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Abstract
The 42 kg industrial H13 castings were prepared by different super-gravity fields with multi-rotation speeds, and the

distribution of oxide inclusions in the castings was studied. In addition, the inward movement Reynolds number and inward

movement time of oxide inclusions as well as the solidification time of molten steel at different positions in the castings

were calculated to clarify the removal mechanism of oxide inclusions in super-gravity field. The results show that the large

size (i.e., greater than 10 lm) oxide inclusions are mainly concentrated in the inner and outer parts of the super-gravity

castings with constant rotation speed (500 r min-1) and five-stage rotation speeds (500, 600, 750, 850, and 950 r min-1),

respectively, while there are no large oxide inclusions in the super-gravity castings with three-stage rotation speeds (500,

600, and 750 r min-1). Although an increase in the particle size of inclusion and the rotation speed in super-gravity field is

conducive to the increase in the inward movement Reynolds number of oxide inclusions and reduction in the inward

movement time of oxide inclusions, it will reduce the local solidification time of molten steel. In the range of the rotation

speed studied, the super-gravity field with three-stage rotation speeds has the best effect on the removal of inclusions in

H13 molten steel.
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1 Introduction

H13 die steel is widely used in extrusion, die casting, hot

forging, and other harsh working conditions, which require

it to have the characteristics of high strength, high tough-

ness, and high hardness at the same time [1, 2]. Oxide

inclusions have a direct hazard to the mechanical properties

of steel [3]. To eliminate this hazard, the removal of oxide

inclusions has always been an ongoing concern. Many

methods have been put forward to minimize the amount of

oxide inclusions including electroslag remelting [4, 5],

inclusion modification [6], gas stirring [7], ceramic filter

[8], bubbling [9], and electromagnetic purification [10, 11].

Although these methods can remove inclusions, they have

certain limitations for industrial production. For example,

electroslag remelting has high production cost and is only

suitable for producing high-end products [4]. Inclusion

modification may cause nozzle blockage [12]. Gas stirring

is only suitable for inclusions larger than 50 lm in size

[13]. The treatment efficiency of gas stirring is low, leading

to the difficulty in ensuring continuous production [14].

Therefore, it is necessary to develop the technology of

removing inclusions with low cost, high efficiency, and

strong operability.

As a process enhancement technology, super-gravity

technology has the advantages of low cost, strong oper-

ability, and no pollution, which is applied in chemical

process industry [15–17], electrochemical field [18, 19],

and metallurgical field. Generally, metallurgical melts

contain phases with different densities, and different phases
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can be separated or enriched under the action of super-

gravity [20]. For example, Zhao et al. [21] studied the

removal of impurity elements from aluminum melt with

super-gravity, which make impurity elements Fe and Si

segregate at the two ends of the sample along the direction

of super-gravity, respectively. With the development of

super-gravity technology in metallurgical field, the tech-

nology has been gradually used to the laboratory-scale

experiments of the removal of inclusions in molten metal.

Song et al. [22] studied the super-gravity separation of

SiO2 particles with a size of 50 lm from the aluminum

melt weighing 20 g, which shows that the degree of sep-

aration of inclusions and melt increases with the increase in

separation time. Li et al. [23] studied the separation of fine

Al2O3 inclusions with the size less than 1 lm from molten

steel weighing 300 g with super-gravity, and the effects of

different gravity coefficients and time on separating the

inclusions were investigated, which shows that the best

removal rate of inclusions is up to 95.6% under the con-

dition of gravity coefficient G = 80 and time t = 15 min.

These experimental results show that the removal of

inclusions in molten metal by super-gravity is feasible. It is

worth noting that the ingot mass in these laboratory-scale

experiments is small, and the cooling conditions during the

experiment can be controlled. Obviously, in the process of

industrial production for the removal of inclusions in

molten metal by super-gravity, the mass of small ingot and

the cooling condition during solidification cannot be

completely controlled. Therefore, the study on the distri-

bution mechanism of inclusions in industrial ingots solid-

ified in super-gravity field is conducive to promoting the

industrial application of the removal of inclusions in mol-

ten metal by super-gravity.

In this study, the super-gravity fields with different

rotation speeds were applied to the solidification process of

42 kg industrial castings. The distribution and size of non-

metallic inclusions in different castings were investigated.

Simultaneously, the removal mechanism of non-metallic

inclusions was discussed in terms of the movement tra-

jectory and movement time of oxide inclusions and the

solidification time of castings in super-gravity field.

