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a b s t r a c t

An investigation was carried out to analyze and quantify the mechanical property changing mechanism
of high speed steel by pulsed magnetic treatment. Specifically, a pulsed magnetic treatment system was
designed and applied to the tool material treatment. The micro-hardness and red hardness were
measured to quantitatively investigate the influence of magnetic treatment on the mechanical proper-
ties. Results showed that high speed steel material possessed better mechanical properties using the
proposed pulsed magnetic treatment, of which the maximum increase of micro-hardness was 50 HV.
Also, the red hardness with low temperature could be improved. Moreover, the influence of magnetic
treatment conditions on the micro-hardness change rate was investigated. It was shown that the micro-
hardness change rate first increases and then stabilizes with the increase of magnetic field intensity, and
it decreases with the increase of magnetization time. Ultimately, the dislocation densities were
calculated by XRD data analysis according to the Williamson–Hall method and the interaction between
magnetic field and dislocation was discussed in detail. Results revealed that the dislocation density of
high speed steel material increased by 24% after pulsed magnetic treatment. The dislocation multi-
plication and motion induced by magnetic field led to the increase of dislocation density, which was the
main reason of the increase in micro-hardness. The dislocation pile-up mechanism was responsible for
the treatment effects of different magnetic treatment conditions. The dislocation configuration
determined from TEM micrographs was in good agreement with the X-ray results and the discussion
of dislocation mechanisms.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

In metal cutting, the tool life is closely related to the machining
cost, quality and efficiency. For a long time, people have been
working on reducing tool wear and increasing tool life. On the one
hand, researchers continue to improve traditional strengthening
methods of tools, for example, changing the heat treatment
process or wear-resistant coating materials. On the other hand,
people also develop new methods for tool strengthening, such as
cryogenic treatment, magnetic treatment, etc. Compared with
traditional strengthening approaches, these new methods usually
have many advantages of non-pollution, higher efficiency, opera-
tional ease, etc. Magnetic treatment of tools is a novel method to
increase tool life in which the tool is magnetized before cutting or
the cutting is performed in a magnetic field. As a potential method
to increase tool life, magnetic treatment of tools has many
attractive features. To begin with, the treatment usually involves
short treatment time using low intensity. Moreover, the method

could easily produce and control magnetic fields that are applied
at room temperature. So, using magnetic treatment to strengthen
tools has high practical value. Some researchers have confirmed
that appropriate magnetic treatment can effectively increase tool
life [1–3]. However, this approach has not been widely applied yet,
since the mechanism of magnetic treatment of tools is not clear
and treatment results are affected by many factors. Therefore, it is
an important and challenging research problem to study the
mechanism of magnetic treatment of tools and its influence
factors.

Although the mechanism of magnetic treatment of tools is
manifold, it can be basically grouped into two categories, one is a
change in the mechanics of cutting (shear angle, shear strain and
cutting ratio, etc.), and the other is mechanical property variation
of tool materials [4]. This paper focuses on the second. Research on
the mechanical property changing mechanism caused by magnetic
treatment is currently still in its infancy, although possible reasons
have been given by some researchers using the experimental
observation method. Specifically, some researchers indicate that
the treatment can reduce the residual stress of materials [5–7],
and some propose that it can decrease the wear rate of materials
[8,9], and some believe that it can increase the fatigue life of steel
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[10,11]. However, there are no detailed, fundamental, quantitative
process models that can be used to explain the observed effects
and, in some cases, contradictory information has been observed
due to the variation of experimental conditions. For example, in
the case of pin-on-disc friction experiment, magnetic treatment
can increase the micro-hardness of sliding surfaces [12]. However,
when the bearings run under pulsed magnetic fields, the hardness
of thrust bearing washer decreased by approximately 9% [13].

