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Abstract: In order to obtain the optimum fatigue performance, 35CrMo steel was processed by
different heat treatment procedures. The microstructure, tensile properties, fatigue properties, and
fatigue cracking mechanisms were compared and analyzed. The results show that fatigue strength
and yield strength slowly increase at first and then rapidly decrease with the increase of tempering
temperature, and both reach the maximum values at a tempering temperature of 200 °C. The yield
strength affects the ratio of crack initiation site, fatigue strength coefficient, and fatigue strength
exponent to a certain extent. Based on Basquin equation and fatigue crack initiation mechanism, a
fatigue strength prediction method for 35CrMo steel was established.

Keywords: 35CrMo steel; high-cycle fatigue; damage mechanism; fatigue strength prediction;
heat treatment

1. Introduction

Chromium-molybdenum alloy steels (Cr-Mo steels) have been extensively applied in
various industrial fields for their good mechanical properties, hydrogen resistance, and
heat resistance. These fields include chemical industry, petrochemical industry, aviation
industry, engineering vehicles, power industry, and many more [1,2]. The steels are mainly
used to produce the parts of large equipment, such as safety valves, automobile clutches,
pressure vessels [3], railway axles [4], gears [5,6], and bolts [7]. Most of these components
are not only the independent parts of equipment, but are also subjected to cyclic loads.
For instance, header bolts connect the engine’s head cover with stay rings, and they are
also subjected to pre-tightening loads and axial alternating loads from the head cover. Its
reliability frequently determines the safe and stable operation of the engine subjected to
complex loadings that can easily cause fatigue damage and may cause economic losses or
even lead to major engineering accidents. In recent years, the fatigue research on Cr—-Mo
steels mainly focuses on the explorations of performance and mechanisms under extreme
environments [3,8-12] or advanced technology [4,13,14]. However, there is little research
on the prediction of fatigue strength for Cr-Mo steels. Therefore, the research on fatigue
strength prediction of Cr—Mo steels cannot be ignored.

In addition, Cr—Mo steels can also be machined into components with different per-
formance requirements, e.g., wear-resistant components with high hardness and high
strength [15], mill liners with wear properties and impact toughness [16], shock-resisting
tools with the superior combination of hardness and impact properties [17], bolts with high
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comprehensive mechanical properties [18], etc. Heat treatment is the main technique to
achieve these properties by regulating the microstructures or surface chemical composition.
For example, quenching can improve the hardness and wear resistance of steel; and the
different tempering temperatures can obtain different strengths and toughness [19,20].
Therefore, in the process of designing heat treatment procedures of materials for the compo-
nents, it is necessary to adjust and test their mechanical properties and fatigue performance.
However, fatigue test is time and energy consuming, so it is important to predict fatigue
strength from static mechanical properties.

The main methods of fatigue strength prediction are El Haddad et al.’s model and Mu-
rakami’s \/area parameter model [21]. However, they have certain limitations, the former
has no estimation method for 3-D inclusions; the latter believes that the same material has
defects with the same size, and it has no effective estimate for internal and unknown size
defects. Therefore, it is still necessary to explore the fatigue strength prediction method for
engineering materials from the fatigue curve (5-N curve).

In the early 20th century, researchers found the linear relation between stress amplitude
and life on log-log plots, and proposed a simple formula such that

Og = (Tf/(sz)b (1)

where 0, is the stress amplitude, o7 is the fatigue strength coefficient, b is the fatigue
strength exponent, and Ny is the number of cycles to failure. The values of fatigue strength
coefficient and fatigue strength exponent are the intercept and slope of the S-N curves,
respectively, on log-log plots. Nowadays, this is the well-known Basquin equation, and it
has become an important tool for determining the fatigue strength and design criterion of
materials. In recent years, the characteristics of the S-N curve and Basquin equation have
been studied by many investigators [22-24]. Some researchers have proposed formulas to
estimate the values of O'f/ and b, which are generally based on the inclusion size, hardness,
and tensile strength [25-27]. However, the shape of S-N curve and the values of ¢/ and b
could be changed by many other factors, such as sample surface treatment, experimental
environment, and loading type [22,28,29]. It is valuable to further explore the high cycle
fatigue (HCF) strength prediction of Cr—Mo steels.

