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Abstract

The cast aluminum beam is a key structure for carrying the body-hung traction motor of a high-speed train; its fatigue
property is fundamental for predicting the residual life and service mileage of the structure. To characterize the struc-
tural fatigue property, a finite element-based method is developed to compute the stress concentration factor, which
is used to obtain the structural fatigue strength reduction factors. A full-scale fatigue test on the cast aluminum beam
is designed and implemented for up to ten million cycles, and the corresponding finite element model of the beam

is validated using the measured data of the gauges. The results show that the maximum stress concentration occurs

the designed loading conditions.

factor

at the fillet of the supporting seat, where the structural fatigue strength reduction factor is 2.45 and the calculated
fatigue limit is 35.4 MPa. Moreover, no surface cracks are detected using the liquid penetrant test. Both the experi-
mental and simulation results indicate that the cast aluminum beam can satisfy the service life requirements under
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1 Introduction

For a high-speed train (HST) equipped with body-
hung traction motors, cast aluminum beams are usu-
ally employed as the main load-bearing structures of the
vehicle drive systems. To analyze the fatigue properties
of such large and complex structures, the S—N curve-
based nominal stress method is widely used in indus-
trial applications. This method considers that structures
with the same stress concentration factor, material, and
manufacturing process, have the same fatigue life pro-
vided the local stress spectra are equal. The nominal
stress method is simple to use because stresses can be
calculated or tested from a certain structure or speci-
men. For example, it is suitable for the fatigue strength
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assessment of complex welded joints [1] and the fatigue
behavior prediction of notched specimens under differ-
ent load conditions [2, 3]. For railway vehicle car bodies,
bogies, or other load-carrying structures, the design life
should be a minimum of 30 years [4, 5]. To ensure that
the service life of these structures can be covered by
the design life, fatigue loads up to 107 cycles are usually
conducted in structural tests. Regarding experimental
studies of the full-scale components, Song et al. [6] pro-
posed an equivalent load method to simulate the partial
response of the entire car-body, which allows the repro-
duction of track induced vibrations to be conducted in
the laboratory; Sung et al. [7] presented a dynamic load
testing method by considering the loads transferred from
the bogie system, which demonstrate the feasibility of fill-
ing the gap left by the constant stress range assumption
of the static test method; Makino et al. [8] illustrated that
the stress concentration significantly affects the fatigue
property of the HST axles by combining the experiments
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and numerical simulations. As mentioned above, for
large components or structures as those working in com-
plex load conditions, an experimental study is necessary
to monitor the stress state regarding the loads or validate
the simulation results.

The S—N curves of the benchmark specimens show the
relationship between the stress and the number of load
cycles when fatigue failure occurs, where S is the stress
amplitude (stress ratio R=—1) or the maximum stress
(R € (0,1)), and N represents the number of load cycles
under the present stress level. Based on a certain num-
ber of fatigue tests, Basquin, Langer, and three-parame-
ter models are widely used to plot the S—N curves of the
specimens in high-cycle fatigue issues [9]. However, the
fatigue properties of materials obtained via benchmark
specimens are insufficient to express those of a complex
structure, which is determined simultaneously by the
stress concentration, structural size, and manufactur-
ing process [10]. To characterize the real-life model of a
component or structure, the fatigue strength reduction
factor Kp is introduced to modify the empirical S—N
curves through the aforementioned three factors. Herein,
Kp is a smooth-to-notched specimen fatigue strength
ratio, where the fatigue life of the structures [11] can be
evaluated effectively. When Kp is used to analyze the
structural fatigue property, the size and process factors
can be cited in mechanical handbooks [12]. However,
the stress concentration, which is the dominant factor,
depends on the method used in the analysis, for example,
analytical formulas or numerical solutions. Owing to the
limitations of analytical approaches, the finite element
(FE)-based method provides a feasible way to calculate
the stress concentration factor K; of a complex structure.
For global-local analysis, Cormier et al. [13] and Cur-
reli et al. [14] used a sub-model technology to analyze
the stress concentration; however, they did not clarify
the calculation of the nominal stress in the components.
For structures with various shapes or sizes, for example,
H-shaped specimens, welding seams, T-joints, or struc-
tures such as subway bolsters [15-18], stress concentra-
tion analysis is still a priority in fatigue characterization.