Commonly, the mechanical properties of high speed steel are
evaluated by micro-hardness and red hardness. Micro-hardness is
the representation of integrated mechanical properties of materi-
als, and red hardness means the material ability to maintain its
hardness at a certain temperature. In this paper, experimental
works were conducted to quantitatively investigate the effect of
magnetic treatment on the mechanical properties of high speed
steel. The micro-hardness and red hardness were measured before
and after pulsed magnetic treatment. The reliability of experi-
mental results was checked using a paired t-test. Furthermore, the
mechanical property changing mechanism by pulsed magnetic
treatment was analyzed. Specifically, the dislocation densities
were calculated by XRD data analysis according to the William-
son–Hall method. The effect of pulsed magnetic treatment on
dislocation configuration of high speed steel was further carried
out by TEM. The subjected force of dislocation due to the magnetic
field and the resistance of dislocation multiplication were calcu-
lated. The Frank–Read source was introduced to explain the
mechanism of dislocation multiplication of crystals by pulsed
magnetic treatment.

2. Experimental details

2.1. Experimental setup

In order to investigate the effect of pulsed magnetic treatment
on the mechanical properties of materials, a pulsed magnetic
treatment system was designed and produced. Fig. 1 schematically
shows the experimental setup. It consists of a pulse power control
system and a magnetic field generating system. The pulse power
control system can generate three waveform currents, i.e., sine
wave, unidirectional square wave and alternating square wave. In
this experiment, unidirectional square wave was applied. The
pulse frequency can be adjusted from 5 to 200 Hz. The magnetic
field generating system consists of movable iron core, fixed iron
core, coils and regulating handle. The specimen can be fixed on the
central air gap between movable iron core and fixed iron core. The
distance of the air gap can be adjusted by the regulating handle.
The magnetic field intensity can be continuously changed from
0 to 800 kA/m.

2.2. Test specimen

The specimen used in experiments with a diameter of 10 mm
and a length of 10 mm is W9Mo3Cr4V (W9) high speed steel
which is a common tool material. The chemical composition of W9
is given in Table 1. In order to get accurate experimental results,
the specimens were polished with emery papers up to Ra 0.5 mm.

2.3. Experimental procedure and conditions

In order to quantitatively investigate the effects of pulsed
magnetic treatment on micro-hardness, a series of magnetic
treatment experiments was carried out under different treatment
conditions. Single-factor experiments were performed under the
treatment conditions given in Table 2. Changes of micro-hardness
before and after magnetic treatment were recorded and analyzed.

The micro-hardness measurements were carried out using a
Vickers indenter (FM-300) with a load of 0.98 N and a load
application time of 15 s. There were five specimens used under
every magnetic treatment condition. For every specimen, the
micro-hardness before and after treatment is the average of 10
test values. The rate of micro-hardness change can be calculated
using the following equation:

r¼ ðHva�HvbÞ=Hvb� �� 100% ð1Þ
where Hva and Hvb are, respectively, the micro-hardness mea-
surement values of each specimen after and before magnetic
treatment.

The reliability of experimental results was checked using the
paired t-test. The paired t-test can be useful for determining
whether the micro-hardness before and after magnetic treatment
has significant difference in every treatment condition. This
analysis was carried out for a level of significance of 5%, i.e., for a
level of confidence of 95%. The t value can be calculated using the
following equation:

t ¼ d=Sd ð2Þ

where d is the mean of the micro-hardness difference before and
after magnetic treatment under the same treatment condition. It
can be calculated using Eqs. (3) and (4). Sd is the standard error of
d. It can be given as Eq. (5).

d¼∑dj=n ; ðj¼ 1;2…;nÞ ð3Þ

dj ¼Hvaj�Hvbj; ðj¼ 1;2…nÞ ð4Þ

Sd ¼
ffiffiffiffiffi
∑

q
ðd�dÞ2=nðn�1Þ ð5Þ

where d is the micro-hardness difference before and after mag-
netic treatment for every specimen and n is the number of
specimens in the same treatment condition. In this experiment,
n is equal to 5 for every treatment condition.

If the t value calculated is greater than the t-table value (t0.05/2,
n–1), i.e., the significance value is less than 0.05, it can be
concluded that a significant change occurred in micro-hardness
before and after magnetic treatment.

