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Abstract: The main aim of the present paper is to assess the fatigue lifetime of ductile cast iron
knuckles as one of the critical components of an automotive steering system. To this end, a real
driving path, including various maneuvers, such as acceleration, braking, cornering, and moving
on various types of road roughness, was considered. Different load histories, which are applied on
various joints of the component (i.e., lower control arm, steering linkage, and Macpherson strut), were
extracted through Multi-Body Dynamics (MBD) analysis of a full vehicle model. The achievements
of previous studies have proved that the steering knuckle fails from the steering linkage and due
to the rotational motion. Therefore, only this destructive load history was considered in future
analyses of the present study. The CAD model was created using Coordinate Measuring Machine
(CMM) data and some corrections in CATIA software. Furthermore, transient dynamic analysis was
performed, and the time history of von Misses equivalent stress was obtained at the root of the steering
linkage (which is exactly the location of failure based on the laboratory data as well as finite element
simulations validated by the author in the previous studies). To predict the fatigue life of a component,
two different methodologies were considered. Firstly, some well-known criteria were employed
for equalization of load spectrum to a Constant Amplitude Loading (CAL). Then, fatigue analysis
under sinusoidal loading was performed. Secondly, the fatigue life of the component considering
Variable Amplitude Loading (VAL) was predicted using the Critical Plane Method (CPM), employing
the Rain-flow cycle counting technique, and utilizing the Miner-Palmgren damage accumulation
rule. Eventually, to evaluate the prediction accuracy of different methodologies, the obtained results
were compared with the full-scale axial variable amplitude fatigue test which was performed by
the corresponding author. The results indicated that the prediction of variable amplitude fatigue
lifetime by Finite Element (FE) analysis in the time domain has about 21% error compared to reality.
Additionally, the relative error between the results obtained from two different methodologies is
about 20%, which is acceptable due to the scattering of the fatigue phenomenon results, the complex
geometry of the part, and the complicated loading.

Keywords: steering knuckle; fatigue analysis; fatigue life; load spectrum; different maneuvers; finite
element simulation
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1. Introduction

Engineering structures, mechanical components, and assemblies commonly experience
complicated cyclic loadings that eventually lead to fatigue failures [1-7]. In this regard,
some published papers have reported that the fatigue phenomenon is the main cause of
50-90% of failures of in-service mechanical components [8-10]. Hence, it is important
to assess the fatigue life of mechanical components in the design phase. In other words,
selecting the proper geometries and material properties according to the details of the
exerted axial, biaxial, or multiaxial loadings and the trends of variations of time histories
of different applied loads is a vital task in the design stage. Loads of the engineering
structures are usually random in nature, in which the stress components may change over
time. This type of loading is known as Random Loading (RL), and the simplified case is
that the time interval of these changes is constant, which is called the Variable Amplitude
Loading (VAL). Therefore, analyzing structures and parts under real conditions (i.e., RL)
is very difficult, time consuming, and costly. For this reason, many scientists have tried
to simplify real loads with very good accuracy and perform simulations and estimates
with acceptable accuracy and save time and money. In particular, these problems become
more apparent when the subject is the destructive phenomenon of fatigue. Moreover, the
number of load inputs and their combination, as well as the complexity of the geometry
of the components have a significant impact on the difficulty presented above. In this
study, the steering knuckle as one of the most critical mechanical parts of the passenger car
was investigated in a case study, to which all of the above applies. All the road-induced
vertical (ride), lateral (handling and steering), and longitudinal (braking or acceleration)
forces are directly exerted on the knuckle of the passenger car and, thus, this component is
subjected to the largest loads. Additionally, this component has a complex and variable
geometry. In other words, its geometry changes depending on the specifications of the
steering system and the suspension system, including the spatial coordinates of other parts,
assembly constraints, and joints, etc. [11,12]. However, depending on the classification of
the car, different materials (cast iron, forged iron, aluminum, and composite materials) are
used to make the car steering knuckle [13].