The aforementioned studies show that experiments and
numerical analysis are key measures for demonstrating the
load-bearing characteristics of large and complex struc-
tures, especially to thoroughly analyze the stress state in
critical zones. In terms of the fatigue characterization of
practical structures, the stress state affecting the fatigue
strength reduction factor should be appropriately analyzed.
However, unlike a specimen with a simple configuration,
for which it is possible to find an analytical expression of K;,
the nominal stress of the complex structures is difficult to
obtain through numerical methods. Therefore, the net sec-
tion can be introduced as a conservative value to calculate
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the nominal stress using the FE solution tools. In this study,
an FE-based method for calculating K; is developed; here,
the cut-off point is determined by the stress gradient. Fig-
ure 1 demonstrates the workflow for characterizing the
fatigue property of a cast aluminum beam, in which the
fatigue strength reduction factor Kp is employed. Com-
bined with the material S—N curve extrapolated through
the 2m—-1 method [19], the fatigue limit of the beam under
bearing conditions was analyzed. Additionally, a ten mil-
lion cycle-fatigue test of a full-scale beam was carried out,
and the potential surface cracks were examined using a lig-
uid penetrant tes

2 FE-Based Method for Calculating the Stress
Concentration Factor
To estimate the structural fatigue strength, a series of fac-
tors called Marin factors [20] are usually introduced to
adjust it to match the actual part. In terms of these factors,
the size and surface condition [10] are the main factors that
describe the fatigue strength reduction Kp, as follows:
5

Kp= e (1)
where Ky is the effective stress concentration factor
(fatigue notch coefficient), which is a reduced value of K;
considering the non-full sensitivity of some materials to
the notch. The factor ¢ represents the non-uniformity of
the material properties due to size, which is dominated
by the diameter of a local part, area of stress pattern, face
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Figure 1 Workflow of fatigue characterization on a large-scale
structure
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width, etc. The surface factor 8 depends on the quality
of the surface finish (e.g., ground, cold-drawn, cast, and
machined).

Practically, the factors ¢ and § can be selected or deter-
mined by empirical formulas or handbook indices to
predict the fatigue strength of complex structures [12].
Neuber’s method [21] provides the relation between key
factors Ky and K3, as follows:

K;—1

L+ apr’ ?

where 4 is a constant value related to the material prop-
erties, r, and is the characteristic radius of the notch.
Furthermore, a sensitivity coefficient g is introduced to
describe the relationship between a and r as follows:

K =1+

1
T Va ®)
Subsequently, Eq. (2) can be written as
Kr=1+q(K — 1), (@)

where g varies in the range of (0, 1). The sensitivity coef-
ficient usually depends on a large number of notched
specimen tests. When approaching zero, it indicates
that the material is insensitive to the notch owing to the
stress concentration relief of the plastic deformation of
the microstructures [22]. Conversely, Ky yields K; when
q = 1; the material is extremely sensitive to the notch. K;
is usually defined as

I(tzﬁ, (5)

Onom

where omax is the maximum stress at the notch, and opom
is the nominal stress at the cross-section.

To calculate K3, the large-scale complex structure in Eq.
(5), omax and its position can be computed directly using
the FE solutions. To calculate onom, the stress gradient
Vo is introduced to determine the cut-off point along the
defined integral path, as shown in Figure 2. In this way, a
numerical-based method for determining K; can be sum-
marized as follows:

(1) At the edge of the notch, the point with the maxi-
mum stress is searched, omax; an integral path along
the normal line of the notch is defined via the direction
determined by the notch curves, which is divided into n
segments. The size of the segments should be less than
the minimum element length, and the coordinates of
each point are represented by u(xy+1, ¥u+1, zn+1) Carte-
sian coordinates.

