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Due to the miscibility gap between phases in bearing steel, severe elemental
segregation will occur in the solidified structure, and many liquation carbides
are precipitated between dendrites, which will significantly reduce the sub-
sequent processing deformation ability of materials. In this study, when a
pulsed electric current is applied to the sample, the additional electrical free
energy generated under the electromagnetic interaction significantly changes
the thermodynamic state of the system. The liquation carbide and element
segregation can be eliminated at a relatively lower temperature (1100�C), and
the homogenization effect is equivalent to that of industrial homogenization
treatment (1220�C). The pulsed electric current significantly improves the
atomic diffusion rate and shortens the homogenization treatment time (the
industrial homogenization treatment under the thermal field is about
300 min, and the pulsed electric current treatment is about 30 min). In
addition, due to the reduction of the treatment temperature and the short-
ening of the treatment time, the pulsed electric current treatment effectively
inhibits the rapid growth of the grain size after the homogenization of the slab,
which provides a good initial fine grain structure for the subsequent hot
deformation treatment (such as rolling and forging), and significantly im-
proves the quality of the slab.

INTRODUCTION

Bearing steel is one of the most demanding
special steels in iron and steel production. It is
usually used to manufacture precision parts of
bearing instruments, molds, and machines.1 High-
end bearing steel has extremely strict requirements
for comprehensive mechanical properties, such as
extremely high strength, hardness, wear resistance,
and contact fatigue life. In the production and
preparation process, high requirements are put
forward for each process to obtain appropriate
structures, compositions, and homogenization.2–5

In order to improve the comprehensive mechanical

properties of bearing steel, it is necessary to add a
large amount of C, Cr, Mn, and other alloy elements
into the material. However, the addition of such
elements leads to the formation of heterogeneous
microstructures in the steel during solidification:
i.e., the dendrite segregation will be formed in the
solidification structure due to the miscibility gap
between phases, while the solidification end of the
bearing steel, the element segregation in the molten
steel is further intensified, and, finally, large pieces
of carbides, namely liquation carbide, are formed by
eutectic reaction. The formation of heterogeneous
structures leads to a significant reduction of mate-
rial plasticity, which seriously damages the machin-
ability of the materials.6
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To solve the problem of segregation during
solidification, it is necessary to conduct high-tem-
perature homogenization annealing treatment
before thermal deformation treatment.4,7 Dendrite
segregation and harmful liquation carbide can be
eliminated with element diffusion during homoge-
nization treatment.8 To ensure the homogenization
effect in bearing steel, the traditional homogeniza-
tion annealing process requires to be held at a high
temperature for a long time. The industrial homog-
enization temperature is generally 1220�C, and the
holding time is not less than 300 min.4 Thus,
traditional homogenization annealing has high pro-
duction costs and low production efficiency, while
cast grain is easy to grow when bearing steel is kept
at high temperature for a long time.9 Too coarse a
grain structure will significantly reduce the hot
workability of materials. Therefore, it is of great
significance to effectively reduce the homogeniza-
tion annealing temperature, shorten the homoge-
nization annealing time, and improve the
homogenization structure. Since the last century,
extensive research has been carried out on the
segregation behavior of elements in the solidifica-
tion process of bearing steel and the diffusion
behavior of atoms in the homogenization pro-
cess.10–12 The solidification structure of bearing
steel can be improved, and the homogenization
treatment time can be shortened, by upgrading the
smelting process and adjusting the alloy composi-
tion.13,14 According to the element composition and
evolution law of liquation carbide in GCr15 bearing
steel, the homogenization annealing process of the
steel was optimized, which improved the homoge-
nization quality and production efficiency.15,16 How-
ever, the above research was all optimized and
improved on the basis of traditional heat treatment,
and the homogenization process was not effectively
shortened, and the grain coarsening problem was
not completely solved. In addition, additional pro-
cesses such as alloying further complicate the
production process of bearing steel and increase
the cost.

