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Abstract. In this work, the effect of the quenching media (brine, water, and two types of naphthenic mineral
oils) and the tempering temperature (200, 400, 600 ◦C) on the static mechanical properties and the fatigue life
has been investigated using 300 fatigue and 36 static tension tests. S–N curves and standard deviations of fatigue
life under each heat treatment condition were calculated and shown. The fracture surfaces of the selected 11
specimens were observed by the scanning electron microscope and the reasons of affecting the fatigue life were
discussed. To estimate the mean fatigue life under the conditions of any given tempering temperature and cycle
stress amplitude based on 300 fatigue tests, the mean fatigue life estimation method based on RBF neural network
was presented and verified by 12 other fatigue tests. The test results have shown that (1) the mean fatigue life
decreases with the increase of tempering temperature for the same quenching media, (2) the mean fatigue life
using brine is more than water which is more than naphthenic mineral oils for the same tempering temperature,
and (3) the proposed method based on RBF neural network could accurately estimate the mean fatigue life when
the tempering temperature and cyclic stress amplitude are given for each quenching medium.

1 Introduction

In general, the fatigue life of the carbon steel could be im-
proved by the quenched and tempered process. For example,
it has been reported by Mei and Morris (1990) that the fa-
tigue crack growth rate of the austenitic stainless steels 304L
was 10 times slower than that of 304LN due to martensite
coating the growing crack of 304L. Moreover, Fatigue life
of structures is mainly determined by the surface roughness,
residual stress and microstructure (Suraratchai et al., 2008).
It has been observed that the microstructure and the resid-
ual stress relief of the quenched and tempered dual phase
steels were affected by the tempering temperature (Anazadeh
Sayed and Kheirandish, 2012; Kuang et al., 2014). For the
tool steel, retained austenite percentage, hardness, and mi-
crostructure are affected by the different quenching media
(Amini et al., 2013). It has been experimentally verified by
Kumar et al. (2014) that during the tempering temperature
range of 200–400 ◦C, there is sudden increase in impact

strength, ductility and toughness of the ductile cast iron, as
the temperature and time increase. The hardness and ultimate
tensile strength gradually decrease, and the percent elonga-
tion of the spring steel increases by increasing tempering
time and temperature (Htun et al., 2008). Therefore, it is im-
portant to analyze the fatigue property of the quenched and
tempered 0.44 % carbon steel with the different quenching
media and tempering temperature to ensure the high safety
and reliability of the part of the type of material in service.

The effect of the quenching media on the fatigue prop-
erty of AISI 4340 has been reported by Hamza et al. (2016)
where the material was austenized at the different temper-
ature and subsequently tempered at 350 ◦C for 1 h. The test
results showed that fatigue resistance with the quenching me-
dia of air was superior to that with the quenching media of
water which was superior to the oil when the austenized tem-
perature was 850 or 800 ◦C. This was different from the case
with the austenized temperature of 900 or 950 ◦C. It has been
observed by Harichandra et al. (2016) that the specimens of
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EN31 steel quenched in gingili oil have 10 times more fa-
tigue life than the specimens quenched in the water and 100
times more than unquenched specimens in high-cycle rotat-
ing bending fatigue tests.

