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Abstract: The influence of a magnetic field of 1.2–1.3 T on the variation of the fatigue behaviors
and the mechanical properties of a 35CrMo steel after fatigue tests are investigated in this paper,
in order to provide a basic guidance on the application in the similar environment of electrical
machinery or vehicles. The microstructures of samples tested with and without magnetic fields
are observed and analyzed by XRD, SEM, and TEM techniques. The fatigue life cycles are slightly
increased by about 10–15% under magnetic field of 1.2–1.3 T according to the experimental results.
A small increment of yield strength under fatigue life cycles of 10,000, 50,000, and 100,000 times
is caused by the magnetic field, although the enhancement is only of 5–8 MPa. The dislocation
density of the specimen is increased and the uniformity of dislocations is improved by magnetic
fields applied during fatigue tests under the same load and cycles. The formation of micro-defects or
micro-cracks will be postponed by the improvement in homogeneity of the material, leading to the
increase of mechanical properties. The strengthening mechanisms such as deformation hardening
and dislocation hardening effects are enhanced by the dislocation entangled structures and the higher
density caused by magnetic field.

Keywords: magnetic field; mechanical properties; dislocation density

1. Introduction

The magnetic field has been reported to show a prominent effect on the nucleation
and growth rate of new phase [1–3] in metallic materials. Consequently, the magnetic field
has been introduced into heat treatment or deformation process in order to control the
microstructure and properties of the materials [4]. The iron-base alloys are considered as a
typical material that can be affected by a magnetic field owing to the inter-reaction between
magnetization and solid transformations.

The isothermal phase transformations of iron and steel can be accelerated introducing
magnetic field due to the decrease of the Gibbs free energy associated with ferromagnetic
product phase [5]. The amount of bainitic ferrite is reported to be increased by ~4.2%
compared with the normal aus-tempering process, under a 1.5 T pulse magnetic field
during the aus-tempering process of a bainitic steel [6]. The precipitation process is also
promoted by magnetic field, resulting in the variation of types and distributions of these
precipitations, especially carbides in steels [7].

The properties of ferromagnetic steels at room temperature can also be affected by
magnetic field, especially the Young’s modulus due to magneto-elasticity [8] and plastic
deformation due to magneto-plasticity [9]. There are three mechanisms relating to the
effects of magnetic field on the mechanical properties of materials based on the previ-
ous works [10,11]: (1) the phase transformation [12], (2) precipitation kinetics [13], and
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(3) the interaction behaviors between microstructure/dislocations and magnetic domain
walls [14].

There are several conflicting evidences reported on the influence of high magnetic
fields on the mechanical properties of different metallic materials. It is confirmed that the
fatigue cycle life of pure iron is reduced in a saturating magnetic field at room tempera-
ture [14], caused by the enhancement of dislocation mobility and strain ageing. However,
no further microscopy examinations have been performed to support this assumption. It
has also been reported that the modulus of elasticity and ductility of plain carbon steel is
slightly reduced in a saturating magnetic field by affecting the volume percent of the ferrite
phase [15]. In contrast, the proportionality limit of a Eurofer-97 (Fe-8.95Cr-0.11C-0.03Si-
0.55Mn-0.013Ni-1.06W-0.202 V steel) steel is increased by ~2.6% (from 514 ± 4.5 MPa to
528 ± 10 MPa) with the addition of a transverse magnetic field of 1.5 T, while the ultimate
tensile strength and elongation are increased by only less than <1% [16]. The Vickers hard-
ness of steel of 1 wt% C containing Mn and/or Cr is increased by approximately 2–8%
with a 50 T/m magnetic field gradient applied and the hardening value varied with the
chemical compositions. [17]. It is found in [18] that the fatigue lifetime of a AISI 8620 steel
is extended with the increase of yield strength, tensile strength, and elongation, and the
reduction of elastic modulus at initial step (10 days of exposure time) during the tests under
magnetic field.

The 35CrMo steel [19–23] is considered as an important material used in motor shafts,
large gears, or screw bolts in engineering and car industries. Therefore, it is very essen-
tial to investigate the mechanical properties and fatigue behaviors of this material under
magnetic fields since the similar environment shall be involved in electrical machinery
or vehicles [24,25]. In this paper, the variation of fatigue behaviors and the mechanical
properties after fatigue tests are conducted to investigate the influence of magnetic fields.
The microstructures of samples tested with and without magnetic fields are observed
and analyzed by XRD, SEM, and TEM techniques. The behaviors and mechanisms cor-
responding to the influence of magnetic fields on fatigue behaviors and the mechanical
properties are discussed in this paper, in order to develop a further theoretical direction for
the applications of this type of steel used in magnetic environment.

