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Abstract: In this paper, the axial loading fatigue tests are at first conducted on specimens of G20Mn5QT
steel from axle box bodies in high-speed trains. Then, the size and shape effects on fatigue behavior
are investigated. It is shown that the specimen size and shape have an influence on the fatigue
performance of G20Mn5QT steel. The fatigue strength of the hourglass specimen is higher than
that of the dogbone specimen due to its relatively smaller highly stressed region. Scanning electron
microscope observation of the fracture surface and energy dispersive X-ray spectroscopy indicate that
the specimen size and shape have no influence on the fatigue crack initiation mechanism. Fatigue
cracks initiate from the surface or subsurface of the specimen, and some fracture surfaces present the
characteristic of multi-site crack initiation. Most of the fatigue cracks initiate from the pore defects
and alumina inclusions in the casting process, in which the pore defects are the main crack origins.
The results also indicate that the probabilistic control volume method could be used for correlating
the effects of specimen size and shape o the fatigue performance of G20Mn5QT steel for axle box
bodies in high-speed trains.

Keywords: G20Mn5QT steel; crack initiation mechanism; fatigue strength; size effect; shape effect

1. Introduction

The high-speed railway industry has developed rapidly in the past decade. Fatigue
failure, as one of the main failure modes for engineering materials and components [1-5], is
also a key mechanical problem for high-speed trains. Many studies concerning the fatigue
problems in high-speed trains have been carried out [6-11]. For example, Lu et al. [12]
studied the very-high-cycle fatigue behavior of an axle steel LZ50 under rotating bending
fatigue loading and showed that LZ50 steel had the fatigue limit at 5 x 106~10° cycles.
The fatigue fracture surface observation indicated that the fatigue crack initiated from
the ferrite on the surface of the specimen. Chen et al. [13] investigated the high cycle
and very-high-cycle fatigue performance of an axle steel EA4T, and found that there was
still a conventional fatigue limit for EA4T steel. Beretta et al. [14] studied the corrosion
fatigue behavior of an axle steel AIN exposed in rainwater, and the results showed that
the rainwater significantly reduced the fatigue strength (>10° cycles) of the A1N steel.
Wang et al. [15] analyzed the fatigue strength of the CRH2 motor bogie frame through
simulation and online tests. Zhang et al. [16] studied the fatigue crack growth behavior in
the gradient microstructure of the surface layer of S38C axle steel. The results indicated
that the crack growth rate firstly decelerated and then accelerated with increasing the
crack length in the gradient layer. Guagliano and Vergani [17] conducted experiments and
numerical analysis on the sub-surface cracks in railway wheels. Gao et al. [18] studied the
effect of artificial defects on the fatigue strength of an induction hardened S38C axle and
showed that the influence of shallower impact damage (smaller than 200 um) on fatigue
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strength was negligible. Luke et al. [19] made conclusions on some important aspects and
results related to the application of the fracture mechanics approach to the prediction of
inspection intervals of railway axles under in-service conditions.

The specimen geometry is an important factor affecting fatigue properties [20-22].
The fatigue performance tends to decrease with the increase of specimen size [23,24].
The size and shape of actual components are usually different from the standard testing
specimens. Therefore, studying the size and shape effects on the fatigue behavior of
materials in key structures of high-speed trains has scientific significance and application
value. Li et al. [25] studied the effects of specimen size and notch on the fatigue properties
of an EA4T axle steel. The study indicated that, with the increase of specimen size, the
fatigue strength of the dogbone specimen was considerably lower than that of the hourglass
specimen under axial loading. Shen et al. [26] analyzed the effect of inclusion size on the
fatigue strength of small specimens and railway axles, and showed that, due to the increase
of risk volume, the critical stress of fatigue failure in axles induced by inclusion was about
50% of that in small specimens under rotating bending loading. Varfolomeev et al. [27]
studied the effect of specimen shape on the fatigue crack growth rate of an EA4T axle
steel and showed that the crack growth rate depended on the specimen shape and loading
condition.

