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Abstract: This paper presents the reliability estimation of
fatigue strength of the material used for crank throw com-
ponents. The material used for crank throw components
is forged S34MnV steel and subsequently heat-treated by
normalising and tempering. High cycle fatigue testing un-
der fully reversed cycling (R = —1) was performed to deter-
mine the fatigue limit of the material. The staircase test
method is used to obtain accurate values of the mean fa-
tigue limit stress until a number of cycles up to 1E7 cycles.
Subsequently, the fatigue test results depend strongly on
the stress step and are evaluated by the Dixon-Mood for-
mula. The values of mean fatigue strength and standard
deviation predicted by the staircase method are 282 MPa
and 10.6 MPa, respectively. Finally, the reliability of the de-
sign fatigue strength in some selected probability of failure
is calculated. Results indicate that the fatigue strength de-
termined from accelerated staircase test is consistent with
conventional fatigue testing. Furthermore, the proposed
method can be applied for the determination of fatigue
strength and standard deviation for design optimisation of
S34MnV steel.
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1 Introduction

S34MnV steels are widely used as necessary materials in
crankshaft manufacturing of large-size marine diesel en-
gines. Crankshaft transforms the reciprocating motion of
pistons into rotary motion and experiences a large number
of loading cycles during its service life. For those mechani-
cal components subjected to repetitive stress probably will
fail with stress much lower than that of the yield stress or
a single load to fracture. Therefore, fatigue failures occur
after a long period of service used [1, 2].

The fatigue phenomenon is a process of damage
caused by crack growth due to the repeated cyclic stress
within the material elastic zone. Advances in understand-
ing the fracture surfaces are of importance. The literature
reviews have developed the new characterisation tech-
nique adopting fractal theory concept that can be utilised
to reveal the characteristic lengths of a fracture surface
and contribute to a better understanding of the influence
of microstructure on fracture processes [3, 4]. However,
this study is focused on the evaluation of the fatigue
strength of the crankshaft components to secure its safety
and reliability. Due to the variation on material properties
(i.e. microstructure, defects, flaws, etc.), their fatigue resis-
tance can have a significant difference in terms of several
cycles to failure. Thus, statistical information according to
the of fatigue properties is required when fatigue failure
is deeply involved in safety and reliability [5, 6]. One of
those properties is fatigue strength that can be treated as a
single random variable, which fluctuates stochastically. Al-
though the famous S-N curves can be able to represent the
fatigue properties of the material, the variation in fatigue
life is still unknown. In general, there are extensive kinds
of literature in probability theory concerning the solution
for bandit problem by clustering distribution [7], collabo-
rative filtering [8], an online optimisation method for the
quantification problem [9], and so on. Those might work
to stochastically determine the fatigue strength from a set
of data, i.e. exploitation of the specific value that has the
highest probability of occurrence and exploration to get
more information about the expected value from a collec-
tion of data. To the best of our knowledge, however, the

c) This work is licensed under the Creative Commons
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fatigue life distribution is often described in the form of
Weibull distribution. In contrast, the fatigue limit can be
described in the way of the algebraic normal distribution
function.

Literature studies revealed that the newly developed
staircase testing could be used for the sake of time-saving
even on high cycle fatigue to ultrasonic fatigue test. Mor-
rissey et al. [10] showed that staircase testing was well-
implemented through gigacyle regime. Wallin [11] reported
that staircase testing could be considered an effective
method for the estimation of the fatigue strength with
presently most common Dixon and Mood approach with
the assumption that the threshold stress follows a normal
distribution. In this study, the authors employed the accel-
erated procedure to fatigue strength testing, namely the
staircase test. The staircase test is used to obtain the mean
fatigue strength and its standard deviation. The staircase
method utilises a simple protocol for specimen tested at
a given starting stress for a specified number of cycles or
until failure. If the specimen survives, the stress level is in-
creased for the next specimen; likewise, the stress is de-
creased if the specimen fails. This method is found to be
able for accuracy and time also cost-efficient for estimation
of the mean fatigue strength. Therefore, this study aims to
estimate the fatigue strength through staircase method of
parts material of diesel engine crankshaft made of S34MnV
forged steel. Lastly, we perform Monte Carlo simulations in
the distribution of mean fatigue strength and standard de-
viation to have the reliability of fatigue design.

