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A heat transfer and solidification model based on the finite element method, validated
by pin-shooting tests was created to predict the end-of-solidification state of various steel
grades. Based on model and factory tests, favorable FEMS (Final Electromagnetic Stirring)
modes have been determined, implemented for the best internal quality of bloom castings,
in accordance with the solid fraction. The results show that the FEMS can play an obvious
role in driving the residual melt and equiaxed grains in the direction of circular stirring if
implemented correctly. It has been established that under optimal conditions for the implemen-
tation of FEMS, the central solid fraction should be in the range from 0 to 0.2 (°C/°C) to
significantly improve the internal quality of the studied steel grades.

Keywords: implemented positions; FEMS (Final Electromagnetic Stirring); solid frac-
tion; combination stirring; continuous casting bloom

JlocuinskeHHA BINIMBY €JEKTPOMATHITHOTO NepeMillyBaHHA HA SKICTH 3aTBEpIiHHA PO3-
niaasy 3a 6GeanepepsHoro ymurTa. Yujun Li and Yihong Xu
Mopenps Temnmomepegaui Ta saTBepAiHHA, 3acHOBaHA HA MeTOJl KiHIIeBUX eJIeMeHTIB,
mifTBepAiKeHa BUIPOOYBAHHAMU 3 CTPUIKHEM TIOJKHU, OyJa CTBOPEHa [JIA IPOTHO3YBAHHS
CTaHy KIiHITeBOTO 3aTBepAiHHA DPis8HUX Mapok crarni. Ha ocHOBI MomenbHUX Ta 3aBOACBHKUX
BUnpobyBaHb Oyau BusHaueHi ymoBu peanisariii esexTpomaruitTHoro BmauBy (FEMS) na
posuiaB A Kpaloi BHYTPIMTHLOI AKoCTi BUNIMBKIB GatoMiB y TBepaiti dpaxriiii. Pesynsratnu
nokasywrb, o FEMS moske BimirpaBaTu BaKJIMBY pPOJIb y PyCl BaMIIKOBOrO POSIIABY Ta
PiBHOOCHUX 3epeH y HANIPAMKY KPYTOBOTO IlepeMiITyBaHHSA, SKIIO BiH KOPEKTHO peasisoBa-
Huii. BeramoBmeHo, 1o IjeHTpanbHa TBepZa (pakilia B oNTUMAJILHNX yMoBax peanisartil
FEMS moBunna 6ytu B miamasomi Bimx 0 mo 0,2 (OC/OC), 10 JOIIJMBHUM [IJS 3HAYHOTO
IoJinIeHHA BHYTPiMIEBOl AKOCTI Mapok craii, 1Mo ZOCHimKyoThHCA.
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1.Introduction

Electromagnetic Stirring (EMS) during
bloom continuous casting is a key technique
for improving the internal quality such as
eliminating or reducing macrosegregation,
porosity as well as shrinkage cavity. There
are many variations of EMS methods ac-
cording to their location on the strand,
namely, in-mold stirring (MEMS), in-strand
stirring (SEMS) using EMS under the mold,
final mixing (FEMS) with EMS installation
at the bottom of the secondary cooling zone
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end of the crater and combined mixing
using at least two EMS [1-3].

It is well known that the effect of FEMS
on reducing macrosegregation varies signifi-
cantly depending on the coil current, mix-
ing frequency and time or implemented po-
sitions. First of all, determining the loca-
tion of the FEMS in the continuous casting
bloom is the most important for obtaining
the best metallurgical result. The implemen-
tation at too early or late stage of solidifi-
cation cannot effectively improve the prop-
erties of the axial portion. When designing
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Table 1. Chemical composition of steels, wt-%

Grade c Si Mn P S Cr Mo Ti Al
20CrMnTi 0.20 0.20 0.90 0.018 0.008 1.13 0.06 0.025
42CrMoA 0.42 0.25 0.65 0.018 0.007 1.0 0.18 0.025

GCrlb 1.0 0.25 0.35 0.018 0.007 1.50 0.020

a caster, the appropriate FEMS implementa-
tion conditions should been taken into con-
sideration to match the casting process pa-
rameters such as casting speed, steel grades
and strand section.

