dist-
ribution of this quantity, the use of distribution
functions estimated from experimental data is ne-
cessary. Failure probability has been frequently
evaluated using the parametric approach.

A few papers have discussed fatigue failure
from statistical standpoints.!’® In the papers re-
ferred above, it was common to employ either
Weibull or log-normal distribution to represent
distribution of fatigue life, but the effects of dist-
ribution functions related to loading conditions
and specimen shapes were not sufficiently clari-
fied.

In this study, constant rotating bending fatigue
tests were first carried out on SM45C round bar
specimens having a small drilled center hole of
2mm dia. Furthermore, in order to examine the
fatigue life distribution, the normal, log-normal,
exponential, and Weibull distribution functions
were used for the distribution model of fatigue
life. The experimental results and the calculated

distribution of fatigue life were compared.

2. Experimental Procedures and Results

The material used in the present study was
SM45C of carbon steel, and its mean chemical
compositions and mechanical properties are listed
in Tables 1 and 2. The configuration of the test

specimen is shown in Fig. 1.

Table 1 Mean chemical compositions of material

(Wt. %)
Materiall C | Si /Mn| P | S | Cu | Ni
SMA45C | 045 [0.243]0.753(00173]00667| 00133 | 0.01

Table 2 Mean mechanical properties of material

3 Ckgf/mm®)
b\daterial

'SM45C

o, | o, (%o, Yield strength

o, . Ultimate strength
¢ . Percent of elongatiol

34.1 16331220

15007
20

e

19 15
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Fig. 1 Configuration of fatigue test specimen

Center holed specimen in mm

In order to confine crack to initiation place and
to observe the crack easily the specimen is provi-
ded with a center hole.

Since the yield phenomenon is sensitive to sur-
face roughness, the specimen surface was carefu-
lly polished by emery papers and buff-finished by
using powdered Fe,Os.

The stress concentration factor of the specimen
was 2.02, which was used by Peterson” and Ni-
shida®” independently.

Fatigue tests were performed by means of the
Ono-type rotating bending fatigue testing machine

at room temperature. The mechanism of the Ono-
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type rotating bending fatigue testing machine is
shown in Fig. 2. 70 specimens were prepared for
test, although the experimental sample size was
small from a statistical point of view. The maxi-
mum bending moment was 10 kgf~-m and the ro-
tating speed could be controlled from minimum
100 cpm to maximum 3600 cpm. In this study, fa-
tigue tests were carried out at 3000 cpm and the
specimen at Ny=10" was regarded as a run-out
one. For each of these run-out specimens, the su-
rface around the drilled hole was carefully chec-
ked by the optical microscope but no crack was
found for any specimen.

Fig. 2 Mechanism of the Ono-type rotating ben-

ding fatigue testing machine

The material micro-structure, initial nonunifor-
mity of specimens in terms of dimension, if occu-
rred, in the specimen setting on the fatigue test
machine were neglectied in this study.
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More details of the experimental information

6—8) and

may be found in the previous articles,
only a brief description is given here. Constant
amplitude fatigue test results are shown in Table
3. In Table 3 N;= 10 represents “run-out”, where
fatigue limit was determined by staircase method,
and the obtained fatigue limit was 12.37 kgf/mm”.
The mean and standard deviation of test results
are given in Table 4. In Fig. 3, a scatter diagram
of the data is shown. The fatigue life of individual
specimen and the mean fatigue life of specimens
at the constant stress levels are also plotted by
the marks of O and @ respectively. By using the
least square method, relationship between stress
and number of cycles to failure was indicated as
a regression line equation at the right hand upper
corner in Fig. 3. It is also shown that the degree
of scattering of the experimental results in the
higher stress amplitude is relatively smaller than
that in the lower stress amplitude.

The results are used in the present analysis to
assess the fatigue life.