Tempering temperature is another important factor affect-
ing the fatigue characteristics of the quenched and tempered
carbon steel. It has been reported by London et al. (1989)
that growth rates of the small surface crack was gradually
slowing down at the same cyclic stress intensity when the
tempering temperature was increased from 200 to 700 ◦C for
cantilevered bending fatigue samples. Moreover, the thresh-
old of stress intensity factor of small cracks growth was
greater than that of their corresponding long crack when the
tempering temperatures was 200 ◦C or 400 ◦C, and this was
exactly the opposite of the case when the quenching tem-
perature is 500 and 700 ◦C. It was observed by Amirat and
Chaoui (2003) that the fatigue crack growth rates of the min-
ing chain steel tempered at 500 ◦C was slightly lower than the
one tempered at 200 ◦C in the near the threshold of the stress
intensity factor. Similarly, the work of Tsay et al. (1997) also
showed that the fatigue crack growth rates would increase
when the tempering temperature was decreased from 600 to
400 ◦C for both D6AC steel plates and laser welds. However,
the conclusions were obtained by Sultan (2013) that the fa-
tigue resistance of the carburized steel was decreased with
the decrease of the tempering temperature. Here, the car-
burized specimens were austenized at 760 ◦C, and quenched
in water, and then tempered at temperatures 200, 300 and
400 ◦C for 1 h. The fatigue limit was also affected by the
tempering temperature. For example, it was reported by Yu
et al. (1988) that the fatigue limit decreased as the temper-
ing temperature increased from 315, 482 to 649 ◦C for the
centre-notched specimens, and the notch sensitivity and ab-
solute notch fatigue strength were not significantly affected
by the tempering temperature. It was found by Oguma and
Nakamura (2009) that in the 105–108 cycle range, the fa-
tigue strength of the high strength steel tempered at 433 K
was lower than that of the material tempered at 573 K where
the uniaxial tension-compression fatigue tests were carried
out. It was observed by Williams et al. (2006) that the tem-
pering temperature increase of the 4300 sintered steel from
205 to 315 ◦C resulted in an increase of the fatigue strength
of 2 %. The tempering temperatures of the optimal fatigue
resistance have been obtained for some types of steel. For ex-
ample, the fatigue limit, ductility and toughness of the high
strength spring steel were highest when the tempering tem-
perature was 450 ◦C. Here, the specimens were austenized
at 900 ◦C for 40 min and quenched into oil, and then tem-
pered for 30 min at the temperatures of 300, 350, 400, 450
and 500 ◦C (Lee et al., 1997). The high strength steel tem-
pered at 250 ◦C exhibited superior fatigue properties in the
short life regions. The steel was heated up to 950 ◦C for 5 min
and quenched using water. Tempering treatments at the tem-
peratures of 100, 250 and 340 ◦C were performed for 30 min
and followed by air cooling (Kwon et al., 2014). For 0.45 %

carbon steel, it was observed by Siddiqui et al. (2006) that
the fatigue life increased with the increase of the tempering
temperature from 100 to 200 ◦C, and the resistance to fatigue
failure reduced when the tempering temperature was further
increased. It was also seen by Anctil and Kula (1970) that
the crack-growth rates of 4340 steel decreased as the temper-
ing temperature increased to 600 F, and then increased again
with higher tempering temperatures.

In this work, the effect of quenching media and temper-
ing temperature on the fatigue life of the quenched and tem-
pered 0.44 % carbon steel were analyzed and discussed, and
the mean fatigue life estimation method based on RBF neu-
ral network was presented. The specimens were austenized
at 850 ◦C for 20 min and quenched into water, brine, and two
types of naphthenic mineral oils respectively. And they were
subsequently tempered at different temperature. The remain-
der of this paper is organized as follows: In Sect. 2, the orig-
inal material, the geometry of specimens, static tensile and
fatigue tests were described, and the static tensile experiment
results were shown and analyzed by the statistical method. In
Sect. 3, the scatter plots of the fatigue life were given for all
fatigue tests, S–N curves were formulated and their curve-
fitting parameters were listed, and the standard deviations of
fatigue life under each heat treatment condition were shown
in one figure. The fracture surfaces of the selected specimens
were observed by the scanning electron microscope and the
laws of fatigue life were discussed. In Sect. 4, the mean fa-
tigue life estimation method based on RBF neural network
was presented and verified by 12 other fatigue tests. Finally,
the conclusions were drawn in Sect. 5.

2 Material and test

The material investigated in this work is the 0.44 % carbon
steel and its composition is presented in Table 1. The raw ma-
terial is a hot rolled steel bar of which the diameter is 14 mm.
It is difficult that the hardening depth obtained by quench-
ing is up to 7 mm for the steel bar. So, the hot rolled steel
bars were firstly rough machined to the shape being similar
to the final specimen. The diameters of the clamping part and
the dangerous section are 8.5 and 6.0 mm respectively. Then,
they were austenized at 850 ◦C for 20 min and quenched into
water, brine, oil 1 or oil 2. In the brine, the mass ratio of the
food grade salt to the tap water is 20 %. Oil 1 and Oil 2 are
the naphthenic mineral oil with several types of additives for
accelerating cooling, preventing oxidation, preventing rust
and so on. The flash points and the kinematic viscosities of
Oil 1 and Oil 2 are 205 and 208 ◦C, 29.8 and 31.06 mm2 s−1

respectively. Subsequently, the specimens were tempered at
200, 400, and 600 ◦C for 60 min respectively. Next, they were
machined into the funnel specimen. The geometry of the
specimen is shown in Fig. 1. The central part of the specimen
was polished to the average surface roughness (Ra) 0.4 µm.
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Table 1. Chemical composition of the medium-carbon steel.