In this study, four heat-treatment procedures of 35CrMo (Chinese designation) steel
were employed to investigate the microstructures, tensile and HCF behaviors, and the
relations among them. The differences in the mechanical behaviors of variously heat-treated
35CrMo steels were also analyzed. According to the corresponding fracture mechanisms, a
suitable formula of fatigue strength prediction for the Cr-Mo steel was established.

2. Experimental Materials and Procedures

The chemical composition of 35CrMo steel is shown in Table 1. To gain a wide range
of strength, the as-received steel bars were heated at 860 °C for 30 min followed by the
oil-quenching. Then, some of the steel bars were processed into specimens, and the rest of
them were tempered at 200 °C, 400 °C, and 500 °C for 90 min, respectively, followed by
air-cooling to room temperature. The four heat-treatment procedures are given in Table 2,
and the corresponding specimens are named as Q, QT200, QT400, and QT500, respectively.

Table 1. Chemical composition of 35CrMo/ %.

C Si Mn Cr Mo P S Fe
0.35 0.35 0.76 1.13 0.20 <0.005 <0.001 Balance

The dimensions of the tensile and fatigue specimens are shown in Figure 1. Tensile
tests were conducted at a strain rate of 1072 s ! by an Instron 5982 static testing machine
(Instron Corporation, Boston, MA, USA). The HCF tests were conducted under symmetrical
push-pull loading condition (R = —1) by using a GPS100 high-frequency fatigue tester
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(Sinotest Equipment Co., Ltd., Changchun, China) under room temperature in air. The HCF
tests were proceeded at a resonance frequency of about 115 Hz. In this experiment, about
20 specimens were prepared for each heat-treatment condition. Tests were stopped when
the specimen failed completely or achieved 10 cycles. The fatigue strength was determined
using the staircase method in which five pairs of specimens were tested, namely, taking the
average values of these stress levels. The S-N curves were fitted with the data of all failed
specimens by the least square method, which means that half of the specimens could fail
above the curves [30]. The fatigue strength coefficients and exponents were obtained by
the same method.

Table 2. Heat-treatment procedures of 35CrMo steel.

Samples Quenching Tempering
Q Untempered
QT200 Preheating to 860 °C for 30 min and 200 °C tempering for 90 min
QT400 quenching in oil 400 °C tempering for 90 min
QT500 500 °C tempering for 90 min

96.5

Figure 1. Configurations and dimensions of specimens tested for tensile (a) and fatigue (b) properties.
(Unit: mm).

The microstructures of specimens with different heat-treatment procedures were
examined by electron back scattered diffraction (EBSD, LEO Supra 35, Carl Zeiss AG,
Oberkochen, Germany). The tensile and fatigue fracture surfaces of failed specimens were
examined by scanning electron microscopy (SEM, JSM-6510, Japan Electronics Co., Ltd.,
Tokyo, Japan).

3. Results and Discussion
3.1. Microstructure

The EBSD microstructures of 35CrMo steel with four heat-treatment procedures are
shown in Figure 2. It can be seen that Q specimen contains many lath martensites and
some retained austenites. The microstructure of QT200 specimen consists of plate shaped
tempered martensites and some retained austenites. Both QT400 and QT500 specimens
display the uniform microstructures of tempered troostite, as shown in Figure 2c,d.
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Figure 2. EBSD microstructures for 35CrMo steel with four heat-treatment procedures. (a) Q,
(b) QT200, (c) QT400, and (d) QT500.

3.2. Tensile Behaviors

The tensile properties of 35CrMo with different heat-treatment procedures are pro-
vided in Figure 3. The tensile properties of 35CrMo steel at different tempering tempera-
tures are listed in Table 3. As can be seen from Figure 3b, with the tempering temperature
increasing, the tensile strength (o) successively decreases; besides, the yield strength (o)
slowly increases at first and then decreases, which are in agreement with the cases of other
steels [19,31]. It is observed that the percentage reduction of area (Z) and elongation after
fracture (A) increase in different degrees with increasing tempering temperature as shown
in Figure 3c. Figure 3d gives relations of the elongation after fracture and the percent-
age reduction of area versus the tensile strength of 35CrMo steel. As the tensile strength
increases, the elongation after fracture and the percentage reduction of area decrease in
varying degrees. This is consistent with the inverse relation between strength and ductility
for lots of metals [19].

Table 3. Tensile properties for 35CrMo steel processed at different tempering temperatures.

