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A Homogenization Technology for Heavy Ingots:
Hot-Top Pulsed Magneto-Oscillation

HONGGANG ZHONG, LIXIN ZHOU, HUAZHI YUAN, KE HAN, QINGYOU HAN,
ZHISHUAI XU, LIJUAN LI, FAN ZHANG, JIAN HUANG, RENXING LI,
and QIJIE ZHAI

We scaled up a previously developed method, known as Hot-top Pulsed Magneto-Oscillation
(HPMO), to minimize crack, shrinkage-cavity, and macrosegregation in large ingots.
Simulations on electromagnetic field, flow field, and temperature field revealed that an
HPMO-induced electromagnetic field forces circulation of liquid steel near the riser, which
causes grain nuclei and free grains to fall off the riser walls, drift away, and settle onto the
middle of the mold. This phenomenon, known as ‘‘grain showering’’, refines solidified structure
and reduces segregation. Joule heating generated by the HPMO process leads to mass feeding of
the riser, which eliminates the development of pipes or central porosity and cracks. Based on
simulation results, we designed a prototype HPMO apparatus and tested it on the production of
ingots weighing 18 tonnes. Experimental results indicated that the use of HPMO grain
showering did indeed yield expected solidified structure in ingots with a 56–83 pct reduction in
equiaxed grain size, a 41 pct reduction in the number of inclusions, and a 50–75 pct reduction in
normal carbon segregation comparing with that in controlled ingots. Furthermore, by using
HPMO, shrinkage-induced pipes and center cracks that often occurred in the control ingots
were eliminated, resulting in a fourfold increase in ductility in critical regions of the ingot. This
work demonstrated the value of computation-aided simulation for improving manufacturing
methods for the casting of large ingots.
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I. INTRODUCTION

LARGE parts manufactured by forging have long
been employed in the nuclear power and hydropower
industries, as well as in the manufacture of mining
machinery. For these applications, the casting process of
heavy ingots (those composed of the parent metal of
forgings) must be strictly controlled to ensure quality.
Macroscopic defects that commonly occur in heavy
ingots, such as coarse dendritic grains, severe macroseg-
regation, porosity, and cracks, have to be mitigated
which not only decreases product yield but also
increases the cost of production by increasing the
duration of required heat treatment and the number of
required fabrication steps. The existence of macroscopic
defects in ingots is also a safety hazard and wastage.
Lesoult[1] revealed that typical macroscopic defects in a
65-tonnes steel ingot were negative segregates of
equiaxed grains in a cone-shaped settling zone at the
bottom of the ingot, normal segregation and shrink-
age-induced porosity in the top layer of the ingot (near
the riser section of the mold), and channel segregation in
the middle. These results were generally consistent with
other reports. Flemings[2,3] concluded that the primary
causes of macrosegregation were the flow of solute-rich
liquid between dendritic grains combined with the
movement of free grains throughout the melt. Li
et al.[4] found that channel segregation is aggravated
by buoyancy induced flow whenever the volume fraction

of oxide inclusions reaches a certain value. Eskin et al.[5]

proposed that grain refinement is beneficial for improv-
ing the central negative segregation of the billet.
Reducing grain size is known to be beneficial in

enhancing the strength and ductility of cast ingots by
increasing the mass feeding effect to reduce porosity
formation, by reducing macrosegregation, and by reduc-
ing stresses and increasing strength of the mushy alloy to
prevent crack formation. As a result, ingots of small
grains are more homogeneous in their solidification
microstructure, easier to be hot worked, and higher in
quality in the resultant forgings than that of corse
grains. Consequently, metallurgists have developed a
variety of methods to control ingot solidification,
including using—exothermic risers,[6–8] multi-pouring
processes,[9] mechanical oscillations,[10,11] adding chilling
balls,[12] ultrasonic treatments,[13–16] electromagnetic
stirring,[17–19] and pulsed currents.[20–22] Exothermic
risers have been found to decrease shrinkage by enhanc-
ing feeding effects, and multi-pouring processes have
been found to reduce macrosegregation by controlling
the composition of molten steel of each ladle. Recently,
Li et al.[23,24] proposed a layer-by-layer casting method
that would enable ingot fabrication while clearly
restraining multiphase flow and reducing solute segre-
gation. Other technologies have been developed to
increase the number of equiaxed grain nuclei. However,
most of these technologies have proved to be impractical
in grain refining of large steel ingots which are associ-
ated with high temperatures, low cooling rates, heavy
tonnage, and thick casting molds. To our knowledge,
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the problems of macrosegregation, porosity, and cracks
in industrial heavy ingots (i.e., tens to hundreds of
tonnes) have not yet been fully resolved.

