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Abstract: Automotive parts are usually subjected to random loads with large mean tensile/compressive
stresses under working conditions. It is important for automotive parts to have a long fatigue life
under mean stress in practical engineering applications. An equivalent strain model is established
here to predict fatigue life considering the influence of mean strain and stress under asymmetric
cycles. To predict the fatigue life more accurately, the coefficient of surface roughness and temperature
correction is introduced in this model. The effectiveness of the improved equivalent strain (IES)
model is verified by comparing it with multiple sets of experimental data. The IES is also compared
with Smith-Watson-Topper (SWT), Manson—Coffin, and equivalent strain models. The results show
that the developed model has a higher prediction accuracy than the other models. An improved
fatigue strength exponent is introduced to modify the equivalent strain model, and the effectiveness
of the model is verified by experimental data. The IES model demonstrates significantly reduced
standard deviations under various strain ratios (—0.06, 0.06, 0.5), with measurements of 0.0936,
0.0721, and 0.0636, respectively. The method provides a certain reference for the life prediction of
automotive parts.

Keywords: fatigue life; surface roughness coefficient; temperature correction coefficient; improved
equivalent strain model; life prediction

1. Introduction

The fatigue or failure of metal materials is the process of the gradual accumulation
of damage, the generation of cracks, and crack propagation until the final failure of metal
materials under the action of alternating load [1,2]. Most mechanical structure damage is
caused by fatigue [3,4]. Fatigue life prediction has always been a concern within engineering
and academic circles [5-7].

Fatigue life prediction is an effective method for preventing major accidents. Symmet-
rical cyclic loading is commonly used under laboratory conditions but is rarely found in
actual engineering applications [8,9]. Most mechanical components usually suffer from an
asymmetric fatigue load [10], and the effect of mean stress should be considered to improve
models for the prediction of fatigue life. In general, cyclic loading significantly affects the
damage accumulation process of components [11]. The influence of mean strain and mean
stress on the fatigue behavior of materials is reciprocal. Applying mean strain is equivalent
to introducing a pre-strain, which, under certain circumstances, can deplete a portion of the
material’s effective ductility, thereby reducing its fatigue life. In the most extreme scenario,
when the mean strain reaches the material’s monotonic fracture ductility, the material
exhausts all inherent ductility, resulting in ductile failure. Furthermore, some experimental
results indicate that non-elastic pre-strain can significantly decrease the fatigue life of a
material under subsequent low-load conditions much more severely than the predicted

World Electr. Veh. ]. 2024, 15, 200. https:/ /doi.org/10.3390/wevj15050200

https:/ /www.mdpi.com/journal /wevj


https://doi.org/10.3390/wevj15050200
https://doi.org/10.3390/wevj15050200
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/wevj
https://www.mdpi.com
https://orcid.org/0000-0002-3395-9176
https://doi.org/10.3390/wevj15050200
https://www.mdpi.com/journal/wevj
https://www.mdpi.com/article/10.3390/wevj15050200?type=check_update&version=1

World Electr. Veh. ]. 2024, 15, 200

2 of 14

reduction in fatigue life directly caused by pre-strain-induced damage. Mean stress also
plays a significant role in the initiation of fatigue cracks in engineering components. It
is generally believed that tensile mean stress shortens the fatigue life, while compressive
mean stress prolongs the fatigue life [7].

When both mean strain and mean stress exist simultaneously, especially in the presence
of significant cyclic plastic strain, mean stress plays a primary role in fatigue behavior.
During stress-controlled testing, tensile mean stress causes the mean strain to gradually
increase along the tensile direction, thereby generating a strain ratcheting effect; whereas
in asymmetric strain-controlled testing, plastic strain causes the larger mean stress to
gradually decrease or even disappear, leading to the phenomenon of mean stress relaxation.
During low cycle fatigue processes, due to the presence of a large amount of plastic
strain, the mean stress undergoes a process of generation, disappearance, or change. The
phenomenon of a gradual decrease in mean stress with cyclic loading is referred to as
mean stress relaxation. Surface treatment methods such as shot peening reinforcement are
often adopted in engineering to introduce surface residual compressive stress and improve
the fatigue life of materials or components. However, mean stress relaxation affects the
initiation and propagation of fatigue cracks by reducing beneficial residual stresses on
the surface. The phenomenon of mean stress relaxation is caused by the presence of
cyclic plastic strain amplitudes. As the total strain amplitude increases, the plastic strain
amplitude also increases. Therefore, with larger strain amplitudes, the rate of mean stress
relaxation is higher. In cases of small strain amplitude control, the plastic strain is almost
close to zero. Thus, when the strain amplitude is small, mean stress relaxation is not
significant. Engineering components are often affected by alternating and mean stress
under the normal strain ratio. The mean stress effect has a greater impact on the crack
initiation process and fatigue life than the other effects [12]. The function of mean stress
and amplitude is usually used to express the effect in the fatigue life. The load amplitude
of the endurance limit decreases with mean stress in a special cyclic loading process [13,14].
If the minimum stress is less than the complete reverse constant amplitude fatigue limit
and the maximum stress remains unchanged, the error could be corrected by maintaining
the maximum and reducing the minimum [15].