Element C Cr Mo Si Mn S P Ni

Weight (%) 0.44 0.04 0.02 0.23 0.57 0.016 0.024 0.002

Figure 1. Fatigue specimen geometry (dimensions in mm).

Figure 2. Specimen geometry and additional clamp of static tensile tests (dimensions in mm).

The static tensile tests for the specimens with the differ-
ent quenching media, tempering temperature were firstly car-
ried out. They were completed by the hydraulic servo ten-
sion and compression testing machine. In order not to de-
stroy the clamping blocks of the test machine, due to the high
hardness of the specimens after the quenching and tempering
treatment, the additional clamp was designed and shown in
Fig. 2. The material of additional clamp has the high ten-
sile strength and the low hardness. The specimen was con-
nected to the additional clamp by the thread which could be
seen in Fig. 2. The means of the tensile strength σb, yield
strength σs, and elongation at break δ5 were listed in Table 2.
There were 3 samples for each static tensile test. Accord-
ing to Table 2, it was observed that (1) almost all of means
of tensile strength decreased and the elongation at break in-
creased with the increase of tempering temperature from 200
to 600 ◦C for each kind of quenching media, (2) the order

of the quenching medium are brine, water, oil 1 and oil 2 in
accordance with the rule of the tensile strength from large to
small, (3) the brine has the maximal decline rate of tensile
strength and oil 2 has the smallest one with the increase of
tempering temperature from 200 to 600 ◦C, (4) oil 2 has the
lowest sensitivity of σb, σs, and δ5 with respect to the tem-
pering temperature, and then oil 1, water, and finally brine.
This is the reason that martensite has high strength and low
toughness, the order of the quenching media are brine, wa-
ter, oil 1 and oil 2 by the rule of the cooling capacity from
high to low, and the hardening depth obtained by quench-
ing increased with the increase of the cooling capacity of a
quenching media (Thelning, 1984; Ye et al., 2011).

The effect of the quenching media and tempering tempera-
ture on the fatigue life of 0.44 % carbon steel were discussed
by high and low cycle rotating bending fatigue tests. And
they could be compared as much as possible under the same
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Table 2. Mechanical properties of 0.44 % carbon steel.

Quenching Media Water Brine Oil 2 Oil 1

Case σb σs δ5 σb σs δ5 σb σs δ5 σb σs δ5
(MPa) (MPa) (%) (MPa) (MPa) (%) (MPa) (MPa) (%) (MPa) (MPa) (%)

T = 200 ◦C 1045 466 11.57 1266 1203 4.96 804 569 15.23 844 611 14.67
T = 400 ◦C 966 511 12.02 1087 991 9.06 807 575 15.63 854 687 14.44
T = 600 ◦C 698 538 20.54 742 590 16.85 698 473 19.23 722 501 20.00

No heat treatment σb (MPa) σs (MPa) δ5 (%)
710 490 19.17

Figure 3. Scatter plot of the fatigue tests with tempering temperature (a) 200 ◦C, (b) 400 ◦C and (c) 600 ◦C.

cyclic stress amplitudes. Therefore, at the tempering temper-
ature 200 ◦C, the cycle stress amplitudes included 750, 650,
550, 500, and 450 MPa for Oil 1 and Oil 2, included 750, 700,
680, 660, and 650 MPa for water, and 1000, 950, 900, 850,
and 800 MPa for brine. At the tempering temperature 400 ◦C,
the cycle stress amplitudes for water, oil 1 and oil 2 were
composed of 700, 650, 550, 500, and 450 MPa, and for brine,
850, 750, 650, 550, and 500 MPa. At the tempering temper-
ature 600 ◦C, the cycle stress amplitudes for brine, oil 1 and
oil 2 were 600, 550, 500, 450, and 400 MPa, and for water,
550, 500, 450, 430, and 400 MPa. The cycle frequency was
50 Hz. Five tests were carried out at each cycle stress am-
plitude. When the crack of the specimen grows to the length

which resulted in the test machine to not rotate properly due
to excessive bending deformation or the specimen failed due
to fracture, the corresponding cycle number is defined as the
fatigue life of the specimen in this work. If the cycle num-
ber exceeds than 106 and does not reach the corresponding
fatigue life, the fatigue test will be stopped.