In preliminary research, scientists have investigated the instantaneous strength of
this supercritical component under static loading [14—-18]. In most of this group of studies,
the applied load is considered equal to the maximum value of the dynamic load on the
component during different driving maneuvers. Additionally, higher strengths are achiev-
able through detecting the weak regions of the components under different conditions and
modifying the geometry to present an optimized design. The geometrical optimization of
the knuckle based on static strength and deflection constraints has been accomplished by
some scholars [19-24] to reduce the weight of the mentioned component by considering the
reduction of fuel consumption and emissions. For example, Sharma et al. have conducted
a static analysis of steering knuckle and shape optimization. The different loads, such
as braking torque, longitudinal and vertical reaction, and steering reaction are applied
to analyze it. In this research, aluminum alloy 2011-T3 is reported as the best material
for designing the knuckle [17]. Tagade et al. have performed a static analysis of steering
knuckles by assuming two types of materials. The FEM results (total deformation and
shear stress in XY plane) are compared for both materials. Finally, shape optimization is
utilized to reduce the mass of the knuckle by about 67% [22]. Vivekananda et al. have
applied a metal matrix composite to reduce the weight of the knuckle. The critical location
is determined by performing structural and fatigue analysis during different maneuvers.
Finally, the knuckle’s performance before and after optimization is compared through
fatigue, impact analysis, and vibration test data [25]. Babu et al. have studied the stress
analysis of knuckles under the actual load conditions as a time function [26]. Pingqing et al.
have simulated the multi-body dynamics of the suspension system to obtain the bearing
load under the actual working conditions. Then, strength analysis of the steering knuckle
is performed based on these conditions [27].
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Despite past research, numerous accidents have recently been reported due to the
failure of steering components. For future studies and to find the cause of the failures,
the fatigue life of the steering knuckle has been investigated [28-31] considering different
driving conditions. The more remarkable studies have considered constant amplitude
loadings and axial fatigue simulation by utilizing commercial finite element analysis codes.
Sivananth et al. have carried out the fatigue and impact analysis of automotive steering
knuckles under operating load cases. Additionally, the static analysis is performed for
Spheroidal Graphite (SG) iron and Al alloy under different loadings. The results showed
that the steering arm is a critical zone that is likely to fail. Then, the fatigue life is predicted
using the S-N approach. The impact analysis has been conducted on the knuckle at
different speeds of 2 and 4 m/s [32]. Triantafyllidis et al. have studied fatigue and fracture
characteristics of a knuckle made of ductile iron. From the small broken part of the knuckle
and near the fracture surface, a 10-mm-thick slice is cut off to perform chemical analysis by
Optical Emission Spectroscopy (OES) and optical metallography. Then, the specimen is
provided for the Charpy V-notch impact test. Scanning Electron Microscope (SEM) images
have been used to do the topography analysis of the fracture surface. Finally, the fatigue
phenomenon is proposed as the main reason for this failure [33].

In the past decades, the researchers have found that multiaxial rather than uniaxial
fatigue life assessment procedures should be employed for the majority of mechanical
and automotive components. The results of a comprehensive study have shown that the
multi-axial fatigue life of the automotive steering knuckle is significantly less than the
axial fatigue life of the component. Additionally, in a case study, the conversion ratio of
these two types of analysis is reported in the range of 0.78 to 0.83 [34]. To overcome this
issue, different criteria and various methodologies have been proposed [35-39]. However,
most of these criteria give reasonable results for proportional loading but cannot be used
to predict the general case of multiaxial fatigue life assessment under non-proportional,
and especially random fluctuations of stress components. These researchers have mainly
proceeded based on the assumption of a fixed critical plane; this assumption is specific
and under controlled conditions [40,41]. Farrahi et al. have investigated fatigue damage
to the rear spindle of the vehicle [42]. Fatemi et al. have studied the effect of various
parameters of the production process on the fatigue life of a steering knuckle made of
forged steel by using experimental [43] and analytical [44] methods. Zoroufi et al. have
undertaken the experimental durability assessment and life prediction of steering knuckles
made of different materials including forged steel, cast iron, and aluminum alloy [45].
Sonsino et al. have estimated the multiaxial fatigue life of automotive safety components
made of cast aluminum under constant and variable amplitude loadings [46]. The fatigue
life of a vehicle knuckle has been improved via a reliability-based design optimization
approach [47]. The fatigue life and impact behavior of a steering knuckle made of titanium
carbide and reinforced with metal matrix composites have been investigated to reduce
the weight of the knuckle [11,32]. The fatigue life of a vehicle suspension system has been
predicted for different types of materials (cast carbon steel, malleable cast iron, Ti-13V-11Cr-
3Al and Zinc AG40A cast) through FEM simulation [48]. In this respect, Kulkarni et al.
have assessed the fatigue life of a suspension system for an in-wheel electric vehicle [49].
Similarly, Ossa et al. have predicted the fatigue life of a car suspension system ball joint [50].
Kashyzadeh et al. have assessed the service life of suspension packages of automobiles
by random vibration fatigue analysis associated with road roughness [51]. Additionally,
Chin et al. have studied the fatigue life of suspension lower arms through vibration fatigue
analysis in the frequency domain [52].