The red hardness experiment was divided into three steps, i.e.,
heating, heat preservation and cooling. First, the specimens were
heated to a certain temperature in a tube furnace, then, holding a
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Fig. 1. Pulsed magnetic treatment system.

Table 1
Chemical composition of W9 [wt%].

Element C Cr Mn Si Mo V W

Mass 0.84 4.00 0.25 0.27 2.96 1.42 9.00
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certain time in that temperature, and finally, the specimens were
placed in air and cooled to room temperature. Rockwell hardness
was measured when the specimen cooled to room temperature.
Two heating temperatures and heat preservation time were
used to evaluate the red hardness of materials before and after
magnetic treatment. The temperatures were 360 1C and 625 1C,
and the heat preservation time was 2 h and 4 h. The magnetic field
intensity, pulse frequency and magnetization time were, respec-
tively, 200 kA/m, 30 Hz and 5 s.

The dislocation densities before and after treatment were
calculated by analyzing the X-ray diffraction peak profiles accord-
ing to the Williamson–Hall method [14]. As we know, there are
many methods to quantify the dislocation density from XRD
patterns data including the Williamson–Hall (WH) method, the
modified Williamson–Hall (MWH) and the modified Warren–
Averbach (MWA) methods. The WH method is used to calculate
dislocation density based on the model of diffraction peak broad-
ening caused by the grain size and micro-strain. The MWH and
MWA methods are proposed for evaluating the micro-strain
anisotropy caused by dislocation. The dislocation contrast factor
is introduced to MWH and MWA. In the MWH method, it is
assumed that the distribution of dislocations was in terms of edge/
screw character and Burgers vectors [15]. However, in high speed
steel material, the dislocation configuration is complex, including
tangled dislocations and dislocation cells. As for the MWA method,
it requires at least two reflections along the same crystallographic
direction [16]. Compared with the MWH and MWA methods, the
WH method is less cumbersome and powerful enough for analyz-
ing the effect of pulsed magnetic treatment on dislocation density.
Therefore, the WH method is preferred in this paper. X-ray
diffraction analysis was carried out on the electro-polished sec-
tions of the treated and untreated samples using a PHILIPS APD-10
X-ray diffractometer under the condition of Co Kα radiation, 30 kV,
30 mA and a scan rate of 0.051/s.

In the Williamson-Hall method, diffraction peak broadening
δe;hkl caused by the change of interplanar spacing can be described
with the average micro-strain

δe;hkl ¼ 2e tan θhkl ð6Þ

where e and θhkl are the micro-strain and the Bragg angle of
diffraction peak (hkl). Generally, the lattice distortion caused by
dislocations and solute atoms can change the interplanar spacing.
Also, diffraction peak broadening δD;hkl caused by the change of
particle size of coherently diffracting domains is given by

δD;hkl ¼ λ=D cos θhkl ð7Þ

where λ and D are the wavelength of the radiation and the
apparent size parameter. In the Williamson–Hall method, it is
assumed that the particle size and micro-strain contributions to
the overall line broadening have a linear relationship with the
observed line breadth [16].

δhkl ¼ δD;hklþδe;hkl ð8Þ

where δhkl value is the physical broadening of the full width at half
maximum (FWHM) of the diffraction peak; it can be calculated

using the following equation:

δhkl ¼ ðδhklÞ2measured�δ2instrumental

h i0:5
ð9Þ

where ðδhklÞmeasured and ðδhklÞinstrumental are the FWHM of the test
specimen and standard specimen (a fully annealed pure iron
specimen), respectively. Therefore, the Williamson–Hall equation
can be given by

δhkl
cos θhkl

λ
¼ 1
D
þ2e

sin θhkl
λ

ð10Þ

According to Eq. (10), by plotting the value of δhkl cos θhkl as a
faction of 2 sin θhkl, and using the straight line fitting method, the
micro-strain e can be estimated from the slope of the line. The
dislocation density can be calculated using the following equation
[17]:

ρ¼ 14:4e2=b2 ð11Þ
where ρ and b are the dislocation density and the Burger vector
(for ferrite is 0.248 nm), respectively.