Based on the ingot tests, Mizukami et al.
observed that the optimal moment for the
implementation of FEMS should be immedi-
ately after the proportion of the solid is 0.1
in the center of the casting [4]. However,
Oh and Chang indicated that the optimum
thickness of the stirring pool at FEMS was
determined to be 70, 54 and 30mm for the
CC Blooms of P70, S82 and SU2 steel and
65 and 55mm for the S30 and S72 steel
billets, respectively [5]. Sun et al. suggested
that the optimal solidification ratio at the
F-EMS for steel of GCrl15, steel of 40Cr and
steel of 50Mn were 72%, 68% and 75.05%,
respectively [6]. In conclusion, there are
three viewpoints about the favorable imple-
mentation conditions for FEMS as follows:

(1) The suitable implementation condi-
tions for FEMS should be determined by the
center solid fraction of 0.1.

(2) The optimum implementation condi-
tions for FEMS should be determined by the
solidification ratio ranged from 0.60 to 0.80.

(3) The favorable implementation condi-
tions for FEMS should be based on the lig-
uid pool thickness or the diameter of resid-
ual melt.

So far, the optimal conditions for the
implementation of FEMS have not yet been
clarified although the combined mixing
method is widely used in many casters
around the world. It follows from the pre-
vious study that the values of suitable lig-
uid bath thickness, which determine the
conditions for the implementation of FEMS,
differ depending on the cross-sectional di-
mensions, and steel grades are less impor-
tant for improving internal quality. The
center solid fraction or the solidification
ratio for the determination of the suitable
conditions for the implementation of FEMS
is still controversial. In particular, the
FEMS implementation conditions are diffi-
cult to maintain at the 0.1 solids due to
different continuous casting conditions. In
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addition, the performance of the FEMS is
usually unsteady in steel plants due to con-
fusion with the above concepts for the de-
scription of the solidification state of the
strand crater end, especially, for steels with
widely different solidification zone or
mushy center state.

In the paper, a finite element model of
heat transfer and solidification has been de-
veloped and validated by pin-shooting test
[7] to predict temperature profile and solidi-
fication progress for a typical special steel
bloom caster. Particular attention is paid to
the identification of different states of final
solidification for different steel grades with
different solidification zones.

In the present work, one low-carbon spe-
cial steel, one middle carbon special steel
and one high carbon special steel, in which
the defects of macrosegregation remain un-
solvable in production, are adopted in a
simulation analysis to optimize their FEMS
practices. The main chemical difference be-
tween these steels is the carbon content,
namely, C=0.20, 0.42 and 1.00% in
20CrMnTi steel, 42CrMoA steel and GCrl5
steel, respectively, as shown in Table 1. The
relationship between the center solid frac-
tion and the solidification ratio is analyzed
in order to determine the appropriate time
points of the final rotational stirring in
terms of solidification ratio or solid frac-
tion at just before the crater end. According
to the model, a series of plant trials were
carried out with the same combination of
EMC and different speeds using bloom
caster Xining Special Steel Co.,Ltd. The ef-
fect of suitable FEMS implementation con-
ditions on macrosegregation as well as
chemical uniformity is evaluated.

2. Two Basic Concepis

The center solid fraction can be deter-
mined by the temperature at the center of
the casting strand on the basis of the
liquidus and solidus temperatures as fol-
lows:

fSC:TL_TC (1)
Tp-Ts
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where Ty, and Tg are liquidus temperature
and solidus temperature, respectively. T is
the temperature in the center of the casting.

As we know, theoretically, the value of
the central solid fraction, which is related
to the central temperature and solidification
state in the solid-liquid coexistence zone or
the mushy zone, should be a positive num-
ber between zero and one. To describe possi-
ble widely differing core temperatures or
solidification states, a negative core solids
value less than 0 is allowed in the article.
Thus, in the description of the strand cen-
ter, fgc < O refers to the entire liquid zone
even with superheat, 0 < fgc < 1 refers to
the mushy zone of coexistence of solid and
liqguid phases, and fgs = 1 refers to the
completely solidified zone even with tem-
perature under T..

The solidification ratio is estimated by
the following equation:

A 2
DDSZA_O (2)

where, A, and A denote the strand cross
section area and the solidified shell area in
the cross section, respectively.

If we combine equations (1) and (2),
there is a case fgo=Dg=1, when the strand
is fully solidified.