2 Experimental Methods

The material used in this study was forged S34MnV steel.
The chemical composition (wt.%) of the S34MnV steel is
0.44C, 0.26Si, 1.0Mn, 0.012P, 0.002S, 0.12Cr, and 0.06V. Af-
ter the forging process, the heat treatment of the material
was conducted with normalizing at 880°C for 17 hours and
also tempering at 600°C for 17 hours, followed by rapid
cooling.

Figure 1 shows the shape and dimension of the cylin-
drical fatigue specimen. The fatigue test by the staircase
method was carried out at room temperature under the
condition of sinusoidal waveform under fully amplitude
axial load control and with constant amplitude load at 20
Hz. Table 1 shows the testing condition and matrix of the
present investigation. Figure 2 shows specimen and jig con-
figuration on servo-hydraulic equipment (MTS Landmark).
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Figure 1: Cylindrical fatigue specimen shape and dimensions (in
millimetre).

Figure 2: Specimen and jig configuration on servo hydraulic equip-
ment.

Table 1: Test matrix for fatigue strength evaluation by staircase
method.

Test matrix Value
Fatigue test Load controlled
Waveform Sine tapered
Frequency 20 Hz
Stress ratio, R -1
Mean stress 0
Step size 20 MPa
Starting stress 260 MPa
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Figure 3: Flow chart of fatigue testing procedures using the staircase method.

All experiments were performed according to ISO 1099
[12]. The fatigue test procedure presented in this study is
shown in Figure 3. Finally, the estimated fatigue strength
of the material was verified by performing a fatigue run-
out test up to 1E7 cycles at the design fatigue strength of
2.3% probability of failure.

As mentioned above, the present research was con-
ducted in the form of pass or fail mode. It is noted that the
initial stress level is essential. It can be determined from
preliminary S-N data or by experience. However, in this
study, the tensile tests have been firstly conducted to de-
termine the initial stress amplitude level, which is 40% of
the tensile strength. The obtained mean tensile strength of
S34MnV steel used in this work is 649 MPa. Therefore, the
initial stress amplitude equals 260 MPa. The stress level for
the next specimen is tested by increasing or decreasing of
the given step size (AS) depending on whether the original
specimen is alive or failing. This process continues for all
assigned specimens. Typically, the step size, AS, is always

the same value at the next stress level. It is common to take
an amount that is usually close to the standard deviation
of the fatigue strength. The selected step size in this study
is 20 MPa.

If the first specimen survived to the expected number
of fatigue limit, 2E6 cycles in this study), the next speci-
men is tested at the stress level increased by AS. In other
cases, if the specimen fractured before its life expectancy,
thus, it will continually test at the stress level reduced by
AS. This method relies on previous experimental results.
The fatigue test was carried out up to the 12" test piece ac-
cording to the above procedure.

The following equation can determine the mean fa-
tigue strength and standard deviation.

A1
y—So+AS(Fi§> 6y}
o= 162AS(FBA + 0029) ifFBA >0.3 or (2)
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o =0.53AS if FBA <0.3 (3)
F FB - A?
BAS — 7 (%)
jmax
A= Z] X I’l]' (5)
j=0
jmax
B=3 j xn 6)
j=0
imax
F= Z n]- (7)
j=0

Where Sy is the minimum stress amplitude correspond-
ing to the less frequent occurrence of fractured and sur-
vived specimens, parameter j is an integer representing the
stress amplitude level, n; is the number of specimens in the
less frequent event at the stress amplitude level of j. The
plus sign (+) in Equation (1) is used for events where sur-
vival is less frequent (i.e., events, where most fractured, is
occurring), and the minus sign (-) is a case where events
are less frequent (i.e., events in which survival is most
likely to happen).