3 Fatigue Test Results and Discussion

3.1 Fatigue Test Results and Statistic Analysis

The scatter plots of the fatigue test results with the temper-
ing temperature 200, 400 and 600 ◦C are shown in Fig. 3.
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Figure 4. The S–N curves with the tempering temperature 500, 600 and 700◦.

Here, the data point with the arrow is not the fatigue life, but
is the cycle number at which the corresponding fatigue test
was stopped. The S–N curves are shown in Fig. 4. The S–N
curve was processed as fellows: (1) cycle stress amplitudes
and means of the fatigue life were taken the logarithm with
respect to base 10, (2) the linear regression model was em-
ployed to obtain the formulation between the base 10 loga-
rithm of means of the fatigue life and cycle stress amplitudes,

logN = logc− n logS, (1)

N , c, n and S are fatigue life, two material constants and
cycle stress amplitude respectively, and N and S can be de-
scribed by

NSn = c (2)

and then S–N curve can be plotted. The material constants c
and n are listed in Table 3. Standard deviation of fatigue life
is shown in Fig. 5. In processing S–N curve and calculating
the standard deviation of fatigue life, the data points with the
arrow in Fig. 3 were uniformly set to 106.

Set NBM, NWM, NO1M and NO2M for the mean fatigue life
of the specimens with the quenching media being brine, wa-
ter, oil 1 and oil 2 repectively. According to Figs. 3, 4 and 5, it
can be observed that (1) at the tempering temperature 200 ◦C,
NBM is far more than NWM, NWM is more than NO1M, and
NO1M is more than NO2M, (2) at 400 ◦C, NBM is also more
than NWM, NO1M and NO2M and there is no significant dif-
ference among NWM, NO1M and NO2M, (3) at 600 ◦C, NBM

is still more than NWM which is almost equal to NO1M and
NWM, and NO1M are slightly larger than NO2M, (4) with the
tempering temperature increase from 200 to 600 ◦C, the dif-
ference of the mean fatigue life between one quenching me-
dia and other is less and less, (5) the mean fatigue life with
oil 2 is the least affected by the tempering temperature, fol-
lowed by that with oil 1, then that with water, and finally
that with brine, (6) the dispersion of the fatigue life almost
increase with a decrease of the applied cycle stress ampli-
tude for the same tempering temperature and quenching me-
dia (Li et al., 2017a, b), but it cannot be followed by the fa-
tigue life data of the specimens with tempering temperature
200 ◦C and the quenching media of brine, and (7) there are
some data points with the arrow only when the cycle stress
amplitude is low for oil 1, oil 2 and water, while no matter
when the cyclic stress is high or low under the condition of
the quenching media of brine and the tempering temperature
200 ◦C.

3.2 Fractography and Discussions

The fractures of some samples in the fatigue tests were ob-
served by scanning electron microscope. The test parameters
and fatigue life of those samples were listed and the corre-
sponding mean, standard deviation and coefficient of vari-
ation were given in Table 4. Figure 6 showed the scanning
electron micrograph (SEM) of the whole fracture surface
(WFS) and local fracture surface (LFS) of those specimens
listed in Table 4. The SEMs of LFS of the specimen 9, 11

www.mech-sci.net/10/273/2019/ Mech. Sci., 10, 273–286, 2019



278 S. Guo et al.: Effect of Quenching Media and Tempering Temperature

Figure 5. Standard deviation of fatigue life.

Table 3. Material constants of S–N curves.

Tempering
temperature (◦) 200 400 600

Quenching Brine Water Oil 1 Oil 2 Brine Water Oil 1 Oil 2 Brine Water Oil 1 Oil 2
media

n 6.26 29.25 9.04 7.46 6.46 10.01 10.57 8.22 9.79 10.00 10.42 9.00

c 7.05× 3.78× 6.12× 1.60× 9.44× 9.99× 4.73× 1.97× 9.91× 2.34× 3.08× 3.91×
1023 1087 1029 1025 1022 1031 1033 1027 1030 1031 1032 1028

and 12 were not shown in Fig. 6 because they were similar
with that of these specimens except specimen 1, 2 and 5. The
black spots were oxides, because the fractures were not pro-
tected well. It was observed that the fracture surfaces of the
specimens 1, 2 and 5 were very flat and did not have the ob-
vious fatigue source area and fatigue striation. According to
the local high power micrographs of their fracture surfaces,
many facets and steps could be observed. The features im-
plied that the brittle fracture and transgranular fracture have
occurred and there was no obvious crack growth process in
the sample 1, 2 and 5. However, for the other specimens, the
fracture surfaces had more than one obvious fatigue source
areas and a lot of the fatigue striations and the fracture dim-
ples. The nucleation and propagation process of cracks were

very obvious, and the final unstable extension fracture sur-
face has the obvious fracture dimple.