3. Statistical Approach

The following four distributions are used alter-

natively :
Table 3 Fatigue life at each stress level at 3000 cpm
Stress N; Stress N; Stress = N, Stress N | Stress [ N,
40 1.80E+4 30 4.38E+4 22.5 1.50E+5 17 703E+6 14 1 4.72E+6
113E+4 528E+4 174E+5
2.05E+4 6.74E+4 2.62E+5 16.5 8.14E+6 135 598E+6
257E+4 8.33E+4 319E+5 8.75E+6 - —
444E+4 1LO4E+5 7A41E+5 13 . 7.92E+6
1.61E+5 | 7.72E+5 16 | 884E+6 8.10E+6
1 9.37TE+6 9.56E + 6
35 0.08E +4 f '
2.10E+4 275 6.06E +4 20 1 2.37TE+5 1.00E-+7
371E+ 647E+4 F296E +5 e e 125 867E+6
524E+4 1.57E+5 1.35E+6 155 B41E+6 1LOOE+7
743E+4 1.71E+5 4.02E+6 9.36E+6 1L.O0E+7 .
325 3.35E+4 1.96E +5 4.38E+6 - 1.OOE+7 12 6.98E +6 |
352E+4 25 1.02E+5 175 6.07E+5 15 1.60E +6 1.00E+7 !
4.36E+4 240E+4 6.25E+5 195E +6 1.00E+7
475E+4 3 14E+5 9.55E +5 237E+6
955E+4 407E+5 5.38E+6 1.00E+7 115 1.00E+7

Note : Stress in kgf/mm* and N; in cycles
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Table 4 Calculated means standard deviations of
the fatigue life N;

| Stress (kgf/mm®) Meailm | Standard deviation
40 225E+4 123E+4
35 411E+4 203E+4
325 511E+4 228E+4
30 854E+4 391E+4
275 1.30E+5 563E+4
25 2.66E+5 112E+5
225 403E+5 256E+5
20 206E+6 1.80E+6
175 729E+5 1.60E+5
15  L9GE+6 | 3.16E"+ 5
o : Fatigue Life of {ndividual Specimen
— ®: Mean Fatigue Life of Specimen
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Fig. 3 Scatter diagram of the data N,
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where |,  log mean of population
6. log variance of population

Exponential distribution :

(s

Fo)=1—e TN (3)
where A;  scale parameter

Weibull distribution :

Flo=1—e" M ) (4)

where A : scale parameter
B

slope

shape parameter or Weibull

Experimental data were plotted on a probability
paper to see, among the four statistical distribu-
tions, which distribution provided a better fit to
them, however, the process was omitted here for
the sake of simplicity. It was seen that normal
and log-normal distribution provided a better fit
to the constant amplitude fatigue life data than
the exponential and Weibull distributions did.

The median-rank estimation was used” All the
life

arranged in the order of life, and then failure

data at each stress level were first re-
probability of the ith data, P, was calculated by
(g-0.3)/(n+04), where n is the total number of
specimens assigned to a stress level, and q is the
failure order. The results are shown in Table 5.

It is easy to estimate the values of the parame-
ters , p, o, and o, statistically, however, esti-
mation of the parameters y, w, and B is not an
easy task, so they must be determined both gra-
phically and by means of the least sqaure method.
" The obtained values of the parameters u, .
and B are given in Table 6.

The calculated results using the four cumula-
tive distribution functions have been shown in
Figs. 4 to 11 at each stress level. In these Figs.
4 to 11, thick solid curve represents the CDF in
normal distribution calculated by Eq.(1) i thick
dashed curve represents the CDF in log-normal
distribution calculated by Eq.(2) 3
represents the CDF in exponential distribution

centercurve
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Table 5 Rearranged fatigue life with median — rank estimates of the percent population failed correspon-