The dislocation configuration of untreated and treated speci-
mens was observed using TEM. In order to avoid the influence of
martensite produced after quenching on the observation of the
dislocation configuration, fully annealed high-speed steel speci-
mens were used in this work. TEM was performed using a Tecnai
G2 F20 operating at 200 kV. Small specimens (3 mm diameter,
0.3 mm thickness) were cut from one disk (15 mm diameter,
0.3 mm thickness) and mechanically polished down to a thickness
of 0.1 mm, and then divided into two groups. One group was
treated with magnetic treatment, and another untreated. Then all
specimens were thinned using an ionic reduced imager (GATAN-
691).

3. Experimental results

3.1. Effect of magnetic treatment conditions on micro-hardness

Fig. 2(a)–(c) illustrates the micro-hardness of untreated and
treated specimens with different magnetic treatment conditions. It
can be seen from Fig. 2(a) and (b) that the micro-hardness values
of all treated specimens are significantly increased compared with
the untreated specimens in different magnetic field intensities and
pulse frequencies. Micro-hardness values before treatment dis-
tribute in the range of 530–580 HV. However, after the pulsed
magnetic treatment, the micro-hardness measurement values can
increase to 600 HV. It can also be seen from Fig. 2(c) that the
micro-hardness values increase in 5 s, 120 s and 420 s, but
decrease in 1200 s.

Fig. 3(a)–(c) shows the effect of magnetic field intensity, pulse
frequency and magnetization time accordingly on micro-hardness
change rate. There is apparently a significant effect of magnetic
treatment conditions on the micro-hardness change rate. It can be
seen from Fig. 3(a) that the micro-hardness change rate steadily
increases to 4% until magnetic field intensity is 200 kA/m. Then
the rate maintains approximately a fixed value as the magnetic
field intensity continues to increase. In different pulse frequencies,
the rate has a slight change as the pulse frequency increases. So

Table 2
Single-factor experiments conditions.

Influencing factors Fixed parameters Changed parameters

Magnetic field intensity H f¼30 Hz, t¼5 s H¼10/100/200/300/400 kA/m
Pulse frequency f H¼200 kA/m, t¼5 s f¼10/30/50/100 Hz
Magnetization time t H¼200 kA/m, f¼30 Hz t¼5/120/420/1200 s

L. Ma et al. / Materials Science & Engineering A 609 (2014) 16–2518



the results suggest that pulse frequency has little effect on the
micro-hardness change rate. Additionally, it can be seen from
Fig. 3(c) that micro-hardness change rate decreases from 4% to –

2.7% with the magnetization time increasing from 5 s to 1200 s.
In order to clarify the reasons for the micro-hardness decreased

after 1200 s pulsed magnetic treatment, a temperature sensor was
used to measure the surface temperature of the specimen during
the pulsed magnetic treatment. The surface temperature according
to the magnetization time is shown in Fig. 4. The variation trend of
surface temperature can be divided into three regions, i.e., an
initial fluctuation region, a rapid increase region, and a steady
region. It can be seen that the surface temperature increases only
4 1C during one hour of pulsed magnetic treatment. Therefore, the
temperature change is not the main reason for the micro-hardness
decrease after 1200 s of pulsed magnetic treatment.

Paired t-test results of different magnetic treatment conditions
are shown in Table 3. From Table 3, it is apparent that the
significance values are less than 0.05, and so error impact can be
ruled out and the micro-hardness is significantly changed.

3.2. Effect of magnetic treatment on red hardness

In this experiment, six specimens were divided into two
groups. One group was treated with magnetic treatment, and
another untreated. Table 4 shows the experimental results of red
hardness. It is seen that hardness increases by about 0.5 HRC after
magnetic treatment. After the process of heating to 360 1C and
holding 2 h, the hardness of treated specimens is slightly higher

than the untreated specimens. However, the hardness of the
treated specimens is less than the untreated specimens after the
process of heating to 625 1C and holding for 4 h. The results mean
that the treated tools are suitable for use in low and medium
speed cutting, since the cutting temperature is low.