(2) To interpolate the stress on each node along the
path, the nearest neighbor interpolation algorithm [23]
is implemented based on the nodal results of the FE
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Figure 2 FE-based calculation on stress concentration of a notched
specimen

simulation. In terms of the interpolation, a starting point
from u(x,+1, Yn+1, 2n+1) is selected first, and then moves
to the nearest nodal coordinates v(x,,, ¥,,, z,,) with the
smallest weight. The interpolated stress value can be
expressed as follows:

O'(anrl; Yn+1, Zn+1) = O'(x;/n, y;nr Z:'rl)’ (6)

where 0 (X,+1, Yu+1, Zn+1) is the interpolated stress value
at point, u(Xu+1, Yu+1, 2nt1) and o (x,,, y,,, z,,) are the
nodal stresses at node v(x,,, ¥,,, 2,,). For the nearest-
neighbor interpolation, the employed kernel is

k(t) = { (1):

In this case, we can calculate Vo at each segment using
the following equation:

0 < |t]< 0.5,
It| > 0.5. (7)

d(o (x> yi» zi))

i ,1€n. (8)

Va:’

(3) To determine the cut-off point on the integral path,
a condition Vo — 0 (i.e., the stress curve tends to be hor-
izontal) is introduced. Moreover, the fatigue property of a
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large and complex structure is influenced by multiple fac-
tors, and the presented workflow is a net-section-based
method, in which K; is relatively conservative compared
to the gross-section method.

3 Fatigue Test

According to the literature, the fatigue property of a large
structure is usually assessed by a standard-based fatigue
test, especially for rail vehicles. In this study, a full-scale
cast aluminum beam of HST was implemented to test
the potential fatigue crack propagation, and a detailed
analysis of the stress state of the structure was validated
through experimental results.

3.1 Load Conditions and Setup

In engineering practice, two cast aluminum beams in
pairs carry a single traction motor; their upper ends are
connected to the underframe of the car body. To evalu-
ate the fatigue property of the beam, a full-scale structure
supplied by CRRC Changchun was used in the fatigue
test. Figure 3 shows the test setup. To conveniently install
the loads on the supporting seats via the jigs, the initial
stress caused by gravity is ignored, and the ends of the
four hanging brackets are constrained upside down on
the base. The loads on the beam are generated by six elec-
tro-hydraulic actuators in three directions and controlled
by a multi-channel coordinated loading system, in which
force sensors are used to monitor the actual forces at the
loading positions. Two 5-ton actuators were employed
to implement the dominant loads in the vertical direc-
tion, which were similar to the spring loads induced by
the vibration of the traction motor. Four 2-ton actuators

Constrains

Figure 3 Tooling for the fatigue test of the cast aluminum beam and
setup
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working in the other two directions were installed to gen-
erate the loads in curve negotiation conditions.

Referring to the vibration and fatigue tests mentioned
in the industrial standard IEC61373 [24], the loading
mode with constant amplitude cycles is derived from the
beam structure (see Table 1). Three-directional forces
were synchronously subjected to supporting seats with 5
Hz sinusoidal inputs. Figure 4 illustrates a portion of the
loading curves employed in the test.

Considering the inconvenience of installing strain
gauges at all potential weak points (e.g., the inner ribs of
the hollow beam structure, the fillets or holes with sig-
nificant stress concentration), twenty metal-foil strain
gauges including 14 normal ones and six rosette gauges,
were installed on the concerned areas (see Figure 5).
Because the loads acting on the structure are non-
axisymmetrical, the gauges are fixed symmetrically on
the left and right sides to monitor the response. Addi-
tionally, rosette gauges are considered in areas with geo-
metric irregularities, such as the supporting seats and
ends of the hanging brackets, where there are uncertain-
ties on the principal directions.