2 Experimental details

The super-gravity H13 castings used in the study were

prepared in a steel plant in northern China. The experi-

mental process is shown in Fig. 1a and b. The molten metal

(42 kg) and slag (8 kg) were poured into a rotating mold

with a certain rotation speed. Here, the chemical compo-

sition of the slag is shown in Table 1. Before pouring, the

temperature of the mixture of molten steel and slag is

controlled in the range of 1650 ± 20 �C, which is

measured using an infrared thermometer (IR-HOH, Beijing

Duhelichuang Technology Co., Ltd., Beijing, China). The

mixtures of molten steel and slag were completely poured

into the mold within 10 s. Due to the density difference

between molten slag and molten steel, a small amount of

molten slag enters the mold in priority to the molten steel,

and the molten slag entering the mold in priority forms a

slag crust to prevent the adhesion of the casting and the

mold. Then, the mixture of molten slag and steel enters the

mold. Under the action of super-gravity, the centrifugal

speed of the molten steel is greater than that of the molten

slag, which causes the molten slag easy to accumulate to

the center of rotation. Finally, the remaining molten slag is

poured into the mold. Since the temperature of the molten

slag is higher than that of the molten steel, a solidification

field with high center temperature and low edge tempera-

ture is formed in the mold. Therefore, the shrinkage cavity

in the casting can be supplemented in time to ensure the

compactness of the casting. The solidified casting is shown

in Fig. 1c.

Before super-gravity solidification, the content of the

main elements in the steel was measured using a spark-

optical emission spectrometer, and the contents of oxygen

and nitrogen in the steel were analyzed with an oxygen and

nitrogen hydrogen analyzer (TCH600, LECO, San Jose,

CA, USA). The chemical composition control range of the

sample is listed in Table 2. In order to determine the effect

Fig. 1 Schematic diagram of super-gravity solidification experiment

process. aMolten steel and slag are poured into mold; b super-gravity

casting is solidifying; c solidified super-gravity casting

Table 1 Chemical composition of slag (wt.%)

CaO SiO2 MgO Al2O3 CaF2

8.2 4.0 18.3 8.2 61.3
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of rotation speed of super-gravity field on the size and

quantity of oxide inclusions and prevent other experimental

conditions from interfering with the statistical results, the

oxygen content in molten steel before super-gravity solid-

ification was controlled within (38 ± 2) 9 10-6. The

experimental parameters of the super-gravity experiments

with different rotation speeds are shown in Table 3.

The total oxygen content at each position along the

super-gravity direction on the cross section of the casting

was analyzed, and the sampling position is shown in the

blue square in Fig. 2. According to the oxygen content of

sample at different positions on the cross section of dif-

ferent castings (see Sect. 3.2), the analysis position of

oxide inclusions can be determined as shown by the black

arrows in Fig. 2. The morphology of oxide inclusions was

observed on a Geminisem 500 field emission scanning

electron microscope, and the size and the number of the

oxide inclusions in a square area with dimensions of

4 mm 9 4 mm in the samples were analyzed with a ZEISS

EVO18 scanning electron microscope (SEM) equipped

with an ASPEX system.

3 Results

3.1 Types of oxide inclusions

H13 die steel is a medium-carbon alloy steel, and the

alloying elements in the steel are easily combined with C,

N, and O to generate oxides, carbonitrides, and carbides.

The oxides are mainly magnesia–alumina spinel and

magnesium oxide, as shown in Fig. 3a and b. Since the

formation temperature of MgO is higher than that of (Ti,

V) C, N, the phenomenon that MgO is surrounded by (Ti,

V)C,N appears in Fig. 3b.

3.2 Size distribution of oxide inclusions

With the oxygen content in the molten steel being con-

trolled within (38 ± 2) 9 10-6, it is considered that the

change of oxygen content in H13 castings is caused by the

distribution of oxygen inclusions. Therefore, the statistical

analysis position of oxide inclusion size distribution can be

determined according to the oxygen content at each

position.

3.2.1 Determination of analysis position of oxide inclusions
in H13 castings

After solidification in the super-gravity field, the oxygen

content at each position of castings A, B, and C is shown in

Fig. 4. When the rotation radius is equal to 0.220 m, the

oxygen content in the three castings is basically the same,

and its value is about 40 9 10-6. The reason is that a small

amount of molten steel will cool rapidly after entering the

casting mold, resulting in the solidification of molten steel

before the oxide inclusions in the molten steel are removed.

