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Abstract: The microstructures and mechanical properties of GCr15 bearing steel after high-
temperature tempering with and without a 5 T high magnetic field (HMF) were investigated. It was
found that the application of the HMF at the stage of high-temperature tempering slowed down the
growth of the tempered sorbite (TS) structures, increased the density of the carbides, and reduced
the carbide size and the volume fraction. XRD diffraction patterns showed that the HMF resulted
in a higher dislocation density. Hardness testing indicated that the HMF led to an increase in the
Vickers hardness in the tempered sample. It is inferred that the change in carbide size stems from the
reduction in nucleation barrier in the HMF and the increase in dislocation density originates from
the interaction between dislocations and carbides. Additionally, the decrease in diffusivity in the
HMF also contributes to the reduction in the size of TS structures and the refinement of carbides. This
work demonstrates that high-temperature tempering with an HMF can slow down the growth of
TS microstructures in GCr15 bearing steel, control the carbide size, and improve Vickers hardness,
which provides a new heat treatment method to regulate the microstructure and properties of GCr15
bearing steel.

Keywords: bearing steel; high magnetic field; carbides; dislocation density

1. Introduction

High carbon chromium bearing steel GCr15 has many excellent properties such as
wear resistance, corrosion resistance, and anti-fatigue, and thus it is widely used for bearing
rings, ball screws, bushings, and other mechanical components [1,2]. The microstructures
of GCr15 bearing steel in hot-rolled conditions generally consist of lamellar pearlites
and likely secondary network carbides in grain boundaries [3,4], which lead to high
hardness, poor plasticity, and cold-workability. Hence, heat treatment is routinely required
during the bearing manufacturing process to obtain optimum microstructures, such as
uniformly distributed granular carbides in the ferrite matrix. Two types of heat treatment,
i.e., spheroidization annealing and high-temperature tempering, are often used to obtain
this kind of structure [5]. The tempering and quenching (Q&P) process can effectively
improve the size and distribution of carbides [6–8] and is an important method to adjust
the microstructures and properties of steels [7,9]. During the high-temperature tempering
of steels, the TS structures can be obtained [8,10], with a uniform distribution of finer
carbides [6,8], providing the most effective pinning at sub-grain boundaries [11], which is
conducive to the improvement of the fatigue life [12].

HMF has been found to modify the phase transformation and the microstructures of
steels. Due to the difference in magnetic properties of the parent and product phases in
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steels, the application of HMF has a significant impact on the thermodynamics and kinetics
of the various phase transformations [13–15], such as martensite [16,17], bainite [18,19],
austenite [20,21], ferrite [15,22], and pearlite [23,24] transformation. More recently, the
tempering behaviors of steel in an HMF have drawn increasing attention [25–27]. For
low-carbon steels, Hou et al. [25,28] found that an HMF could significantly affect the
precipitation of carbides in low-carbon alloy steels during tempering below 530 ◦C but had
little effect at 700 ◦C. Wu et al. [26,29] found that an HMF of 12 T promoted the nucleation
of (Fe, Cr)3C carbides during high-temperature tempering of high-chromium low-carbon
steel, and thus increased the number of carbides. For high-carbon steel, Wang et al. [27]
reported that HMF could enhance the decomposition of the retained austenite in M50
steel during tempering at 200–530 ◦C. From these studies, it is realized that HMF has
the capacity to modify the microstructure and performance of steels during tempering.
However, for high-carbon steels, tempering at a relatively high temperature (such as 600 ◦C)
can significantly cause the recovery of the matrix and the coarsening of carbides [30], finally
obtaining TS structures [6,8]. The majority of the previous studies regarding tempering in
HMF have focused on the tempering of steels at relatively lower temperatures. Therefore,
it is necessary to explore the higher-temperature tempering of steels in the HMF from
scientific and technological points of view.

In this paper, the effect of HMF in combination with high-temperature tempering
on the microstructure and mechanical properties of GCr15 bearing steel was explored.
Further, the reasons behind the change in microstructures and performance in the HMF
were analyzed.

