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Abstract
The present work investigates how axial static magnetic field affects the solidification structure and the solute distribution

in directionally solidified GCr18Mo steel. Experimental results show that grain refinement and the columnar to equiaxed

transition is enhanced with the increases in the magnetic field intensity (B) and temperature gradient (G) and the decrease

in the growth speed. This phenomenon is simultaneously accompanied by more uniformly distributed alloying elements.

The corresponding numerical simulations verify a thermoelectric (TE) magnetic convection pattern in the mushy zone due

to the interaction between the magnetic field and TE current. The TE magnetic convection in the liquid should be

responsible for the motion of dendrite fragments. The TE magnetic force acting on the dendrite is one of the driving forces

trigging fragmentation.

Keywords GCr18Mo steel � Grain refinement � Axial static magnetic field � Columnar to equiaxed transition �
Thermoelectric magnetic force

1 Introduction

Steels with a fine-grain structure, associated with excellent

mechanical properties, are the ultimate goal of the entire

manufacturing process, especially in the solidification

process [1–4]. It plays a significant role in the hot-soak and

hot rolling of the steel [5]. Compared with chemical

methods [6–8], several environment-friendly physical

approaches have been applied into grain refinement during

the solidification stage, such as ultrasonic vibration and

mechanical or electromagnetic stirring [9–11]. The appli-

cation of electromagnetic fields for stirring the molten

metal is particularly attractive due to the completely con-

tactless feature and flexible tailoring of the magnetic fields

themselves. These time-varying magnetic fields mainly

include induction coils in furnaces [12], pulsed magnetic

fields [13] and rotating or travelling magnetic fields

[14, 15]. Manifold investigations have declared that an

apparent decrease in grain size can be achieved with

increasing intensity of forced convection generated by

applying the time-varying magnetic fields in the solidifying

melt [16–20].

In contrast to the time-varying magnetic fields, static

magnetic fields are applied to suppress the flow in a

solidifying, electrically conducting melt because of the

braking effect of the Lorentz force [21]. The Latter is

caused by interaction between electric current, induced by

a moving melt and the imposed magnetic field. Even so,

during solidification the thermo-physical properties of bulk

materials subjected to temperature gradients can change

abruptly owing to phase transition. This gives rise to

appearance of a TE current near the liquid/solid interface

and further to the TE magnetic force resulted from inter-

action between the TE current and the applied magnetic

field. The TE magnetic force affects the solidification

processes ranging from a form of convection, transport of

the solid phase in the liquid to strain and deformation of the

solidified structure [22–25]. Notably, the TE magnetic

force imposed on dendrites and equiaxed grains breaks the

columnar dendrite and drives the motion of dendrite
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fragmentation and equiaxed grains in the mushy zone [26].

It is commonly known that grain refinement in the absence

of inoculants is generated by fragmentation of dendritic

structures existing in the mushy zone [27–29]. Identical

conclusions were obtained in the directional solidification

of Al-base alloys, Pb–Sn alloys and Ni base superalloys

where the CET occurred at low pulling speeds [26, 30–32].

Although the CET has been observed in the directionally

solidified alloys mentioned above, there are relatively few

studies devoted to study the CET and grain refinement in

the steel at low pulling speeds with an axial static magnetic

field.

In the solidification process of the steel, the temperature

gradient causes dendritic growth to take on a columnar

structure and ultimately results in the formation of the

elongated dendrite zone of the ingot. Directional solidifi-

cation enables independent control of both the pulling

speed and the temperature gradient over a given range to

study the columnar dendritical evolution during solidifi-

cation. A Bridgman-Stockbarger-type furnace fixed in a

static superconducting magnet can create a thermal gradi-

ent along the direction of solidification and easily control

the growth speed of alloys. It can satisfy both the work

conditions of the TE magnetic force and columnar grains.

Using this idea as basis, we investigate the effect of the

axial static magnetic field on grain refinement of GCr18Mo

steel.

Table 1 Chemical compositions of GCr18Mo steel (wt%)

C Cr Mo Si Mn P S Fe

0.96 1.65 0.2 0.39 0.31 0.0027 0.0021 Bal.

Fig. 1 Schematic illustration of Bridgman solidification apparatus in

superconductor magnet

Fig. 2 Longitudinal solidification structures of GCr18Mo steel spec-

imen at various magnetic field intensities and growth speeds under

temperature gradient of 104 K/cm
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2 Experimental

The compositions of GCr18Mo steel are listed in Table 1.