Sample o/MPa oy/MPa Z/% Al%

Q 1977 1380 33.20 10.80
QT200 1891 1487 47.66 12.05
QT400 1566 1352 51.84 12.10
QT500 1261 1170 58.53 16.20

The macroscopic fractographies of tensile specimens for 35CrMo steel are shown in
Figure 4. It can be seen that the tensile specimens with different tempering temperatures
have significant necking phenomena. With the increase of tempering temperature, the area
ratio of fiber zone (the ratio of the fiber zone area to the fracture surface area) gradually
decreases, and the area ratio of shear lip first increases and then decreases slightly. Q and
QT200 specimens have no obvious radial pattern, as shown in Figure 4a,b. QT400 and
QT500 specimens have radial zone, the area ratio of radial zone increases and radial pattern
becomes pronounced with the increase of tempering temperature, as shown in Figure 4c,d.
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Figure 3. Tensile properties of 35CrMo steel. (a) Tensile engineering stress-strain curves; (b,c) the rela-
tion between strengths (tensile and yield strengths), percentages (elongation after fracture and percentage
reduction of area), and tempering temperature; and (d) relations of percentages vs. tensile strength.

Figure 4. The macroscopic fractographies of tensile samples for 35CrMo steel processed at different
tempering temperatures. (a) Untampered, (b) 200 °C, (c) 400 °C, and (d) 500 °C.
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Tensile fractographies in the fiber zone for 35CrMo steel are magnified in Figure 5.
It can be seen that the fiber zones of these specimens are mainly composed of dimples
with different sizes, implying the typical ductile fracture modes. Besides, few microcracks
and some larger voids can also be seen from the figure. The formation of microcracks
and voids in the fiber zone can be attributed to the transition of the stress states of the
specimen from uniaxial to triaxial due to the necking of specimens. The plastic deformation
at the axial center of the specimen is difficult to continue with the effect of triaxial stress, so
that the stress concentration occurs at the inclusions or second-phase particles, where the
voids eventually nucleate and grow. Consequently, the sizes of microcracks or voids are
closely related to inclusions or second-phase particles. It can be noted from Figure 5 that
the sizes of microcracks and voids increase with the increase of tempering temperature,
and such a similar situation has also appeared in high-strength, high ductility steels [32].
It can be concluded that the strength and toughness affect the behaviors of inclusions or
second-phase particles. This seems to be consistent with the effect of tensile loads on the
behaviors of inclusion and second-phase particles at elevated temperature, which is due to
the transformation of tensile properties affected by high temperature [33].

Figure 5. Tensile fractographies in the fiber zone for 35CrMo steel processed at different tempering
temperatures. (a) Untampered, (b) 200 °C, (c) 400 °C, and (d) 500 °C.

3.3. High-Cycle Fatigue Behaviors

The S-N curves of 35CrMo steel under different heat treatments are shown in Figure 6a.
The fatigue properties of 35CrMo steel at different tempering temperatures are listed in
Table 4. Obviously, QT200 specimens have the best fatigue resistance. The fatigue strengths
(ow) increase first and then decrease with the increase of tensile strengths (Figure 6b),
which were also found in many other materials [19,34]. The Basquin equations for these
materials are as below (Equations (2)—(5)):

02 = 2040.42(2N5) ", for Q )

02 = 1718.57(2N5) "%, for QT200 ©)
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Figure 6. (a) Relations between stress amplitude and fatigue life (S-N curves), (b) the relation between
tensile and fatigue strengths, (c) the relation between fatigue strength coefficient and tensile strength,
and (d) the relation between fatigue strength exponent and tensile strength.

Table 4. Fatigue properties and S-N curves parameters for 35CrMo steel processed at different
tempering temperatures.

Sample ow/MPa of b

Q 627 2040.42 —0.073
QT200 706 1718.57 —0.058
QT400 548 2261.03 —0.089
QT500 418 2539.02 —0.126

In Equations (2)~(5), the obtained fatigue strength coefficient o and fatigue strength
exponents b are reported for the considered cases. The relations of fatigue parameters (o
and b) vs. the tensile strengths are shown in Figure 6¢,d. It can be seen that the increasing
and decreasing trends of them are opposite and both curves have extreme values at data of
QT200 specimens. This is inconsistent with the trend of steels for very high cycle fatigue
(VHCEF) [27]. Some researchers pointed out that HCF and VHCF behaviors are different for
the same materials [22,35,36]. Therefore, it is essential to study the variations of the fatigue
strength coefficient and exponent in a wide strength range from the perspective of HCFE.