With the development of bearing steel towards
large-scale and multi-alloying, more stringent
requirements are put forward for the quality of
the steel.17,18 As a new external field processing
method, pulsed electric current processing has
many advantages, such as high efficiency and low
energy consumption.19,20 When the current passes
through the metal, the athermal effect formed by
the interaction of electrons and atoms will signifi-
cantly reduce the thermodynamic energy barrier of
phase transition.21 At the same time, the high-speed
moving drift electrons can significantly enhance the
mobility of the atoms, improve their diffusion rate,
and effectively shorten the treatment time.22 For
the second-phase particles formed due to element
segregation in materials, researchers have con-
ducted much research on the evolution behavior of
the particles under a pulsed electric current, such as

harmful hydrides formed by the interaction of
titanium and hydrogen, G phase in two-phase
stainless steel, g phase, and low melting point
eutectic, etc.23–26 In a short time, the pulsed electric
current can effectively control the microstructure of
the material and dissolve the second-phase particles
at a lower temperature. The essential question of
homogenization annealing in bearing steel is to
eliminate dendritic segregation and harmful liquid
carbide. The above achievements provide a theoret-
ical basis for the application of pulsed electric
current technology in homogenization treatment of
as-cast bearing steel, and provide a new idea for
shortening the homogenization annealing time and
optimize the annealing process in industry.

In view of the above problems, in this study a
pulsed electric current was applied to as-cast GCr15
bearing steel. Combined with the characteristic
structure and distribution state of the heteroge-
neous components, the differential distribution of
the micro-area physical field under the current was
analyzed, and the dissolution mechanism of the
liquidus carbide and dendrite in the process of pulse
current-controlled homogenization is studied.

EXPERIMENTAL

The raw material was as-cast GCr15 bearing steel
with the chemical composition in weight percent of
1% C, 1.57% Cr, 0.35% Mn, 0.25% Si, 0.02% P, and
0.02% S. Several 50 mm 9 10 mm 9 1.5 mm sam-
ples were cut from the core of the slab. Before the
pulsed treatment, the sample surface was polished
with 2000-mesh sandpaper to ensure good contact
between the sample and the electrode, to avoid an
abnormal temperature rise of the sample due to
Joule heat generated by excessive local resistance.
The pulsed electric current treatment was carried
out by a pulse generator and the electropulsing
parameters are listed in Table I (E1, E2, E3). A K-
type thermocouple was welded to the center of the
sample surface to measure the temperature rise of
the samples, and the samples for comparison were
annealed at the same temperature and time. The
heat treatment parameters are listed in Table I (H1,
H2, H3). The thermal contrast treatment was
carried out in a tubular furnace. In addition, the
temperature rate of the thermal contrast sample
should be consistent with that of the pulsed sample
to avoid the influence of temperature rates on the
experimental results. In order to prevent oxidation
and decarburization of the samples, the heating was
carried out in argon atmosphere. Additionally, the
as-cast bearing steel sample (Sample G1) was
homogenized at 1220�C for 300 min and then air-
cooled to room temperature, referring to the current
industrial production process and other research
results.27,28

The processed samples were ground with SiC
sandpaper and polished with a diamond solution,
then etched with a solution of anhydrous ethanol
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containing 4% nitric acid for 30 s. The microstruc-
tures of the samples were analyzed by an optical
metallurgical microscope (OM; DM5000X; UOP)
and a scanning electron microscope (SEM; JSM
6701F; JEOL). Simultaneously, the original ingot
sample (Y-1) was jet-electropolished in a 10% per-
chloric acid and 90% ethanol solution at � 25�C.
The structure of the liquation carbide was analyzed
by a transmission electron microscope (TEM; Tecnai
F30; FEI). A field-emission electron probe microan-
alyzer (EPMA; 1720 Series; SHIMADZU) was
employed to investigate the element concentration
and distribution on the samples with the different
treatment processes. The pulsed sample (E3) and
industrial long process-annealed sample (G1) were
selected to further analyze the effect of different
treatments on grain size. After grinding and pol-
ishing, the original austenite grain boundary was
corroded with supersaturated picric acid solu-
tion + 1 g sodium dodecyl benzene sulfonate at
75�C for 30 s.

When a high-frequency current passes through
the conductor, the skin effect forces the current to
pass only along the surface of the conductor.
Considering the high current frequency (31.6 kHz)
in this study, the skin depth29 was calculated to be
about 2.8 mm, and the thickness of the sample was
only 1.5 mm, so the influence of the skin effect
during this study can be ignored.

