Journal of Thermal Analysis and Calorimetry (2020) 139:923-931
https://doi.org/10.1007/s10973-019-08518-9

=

Check for
updates

Investigation on the structure, fluoride vaporization and crystallization
behavior of CaF,-Ca0-Al,03;—(SiO,) slag for electroslag remelting

Yu Liu"? - Yong Wang? - Guanggiang Li"*? - Cheng Yuan” - Ru Lu? - Baokuan Li*

Received: 7 October 2018/ Accepted: 25 June 2019/ Published online: 2 July 2019

© Akadémiai Kiado, Budapest, Hungary 2019

Abstract

The structure, vaporization behavior and crystallization of CaF,—CaO-Al,03 slags with different SiO, contents for
electroslag remelting were investigated by employing the TG and DSC measurements in conjunction with the Raman
spectroscopy measurement for linking the macroscopic physicochemical property and microstructure information. The
results show that SiO, addition makes the depolymerized aluminate units polymerized into fully polymerized Q4, unit and
Al-O-Al complex structural groups. With the SiO, content increasing to 6.1 mass%, the vaporization rate of fluoride
increases because the SiF, possessing higher vapor pressure is formed and the SiO, addition can promote the formation of
AlF;. As SiO, content is further increased to 8.6 mass%, the vaporization rate of fluoride decreases because the mass
transfer becomes slower. The more complex slag structure resulted from SiO, addition dramatically decreases the crys-
tallization temperature of the primary crystalline phase and the size of crystalline particles in the solidified slag.
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Introduction

Electroslag remelting (ESR) is extensively applied in the
manufacture of high-quality ingots used in critical appli-
cations such as tool, die or energy, heat- and pressure-
resistant parts, which requires high-quality and defect-free
metal [1-3]. It is well known that the metallurgical prop-
erties of slag are of vital importance to the ingots quality.
During ESR, the role of the slag is to provide the following
functions: (1) generate Joule heat for melting electrode, (2)
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refine liquid metal such as absorption of the harmful ele-
ments and non-metallic inclusions, (3) provide lubrication
at solidifying steel shell/copper mold interface, (4) play an
insulating role between the solidifying steel shell and mold,
as so to prevent shunt effectively and improve electric
efficiency, (5) control horizontal heat transfer between
solidifying steel shell and mold [4-6]. The inappropriate
horizontal heat transfer and/or poor lubrication perfor-
mance of slag generally results in the surface defects on
ingots. Horizontal heat transfer and lubrication perfor-
mance of slag are strongly dependent on the crystallization
characteristics of the slag [4, 7, 8]. The CaF,—CaO-Al,O3
system with a small amount of MgO, SiO, or other com-
ponents is widely used in ESR. In general, the presence of
Si0O; in the slag for electroslag remelting of high-Al and/or
high-Ti steels should be avoided as much as possible
because the SiO, as the reducible component in slag can
react with Al or Ti in steel [9], and then, the cleanliness of
steel deteriorates. Because of impurities in raw materials, it
is very difficult and expensive to maintain very low SiO,
content in slags during the practical ESR process. But for
electroslag remelting of many steels, SiO, is an admissible
component in slag [10], which can modify the
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characteristics of inclusions in steel and improve the
lubrication performance of slag.

Many researches focused on the crystallization behav-
iors of conventional CaF,-CaO-SiO,-based slag system
for continuous casting mold fluxes were carried out
[11-15]. The continuous casting mold flux usually contains
less than 10 mass% CaF,, which is very different form the
high-fluoride slag used in ESR. Shi et al. [4] studied that
effect of SiO, on the crystallization behaviors of CaF,—
Ca0-Al,0; slags for ESR and found that a small amount
of SiO, addition is favorable for providing sound lubrica-
tion. However, the effect of SiO, content on structure of
CaF,—Ca0-Al,05; molten slags that influence crystalliza-
tion behavior and the microstructure of solidified slag has
not been well studied. Furthermore, the SiO, can react with
CaF, to form SiF,, which will change the slag composition.
In case of vacuum ESR, it is necessary to study the
vaporization behavior of CaF,—-CaO-Al,O5; melted slags
with SiO, addition. Fluoride emission from the slag melt is
dependent on the slag viscosity and component activities
[16-18], and the viscosity of slag is also affected by the
structure [19]. Thus, the aim of the present study is to
explore the underlying mechanism by which SiO, addition
influences the structure, vaporization and crystallization
behavior of CaF,—CaO-Al,05 slag for electroslag remelt-
ing. The microstructures and sizes of crystals of solidified
slags with different SiO, contents were also compared to
further understand the role of SiO, on the crystallization of
CaF,-Ca0O-Al,O; slag.