2. Materials and Methods

The GCr15 bearing steel was used, and its chemical composition is presented in Table 1.
The samples, with dimensions of 7 mm in height and an 8 mm diameter, were cut from
hot-rolled rods with a diameter of 40 mm and were heat-treated with and without an
external 5 T HMF.

Table 1. Chemical composition (wt. %) of the GCr15 bearing steel.

C Cr Mn Si P S Cu V Al Fe

0.95 1.55 0.40 0.26 0.006 0.001 0.049 0.004 0.007 Bal.

The heat treatment schedule for the GCr15 bearing steel, as shown in Figure 1, includes
two steps, i.e., austenitizing and tempering. The samples were enveloped in the silica tube
under a vacuum and were first austenitized at 1050 ◦C for 30 min in a tubular resistance
furnace (Shanghai Yifeng Electric Furnace Co., Ltd., Shanghai, China), furnace cooled (FC)
to 950 ◦C, and then oil quenched. Further, the samples were heated at a rate of 10 ◦C/min,
tempered at a given temperature (e.g., 600 and 700 ◦C) for 60 min with or without an HMF
of 5 T, and air-cooled (AC) to room temperature. During tempering, the samples were
placed in a central region with a uniform magnetic field intensity and temperature.

The heat-treated samples were ground, polished, and etched with a mixture of 4% ni-
tric acid and alcohol for 10~15 s at room temperature. The microstructures were observed
using a scanning electron microscope (SEM, FEI Quanta450 FEG, FEI Inc., Hillsboro, OR,
USA). Retained austenite and carbide distribution were measured using Image Pro Plus
6.0 software (Media Cybernetics, Rockville, MD, USA). More than 15,000 carbide particles
were measured in the tempered samples. The average Vickers hardness was determined
from six randomly selected positions of each sample.
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The samples for X-ray diffraction (XRD, Bruker D8 Advance, Bruker GmbH, Karls-
ruhe, Germany) analysis were prepared through grinding and polishing. Mechanical pol-
ishing with a 0.05 µm alumina suspension was used to remove the stress on the surface. 
The XRD experiments were performed at a scan speed of 1 °/min. The Modified William-
son–Hall (MWH) method [31–33] was used to evaluate the dislocation density in the sam-
ple. To determine the diffraction angle (θ) and the full width at half maximum (FWHM) 
of each diffraction peak, the diffraction profiles of the martensitse or ferrite were fitted by 
the Lorentzian and pseudo-Voigt functions, respectively. The values of FWHM and θ can 
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of the Burgers vector (for α-Fe b = 0.284 nm [35]), and the dislocation density, respectively. 
The value of 𝜆 is 0.154056 nm for Cu radiation. M is a constant, which was taken as 1.4 
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sents the dislocation characteristics [32]. By linearly fitting the relationship between the 
left-side term of Equation (1) and 𝐻 , the slope and interlope can be obtained, Further, 
the dislocation density can be calculated.  

  

Figure 1. Heat treatment schedule for the GCr15 bearing steel without and with the HMF.

The samples for X-ray diffraction (XRD, Bruker D8 Advance, Bruker GmbH, Karlsruhe,
Germany) analysis were prepared through grinding and polishing. Mechanical polishing
with a 0.05 µm alumina suspension was used to remove the stress on the surface. The XRD
experiments were performed at a scan speed of 1 ◦/min. The Modified Williamson–Hall
(MWH) method [31–33] was used to evaluate the dislocation density in the sample. To
determine the diffraction angle (θ) and the full width at half maximum (FWHM) of each
diffraction peak, the diffraction profiles of the martensitse or ferrite were fitted by the
Lorentzian and pseudo-Voigt functions, respectively. The values of FWHM and θ can be
used to calculate the dislocation density based on the MWH equation [27,34]:(