Axle box bodies are important components in high-speed trains, which are subject to
cyclic loadings and might fail in service. However, there are few results available for the
effects of specimen size and shape on the fatigue behavior of materials for axle box bodies.
Therefore, revealing the size and shape effects on the fatigue behavior of materials for axle
box bodies is of great importance. This paper studies G20Mn5QT steel from axle box bodies
in high-speed trains. The axial loading fatigue tests are at first conducted on the specimens
with different size and shape. Then, the fatigue failure mechanism of G20Mn5QT steel is
studied based on the observation of the fracture surface by scanning electron microscope
(SEM) and the analysis of the crack initiation region by energy dispersive X-ray spectroscopy
(EDS). Finally, the size and shape effects on the fatigue performance are correlated by using
the probabilistic control volume method for G20Mn5QT steel.

2. Materials and Methods

The material used is a G20Mn5QT steel cut from the new axle box bodies of a high-
speed train. The chemical composition is 0.18 C, 0.34 Si, 1.20 Mn, 0.22 Nji, 0.065 Al, 0.03 Cr,
0.011 Cu, 0.017 P, and 0.009 S in weight percent (Fe balance). The axle box body was at
first heated at 910 £ 10° for 3.5 h and oil quenched, and then it was tempered for 4 h at
640 £ 10° and cooled to below 300 °C with the furnace and then air cooled. The average
tensile strength and yield strength of the material are 582 MPa and 399 MPa, respectively.
The standard deviation is 0.58 for the tensile strength and 5.5 for the yield strength. They
are obtained from three specimens by an MTS Landmark machine. The strain rate is
5 x 10~* s71. The shape of the tension specimen is shown in Figure 1a. Fatigue tests were
conducted on an MTS Landmark machine. The loading frequency is 1 Hz to 32 Hz and
the stress ratio R is —1. Two kinds of specimens, the hourglass specimen and the dogbone
specimen, are chosen for fatigue tests, as shown in Figure 1b,c, respectively. The elastic
stress concentration factor K; is defined as the ratio of the maximum principal stress at
the notch root to that of the cylindrical specimen with the same smallest cross section
(i.e., nominal stress), and is obtained by using Abaqus 6.14 software. In the calculation,
Young’s modulus is E = 210 GPa and Poisson’s ratio is v = 0.3. All tests were carried out at
room temperature in air. Before the fatigue test, the surface of the experimental section of
the specimen was ground and polished. The surface roughness R, was less than 0.5 pm.

SEM is used to observe the fatigue fracture surface and analyze the crack initiation
mechanism. EDS is conducted to determine the element composition in the typical crack
initiation region.
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Figure 1. Shape and dimension of specimens (in mm). (a) Tensile specimen; (b) hourglass specimen,
Kt =1.05; (c) dogbone specimen.

3. Results
3.1. Measurement of Specimen Temperature

A thermocouple was used to measure the surface temperature of the experimental
section of several specimens during the fatigue tests, as shown in Figure 2a. The loading
frequency was not increased until the measured temperature was stable after a number of
fatigue cycles (e.g., 200, 1000, or 3000 cycles). Figure 2b presents the variation of surface
temperature of the experimental section with the loading frequency under the normal stress
amplitude of 300 MPa, 350 MPa and 380 MPa for the hourglass specimens. The temperature
is the stable temperature at the frequency in the abscissa in Figure 2b. It is observed
that, with the increase of the loading frequency, the temperature of the experimental
section increases remarkably under the stress amplitude of 350 MPa and 380 MPa, whereas
it increases slowly under the stress amplitude of 300 MPa. In order to eliminate the
possible influence of the temperature increase on fatigue properties during fatigue tests, an
appropriate frequency is adopted under different stress amplitudes according to the results
in Figure 2b.
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Figure 2. Measurement of surface temperature for experimental section of specimens. (a) Picture of
the method for temperature measurement; (b) variation of temperature with loading frequency.

3.2. Stress-Life (5-N) Data

The S-N data of the tested specimens are plotted in Figure 3. Here, the local stress
amplitude is used, i.e., the stress concentration is considered for the hourglass specimen.
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For the dogbone specimen, the local stress amplitude is the nominal stress amplitude
because the positions of the fatigue fracture surface are all at the parallel segment with
the smallest section. The loading information of the specimens is listed in Table 1. It is
seen from Figure 3 that, with the increase of fatigue life, the fatigue strength decreases for
both the hourglass and dogbone specimens. Moreover, the results for a stress amplitude
of 367.5 MPa for the hourglass specimen in Figure 3a indicate that the loading frequency
has no influence on fatigue performance of the G20Mn5QT steel. Therefore, the effect of
loading frequency on the fatigue behavior is not considered for the G20Mn5QT steel when
the fatigue data are analyzed in this paper.
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Figure 3. S-N data of the tested specimens, in which the arrows denote the unbroken specimens at
the associated cycles. (a) Hourglass specimens; (b) dogbone specimens.