For an existing defect with the length of 2a in the brit-
tle solid, the theoretical tensile strength is (Cheng and Ohr,
1981)

σTb =

√
γE

4a
(3)

γ and E are the surface energy of unit defect area and
Young’s modulus respectively. The local cleavage fracture
stress is (Curry and Knott, 1978; Chen and Cao, 2015)

σf =

√
2γpE

π (1− ν2)f
(4)
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Table 4. Test parameters and fatigue life of the samples of which the fracture were observed.

Tempering
temperature (◦) 200 400 600

Sample number 1 2 3 4 5 6 7 8 9 10 11 12
Quenching media Brine Water Oil 1 Oil 2 Brine Water Oil 1 Oil 2 Brine Water Oil 1 Oil 2
Cycle stress 950 750 550 550 550 550 550 550 550 – 550 550
amplitude (Mpa)
Fatigue life 67 738 2436 73 471 49 586 138 723 13 922 55 296 32 485 12 073 – 6425 7466
Mean fatigue life 50 509 3219 83 912 42 625 120 536 13 316 64 924 32 161 11 131 – 7112 8142
standard deviation 37 685 4729 12 376 9477 58 680 8861 30 056 12 071 5096 – 3326 2502
coefficient of variation 0.75 1.47 0.15 0.22 0.49 0.66 0.46 0.38 0.46 – 0.47 0.31

γp, ν and f are the effective surface energy of the ferrite
matrix, Poisson ratio and the half-length of the just initiated
crack nucleus in a second-phase particle or in a grain with
critical size respectively. When the applied normal stress is
more than the local cleavage fracture stress σf, the grain-
sized crack propagates into the contiguous ferrite grains and
it results in the cleavage fracture of the specimen finally
(Chen and Cao, 2015). It could be seen that the local cleavage
fracture stress is proportion to the theoretical tensile strength
according to Eqs. (3) and (4). Therefore, it could be implied
that the maximal normal stress which is applied to the spec-
imen with the larger tensile strength σb is larger than that
of the specimen with the lower tensile strength σb, when the
specimen was fractured by cleavage.

According to the dislocation model for fatigue crack initi-
ation (Tanaka and Mura, 1981), when the applied cycle shear
stress amplitude is 1τ and the cycle number is n, the tensile
stress is

σxx =
3
√

ln(1τ − 2k)
√

2h
(5)

where l, k and h are the half length of the grain size, the
frictional stress and the distance between two adjacent slip
plane. When the tension and pressure cycle stress is applied
to the specimen, the slip plane is inclined at 45◦ to the applied
stress. If σxx is increased to the local cleavage fracture stress
σf, the crack will be nucleated and the corresponding cycle
number is defined as the crack initiation life of the specimen.
Therefore, the crack initiation life of the specimen with the
larger tensile strength σb is larger than that of the specimen
with the lower tensile strength σb.

According to Fig. 6, especially panels (a), (c) and (e), the
fracture will soon occur, once a crack was nucleated. This
implies that the crack initiation life accounts for most of the
total fatigue life (includes crack initiation life and crack prop-
agation life). So, due to the larger tensile strength σb of the
specimens with the quenching media being brine and water
and the tempering temperature 200◦, the fatigue life is far
more than that of other specimens sometimes. However, 1τ
is not only determined by the applied tension and pressure
cycle stress, but also is be affected by the stress concentra-

tion due to the internal defects and the surface roughness of
the specimens. Generally, the geometric parameters of the
internal defects and the surface roughness have the strong
randomness. It might leads to the very large 1τ in some
specimen, and σxx is quickly increased to the local cleav-
age fracture stress σf when the applied cycle stress amplitude
is identical. In this case, due to almost no crack growth pro-
cess, there is very low fatigue life for the specimens with
the quenching media being brine and water and the temper-
ing temperature 200◦. While, the fatigue life of the speci-
mens with the obvious nucleation and propagation process
of cracks, such as the specimen 3, 4, 6, 7, 8, 9, 11 and 12
listed in Table 4, was less affected because the crack propa-
gation life is not affected. This could also explain that there
was larger coefficient of variation of the fatigue life under the
heat treatment condition of the specimen 1, 2, and 5 listed in
Table 5.