The samples with 4 mm in diameter and 180 mm in length

for the directional solidification were electro-discharge

machined from the steel ingots with a diameter of 100 mm.

These samples subsequently enveloped in high-purity

corundum tubes with the inner diameter of 4 mm and

length of 200 mm, respectively. The apparatus, as shown in

Fig. 1, mainly consists of a static superconductor magnet, a

Bridgman-Stockbarger-type furnace and a growth velocity

and temperature controller. The superconducting magnet

can generate an axial static magnetic field with the

adjustable intensity up to 8 T. There is a uniform magnetic

field space with the diameter of 300 mm and length of

80 mm in the centre of this magnet. The furnace made of

nonmagnetic material has a negligible effect on the uni-

formity of magnetic field. The temperature gradient was

established between the heating zone and the cooling zone.

The temperature of the heating zone with an argon atmo-

sphere can reach 1600 ± 1 �C by means of a consistently

heated graphite tube. The cooling zone containing liquid

Ga–In–Sn metal at room temperature is used for quench-

ing. For the directional solidification experiments, the

sample was moved downward at a defined velocity while

the furnace was fixed. The sample was put into the centre

of the magnet during the experiment. It was ensured that

the liquid/solid interface of the sample was placed on the

uniform magnetic field. The specimens in a corundum

crucible were melted and directionally solidified in the

furnace by pulling the crucible assembly at various speeds

into the cooling zone. To identify the morphology of the

liquid–solid interface of samples during the crystallization

course, quenching experiments were performed after

60 mm steady-state growth of the specimens.

The morphology of the solidification microstructures

was observed by optical microscopy (DM 6000M, Leica,

Germany). The samples were cut-across the longitudinal

section, polished and etched in saturated solution of picric

acid at 80 �C. The distribution of the solute chromium in

the solid near the solid/liquid interface was detected in a

high-resolution scanning electron microscope (FEG quanta

450) equipped with energy-dispersive spectroscopy (EDS).

Chromium alone was determined, because other elements

were either too light or too low in content to be detected

[33].

3 Experimental Results

Figure 2 shows that solidification structures of GCr18Mo

steel specimen at various axial static magnetic field and

growth speeds under the 104 K/cm temperature gradient.

The corresponding longitudinal solidification microstruc-

tures near the liquid/solid interface are shown in Fig. 3.

Larger columnar grains are produced along the longitudinal

section of the specimens without axial static magnetic field

application. With increasing intensity of the axial static

magnetic field, columnar grains gradually become

equiaxed grains at the growth speed of 10 and 20 lm/s.

However, the axial static magnetic field is tended to pro-

mote the grain refinement at lower growth rate. From the

corresponding longitudinal microstructures near the liq-

uid/solid interface, it can be seen that the dendrite mor-

phology without the axial static magnetic field is typical

columnar. When the axial static magnetic field is applied,

Fig. 3 Longitudinal microstructures near liquid/solid interfaces of GCr18Mo steel specimen at growth speed of 20 lm/s and various axial static

magnetic field intensities under temperature gradient of 104 K/cm
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regular columnar dendrites are destroyed and tend to

transform into equiaxed dendrites.

The solidification structures of GCr18Mo steel specimen

at the growth speed of 5 lm/s under various temperature

gradients are exhibited in Fig. 4. Larger columnar grains

are generated along the longitudinal section of the speci-

mens in the absence of a magnetic field. With increasing

the temperature gradient, columnar grains become

equiaxed grains at the growth speed of 5 lm/s under the 4

T axial static magnetic field. In addition, the dendrites are

all regular at various temperature gradients without axial

static magnetic field from the corresponding microstruc-

tures near the liquid/solid interface as displayed in Fig. 5.

Columnar dendrites degenerate and transform into

equiaxed dendrites as the temperature gradient increases

with the 4 T axial static magnetic field.

Figure 6 presents the radial distribution of the Cr con-

tent in the solid at the position of 20 mm from the solid/

liquid interface fabricated in the same condition. It can be

indicated that the fluctuation range of the Cr content

decreases as the axial static magnetic field intensity

increases. In Fig. 2, as the axial static magnetic field

intensity increases, the size of the grain decreases. It means

that grain refinement induced by the axial static magnetic

field can improve the composition homogenization of

GCr18Mo steel.