ding to failure order in sample

p = 1 3000cpm
Stress (kgf/mm?)
40 35 32.5 30 275 ]
P N; N; N; P N: P Ni
12.94 1.08E+4 2.08E+4 3.35E+4 10.91 4.38E+4 12.94 6.06E +4
3147 1.13E+4 2.10E+4 3.52E+4 26.55 528E+4 3147 6.47E+4
50.00 2.05E+4 3.71E+4 436E+4 | 42.18 6.74E+4 50.00 1.57E+5
68.53 257E+4 524E+4 4.75E+4 ‘ 57.82 1 8.33E+4 68.53 1.71E+5
87.06 444E+4 743E+4 9.55E+4 | 7345 | 1.04E+5 87.06 1.96E+5
89.09 l 161E+5
25 225 20 175 15
o 1591 1.02E+5 10.91 1.50E+5 12.94 2.37E+5 20.63 i _-6.07E +5 | 1.L60E+6
38.64 240E+5 26.55 174E+5 | 3147 296E+5 50.00 6.25E+5 | 1.92E+6
61.36 3.14E+5 42.18 262E+5 50.00 1.35E+6 79.37 955E+5 | 237E+6
84.09 407E+5 57.82 3.19E+5 68.53 4.02E+6
7345 741E+5 87.06 438E+6
89.09 7.72E+5
100 [ —=
Table 6 Parameters of exponential and Weibull di- o0 :o(:; :g 8 //'/ s
stributions - a0 - \EN::” :g : : // » pd —
 Stress Exponential - Weibull B "o yi / ' '
o (kgf/mm®) Mo A B~ / ) //// |
40 300E-5 | 126E-3 | 0625 | & mst=a
35 ILME-5 | 234E—3 | 0532 ER 7] 7
325 128E—5 218E—-3 0.527 § o / V‘" .
30 781E—6 | L08E—4 | 0767 5 |\ | rifl /
275 | 513E~6 | 847E~4 | 0566 | E 7/// pd
25 255E—6 | 346E—4 | 0606 | B | Vg4 o Drrideal femits
225 172E—6 | 154E—4 | 0649 L y/a ’//
20 431E—7 341E—4 0.529 e e T T e
175 911E—7 277E—4 0577 xi0*
15 343FE—7 | 153E—13 2,066 Number of cycles to failure, N;
Fig. 4 Fatigue life distribution, o=40(kgf/mm?)
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calculated by Eq.(3) ¢ and dashdot curve repre- lity are listed in Table 7. The result of this com-
sents the CDF in Weibull distribution calculated parison, when applied to SM45C round bar speci-
by Eq.(4), for the final fatigue life N, mens having a small drilled center hole of 2mm

These curves were compared with the data ex- dia. Which have been subjected to fatigue cycles
perimentally obtained in Tabel 3 and results of with constant rotating bending stress, shows good
this comparison at the 50 percent failure probabi- agreement with both log-normal CDF at the st-
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Table 7 Comparison of experimental results with
theoretical analysis at the 50 percent of
failure probability

Swess | Exptl TN()rrmlv Tllm-nm'mzll Exponential

T
Weibull
|

]

level (Np Theor. Theor. Theor. Theor.

(Np
242E+4

(hgf: mm?) (Ny) (Np)

(Np)
225 +4| L96E +4|231E +4
4115 £ 4|35 T4 4236 +4 4436+ 4]
A3 4 511E T4 471D 45408+ 4 5815 4]
1575 + 5| 130K + 5. 116E +5| L35E+5 LAE+5

5
1578 5/ 1.30E+5 LI6E +5| L35E+5) L40E
L3561 6 206516 LUE+6| L61E +6] L78E+ 4

2,05 +4
37IE+4

— —

ress level of 40, 32.5, 30, 22.5 and 20 kgf/mm” and
normal CDF at the stress level of 35, 27.5, 25, 17.
5 and 15 kgf/mm® from the experimental resu-
Its.

*A log-normal distribution, which provide the
smallest value of N; at the 50 percent failure pro-
bability at each stress level from the experimental
results, may have safer predictive capabilities
than any other distribution function.

Calculated results on the final fatigue life are
in good agreement with the experimental results
plotted by circular dots, although not passing th-
rough the experimental results. In these cases,
calculated CDF coincides approximately well with
that of experimental results, except for a few data
points in extremely short and long life regions.

This disagreement in this study would be due
to the smallness of the number of specimens, and
the inhomogeneity of micro-composition, defects,
micro-organization, geometric shape, and size.

Consequently, it was found that theoretical
analysis developed in this paper was successfully
applied to SM45C round bar specimens which

have a center hole.

4. Conclusions

1) The cumulative distribution functions of the

_92 —
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specimens with a center hole are derived from
the constant rotating bending test results to exa-
mine fatigue life at each stress level.

2) The log-normal CDF gave the closes fit to
the scatter in experimental results on con-
stant amplitude fatigue life, at the stress level of
40, 32.5, 30, 22.5, and 20 kgf/mm®, and the normal
CDF gave the closest {it at the stress level of 35,
275, 25, 17.5, and 15 kgf/mm”.

3) Taking safety design into account, log-nor-
mal CDF provides the smallest value of N; at the
50 percent failure probability at all stress levels
of the experimental results, so it may have safer
predictive capabilities than any other distribution
function.

More data would have reduced both experimental

and statistical uncertainties.
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