Pulsed magneto-oscillation (PMO)[25] promotes nucle-
ation at the freezing front through inductive effects
caused by the pulsed current in the coils wound around
the outside of an ingot. This can effectively refine the
solidified ingot structure and decrease macrosegrega-
tion. Considering the significant application prospects of
PMO in the field of ingot solidification, Zhao et al. have
studied several PMO treatment methods that are suit-
able for ingots, including surface-type and riser-type
approaches. They found[26] that the a pure Al ingot
treated via PMO with coils placed near the risers
attained a completely equiaxed grain structure, with a
mean grain size of approximately 240 lm. On this basis,
Li et al.[27] treated a 150-kg steel ingot using a technique
known as Hot-top Pulsed Magneto-Oscillation
(HPMO). They found that the homogenization and
compactness of the solidified structure were improved
significantly. However, for steel ingots weighing tens to
hundreds of tonnes, the HPMO process should be
optimized through further simulations and industrial
experiments. For example, it is unknown whether free
grains formed near the riser could be deposited as
sediment at the bottom of the heavy ingot (layer-by-
layer until reaching the top), or whether the normal
segregation in riser would increase due to the grain
showering and buoyancy, or when is the best time to
apply PMO.

In this study, the possibility of improving heavy ingot
homogenization by employing HPMO was investigated
using numerical simulations and industrial experimental
tests. The results confirm that the central microstructure
and macrosegregation in an 18-tonne steel ingot were
improved by using HPMO.

II. STRATEGY FOR IMPROVING HEAVY INGOT
HOMOGENIZATION VIA HPMO

Because pulsed electrical current refines grains by
increasing nucleation rates, the optimal time to intro-
duce this current is during the nucleation stage when
metal solidification happens.[28] Application of PMO for
a non-contact treatment to refine grains has been done
by transmitting pulsed electrical current through an
induction coil.[25] Similar to the pulsed electrical current
method, the grain refining mechanism of PMO is also
associated with increasing nucleation rates and promot-
ing the formation of free grains. PMO is suitable for
industrial applications because it is a non-contact and
non-contamination process that requires low energy
consumption and simple operations. To make the
process compatible with existing industrial production
processes, we implemented PMO at the riser on the top
of the molds(thus making it an HPMO strategy) to
obtain heavy ingots comprising fine, uniform grains,
without porosity or cracks (Figure 1).
In our designed system for heavy ingot casting shown

in Figure 1, induction coils surrounding the riser
generate electrical current pulses in the melt. Electro-
magnetic induction heating and pulsed magneto-oscil-
lation occur in the liquid steel near the riser, enhancing
heat preservation in the vicinity of the riser and
promoting the nucleation of grains.[25] Inductive Lor-
entz forces cause the melt to adopt upper and lower
circulation patterns. PMO-induced nuclei near the riser
and existing free grains are driven toward the center of
the melt by the lower circulation pattern, and then
settled as a result of gravity and convection. Conse-
quently, nucleated sediments are deposited layer-by-
layer, forming a fine equiaxed grain zone in the entire
ingot body, which significantly reduces macrosegrega-
tion and stress. Nevertheless, this HPMO treatment may
result in solute enrichment near the upper part of the
riser because of selective solidification and grain show-
ering. Such solute enrichment is not an issue since the
riser would be cut off from the ingot before the ingot is
processed further.Fig. 1—Schematic illustrations of experimental setup, circulation

patterns and microstructure formation within a solidifying ingot
subject to HPMO.

Table I. The Composition of 18CrNiMo (wt pct)

C Si Mn Cr Ni Mo S P Fe

0.18 0.3 0.7 1.65 1.55 0.3 £0.035 £0.035 Balance
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III. NUMERICAL SIMULATIONS OF INDUS-
TRIAL TESTS

In this study, numerical simulations and industrial
tests were performed for a heavy ingot treated by
HPMO to verify the refining assumption discussed in
Sect. II. The industrial tests were carried out on an
18-tonnes bottom-pouring steel ingot. The material was
18CrNiMo gear steel. Its composition is shown in
Table I.