Given the literature review, a summary of the reported results, and the above-mentioned
issues, a brief description of the innovations of the present research is as follows:

1.  Considering the equivalent road involves different maneuvers and various speeds;

2. Driving simulation of a full vehicle model (taking into account the masses, inertia, and
actual characteristics of the car) on the real road in the MBD software (Adams/Car,
MSC Software Company, Irvine, CA, USA);
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3. Extracting the time histories of loads applied to the steering knuckle connections in
different directions as a result of crossing a real road;

4. Use of different methodologies to convert VAL to CAL based on the assumption of
the same fatigue damage;

5. Assessing the fatigue life of cast iron steering knuckle in both constant and variable
amplitude loading based on the real road conditions and a combination of actual
maneuvers, and finally, compared with full-scale laboratory results.

2. Material

In the present research, the front left side steering knuckle made of ductile cast iron of
a passenger car was studied (Figure 1). From this figure, the steering knuckle is connected
to the MacPherson suspension system and steering system linkage. Additionally, this
component is responsible for carrying the wheel spindle and barking system. For this
reason, this component is known as a supercritical component in the automotive and by
failing, it can affect any of the above systems and take the control of the vehicle away
from the driver and ultimately lead to accidents (and sometimes irreparable damage, such
as driver and passenger deaths). To accurately identify the material and its mechanical
properties, standard specimens for various tests, including quantometric, metallographic,
tensile testing, and fatigue testing, were fabricated from different parts of this component as
shown in Figure 2. The chemical composition (wt%) of the considered material is presented
in Table 1 [53]. Moreover, the mechanical properties of the material are given in Table 2 [53].
Additionally, the cyclic characteristics of ASTM A536-Grade 65-45-12 were assumed as in
the previous paper [54] (Table 3).

Figure 1. The considered automotive cast iron knuckle [53,55].

Table 1. Chemical composition (Wt%) of the cast iron steering knuckle [53].

Fe Base C 3.63 Si 2.77 Mn 0.144

Table 2. Mechanical properties of ductile cast iron [53].

Tensile Strength Yield Strength Poisson’s Ratio  Elastic Modulus Density
(MPa) (MPa) (GPa) (g/cm®)
480 328 0.28 144.7 7.1
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Quantometric and
metallography

Tensile testing
specimens

Tension-Compression
Fatigue testing
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Figure 2. Fabrication of different standard samples from automotive steering knuckles for performing
various material, metallurgy, and mechanical experiments.

Table 3. Cyclic characteristics of ASTM A536-Grade 65-45-12 [54].

Properties Symbol Value Unit
Fatigue strength coefficient S 585 MPa

Strain-Life

Morrow Life Fat%gue stren.%th exp;)fpe:nt b —0.075 —
SWT Life Fatigue ductility coefficient E¢ 0.666 —
Fatigue ductility exponent c —0.751 —
Cyeli Cyclic strain hardening exponent n 0.14 —
St YCsiC . Cyclic strength coefficient k 877 —
ress-otram Cyclic modulus of elasticity E 1.447 x 10° MPa
Extend of the First slope line to
the vertical axis of the S-N curve SRI1 1 MPa
SN data The first slope of the logarithmic by —0.075 -
S-N curve
The second slope of the by 0 .