3. Heat Transfer and
Solidification Model

3.1 Model description

The heat transfer and solidification
model is obtained on the basis of the follow-
ing assumptions [8]:

(1) The heat transfer in the casting direc-
tion is relatively small enough and negligible.

(2) The suitable effective thermal con-
ductivity is set to compensate the effect of
molten steel flow or convection in the
strand liquid pool and mushy zone on trans-
fer heat.

(3) In the secondary cooling spray zones,
the appropriate cooling rate is assumed to
be the same for each zone, where the cumu-
lative heat transfer coefficient is used to
describe the total surface heat transfer, in-
cluding radiation, roller contact, and air
mist convection heat transfer. In order to
achieve a precise prediction of the tempera-
ture field and solidification behavior in the
bloom casting process, the two-dimensional un-
steady state conduction equation is used [9]:

or 3 (,or\ af,oT (3)
c, AT _ 9 (T, [T
Phetyy ax[kaxJ+ay[ 8y)
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where p is the density, C;; is the effective
specific heat, x and y are the coordinate
directions along width and along thickness,
respectively, and k£ is the thermal conduc-
tivity of steels depending on temperature.

The initial and boundary conditions for
the solution of Eqs.(3) are expressed as fol-
lows:

10, 05, o<yt o7,
W oT (5)
t>0, x=5 —k—ax—O
Th oT (6)
t>0, =—, -k—=0
y=-3 o
oT (7

t>0,x=0, —kgzq(,x

8
t>0,y=0, (®)

oT
_k@ — qoy
where W and Th are the width and thick-
ness of strand, respectively, Ty is the cast-
ing temperature, qo is the surface heat
flux.

The centerline boundary conditions (at
x = W/2 and y = Th/2) assume that the
heat flux at the centerlines of the casting is
symmetrical; therefore, only one quarter
section of the casting needs to be consid-
ered. The outside heat flux around the pe-
rimeter of the bloom is assumed to be con-
stant, so that g,, is equal to g, . The sur-
face heat flux term is characterized in each
of the three cooling zones and can be ob-
tained as:

Mold zone:
g, = 2680000 — b\/—%’ 9)
where,
_ 1.5x(268000=¢) (10)
b= I
v
_ CuxmXxAT 11)
TSy

where L and L, are the local distance to the
meniscus and the effective length of the
mold, respectively; v is the casting speed;
q is the average heat flux in the mold zone;
C, is the specific heat of water; m is the
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Table 2. Comparison of the shell thicknesses by the model calculations and pin-shooting tests

Sample | Steel grade Casting Distance from |Shell thickness by| Shell thickness by |Error,%
number speed, m/min| meniscus, m |pin-shooting, mm | the model, mm
1 20CrMnTi 0.4 18.25 202 203.4 0.69%
2 42CrMoA 0.4 18.25 185 183.5 -0.82%
3 GCrlb 0.4 18.25 159 158.2 -0.50%
Averaged 0.67%
1 m— r — g
ﬁ' e 899 - = C
0.9 -
- = - -
08
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Figure 1. Relationship between center solid fraction and solidification ratio

water flow rate for cooling of the mold; AT
is the temperature difference of the mold
cooling water, and S ;; is the active area of

the mold.
Spray zone:

90 = hg(To — T'yy) (12)

Here Ty and T, are the local surface
temperature of the strand and the tempera-
ture of cooling water, respectively; and A
is the integrated heat transfer coefficient at
the strand surface, which can be estimated
by:

Water spray region,

9o = hs(To — Tys) (13)
Air-mist spray region [10],
hg =116 + 10.44w0-851 (14)

where w is the secondary cooling water flow
rate.
Radiation zone:

qo = GK(T% - T4 (15)
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where T, is the ambient temperature, o is
the blackness, and K is Boltzmann’s con-
stant.

3.2 Model validation by Pin-shooting

Pin-shooting tests are carried out to cali-
brate and validate the model of heat trans-
fer and solidification for the given typical
steel grades, namely, steel of 20CrMnTi,
steel of 42CrMoA and steel of GCrlb,
through the narrow surface of the strand.
Table 2 shows the final solidified shell
thicknesses calculated by the model and
those obtained by pin-shooting tests.

As seen in Table 2, the shell thicknesses
calculated by the modified model are finally
agreeable well with those obtained by pin-
shooting tests with relative error less than
1%, and thus, the model can accurately de-
scribe the solidified shell thickness for the
given steel grades during casting. Accord-
ingly, the solidification ratio and the cen-
ter solid fraction of the castings can be
precisely estimated in the solidification
process.