∆K− g
D
)2

K2
∼= BM2ρCh00

(
1− qH2

)
(1)

where ∆K = 2cosθ(∆θ)/λ, K = 2sinθ/λ, B = πb2/2, and g is a constant. D, ∆θ, λ, b, and ρ
represent the average crystallite size, FWHM, wavelength of the X-ray, magnitude of the
Burgers vector (for α-Fe b = 0.284 nm [35]), and the dislocation density, respectively. The
value of λ is 0.154056 nm for Cu radiation. M is a constant, which was taken as 1.4 [36]
and 1 [37] in this study for quenched and tempered samples, respectively. The dislocation
contrast factor C for a (h k l) reflection can be obtained from the following equation [36]:

C = Ch00

(
1− qH2

)
(2)

H2 =
h2k2 + k2l2 + h2l2

(h2 + k2 + l2)
2 (3)

where Ch00 is a constant and the value for iron-based materials is 0.285 [31], and q represents
the dislocation characteristics [32]. By linearly fitting the relationship between the left-
side term of Equation (1) and H2, the slope and interlope can be obtained, Further, the
dislocation density can be calculated.

3. Results

The micrograph of the as-quenched GCr15 bearing steel is shown in Figure 2a. It
can be seen that the microstructure consists of martensite (α′) and retained austenite (γ).
The carbides have been completely dissolved in the matrix. Figure 2b displays the XRD
patterns of the quenched sample, which further confirms that there are only two phases
of martensite and the retained austenite. The statistical analysis shows that the volume
fraction of the retained austenite is approximately 18.9%.
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Figure 2. Microstructure and XRD patterns of the as-quenched GCr15 bearing steel: (a) BSE micro-
graph, (b) XRD pattern.

Figure 3 shows the SEM images of the samples tempered in different conditions. When
the sample was tempered at 600 ◦C for 60 min without the HMF, the microstructure is
mainly lath-like with a few TS structures (Figure 3a, indicated by yellow arrows). When
the tempering temperature increases to 700 ◦C, the amount of the TS structures distinctly
increases. However, when the HMF is applied, the TS structures are almost invisible at
a lower temperature (Figure 3b). The number of structures in the absence of the HMF is
larger than that with the HMF (Figure 3a–d). Additionally, the morphology of carbides
changed from strips to short rods or granules. To quantify the distribution of carbides,
the mean diameter and the density of the carbides were measured using Image Pro Plus
software, as shown in Figure 4. The size of most of the carbides in the sample tempered at
700 ◦C are relatively small, with average carbide diameters of 234 nm and 203 nm without
and with the HMF, respectively. In comparison, the carbides in the samples tempered with
the HMF are finer, their quantity is larger, and the volume fraction is smaller.
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Figure 3. SEM micrographs of the GCr15 bearing steel samples tempered at different temperatures
without and with an HMF, (a) 600 ◦C, 0 T, (b) 600 ◦C, 5 T, (c) 700 ◦C, 0 T, (d) 700 ◦C, 5 T, where TS
structures marked by the yellow arrows.
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Figure 4. The mean diameter (a) and the number density and volume fraction (b) of the carbides in
the samples tempered at 700 ◦C.

Figure 5 exhibits the XRD patterns of samples tempered under different conditions.
It can be seen that the matrix of the as-quenched samples is transformed from martensite
to ferrite after high-temperature tempering. Compared with the as-quenched samples,
tempering results in narrower and stronger diffraction peaks for the ferrite and clearer
peaks for the martensite. To quantify the effect of the HMF on the peak intensity, the
heights of the α(110) and α′(202) peaks with and without the HMF were compared, as
shown in Figure 6. For the (110) peak, the increase in tempering temperature results in
a slight increase in the height of the peak, while the height of the (202) peak decreases.
However, at the same temperature, the application of the HMF leads to stronger diffraction
peaks irrespective of peaks and phases.

Metals 2022, 12, 1293 6 of 13 
 

 

 
Figure 5. XRD patterns of samples tempered in different conditions. 

Figure 6. Heights of the diffraction peaks: (a), α(110), (b), α′(202). 