3.3. Effect of magnetic treatment on dislocation density

X-ray diffraction patterns of the untreated and treated speci-
mens are shown in Fig. 5. In order to investigate dislocation
density change after pulsed magnetic treatment, (110), (200) and
(211) X-ray diffraction peak profiles of untreated and treated
specimens were used to calculate the physical broadening of
the FWHM.

In order to characterize the microstructure change in different
specimens, (110), (200) and (211) peaks were extracted from XRD
patterns of the untreated and treated specimens and shown in
Fig. 6 after data smoothing processing. It can be seen that the three
diffraction peaks of treated specimen become broad compared
with that in the untreated specimen, which means that the micro-
strain increased after pulsed magnetic treatment. Additionally,
there is apparently a shift of the (200) and (211) peak positions of
the treated specimen compared with that in the untreated speci-
men. This shift can be attributed to the different residual stresses
existing in different specimens [18]. According to the Williamson–
Hall method, using Eqs. (10) and (11), the dislocation densities of
untreated and treated specimens can be obtained and are shown
in Fig.7. It can be seen that there is apparently an increase of

Fig. 2. Micro-hardness of specimens with different magnetic treatment conditions. (a) Different magnetic field intensities, (b) different pulse frequencies, and (c) different
magnetization time.
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dislocation density after pulsed magnetic treatment, by approxi-
mately 24%.

3.4. Effect of magnetic treatment on dislocation configuration

The effects of pulsed magnetic treatment on dislocation con-
figuration are shown in Fig. 8. Fig. 8(a), (c) and (e) shows the
dislocation characteristics of untreated specimen obtained from
the TEM micrographs. Due to lack of driving force of dislocation
nucleation and motion, the dislocation density is low and the

dislocation morphology is single. Fig. 8(b), (d) and (f) shows the

Fig. 3. Effect of magnetic treatment conditions on micro-hardness change rate. (a) The magnetic field intensity, (b) the pulse frequency, and (c) the magnetization time.

Fig. 4. Temperature changes according to the magnetization time.

Table 3
Paired t-test results of different magnetic treatment conditions.

Magnetic treatment conditions d Sd t Significance

Magnetic field
intensity H (kA/m)

10 4.322 3.085 3.133 0.035
100 9.82 6.742 3.257 0.031
200 22.196 15.736 3.154 0.034
300 17.141 8.464 4.529 0.011
400 19.414 8.785 4.941 0.008

Pulse frequency f (Hz) 10 15.376 4.926 6.980 0.002
30 22.196 15.736 3.154 0.034
50 15.582 7.61 4.579 0.01

100 12.948 6.737 4.298 0.013
Magnetization time t (s) 5 22.196 15.736 3.154 0.034

120 12.973 7.768 3.734 0.02
420 11.663 8.144 3.202 0.033

1200 �13.826 10.311 �2.998 0.04

Table 4
Experimental results of red hardness.

Specimen number Condition Hvb Hva 360 1C�2 h 625 1C�4 h

1 Untreated 64.3 – 64 59
2 Untreated 64.3 – 63.7 60
3 Untreated 63.6 – 63.8 58.7
4 Treated 64.4 65 63.9 56.1
5 Treated 64.4 64.9 64.2 57.3
6 Treated 64.2 64.7 64.7 55.9
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dislocation configuration of specimen after pulsed magnetic treat-
ment. It can be seen that there is apparently an increase of
dislocation density compared with the untreated specimen (see
Fig. 8(b)). These results obtained from the TEM observations are in
good agreement with the X-ray results described in Section 3.3. It
can also be seen that there are tangled dislocations and dislocation
cells generated in grains after pulsed magnetic treatment (see
Fig. 8(d)), and the dislocation morphologies are mainly composed
of screw dislocation (see Fig. 8(f)).

4. Discussion

The above experimental results suggest that pulsed magnetic
treatment can effectively change the mechanical properties and
dislocation density of high speed steel materials. In order to clarify
the mechanical property changing mechanism and understand the
relationships between the treatment effect and treatment condi-
tions, the dislocation multiplication mechanism of ferromagnetic
materials by applying a magnetic field is introduced.