Table 1. Loading information of the tested specimens.

Hourglass Specimens

No. Local Stress Amplitude o,/MPa Fatigue Life N/cyc Loading Frequency f/Hz
1 315 49,889 32
2 367.5 4998 18
3 315 55,521 32
4 367.5 17,677 18
5 399 2895 1

6 399 2299 1

7 273 10,000,000 * 32
8 252 374,837 32
9 241.5 581,314 32
10 231 3,495,106 32
11 210 10,000,000 ! 32
12 252 165,505 32
13 273 280,193 32
14 367.5 7327 1
15 399 1913 1~2.6
16 315 172,615 5~32
17 315 79,551 32
18 315 98,057 32
19 273 1,507,176 32
20 367.5 4271 1
21 367.5 15,993 1~18
22 252 137,278 32




Metals 2022, 12, 652 50f12

Table 1. Cont.

Dogbone specimens

No. Local Stress Amplitude o,/MPa Fatigue Life N/cyc Loading Frequency f/Hz
1 240 166,822 24
2 300 18,354 4

3 260 127,947 10
4 220 373,935 24
5 350 2704 1

6 350 4156 1

7 260 77 476 10
8 220 2,411,322 24
9 220 691,121 24
10 200 3,000,000 1 24
11 200 5,000,000 1 24
12 380 2384 1
13 350 4334 1
14 300 31,226 4
15 240 5,000,000 ! 6~24
16 260 309,419 6~10
17 300 32,059 4
18 260 733,656 10
19 240 10,000,000 1 24

! Denotes that the specimen does not fail at the associated cycles.

3.3. Crack Initiation Mechanism

Figures 4 and 5 show the SEM images of the fracture surface of several hourglass speci-
mens. It is seen that the fatigue cracks initiate from the specimen surface (Figures 4b and 5b)
or the subsurface of the specimen (Figures 4d and 5d). Meanwhile, some specimens exhibit
the characteristic of multi-site crack initiation on the fracture surface (Figure 5).

Figure 4. SEM images of the fracture surface for hourglass specimens with single-site crack initiation.
(a,b): local stress amplitude o, = 315 MPa, N = 1.73 x 10%; (c,d): local stress amplitude ¢,; = 252 MPa,
N =137 x 10°.
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Figure 5. SEM images of the fracture surface for the hourglass specimen with multi-site crack
initiation, local stress amplitude o, = 315 MPa, N = 7.96 x 10%. (a): Fracture surface with low
magnification; (b—d): close-ups of crack initiation regions A, B, and C in (a).

SEM images of the fracture surface of several dogbone specimens are shown in
Figures 6 and 7. Similar to hourglass specimens, the fatigue cracks initiate from the speci-
men surface (Figures 6b and 7b) or the subsurface of the specimen (Figure 6d), and some
fracture surfaces present the multi-site crack initiation feature (Figure 7).

Figure 6. SEM images of the fracture surface for dogbone specimens with single-site crack initiation.
(ab): 05 =220 MPa, N = 2.41 x 10°; (¢,d): 7, = 350 MPa, N = 2.7 x 10°.
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Figure 7. SEM images of the fracture surface for the dogbone specimen with multi-site crack initiation,
04 =380 MPa, N = 2.38 x 103. (a): Fracture surface with low magnification; (b-d) Close-ups of crack
initiation regions A, B, and C in (a).

The SEM observations show that most fatigue cracks initiate from pore defects
(Figures 4d, 5c and 6b) or inclusions (Figures 5d and 6d) for both the hourglass specimen
and the dogbone specimen, and pore defects are the main crack initiation origins. The
specimen size and shape do not change the fatigue failure mechanism of G20Mn5QT steel.
The EDS is further used to determine the composition of the inclusion in the crack initiation
region. The accelerating voltage is 15 kV. Figure 8 shows the results for the location “+” in
the crack initiation region by EDS. It indicates that the main composition of inclusions
should be alumina.