Further, the θ and FWHM fitted by the Lorentzian function and the pseudo-Voigt 
function, respectively, are shown in Table 2. Correspondingly, the dislocation densities 
calculated using the MWH method are illustrated in Figure 7 and Table 3. It is seen that 
the dislocation densities in the tempered samples decrease by approximately two orders 
of magnitude, i.e., from 1016 to 1014, in comparison with that in the as-quenched sample. 
This is in the same order of magnitude as the dislocation densities obtained by Take-
bayashi [38], Das Bakshi [33], and Wu et al. [26] for the as-quenched and high-temperature 
tempered steels. For the tempered samples, there is a difference in the dislocation densi-
ties obtained by the two functions; however, the dislocation densities of the samples with 
an HMF are higher than those without an HMF. For example, at 600 °C, the dislocation 
density obtained by the Lorentzian function increases from 2.36 × 1014/m2 in 0 T to 3.01 × 
1014/m2 in 5 T. 

Figure 5. XRD patterns of samples tempered in different conditions.



Metals 2022, 12, 1293 6 of 13

Metals 2022, 12, 1293 6 of 13 
 

 

 
Figure 5. XRD patterns of samples tempered in different conditions. 

Figure 6. Heights of the diffraction peaks: (a), α(110), (b), α′(202). 

Further, the θ and FWHM fitted by the Lorentzian function and the pseudo-Voigt 
function, respectively, are shown in Table 2. Correspondingly, the dislocation densities 
calculated using the MWH method are illustrated in Figure 7 and Table 3. It is seen that 
the dislocation densities in the tempered samples decrease by approximately two orders 
of magnitude, i.e., from 1016 to 1014, in comparison with that in the as-quenched sample. 
This is in the same order of magnitude as the dislocation densities obtained by Take-
bayashi [38], Das Bakshi [33], and Wu et al. [26] for the as-quenched and high-temperature 
tempered steels. For the tempered samples, there is a difference in the dislocation densi-
ties obtained by the two functions; however, the dislocation densities of the samples with 
an HMF are higher than those without an HMF. For example, at 600 °C, the dislocation 
density obtained by the Lorentzian function increases from 2.36 × 1014/m2 in 0 T to 3.01 × 
1014/m2 in 5 T. 

Figure 6. Heights of the diffraction peaks: (a), α(110), (b), α′(202).

Further, the θ and FWHM fitted by the Lorentzian function and the pseudo-Voigt
function, respectively, are shown in Table 2. Correspondingly, the dislocation densities
calculated using the MWH method are illustrated in Figure 7 and Table 3. It is seen that
the dislocation densities in the tempered samples decrease by approximately two orders of
magnitude, i.e., from 1016 to 1014, in comparison with that in the as-quenched sample. This
is in the same order of magnitude as the dislocation densities obtained by Takebayashi [38],
Das Bakshi [33], and Wu et al. [26] for the as-quenched and high-temperature tempered
steels. For the tempered samples, there is a difference in the dislocation densities obtained
by the two functions; however, the dislocation densities of the samples with an HMF are
higher than those without an HMF. For example, at 600 ◦C, the dislocation density obtained
by the Lorentzian function increases from 2.36 × 1014/m2 in 0 T to 3.01 × 1014/m2 in 5 T.
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Table 2. θ and FWHM fitted by the Lorentzian function and the pseudo-Voigt function.

Fitting
Function

(h k l)
As-Quenched 600 ◦C-5 T 600 ◦C-0 T 700 ◦C-5 T 700 ◦C-0 T

θ FWHM θ FWHM θ FWHM θ FWHM θ FWHM

Pseudo-
Voigt

110 - - 44.73 0.14 44.73 0.14 44.71 0.12 44.70 0.12
200 - - 65.07 0.23 65.10 0.27 65.07 0.25 65.03 0.26
211 - - 82.40 0.25 82.38 0.23 82.38 0.22 82.38 0.21
220 - - 98.97 0.30 98.97 0.25 98.97 0.25 98.98 0.24