RESULTS AND DISCUSSION

Solidification Structure of Bearing Steel

Figure 1 shows the microstructure of the bearing
steel after solidification, and obvious dendrite seg-
regation can be observed. The black region could be
described as an island or background structure that
harbors dendrites connected to one another to form
grain boundaries, usually called the dendritic core,
and the white region is interdendritic (Fig. 1a.
Quantitative analysis of the dendrites was carried
out with ImageJ software. The results show that the
area of dendrites under the two-dimensional plane
accounts for about 3.7% and the dendrite spacing is
about 109.5 lm. Meanwhile, some shrinkage defects
were observed in Fig. 1b, which is related to the
element segregation in the local region.30 In order to
avoid the impact of shrinkage on the results, the
samples used in this study avoided these areas. A

large number of precipitates, namely, liquation
carbide, formed in the interdendritic region. Irreg-
ular massive liquation carbide can be observed
under the two-dimensional plane, and the edge of
the carbide extends outwards as a needle (Fig. 1c).
Liquation carbide is also known as eutectic carbide
or primary cementite, while the three-dimensional
morphology of the liquation carbide is irregular
lamellar,12 which is consistent with what was
observed in Fig. 1d. When the lamellar is relatively
dense, the lamellar spacing is very small and the
morphology of the liquation carbide in the two-
dimensional plane is irregular blocky. When the
lamellar distribution is relatively loose, the lamellar
spacing is large, and the morphology under the two-
dimensional plane is needle-like. Figure 1e shows a
bright-field TEM image of the liquation carbide, and
the identification of the selected area electron
diffraction pattern confirmed that it is liquation
carbide with an orthogonal crystal structure (h-
Fe3C). The liquation carbide is a brittle and harmful
phase, which significantly deteriorates the hot
workability of bearing steel. The residual liquation
carbide particles will also affect the service life of
the final bearing products.

In addition, a certain number of dark black
particles were observed in the interior and sur-
rounding regions of some liquation carbides. Fig-
ure 2 shows the element plane distribution results
by energy dispersive spectroscopy (EDS). It can be
seen that Cr and Mn are obviously enriched in the
liquation carbide, and that the content of Fe is lower
than that of the matrix.

Pulsed Electric Current Reducing
the Dissolution Temperature of Liquation
Carbide

When the pulsed sample temperature was 900�C,
a large amount of liquation carbide was dissolved
(Fig. 3a). With the increase of the pulsed treatment
temperature, the liquation carbides were further
dissolved, and only a small number of residual
particles of liquation carbide were observed in local
areas in the pulsed sample under 1000�C (Fig. 3c).
The liquation carbide has been completely dissolved
in the pulsed sample under 1100�C, and a marten-
site structure was formed during cooling of the
treated sample (Fig. 3e). By analyzing the thermal
contrast sample, it was found that, when the sample

Table I. The parameters for treatment of the GCr15 bearing steel

No. Frequency (kHz) Current density (A/mm2) Processing time (min) Processing temperature (�C)

E1 31.6 14.7 30 900
E2 31.6 17.2 30 1000
E3 31.6 19.4 30 1100
H1 0 0 30 900
H2 0 0 30 1000
H3 0 0 30 1100
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temperature was 900�C, the morphology of the
liquation carbide shows no obvious change com-
pared with the original sample (Fig. 1c). With the
increase of the heat-treatment temperature, the
carbides gradually dissolved, but the dissolution
process of the carbides in the thermal field lagged
significantly behind that of the samples treated with
the pulsed electric current. Residual liquation car-
bide particles can even still be observed in the
annealed sample at 1100�C.

The above results show that, compared with
traditional homogenization annealing, the pulsed
treatment can significantly dissolve interdendritic
liquation carbide. Under high current density
(19.4 A/m2), the effect of the pulsed electric current
is more significant, that is, at a relatively low
treatment temperature (1100�C), the pulsed treat-
ment can effectively eliminate segregation and
achieve complete homogenization. More signifi-
cantly, compared with the industrial homogeniza-
tion treatment (300 min), the pulsed treatment time
is only 30 min, which greatly shortens the homog-
enization annealing time.

The element segregation behavior of the bearing
steel during solidification was calculated by the
JMatPro software solidification module. Figure 4
shows the mass percentage change of the Cr, Mn, Si,
and C elements in the residual liquid phase during
the solidification of the bearing steel. Cr, Mn, Si,
and C are all positive segregation elements, and,
among them, the segregation of the C and Cr
elements are the most serious, and the concentra-
tion in the residual liquid phase increases signifi-
cantly with the solidification. Cr is the main forming
element of liquation carbide (Fig. 2), and the
enrichment of elements such as C and Cr at the
solidification end in the residual liquid phase sig-
nificantly promotes the precipitation of liquation
carbide. As shown in Fig. 4b, the theoretical value of

the precipitation temperature of liquation carbide in
GCr15 bearing steel is about 1149�C.