First, a simplified two-dimensional symmetrical
model was constructed to simulate the magnetic, con-
vection and temperature fields within the 18-tonnes
ingot (using commercial software COMSOL Multi-
physics, 2019, COMSOL Inc., Sweden). Tables II, III,
and Figure 2 present the thermophysical properties of
18CrNiMo steel, magnetic properties used in the simu-
lation, and temperature-dependent simulated properties
of the modeled steel, respectively. An equivalent-specific
heat method was used to calculate the release of latent
heat during solidification; specifically, the latent heat of
the phase change was dispersed non-uniformly over
liquid/solid zone, as shown in Figure2. Figure 3 shows
the simplified equal-proportion two-dimensional sym-
metrical model based on the industrial ingot. The
numerical model included four components: liquid steel,
a riser with HPMO coils, casting molds, and air. The
casting mold was divided into three sections for the
purpose of accurately setting the heat transfer boundary
conditions, as shown in Figure 3(a). Grids of various
types and sizes were applied in different zones to save
computing resources and increase the computing speed.
A combination of orthogonal and non-orthogonal grids
effectively avoided a sawtooth effect at the geometric
boundary of the liquid steel because of the irregular
geometry of the ingot. Orthogonal grids were used near
the center line of the liquid steel, whereas non-orthog-
onal grids were used at the geometric boundary of the
liquid steel. Additionally, orthogonal grids were selected
for coils, owing to their regular geometry, and triangular
grids were used for the other zones. The numerical
simulation grid has a size of 10 mm, comprising a total
of 34,207 cells, and the simulation duration was 47
h/case. The simulation was conducted on a computer
equipped with an Intel(R) Xeon(R) CPU E5-2698 v3 @
2.3 GHz (X2) processor, and 128GB of memory.

During the casting process, turbulent models are
employed to consider the forced convection induced by
the electromagnetic field and the natural convection
within the molten metal. The k-e model within the
COMSOL turbulent module is utilized for this calcula-
tion. The magnetic field follows the Maxwell’s

equations, and the electromagnetic field model within
the AC/DC module is selected for the computation. The
magnetic field and fluid flow are directionally coupled.
The fluid flow and solidification are bidirectionally
coupled through the non-isothermal flow interface
within the COMSOL multiphysics coupling module. In
the numerical simulation, the first step involves solving
for the electromagnetic field distribution status within
one pulse cycle. The electromagnetic forces obtained
from this solution are then used as source terms, along
with Joule heating, to compute the temperature and flow
fields during the solidification process.

A. Basic Assumptions and Boundary Conditions

To evaluate the effects of HPMO on both the
temperature and the flow field in steel ingot, we
constructed a continuum model based on a finite
element method.[29,30] The assumptions and governing
equations of the model were detailed in the electronic
supplementary data file.
To optimize the computation time, the numerical

simulation was divided into two steps. First, the
electromagnetic distribution during one pulse period
was calculated using an electromagnetic model based on
Maxwell’s equations.[31] The mean Lorentz force and
mean Joule heat during one pulse period were also
calculated.
In the electromagnetic model, it was assumed that a

magnetic field could not pass through the boundary of
the air domain. When the flow field was calculated, the
liquid between the top of the fluid steel and the covering
agent was regarded as a sliding boundary, and the wall
of the mold was considered as a rigid wall. Then, at the
top of the liquid steel, only the tangential flow velocity
was considered, and the flow velocity perpendicular to
the liquid surface was assumed to be zero. At the wall of
the mold, both the tangential and normal flow velocities
were zero.
The initial conditions for the model included the

followings: superheat = 50 �C; pouring process was
ignored; temperature of the liquid steel was uniform;
initial temperature of the mold = 25 �C; peak current of
HPMO= 700 KI A; pulse frequency = 100 Kf Hz; pulse
width = 2 KP ms (where KI, Kf, and KP are coefficients
of power system). The heat transfer boundary condi-
tions are shown in Table IV and Figure 4.

B. Results of Numerical Simulations

1. Magnetic field in the ingot during HPMO treatment
The density of the HPMO-induced magnetic field,

which was concentrated mainly at the edges of the riser,
was estimated at different times for each of sixteen
locations (Figure 5). The direction of the magnetic field
at all locations in the melt was first upward and then
downward, accompanied by phase differences. We
found that, during each pulse period, strength decreased
gradually as time increased. Because of the skin effect,
magnetic density was clearly higher at the edges than
that at the center of the melt. The density of the

Table II. Thermophysical Properties of 18CrNiMo Gear

Steel

Thermophysical Properties Values

Viscosity (PaÆs) 5.6910�3

Conductivity (SÆm�1) 1.649106

Relative Permeability 1
Relative Conductance 1
Density (kgÆm�3) 7200
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magnetic field reached a maximum of 148 mT at 1/4 of
the pulse width at the location sixteen, located near the
edge of the melt.