Functional materials, 29, 3, 2022
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2 4 EBB 10 12 14 1

3.3 Center solid fraction and solidifica-
tion ratio

The relationship between central solids
(fgc) and solidification degree (DS) of steel
grades was calculated for 410 mm X 530
mm bloom casting processes with the same
casting speed of 0.43 m/min, superheat de-
gree of 30K, specific water consumption of
0.13 1/kg, as shown in Figure 1.

It is shown that, under the same condi-
tion of the center solid fraction, the solidi-
fication ratio of GCrlbsteel is less than that
of 42CrMoA steel and both less than that of
20CrMnTi steel. In other words, with the
same central solid fraction, the solidifica-
tion ratio decreases with increasing carbon
content in the steel. On the other hand, at a
certain solidification ratio, the solid frac-
tion of GCrl5 steel is higher than that of

Functional materials, 29, 3, 2021

(b)

Figure 2. Schematic diagram of solidification process and center solidification state for (a) high
carbon steels and (b) low carbon steels at the same solidification ratio

i

N

42CrMoA steel, and both are higher than
that of 20CrMnTi steel. Accordingly, for a
given solidification ratio, the center solid
fraction increases with increasing carbon
content in steel.

According to the above definition, the
solidification ratios ranged from 0.60 to
0.80 correspond to the range of the solid
fractions for the three steel grades as fol-
lowing: 0 to 0.20 for GCrl5 steel, where
there is a mushy liquid-solid state in the
bloom centerline region; -0.25 to 0.01 for
42CrMoA steel, where there is a transition
zone of coexistence of pure liquid and lig-
uid-solid states; and -0.32 to O for
20CrMnTi steel, where a complete pure lig-
uid exists in the centerline region. Accord-
ingly, for given center solid fractions
ranged from 0 to 0.20, the local solidifica-
tion ratios of the bloom strand for the three
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Table 3. Main process parameters of con-
tinuous casting machine

Parameters Values Units
Caster type Curved
Sectional 410%x530 mm?2
dimensions
EMS MEMS+FEMS
Casting Speed 0.32~0.5 m/min
Caster radius 16.5 m
Mould length 780 mm
Pouring mode Submerged
Secondary cooling | Four segments
zone
Secondary cooling | 0.835+1.8+2.2+3.5 m
zone length

different steels are 0.60 to 0.80 for GC15;
0.75 to 0.91 for 42CrMoA, and 0.78 to 0.94
for 20CrMnTi, respectively. For this reason,
while for GCr15 high carbon steel, a solidi-
fication ratio in the range of 0.6 to 0.8 is
assumed at the exact positions realized by
FEMS in the central mushy zone, for
20CrMnTi steel, however, it is actually a
kind of SEMS due to its pure liquid state
along the centerline corresponding to the
specified solidification ratios.

Thus, the implementation of FEMS is
suitable for solid fractions in the range of
solidification ratios from 0 to 0.20 for all
steel grades, and with crystallization fac-
tors from 0.60 to 0.80 it is suitable only for
high carbon steels.

For a given local solidification at a solid-
to-liquid ratio of 0.60 for both high carbon
and low carbon steel, the strand solidifica-
tion progress and the solidification state in
cross section are shown in Figure 2. It is
clear that for a given solidification ratio of
the strand in the central region there is a
very different state of solidification. There-
fore, the center solid fraction ranged from
0 to 0.2 should be recommended as a crite-
rion for suitable FEMS implementation posi-
tions, which is applicable for all steel
grades.

4. Industry Experiment

Plant trials on the suitable FEMS imple-
mentation positions of bloom casting for
various steels have been carried out in the
No.2 caster of Xining Special Steel. In the
experiments, the center solid fraction at the
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410mm
o-0- 0 0O O 0O

530mm

Figure3. Sampling schematic for wet chemi-
cal analysis in bloom cross sections

location of FEMS is varied mainly by con-
trolling casting speed at a suitable super
heat and specific water flow rate. The main
process parameters of the continuous cast-
ing machine are briefly listed in Table 3.
Table 4 gives the major specifications of the
combination EMS. Schemes of FEMS for the
bloom casting are shown in Table 5.