Under a single thermal field, the dissolution of
liquation carbide needs to meet certain thermody-
namic conditions, that is, the treatment tempera-
ture needs to reach its solution temperature
(1149�C). However, when the current passes
through the sample, it will not only generate Joule
heat but also generate additional electrical free
energy in the system. Compared with the system in
the same state (microstructure, temperature, pres-
sure, etc.), the formation of electrical free energy
will significantly change the dissolution behavior of
precipitates.31 The change of electrical free energy
in the current carrying system can be expressed
as:32

DGelec ¼ kVj2 � rmatrix � rcarbide

2rmatrixþrcarbide
ð1Þ

where q is the electrical resistivity (the measured
value is about 2.16 9 10�7 X m), f is the current
frequency, u0 is the vacuum permeability (the
measured value is about 4p 9 10�7 N/A2), ur is the
relative permeability (the measured value is about
300), rmatrix and rcarbide are the conductivity of the
matrix and the liquation carbide (Fe3C) respec-
tively, V is the volume, j is the current density, and
k is a geometric factor related to the morphology
and location of the precipitated phase. Matthies-
sen’s rule shows that the resistivity increases with
the solute concentration of the atom. Compared
with the matrix (c-Fe), the precipitated phase
(liquation carbide) has more solute atoms and a
stronger electron scattering effect. Therefore, the
conductivity of the precipitated phase is lower than
that of the matrix, i.e., rmatrix > rcarbide, DGelec > 0.
DGelec is directly related to the geometric factor, k, if
the liquation carbide dissolves (k value changes),
the conductivity difference between the liquation

Fig. 1. Microstructure of as-cast bearing steel samples: (a) OM micrographs of the original ingot sample, (b, c) SEM of as-cast bearing steel
samples, (d) the enlargement of the local area in (c), (e) bright-field TEM of the liquation carbide, selected area electron diffraction results of
liquation carbide (the part circled), [100] h-Fe3C.
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carbide and the matrix will gradually decrease. The
electrical free energy will evolve along the decreas-
ing direction to meet the requirements of reducing
the free energy in the whole system. In essence, it is
the additional electrical free energy, DGelec, that
changes the system energy, and thus the dissolution
behavior takes place at relatively low temperature.

Dissolution Process of Liquation Carbide
Under Pulsed Electric Current

Compared with the traditional heat treatment,
the pulsed electric current significantly promoted
the dissolution of the liquation carbide. In order to
‘‘capture’’ the intermediate state of liquation carbide
dissolution under the pulsed electric current, the
current treatment experiments lasting for different
times (10 min, 20 min, 30 min) under this condition

(E2: 1000�C-31.6 kHz-10.9 A/mm2) were performed.
As shown in Fig. 5, after 10 min of pulsed treat-
ment, the lamellae of the liquation carbide were
partially dissolved, the lamellar spacing was signif-
icantly expanded, and the morphology of the liqua-
tion carbide was decomposed from a compact block
to loose needle. With the increase of treatment time,
the lamellar spacing gradually increased, and the
massive liquation carbides have basically disap-
peared at 20 min. After further prolonging the
treatment time, the lamellae of the liquation car-
bide further broke down and decomposed. Up to
30 min, the morphology of the remaining liquation
carbide was irregular small particles.

The current significantly promoted the dissolu-
tion of the liquation carbide, and the liquation
carbide rapidly decomposed into needle-shaped and