2. Distribution of both the Joule heat
and the electromagnetic force induced by HPMO

Because Joule heat enhances heat preservation and
feeding effects, and electromagnetic force facilitates the
flow of the melt, they are both important in terms of
grain refinement and chemistry homogeneity of the
ingot. The electromagnetic force induced by HPMO,
like the magnetic field, was concentrated at the edges of
the riser. The electromagnetic strength likewise
decreased gradually with increasing the distance from
the center of the melt to the edge, during each pulse
period, reaching a maximum of 3.259105 N/m3 at 1/4 of
the pulse period, and the electromagnetic force in the
center of melt was much weaker than at the edge
(Figure 6). The electromagnetic force underwent three
cycles, first increasing then decreasing (accompanied by
the corresponding phase differences) from the center of
the melt to the edge.

We estimated the distribution of the mean Joule heat
and mean electromagnetic force in the ingot during one
pulse (Figure 7). We found again that the distribution of
Joule heat was similar to that of electromagnetic force in
that it was weaker in the center than at the edge.

3. Flow and temperature fields comparisons
The flow and temperature fields of 18CrNiMo gear

steel were calculated with and without HPMO (Figures 8
and 9). The numerical simulation shown in Figure 9
reveals that, after cooling for 1 h, the temperatures of

the steel in the ingot body without HPMO are com-
pletely lower than the liquidus. Therefore, in the
industrial test, HPMO treatment was applied on the
riser 1 h after pouring (i.e., t=1 h where t=0 was the
moment when, pouring was completed) to ensure that
free grains can survive in the melt. The Lorentz force
perpendicular to the riser wall is stronger near the wall
of the riser, causes the liquid steel to flow from wall of
the riser toward the center, and then either further
downward or upward. As a result, upper and lower
circulations are formed in the riser as shown in Figure 8.
It takes 50 s for the flow field to stabilize after HPMO.
However, towards the bottom of the ingot, the flow field
is dominant by natural convection and is less affected by
HPMO. The flow velocity is increased by about 20 pct,
and the circulations induced by HPMO helps the melt
wash the walls of the mold, thus increasing the grain
showering effect and dendritic grain fragmentation. The
grain nuclei and fragments of dendritic grains then fell
to the bottom of the ingot, which is important for grain
refinement. The flow velocity decreases gradually
towards the bottom of the ingot because of the
increasing resistance from solid dendrites and the
increasing viscosity of the mushy zone. Meanwhile, the
circulation zone of natural convection at the bottom of
the ingot shrinks with increasing solidification times.
However, the forced circulation induced by HPMO near
the riser could be maintained for at least 3 h, which is
beneficial for grain refinement and inclusion flotation.
Simulation results on temperature fields and fractions

of solid (fS) in ingots with and without HPMO at
various times are shown in Figure 9. At the early stage
of solidification (t £ 2 h), high-temperature melt is
pushed to the edge of the riser, and low-temperature
melt moves toward the center because of the forced flow
induced by HPMO. As a result, the superheat of the
liquid steel in HPMO ingot is decreased much quicker,
and the entire melt reaches supercooled condition in 90 s
after HPMO processing, which is 50 min earlier than
that in the untreated ingot (at 3930 s of HPMO treated
ingot & 6960 s of untreated ingot, respectively). In
addition, the application of PMO can promote nucle-
ation,[29] and drive freshly nucleated grains from regions
near the riser wall towards the main body of the melt
within the ingot. At the same time, free grains also exist
in the supercooled melt of the ingot body. Their size
must be obviously greater than the newly formed grains
in the riser. Some of these free grains are brought into
the molten steel in the riser about 20 s after the
application of HPMO due to HPMO-induced circula-
tions shown in Figure 8, experiencing remelting, disso-
lution and fragementation-induced grain multiplication.

Table III. Magnetic Properties Used in the Simulation

Physical Properties 18CrNiMo Mold Covering Agent Riser Coil Air

Relative Permeability 1 400 1 1 1 1
Relative Dielectric Constant 1 5 1 1 1 1
Conductivity/SÆm�1 1.649106 59106 10 10 69107 0

Fig. 2—Specific heat capacity as a function of temperature
(computed using JMatPro).
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When large free grains encoutere small grains, either
small fragements or newly formed small grains, grain
ripening occurs. Leading to the growth of larger grains
and dissolution of smaller grains.[32,33] Still, a large
number of small grains are likely to survive and grow
into equiaxed grains eventually. It is believed that the
application of HPMO increases the population of free
grains in the ingot, leading to an expanded fine equiaxed
zone in the ingot and improved mass feeding during the
solidification of the ingot which are beneficial in
reducing porosity and in avoiding crack formation
during the solidification of the ingot. In the previous
study,[34] PMO-induced electromagnetic fields and
forced flow in liquid metal have been systematically
investigated by performing numerical simulations and
corresponding experimental measurements. The results
of numerical simulations have been confirmed by
magnetic and melt flow measurements.