4 Computation Description and Results

The numerical simulations just emphasize the effect of the

external magnetic field on the fluid flow without consid-

ering the heat transfer or the solidification process. To

calculate the thermoelectric currents at the solid/liquid

interface during directional solidification, a complementary

term is added to Ohm’s law:

J ¼ �rðrV þ SrTÞ ð1Þ

where J, r, V, S and rT are the thermoelectric current

density, the electrical conductivity, the electric scalar

potential, the absolute thermoelectric power and tempera-

ture gradient, respectively. The second item in the bracket

on the right-hand side of this equation is the contribution of

the thermoelectric current. The thermoelectric current

density satisfies the continuity equation:

r � J ¼ 0 ð2Þ

Both Eqs. (1) and (2) are valid in the liquid and solid.

Another complementary term, l 9 B (l is the fluid

velocity field and B is the applied axial static magnetic

field), will be added to Eq. (2) in the presence of magnetic

fields. Equations (1) and (2) are solved in terms of the

electric scalar potential V in the liquid and solid. More

details regarding the equations and corresponding bound-

ary conditions are described in Ref. [34]. With a fixed and

given solid/liquid interface, a commercial finite element

code COMSOL multiphysics is applied to solve this system

in the liquid and solid phases simultaneously. A prescribed

interface, as a heuristic model, qualitatively explains how

the TE current and TE magnetic convection are created.

The physical properties of GCr18Mo steel used in the

numerical simulation are given in Table 2 [35–37]. Fig-

ures 7, 8, 9 display the numerical simulation for the TE

magnetic effects in directionally solidified GCr18Mo steel

Fig. 4 Longitudinal solidification structures of GCr18Mo steel spec-

imen at growth speed of 5 lm/s and various temperature gradients

without and with 4 T axial static magnetic field
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under an axial static magnetic field. The geometry of the

computation domain of the solid/liquid interfaces is shown

in Fig. 7a. Figure 7b exhibits the corresponding typical

computed TE currents in the liquid near the solid/liquid

interface. It should be pointed out that the maximum

density of the TE current appears in the mushy region.

Figure 7c shows the general 3D view of the computed TE

magnetic convection under an axial static magnetic field of

2 T and a temperature gradient of 104 K/cm. To gain more

insight, the corresponding 2D views seen from the positive

Fig. 5 Longitudinal microstructures near liquid/solid interfaces of GCr18Mo steel specimen at growth speed of 5 lm/s and various temperature

gradients without and with 4 T axial static magnetic field
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z-axis at various positions are given in Fig. 7d. It is

worthwhile mentioning that the TE magnetic convection is

a typical circumfluence in the mushy zone. The distribution

of the TE magnetic convection in the x–z plane under the

104 K/cm temperature gradient is illustrated in Fig. 8. It

suggests that the TE magnetic convection mainly generates

in the mushy zone. The maximum value of the convection

intensity at the edge of the samples decreases with

increasing magnetic field intensity while the one in the

centre changes slightly. This result is consistent with the

observation of our previous studies [23, 38]. Moreover,

Fig. 9 plots the distribution of the computed TE magnetic

convection at various temperature gradients under the 4 T

axial static magnetic field. Notably, the convection inten-

sity increases as the temperature gradient increases under

the 4 T axial static magnetic field.

Fig. 6 Cr contents for radial profiles in solid at 20 mm from the solid/liquid interface (indicated by the graph on the left) fabricated under

temperature gradient of 104 K/cm with growth speeds of 10 lm/s a, 20 lm/s b

Table 2 Physical properties and

parameters in numerical

simulation

Name and symbol Unit Solid Liquid

Absolute thermoelectric power (S) V/K - 1 9 10-6 - 4 9 10-6

Dynamic viscosity (l) Pa s – 5.5 9 10-3

Electrical conductivity (r) (X m)-1 8.5 9 105 7.2 9 105

Density (q) Kg/m3 7.4 9 103 7.02 9 103

Thermal conductivity (k) W/(mK) 32.5 31.2
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5 Discussion

There is no denying that grain refinement in the absence of

inocculants results from fragmentation of dendritic struc-

tures existing in the mushy zone. On the one hand, the

fragments in various alloys may be produced by several

mechanisms such as ripening or recalescence, or via solute

remelting of the necks of individual dendrite arms. The

mechanical deformation from various sources (gravity,

buoyancy, liquid flow and external deformation) combined

with transgranular liquation cracking mechanisms may be

essential for grain fragmentation during solidification [39].