logarithmic S-N curve

3. MBD Analysis of Full Vehicle Model

A combination of different types of maneuvers was considered for the equivalent road
simulation in Adams/Car software as follows [56]:

Req = (o‘stright + Xpraking T Xacceleration 1 ‘Xcornering) x X (1)

where:

X is the road length, Req and «; are the equivalent road and the share of various
ISO road classifications in percentage, respectively. Moreover, braking and acceleration
maneuvers were neglected in the present study. Because the results presented in previous
research have proved that their impacts on fatigue damage of auto parts are not significant
compared to the influence of straight driving [56,57]. Finally, the details of the equivalent
road consist of 95% straight driving and 5% fast cornering effects are depicted in Figure 3.

Next, the driving a four-cylinder passenger car with 1670 kg gross weight including
several main sub-models, such as the MacPherson front suspension system, twist beam for
the rear suspension system, rack and pinion types of steering systems, front and rear wheels,
body, etc., was simulated [58,59]. The distance between two lateral axes and between the
rear and front axles are 1455 and 2415 mm, respectively. The values of suspension system
parameters are presented in Table 4. The tires were modeled as 175/70/R13 for the present
research. Moreover, based on the settings of the car manufacturer, the Toe and Camber
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angles were considered as —0.1 and +2 degrees, respectively [56]. Figure 4 illustrates the
full vehicle model in Adams/Car software based on reality.

Type B: Highway out of town
Type C: Urban Highway
Type D: Urban Asphalt

Type E: Soil Road

Type F: Flagstone

| Type B \ Type C | Type D | Type E | TypeLF
I
L v toaskmm | V =66.7 km/h | Vo36zkmwb V- 185k Vo4 Ikm/h
L=132Km L=114km L=319km  L=056km | _ 03 km

Figure 3. The details of equivalent road used in the MBD analysis.

Table 4. Values of suspension system parameters.

Parameter Unit Value
Front suspension stiffness N/m 35,000
Rear suspension stiffness N/m 38,000
Damping coefficient of suspension in traction mode N-s/m 1000
(both front and rear)

Damping coefficient of suspension in compression

mode (both front and rear) N's/m 720
Tires spring stiffness N/m 190,000
Damping coefficient of tires N-s/m 10

Figure 4. Full vehicle model in Adams/Car Software based on reality [56].

At the last stage of the MBD simulation of the car moving on the equivalent road,
the time histories of the forces applied to the different joints of the steering knuckle were
extracted in various directions (X, Y, and Z). Eventually, the various steps in this part of
the research are summarized in detail in Figure 5 as a practical algorithm. However, only
the force history in the Z direction applied to the steering linkage was considered the most
destructive factor of failure [34,55] (Figure 6).



Appl. Mech. 2022, 3

523

Collecting the statistical data
from Iranian drivers using special
questionnaire based on different
types of road and vehicle velocity

Modelling the full vehicle in
ADAMS/CAR software (including
suspension system, steering system,
tire, powertrain, and etc.)

!

Setting the wheel alignment
parameters (Toe and Camber angles)

88 we T T - l
A Lot
Extracting the share of various ISO R ;
road classification in percentage

.

Performing the required calculations
to establish the equivalent road . : [
profile including various maneuvers ) :
Simulation the driving full vehicle
model on the testing road in
ADAMS/CAR software

Building the testing road in
ADAMS/CAR software by
defining the center line profile,
width, friction, slope, and etc.)

TN
i v A
Extracting the time variation of the

forces in each joint of the component
and in different directions

Figure 5. The practical algorithm of force-time histories extraction process based on the multi-body
dynamics simulation [55,56].

. . . . Joints of MacPherson strut
Joint of steering linkage

1500

1000 4

500

Fz [N]

Joints of brake system

Joint of wheel hub

Joint of lower control arm
Figure 6. The details of loading history, its location, and the applied direction in the present research.

4. Finite Element Model

The primary model of the steering knuckle geometry was prepared using CMM data
and employing the cloud points module in CATIA modeling software. Thus, the most
accurate geometric model (close to reality), including complete details, such as serial
numbers, production data, and surface defects, was created [13]. However, previous
research has suggested that such a model is not suitable for finite element analysis (in
some places, such as serial number indentations, it is not possible to mesh accurately). To
overcome this problem, it is necessary to modify some of the above-mentioned details
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and create a smooth model [13]. Figure 7 demonstrates a corrected version of the steering
knuckle geometry (smooth model).