4 Fatigue Life estimation based on RBF neural
network

For the quenched and tempered 0.44 % carbon steel, their
mean fatigue life under the condition of any given cycle
stress amplitude can be estimated by S–N curves which have
been obtained in Sect. 3, when the tempering temperature is
200, 400 or 600 ◦C and the quenching media is oil 1, oil 2,
water or brine. However, the mean fatigue life can not been
estimated by S–N curves in Sect. 3 if the tempering tem-
perature is not 200, 400 or 600 ◦C, for example 300 ◦C. If
the mean fatigue life with the tempering temperature 300 ◦C
must be estimated using S–N curves, a lot of additional fa-
tigue tests must be carried out again. Therefore, the fatigue
life estimation method will be presented and is based on RBF
neural network. The RBF neural networks have shown to per-
form well in many problems of practical interests (Khan et
al., 2018). It can approximate any continuous function with
an arbitrary precision. Moreover, RBF neural network has
only one hidden layer and the number of neurons in the hid-
den layer is automatically increased until the mean square er-
ror reaches the given accuracy or the number of neurons is up
to the given value. Therefore, RBF neural network can avoid
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Figure 6.
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Figure 6.
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Figure 6. Scanning electron micrographs of the whole and local fracture surface of those specimens listed in Table 4. (a) SEM of WFS of
specimen 1, (b) SEM of LFS of specimen 1, (c) SEM of WFS of specimen 2, (d) SEM of LFS of specimen 2, (e) SEM of WFS of specimen
5, (f) SEM of LFS of specimen 5, (g) SEM of WFS of specimen 3, (h) SEM of LFS of specimen 3, (i) SEM of WFS of specimen 4, (j) SEM
of LFS of specimen 4, (k) SEM of WFS of specimen 6, (l) SEM of LFS of specimen 6, (m) SEM of WFS of specimen 7, (n) SEM of LFS of
specimen 7, (o) SEM of WFS of specimen 8, (p) SEM of LFS of specimen 8, (q) SEM of WFS of specimen 9, (r) SEM of WFS of specimen
11, (s) SEM of WFS of specimen 12.

Figure 7. Structure of the presented fatigue life estimation method based on RBF neural network.

the arbitrariness in the number of hidden layers and the num-
ber of neurons per hidden layer (Mahanty and Gupta, 2004).

For the given quenching media, the structure of the pre-
sented fatigue life estimation method based on RBF neural
network is shown in Fig. 7. It includes three layer, input layer,
hidden layer and output layer. The input vector is composed
of two elements, tempering temperature and cycle stress am-
plitude. In the hidden layer, there are n neurons. n is deter-
mined by the given accuracy or the set number of neurons
and is calculated automatically by the algorithm of RBF neu-
ral network. The RBF of each neuron is the Gaussian func-

tion and can be expressed as

∅i = exp

(
−

1
2σ 2
i

||xj − ci ||
2

)
, (6)

i = 1,2,3, . . .,n, j = 1,2

σi is the spread of GRBF (Gaussian RBF) ∅i , xj is the in-
put parameter including the tempering temperature and cycle
stress amplitude, ci is the centre for the ith hidden neuron,
and || · || denotes the Euclidian norm. ωi (i = 1,2,3, . . .,n) is
the weight connecting the hidden layer to the output (mean
fatigue life) y. Then, the output y can be expressed as (Ma-
hanty and Gupta, 2004; Yang et al., 2016)

y =

2∏
j=1

n∏
i=1
ωi exp

(
−

1
2σ 2
i

||xj − ci ||
2

)
(7)
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Figure 8. Fatigue life estimated by the presented method based on RBF neural network and the error surface for the test set, (a) fatigue life
and error surface, (b) for oil 2, (c) fatigue life and error surface, (d) for oil 1, (e) fatigue life and error surface, (f) for water, (g) fatigue life
and error surface, (h) for brine.
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Table 5. Validation of the estimation method based on RBF neural network for mean fatigue life.