The fatigue strength coefficient and the fatigue strength exponent are mainly affected
by strengthening mechanisms and damage mechanisms of materials respectively [27]. In
order to understand the variation trends of fatigue strength coefficient and exponent for
35CrMo steel, it is necessary to study the fracture mechanism of failed specimens. The
fatigue source regions of failed specimens with different heat-treatment procedures were
observed by SEM. According to different crack initiation mechanisms, these specimens
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could be divided into five categories, as shown in Figure 7, such as (a) surface scratch;
(b) surface inclusion; (c) subsurface inclusion, representing the inclusion whose distance
from the surface is less than its own size in this paper; (d) inner inclusion, representing the
inclusion whose distance from the surface is greater than its size; and (e) micro-facet com-
prising numerous small convex and concave, representing the trace of plastic deformation
caused by non-inclusion crack [37,38]. For the convenience of statistics, some researchers
have summarized the fatigue crack initiation sites into two types, namely, surface and
inner [19]. Inner represents inner inclusion and micro-facet, and surface scratch, surface
inclusion, and subsurface inclusion are classified as surface, as shown in Figure 8.

Figure 7. Fatigue crack initiation morphologies. (a) Surface scratch, (b) surface inclusion, (c) subsur-
face inclusion, (d) inner inclusion, and (e,f) micro-facet.

Figure 8. Schematic diagram of crack initiation site.

The two types of failed specimens have been indicated in the S-N curves, as shown
in Figure 9. In the figure, the circles represent the failed specimens with cracks initiated
on the surface and the solid circles represent the cracks initiated inside. It is found that
the specimens with initiation of inner cracks are generally loaded at low-stress levels
and have high fatigue life, which can be clearly seen in Figure 9a,b. The same situation
has also been found by some other researchers [13,22,37]. Under high applied stress
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amplitude, the surface defects and processing defects are the obvious weak zones, since
the plastic deformation preferentially occurs at surface due to lack of constrain. The locally
accumulated plastic strain caused by high stress concentration at the surface defects and
processing defect will induce crack initiation. On the other hand, when the lower stress
amplitude is applied, the locally accumulated plastic strain over those surface defects
becomes weaker; at this time, some interior inclusions may have the potential to compete
with those defects. Since the inner area of a cross section is generally much larger than
the outer surface layer area, the probability for larger inclusions or harmful inclusions
emerging in the inner area is definitely greater than that in the surface area. If so, the fatigue
cracks may initiate from internal inclusions at the low stress amplitude.
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Figure 9. S-N curves for the specimens of Q (a), QT200 (b), QT400 (c) and QT500 (d).

From Figure 9, one can see that most of the failure samples for Q begin to fracture from
the inside, and the number of such failed samples gradually decreases with the increase
of tempering temperature of heat-treatment procedures. Until the tempering temperature
reaches 500 °C, all the failed specimens begin to fracture on the surface. Figure 10a shows
the relations between the ratios of surface/inner fatigue crack initiation sites (the ratios of
the number of failures originating from the surface/inner to the total number of failures)
and yield strengths. It can be seen that the ratio of surface initiation cracks decreases with
the increase of yield strength. In other words, as the yield strength decreases, the trend of
surface fatigue crack initiation increases. It is understood with lower yield strength, the
severe locally accumulated plastic deformation will easily result in the surface defects as
mentioned above. Furthermore, it can be roughly inferred from the figure that cracks will
initiate from the surface for the specimens with yield strengths below 1200 MPa. The ratio
of inner cracks will continue to increase when the yield strengths of the samples are higher
than 1500 MPa. To sum up, it can be said that the yield strength affects the ratio of fatigue
crack initiation site to a certain extent.

Wang et al. [39] have concluded that the transition from surface to subsurface crack
initiation has a significant effect on the slope of S-N curve. As an extension, the intercepts
and slopes of S-N curves (fatigue strength coefficient and exponent of Basquin equation)
are related to fatigue crack initiation sites, as shown in Figure 10b. It can be seen that the
fatigue strength coefficient decreases and the fatigue strength exponent increases with the
increasing ratio of the inner crack site. Therefore, different ratios of crack initiation sites
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affect the fatigue strength coefficient and exponent of Basquin equation to a certain extent.
The reason can be found from the distribution characteristics of different crack initiations
sites in Figure 9 and the relations in Figure 10b. Combined with the above conclusions that
the yield strength affects the ratio of fatigue crack initiation site and the cracking position
affects the fatigue strength coefficient and exponent, it can be said that the fatigue strength
coefficient and exponent are indirectly influenced by the yield strength.