Figure 7. A corrected version of the steering knuckle geometry (smooth model) [13].

Solid elements with different grid sizes were used for meshing homogeneously with
equal grid sizes. After that, the mesh convergence study was performed to select the
minimum number of meshes with the highest response accuracy. In other words, it was
conducted to reduce computational costs because fatigue analysis is very complex and time
consuming. Eventually, the FEM used for future analysis in this study is shown in Figure 8,
which has 51,858 elements [53].

Figure 8. The FEM of the automotive steering knuckle based on sensitivity analysis of response to
the number of meshes [53].

Next, the material was assigned to the finite element model as described in Section 2.
Additionally, the loading history extracted from the results of MBD analysis was applied
to the connection hole of the steering knuckle to the steering linkage. The wheel hub was
fixed in all degrees of freedom (DOF).

5. Fatigue Life Prediction
5.1. Using Some Well-Known Criteria for Equalization of Load Spectrum to a CAL

In general, the conversion of a VAL to a CAL is based on the principle of the same
fatigue damage in both loads. However, the effects of the precedence and latency of peaks
and valleys on loadings cannot be modeled. Therefore, there are differences between
different criteria in calculating fatigue life. In the study of the fatigue phenomenon in the
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high cycle regime, the Basquin equation uses the simplest and one of the most common
relationships as follows:
N=kxs ™ 2

In which, N represents the number of cycles to failure, S, is alternative stress, and
k and m are the material coefficients, which are obtained from the laboratory tests or
S5-N diagram. Hence, the fatigue damage for a load spectrum consisting of n cycles with

alternative stresses of S;, is:
1
n
P=)Yiiixsm 3)

Assuming the same fatigue damage in two spectra:

Neq n 1
kxs.m Zl:11<><S;im @
As a result, the equivalent fatigue life is obtained as follows:
n Sreq —m
Neg =35 () 5)
Ty

The above equation is true for a completely inverse loading (R = —1). However, in
a VAL, the average load is usually not zero. Therefore, it is necessary to combine this
equation with the criteria that include the effect of mean stress. The following is a brief
description of the most well-known ones that have been used in this study.

5.1.1. Goodman Criterion

The general relationship proposed to consider the effect of mean stress is as follows:

Z e =t ©)

where S, is equivalent stress considering R = —1, and Sy, and S, are the mean stress and
ultimate strength, respectively. By combining this equation with Equation (5), we have [60]:

Sty Su— [Sm|

N _ I'l eq u m;

“ Zl:l ( Sri ) Su — ‘Sm
eq

) @)

5.1.2. Soderberg Criterion
The general relationship is proposed to consider the effect of mean stress is as follows:

St Sm

Tte ®)
In fact, the main difference between Soderberg and Goodman criteria is the use of

yield stress (Sy) instead of ultimate stress (Sy). Therefore, the equivalent fatigue life is

calculated as [60]:
Sy Sy — |Sm;|
_ n eq Yy m;
Neq =i, ( s, ~
i Sy~ [Sme

)" ©)

5.1.3. Gerber Criterion

In this criterion, the following relation is presented to consider the effects of mean
stress on the fatigue behavior of the metal material.

Sr | Sm

§+(§)2:1 (10)
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Finally, by substituting Equation (10) into the Equation (5) [60]:

S Su? — Sm,?
n Te u m; -
Neg =31, (ST‘* X s Smeqz) m (11)

5.2. Fatigue Analysis Considering Actual Loading Conditions

First, stress analysis was performed in the time domain to determine the most critical
region of the steering knuckle which is apt to fail under cyclic loading (for more information,
refer to the previous paper published by the corresponding author (i.e., Figure 16 in [53]).
Afterward, time histories of stress tensor components were extracted in the critical element.
Next, the von Misses equivalent stress was obtained on 36 planes separated by 5° angle
increments. The fatigue life was calculated on all planes using the Rainflow cycle counting
method and employing the Miner-Palmgren damage accumulation rule. Finally, the
minimum lifetime on those 36 planes was reported as the fatigue life of the cast iron
steering knuckle subjected to different maneuvers.