IV. INDUSTRIAL EXPERIMENTS

A. Experimental Process

18-tonnes 18CrNiMo gear steel ingots were produced
using a bottom-pouring process. The pouring tempera-
ture was 50 �C above the liquidus of the steel. One ingot
was allowed to solidify naturally with its riser in a
normal cast iron riser mold. Another ingot was treated
by HPMO (for 8.5 h) 1 h after being poured. Fig-
ure 10(a) shows the experimental HPMO treatment
system.

Figure 10(b) shows the locations of sampling in
forging billets. First, the ingot was hot forged to
generate billets of 580 mm diameter. Second, round
slices were obtained from three positions: namely
bottom slice, central slice, and top slice taken from 30

cm from the bottom; at the center; and 30 cm from the
top of a billet, respectively. The top slice was originally
in the riser on top of the ingot. Rectangular bars (width
= 30 mm, thickness = 30 mm) were cut along the billet
diameter. Next, chemistry specimens were drilled from
the bars (using a drill bit of 5 mm diameter) at 15-mm
intervals for measuring the carbon content by a CS2800
infrared carbon and sulfur analyzer (NCS Testing
Technology Co., Ltd., China). Then, bars were cut into
five samples (length = 60 mm; width = 30 mm; height
= 20 mm) from the edge to the center. These samples
were ground, polished, and etched by a 1:1 picric acid/
alcohol solution for 40 s. A metallographic microscope
(Imager.A2m, Carl Zeiss AG, Germany) was used to
observe the microstructure. Samples (10 mm910 mm)
were cut from two points: at 1/2 the radius of the forging
billet, and at the center of the forging billet, respectively,
for inclusion measurement. Inclusions were counted on
the polished specimens. The visual fields with most
inclusions were captured with 1009 magnification. Five
sets of 0.5 mm2 metallographic photos were taken from
each sample to count the number of inclusions larger
than 1 lm. In addition, Dog-bone shaped tensile test
bars, shown in Figure 10(c), were machined along the
radial direction of round slices.

V. RESULTS AND DISCUSSION

A. Microstructure

Light microscopy images taken at the edge and in the
center of the bottom slices of two forged billets revealed
that the solidified microstructure of the billet treated
with HPMO was much finer, more compact, and more
uniform (especially at the center) than that of the billet
without subjected to HPMO (Figures 11 and 12).

Fig. 3—Equal-proportion two-dimensional symmetrical model (with an HPMO coil): (a) grids comprising the model of the ingot treated by
HPMO; (b) grids for the liquid steel, casting model, and HPMO coils.
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Images taken at the edges of the middle slice (1/2
height) of forged billets showed that the parallelism of
columnar dendrites was much greater in the non-
HPMO-treated billet (Figure 13) than that in the
HPMO-treated billet. In the HPMO-treated billet,
dendritic grains were more random in their growth
directions, the secondary arms of the dendritic grains
were coarser, and the mixed grain zone was larger than
that in the non-HPMO-treated billet. The increased size
of the mixed grain zone may have been the result of 1) a
significant increase in the number of nuclei and 2) the
enhanced circulation of a large number of free grains.
According to simulation results on flow field and
temperature field shown in Figures 8 and 9, the
combination of circulation and Joule heat effect leads
to temperatures higher near the outside of the metal in
the riser than that in the center of the riser, thus
increasing local solidification times and causing den-
dritic grains to become coarser. Images taken in the
center of the middle slice (1/2 height) shown in Figure 14
demonstrate that the microstructure of the HPMO-
treated specimen was fine, dense, and flawless, while the
microstructure of the non-HPMO-treated specimen was
clearly coarser and contained large micro-shrinkage
cavities and central cracks.
Figures 15 and 16 illustrate light microscopy images

taken at the edges and in the center of the riser (top
level) demonstrating that HPMO improves the
microstructure of forged billets. The microstructure of
the non-HPMO-treated billet exhibited non-directional
fine dendritic grains and included two cracks (Fig-
ure 15(a)). In contrast, the microstructure of the
HPMO-treated billet was compact, with no visible
cracking (Figure 15(b)). The direction of growth of
dendritic grains near the edge of billet clearly changed as

Table IV. Heat Transfer Boundary Conditions

Position
Heat Transfer Coefficient/

WÆm�2ÆK�1

Melt/Mold 1 As Shown in Fig. 4
Melt/Mold 2 As Shown in Fig. 4
Melt/Mold 3 800
Melt/Riser 30
Melt/ Covering
Agent

5

Riser/Air 20
Mold/Air 100
Covering Agent/Air 20
Mold/Ground 200

Fig. 4—Heat transfer coefficients of Molds 1 and 2 over time.