Experimental
Preparation of slag

The reagent-grade powders of CaF,, Al,O5; and SiO, were
used in the present experiment. The CaO powders were
obtained from the reagent-grade CaCOj; that were calcined
at 1273 K for 10 h in a muffle furnace. To avoid the
hydrolysis of CaF, powders at high temperature, the CaF,,
Al,O3 and SiO, powders were heated to 573 K with 10-h
holding for dehydration. Four types of slags with different
SiO, content were accurately prepared by electronic bal-
ance with an accuracy of 0.1 mg, indicated as TO, T1, T2
and T3, respectively. The chemical compositions of these
four designed slags are listed in Table 1. The well-blended
powders were pre-melted at 1773 K for 5 min in a graphite
crucible in the induction furnace in order to obtain homo-
geneous slag samples for experiment, and subsequently, the
liquid samples were quenched on a copper plate. The
quenched slag was then carefully crushed and ground. The
chemical compositions of the pre-melted slag determined
by X-ray fluorescence (XRF, ARL9900) spectroscopy are
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Table 1 Composition of slag used for the present experiment

Slag  Designed slag/mass% Pre-melted slag/mass%

Can CaO Ale'; S102 Can CaO A1203 8102

TO 333 333 334 0 333 334 333 0

T1 323 322 323 32 32.1 326 324 2.9
T2 313 312 312 6.3 28.8 336 315 6.1
T3 303 303 303 9.1 287 326 30.1 8.6

also listed in Table 1. To semi-quantitatively determine the
various functional group structures of slag, the quenched
slag was determined by using a laser confocal Raman
spectrometer (Renishaw, RM2000). The Raman spectra
were collected at room temperature in the range
1002000 cm™ " using a laser source having wavelength
532 nm.

Experimental procedures

The thermo gravimetry (TG, Netzsch STA 449 C/6/G)
measurements were taken in Ar gas atmosphere (Ar gas
flow rate at 10 mL min~') to investigate the fluoride
vaporization behavior of the slags. For each TG measure-
ment, approximately 30 mg of slag sample was heated at a
constant heating rate of 40 K min~' from room tempera-
ture to 1673 K in a platinum crucible with a diameter of
6.7 mm and a height of 5 mm, and was maintained for
30 min. The holding time was set to 30 min because a
longer holding time would result in a great change in the
composition of the slag melt. During the experiment, the
mass change of samples with time and temperature was
recorded automatically. Subsequently, the liquid sample
was cooled at a constant cooling rate of 30 K min~" to the
room temperature.

To investigate the crystallization behavior of the slags,
the differential scanning calorimetry (DSC, Netzsch STA
449 C/6/G) measurements were taken in Ar gas atmosphere
(Ar gas flow rate at 40 mL min~"'). Approximately 30 mg
of slag sample was heated at a constant heating rate of
40 K min~" from room temperature to 1673 K in a plat-
inum crucible with a diameter of 6.7 mm and a height of
5 mm and was maintained for 3 min to homogenize its
chemical composition. Subsequently, the liquid sample
was cooled at a constant cooling rate to the room temper-
ature. Three DSC measurements with cooling rate of
10 K min~", 20 K min~" and 30 K min~"' were performed
for each slag samples. During the experiment, the DSC
signal with time and temperature were recorded
automatically.

To identify the crystalline phase corresponding to
exothermic peak on DSC curve with 30 K min~" cooling
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rate, about 7 g slag sample was melted in a graphite cru-
cible and then cooled at a cooling rate of approximately
30 Kmin~' to 1273 K by adjusting output power. To
retain the phase of slag at elevated temperature, the slag
was rapidly quenched by nitrogen gas. Subsequently, the
phases and microstructures of solidified slag were analyzed
by X-ray diffraction (XRD, X’Pert PRO MPD) with Cu-K,
radiation and field emission scanning electron microscope
(FE-SEM, Nova 400 Nano) equipped with energy-disper-
sive  spectrometer (EDS, Le350 PentaFETx-3),
respectively.