The fatigue limit for the material micro-defects is given by the difference in stress
concentration behavior. The formula is suitable for the compression mean stress state
and introduces the mean stress correction parameter and the fatigue limit effect can be
expressed by the dependence of the mean stress [16]. Some mean stress correction methods
and fatigue behavior theories have been proposed with the establishment of empirical
formulas for different metal materials, such as the Gerber, Morrow, Goodman, SWT, and
equivalent strain methods [17,18].

Different materials have different mechanical properties and mean stress effects. Sev-
eral models have been proposed to estimate the fatigue life considering the effect of mean
stress. Lv et al. combined the parameters of the Walker and SWT models to propose
a strain life model based on the mean stress sensitivity of the material [19]. Vantadori
et al. have calculated the fatigue life of Inconel 718 specimens under uniaxial/biaxial
loading by considering the mean stress effect in SWT type [20]. Liu proposed the universal
multi-axial fatigue life prediction model by using the mean stress effect of the axial and
torsional [21]. Zhu et al. established an energy-based fatigue life prediction model using
two mean stress correction factors [22]. The Walker exponent is used to modify the effective
strain energy density model [23]. Kluger and Lagoda considered the variability in material
properties with non-parallel fatigue characteristics and mean torsional stress, and proposed
a combined fatigue life estimation method based on the Kluger stress criterion [24].

Several fatigue life prediction criteria have been developed to calculate cumulative
damage based on fracture mechanics, energy, strain, and stress methods [25]. The mean
stress effect should be considered in strain-controlled uniaxial and multiaxial fatigue tests.
Some scholars put forward several models with the influence of mean stress under uniaxial
fatigue loads [26-28]. The mean stress of 316 stainless steel does not need to be corrected
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using the load control mode or by changing the component design of the ratchet strain
restriction zone [29]. Wang et al. have studied the effect of the fatigue strength exponent on
fatigue life [30]. Liang collected crack closure behavior and effective crack growth rate data
for various steels, showing that the effective crack growth rate is independent of the steel’s
hardness and R-ratio [31].

Aluminum alloys are widely utilized in automotive manufacturing. Lukdcs estab-
lished fatigue design curves for two aluminum alloys (5754-H22 and 6082-T6) and their
corresponding welded joints produced using the Friction Stir Welding (FSW) technique [32].
Fu investigated the low-cycle fatigue (LCF) life and failure mechanisms of 7075-T6 high-
strength aluminum alloys under MTS 809 conditions, as well as their cycling stress re-
sponses and cyclic stress—strain relationships under different strain amplitudes [33].

The influence of mean stress on fatigue life has been extensively studied and discussed
by numerous researchers [15]. However, the effect of the fatigue strength exponent has
received relatively less attention. The fatigue strength exponent is modified by introducing
surface roughness and the temperature correction coefficient, and is verified using several
groups of test data. The IES model is proposed based on the effects of mean stress and the
fatigue strength exponent. The main content is as follows. In Section 2.1, several common
mean stress correction methods used in strain-life analysis are introduced. In Section 2.2,
an equivalent strain model based on the modified fatigue strength exponent is proposed.
In Section 3, the improved model (IES) is validated with experimental data and compared
with the Manson—Coffin, SWT, and ES methods to evaluate the effectiveness and accuracy
of the proposed model. The conclusion section emphasizes the importance of considering
both mean stress and the fatigue strength exponent in fatigue life prediction and provides
insights into potential future research directions. Through this comprehensive investigation,
we aim to enhance our understanding of the complex relationship between mean stress,
fatigue strength exponent, and fatigue life. By incorporating these factors, we can improve
the accuracy of fatigue life prediction models and contribute to the development of more
reliable and efficient engineering designs.