2. Materials and Methods

The commercial 35CrMo steel is used in the study, the chemical compositions of
which are listed in Table 1. The specimens are normalized at 850 oC for 30 min, air cooled,
and then tempered at 550 ◦C for 2 h. The mechanical properties of this steel is listed in
Table 2, which are used for the comparison of the properties after fatigue experiments
with and without magnetic field. Two groups of cylindrical specimens with dimension of
Φ20 mm × 200 mm are cut from the steel bar used for tensile fatigue tests under 450 MPa
and 500 MPa, the frequency of 80 Hz, and stress ratio r = −1. One group of the specimens
is located in a magnetic field of about 1.2–1.3 T experiments of the other group are carried
out without magnetic field. The tensile specimens with dimension of Φ10 mm × 100 mm
are cut from the fatigue specimens under 450 MPa for different life cycles, in order to
study the influence of magnetic field on the mechanical and fatigue behaviors, as shown
in Figure 1. At least two same specimens are cut and machined, in order to reduce the
experimental errors.

Table 1. The chemical compositions of 35CrMo steel in this study.

Elements C Cr Mo Si Mn Ni S P

Contents 0.36 0.90 0.21 0.25 0.50 0.1 0.02 0.02
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Table 2. The mechanical properties of 35CrMo steel.

Tensile
Strength (MPa)

Yield Strength
(MPa)

Elongation
(100%)

Reduction of
Area (100%) Hardness HBS

983 835 11.8 47 230

Figure 1. The illustration of fatigue tests containing magnetic field and the corresponding samples.

The specimens of fatigue and mechanical experiments are cut into cylinders with
dimension of Φ5 mm × 10 mm, sanded and polished for microstructure observations.
These specimens are etched in a mixed solution containing 8% HNO3 and 92% ethanol
(C2H5OH) for 10–20 s to reveal the microstructure.

Observations of scanning electron microscope (SEM) are carried out using a Zeiss
supra55 type SEM microscope. The samples are polished and cut into discs with diameters
of 3 mm and thickness of 30–40 µm, and then prepared by double jet electropolishing
technique using a TenuPol-5 type polisher. Transmission electron microscopy (TEM)
observation is carried out using a Tecnal-G2-F20 transmission electron microscope at an
operating voltage of 200 kV. The specimens corresponding to different fatigue life cycles
with and without magnetic field are analyzed by X-ray diffraction (XRD) using a TTRIII
multifunctional X-ray diffractometer with a scan angle range from 35◦ to 95◦, and the
scanning rate was 4◦/min.

3. Results
3.1. The Variation of Fatigue and Mechanical Behaviors with and without Magnetic Field

The fatigue life cycles of this 35CrMo steel is shown in Figure 2, under the loading
stress of 450 MPa and 500 MPa, with and without the magnetic field. It is clearly shown
that the fatigue life cycles are slightly increased by about 10–15% under the magnetic field
of 1.2–1.3 T according to the experimental results. The fatigue life cycles are determined to
be 390,000–398,000 times under tensile load of 450 MPa and 90,000–96,000 times under the
load of 500 MPa with magnetic field, which are higher than those of 330,000–350,000 times
under tensile load of 450 MPa and 85,000–89,000 times under the load of 500 MPa without
magnetic field. These results show good agreement with some previous reports of other
types of steel [16,17,23], which believe that the external magnetic field which causes
some degree of domain rotation of dislocations necessarily leads to the decrease of the
orientation randomness.
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Figure 2. The fatigue life cycle under the load of 450 MPa and 500 MPa, with and without magnetic field.

The tensile properties of 35CrMo steel after the fatigue tests for different life cycles
are also influenced by magnetic field, although the increment of strength is small. The
stress–strain curves obtained in the specimens cut from the fatigue samples (as shown in
Figure 1) that have experienced different fatigue life cycles with and without magnetic field
are shown in Figure 3a–c, suggesting that the strength of this material is increased by the
magnetic field. The variation of yield strength of 35CrMo steel after the fatigue treatment
for different life cycles tested with and without magnetic field are compared in Figure 3d.
A small increment of yield strength under fatigue life cycles of 10,000, 50,000, and 100,000
times is caused by the magnetic field, with only the enhancement of 5–8 MPa of yield
strength observed in Figure 3a–d. The numerical values on the longitudinal coordinates of
Figure 3 are partially illustrated to show the small difference of stress and strength with
and without magnetic field. It is similar to the previous reports [16–18] that the strength is
enhanced by the magnetic field which can cause the pinning effect of magnetic domain
wall on dislocations. This mechanism is discussed in the next section.

Figure 3. Cont.