Fig. 2. EDS element distribution of liquation carbide and surrounding regions.
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gradually dissolved. To further verify this conclu-
sion, thermodynamic calculation and a numerical
model have been used to explain the dissolution
behavior of the liquation carbide. In the current
system, the potential obeys the Laplace equation
and can be expressed as:33

r2uðx; yÞ ¼ @2uðx; yÞ
@2x2

þ @2uðx; yÞ
@2y2

¼ 0 ð2Þ

where u(x, y) is the potential at any position, and (x,
y) is the abscissa and ordinate of the position,
respectively. The current density j(x, y) is deter-
mined by conductivity and microstructure and
calculated by Ohm’s rule:

j x; yð Þ ¼ �r x; yð Þ � ru x; yð Þ ð3Þ

The current distribution around the liquation
carbide is calculated by Eq. 3, and the result is
brought into Eq. 1 to calculate the electrical free

energy. According to the microstructure of the
original sample (Fig. 1), the liquation carbide is
set as three closely arranged elliptical particles
(Fig. 6a) in the model, and the dissolution process of
the liquation carbide is simulated by adjusting the
particle size and position (A: a = 17.5 lm,
b = 3.5 lm; B: a = 15.5 lm, b = 3.0 lm; C:
a = 10.0 lm, b = 2.0 lm; D: a = 7.5 lm,
b = 1.0 lm; E: a = 5.0 lm, b = 0.5 lm). a and b
represent the long-axis radius and the short-axis
radius of the particle, respectively, and the distance
between the center of the particles was 6 lm. The
conductivity of the liquation carbide particles was
set to 1.2 9 106 S/m, and the conductivity of the
matrix was 3.3 9 106 S/m.34 The potential of the
system was 20 V, and the electric field size was
20 lm 9 20 lm. The finite difference method and
MatLab software were used to calculate the model.

Figure 6b, c, d, e, and f shows the current density
distribution around the liquation carbide with

Fig. 3. SEM images of samples in different treatment states. Pulsed samples: (a) E1 900�C-30 min, (c) E2 1000�C-30 min, (e) E3 1100�C-
30 min, (b, d, f) heat-treated samples under corresponding conditions.
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different sizes, and Fig. 7 shows the relationship
between the peak current density, the change of
electrical free energy, and the change of carbide
size. The electric field produces obvious distortion in
the closely arranged gap of the liquation carbide
lamellae due to the large curvature of the carbide
tip, where the current density is significantly higher
than that in other locations (Fig. 6b). The energy
difference caused by the selective distribution of the
current will promote the decomposition of massive

liquation carbides along the gap. When reaching the
critical state of dissolution (lamellar separation of
liquation carbide), the degree of electric field dis-
tortion is the highest (Fig. 6c), and the maximum
current density in the electric field reaches the peak
(Fig. 7a). With the decrease of particle size, the
lamellar spacing between particles gradually
increases (the liquation carbide gradually dis-
solves), the electric field distortion caused by the
liquation carbide gradually weakens (Fig. 6d, e, and

Fig. 4. Thermodynamic calculation results of the bearing steel solidification process: (a) change of element concentration in liquid phase, (b)
precipitation behavior of phase.

Fig. 5. The dissolution process of liquation carbide under pulsed electric current: (a) original state, (b) 1000�C-10 min, (c) 1000�C-20 min, (d)
1000�C-30 min.
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f), and the peak current density gradually decreases
(Fig. 7a). Figure 7b shows the change of electrical
free energy during the dissolution of the liquation
carbides. With their gradual dissolution (particle
size decreases and lamellar spacing increases), the
change of electrical free energy rapidly decreases.
Under the electric field, the material structure
evolves toward the direction of reducing free energy,
that is, the current promotes the dissolution of
liquation carbide (high resistance phase), reduces
the resistivity of the system, and finally obtains the
system with lower free energy.35,36

Pulsed Electric Current Accelerating Atomic
Diffusion to Eliminates the Segregation

The precipitation of the liquation carbide in the
solidification structure is closely related to the
dendrite segregation. The liquation carbide is pre-
cipitated at the last stage of solidification, and the
degree of solute atom segregation in the liquation
carbide region reaches the peak.37 The fundamental
purpose of the homogenization treatment is to make
the elements in the material become evenly dis-
tributed, that is, to eliminate segregation.38