In order to simplify subsequent discussion, the nucleation of
dislocations was not considered and thus the pre-existence of
dislocations prior to the application of a magnetic field was

Fig. 5. X-ray diffraction patterns of the untreated and treated specimens.

Fig. 6. Diffraction peak profiles of untreated and treated specimens. (a) (110) diffraction peak, (b) (200) diffraction peak, and (c) (211) diffraction peak.

Fig. 7. The dislocation density results of untreated and treated specimens.
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assumed. It is known that when a ferromagnetic material is placed
in a magnetic field, it generally reaches magnetic saturation
responding to the motion of domain walls and the rotation of
magnetic moments. This process is accompanied by the changes
of shape and volume of the material. This phenomenon is
known as the magnetostriction effect. According to Hooke's law,

magnetostriction deformation must be accompanied by elastic
stress [19]. In other words, there will be a force that acts on
dislocations of crystals due to the magnetostriction deformation.
Moreover, for some ferromagnetic shape-memory alloys, it shows
considerable deformation when exposed to a magnetic field [20–
22]. The magnetic-field-induced strains, ranging up to 10%, are

Fig. 8. The effect of pulsed magnetic treatment on dislocation configuration. (a), (c) and (e) are bright field images for the untreated specimen, and (b), (d) and (f) are bright
field images for the treated specimen.
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about 50 times larger than those resulting from conventional
magnetostriction [23,24]. That is to say, the magnetic-field-
induced strains can also generate greater force acts on disloca-
tions. Above all, the magnetic field can produce “magneto-stress”
acting on the dislocations when ferromagnetic material is
exposed to it.

The subjected force of dislocations in the presence of a
magnetic field is shown in Fig. 9, and the stress τ per unit length
L acting on a dislocation as a result of an applied magnetic field
can be calculated by [25]

τ¼ �μ0MSH cos θ ð12Þ

where μ0 is the permeability of vacuum, MS is the saturation
magnetization, H is the magnetic field intensity, and θ is the angle
between the direction of magnetization and the magnetic field.
For the material of iron–carbon alloys, the values of parameters
are given, respectively, i.e. MS ¼ 1:7� 106 A=m, μ0 ¼ 4π�
10�7 T m=A, and θ¼ 0. Fig. 10 shows the calculated results of
stress acting on a dislocation. For the values H from 10� 103 A=m
to 400� 103 A=m, a minimum stress of 0.02 MPa and a maximum
stress of 0.84 MPa can be obtained to drive the motion of
dislocation.

In order to explain the mechanism of dislocation multiplication
of crystals by pulsed magnetic treatment, the Frank–Read source is
introduced. It is known that the Frank-Read source is commonly
used to indicate the mechanism of dislocation multiplication in
the plastic deformation process. Assuming there is an edge
dislocation AB, its two ends are pinned by dislocation network
nodes. If the magnetic field H is along the Burgers vector of
dislocation, the subjected force of per unit length dislocation line
due to the magnetic field is τb, and the dislocation will slip along
the slip plane (see Fig. 11(a)). Because both ends of the AB are
fixed, the dislocation lines can only bend (see Fig. 11(b)). So every

short bending dislocation line is still subject to the force τb, and
will expand outward along its normal direction. However, the two
ends of the edge dislocation AB can only rotate around the nodes A
and B (see Fig. 11(c)). The rotated dislocation lines are parallel to
the Burgers vector, but the dislocation directions are reversed. So,
the rotated dislocation lines belong to the left and right screw
dislocation, respectively (see Fig. 11(d)). When the two rotated
dislocation lines are close to each other, they will offset each other
and form a closed dislocation loop and a bend dislocation line
within the dislocation loop (see Fig. 11(e)). Under the persistent
action of the force τb, dislocation loops will continue to expand
outwards, and the bend dislocation line will be straightened and
restored to the original state, and then the previous motion is
repeated to generate new dislocation loops. That is the mechanism
of the Frank–Read dislocation multiplication under magnetic
field. This discussion is supported by TEM results (see Fig. 11(f)).
The arrow marks the dislocation multiplication after magnetic
treatment.