Lorentzian

110 44.11 1.42 44.72 0.13 44.73 0.13 44.71 0.11 44.70 0.12
200 65.15 1.09 65.06 0.23 65.07 0.24 65.03 0.21 65.00 0.22
211 79.57 0.17 82.38 0.24 82.37 0.24 82.36 0.20 82.36 0.20
220 96.65 0.23 98.96 0.28 98.97 0.25 98.95 0.23 98.96 0.23

For the as-quenched sample, the corresponding crystal planes are (110), (002), (112), (202) and the pseudo-Voigt
function cannot be fitted to obtain the correct values.

Table 3. Dislocation densities (×1014/m2) calculated using different methods.

Material State Lorentzian Pseudo-Voigt

As-quenched 149.96 -
600 ◦C-5 T 3.01 3.03
600 ◦C-0 T 2.36 2.17
700 ◦C-5 T 1.99 2.78
700 ◦C-0 T 1.97 2.29

Figure 8 shows the Vickers hardness of the samples tempered with and without the
HMF. The mean Vickers hardness of the as-quenched sample is 781.6 HV. The hardness
significantly decreases after tempering. The higher the tempering temperature, the lower
the hardness. At the same tempering temperature, the Vickers hardness of the sample in
the HMF is higher than that without an HMF. For example, the mean Vickers hardness of
the sample tempered at 600 ◦C increased from 384.8 in 0 T to 397.0 HV in 5 T.
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4. Discussion

The present results show that the HMF during high-temperature tempering slowed
down the formation of TS structures, increased the number density of carbides, and
reduced the mean diameter and the volume fraction of carbides. Additionally, the high-
temperature tempering in the HMF resulted in stronger diffraction peaks and higher
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dislocation densities with respect to the case of no HMF. The high-temperature tempering
in the HMF led to an increase in hardness. The reasons for the change in microstructures
and mechanical properties of GCr15 after high-temperature tempering in the HMF are
discussed in the following.

4.1. Microstructure Evolution

It is realized that TS structures with granular carbides distributed in the ferrite matrix
can be obtained [6,30] when the as-quenched high-carbon steel is tempered at a high
temperature. In this work, the block-like structure in Figure 3 is the TS. As the tempering
temperature increased from 600 to 700 ◦C, the TS structures increased irrespective of the
HMF. At the same temperature, the number of TS structures without the HMF is more than
that with the HMF. Thus, the application of the HMF has a significant impact on retarding
the formation of TS structures. It has been observed that the HMF has a delayed effect on
the recovery and recrystallization of cold-rolled steels [39,40]. Zhang et al. [41] attributed
this phenomenon to the influence of the magnetic order on diffusion or the obstructive
effect of the magnetic domain walls, which reduced the mobility of grain boundaries and
thus delayed recovery and recrystallization. In fact, the HMF has been demonstrated to
significantly hinder diffusion [42–44], which is responsible for the reduction in the number
of TS structures.

4.2. Carbide Distribution

As mentioned above, the high-temperature tempering of high-carbon steel is accompa-
nied by the precipitation and coarsening of carbides [6,30,41]. In comparison, the tempering
in the HMF results in the smaller mean size of the carbides and higher density (Figure 4).
Based on the classical nucleation theory, the nucleation rate in the HMF can be described
as [26]:

N = N0 exp
(
− Q

RT

)
exp

(
−

∆G∗ + ∆G∗M
RT

)
(4)

where N0 is a constant. Q, R, and T represent the activation energy for diffusion, the gas
constant, and the absolute temperature. ∆G∗M and ∆G∗ are the additional nucleation barrier
induced by the HMF and the nucleation barrier in the absence of the HMF, respectively.
∆G∗ + ∆G∗M is expressed as:

∆G∗ + ∆G∗M = C
σ3

(∆GV + ∆GM)2 (5)

where C is a constant, σ is the interfacial energy between the matrix and carbide, and ∆GV
and ∆GM are the change in the chemical free energy and in magnetic free energy induced
by the HMF, respectively. ∆GV and ∆GM in Equation (5) have the same sign and are both
negative [22,45]. ∆GM can be written as