6. Results and Discussion

The results of the stress analysis showed that the critical area detected by the present
finite element model is consistent with the fracture zone under the full-scale axial fa-
tigue test with variable amplitude loading (Figure 9). Moreover, this area has been re-
ported as the prone zone to fatigue failure in the automotive steering knuckle by other
scholars [12,28,32,33]. However, some researchers also reported another area as a failure
zone [43-45,61]. They believed that the joint of the knuckle and MacPherson strut is critical
and fails under cyclic loading faster than other areas. This is not in conflict with the results
of this study. As stated in the literature review, this supercritical component does not have
a definite geometry and is different depending on the design parameters for each type of
automotive. In other words, the geometric features and even the loading conditions are
not the same in all studies, and this issue makes the study of this component have certain
complexities and the results do not overlap. In addition, the loading conditions subjected
to this component also depend on the specifications of the vehicle, road quality [62], and
driver behavior in various maneuvers [63]. In the present research, an Iran national auto-
motive was used. Additionally, to extract real loads, contrary to routine research based on
the Belgian roads [53], real conditions including Iranian roads as well as the behavior of
local drivers were considered. However, the Belgian road conditions for this vehicle and
special component had already been considered by the corresponding author and he again
reported the same area as the failure region [53].

§: Transient Rructural
Equvalent Stress 2

The most critical region

Spalling regions
The most critical region

Figure 9. Comparison of fracture location in an experiment with area detection by FEM presented in
this study [55].
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oxx(t)  Oxy(t) Oxz(t)
The time histories of the stress tensor components (03(t) = | oyx(t) oyy(t) oy2(t) |,
ozx(t)  Ogy(t)  0z(t)
where oyy(t) = oyx(t), oxz(t) = 0ux(t), and oy,(t) = o0,y(t)) were extracted for all
36 planes in the critical region. Afterward, the von Misses criterion was used to calculate the
equivalent stress history in all planes. However, there are various equivalent stress criteria,
such as Findley [64], McDiarmid [64], modified Findley [65,66], modified McDiarmid [67],
Dang Van [64], Carpinteri-Spagnoli [68], Liu—Zenner [65-67], Carpinteri [69], which are
much more accurate than the von Misses criterion for variable amplitude loading. However,
given the fact that their calculations are complex and time-consuming, the authors decided
to use the von Misses criterion to reduce computational costs. Another advantage of this
criterion compared to the rest is its availability in all finite element software and there
is no need to use special coding or obtain coefficients through testing. Recently, various
energy-based criteria have been proposed to estimate the fatigue life of components [70-72],
which are more accurate than the above-mentioned criteria, but it should be noted that the
complexity of these criteria is far greater than the critical plane-based criteria and cannot
be found in commercial codes. Accordingly, in future studies, the authors try to use a
combination of these criteria to evaluate this supercritical component more accurately.
A stress-time diagram of one plane, as a representative result, is shown in Figure 10.
Additionally, the contours of the minimum fatigue life and the maximum fatigue damage
of the component are illustrated in Figure 11a,b, respectively.

120

100

Stress [Mpa]
3

5

0 I ‘

0 10 20 30 40 50 60 70 80

Time [s]

Figure 10. The von Misses equivalent stress-time diagram of one plane in the critical region, as a
representative result.

Eventually, to verify the accuracy of the life prediction based on the different method-
ologies (CAL-based criteria and VAL as the actual loading) in this research, the obtained
results were compared with the full-scale fatigue test result under axial variable amplitude
loading (the corresponding author repeated this experiment for four cast iron steering
knuckles of a passenger car and the mean value is reported as 423,758 times of repeat load
block). Table 5 presents a summary of the results obtained in this research. Additionally, the
error percentage of life assessment was calculated by applying the following formula [55].

o Error fatigue life,, . 4iceq — fatigue life g < 100 12
° B fatigue life g
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(b)

Figure 11. The results of fatigue analysis considering actual loading conditions, including (a) axial
fatigue life contour of cast iron steering knuckle subjected to the different maneuvers and (b) fatigue
damage contour of cast iron steering knuckle under axial variable amplitude loading caused by
different maneuvers.