2. Materials and Methods
2.1. Strain-Based Life Prediction Methods

Fatigue life can be accurately predicted by establishing an accurate model with good
prediction performance [34-36]. In the case of high cycle fatigue, the elastic strain leads to
failure, and the plastic strain can be ignored. The S-N curve expression can be given based
on the law of fatigue characteristics of metal materials. There was a linear relationship
between the stress amplitude and the number of fatigue cycles in the double logarithm
coordinate, and the expression can be defined as follows:

0q = 0} (2Np)’ (1)

where 0; is the stress amplitude, Ny is the number of cycles to failure, 0'} is the fatigue
strength coefficient, and b is the fatigue strength exponent.

If the cyclic stress amplitude is higher, the fatigue life is relatively low. The load
amplitude of the material is higher than the yield limit, the plastic deformation of the
structure will occur under low cycle fatigue, and the material will undergo cyclic hardening
or softening under high amplitude alternating stress loading. The strain can be obtained in
a low cycle fatigue test. The cyclic nature of the loading leads to a gradual accumulation of
strain that can ultimately lead to failure. It is essential to monitor and analyze the strain
development to predict the material’s fatigue life accurately. Furthermore, in the presence
of high cyclic stress amplitudes, the material may undergo changes in its microstructure,
leading to variations in its mechanical properties over time. This phenomenon can influ-
ence the material’s fatigue behavior, impacting its durability and longevity under cyclic
loading conditions.
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Based on the effect of temperature of ductile materials, the plastic strain amplitude can
be used to describe the life in the low cycle fatigue [37]. The linear relationship between
plastic strain amplitude and fatigue failure life can be expressed in a logarithmic coordinate:

epa = €7 (2Nf)" 2)

where ¢, is the plastic strain amplitude, c is the fatigue ductility exponent, and s} is the
fatigue ductility coefficient.

According to Hooke’s law, the elastic strain under high cycle fatigue conditions can be
expressed as follows:
o

[

€oq = Ta _
ea — E - E
The total strain amplitude is the sum of the plastic ¢ pa and elastic ¢,,, as follows:

(2Np)” 3)

€1 = €eq + Epa 4)

The Manson—Coffin prediction model can be used to obtain strain life fatigue as follows:

q\

ea = = (2Nj)" + € (2Ny)¢ )

m|

where E is the elastic modulus.

The strain can be obtained using measurement methods. The local strain of the
component can be obtained with the Manson—Coffin formula. The ¢-N curve for low cycle
fatigue has been widely used in practical engineering, and the influence of mean stress o,
or strain ¢;; should be considered and discussed in an asymmetric strain cycle.

The effect of mean stress on the longer life region is greater than the shorter one [38].
The morrow model can be expressed based on the elastic strain as follows:

U} — O
E

€a = (2Nf)" + € (2Ny)¢ 6)

The Manson—Coffin model can be given by modifying SWT as follows:

2
UJ
Omax€a = < é) (2Nf)2b +s}a}(2Nf)b+c (7)

This method combined with the local strain method is widely applied in practical
engineering. According to Equation (7), the model considers the influence of mean stress
on fatigue life. The results can be obtained by this method, and can then be compared with
the experimental results for materials such as grey cast iron, carbon steel, low alloy steel,
and so on.

The Manson—Coffin equation is the most classical method for describing the relation-
ship between strain amplitude and fatigue life. This equation divides total strain into elastic
strain and plastic strain, which are calculated using Hooke’s law and plastic deformation
theory, respectively. The Manson—Coffin formula reflects the influence of elastic and plastic
strains on fatigue life. When the strain amplitude is large, plastic strain dominates the
life. In contrast, when the strain is small, the material deformation remains in the elastic
stage, and elastic strain plays a major role. The transition period corresponding to the
intersection of these two components is the point where elastic and plastic contributions
are equal. The strain-life curve obtained from the Manson—Coffin formula can be fitted
with a large amount of experimental data; thus, the more levels of strain tested, the more
precise the formula parameters obtained. Both plastic and elastic strain amplitudes in the
Manson-Coffin equation are obtained at half-life in low cycle fatigue. This is because the
material exhibits cyclic hardening or softening during the testing process. However, this
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phenomenon stabilizes after several cycles, and we consider half-life as the steady state of
the cycling process. Therefore, plastic strain and elastic strain corresponding to half-life
are fitted.