∆GM =
∫ →H

0

→
M.d→

H
(6)

where
→
M and

→
H represent the magnetization of the phase and the magnetic field strength,

respectively.
When an HMF is applied, ∆GM results in a reduction in the total change in Gibbs free

energy, resulting in a reduction in the total nucleation barrier ∆G∗ + ∆G∗M in Equation (5).
As a result, the nucleation rate N is higher than that without an HMF, which increases the
density of the precipitates. This is consistent with the experimental observation that the
density of the carbides increases from 5.04 × 106/mm2 in 0 T to 6.46 × 106/mm2 in 5 T.
With the precipitation of carbides, the lattice distortion caused by carbon atoms decreases,
and the diffraction peaks become narrower and stronger (Figure 5). Therefore, the number
of carbides in the HMF increases, resulting in the enhancement of the diffraction peaks of



Metals 2022, 12, 1293 9 of 13

ferrite in the HMF (Figures 5 and 6). Regarding the enhancement of martensite peaks, He
et al. [46] conducted in situ neutron diffraction research on the tempering of high-carbon
and high-chromium steel at high temperatures and found that metastable retained austenite
transformed into martensite at high temperatures, resulting in a significant enhancement

of martensite peaks. According to Equation (6), when the magnetic field strength
→
H is

constant, the change in free energy is determined by the magnetization strength
→
M. At the

experimental temperature, the magnetization of ferromagnetic martensite is much higher
than that of paramagnetic austenite [47], which is conducive to the decomposition of the
retained metastable austenite and the formation of martensite.

Furthermore, it is well known that carbide growth is a diffusion-controlled process,
during which small particles merge to form large particles [48]. It was found that the
distortion of the lattice by the HMF makes diffusion more difficult [44], thus hindering
the coarsening of the carbides. In addition, the carbides in the TS structures are granular
and coarse, and the HMF hindered the diffusion to slow the growth of the TS structures,
which is also conducive to the reduction of the mean diameter of carbides. As a result, the
average size and the volume fraction of the carbides in the sample tempered in the HMF
were smaller than those without the HMF (Figure 4a, b).

4.3. Dislocation Density

As we know, dislocations and precipitates play a vital role in terms of the strength of
steels [26,49]. Hard carbides (hardness > 700 HV [50]) precipitate in the soft matrix phase,
such as ferrite (130 HV [51]), conforming to the Orowan strengthening mechanism [26,52].
From the experimental results, the HMF leads to the increase in dislocation density in the
tempered samples, e.g., the dislocation densities obtained by the pseudo-Voigt function
from 2.29 × 1014 m−2 in 0 T to 2.78 × 1014 m−2 in 5 T at 700 ◦C. For precipitates, the density
of the carbides increases from 5.04 × 106/mm2 in 0 T to 6.46 × 106/mm2 in 5 T. The change
in dislocation density is the result of the carbide–dislocation interaction [26].

Many studies showed that the interaction between dislocations and carbides orig-
inates from the stress field induced by the precipitates [43,53,54]. Dislocation bending
between pinning points is crucial for dislocation–precipitation interactions in steel and
iron materials [55]. Based on the dislocation line tension theory, critical unpinning stress τ
under a magnetic field adopts the following formula [26]:

τ =
µb

2πL

[
ln
(

D−1
i + L−1

)−1
+ C

]
(7)

where µ and b represent the shear modulus and Burgers vector, respectively. Di is the
obstacle diameter obtained from experimental results and C is a constant (for impenetrable
obstacles, C = 0.7 [26]). The distance between two adjacent precipitates (L) can be expressed
as [54]