Fig. 6. Electric field model diagram and current density distribution calculation results: (a) schematic of the model. (b–f) calculation results of
current distribution around the liquation carbide with different sizes (A: a = 17.5 lm, b = 3.5 lm; B: a = 15.5 lm, b = 3.0 lm; C: a = 10.0 lm,
b = 2.0 lm; D: a = 7.5 lm, b = 1.0 lm; E: a = 5.0 lm, b = 0.5 lm). a and b represent the long-axis radius and the short-axis radius of the
particle, respectively.
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Therefore, it is necessary to accurately analyze the
element distribution in the samples by EPMA, and
to evaluate the homogenization effect of the differ-
ent treatment methods (pulsed electric current
treatment and annealed treatment). The C and Cr
elements are typical segregating elements in the
solidification process of bearing steel, and they are
also the main components of the liquation carbide.
Meanwhile, the precipitation of the liquation car-
bide leads to the formation of an Fe-poor zone in this
region. Therefore, EPMA was used to collect and
analyze the distribution of the C, Cr, and Fe
elements in the original sample (Y1), the industrial
homogenized sample (G1), the pulsed sample (E3),
and the annealed sample (H3). Compared with the
original sample (Fig. 8a), the pulsed sample has a
uniform distribution of the C, Cr and Fe elements
(Fig. 8c). The homogenization effect of the short
process pulsed treatment (30 min) is equivalent to
that of the long process (300 min) industrial homog-
enization treatment (Fig. 8b). In addition, the
distribution of the C, Cr and Fe elements in the
annealed samples under the corresponding condi-
tions is still very uneven, which indicates that
dendritic segregation still exists (Fig. 8d).

The residual segregation coefficient is often used
to characterize the homogenization effect:39

di¼
Ct

max � Ct
min

C0
max � C0

min

¼ exp � 4p2

L2
Dt

� �
ð4Þ

where C0
max and C0

min are the highest and lowest
concentrations in the dendritic structure of the
unprocessed ingot, respectively, Ct

max and Ct
min are

the highest and lowest concentrations of the ele-
ment i after homogenization, respectively, L is the
distance between dendrites, t is the processing time,
and D is the atomic diffusion coefficient. So, the
smaller the residual segregation coefficient, the

better the homogenization effect. The segregation
of the Cr element in bearing steel is the most
serious, and its distribution determines the whole
homogenization process. In addition, C is difficult to
be measured exactly by EPMA, so this study will
use the Cr element as a representative to analyze
the impact of the pulsed electric current on element
diffusion. The quantitative distribution of the Cr
element was measured by EPMA (Table II), and the
diffusion coefficients of solute atom Cr in different
treatment processes were calculated. According to
Eq. 4, the diffusion coefficient, D, can change from
the lnd-t curve (Fig. 9). The corresponding slope

values � 4p2

L2 D obtained by fitting are � 1.653 9 10�3

(E3: 1100�C), � 4.053 9 10�5 (H3: 1100�C), and
� 1.572 9 10�4 (G1: 1220�C), and the correspond-
ing diffusion coefficient has been calculated. In the
pulsed sample (1100�C), the diffusion coefficient of
the Cr atoms in the electric field was
2.36 9 10�13 m2/s, while in the annealed sample
(1100�C), the diffusion coefficient of the Cr atom in
the thermal field was only 5.78 9 10�15 m2/s. Com-
pared to the thermal field, the diffusion coefficient of
the Cr atoms in the electric field was about 40 times
higher. In the industrial homogenized sample
(1220�C), the diffusion coefficient of the Cr atom
was 2.24 9 10�14 m2/s, still lower than the calcu-
lated result in the electric field (2.36 9 10�13 m2/s).
Under the thermal field, the concentration gradient
drives the diffusion of solute atoms, the liquation
carbide slowly dissolves, and the degree of element
segregation gradually decreases. At the same tem-
perature, the pulsed electric current significantly
improves the diffusion coefficient of the segregated
atoms in the homogenization process, and the
current significantly enhances the dissolution kinet-
ics of the liquation carbides. Under the pulsed
treatment, the solidification structure of the bearing
steel will be homogenized more quickly.

Fig. 7. Numerical calculation results of the dissolution process of liquation carbide: (a) the change of peak current density, (b) the change in
electrical free energy.

Z. Wang, D. Zhang, Hao, L. Wang, Zhou, and X. Zhang734



The above results show that, compared with the
traditional heat treatment, the pulsed electric cur-
rent significantly accelerates the atomic diffusion
rate to eliminate the segregation in a short time,
and thus realizes the uniform distribution of the
elements.

Grain Size Stability Under Pulsed Electric
Current

The coarse grain structure in the slab will be
inherited by the subsequent processing parts, which
will deteriorate the strength of the material.