Intensity/a.u.

{ i 2 3
(a) (b) Energy/keV

1

Figure 8. Analysis of composition of the inclusion in crack initiation region in Figure 6d. (a) SEM
image of the crack initiation region. The symbol “+” denotes the location analyzed by EDS; (b) result
by EDS.

4. Discussion
4.1. Comparison of S-N Data

Figure 9 shows the comparison of the S-N data between hourglass specimens and
dogbone specimens. It is seen from Figure 9a that the difference in the S-N data between
the two kinds of specimens is not obvious in terms of nominal stress amplitude, while the
fatigue life of the hourglass specimen is generally larger than that of the dogbone specimen
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for the same local stress amplitude, though the fatigue life data overlap at several low
stress amplitudes. As is well-known, the scatter of the fatigue life data tends to be larger at
the low stress amplitude (i.e., the long fatigue life). The overlap of the fatigue life data at
several low stress amplitudes might be due to the scatter and randomness of the fatigue
life. This phenomenon could be explained by the differences among the highly stressed
regions of the different types of specimens. The hourglass specimens all fail at or very near
the smallest section of the specimen, whereas the positions of the fatigue fracture surface
are all located at the parallel segment with the smallest section for the dogbone specimens.
The highly stressed region of the hourglass specimen is smaller than that of the dogbone
specimen. From the viewpoint of the statistical distribution of microstructures or defects,
the dogbone specimen has more possibility for defects or microstructural inhomogeneity
that could induce the fatigue failure. This is the reason why the fatigue life of the hourglass
specimen is higher than that of the dogbone specimen at the same local stress amplitude.
The decrease of the fatigue performance due to the larger highly-stressed region (or control
volume) has also been shown for different types of steel in the literature [23,25,26,28-32].
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Figure 9. S-N data of specimens with different size and shape, in which the arrows denote the
unbroken specimens at the associated cycles. (a) Nominal stress amplitude versus fatigue life;
(b) local stress amplitude versus fatigue life.

4.2. Prediction of Size and Shape Effects

Here, the probabilistic control volume method [25,28] is used to analyze the size and
shape effects on the fatigue performance of G20MnQT steel. This method considers that if
the fatigue strength of specimens A and B can be regarded as the minimum value of many
reference specimens with relatively small control volume under the same manufacturing
process and heat treatment, and the fatigue strength of the reference specimen follows a
Weibull distribution, the fatigue strength of specimens A and B with the same survival
probability satisfies the following relation:

oa—7 _(Va)
UB’Y_<VB> @

i

where 04 and op denote the fatigue strength of specimens A and B, respectively; V4 and
Vp denote the control volume, which is usually chosen as the region with no less than
90% of the maximum principal stress [28-32]; k > 0 and 7 > 0 are shape and location
parameters, respectively.

For the case of fatigue failure induced by the surface crack initiation, the following

relation is used:

TA=Y _ (Sa)

=\ @)
o — S

where 54 and Sp denote the critical part of the specimen surface (i.e., control surface) with

a certain thickness.

B
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In particular, for the two-parameter Weibull distribution, the fatigue strength of
specimens A and B at the same survival probabilities satisfies the following relation:

(V. VA _%
o () ©
(V. SA _%
op (SB) @

From the consideration that the fatigue cracks initiate from the specimen surface or
subsurface for all the hourglass and dogbone specimens, Equation (4) is used to analyze
the size and shape effects of the fatigue strength for the present G20Mn5QT steel. The
control surface (the region where the principal stress is no less than 90% of the maximum
principal stress) is obtained by the finite element analysis. In the calculation, the linear
elastic constitutive relation is used. The Young’s modulus is E = 210 GPa and Poisson’s ratio
is v = 0.3. At first, the maximum principal stress is calculated at a load of 100 N under the
tensile stress, and then the region of the surface of the specimen where the principal stress
is no less than 90% of the maximum principal stress is determined. The control surface of
the hourglass and dogbone specimens are listed in Table 2. The parameters of the Weibull
distribution of the fatigue strength are estimated by the method in the literature [25,28]. In
this method, the bilinear model [25,28,33] is assumed for the S-N curve, i.e.,

alog,y N+ A, N <Ny

loglo U= { B, N >Ny (5)

where a, A and B are constants, and N is the number of cycles at the knee point of the curve.
Equation (5) can be written as