Results and discussion

Effect of SiO, addition on the structure of CaF,-
Ca0-Al,0; slag for ESR

The Raman bands of CaF,—CaO-Al,0Oj; slags with varying
SiO, contents are shown in Fig. 1. It indicates that SiO,
addition dramatically changes the spectral curve, and the
wave peak of the spectral curve moves backward. With the
addition of SiO,, the relative intensity of Raman bands in
the region 650-800 cm™' gradually decreases, whereas
that in the region 800-1000 cm ™' gradually increases. The
band that centers at around 550 cm™' is assigned to the
transverse motion of bridged oxygen atoms within the Al-
O-Al bond, which is attributed to a connected network of
the alumina tetrahedral whose four oxygen atoms are in a
bridging configuration [20-23]. Thus, an increase in the
relative height of Raman band 550 cm™' indicates the
number of bridging oxygen increases and/or number of
non-bridging oxygen (NBO) decreases. The Raman bands
at 730 cm™!, 780 cm™! and 850 cm™! are the Al-O

6.1 mass%
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Raman shift/cm—1

Fig. 1 Effect of SiO, content on Raman scattering of the CaF,—CaO—
Al,03-Si0; system

stretching vibration in AlO, tetrahedral units with the
NBOJ/Al = 2 (Q3,, non-bridging oxygen per Al), NBO/
Al = 1 (Q3)) and NBO/AI = 0 (Q4)), respective [19, 20].
The Raman bands in the region 850-880 cm ™!,
900-920 cm™' and 950-1000 cm™' are the stretching
vibration of Si—O bonds with the NBO/Si = 4 (Q%;, non-
bridging oxygen per Si), NBO/Si =3 (Q%;) and NBO/
Al=2 (Qéi), respective [19, 24-26]. To quantitatively
analyze the structural changes of slags with varying SiO,,
the Raman spectrum was deconvoluted by Gaussian fitting
[19, 26]. The deconvolution results of Raman spectra are
shown in Fig. 2. According to the results of Gaussian fit-
ting in Fig. 2, the relative abundance of the Qf (i = Al and
Si) units can be calculated out from the area fraction of the
best-fitted Gaussian curves at the frequency for the sym-
metric stretching vibration of each Qf units [19, 24-26].
Figure 3 shows the relative fraction of individual structural
units and the relative intensity of AI-O-Al as a function of
SiO, content. Figure 3a indicates that the fractions of
depolymerized aluminate units (Qil, NBO = 2; QZI,
NBO = 1) decrease, whereas the fraction of the fully
polymerized aluminate unit (Q%;, NBO = 0) and the rela-
tive intensity of the AI-O-Al network bond slightly
increase with the increases in SiO, content, implying that
the simple Q2A1 and Q;’gl units are polymerized into Q‘,‘M unit
and AI-O-Al complex structural groups. Figure 3b indi-
cates that the fractions of Q;, Q; and Q3; increase with the
Si0, content. The SiO, acts as a network former, and the Si
atoms are localized at the boundary of AlO, unit with
various numbers of NBO in the alumina-rich calcium
aluminosilicate melts [27, 28], and the relationship
between the silicate and aluminate structural units can be
expressed by Eq. (1) as follows [29]:

(Si—0—Si) + (AI-NBO) = (Al-0—Si) + (Si—NBO)
(1)