Metals 2021, 11, 542 5 of 10

Figure 3. The stress–strain curves of specimens after fatigue life of 10,000 cycles (a), 50,000 cycles
(b), 100,000 cycles (c), and yield strength conducted by different fatigue tests life cycles (d) under the
load of 450 MPa.

3.2. The Variation of Microstructures and X-ray Diffractions

The microstructures of 35CrMo steel that experienced fatigue tests of 450 MPa for
10,000 cycles with and without magnetic field are shown in Figure 4a,b. It can be seen
that very similar microstructures containing typical tempering structures of ferrite and
cementites corresponding to the two states are revealed, due to the fatigue tests at room
temperature, i.e., below the critical temperatures of microstructure or phase transformation.
However, there should be some differences in the finer structures especially the dislocation
distributions since the mechanical properties are influenced by magnetic field, which is
discussed in the next section by the TEM observations.

Figure 4. The SEM photographs of the specimen that experienced fatigue tests of 450 MPa for
10,000 cycles under magnetic field of 1.2–1.3 T (a) and no magnetic field (b).

The similar results of X-ray diffractions (XRD) are shown in Figure 5, indicating that no
apparent variation of microstructures are found in the specimens that experienced fatigue
tests of 450 MPa for 10,000 cycles under magnetic field of 1.2–1.3 T (a) or no magnetic
field (b), which is in good agreement with the SEM observations. However, the width
of the diffraction peaks may be different although it is difficult to distinguish it by direct
observation of Figure 5a,b. The half band width (I) of XRD patterns can be quantitatively
estimated by the software JADE-5 and Origin. The XRD results are considered as an
evidence on the variation of dislocation distributions influenced by magnetic field, as
shown in Figure 5a,b, since the relationship between half band width of XRD patterns and
dislocation densities have been investigated and proved in other works [26,27]. The width
of diffraction peaks along (110) and (200) direction is found increased in the specimen that
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experienced fatigue tests of 450 MPa for 10,000 cycles under magnetic field of 1.2–1.3 T than
the ones without magnetic field, by comparing the XRD results in Figure 5a,b. It has been
widely accepted that the dislocation density in material can be related and estimated by the
half band width of diffraction peaks along the crystal orientation of dislocation slip [26].
The relationship between dislocation density D and half band width I of diffraction peaks
can be expressed as [28]:

D =
I2

2 ln 2πb2 (1)

where b is the Burke vector, which is considered as a constant for the same material. The
half band width I can be estimated from the XRD results. The dislocation density D esti-
mated by Equation (1) may not be very accurate due to the measurement errors of X ray
diffraction patterns. However, it is feasible to believe that there is a proportional relation-
ship between D and I2, according to Equation (1) and some other similar theories. The half
band width I of the specimen that experienced fatigue tests of 450 MPa for 10,000 cycles
under magnetic field is determined to be 0.5941–0.5988◦ and the one without magnetic
field is 0.5771–0.5900◦. Therefore, I2 can be estimated to be 0.3530–0.3586 and 0.3330–0.3481,
revealing a decrease caused by the magnetic field. It is consequently suggested that the
dislocation density of the specimen is increased by the magnetic field during the fatigue
tests under the same load and cycles [29].

Figure 5. The X-ray diffraction patterns of the specimen that experienced fatigue tests of 450 MPa for
10,000 cycles under magnetic field of 1.2–1.3 T (a) or no magnetic field (b).

3.3. The Fracture Morphology of Tensile Specimens

Some differences of deformation behaviors can also be reflected by the fracture mor-
phology of tensile specimens that experienced fatigue tests of 50,000 cycles under the
load of 450 MPa with and without magnetic field, as shown in Figure 6. Similar fracture
morphology containing a combination of dimples and inter-granular surfaces is revealed
in Figure 6a. However, it can be seen that more amount of dissociated fracture surfaces
are found in the fracture morphology of magnified photographs in Figure 6b, compared
with that in Figure 6a. This difference can be attributed to the influence of magnetic field
on the dislocation distributions. It is suggested by the dissociated fracture surfaces shown
in Figure 6b that the ductility and plasticity of the material are reduced by fatigue tests
due to the formation of micro-defects [21,23,29]. The material has intrinsic defects, such
as, dislocation, void, and so on, where stress concentration is easy to occur and the stress
intensity could be larger. More amount of dimples as shown in Figure 6a may suggest
that more dislocations are formed and pinned by the magnetic domain walls, which are
coherent with the XRD results.
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Figure 6. The SEM photographs of fracture morphology of tensile specimens that experienced
fatigue tests of 50,000 cycles under the load of 450 MPa, (a) with magnetic field and (b) without
magnetic field.