Table 5. Comparison of fatigue life prediction by utilizing different methodologies and experiment

results.
o Life Prediction o
Methodology Criteria (Cycle) Error (%)
Goodman 661,825 56.18
CAL Soderberg 638,773 50.74
Gerber 594,108 40.20
VAL Actual loading in time domain 514,100 21.32

(Von Misses equivalent stress history)

From Table 5, the prediction of axial fatigue life under variable amplitude loading
is much closer to reality compared to the prediction of axial fatigue life under constant
amplitude loading associated with different criteria. Taheri and Barati in their research on
two widely used materials in the aerospace industry, including aluminum 7075-T6 and
steel 4130, showed that using the relationships expressed in this research to equate variable
amplitude loading with constant amplitude loading sometimes leads to large errors in
fatigue results (this error is not negligible) [60]. They stated that if the loading is fully
reversed, it can be equated with a very low error rate close to zero, but with increasing
mean stress, this error increases (e.g., they reported an error rate of up to 80% for using
the Goodman equation considering the load ratio of 0.4). Moreover, in this case study and
according to the working conditions considered in this research, the Gerber criterion is
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more suitable for converting VAL to CAL. Additionally, the results show that using the
load conversion method creates a large error in estimating the fatigue life of automotive
steering knuckles made of cast iron. However, papers published in this field, especially
steering knuckles with complex geometry and multi-inputs random loading, sometimes
have up to 50% error compared to reality. Therefore, to initially estimate the fatigue life of
special parts with complex functions, it is appropriate to use this simplification. On the
other hand, this is an error relative to reality, but compared to the more accurate method
(i.e., VAL), this simplification increases the computational error by about 20%, which is
cost-effective compared to how long it takes to solve the problem.

7. Conclusions

In the present research, the fatigue life of the automotive steering knuckle (a critical
component with a complicated geometry) was predicted using FEM. Firstly, a multi-body
dynamics analysis of a full vehicle model was conducted to extract load histories that are
inserted into the connection points of the steering knuckle. In this regard, a real road was
considered including various maneuvers and different road classifications based on the ISO
standard. Additionally, the driving speed of the car on the road was simulated as a variable.
Eventually, the history of destructive load in the automotive steering knuckle (the cause
of fatigue) was determined in accordance with previously published papers. Next, two
different methodologies were considered to estimate the fatigue life of this mechanical part.
Firstly, simplification of loading history and conversion of variable amplitude to constant
amplitude condition. Secondly, fatigue analysis in the time domain by applying VAL as the
actual conditions. Finally, the results were compared with laboratory data to obtain the
error value related to the use of these simplifications. Therefore, the following practical
conclusions may be drawn from this comparison:

1. The results of the stress analysis showed that the critical area detected by the present
finite element model is consistent with the fracture zone under the axial fatigue
test with variable amplitude loading. On the other hand, the finite element model
presented in this study can identify the fracture region in industrial components with
complex geometries and tough loading conditions.

2. According to the findings of the present research, the prediction of variable amplitude
fatigue lifetime by FE analysis in the time domain has about a 21% difference compared
to reality. Additionally, the obtained results are acceptable due to the data scattering
in this phenomenon and the complex geometry of the component. However, the von
Misses equivalent stress is not accurate for non-proportional loading conditions.

3. The methodology of simplifying the loading history and converting the VAL to CAL
by using different criteria to check the effects of mean stress in the calculations showed
that 40-55% error is created compared to reality. However, due to the time consuming
nature of other methodologies, this load conversion methodology can be used for the
primary studies.

4. The results showed that for this case study, the best criteria for converting VAL to
CAL with the aim of estimating fatigue life are Gerber, Soderberg, and Goodman
criteria, respectively with approximately 40, 51, and 56% error relative to reality.

5. The results of this study indicated that the relative error between the results ob-
tained from two different methodologies is 20%, and compared to the reduction in
computational costs, this error is negligible (in the initial research phase).
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