(a) ~.100 (b) 2800
R Surface ® FS cocfficient
E 80 Inner = FS exponent 1-0.06
= 2400 -
2 QT200
< 60
o QT400 s 1-0.09
g Surface e e
f’g‘ 40 2000}
; 1-0.12
o 20
'g QT500 Tnner 1600+
m (' 1 1 1 1 1 1 _0.15
1100 1200 1300 1400 1500 0 10 20 30 40 50 60
Yield strength, o, (MPa) Ratio of inner crack site (%)

Figure 10. (a) The relation between the ratios of fatigue crack initiation sites and yield strength, and
(b) relations of the fatigue strength coefficient and exponent vs. ratio of inner crack site.

3.4. Prediction of Fatigue Strength

To predict fatigue strength by Basquin equation, some parameters are necessary to
figure out. As shown in Figure 11a, the fatigue strength o, of a material can be determined
by the fatigue strength coefficient, exponent, and the life of knee point Ny in the S-N curve.
The knee point is the intersection of the curve fitted by the group method and the fatigue
strength calculated by the staircase method. Obviously, the knee point is also a necessary
parameter to predict fatigue strength.

a b
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=
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Figure 11. The fatigue strength prediction model. (a) The schematic illustration of S-N curves, (b) the
linear relation between af’ and oy, (c) the linear relation between b and ¢y, and (d) the relation of
1g(2Nj) and oy,
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The logarithmic form of Basquin equation for S-N curves can be obtained,

lgos = blg(2Ny) + g0y (6)
If Ny is determined, the fatigue strength prediction equation can be written as

lgow = bIg(2Ny) + g0} 7)

Based on the above discussion, ¢/ and b are linearly fitted with the yield strength,
and the error bands are within the 10% and 5%, respectively, as shown in Figure 11b,c. In
addition, the knee point is also fitted with the yield strength for the unification of variables
and convenience of calculation. They have a quadratic relation with only 1% error band, as
shown in Figure 11d. This is the relation between the intersection of the two lines and the
yield strength, which has no practical significance. The fitting equations can be expressed
in linear and quadratic equations as below, respectively,

Uj’f =moy +n 8)
b=uoy,+0v 9)
1g(2Ny) = x0y + yoy + 2 (10)

Substituting Equations (8)—(10) into Equation (7), a new relation can be obtained,
lgoy = (uoy + ZJ)(x(Ty2 +yoy +z) 4+ 1g(moy, +n) (11)

where, m, 1, u, v, x, y, and z are the material constants, which can be obtained by data fitting.
For 35CrMo steel, the constants have been fitted and the fatigue strength prediction
formula can be expressed as follows,

180 = (2193 x 10~ %0y — 0.382)(—1.987 x 100, > 4 5.422 x 1027, — 30.029)+

12
lg(—2.5420; + 5564.850) (12)

The results of fatigue strength prediction are shown in Figure 12, and it can be seen
that the errors of this fatigue prediction equation are less than 10%.
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Figure 12. The calculated vs. experimental values for fatigue strength.
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4. Conclusions

The fatigue fracture morphologies and HCF properties of 35CrMo steel specimens
with different tensile strengths were studied. The main conclusions can be summarized
as below:

(1) With the increase of tempering temperature, martensite is gradually decomposed and
the tensile strength decreases, but the yield strength and fatigue strength increase at
first and then decrease. QT200 specimens have the best fatigue performance;

(2) To some extent, the yield strength affects the ratio of crack initiation site for a speci-
men, and the crack initiation site affects the fatigue strength coefficient and fatigue
strength exponent. Therefore, the yield strength affects the change of fatigue strength
coefficient and fatigue strength exponent, and they have a linear relation for HCF
tests of 35CrMo steel;

(3) A fatigue strength prediction method based on the damage mechanisms and Basquin
equation was proposed. In this way, the values of fatigue strength coefficient, fatigue
strength exponent, and knee point can be expressed by yield strength. This method can
effectively predict the HCF strength of 35CrMo steel. The fatigue strength coefficient,
fatigue strength exponent, and knee point are affected by many factors, and it is still
necessary to further explore whether this method is suitable for other materials.
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