3.2 Experimental Results

In terms of the stress response in one load cycle, the
gauges installed at the neck of the hanging bracket

Table 1 Fatigue test loads on the cast aluminum beam (N)

Load Mean Amplitude
Vertical —5300 4000
Horizontal 0 2000
Longitudinal 178 2700
8000
Vertical load
— — -Lateral load
40004 | eeeee Longitudinal load
'/ PR \\ '/'/ §~\\\ ,'5 = :\\‘
g 0 % 74 N\ \ // \, s X
[}
2
i
-4000 ~
-8000
0 4 8 12 16
Time (s)
Figure 4 Input waveform of three-directional loads in the fatigue
test
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Figure 5 Locations of the installed twenty gauges (Ri# represents the rosette gauges, S# indicates the normal ones)

such as S2 exhibit a maximum stress of value 13.7 MPa;
the second-highest stress of 11.7 MPa is monitored by
gauge R4, which is bonded at the root of the supporting
seat. The stress amplitudes at the two gauges above are
8.2 MPa and 4.55 MPa, respectively. Generally, the meas-
ured data from the installed gauges showed a relatively
low stress. More comparisons of the experimental and
simulation results are discussed in Section 4.

A typical liquid penetrant test (LPT) was conducted
according to the standard to detect surface cracks on the
beam before and after the fatigue test [25]. In this test,
a liquid with high surface wetting characteristics was
sprayed on the outer surface of the beam, and any dis-
continuities, such as surface cracks or defects, become
apparent. For the initial state of the beam, there are
no surface cracks but three cast shrinkage cavities are
detected, which exist at the center of the beam and on
one side of hanging bracket #3 (see Figure 6). After ten
million cycles of fatigue testing under the designed loads,
no visible cracks were observed through the LPT. Fur-
thermore, no crack propagation was found at the shrink-
age cavities, which were far from the high-stress zones
such as the supporting seats.

4 FE Analysis of the Cast Aluminum Beam

4.1 FE Modelling

The cast aluminum beam has a complex geometry, and
several stiffener ribs are designed inside the hollow
structure to enhance the bearing capacity. An FE model
of the beam was established to monitor the dynamic
response under the same load condition as that used
in the fatigue test. To obtain reasonable results in the
critical zones, adaptive gradual grid refinement with a
growth rate of 1.3 was employed in the areas with stress

Figure 6 Liquid penetrant test on the cast aluminum beam

concentration. However, some non-bearing accessory
structures, such as hangers and bolt holes far from the
critical zones, are simplified or omitted to reduce the
computational cost, as shown in Figure 7.

In this model, the maximum element size is approxi-
mately 10 mm, which is implemented to discretize the
hanging brackets and the central part, and the mini-
mum element size used in the critical zones, such as the
casting fillets of the supporting seats, is approximately
0.05 mm. Tetrahedral solid elements, the type of which
is SOLID185 in ANSYS, were adopted for mesh discre-
tization. Finally, 1341092 elements and 289936 nodes
were involved in this model, and a transient solver was
employed in the simulation. Furthermore, to ensure
that the numerical results via the presented method
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Figure 7 FE model of the cast aluminum beam: a Global view; b
Local zoom I—supporting seat #1; ¢ Local zoom ll—mesh refinement

in the fillet of the supporting seat

are essentially mesh-independent to mesh densities, we
examined coarse elements with sizes of 0.1 mm and 0.2
mm, and a refined mesh size of 0.01 mm in the critical
zones (see Figure 7c¢). In this study, the simulation took
approximately 8 h of computational time running on a
12-parallel-thread, 64 GB RAM workstation.

4.2 Comparison of Simulation and Experiment Results

Figure 8 shows the stress contour plots of the beam at
four selected moments. In one load cycle, the maximum
Von-Mises stress (34.7 MPa) occurs in the fillet of the
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supporting seat. Because of the use of large radius arcs,
the stress of the inner ribs is no more than 10.2 MPa.
Additionally, the stress in the central area keeps a low
level (<1 MPa), which indicates that this part is not the
main load-carrying zone. However, the supporting seats
and hanging brackets show a relatively higher stress,
which is consistent with the experimental results shown
in Section 3.2.