Fig. 5—Distribution of the magnetic flux density along the radial direction at the center of the coil’s height during HPMO. The numbers in
right-hand figure indicate the location in an ingot shown in the left-hand figure.
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well. Considering that columnar grains grow under
convection, the change that we observed in the growth
directions of dendritic grain must have reflected a
change in the flow direction of liquid steel. Such an
assumption is supported by our simulation results
(Figure 8). Magnetic field strength and flow are sharply
attenuated by the severe shielding of the pulsed mag-
netic field that resulted from the formation of a
solidified shell. Dendrite growth direction was mostly
orderly in the range of 31 mm from the HPMO energy

source and mostly disorderly at about 54 mm. In the
center of the riser in the HPMO-treated billet, coarse
dendritic grains did not form at all, and the microstruc-
ture was fine and compact (Figure 16).
To evaluate the degree of refinement of microstruc-

ture, we measured the mean grain size of HPMO-treated
and non-HPMO-treated billets at the center of each of
three slices (bottom, 1/2 height, riser). The mean grain
sizes in the HPMO-treated billet were 0.4 in the bottom
slice, 1.0 at 1/2 height, and 0.8 in the riser, compared to
2.3 mm, 2.3 mm, and 2.2 mm, respectively, in the
corresponding slices of non-HPMO-treated billet (Fig-
ure 17). In other words, the use of HPMO resulted in
reductions in grain size about 83 pct, 56 pct, and 64 pct
in those corresponding locations, indicating that grain
densities increased more than tenfold with HPMO-treat-
ment. Although the analysis of grain size statistics may
have been complicated by the various branching shapes
of dendritic grains, the overall grain refinement effect of
HPMO is undeniable. Much finer equiaxed grains were
obtained in samples taken from all points in the billets,
especially those in the bottom slice.
Simulated maximum flow velocities in the HPMO-

treated ingot, calculated at the wall of the riser, were
about 110 mm/s 1 h after pouring and 70 mm/s 2 h after
pouring (Figure 8). The corresponding maximum flow
velocities under natural convection would be only about
8 mm/s and 7 mm/s. The strengthened convection
caused by HPMO must have accelerated the heat
dissipation of the liquid steel, thus causing the superheat
to disappear quickly, promoting grain nucleation and
preventing the remelting of nuclei. Nucleation is first
induced near the walls because, during solidification, the
temperature near the wall is lower than in the center. We
deduced that the oscillation effect of HPMO causes
nucleated grains to fall off the walls into the melt, where

Fig. 6—Variations in the electromagnetic force from the center of the melt to the edge during one pulse period of HPMO.

Fig. 7—Distributions of the mean Joule heat (far left scale) and
electromagnetic force (far right scale) in the ingot during one pulse.
The dimension of the ingot is in meters (m). The length is about 2.4
m and the maximum diameter is about 1.2 m.
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the combination of natural convection and the HPMO-
caused flow carries them toward the ingot center, where
they sink to the freezing fronts. This process would
significantly enhance equiaxed grain refinement near the
bottom of the ingot[35]. During the early stage of
solidification (within 1 h as shown in Figure 8(a)), the
temperature at the center remained slightly higher than
that at the edges where the melt was still superheating.
As a result, free dendrites could not easily grow in the
liquid core, and they might even undergo remelting and
fragmentation. Consequently, the grains deposited at
the bottom of the ingot were the smallest (Figure 17). As
the solidification process continued and the temperature

decreased, the velocities and regions influenced by the
riser decreased significantly. The maximum velocity of
liquid steel in the HPMO-treated ingot, however, was
still significantly higher than that in the non-HPMO-
treated ingot (see Figure 8). Accordingly, the promotion
of grain movement was obvious with HPMO. At the
stage 2–3 h after pouring, the superheat of the liquid
steel in the riser has been exhausted, and the free grains
gradually grew during the circulation and settling
processes. Therefore, the grain size was larger than that
at the initial stage of solidification. This is also the
reason that the equiaxed grain size at 1/2 the height of
the billet was larger than that at the bottom.