To evaluate the macrosegregation in the
bloom cross section, chemical analysis of
carbon was carried out. The samples 5mm
in length and 5.5 mm in diameter are taken
by drilling through the cross section of the
bloom as shown in Figure 8.

The center carbon segregation index N is
obtained based on the carbon analysis of a
sample as follows:

nCy (16)

n

C.

i
i=1

where C,, C; and n denote the central carb-
on content, the local carbon content and the
number of the carbon content C; as shown
in Figure 3, respectively.

5. Results and Discussion

The macrograph of the etched cross sec-
tion is shown in the Figure 4. In the figure,
distinct radial streaks are observed in a core
zone where fine grained equiaxed crystals
are accumulated as a result of strong stir-
ring. It is supposed that the remained
streak is formed in the mushy zone due to
the final electrical magnetic stirring; this
means that the FEMS plays a dominant role
in driving the residual melt and equiaxed
crystals in the direction of circular stirring.

Functional materials, 29, 3, 2022
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Table 4. Major specifications of EMS in the bloom caster

(distance from meniscus), m

Parameters M-EMS F-EMS
Current, A Low/middle carbon steel:700; Low carbon steel:580; Middle
High carbon steel:820 carbon steel:660; High carbon
steel:700
Frequency, Hz 1.5 7.5
Rotation direction Constant Constant
Installed location of EMS 0.55 16

(a)42CrMoA

(b)20CrMnTi

Figure 4. Macrograph of etched sections of bloom castings with FEMS: (a) 20CrMnTi steel (segre-
gation index N = 1.08); (b) 42CrMoA steel (segregation index N = 1.01)

The center segregation indices (N) are 1.03
and 1.01 for 20CrMnTi and 40CrMoA
steels, respectively. It is shown that a satis-
factory metallurgical effect of FEMS has
been obtained for both the steels.

Figure 5 shows the local flow field in the
central cross sections obtained using a cou-
pled electromagnetic flow dynamic model
that assumes different melt viscosity for
two types of steels due to the different pro-
portion of solids at the center. The maxi-
mum flow velocities of the center melt of
42CrMoA and 20CrMoA steels driven by
electromagnetic force are 0.13m/s and
0.18m/s, respectively. According to H.
Mizukami et al. [4], a casting without seg-
regation can be obtained when the FEMS
stirring velocity in the center melt is kept

in the range of 0.10 m/s to 0.20m/s. Ac-
cordingly, the stirring times or implementa-
tion positions should be favorable for the
bloom casting with a center solid fraction in
the range of 0.03 to 0.16.

As shown in Table 4, the solidification
ratios in the two schemes are 0.92 and 0.883,
respectively, which are not in the popular
recommended range from 0.60 to 0.80. The
center solid fractions, however, are 0.16
and 0.03, respectively, which are both in
the recommended range from 0 to 0.20.
Thus, it has been proven that a central solid
fraction ranging from 0 to 0.2 for various
steels is a reliable criterion for suitable
FEMS implementation positions that can be
expected to eliminate or reduce center line
segregation.

Table 5. Schemes of FEMS for bloom continuous casting

Type Steel grades | Casting speed, Super Specific water | Solidification |Solid fraction,
n1/min heat, K |flow rate, L/kg| ratio, m2/m?2 oc/0c
A 20CrMnTi 0.87 39 0.16 0.92 0.16
B 42CrMoA 0.40 35 0.15 0.83 0.03

Functional materials, 29, 3, 2021
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(a)42CrMoA

(b)20CrMnTi

Figure 5. Flow fields in the bloom cross sections at given center solid fractions

6. Conclusion

Based on the finite element heat transfer
and solidification model and plant trials,
the reasonable FEMS implementation posi-
tions for better internal quality of bloom
castings have been determined according to
solid fraction. The main conclusions are
summarized as follows:

1.The much different center solid frac-
tions for various steel grades have been
found at a given strand solidification ratio
and vice versa.

2.The criterion of the effective FEMS im-
plementation positions based on the solidifi-
cation ratio with a solid-to-liquid ratio
ranged from 0.6 to 0.8 has been proved to
be suitable only for high-carbon steels or
with a longer solidification zone.

3.A suitable central solid fraction in the
range of 0 to 0.2 is recommended for all
steels as a criterion for the FEMS imple-
mentation position at which an increase in
internal quality can be expected.
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