4. Discussion

The increment of fatigue life cycles as well as the mechanical properties of 35CrMo steel
that experienced fatigue tests are obtained by introducing the magnetic fields, although very
small due to the stable phase and microstructure of this material at room temperature. It is
suggested by the experimental results that the influence of magnetic fields on dislocation
movement and distributions is considered as the leading reason, which is also in good
agreement with the difference of dislocation density determined in Figure 5 and the fracture
morphology in Figure 6.

The influence of magnetic field on dislocation distributions and precipitations has been
discussed by several previous works [15,16,26,28,29]. The feature has been well accepted
that crystal with magnetic anisotropic properties can become aligned to the magnetic field
direction [11,13], which is considered as the theoretical basis on the influence of magnetic
field on the phase transformation, fatigue, and mechanical properties. It is believed that
the magnetization process can cause the movement of domain walls in the ferromagnetic
materials. The presence of these walls, which has been confirmed by several previous
works [26–28], can affect the plastic deformation by hindering the dislocation movement,
similar to grain boundaries. Therefore, the application of an external magnetic field which
causes some degree of domain rotation necessarily decreases their orientation randomness.
In other words, the application of external magnetic field provides energy to the specimens.
The dislocations can also pin magnetic domain walls, creating obstacles to the domain wall
movement [18,19].

This dislocation distribution behaviors can be confirmed by TEM observation in
Figure 7. It is clearly seen in Figure 7a that larger number of dislocations are found at the
grain boundaries and inside the grains in the specimens that experienced fatigue tests
under the magnetic field, compared with the photograph observed in the one without
magnetic field as shown in Figure 7b. It can be seen that the distributions of dislocations is
fairly uniform at the grain boundaries and inside the grains, compared with the fatigue
behaviors without magnetic field which have been reported otherwise [21–23]. The influ-
ence of magnetic field on the distributions of dislocations has been confirmed by several
studies [18,27,28] that the dislocations at the grain boundaries of the sample are dispersed
and diffused from the grain boundaries to the inside of the grains with magnetic field
due to the influence of magnetic domain walls. Meanwhile, the dislocation structure at
the grain boundaries can spread widely and a large number of dislocations appear in the
grains with higher magnetic field. Therefore, it is reasonable to believe this change in dislo-
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cation structure can lead to a more uniform distribution of residual stress. Therefore, the
dislocation structure becomes more uniform, as shown by the comparison of Figure 7a,b,
suggesting that the homogeneity of the material also improves. Then the formation of
micro-defects or micro-cracks will be postponed by the improvement in homogeneity of
the material, leading to the increase of fatigue life cycles of the steel. As for the mechanical
properties of 35CrMo steel that experienced the fatigue tests, this uniformly distributed
dislocations are also helpful to improve the strength. It is then suggested that deformation
hardening and dislocation hardening effects shall be increased by the observation of many
dislocation-entangled structures revealed in Figure 7 and the higher density determined
based on the XRD results in Figure 5. Another estimation from the rather small value
of increment of mechanical properties as mentioned in the previous section is that the
influence of magnetic field is limited at room temperature, since the movement ability of
dislocations is low and no phase transformation and precipitation occur.

Figure 7. The TEM photographs of the specimen that experienced fatigue tests of 450 MPa for
10,000 cycles under magnetic field (a) and no magnetic field (b) of 1.2–1.3 T, revealing obvious
dislocation tangles.

5. Conclusions

In this study, the influence of magnetic fields of 1.2–1.3 T on the variation of fatigue
behaviors and the mechanical properties after fatigue tests are investigated, in order to
provide the basic guidance on the application of this type of steel in the similar environment
of electrical machinery or vehicles.

The following conclusions can be drawn from this study:

(1) The fatigue life cycles are slightly increased by about 10–15% under magnetic field of
1.2–1.3 T according to the experimental results. A small increment of yield strength
under fatigue life cycles of 10,000, 50,000 and 100,000 times is caused by the magnetic
field, with the enhancement of only 5–8 MPa.

(2) The dislocation density of the specimen is increased and the uniformity of dislocations
is improved by magnetic field during the fatigue tests under the same load and cycles.
The formation of micro-defects or micro-cracks will be postponed by the improvement
in homogeneity of the material, leading to the increase of mechanical properties.

(3) The strengthening mechanisms such as deformation hardening and dislocation hard-
ening effects were enhanced by the dislocation entangled structures and the higher
density caused by magnetic field. Another estimation from the rather small value of
increment of mechanical properties as mentioned in the previous section is that the
influence of magnetic field is limited at room temperature, since the movement ability
of dislocations is low and no phase transformation and precipitation occur.
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