_J a(logyy N —log,;y No) +B, N < Np
logyg 0 = { B, N > Ny ©)

For the specimens with the fatigue strength o3 and the associated fatigue life Nj
(k=1,2, ..., n, and n is the number of specimens), the values of a, B and Ny can be
obtained by the minimum value of the following equation

Y [logox — alogo(Ny/No) — B>+ Y (logyy0ox — B)? )
Nk<N0 NkZNO

From Equation (6), the fatigue strength oy, at an arbitrary fatigue life Ny can be trans-
formed into the fatigue strength ¢’y at a given fatigue life N'y, i.e.,

alog, vak +1og;o 0%, Nx < Np

log,, 0’ = ; for N, < N ®)
alogy I;\]T; +10g;9 0k, Ny > No
or
No
logy 0’k = floglo N OBt TS N0 oy Ny > No 9
0810 Tk~ Ny > Ny

Then, the statistical analysis can be performed for the fatigue strength at different
fatigue life and the probabilistic stress-life (P-5-N) curve is obtained.

Figure 10 shows the comparison between the predicted P-S5-N curves and the ex-
perimental data for the hourglass specimen. It is seen that the predicted 50% survival
probability curve is in the middle of the experimental data and almost all the experimental
data are within the predicted 5% and 95% survival probability curves. This indicates that
the predicted results accord well with the experimental data, namely that the method
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in the literature [25,28] is reasonable for the estimation of the parameters of the Weibull
distribution of fatigue strength.

Table 2. Control surface of specimens with different size and shape.

Specimen Type Hourglass Dogbone

Control surface/mm? 73.58 498.14
650 5 3 .

= Hourglass specimen

% 550 5 O Experimental data

o 450

© §

o 3

2 3504

-

@ ] 5%

3 2507 Oy 50%

— 1 O

k7] ] 95%

s ]

Q

o ]

- ]
150
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Figure 10. Comparison of predicted P-S-N curves with experimental data for hourglass specimens,
in which the arrows denote the unbroken specimens at the associated cycles.

Figure 11 shows the comparison between the predicted P-S5-N curves by the experi-
mental data of the hourglass specimen and the experimental data for the dogbone specimen.
It is seen that the predicted P-S-N curves are in agreement with the experimental data,
indicating that the probabilistic control volume method is applicable for correlating the
size and shape effects on the fatigue performance of G20Mn5QT steel.

550 5
E Dogbone specimen
O Experimental data

n

n

o
1

Local stress amplitude o (MPa)
[\ w
[9)] 19}
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i )
] m]
O

4}

5%
50%

95%

150 LARAL B LRALL B LARLA B T T
10> 10*  10°  10° 10" 10°
Number of cycles to failure

Figure 11. Comparison of predicted P-5-N curves with experimental data of dogbone specimens
by using the experimental data of hourglass specimens, in which the arrows denote the unbroken
specimens at the associated cycles.
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5. Conclusions

In this paper, the size and shape effects on the fatigue behavior are investigated for
G20Mn5QT steel of axle box bodies in high-speed trains. The main results are as follows:

The specimen size and shape have influence on the position of the fatigue fracture
surface. For the hourglass specimen, it fails at or very near the smallest section of the
specimen; whereas for the dogbone specimen, the positions of the fatigue fracture surface
are all located at the parallel segment with the smallest section.

The specimen size and shape have no influence on the fatigue failure mechanism of
G20Mn5QT steel under an axial loading fatigue test. The fatigue cracks initiate from the
surface or the subsurface of the specimen, and some fatigue fracture surfaces exhibit the
characteristic of multi-site crack initiation. Most of the fatigue cracks initiate from the pore
defects and alumina inclusions in the casting process, and the pore defects are the main
crack origins.

The specimen size and shape have an influence on the fatigue performance of G20Mn5QT
steel. Due to the larger highly stressed region, the fatigue life of the hourglass specimen is
generally higher than that of the dogbone specimen at the same local stress amplitude. The
probabilistic control volume method is applicable to correlating the size and shape effects
on the fatigue performance of G20Mn5QT steel.

The results are helpful in understanding the fatigue failure mechanism of G20Mn5QT
steel and the size and shape effects on the fatigue behavior of metallic materials.
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