Table 2 Chemical composition control range of H13 die steel (wt.%)

C Si Mn Cr Mo V O N Fe

0.46–0.51 0.8–0.9 0.3 4.5–4.6 1.2–1.4 0.9–1.0 B 0.004 B 0.012 Balance

Table 3 Rotation speed and time of each stage during super-gravity solidification

Casting First stage Second stage Third stage Fourth stage Fifth stage

Speed/(r

min-1)

Time/

min

Speed/(r

min-1)

Time/

min

Speed/(r

min-1)

Time/

min

Speed/(r

min-1)

Time/

min

Speed/(r

min-1)

Time/

min

A 500 8.2

B 500 0.2 600 4 750 4

C 500 0.2 600 2 750 2 850 2 950 2

Fig. 2 Schematic diagram of sampling location for analysis of total

oxygen content and oxide inclusions
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When the rotation radius is in the range of 0.185–0.225 m,

with the decrease in the rotation radius, the total oxygen

content at each position of castings A and C fluctuates in

the range of 40 9 10-6–60 9 10-6; when the rotation

radius is in the range of 0.170–0.185 m, the total oxygen

content at each position of castings A and C increases with

the decrease in rotation radius. When the rotation radius is

in the range of 0.170–0.225 m, the total oxygen content at

each position of casting B decreases with the decrease in

rotation radius. Based on the above analysis, three posi-

tions where rotation radius is equal to 0.21, 0.19, and

0.17 m, namely the outer, middle, and inner positions, are

selected to analyze the influence of super-gravity on the

size and quantity of oxide inclusions.

3.2.2 Statistics on size and quantity of oxide inclusions
in H13 castings

The characteristics of oxide inclusions in the outer, middle,

and inner positions of castings A, B, and C were counted

using an INCA particle automatic analysis system. The

selected scanning area is 4 mm 9 4 mm, and the minimum

length of statistical oxide inclusion is 1 lm.

The quantity and total area of oxide inclusions at the

outer, middle, and inner positions of castings A, B, and C

are shown in Fig. 5. It can be seen from Fig. 5a that the

relationship between the quantity of oxide inclusions in

castings A, B, and C and the rotation radius is different.

With the decrease in rotation radius, the quantity of oxide

inclusions in castings A and B decreases, while the quantity

of oxide inclusions in casting C first increases and then

decreases slightly. In combination with Fig. 4, it can be

found that the variation trend of the quantity of oxide

inclusions with the rotation radius is inconsistent with that

of the total oxygen content with the rotation radius.

Therefore, the quantity of oxide inclusions is not the direct

reason affecting the total oxygen content. Figure 5b shows

the relationship between the area occupied by oxide

inclusions and the rotation radius in castings A, B, and C. It

can be seen that in castings A and C, the area occupied by

the outer and middle oxide inclusions is basically the same,

while the area occupied by the inner oxide inclusions

increases significantly. The area occupied by oxide inclu-

sions at the outer, middle, and inner positions of casting B

decreases in turn. The statistical results are consistent with

the variation trend of total oxygen content with rotation

radius, indicating that the difference in the size of oxide

inclusions at each position is the direct reason for the dif-

ference in total oxygen content.

The size and quantity distribution of oxide inclusions in

castings A, B, and C are shown in Fig. 6. It can be seen that

in the three castings, the proportion of oxide inclusions

with a length of less than 10 lm can exceed 80%. At the

outer position of the castings, the proportion of oxide

inclusions with a length greater than 10 lm in castings A

and C is less than 10%, while the proportion of oxide

inclusions with a length greater than 5 lm in casting B is

less than 10%. At the middle position of the castings, the

Fig. 3 Types of oxide inclusions in H13 castings under super-gravity field with multi-rotation speeds. aMagnesia–aluminum spinel; b composite

inclusions of MgO and (Ti, V)C,N
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length of oxide inclusions in castings A, B, and C is all less

than 10 lm, and the oxide inclusions with a length of less

than 5 lm in casting B account for the highest proportion,

which exceeds 85%. At the inner position of the castings,

the proportion of oxide inclusions with a length greater

than 10 lm in castings A and C is more than 15%, and the

proportion of oxide inclusions with a length greater than

5 lm in casting B is less than 20%.

The size distribution of oxide inclusions at the outer

position of castings A, B, and C is shown in Fig. 6a and b.

The length of oxide inclusions in casting A is concentrated

in the range of 5–10 lm, and the quantity of oxide inclu-

sions in this length range is 11, which accounts for 70%.

The length of oxide inclusions in casting B is concentrated

in the range of 2–5 lm, and the quantity of oxide inclu-

sions in this length range is 28, which accounts for 75%.