Quenching Tempering Stress Estimated mean Test Mean test Estimation Error
media temperature amplitude fatigue life (yi ) fatigue life fatigue life (Ni ) (|yi −Ni |/Ni )

Oil 2 300 ◦C 680 MPa 10 957 14 375 13 393 18.19 %
12 037
13 766

Oil 1 350 ◦C 480 MPa 255 169 301 247 282 608 9.71 %
355 149
191 427

Water 450 ◦C 530 MPa 47 223 51 339 53 418 11.60 %
73 467
35 448

Brine 500 ◦C 570 MPa 12 785 22 356 14 766 13.42 %
10 493
11 449

For the quenching media is oil 1, oil 2 or water, the sample
size of the training set is 2403. The tempering temperatures
are 200, 400 and 600 ◦C and there are 801 cycle stress ampli-
tudes from 400 to 800 MPa with the increment of 0.5 for each
tempering temperature. For brine, the sample size is 4203
and cycle stress amplitudes are from 400 to 1100 MPa. Each
element of the output vector (mean fatigue life) in the train-
ing sets is calculated by the estimated S–N curves in Sect. 3.
The testing set is similar with the corresponding training
set except that cycle stress amplitudes are from 400.25 to
799.75 MPa for oil 1, oil 2 and water, and from 400.25 to
1099.75 MPa for brine. The mean squared error goal is 10−6.
For oil 2, oil 1, water and brine, the test and estimated mean
fatigue life by the trained RBF neural network are shown in
panels (a), (c), (e) and (g) in Fig. 8 respectively. The esti-
mation error surfaces of the mean fatigue life for the testing
set are shown in panels (b), (d), (f) and (h) in Fig. 8 respec-
tively. The mean fatigue life estimation error Ei given the
quenching medium, tempering temperature and cyclic stress
amplitude is calculated by

Ei =
|yi −Ni |

Ni
× 100, i = 1,2,3, . . . (8)

yi and Ni are estimated mean fatigue life by the presented
method and the calculated mean fatigue life by S–N curve in
Sect. 3. According to Fig. 8, it can be observed that (1) the
estimated mean fatigue life by the presented method is in
good agreement with the mean fatigue life of the test, and
(2) there is the large estimation error of the mean fatigue life
for the test set when the cyclic stress amplitude is close to the
upper or lower bound of the training set, but the maximum
estimation error is less than 0.4 % for four kinds of quenching
media.

To validate the presented method, 12 fatigue tests were
carried out again. The cycle frequency was still 50 Hz. Three
fatigue tests were carried out at each cycle stress amplitude.

The cycle stress amplitudes and the tempering temperature
were different from those of the previous fatigue tests. The
fatigue test conditions and results are shown in Table 5. It can
be seen that the maximum estimation error of the presented
method is 18.19 %. It implies that the proposed method can
estimate the mean fatigue life in the case of the given temper-
ing temperature and cyclic stress amplitude with high preci-
sion, and can avoid the disadvantages of using S–N curve to
estimate the mean fatigue life.

5 Conclusions

The fatigue life and the static mechanical parameters data of
0.44 % carbon steel specimens were analyzed and the mean
fatigue life estimation method based on RBF neural network
was presented in this work. The experiment results showed
that (1) for these four kinds of quenching medium, there is
a downward trend in the mean of σb and N and the stan-
dard deviation of N , and there is a upward trend in the mean
of δ5 with the increase of tempering temperature from 200
to 600 ◦C, (2) the mean of σb and N is least influenced
by the tempering temperature for the specimens with oil 2,
then oil 1, next water, finally brine, (3) for the same tem-
pering temperature, according to the rule that the mean and
the standard deviation of N is from large to small, the or-
der of quenching medium is brine, water, oil 1 and oil 2.
The brittle, transgranular and cleavage fracture occurred in
fatigue test specimens. For the designed testing set, the max-
imum estimation error of the mean fatigue life estimation
method based on RBF neural network is less than 0.4 % for
four kinds of quenching media. Verified fatigue test results
show the maximum estimation error of the presented method
is 18.19 %. Therefore, the proposed method can accurately
estimate the mean fatigue life when the tempering tempera-
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ture and cyclic stress amplitude are given for each quenching
medium.
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