Thus, the fraction of Si—-NBO increases with the increase
in SiO, content, whereas the fraction of AI-NBO decrea-
ses. The SiO, addition increases the fraction of Qil unit
and the relative intensity of the Al-O-Al network bond,
implying an increase in the degree of the polymerization of
the AlO, tetrahedral network and the number of bridging
oxygen in the slag. The viscosity of slag is closely related
to the structure, and the viscosity of slag can be predicted
according the Zhang’s model [30, 31], as shown in Fig. 4.
It indicates that the viscosity of slag increases with the
SiO, content increasing. This is because that Si0O, addition
increases the degree of the polymerization of the slag
structures, which consequently makes the structural units
of slag melts more complex, leading to the increase in the
diffusion resistance of slag components.
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Fig. 2 Deconvoluted Raman spectra of the CaF,-CaO-Al,05-SiO, system with varying SiO, contents
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Fig. 3 Relative fraction of Qn i (n = 0 to 4, i = Al (a) or Si (b)) structure units and relative intensity of Al-O-Al bond (a) in the CaF,—CaO—
Al,03-Si0, system as a function of SiO, content

Effect of SiO, addition on the vaporization
behavior of CaF,—Ca0-Al,O; slag for ESR

The mass loss can be expressed as:

Am/my = (my —

@ Springer

my)/mg (2)

where my represents the initial mass of the slag sample and
m, is the mass of the slag sample at time ¢. Mass loss in the
slag melts with varying SiO, contents at 1673 K is shown
in Fig. 5. It indicates that the vaporization rate firstly
increases from 7.81 x 107% to 1.32 x 107> s~! with the
SiO, content increasing from O to 6.1 mass% and then
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Table 2 The activities of components in four types of slag melts at
1673 K calculated by IMCT

0.18
L —— 0 mass%
0.16 - —8— 2.9 mass%
r —A— 6.1 mass%
0.14 —y— 8.6 mass%
1)) L
£ o012}
> |
‘@
8 0.10
R
>
0.08 -
0.06 -
0.04

1 1 1 1 1 1 1 1 1
1550 1600 1650 1700 1750 1800 1850
Temperature/K

Fig. 4 The change of calculated viscosity with the temperature in the
slag melts with varying SiO, contents
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Fig. 5 Mass loss in the slag melts with varying SiO, contents at
1673 K

decreases from 1.32 x 107> to 9.98 x 107 %s™! as the
SiO, content is further increased to 8.6 mass%. In the
present study, there are two possible chemical reactions
that cause the mass loss of the slag as follows [5]:

3(CaF,) + (ALO3) = 3(Ca0) + 2{AlF;} (3)
2(CaF;) + (Si0,) = 2(Ca0) + {SiF,} (4)

where {} indicates gas phase. In order to better understand
the vaporization behavior of the fluoride-containing slag
from the view of thermodynamics, the activities of com-
ponents in slag melts at 1673 K were calculated on the
basis of ion and molecule coexistence theory (IMCT) that
were widely used for high-CaF, content-bearing slag
[32-37]. The calculated activities of components in four
types of slag melts at 1673 K are listed in Table 2. It
indicates that the addition of SiO, increases the activities of
CaF,, Al,0O5 and SiO,, but decreases the activity of CaO.

Slag CaF, Ca0 ALO; Sio,

TO 0.6434 0.2106 0.0209 0

Tl 0.6545 0.1766 0.0250 < 0.0001
T2 0.6422 0.1541 0.0289 0.0001
T3 0.6603 0.1195 0.0344 0.0001

The equilibrium constant (K) of reaction (3) can be
expressed as:
& {Ml@%)r

(Ca0) | 7P

K= (5)

a?Can) " 4(A1L05)

where a (i) represents the activity of component i in slag,
p (AIF;) is the vapor pressure of the AlF;, and p° is the
standard atmospheric pressure. According to Eq. (5), the
vapor pressure of the AlF; can be expressed as follows:

3

D(AIF;) 1 1. 4(AL0;) * dicary)

lg{} =-lgK+-1g—————— (6)
po 2 2 a?CaO)

3
A(A1203) % car,)
—

The change of with the SiO, content calcu-

(Ca0)

lated with IMCT in the slag at 1673 K is shown in Fig. 6. It

indicates that %
(Ca0)
Si0,, implying that the SiO, addition can promote the
formation of AlF;. It is well known that SiO, enhances the
vaporization of fluoride-containing slag due to the rela-
tively high vapor pressure of SiF, [5, 6]. However, the role
of Si0; in the formation of AlIF; by reaction (3) has not

been studied. In the present study, the thermodynamic

increases with the addition of

a(Al,03).[a(CaF5)]3/[a(Ca0)]3

1 1 1 1 1 1 1

1
0 1 2 3 4 5 6 7 8 9
SiOo/mass%

Fig. 6 Change of activity product with the SiO, content in the slag
melts at 1673 K
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calculation shows that SiO, addition can promote the for-
mation of AlF;. The vaporization rate increases from
7.81 x 107° to 1.32 x 107° s~ with the SiO, content
increasing from O to 6.1 mass% because the SiF, has
higher vapor pressure and formation of AlF; is promoted.