To compare the peak values of the simulation and
experimental results under the combined sinusoidal
loads, the nodal stresses at the positions corresponding
to the sites of the gauges were exported. Figure 9 shows
the maximum and minimum stresses at the aforemen-
tioned positions. The maximum absolute error (<2.5
MPa) occurs at gauge S5, and the average absolute error
of all the measured data is no more than 0.2 MPa. Gener-
ally, the simulation and experimental results are in good
agreement, which also indicates that the accuracy of the
numerical model is suitable for further detailed analysis.

4.3 Calculation of Fatigue Strength Reduction Factor
According to the simulation results, the fillet of the sup-
porting seat shows the highest stress concentration,
where the curvature is approximately 1.5 mm. This is
mainly because the supporting seats are in cantilever
beam-like loading conditions, where an approximately
uniaxial tensile stress state is found in the root (see Fig-
ure 10). The vertical load caused by the dead weight and
vibration of the traction motor dominates the stress state
in the fillet.

Figure 11 shows the stress curves along the inte-
gral path using different mesh densities. The maximum
stress at the edge of the fillet tends to converge with the
increase in density. Specifically, meshes discretized with
an element size of 0.05 mm and 0.01 mm lead to a less
than 2% change in the peak stress. However, element

(a) T=0.02 s

(c) T=0.12's

Figure 8 \on-Mises stress contour of the cast aluminum beam under cyclic loading
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Figure 9 Stress comparisons between FE simulation and fatigue test: a maximum stress; b minimum stress in one load cycle
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Figure 10 Stress concentration analysis of the beam, as obtained

from numerical simulation with ANSYS: a Stress contour; b local
zooming of the fillet
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Figure 11 Stress distribution along the defined integral path

sizes of 0.2 mm and 0.1 mm are too coarse to obtain rea-
sonable results. The mesh independence was delivered
by the four cases with local refinement in the fillet, for
which the best element size can be fixed as 0.05 mm con-
sidering both computational costs and accuracy. Through
the presented method in this study, we can obtain that K;
is 1.6 at the fillet of the supporting seat.

Moreover, numerous studies have indicated that the
notch sensitivity coefficient g of AIMgSi family cast alu-
minum alloys (e.g., A356 and A357) is approximately
0.4-0.6 [26, 27], which shows a negative correlation with
increasing casting shrinkage. Herein, g can be taken
as 0.6 according to the experimental results of cast alu-
minum alloy A357-T6 in Ref. [27]. By substituting this
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value into Eq. (4), the effective stress concentration factor
was calculated as Ky = 1.36. The characteristic size of the
supporting seat was approximately 60 mm, and no sec-
ondary processing was conducted after casting. Referring
to the mechanical design handbook [12], the size factor ¢
and surface factor f can be given as 0.7 and 0.8, respec-
tively. In terms of Eq. (1), Kp shows a negative correla-
tion with increases in both € and . Conversely, it shows a
positive correlation with Ky, which is the dominant value
in Eq. (1). The fatigue strength reduction factor of the
cast aluminum beam was calculated using Eq. (1), and its
value was Kp = 2.45.

5 Fatigue Characterization of the Cast Aluminum
Beam

The stress concentration, structural size, and process
factors should be considered to characterize the fatigue
property of a large and complex structure. Fatigue frac-
tures usually occur at geometric irregularities, for exam-
ple, fillets and holes, where the stress concentration
factor dominates the influence of fatigue damage. Moreo-
ver, the number of interior potential defects increases
with the structural size; additionally, the manufacturing
process (e.g., cast, machine, etc.) also affects the fatigue
properties of a component or structure. Although the
fatigue property of a certain material obtained from
smooth benchmark specimens is insufficient to assess
that of a structure, the material S—N curve should be
modified considering these factors.