The equivalent strain method, initially introduced in the United States and extensively
utilized in aircraft design, offers a systematic approach to predicting fatigue life by account-
ing for the effects of both mean strain and stress on material fatigue. An advantage of this
method is its effectiveness in forecasting fatigue life under asymmetric loading conditions,
which will be particularly beneficial in real-world scenarios with complex cyclic loading
patterns. Employing the Manson—Coffin model, key parameters like the ductility coefficient
and fatigue strength coefficient inform fatigue life predictions by considering ductility
and fatigue strength exponents. While the Manson—Coffin model uses strain amplitude
to measure cyclic loading, the equivalent strain method applies an equivalent strain that
integrates loading magnitude and cyclical nature for a more comprehensive assessment
of fatigue behavior in intricate loading scenarios. By incorporating the equivalent strain,
the model enhances accuracy and applicability in fatigue life predictions under realistic
conditions. The Manson—Coffin model can be used to obtain the parameters, such as
ductility coefficient, fatigue strength coefficient, ductility exponent, and fatigue strength
exponent. The strain amplitude ¢, is used in Manson-Coffin, and the equivalent strain
(€4)q 1s applied.

The strain value Is obtained by the effects of mean stress ¢;,, mean strain ¢, strain
amplitude ¢,, and stress amplitude ;. The formula can be given as follows:

(€a)eq = i}(sz)b+8’ <2Nf)c
(€a)q :l"a +fl( 2004 )}513( 2e6q ) (8)

‘VmH“Ua |em|+ea

where A is the mean stress coefficient, and B is the mean strain coefficient.

2.2. Proposed Model

Fatigue strength exponent b is affected by surface roughness, and is related to the
fatigue limit life N, [39]. In practical engineering, many uncertain factors will affect the
fatigue strength of the structure, such as working load, geometry, material properties,
temperature, etc. [40]. Surface roughness refers to the irregularities present on the surface
of a material. These irregularities can act as stress concentrators, leading to localized stress
concentrations that can accelerate crack initiation and propagation, thereby reducing the
fatigue life of the material. Temperature correction accounts for the effect of temperature
on material properties and fatigue behavior. Changes in temperature can alter material
properties such as yield strength, ductility, and fatigue resistance. Higher temperatures can
promote faster crack growth rates and accelerate fatigue failure. Fatigue strength exponent
b can be modified with the coefficients for surface roughness k;, and temperature correction
k;. Modified fatigue strength exponent b’ can be rewritten as follows:

;o log(kgk;)
b'=b+ 7105;(21\&) 9)

The fatigue limits of different materials are shown in Table 1 [41]:

Table 1. Fatigue limit life of materials.

The Materials N
steel and cast iron 100
magnesium alloy 108

aluminum alloy 5 x 108
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According to the working temperature Tr [42], if 70 < Tr < 1000F, the correction
coefficient k; can be obtained as follows:

kg = 0.975 +0.432(10 %) Tp — 0.115(10°) TZ + 0.104(10~®) T2 — 0.595(1012)T¢  (10)
The surface roughness coefficient k, can be calculated as follows [30]:

2(7’b

ky =1—a-1g(4R,) - 1g( ) (11)

Rm,N,min

where a is a constant, R, is the surface roughness, ¢y, is tensile strength, R,; v min is the
minimum tensile strength.
The values of a and R;; N min for different materials are shown in Table 2 [41]:

Table 2. Constant and minimum tensile strength of different materials.