The length of oxide inclusions in casting C is concentrated

in the range of 2–10 lm, of which there are 12 oxide

inclusions with lengths ranging from 2–5 and 5–10 lm,

each accounting for 40%. In summary, it can be shown that

at the outer position of the castings, compared with cast-

ings A and C, although the quantity of oxide inclusions in

casting B is larger, the size is smaller.

The size distribution of oxide inclusions at the middle

position of castings A, B, and C is shown in Fig. 6c and d.

The length of oxide inclusions in casting A is concentrated

in the range of 2–10 lm, of which there are 10 oxide

inclusions with lengths ranging from 2–5 and 5–10 lm,

each accounting for 50%. The length of oxide inclusions in

casting B is concentrated in the range of 1–2 lm, and the

quantity of oxide inclusions in this length range is 18,

which accounts for 65%. The length of oxide inclusions in

casting C is concentrated in the range of 2–5 lm, and the

quantity of oxide inclusions in this length range is 31,

which accounts for 70%. In summary, it can be shown that

at the middle position of the castings, the oxide inclusions

in casting B are less in quantity and smaller in size com-

pared with castings A and C.

The size distribution of oxide inclusions at the inner

position of castings A, B, and C is shown in Fig. 6e and f.

50% of the oxide inclusions in casting A are concentrated

in the length of 5–10 lm, and the length of oxide inclu-

sions larger than 10 lm accounts for 20%. The length of

oxide inclusions in casting B is concentrated in the range of

2–5 lm, and the quantity of oxide inclusions in this length

range is 11, which accounts for 65%. In addition, the

maximum length range of oxide inclusions in casting B is

5–10 lm, which only accounts for 10%. 70% of the oxide

inclusions in casting C are concentrated in the length of

5–10 lm, and the length of oxide inclusions larger than

10 lm accounts for about 20%. In summary, it can be

shown that at the inner position of the castings, the oxide

inclusions in casting B are less in quantity and smaller in

size compared with castings A and C.

Previous studies have shown that the removal rate of

oxide inclusion is positively correlated with the super-

gravity coefficient, that is, a large super-gravity coefficient

is beneficial to the removal of inclusions [24]. The defi-

nition of the super-gravity coefficient [25, 26] is given in

Eq. (1).

G ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2 þ ðx2RÞ2
q

g
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2 þ N2p2R
900

� �2
q

g
ð1Þ

where x is the angular speed, rad/s; N is the rotation speed,

r/min; R is the distance between the center of rotation and

the observation position (i.e., rotation radius), m; and g is

the normal gravitational acceleration, g = 9.8 m/s2.

According to Eq. (1), it can be found that when the

observation position is the same, the super-gravity coeffi-

cient of casting C is the largest. However, according to the

statistical results on the size distribution at the outer,
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middle, and inner position of castings A, B, and C, it can be

found that the quantity and size of oxide inclusions in

casting B are the least. Obviously, the research results are

inconsistent with those of previous studies. Therefore, the

influence mechanism of super-gravity on the distribution of

oxide inclusions under the experimental conditions of this

study will be discussed below.

4 Discussion

As a method to remove oxide inclusion in molten steel,

super-gravity metallurgy has attracted the attention of

metallurgical scholars. Previous studies have conducted a

large number of laboratory simulation experiments on the

removal mechanism of oxide inclusion by super-gravity

[22, 24]. The super-gravity solidification castings in these

simulation experiments are small in size, and the cooling
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rate in the solidification process can be well controlled.

However, in the industrial production process of super-

gravity castings, it is difficult to control the cooling rate of

solidification process. Therefore, the mechanism of super-

gravity purification of molten steel in industrial process is

different from that in laboratory-scale experiments. In this

section, the distribution mechanism of oxide inclusions in

the castings under different super-gravity solidification

conditions was discussed from four aspects: (i) the for-

mation temperature of oxide inclusions, (ii) the flow state

of oxide inclusions in molten steel, (iii) the removal time of

oxide inclusions, and (iv) the solidification time of molten

steel.

4.1 Theoretical formation temperature of oxide
inclusions

The relationship between the formation Gibbs free energy

of possible oxide inclusions in the castings and the molten

steel temperature is shown in Fig. 7. The liquidus tem-

perature of H13 casting is 1470 �C, and thus, the calcula-

tion range of molten steel temperature is set as

1470–2100 �C. In this temperature range, the formation

Gibbs free energy of oxide inclusion decreases with the

decrease in molten steel temperature. And only the for-

mation Gibbs free energy of MgO and Al2O3 has an

intersection with the dotted line, where DG is equal to 0,

and the corresponding formation temperatures are 1705

and 1600 �C, respectively, indicating that only MgO and

Al2O3 are formed in the liquid phase.