In our previous work [26], the value of the TE magnetic

force imposed on the dendrite as a function of the magnetic

field intensity (B) and temperature gradient (G) was studied

and can be written as:

FTE ¼ rlrsfl
rlfl þ rsfs

Ss � Slð ÞGB ð3Þ

where r, f and S are the electrical conductivity, phase

fraction and thermoelectric power, respectively. The sub-

scripts s and l are the solid and liquid phases, respectively.

The value of the TE magnetic force increases as the

magnetic field intensity and the temperature gradient

increase. In this work, for GCr18Mo steel, the magnitude

of the TE magnetic force under the 4 T magnetic field is of

order of 105 N/m3. The stress is induced by the TE mag-

netic force, localized into the root of the dendrite, as

another driving force for causing the dendrite to fragment

(Fig. 10).

On the other hand, numerous investigations have poin-

ted out that a pronounced decrease in grain size can be

Fig. 7 Numerical simulation for TE magnetic effects in directionally solidified GCr18Mo steel under a 2 T axial static magnetic field:

a geometry of computation domain; b computed TE current; c computed TE magnetic convection (c1, c2 and c3 show the direction and

magnitudes of computed TE magnetic convection in x–y plane at different positions in mushy zone)
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obtained with increasing intensity of forced convection in

the solidifying melt [27, 28]. Hellawell et al. [40] suggest

that the flow transports the fragments from the interden-

dritic spacing to the region ahead of the solidification front.

According to Hunt model [41], the advancing columnar

solidification front stops as soon as the concentration of the

equiaxed grains has reached a critical value. In the present

work, from the numerical and estimation results, potential

fragments of GCr18Mo steel originating from the mushy

zone can be transported to the undercooled zone at the

solidification front by TE magnetic convection (Fig. 10).

To illustrate how the structure evolves to form the final

grain structure shown in Figs. 2, 3, 4, 5, the schematic

illustrations of the grain structure at different growth stages

without and with the axial static magnetic field are shown

in Fig. 11. As shown in Fig. 11, the columnar dendrites

grow steadily and then finally form columnar grains

without the axial static magnetic field. When the axial

static magnetic field is applied, the fragments detach from

the primary dendrites. Then the TE magnetic convection

transports the fragments from the interdendritic spacing to

the region ahead of the solidification front. As solidification

progresses, these grain fragments grow up ahead of the

columnar dendrite tips. The advancing columnar solidifi-

cation front will be blocked as soon as the concentration of

the equiaxed crystals reaches a critical value. In this situ-

ation, most of the fragments tend to form new equiaxed

grains.

Fig. 8 Distribution of computed TE magnetic convection during directional solidification of GCr18Mo steel at various axial static magnetic field

intensities under temperature gradient of 104 K/cm

Fig. 9 Distribution of computed TE magnetic convection at various temperature gradients during directional solidification of GCr18Mo steel

under 4 T axial static magnetic field
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Fig. 10 Schematics for TE magnetic effects during directional solidification of alloys under an axial static magnetic field
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6 Conclusions

We investigated the effect of the axial static magnetic field

on the directional solidification structures of GCr18Mo

steel experimentally, and the results obtained are summa-

rized as follows:

1. A pronounced decrease in grain size can be achieved

with increasing intensity of magnetic field and tem-

perature gradient in the directionally solidifying

GCr18Mo steel. As a result, an equiaxed grain

structure appears at lower growth speeds. Such an

equiaxed grain structure is normally anticipated for

much higher growth speeds owing to the classical

CET.

2. The magnetic field can improve the uniformity of

composition distribution in the directionally solidify-

ing GCr18Mo steel. This result can explain the

influence of the axial static magnetic field on the grain

refinement of GCr18Mo steel in another way.

3. The above results may be caused by the TE magnetic

convection in the melt and the TE magnetic force

acting on the dendrite during directional solidification

under the magnetic field.

This work demonstrates a potential approach to obtain

grain refinement for the steel by applying an axial static

magnetic field through a generated forced TE magnetic

convection and TE magnetic force imposed on the

dendrite.
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