3 Results

Figure 4 shows the fatigue test results obtained by the
staircase method with a starting level of stress amplitude
equals 260 MPa. The corresponding stress amplitude lev-
els of the fatigue test were 260, 280, 300 MPa, respectively.
The fatigue test results depend strongly on the stress step.
And from the results, the number of survived specimens
up to 2E6 cycles (indicate by O sign) are seven specimens,
and the number of fractured specimens (denote by X sign)
is five. The parameters of j and n; by Dixon and Mood ap-
proach corresponded to the test results are summarised in
Table 2.

Table 2: Parameters of j and n; by Dixon and Mood approach.

Stress amplitude Jj n; A B
(MPa) Gxn) (P xny)

300 2 3 6 12

280 1 2 2 2

260 0 0 0 0

Total - 5 8 14
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Figure 4: Staircase test results of S34MnV steel.

Table 3: Summary of fatigue test results by staircase method.

Value Remarks
No. of cycles 2E6 N
Lowest stress level (MPa) 260 So
Stress step (MPa) 20 AS
Failure/Run-out 0.5 x(factor)
Mean fatigue strength (MPa) 282.0 Sm
Standard deviation (MPa) 10.6 Sid
Probability of survival 97.7% P
Design of fatigue strength (MPa) 260.8 Sa

A, B, and F parameters estimated from Equations (5-
7) are 8, 14, and 5, respectively. Hence, the mean fatigue
strength and the standard deviation can be calculated,
which are 282 and 10.6 MPa, respectively. Table 3 shows the
experimental results of the staircase method. Furthermore,
the reliability of the fatigue strength can be predicted by
using above-summarised values.

4 Analysis and Discussions

Failure analysis is of prime importance for any accurate
and reliable analysis based on historical processes. Sam-
ples were taken from the macro-image of fractured speci-
mens tested at 280 and 300 MPa. Figure 5 shows macro-
image of fractured fatigue specimens tested at 280 and 300
MPa, respectively.

One can determine that materials failed by fatigue are
to examine their fractured surfaces. It is observed that the
failure location was taking part at the centre of the speci-
men’s reduced section, indicating no such buckling defor-
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(b)

Figure 5: Macro-images of fractured fatigue specimens at: (a) 280
MPa, and (b) 300 MPa.

mations affect. From the figure, the crack initiation (shown
by the white arrow) took time to develop from the smooth-
surface specimen. Afterwards, crack grew with specific fa-
tigue crack growth rate along with the clamshell markings
(fatigue beachmarks) at the fatigue surface with vary in

magnitude, in this case, associated with a stress step size.

Finally, the catastrophic zone shown by the rapid failure of

the specimens can be observed. No evidence of the speci-

men defect or premature failure can be seen, other than

classical fatigue fracture developed from dislocation move-

ment of slip bands. It can be evidenced by the location
of the fatigue crack initiation, which is initiated from the
edge of the surface. Fatigue strength is closely related to
the physical damage of material and can be defined from
material structure barriers. These barriers are influenced
by loading mode, stress level, and environmental effects.

DE GRUYTER

Furthermore, to provide statistical information, the
normal distribution is made from the quantification of the
mean fatigue strength and standard deviation. Figure 6
shows the probability distribution function (PDF) of the
data distribution. Results of the normal PDF can be ex-
pressed as:

1 x-n’
V2no exp [_ 207

Figure 6 exhibits the PDF curve of the fatigue limit with
mean fatigue strength of 282 MPa and a standard devia-
tion of 10.6 MPa. It should be noted that the stress ampli-
tude levels cause these statistical parameters for the sur-
vived specimen and the less frequently occurring events
of the fractured specimen. Furthermore, the design of fa-
tigue strength for some reliability values are estimated and
shown in Table 4. From the results, it is observed that the
design of fatigue strength values can be predicted stochas-
tically for the crankshaft component corresponding to the
probability of failure or reliability. For example, the de-
sign fatigue strength of 95% survival is estimated to be
264.5 MPa. It is understood that the fatigue damage pro-
cess must be determined statistically. This estimation con-
firms that the fatigue strength cannot be deterministically
verified from single-test data, even though, the value is rea-
sonable and can be derived from probabilistic SN curve,
Monte Carlo technique, and staircase method.