4.2 Flow state of oxide inclusions in molten steel

The densities of MgO and Al2O3 inclusions are 3.58 and

3.97 g cm-3, respectively, which are less than the density

of molten steel [27]. Under the action of super-gravity,

oxide inclusions and molten steel will produce two dif-

ferent movement speeds. Each casting is located in the

super-gravity field with different rotation parameters, and

the centrifugal force on the oxide inclusion in each casting

and the centrifugal force on the molten steel are also dif-

ferent, which leads to the inward movement of the oxide

inclusion relative to the molten steel.

In the solidification process of super-gravity field, the

inward movement state of oxide inclusion includes the

inward movement of oxide inclusion itself, the collision

between oxide inclusions, and the adsorption of oxide

inclusion by the wall [28], in which the mutual collision

and agglomeration growth between oxide inclusions are the

main way for the inward movement of oxide inclusions

[29]. Previous research results show that the turbulent shear

collision of oxide inclusions is the main collision mode of

oxide inclusions [30], which is closely related to the flow

state of molten steel.

Figure 8 shows the collision and agglomeration mode of

oxide inclusions under different flow states of molten steel.

The black line circle on the outside in Fig. 8 represents the

mold, and the arrow on the black line circle represents the

rotation direction of the mold. The red dotted line repre-

sents the pure molten steel after slag–steel separation, and

the red dotted line and orange ring represent the mixture of

molten slag and molten steel. The red arrow and black

arrow represent the direction of centrifugal force on the

molten steel and oxide inclusions, respectively. The black

solid line circle indicates the starting position of oxide

inclusion, the black dotted circle with arrow indicates the

oxide inclusion during movement, and the black dotted

circle indicates the oxide inclusion after movement. Fig-

ure 8a shows the collision mode of oxide inclusions in

laminar flow. It can be seen that the movement of molten

steel and slag is regular, the flow is layered, and the

rotating flow trajectory is smooth. Under the action of

centrifugal force, some oxide inclusions collide and grow

up, and orderly gather in the center of the centrifugal circle,

so as to enter the slag and purify the molten steel. Com-

pared with Fig. 8a, the molten steel and slag in Fig. 8b are

in a transitional flow state between laminar flow and tur-

bulence, and the trajectory of rotating flow fluctuates

slightly. Under this interference, the collision between

oxide inclusions intensifies, which strengthens the purifi-

cation effect of super-gravity on molten steel. The molten

steel and slag in Fig. 8c are in a turbulent state. In this

state, the flow of molten steel and slag is very irregular.

Affected by the turbulent shear force, the oxide inclusions

are more likely to collide and move into the slag, so as to

purify the molten steel.

In the super-gravity field, Reynolds number (Re) is an

important parameter to judge the inward movement state of

oxide inclusion, and its expression is shown in Eq. (2)

[31, 32].
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Re ¼ du

g
ð2Þ

where d is the diameter of oxide inclusion, m; g is the

dynamic viscosity of molten steel, with a value of

8 9 10-7 m2 s-1; and u is the separation velocity of oxide

inclusions, m s-1.

In the solidification process of super-gravity field, the

separation speed of oxide inclusions is affected by the

density difference between molten steel and oxide inclu-

sions. Under the super-gravity experimental conditions in

this study, the super-gravity is much greater than the

resultant force of the oxide inclusion’s own gravity and the

buoyancy force, and thus, the effect of the resultant force

on the motion trajectory of the oxide inclusion is ignored in

this study. In addition, uncommon forces such as pressure

gradient force, Brown force, and Basset force are also

ignored [33]. Therefore, this study considers that the oxide

inclusions move in a straight line from the outer edge of the

casting to the rotation center, and the motion rule of the

oxide inclusions in molten steel follows Stokes formula

[34, 35], as shown in Eq. (3).

u0 ¼ d2ðqm � qsÞ
18g

x2r ð3Þ

where u0 is the movement rate of oxide inclusion in molten

steel under the action of super-gravity; qm is the density of

molten steel, which is 7.1 9 103 kg m-3; qs is the density

of inclusions. Since the density of MgO inclusions is

similar to that of Al2O3 inclusions, the density of Al2O3

inclusions is selected for theoretical calculation, and qs is
3.97 9 103 kg m-3; and r is the distance between the

oxide inclusion and the rotation center, m.