5.1 Fitting and Extrapolating on the S-N Curve of A357-T6
A constant slope S—N curve is usually used in North
America, and is calculated using the root mean cube
approach based on the equivalent stress range. Consider-
ing different ways of damage increase below the fatigue
limit, European convention ECSS [28] and Swedish reg-
ulations BSK 99 [29] adopted a dual-slope expression
referred to as the 2m—1 approach; it refers to begin-
ning with a constant slope m, and turning with a slope
of 2m-1 at the preliminary stage for a long life S—-N
curve. Beginning with 5 x 10° cycles, the slope m of the
S—N curve below the current stress level is taken over by
a slope of 2m—1. This approach can effectively describe
the dual-slope characteristics of the S—N curves of alu-
minum alloys [30]. The relationship between the stress
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and load cycles delivered by the Basquin model can be
expressed as follows:

SN = C, )

where m and C denote the material constants, S and
N are the stress range and corresponding cycle index,
respectively.

In Ref. [30], it is considered that small size surface
defects (<2 mm) and closed shrinkage defects (2.5-
4.5 mm?) only have a relatively high influence on the
low-cycle fatigue life of cast aluminum alloy A357-T6.
However, this is no longer obvious when it comes to
high-cycle fatigue issues for this material. It also provides
fatigue test data from 10% up to 10° cycles for specimens
with and without defects. According to the scatter data
shown in Ref. [30], the parameters in Eq. (9) after lin-
ear fitting and the 2m-1 approach are calculated in this
study, as presented in Table 2. It shows that the defects
and stress ratio will affect m and C, which determine the
slope and intersection point, respectively, with axes in
the log-log plot. Both parameters show a negative rela-
tion to the casting defects and mean stress.

Figure 12 illustrates the fitted S—N curve (solid lines)
based on experimental data and extrapolated S—-N curves
(dashed lines) considering different contributions under
lower stress. The casting defects have a certain influence
but do not significantly affect the fatigue life of A357-T6
under low-cycle fatigue loads. As the stress amplitude
decreases, the influence induced by the small-size cast-
ing defects decreases gradually, and the curves tend to
coincide. Generally, material defects lead to a reduction
in the fatigue strength owing to crack propagation from
these defects. Munoz’s study [31] explains the two super-
imposed curves, that is, more than 80% of the cracks
lead to fracture initiation from the internal defects and
propagate in vacuum. For this cast material, a slower
crack growth rate was observed in vacuum, with the cor-
responding slightly changing m.

Regarding the loading condition, when the stress ratio
was R=0.1, the fatigue limit (107 cycles with/without
defects) was approximately 102 MPa. Herein, the speci-
men is tension-tension, and the stress value is the maxi-
mum stress that corresponds to the current stress ratio.
In the case of compression-tension, R=-1, the stress

Table 2 Parameters employed in fitted S-N curve by smooth specimens of A357-T6

Parameter Without defects, R=0.1 With defects, R=0.1 With defects, R=-1

N <5x10° >5x10° <5x10° >5x10° <5x10° >5x10°
m 562 10.24 6.289 11.578 7.353 13.706

C 149x10'® 9.1 x 103 2.34%10" 22x10% 1.26 x 107 351 %103
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Figure 12 S—N curves of the cast aluminum alloy A357-T6, as
obtained from experiments [30] with 2m-1 approach

10 10° 10°

amplitude at the fatigue limit of the material (with
defects) was 86 MPa. Regarding the pure tension-tension
specimen with R=0.1, the stress amplitude is 45.9 MPa,
which is lower than that with R=-1. Therefore, curves
with different stress ratios have different intersection
points with axes. In this study, the fatigue properties of
A357-T6 with small-sized defects (R=—1) were consid-
ered for the following analysis.