The Materials a Ry N,min(MPa)
cast aluminum alloy 0.20 133
forging aluminum alloy 0.22 133
steel 0.22 400

If the modified fatigue strength exponent b’ is introduced into the equivalent strain
(ES) method, the numerical model for improved equivalent strain (IES) method can be
given as follows:

_7 Y ‘
(gﬂ)eq T E 2Nf> . ef <2Nf> (12)
_ 20,0, 1 2emen
(Sa)gq =g+ A ‘g::‘fga>f+3(|e:l\jsﬂ)

3. Results and Discussion

Reducing the overall mass of the car is beneficial for improving energy consumption
and environmental pollution. The body accounts for about 30% to 40% of the weight
of the whole vehicle, and reducing the body mass can make the car more lightweight.
The 7075 aluminum alloy has some characteristics that allow it to perform better than
steel in the collision process, such as a low density, high specific strength and specific
stiffness, and a large energy absorption capacity. In Table 3, we present a comparison of
static performance parameters between the 7075 aluminum alloy and steel. It is helpful
to increase the lightweight effect by using a 7075 aluminum alloy in the car body. The
model is validated by the experimental data for 7075 aluminum alloy under different
strain ratios [42]. The performance parameters of the aluminum alloy are given in Table 4,
such as the elastic modulus E, yield strength oy, tensile strength o3, breaking strength
K, elongation J, and section shrinkage ¢. The values of the parameters are shown in
Table 5, such as the fatigue strength exponent b, fatigue ductility exponent ¢, mean stress
coefficient A, and mean strain coefficient B. The geometry and dimensions of aluminum
alloy specimens are shown in Figure 1.

Table 3. Comparison of static performance parameters between 7075 aluminum alloy and steel.

Property 7075 Aluminum Alloy Steel

Density (kg/m?) 2810 7850
Elastic Modulus (GPa) 73.48 200-210 (depending on steel type and heat treatment)
Yield Strength (MPa) 439.95 210-1100 (depending on steel type and heat treatment)
Tensile Strength (MPa) 508.12 400-1200 (depending on steel type and heat treatment)
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Table 4. Static performance parameters of aluminum alloy.
E (GPa) o2 (MPa) o (MPa) K (MPa) J (%) @ (%)
73.48 439.95 508.12 591.28 16.33 27.99

Table 5. The values of parameters.

b c A B
—0.07466 —0.53014 0.65289 0.01805
.- A
15
\
35 40
110

Figure 1. The geometry and dimensions of aluminum alloy specimens.
According to Tables 4 and 5, the numerical model for the aluminum alloy can be given
as follows:

log(kdky)

(€a) g = 0.00964 <2Nf) B8N 4015015 (sz)
(a)eq = ea + 065289 22 ) J — 001805 ( 2 )

|‘7m‘+¢7u ‘Em“hsa

—0.07466-+ —0.53014

(13)

The low cycle fatigue tests were performed using an MTS-810 electro-hydraulic servo
fatigue testing machine, following the guidelines outlined in GB/T 15248-2008 ([43]) ti-
tled “The test method for axial loading constant-amplitude low cycle fatigue of metallic
materials” The tests were conducted under strain control conditions with a triangular
waveform for loading [42]. A 12 mm axial extensometer is attached to the specimen to
apply a triangular wave loading.

When selecting strain ratios and strain amplitudes, we carefully considered the specific
conditions relevant to automotive components. These components are predominantly
subjected to asymmetric cycles in real-world applications. In the symmetrical cycle, the
mean strain and stress are both small, and the results of several prediction methods are
similar. Therefore, we made the decision not to utilize symmetric cycle data with R = —1,
as they do not accurately reflect the typical loading conditions experienced by automotive
parts. Additionally, smaller strain amplitudes were also not included in our analysis. This
decision was based on the observation that the resulting damage at these levels was too
minimal to yield meaningful insights into the fatigue behavior of the materials under
consideration. Three strain ratios (R = —0.06, R = 0.06, R = 0.5) were chosen for the
experiments. Low cycle fatigue tests were conducted at each strain ratio with five different
strain amplitudes: 0.6%, 0.8%, 1.0%, 1.5%, and 2.0%. The aluminum alloy specimens were
tested for low cycle fatigue at different strain ratios. The working temperature was 25 °C
and the surface roughness was R,= 0.8 pm.