In order to drive the Frank–Read source, the subjected force of
dislocations due to magnetic treatment needs to overcome the
resistance caused by line tension of dislocation. Although the line
tension of dislocation is a constant force, it will generate a
centripetal restoring force toward the curvature center of the
dislocation line when the dislocation line is bent. Fig. 12 illustrates
the centripetal restoring force caused by line tension of disloca-
tion. The force T is the line tension of dislocation, and the force f is
the centripetal restoring force, which can be calculated using Eq.
(13) for a length L of the dislocation [26].

f ¼ Gb2=2r ð13Þ

where r is the radius of curvature of dislocation line, G is the shear
modulus of material, and b is the Burgers vector of dislocation. As
can be seen from Eq. (13), the force f increases with the decrease of
the radius of curvature r. According to the Frank–Read dislocation
multiplication mechanism, the minimum of r is ðL=2Þ for a length L
of the dislocation. So the critical stress to drive the Frank–Read
source of dislocation is

τC ¼ Gb=L ð14Þ

For the material of iron–carbon alloys, assuming the values
G¼ 7:94� 104 MPa and b¼ 24:8� 10�11 m, the result of critical
stress value is shown in Fig. 10. As can be seen from Fig. 10, the
subjected forces of dislocations as a result of an applied magnetic
field are sufficient to overcome the restoring force caused by line
tension of dislocation. So the applied magnetic field can drive the
Frank–Read source, and cause dislocation multiplication.

According to the dislocation theory, magnetic field induced
dislocation motion needs to overcome the resistance of dislocation
movement caused by crystal lattice. The Peierls stress is the
maximum crystal lattice resistance to dislocation movement. It
can be calculated using the following equation [26]:

sC ¼ ð2G=1�υÞexpð�2πd=bð1�υÞÞ ð15Þ

where υ is the Poisson ratio, d is the interplanar spacing and the
other symbols have the same meaning as before. For the material
of iron–carbon alloys, the values υ¼ 0:33 and d¼ 3:51� 10�10 m.
The Peierls stress value is shown in Fig. 10. As can be seen from
Fig. 10, in the cases of H¼ 10� 103 kA=m and H ¼ 100�
103 kA=m , the stress due to the magnetic field is relatively smaller
than the Peierls stress, and thus magnetic field induces dislocation
motion is more unlikely to occur. On the other hand, for the
applied magnetic field H ¼ 200� 103 kA=m and H¼ 400�
103 kA=m, the stress imposed on the dislocations is greater than
the Peierls stress, so the magnetic field can induce dislocation
motion.

H L

H

M

θ

Fig. 9. The subjected force of dislocations in the presence of a magnetic field. M is
the magnetization vector of domain, H is the magnetic field direction, θ is the angle
between the magnetic field direction and the magnetization vector.

Fig. 10. Force analysis of dislocation according to the magnetic field intensities.
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Fig. 13 illustrates the dislocation pile-up effect. Assuming there
is a Frank–Read source in the slip plane, it can generate dislocation
multiplication and forward movement due to the magnetic field.
Since the same symbol of dislocations has a repulsive force, the
dislocation loops released by the Frank–Read source are blocked
when the leading dislocations come across barriers. And then the
dislocation loops line up in a certain order. Near the front of the
barriers the dislocations are more intensive, while the latter
gradually thin. This phenomenon is known as the dislocation
pile-up effect. This discussion is supported by TEM results (see
Fig. 13(b)). There is apparently a dislocation pile-up near the grain
boundary after pulsed magnetic treatment. As in the formation of
dislocation pile-up, the movement of leading dislocation depends
on the intensity of barriers. If the barrier is strong enough, leading
dislocation cannot get through the barrier. In that situation, the
increasing number of pile-up dislocations can inhibit the Frank–
Read source continuously and generate dislocation multiplication,
conversely.