Fig. 8—Distribution of the flow fields in the ingot with and without HPMO at various times. (a) t=1.05 h, (b) t=2 h, (c) t=3 h, and (d) t=4.0
h.
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B. Carbon Macrosegregation

We considered that the carbon segregation index K is
the most convenient parameter to describe carbon
macro-segregation:

K ¼ Ci

�
C

� �
½1�

where Ci is the carbon content at position i across the

diameter of a slice sample, and C is the weighted aver-

age of carbon contents over all tested points. The C
value was calculated by:

C ¼
P

Ci ri þ 2:5ð Þ2
P

ri þ 2:5ð Þ2
½2�

where ri is the distance in mm between the center of
the sampling position and the center of the ingot. The
drill radius was 2.5 mm, as shown in Eq. [2].
The values for K measured along the radial direction

in round billets with or without HPMO showed very
different trends in different height locations (Figure 18).
Except in the edge zones, negative segregation existed at

Fig. 9—Temperature fields and solid fractions (provide temperature bars, etc) in ingots with and without HPMO at different solidification times.

Fig. 10—(a) Experimental HPMO treatment process, (b) locations of sampling from a forged billet, and (c) dimensions of a tensile specimen.
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the bottom of both billets, where K undulated slightly.
At the bottom of the billet without HPMO, carbon
segregation followed an inverted W shape, in that the
carbon content at 1/2 the radius was significantly higher
than at the center. At the bottom of the billet with

HPMO, carbon distribution was more uniform. There
were no significant differences in carbon content along
the radial direction, with the exception of some positive

Fig. 11—Microstructures of samples taken at the edge of the bottom
slice of forged billets (a) without HPMO; (b) with HPMO.

Fig. 12—Microstructures of samples taken at the center of the
bottom slice of forged billets (a) without HPMO; (b) with HPMO.

Fig. 13—Microstructures in samples taken at the edge of the central
slices of forged billets (a) with and (b) without HPMO.

Fig. 14—Microstructures of samples taken in the central slices of the
forged billets (a) with and (b) without HPMO.

Fig. 15—Microstructures of samples taken from the edge of the top
slices (which was in the riser) of forged billets (a) with HPMO and
(b) without HPMO.

Fig. 16—Microstructures of samples taken from the center of the
top slices (which were in the riser) of forged billets (a) with HPMO
and (b) without HPMO.
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segregation observed at the edges. Microstructural
observations shown in Figure 12 indicated that the
equiaxed grains at the bottom of this billet were
significantly refined. Compared to the billet without
HPMO, carbon negative segregation was slightly higher
in the billet with HPMO and the variation in segregation
between the center point and 1/2 the radius was
significantly lower.

By contrast with the bottom of each billet, where little
channel segregation was observed, samples taken at the
center slice (1/2 height) showed the most severe carbon
segregation of the billets investigated in this study.
Segregation in this location was associated with channel
segregation occurring at 1/2 the radius. In the billet with
HPMO, carbon distribution was significantly homoge-
nized, leading to a 50 pct decrease in the maximum
carbon segregation value (from 32 to 16 pct). Previous
researchers have identified inclusion flotation as an
important cause of channel segregation.[4] This implies
that a lower density of inclusions, which we observed in
our HPMO-treated ingot, would reduce channel

segregation (Figure 19). We speculated that grain
refinement of dendrites in the mushy zone would further
contribute to a reduction in channel segregation.
In the center of samples taken from the risers (the top

slice) of each billet, severe positive segregation occurred,
more with HPMO than without. It is apparent that
HPMO brought about enhanced nucleation in the riser.
Meanwhile, the partitioning during solidification that
was also enhanced led to solute enrichment in the liquid
steel as free grains leave the riser region. The resulting
increase in the solute content of carbon reduced the
density of the liquid steel, thus inducing an upward flow.
Double circulation generated by HPMO at the riser
benefited the retention of C-rich, low-density liquid steel
in the upper circulation region, thus reducing mass
transfer from the riser region to the bottom region of the
ingot. The carbon content in the riser layer thus
increases gradually, ultimately forming a region of
severe positive segregation. Because of severe carbon
concentration, the risers must be excised during
utilization.