5.2 Modified S-N Curve of the Cast Aluminum Beam
Combining the material S—-N curve obtained in Sec-
tion 5.1 and the fatigue strength reduction factor Kp
calculated in Section 4.3, the modified S—N curve of the
beam is expressed by the following equation:

(SKp)"PN = Cp, (10)

where mp and Cp are the parameters of the structural
S—N curve after modification using Kp. Taking the loga-
rithm on both sides of Eq. (10), we obtain

lgND = lg Cp —mp Ig (SKp). (11)

The structural S—N curve is also linear in log-log coor-
dinates. Similarly, the 2m-1 approach at the turning
index of 5 x 10° cycles was implemented to calculate the
parameters in the structural S—N curve. Therefore, the
material S—N curve is corrected to obtain the stress-life
relation of the structure as follows:

— (12)
where Sp is the stress amplitude for the S—N of the struc-

ture, S, and represents the stress amplitude in the mate-
rial S—N curve.
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Table 3 lists the parameters of the calculated S-N
curves, and Figure 13 shows a comparison between the
beam structure and material A357-T6. It can be observed
that the structural S—N curve is parallel to that of the
material S—-N curve through the modification of Kp. The
modified stress at the turning index 5 x 10° cycles was
37.0 MPa, and the extrapolated fatigue limit at 107 cycles
was 35.4 MPa. For different families of aluminum alloys
[32], when the cycle index is less than 10°, the S—N curve
of notched specimens is also parallel to that of unnotched
specimens. However, for the latter with less linearity, the
parameters N, m, and C in the Basquin model are insuffi-
cient to describe the fatigue property. This in turn affects
the results of the modified structural S—-N curve. How-
ever, the modification using Kp can only provide reason-
able results when the material is not highly sensitive to
the notch effect. Therefore, attention should be paid to
the material properties when using this method.

In this study, the calculated fatigue limit of the cast
aluminum beam is 35.4 MPa, which is higher than the
maximum stress (34.7 MPa) computed via the FE model.
Additionally, considering the influence factors and 2m-1
approach, the modified S—N curve of the beam is rela-
tively conservative compared to that calculated using the
constant amplitude fatigue limit. This approach considers

Table 3 Parameters of S-N curves of the material A357-T6 and
cast aluminum beam

Parameter Material S-N curve Structural S-N curve

N <5x10° >5x10° <5x10° >5x10°
m 7.353 13.706 7.353 13.706

C 126 x 107! 351x10¥  171x10"®  158%x10%

| || —0—A357-T6, R=—1

- ! | —— beam structure
£
= 100+
%
=
175}
g
=
E
X
<
= i

3

0 10° 10° 107 10° 10° 10 10"
Cycles

Figure 13 Comparison of structural and material S-N curves, as
obtained from modification with fatigue strength reduction factor
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that the stress ranges below and above the constant
amplitude fatigue limit do not contribute to the damage
increase in the same way; however, the increasing crack
rate and crack propagation are not considered. Moreover,
no surface cracks were detected after ten million cycles
of the fatigue test, and the FE analysis of the structure
showed a low stress level, both of which illustrated that
the cast aluminum beam yields a safety tolerance.

6 Conclusions

(1) The presented method can be applied to both
structured and unstructured grids. By selecting the
cut-off point along the integral path via the crite-
rion Vo — 0, K; is computed efficiently for com-
plex structures, for which it is difficult to find an
accurate cross-section. Any integral path can be
addressed using interpolation instead of manually
selecting the nodes. The method determined by the
stress gradient is a net-section-based calculation,
which can avoid dangerous results.

(2) The FE model of the cast aluminum beam was
established and validated using the experimental
results. Under the cyclic load condition, the maxi-
mum stress was located in the fillet of the support-
ing seats. Ten million cycles were conducted in the
fatigue test, and the results showed that no surface
cracks were detected via LPT.

(3) In the fillet of the supporting seats of the cast alu-
minum beam, the calculated Kp is approximately
2.45 in this study. The computed fatigue limit of the
beam is 35.4 MPa through fitting and extrapolation
of the material S—N curve, which is higher than the
maximum stress of the simulation results. Both the
simulation and experimental results indicate that
the stress level of the entire structure is relatively
low; thus, the beam can satisfy the requirement of
service life.
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