Therefore, experimental results in this paper can be explained
from the dislocation multiplication and movement mechanism.
According to the above discussion, when the specimens of high

speed steel are treated by pulsed magnetic field, the subjected
force of dislocation due to the magnetic field is sufficient to
overcome the restoring force caused by line tension of dislocation.
In other words, the applied magnetic field can drive the Frank–
Read source, and cause dislocation multiplication. Then, the
dislocation density of material can be increased after magnetic
treatment and hence the micro-hardness increased. In the cases of
H¼ 10� 103 kA=m and H¼ 100� 103 kA=m , τosC , and disloca-
tion motion is blocked so that the dislocation density increases a
little. When the applied magnetic field is increased from
H¼ 200� 103 kA=m to H¼ 400� 103 kA=m, τ4sC , a large stress
is imposed on the dislocations and magnetic field can induce
dislocation motion. In this case, the Frank–Read source can release
more dislocation loops, which can lead to more increase in the
dislocation density of the material. However, the dislocation
density will not always increase due to the dislocation pile-up
effect. The pile-up dislocations can inhibit the Frank–Read source
continuously and generate dislocation multiplication. That is the
reason why micro-hardness change rate first increases and then
stabilizes as the magnetic field intensity increases.

As for the results of the effect of magnetization time on micro-
hardness experiment, it shows that the micro-hardness decreased
when the magnetization time was 1200 s. Such an effect is mainly
due to the dislocation pile-up group. The dislocation pile-up group
not only inhibits dislocation sources, but also can cause stress
concentration around the barriers. After a long time pulsed
magnetic treatment, the stress field caused by dislocation pile-
up group becomes very large. It can make screw dislocations
within the dislocation pile-up group over the barriers by ways of
cross-slip, and it can even destroy the barriers and induce cracks.
Usually that would adversely affect the plasticity and toughness of
metallic materials. So the micro-hardness decreases after a long
time pulsed magnetic treatment.

In our experiments, all specimens are obtained from one high
speed steel bar by wire cutting. However, it is hard to obtain
exactly the same microstructure from different cross-sections. In
other words, different specimens have different dislocations. So
the micro-hardness change rate has a large fluctuation in the same
treatment condition in our experiment (see Fig. 3). It is known that
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Fig. 11. The Frank–Read dislocation multiplication mechanism under the magnetic field. (a)–(e) Schematic diagrams, and (f) the TEM image; the arrow marks the dislocation
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as the temperature is increased, atomic vibrations enhance the
mobility of dislocations and hence reduce the flow stress. So the
hardness of all specimens decreases in the red hardness experi-
ment. However, it is still unclear why the hardness of the treated
specimen is less than the untreated one after the process of
heating to 625 1C and holding for 4h; the exact reason should be
studied later.

5. Conclusions

The mechanical property changing mechanism of high speed steel
by pulsed magnetic treatment is investigated. A series of mechanical
testing experiments is carried out before and after pulsed magnetic
treatment. The following conclusions can be drawn:

1. High speed steel material possesses better mechanical proper-
ties using the proposed pulsed magnetic treatment, of which
the maximum increase of micro-hardness is 50 HV. Also, the
red hardness with low temperature can be improved.

2. Magnetic treatment conditions have a great impact on the
treatment effects. The micro-hardness change rate first
increases and then stabilizes with the increase of magnetic
field intensity, and it decreases with the increase of magnetiza-
tion time. The pulse frequency has little effect on the micro-
hardness change rate.

3. The dislocation density of high speed steel material increases
by 24% after pulsed magnetic treatment. Tangled dislocations
and dislocation cells are generated in grains after pulsed
magnetic treatment, and the dislocation morphologies are
mainly composed of screw dislocation.

4. The subjected force of dislocations due to the magnetic treatment
can overcome the centripetal restoring force and the Peierls stress
of dislocations. The resulting dislocation multiplication and dis-
location slip increase the dislocation density of materials, which is
the main reason for the increase in the micro-hardness. The
dislocation pile-up mechanism is responsible for the treatment
effects of different magnetic treatment conditions.

The above study demonstrates that using the pulsed magnetic
treatment method, the mechanical properties of materials have an

obvious improvement. Therefore, this proposed method can be
effective to improve the high speed steel tool life.
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