C. Inclusions

At the 1/2 radius of the cylindrical billets, the number
of inclusions was generally consistent in HPMO and
non-HPMO billets; both contained more inclusions at
the riser than at that at 1/2 height (Figure 19(a)).
In the center of the billets, the number of inclusions in

the billet without HPMO increased from the bottom to
the riser, while in the billet with HPMO the opposite was
true—the number of inclusions decreased from the
bottom to the riser (Figure 19(b)). The mean number of
inclusions estimated at different locations in the center
of the HPMO-treated billet was reduced by 47 pct from
46 to 24 mm�2. The reduction was even more obvious in
the riser. The reduced number of inclusions in the center
of the billet can be attributed to the fact that HPMO-in-
duced forced convection must have caused the inclu-
sions to float upward. Also, because of grain refinement
brought about by HPMO, the settling grains, being
smaller, must have become less likely to capture

Fig. 17—Mean grain sizes in the center of slice taken from various
location in the forged billets with and without HPMO treatment.

Fig. 18—Carbon segregation along the radial direction at the bottom, 1/2 height, and riser slices of the forged billet (a) without and (b) with
HPMO.
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whatever inclusions passed nearby, so these inclusions
continued to float to the top where they could be easily
skimmed off.

D. Mechanical Properties

To select samples for tensile tests of both HPMO and
non-HPMO billets, we first cut one slice from the
bottom of each billet and another from the 1/2 height.
From each slice, we cut samples from three locations
with different radial carbon segregation indices (Fig-
ure 20). As in Table V, we found that tensile test results
were more uniform in the HPMO treated billet, whose
ultimate tensile strength showed a change less than 4.8
pct and whose elongation values were all greater than 15
pct, with variations less than 8.9 pct. The values for
reduction-in-area at fracture were greater than 55 pct,
with variations less than 5.2 pct.

The untreated billet, on the other hand, showed large
variations in values for ultimate tensile strength, elon-
gation, and reduction-in-area at fracture. A sample
taken from location V in Figure 20 of the center slice of
the untreated billet showed exceptionally low elongation
(4 pct) with characteristics of brittle fracture. Result of
re sampling at adjacent locations (V’) still showed a low
elongation (6 pct) with brittle fracture characteristics.
We attributed this embrittlement to the phenomenon of
central crack and porosity that we had previously
observed in macroscopy images of the untreated billet
(Figure 14).

In any case, the higher the carbon content (i.e., the
more pronounced the positive segregation), the greater
the ultimate tensile strength of the test bar; the lower the
carbon content (i.e., the more pronounced the negative
segregation), the lower the ultimate tensile strength of
the test bar. We concluded that HPMO treatment
produced greater uniformity in both plasticity and
strength distribution.

VI. CONCLUSIONS

Our method, Hot-Top Pulsed Magneto-Oscillation
(HPMO), has been shown to effectively improve the
microstructure and macrosegregation of heavy ingots.
Our main conclusions, based on results of industrial
experiments on 18-tonne ingots, are as follows:

(1) The coupling effects induced by HPMO during ingot
solidification (increased nucleation, forced convec-
tion, and induction heating) significantly affected the
ingots by refining solidification structure, reducing
macrosegregation, and strengthening the feeding
effect of the riser, thus improving overall material
yield.

(2) The results of numerical simulations indicated that
the flow field in the melt reached stabilization after
50 s of HPMO treatment. This flow field induced
three large circulation patterns in the upper, middle,
and lower regions. The maximum flow velocity at
the riser edge reached 110 mm/s, which was much
higher than the natural convection observed in un-
treated melt.

(3) Free grains in the HPMO-treated ingot were about
10 times more likely than that in the untreated one.
These free grains tend to be deposited as sediment at
the bottom freezing front, becoming small equiaxed
grains in the center region of the ingot. The results
of industrial tests demonstrated that HPMO signif-
icantly refined the microstructure of the ingot,
leading to a 56–83 pct reduction of equiaxed grain
size in the center of the ingot.

(4) Cracks were observed in the center at the 1/2 height
of the untreated ingot, but there were no central
crack defects in the HPMO-treated ingot. Cracking
was apparently reduced by a mass feeding effect at
the riser and by the formation of small equiaxed
grains in the mushy zone.

(5) Carbon distribution in the HPMO-treated ingot
became more uniform at the bottom and at the 1/2
height of the billet, leading to more uniform
mechanical properties than the untreated ingot. The
maximum segregation index at the 1/2 height de-

Fig. 19—The number of inclusions per unit area at different location of the billets: (a) 1/2 radius; (b) center.
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creased by a 50 pct (from 32 pct in the untreated
billet to 16 pct in the treated billet).

(6) Carbon was enriched in the riser of the HPMO-
treated ingot. The riser was likely out of the chem-
ical specification of the steel and has to be sectioned
off in applications.
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