The relationship between Reynolds number and rotation

radius of inward movement of oxide inclusions with dif-

ferent particle sizes in castings A, B, and C is shown in

Fig. 9. According to the Reynolds number, the flow state

can be divided into three types [36]. Among them, when

Re\ 2300, the flow is laminar, as shown in the gray area

in Fig. 9; when Re[ 4000, the flow is turbulent, as shown

in the yellow area in Fig. 9; when 2300\Re\ 4000, the

flow is transitional, as shown in purple in Fig. 9. For

casting A, it can be seen from Fig. 9a that when the rota-

tion radius is constant, the Reynolds number of the inward

movement of the oxide inclusion increases with the

increase in the diameter of the oxide inclusion; when the

particle size of oxide inclusion is constant, the Reynolds

number of the inward movement decreases with the

decrease in the rotation radius of oxide inclusion. Com-

pared with large-size oxide inclusions, the rotation radius

of small-size oxide inclusions has little effect on the Rey-

nolds number. In addition, in casting A, when the rotation

radius is greater than 0.2 m, only the oxide inclusions with

a particle size greater than 20 lm are in a turbulent state;

oxide inclusions with a particle size less than 15 lm are in

a laminar flow state. Figure 9b shows the relationship

between Reynolds number and rotation radius of inward

movement of oxide inclusions with different particle sizes

in casting B. Compared with casting A, the rotation speed

of casting B in the super-gravity field increases stepwise.

Therefore, when the particle size of oxide inclusions is

constant, the Reynolds number changes nonlinearly with

the rotation radius. However, when the rotation radius is

constant, the Reynolds number of the inward movement

increases with the increase in the particle size of oxide

inclusions. In addition, oxide inclusions with a particle size

of 5 and 10 lm in casting B are in a laminar flow state,

oxide inclusions with a particle size of 15 lm are in a

transitional flow state, and oxide inclusions with a particle

size of 20 lm are in a turbulent flow state. The relationship

between Reynolds number and rotation radius of inward

movement of oxide inclusions with different particle sizes

in casting C is similar to that in casting B, as shown in

Fig. 9c. When the rotation radius is the same, the Reynolds

number of oxide inclusions with particle size of 15 and

20 lm in casting C is greater than that of casting B, and the

Reynolds number is greater than 4000, which is in a tur-

bulent state.

In summary, from the perspective of the flow state of

oxide inclusions in molten steel, it can be found that

increasing the particle size of oxide inclusions and the

Fig. 8 Schematic diagram of motion trajectory of oxide inclusion under different flow states. a Steady flow; b transition flow; c turbulence
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rotation speed in super-gravity field is beneficial to the

removal of oxide inclusions. If only from this perspective,

the removal effect of oxide inclusions in casting A is the

worst, and the removal effect of oxide inclusions in casting

C is the best. However, this conclusion is inconsistent with

the statistical results in Fig. 6. Therefore, in addition to the

flow state of oxide inclusions in molten steel, there are

other factors that affect the removal effect of oxide

inclusions.

4.3 Comparison between solidification time
of molten steel and inward movement time
of oxide inclusions

The solidification time of molten steel and the inward

movement time of oxide inclusions are also important

factors affecting the number of oxide inclusions in steel. In

the experimental process of this study, a small amount of

slag first enters the super-gravity field, the mixture of slag

and molten steel then enters the super-gravity field, and the

slag at the bottom of the ladle finally enters the super-

gravity field. A small amount of molten slag rapidly

solidifies in the super-gravity field to form a slag crust.

Because there is a certain density difference between

molten slag and molten steel, the molten slag moves cen-

tripetally relative to molten steel under the action of super-

gravity. Therefore, a large amount of molten slag moves to

the center of the super-gravity field, while a large amount

of molten steel moves to the outside of the super-gravity

field, which forms a super-gravity field with high center

temperature and low edge temperature. And the solidifi-

cation time of molten steel at each position in the super-

gravity field is different. In order to simplify the calculation

process, the molten steel with a thickness of 2 mm is taken

as the research object, as shown in Fig. 10a. Assuming that

the initial position of the oxide inclusions is on the outside,

under the action of super-gravity, the time required for the

oxide inclusions to move inward to the inside of 2 mm

thick molten steel is called the inward movement time of

the oxide inclusions, and the solidification time of 2 mm

thick molten steel is called the solidification time of molten

steel. When the solidification time of the molten steel is

greater than the inward movement time of oxide inclusions,

the oxide inclusions can completely move inward, and the

oxide inclusions are removed at this time, as shown in

Fig. 10b. When the solidification time of the molten steel is

less than the inward movement time of the oxide inclu-

sions, the oxide inclusions cannot completely move inward

from the molten steel. At this time, the oxide inclusions are

solidified in the steel and cannot be removed, as shown in

Fig. 10c.