L =
Di
2
×
(

2π

3 f

)1/2
(8)

where f is the carbide volume fraction. The calculated internal distances L between the
two precipitates were approximately 277 nm for 0 T and 258 nm for 5 T, respectively.
Correspondingly, the calculated critical unpinning stress τ is approximately 86 MPa and
90 MPa, respectively. Hence, a smaller internal distance L led to a larger critical unpinning
stress τ, which resulted in the accumulation of dislocations in front of carbides. This
explains the increase in dislocation density caused by the application of the HMF, as
exhibited in Figure 7. Similar phenomena have been reported in previous studies. Wang
et al. [26] performed tempering of the low-carbon steel 12Cr in a 12 T HMF at 700 ◦C. It was
found that the density of carbides increased from 3.64 × 106/mm2 to 8.80 × 106/mm2, and
the corresponding dislocation density increased from 0.56 × 1014 m−2 to 1.18 × 1014 m−2.
The number density and the dislocation density both increased by more than 2 times.
However, in this work, the number density of carbides and the dislocation density are not
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doubled by the HMF. On the one hand, according to Equations (4) and (6), the difference
in magnetic field strength (5 T vs. 12 T) weakens the magnetic field-induced carbide
precipitation. On the other hand, the mean diameter of carbides is only 60 nm for the
low-carbon steel in [26], while it is more than 200 nm for the high-carbon steel in this work,
that is, the coarsening of the carbides weakens the difference in the critical unpinning stress.

In addition, when the tempering temperature increases, the dislocation movement is
intensified [56], the magnetization of the HMF is weakened [57], the dislocation density is
significantly reduced, and the difference in the dislocation density with and without the
HMF is also reduced.

4.4. Mechanical Properties

The hardness of the material is closely related to the dislocation density [33,58,59].
The Vickers hardness due to dislocation strengthening, HVρ, is expressed by the following
equation [58]:

HVρ = 3σ0 + 3ωµbρ1/2 (9)

where σ0 is the yield strength and ω, µ, b, and ρ are the constant, shear modulus, Burgers
vector, and dislocation density, respectively. According to Equation (9), the Vickers hardness
has a positive linear relationship with the dislocation density. Thus, the higher dislocation
density in the HMF led to a larger hardness value.

Additionally, the hardness is related to the precipitation of carbides, and the precipita-
tion strengthening (σc), in MPa, can be calculated by the Ashby–Orowan equation [60]:

σc =
0.538·µb· f 1/2

Di
ln
(

Di
2b

)
(10)

The hardness of the material is generally 3 times its corresponding tensile strength [58].
Hence, Equation (10) can be written in another form, as follows:

HVc =
1.614·µb· f 1/2

Di
ln
(

Di
2b

)
(11)

where HVc represents the Vickers hardness contributed to by precipitation strengthening.
For steels, µ is 81,600 MPa [60], and combined with the carbide volume fraction and mean
diameter in Figure 4, the calculated values of HVc were 58.8 HV for 0 T and 61.5 HV for 5 T,
respectively. Obviously, the HMF enhanced the precipitation strengthening and slightly
increased Vickers hardness, which is attributed to the reduction in the mean diameter of
the carbides by the HMF.

5. Conclusions

The microstructures and mechanical properties after high-temperature tempering of
the GCr15 bearing steel with and without an HMF of 5 T were investigated. The main
conclusions are summarized as follows:

1. The HMF slowed down the growth of the TS structures at the stage of high-temperature
tempering, which is attributed to the decrease in diffusivity in the HMF.

2. During high-temperature tempering, the HMF increased the density of carbides
and reduced the average size and volume fraction of carbides. It is shown that the
HMF reduces the nucleation barrier of carbides and promotes the density of carbides.
Additionally, the hinderance of the HMF to diffusion leads to the smaller mean size
and volume fraction of carbides.

3. During high-temperature tempering, the dislocation density of the sample in the HMF
increased. With the application of the HMF, the density of carbides increases. The
average interparticle distance decreases, dislocations accumulate in front of carbides,
and thus the dislocation density increases.
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4. The HMF in combination with high-temperature tempering leads to a higher Vickers
hardness, which is due to the increase in the dislocation density and the refinement
of carbides.
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