From staircase testing, the design of fatigue strength
at 97.7% of survival was calculated to be 260 MPa based on
the PDF of the experimental data. Therefore, fatigue tests
were performed on three specimens up to 1E7 cycles to ver-
ify the assumption. Table 5 shows the entire test specimens

fr(x) = (8)

Table 4: Design of fatigue strength for some reliability values based
on current results.

Probability of survival (%) Design of fatigue strength

(MPa)
90.0 268.4
95.0 264.6
97.0 262.1
99.0 257.3
99.9 249.2

Table 5: Results of verification test for run-out at 1E7 cycles.

Stress level Specimen Results
260 MPa 13 Survived
14 Survived

15 Survived
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function of standard deviation.

were run-out without fracture until 1E7 cycles. Thus, the
reliability of the design fatigue limit of crankshaft compo-
nent is satisfied.

In this study, we further perform the Monte Carlo sim-
ulations for 30,000 points to generate a dense distribution
of fatigue strength and standard deviation, respectively. In
the case of fatigue strength, the normal distribution can be

valid to describe the data distribution. The standard devi-
ations must be separately described in lognormal distribu-
tion [13, 14]. This assumption can be justified from the vari-
ations of components or within the heat treatment prod-
ucts, although, they might be composed of the same mate-
rial and manufacturing process [13]. Results of the lognor-
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mal PDF can be expressed as:

1 (Inx - p)?

0= e |

Figure 7 shows generated Monte Carlo simulations

for mean fatigue strength and standard deviation, respec-

tively. The results are based on random processes. There-

fore, the statistical analysis with confidence values is rec-

ommended to obtain reliable results. Summaries results,

PDF and the cumulative distribution function (CDF) can be

seen in the figure. From the estimated data distribution, it

is shown that with the massive amount of sample size, the

mean of fatigue strength and standard deviation (282 MPa

and 10.47 MPa, respectively) are closer to the experimental

results. Thus, it can be reliable and proves that the chosen
data distribution fits perfectly for both estimations.

)

5 Conclusions

In this study, the fatigue test by the staircase method was
performed on crankshaft material made of S34MnV forged
steel, and the reliability of the fatigue limit according to
the experimental results was predicted. The key findings
can be drawn as:

1. The mean fatigue strength and the standard devia-
tion were successfully calculated via the staircase
method to be 282 and 10.6 MPa, respectively.

2. The staircase method predicted the design fatigue
strength stochastically. For example, the design fa-
tigue strength of 95% survival was estimated to be
264.5 MPa.

3. At the estimated fatigue strength of 260 MPa, based
on the 97.7% of survival, all of the specimens were
run-out without fracture for up to 1E7 cycles. It
is concluded that the design of fatigue strength
can be determined stochastically using the staircase
method.

4, All specimens exhibit typical fatigue fractured with-
out being proven to defect material or premature fail-
ure on the tested specimens.

The results obtained by authors are reasonable and
satisfying. Nevertheless, further analysis is required to per-
form the conventional fatigue test (S-N curve method) to
confirm the validity of the mean fatigue strength of the ma-
terial employing statistical approach, knowing that the SN
master curve for S34MnV forged steel is not available yet.
Afterwards, in-depth analysis of the fractography has to be
considered to reveal the post-fracture phenomenon up to
micro-level using electron microscope, including the use
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of fractal theory concept for characterisation. Although
from the macro perspective, the defect was unseen, it is
recommended to investigate at the microstructure, which
might be significantly influential to the scatter result.
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