According to previous research, the relationship

between secondary dendrite spacing of H13 steel and local

cooling rate can be expressed by Eq. (4) [37].

k2¼175:4R�0:322
C ð4Þ

where k2 is the secondary dendrite spacing, lm; and RC is

the local cooling rate, �C min-1.

Since the secondary dendrite spacing at each position is

different, the local cooling rate at each position in the

super-gravity casting can be calculated according to

Eq. (4). Therefore, the solidification time of molten steel

tsolidify can be expressed by Eq. (5).

tsolidify ¼
Tj � T0:5 s

RC

ð5Þ

where Tj is the casting temperature of molten steel, which

is 1520 �C; since the oxide inclusion is difficult to move

inward when the solid fraction in molten steel exceeds 50%

[24], the solidification temperature is determined as the

molten steel temperature when the solid fraction is 50%,

which is recorded as T0.5 s. According to Ref. [38], the

value of T0.5 s is set as 1430 �C.
Combining Eqs. (4) and (5), Eq. (6) can be obtained.

tsolidify ¼
90

k2
175:4

� ��3:11
ð6Þ

Fig. 9 Relationship between inward movement Reynolds number of oxide inclusions with different particle sizes and rotation radii in castings.

a Casting A; b casting B; c casting C
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Combined with the statistical results of secondary den-

drite spacing at different positions of different tool rings (as

shown in Fig. 6a in Ref. [38]), the solidification time of the

molten steel at each position in castings A, B, and C can be

calculated, as shown in Fig. 11.

It can be seen from Fig. 11 that the solidification time of

the molten steel in casting A increases with the decrease in

the rotation radius. When the rotation radius is in the range

of 0.185–0.225 m, the solidification time of the molten

steel in casting B is basically the same as that in casting A,

while the solidification time of the molten steel in casting B

is less than that in casting A when the rotation radius is in

the range of 0.155–0.185 m. Compared with castings A

and B, the solidification time of the molten steel in casting

C is shorter in the range of 0.155–0.210 m. The calculation

results show that the solidification time of the molten steel

in casting A is the longest, which provides favorable con-

ditions for the inward movement of oxide inclusions.

In addition to the solidification time of molten steel, the

distribution of oxide inclusions in super-gravity casting is

also affected by the inward movement time (tremove) of

oxide inclusions. The calculation of tremove can be expres-

sed by Eq. (7).

dR

dtremove

¼ u0 ð7Þ

Combining Eqs. (3) and (7), Eq. (8) can be obtained.

dR

dtremove

¼ d2ðqm � qsÞ
18g

x2r ð8Þ

Simplifying Eq. (8), Eq. (9) can be obtained.

tremove ¼
900� 18g

d2ðqm � qsÞp2N2
ln

R

R� 0:002
ð9Þ

The inward movement time of oxide inclusions with

different particle sizes in castings A, B, and C can be

calculated by using Eq. (9), and the results are shown in

Fig. 12.

The difference (tD) between the solidification time of

molten steel and the inward movement time of oxide

inclusions with different particle sizes is an important

index indicating whether the oxide inclusions can be

completely inwardly moved, as shown in Eq. (10).

tD ¼ tsolidify � tremove ð10Þ

If tD is greater than zero, it means that the oxide

inclusions can be completely removed before the molten

steel is completely solidified, and the molten steel begins to

solidify, which means that the molten steel can be com-

pletely purified. If tD is less than zero, it means that the

molten steel has solidified before the movement of oxide

inclusions is completed, which means that the oxide

inclusions have not been completely removed and the

molten steel has not been effectively purified. According to

Eq. (10), the time difference between the solidification

time of molten steel at different positions in castings and

the inward movement time of oxide inclusions with dif-

ferent particle sizes can be calculated, and the results are

shown in Fig. 13.

At tD = 0, there is a zero-tick mark. The point above the

zero-tick mark indicates that the oxide inclusion can be

completely moved inward, and the point below the zero-

tick mark indicates that the oxide inclusion cannot be

Fig. 10 Inward movement of oxide inclusions under different

solidification time. a Molten steel has not yet solidified; b solidifica-

tion time of molten steel is greater than inward movement time of

oxide inclusions; c solidification time of molten steel is less than

inward movement time of oxide inclusions

Fig. 11 Solidification time of molten steel at each position in castings

A, B, and C
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completely moved inward. In casting A, the inward

movement effect of oxide inclusion increases with the

decrease in rotation radius, and the oxide inclusions with

particle sizes of 20, 15, and 10 lm can be effectively

moved inward in the range of 0.155 m\R\ 0.205 m,

0.155 m\R\ 0.196 m and 0.155 m\R\ 0.177 m,

respectively, while the oxide inclusions with a particle size

of 5 lm cannot be completely moved inward, as shown in

Fig. 13a.