The Ny values of four models are shown under strain ratio and amplitude in Tables 6-8.
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Table 6. Comparison of the results for four models Nr (R = —0.06).
&4 Test Results Manson—-Coffin SWT ES IES
0.6% 2507 5144.57 4172.68 3796.01 3357.68
0.8% 865.67 1113.93 1234.89 1014.40 946.49
1.0% 449.75 44411 536.66 423.97 405.36
1.5% 152.25 115.57 146.75 111.47 109.12
2.0% 56.5 52.07 66.04 50.21 49.56
Table 7. Comparison of the results for four models Ny (R =0.06).
&4 Test Results Manson—Coffin SWT ES 1ES
0.6% 2319 5134.43 4023.70 3519.78 3125.96
0.8% 828 1122.57 1219.00 999.37 933.03
1.0% 414 449.99 531.44 419.51 401.21
1.5% 127.5 116.92 146.94 111.15 108.81
2.0% 45.2 52.55 64.80 50.10 49.46
Table 8. Comparison of the results for four models Ny (R=0.5).
&q Test Result Manson—Coffin SWT ES 1ES
0.6% 2160.67 5501.76 3773.16 3086.30 2760.54
0.8% 810 1201.55 1259.64 969.99 906.86
1.0% 429.33 481.61 562.80 42458 406.02
1.5% 130 126.81 160.48 117.57 115.01
2.0% 47 58.02 74.90 54.13 53.40

It is easy to identify the errors between the calculated results of several models and
the real results, as shown in Figures 2—4.

10° 5 o
] e m MC |
] R=-0.06 ® SWT
J A ES
| 1 v IES
V=X
. 3
4 1 - I T S 111 1. = =
_F_\lo E 7
5 ] gt
O $
e
g A
L //
= 10 - /‘/
B -
= 1 /"
'Q 1 -~
2 4 =
= 2 /;
1 57
] //k
b g
o ///
i I~ 3 RS ———— —y ——
10! 10? 10 10* 10°

Figure 2. Comparison of the results of the four models (R = —0.06).

Test life(cycles)
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10° 5
R=0.06 H MC
® SWT
A ES
v 1ES
10* 4 =
—_— ]
k) ]
= ¢
=,
&
=107 5
i) 3
o
=
=]
(P]
[ ]
=
10% =
10! 10° 10° 10* 10°
Test life(cycles)
Figure 3. Comparison of the results of the four models (R = 0.06).
10° 3
] R=0.5 B MC
® SWT
A ES
v IES
10% 3 =
p;j\ 3
2 ||
&
B 4
&
=107 5
o) ]
L
i
=]
L
a o
10% =
; ®
10! 10° 10° 10* 10°

Test life(cycles)
Figure 4. Comparison of the results of the four models (R = 0.5).

To visually compare the errors between the calculated results of several models and the
real results, the data were plotted as shown in Figures 2—4. In the context of the illustration,
the horizontal axis serves as a representation of the test life, indicating the actual lifespan
or endurance of a particular component under evaluation. On the other hand, the vertical
axis depicts the predicted life, reflecting the estimated or calculated durability expected
based on analytical models or simulations. By comparing the predicted life against the test
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life and examining the alignment of data points with the ideal y = x line, researchers can
assess the accuracy and reliability of their predictive models in forecasting the performance
and longevity of the tested materials or structures.

The closer the predicted lifespan is to the test life, the closer it is to the line y = x in the
figure, indicating a smaller margin of error. This observation suggests that the accuracy of
the predictive models improves as the calculated lifespan approaches the actual test life.
The proximity to the line y = x signifies a higher degree of agreement between the modeled
predictions and the real-world outcomes, indicating a reduced discrepancy in and a greater
reliability of the predictions.

According to Figure 4, the abscissa value is equal to the ordinate, which means that
the test result is equal to the predicted.

Under asymmetric cyclic loading, the error in MC is the largest because the influence
of mean strain and stress is neglected, and it is larger than the measured life. The error in
the SWT model considering the mean stress correction is also larger than the measured
life. The error in the equivalent strain model is lower than that in the MC and SWT models
based on the mean stress and strain correction. It can be seen from the figure that the results
of the IES model are similar to those of ES for the strain amplitude (1.0%, 1.5% and 2.0%).
And the results of IES model are better than those of the ES for the strain amplitude (0.6%
and 0.8%).

To assess the accuracy of fatigue life predictions from various models, the predicted
life deviation is utilized to measure the alignment between the logarithmic predicted life
and the logarithmic experimental life, as demonstrated in Equation (12). Subsequently, the
calculation of a standard deviation serves as a metric for evaluating the performance of
the life prediction models, as illustrated in Equation (13). A smaller standard deviation
indicates a more precise estimation of the predicted life. The standard deviations of fatigue
life predictions from the three models are presented in Figure 5. By the deviation between
the logarithmic predicted life and the test [44], the errors of fatigue life for different models
can be quantified as follows:

e =log;y(Ny) —logyo(Ni) (14)

0.30

0.25

o

o

S
1

Standard deviation

-0.06 0.06 0.5
Strain ratio R

Figure 5. Standard deviation of fatigue life prediction.
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The metric of the life prediction model can be expressed by the calculated standard
deviation as follows:

(15)

where Ny is the predicted life, N; is the experimental life, e is the prediction errors in fatigue
life, S, is standard deviation, n is the amount of data.