Table II. Residual segregation coefficient of Cr element

Time (min)

E3 1100�C

Time (min)

H3 1100�C

Time (min)

G1 1220�C

ctmax ctmin d ctmax ctmin d ctmax ctmin d

10 11.84 1.06 0.98 10 11.84 1.06 0.98 100 5.21 1.22 0.36
20 11.66 1.13 0.95 20 11.66 1.13 0.95 200 2.80 1.36 0.13
30 11.51 1.24 0.93 30 11.51 1.24 0.93 300 2.05 1.53 0.05

Fig. 8. EPMA area scanning results: (a) original sample (Y1), (b) industrial homogenized sample (G1: 1220�C-300 min), (c) pulse current-treated
sample (E3: 1100�C-30 min, current density 19.4 A/mm2), and (d) corresponding equivalent heat-treated sample (H3: 1100�C-30 min).
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Therefore, it is hoped to retain the fine grain
structure in different processes. As mentioned
above, pulse current treatment (E3: 1100�C-
30 min) can effectively eliminate liquation carbide
and dendrite segregation. The homogenization level
of the pulsed sample is consistent with that of the
industrial homogenized sample (G1: 1220�C-
300 min). Pulsed treatment reduces the tempera-
ture required for homogenization and significantly
shortens the treatment process. The change of
homogenization conditions (temperature and time)
will affect the grain size. As shown in Fig. 10a and b,
there is a significant difference in the original
austenite grain size between the pulsed sample
and the industrial long process homogenized sam-
ple. In the pulsed sample, the grain size is concen-
trated at 200–600 lm and the average value is
about 370 lm. However, in the industrial long
process homogenized sample, the grain size is
widely distributed at 800–3000 lm and the average
value is about 1560 lm. Compared with the tradi-
tional long flow homogenization process, the pulsed
treatment process can effectively avoid grain
growth. This process not only ensures a good

homogenization effect but also inhibits excessive
grain growth, providing a good initial structure for
subsequent hot deformation treatment (such as
rolling and forging).

In this study, the pulsed treatment process
(1100�C-30 min) and the industrial homogenization
process (1220�C-300 min) have effectively elimi-
nated the liquation carbide and dendrite segrega-
tion, and the alloy will obtain a single-phase
austenite structure. After annealing, the grain size
is proportional to the treatment time and inversely
proportional to the treatment temperature.40 The
pulsed electric current treatment reduces the treat-
ment temperature (from 1220�C to 1100�C) and
significantly shortens the treatment time (from
300 min to 30 min), effectively inhibiting the grain
growth during homogenization.

CONCLUSION

As-cast GCr15 bearing steel was taken as the
research object, and the material homogenization
was completed by using a pulsed electric current
treatment instead of the traditional homogenization

Fig. 9. lnd–t linear relationship of the Cr element in different treatment processes: (a) pulsed treatment (E3: 1100�C-19.4 A/mm2), (b) heat
treatment (H3: 1100�C), (c) industrial homogenization treatment (G1: 1220�C).
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heat treatment. The pulsed samples and annealed
samples were characterized by TEM, SEM, EPMA,
and other equipment. Meanwhile, based on the
electrical characteristics and morphology character-
istics of the liquation carbide, the corresponding
mathematical model was constructed, and the driv-
ing force of the pulsed electric current to eliminate
the liquation carbide and dendritic segregation was
analyzed from the thermodynamic and dynamic
perspectives. The specific conclusions are as follows:

(1) In the pulsed sample (1100�C-30 min), the
interdendritic liquation carbide and element
segregation can be completely eliminated, and
the homogenization effect is equivalent to that
of the industrial high-temperature homoge-
nization treatment (1220�C-300 min).

(2) In the process of the pulsed treatment, it is
beneficial to maintain the stability of grain
size due to the reduction of treatment temper-
ature and treatment time, which provide a
good initial structure for subsequent hot
deformation treatment (such as rolling and
forging), and high-strength products with fine
grain structure. The average grain size of the
pulsed sample was about 370 lm. However,
the grain size of the industrial homogenization
samples coarsened to 1560 lm due to long-
term high-temperature retention.

(3) In the electric field, the current density at the
gap of the liquation carbide layer is higher.
The energy difference produced by the selec-
tive distribution of the current will promote
the decomposition of the liquation carbide
along the gap. The change of electrical free
energy decreased with the size reduction,
which is the driving force of the liquation
carbide evolution.

(4) A pulsed electric current can significantly
increase the diffusion coefficient of solute
atoms, thereby rapidly realizing the homoge-
nization of the bearing steel solidification
structure.
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