As the super-gravity field rotation speed of casting B

gradually increases, the inward movement effect of oxide

inclusions in casting B changes with the decrease in the

rotation radius. In the range of 0.155 m\R\ 0.179 m

and 0.186 m\R\ 0.225 m, the inward movement effect

of oxide inclusions increases with the decrease in the

rotation radius, while in the range of 0.179 m\R\
0.186 m, the inward movement effect of oxide inclusions

decreases with the decrease in the rotation radius, as shown

in Fig. 13b. Compared with the casting A, the effective

inward movement range of oxide inclusions in casting B is

significantly increased. The oxide inclusions with particle

sizes of 20, 15, 10, and 5 lm can be effectively moved

inward in the range of 0.155 m\R\ 0.209 m,

0.155 m\R\ 0.205 m, 0.155 m\R\ 0.197 m, and

0.155 m\R\ 0.165 m, respectively.

Compared with the castings A and B, the effective

inward movement range of oxide inclusions in casting C is

the smallest. As shown in Fig. 13c, the oxide inclusions

with particle sizes of 20, 15, and 10 lm can be effectively

moved inward in the range of 0.155 m\R\ 0.193 m,

0.155 m\R\ 0.191 m, and 0.155 m\R\ 0.165 m and

0.172 m\R\ 0.179 m, respectively, while the oxide

inclusions with a particle size of 5 lm cannot be com-

pletely moved inward.

The theoretical analysis results show that among the

three castings A, B, and C, the effective inward movement

range of oxide inclusions in casting B is the largest, and the

purification effect of molten steel is the best. This result is

consistent with the statistical results of oxide inclusions in

castings A, B, and C. In addition, it can be seen from the

analysis results that for any casting, the inward movement

effect of oxide inclusions on the inside of the casting is the

best among the three analysis positions, which is incon-

sistent with the statistical results in Fig. 6. The reason is

that although the tD value inside the casting is large, the Re

value is relatively small, which is not conducive to the

collision and growth of oxide inclusions, resulting in the

number of oxide inclusions at the inner positions of the

casting greater than that in the middle positions of the

casting. In summary, the distribution of oxide inclusions in

Fig. 12 Inward movement time of oxide inclusions with different particle sizes in castings. a Casting A; b casting B; c casting C

Fig. 13 Time difference between solidification time of molten steel at different positions in castings and inward movement time of oxide

inclusions with different particle sizes. a Casting A; b casting B; c casting C
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super-gravity castings is affected by the movement state of

oxide inclusions in molten steel, the solidification time of

molten steel, and the inward movement time of oxide

inclusions.

5 Conclusions

1. In the range of 0.185 m\R\ 0.225 m, the total

oxygen content at each position in the super-gravity

castings with constant rotation speed and five-stage

rotation speeds fluctuates within the range of

40 9 10-6–60 9 10-6. In the range of 0.170 m\
R\ 0.185 m, the total oxygen content in the super-

gravity castings with constant rotation speed and five-

stage rotation speeds increases with the decrease in the

rotation radius. In the range of 0.170 m\R\ 0.225

m, the total oxygen content at each position in super-

gravity casting with three-stage rotation speeds

decreases with the decrease in the rotation radius.

2. The oxide inclusions with a particle size greater than

10 lm are mainly concentrated at the inner and outer

positions in the super-gravity casting with constant

rotation speed and five-stage rotation speeds, and the

number of oxide inclusions with a particle size greater

than 10 lm at the inner position is greater than that at

the outer position. At the inner position in the super-

gravity casting with constant rotation speed and five-

stage rotation speeds, the number of oxide inclusions

with a particle size greater than 10 lm is 11 and 12,

accounting for 18% and 16%, respectively. There is no

oxide inclusion with a particle size greater than 10 lm
at the outer, middle, and inner positions of the super-

gravity casting with three-stage rotation speeds.

3. An increase in the particle size of oxide inclusion and

rotation speed in super-gravity field is conducive to the

collision and growth of oxide inclusions in molten

steel, thereby shortening the inward movement time of

oxide inclusions. However, increasing the rotation

speed in the super-gravity field shortens the solidifica-

tion time of molten steel, which is not conducive to the

inward movement of oxide inclusions. Therefore, in

the rotation speed range of the super-gravity field

studied in this paper, the composite super-gravity field

with three-stage rotation speeds has the best effect on

the removal of oxide inclusions in molten steel.
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