The smaller the standard deviation, the more the life prediction will be accurate. The
standard deviations of four models for fatigue life prediction are shown in Table 9 and
Figure 5.

Table 9. Standard deviation of four models for fatigue life prediction.

R Manson—Coffin SWT ES 1IES
—0.06 0.1582 0.1292 0.1085 0.0936
0.06 0.1695 0.1584 0.0950 0.0721
0.5 0.2025 0.1781 0.0846 0.0636

As shown in Figure 5, the standard deviations of the MC and SWT models range from
0.12 to 0.21 across various strain ratios, while those of the ES and IES models are consis-
tently below 0.12. Specifically, the standard deviations of the IES model under different
strain ratios are notably smaller at 0.0936, 0.0721, and 0.0636, respectively, demonstrating
significant improvements compared to the other three models. Notably, the results obtained
from the IES model exhibit a closer proximity to the experimental test data when compared
to the SWT, MC, and ES models. This enhanced performance can be attributed to the
incorporation of an improved fatigue strength exponent in the IES model, resulting in
smaller deviations in predicted fatigue life and an overall improved accuracy. In summary,
the IES model demonstrates suitability for predicting low cycle fatigue life with greater
precision and reduced deviation from the experimental results.

4. Conclusions

In this research paper, the IES model has been utilized to predict fatigue life by en-
hancing the fatigue strength exponent. The accuracy of the model has been validated using
data from three distinct groups of aluminum alloys subjected to varying strain ratios, and
comparisons have been made with three other models (MC, SWT, ES). Under asymmetric
cycles, the predictions from the IES model closely match the experimental values.

Both the ES and IES models have been scrutinized based on limited data. Going
forward, it is recommended that the IES model incorporating mean stress and strain is
further evaluated with a broader range of experimental datasets.

There is currently a growing academic discourse surrounding the influence of mean
stress on fatigue life, with researchers exploring the impact of the fatigue strength exponent.
Modifications to the fatigue strength exponent have led to improvements in the ES model,
resulting in enhanced prediction accuracy compared to the original model. Notably, the
standard deviations of the IES model under various strain ratios (—0.06, 0.06, 0.5) are
significantly smaller, measuring 0.0936, 0.0721, and 0.0636, &ely. Employing the IES model
for forecasting the lifespan of automotive components offers greater accuracy and potential
cost savings in production.

Future research directions could explore the applicability of the IES model across
different materials and operating conditions. Parameters from various materials were
input into the IES model to obtain predicted outcomes, which were then compared with
experimental data. Further optimization of the parameter determination methods could
facilitate the wider application of the IES model in engineering practices, enhancing predic-
tive accuracy and efficiency, and providing a more dependable tool and methodology for
material design and component life assessment.



World Electr. Veh. ]. 2024, 15, 200

12 of 14

References

Author Contributions: Conceptualization, 5.Z. and X.L.; Methodology, Data curation, Writing—original
draft, S.Z.; Writing—review & editing, Data curation, H.L.; Supervision, X.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declared no potential conflicts of interest with respect to the
research, authorship, and/or publication of this article.

Nomenclature

o stress amplitude

Ny number of cycles to failure

(7} fatigue strength coefficient

b fatigue strength exponent

€pa plastic strain amplitude

c fatigue ductility exponent

E} fatigue ductility coefficient

€en elastic strain amplitude

g total strain amplitude

E elastic modulus

Om mean stress

Em mean strain

(€a), q equivalent strain

A mean stress coefficient

B mean strain coefficient

ky coefficients for surface roughness
kg coefficients for temperature correction
N, fatigue limit life

b modified fatigue strength exponent
Tr working temperature

a constant

R, surface roughness

Oy tensile strength

Ry Nmin Mminimum tensile strength

002 yield strength

o tensile strength

K breaking strength

) elongation

Q section shrinkage

N; experimental life

e prediction errors of fatigue life
Se standard deviation

n amount of data
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