As SiO, content is further increased to 8.6 mass%, the
structural units of slag melts become more complex and the
viscosity of slag melts increases (Figs. 3 and 4), which
increases the diffusion resistance of slag components.
Thus, the mass transfer for reactions (3) and (4) becomes
slower and the vaporization rate decreases.

Effect of SiO, addition on the crystallization
of CaF,—Ca0-Al,0; slag for ESR

Figure 7 shows DSC curves of non-isothermal crystal-
lization of slag melts at various cooling rates. There are
two exothermic peaks on the DSC curves for each slag

(b)

(a)
t Exothermic P2 P1
30 K min-1 M
i
(o))
S )
> | 0 mass% SiO»
£
2
la 20 K min-1
10 K min-1 ——U—
" 1 " 1 " 1 " 1 " 1 " 1 " 1 "
800 900 1000 1100 1200 1300 1400 1500 1600
Temperature/K
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T Exothermic P2
“AJ{/
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S
>
£
O 6.1 mass% SiO»
9]
a
20 K min—1
10 K min-1 M
L 1 1 1 N 1 L 1 n 1 L 1 1 1 L
800 900 1000 1100 1200 1300 1400 1500
Temperature/K

1600

sample, implying the formation of two crystalline phases
during the continuous cooling process (indicated as P1 and
P2). The CCT curves of crystalline phase formation in slag
melts are plotted according to the DSC results, as shown in
Fig. 8. It indicates that SiO, addition dramatically
decreases the crystallization temperatures of the crystalline
phase. In the compositional range of slag used in the pre-
sent experiment, the crystallization temperature of the first
crystalline phase (indicated as P1 in Fig. 7) keeps
decreasing with increase in SiO, content (Fig. 8a), whereas
the further addition of SiO, has little effect on the crys-
tallization temperature of the second crystalline phase
(indicated as P2 in Fig. 7) when the SiO, content exceeds
2.9 mass% (Fig. 8b). As mentioned in “Effect of SiO,
addition on the structure of CaF,—CaO-Al,O5; slag for
ESR” section, the SiO, addition increases the degree of the
polymerization of the slag structures. An increase in the
diffusion resistance of slag components results in an

t Exothermic p2 P1

30 K min—1

2.9 mass% SiOo

ue

DSC/mV mg—1

20 K min—1
10 K min—1 J l l\
" 1 " 1 " 1 " 1 " 1 " 1 " 1 "
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Temperature/K
(d)
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I I
>
g
£
O .
&l 8.6 mass% SiO»
20 K min—1
10 K min-1 J l —
L 1 N 1 n 1 2 1 1 1 L 1 L 1 L
800 900 1000 1100 1200 1300 1400 1500 1600
Temperature/K

Fig. 7 DSC curves of non-isothermal crystallization of slag melts at various cooling rates: a slag TO bearing 0 mass% SiO,, b slag T1 bearing
2.9 mass% SiO,, ¢ slag T2 bearing 6.1 mass% SiO, and d slag T3 bearing 8.6 mass% SiO,
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Fig. 8 CCT curves of crystalline phase formation in slag melts: a first crystalline phase and b second crystalline phase

increase in the time needed for crystallizations. Hence,
crystallization temperature decreases with increase in SiO,
content. The second crystalline phase forms at relatively
lower temperature (Fig. 7), and the diffusion of the slag
components has become very slow. As a result, further
addition of SiO, does not obviously decrease the crystal-
lization temperature of second crystalline phase. The SiO,
addition greatly decreases the crystallization temperatures,
which will contribute to the horizontal heat transfer and
lubrication between solidifying steel shell and mold wall
during ESR process.

XRD patterns of the slags bearing 0 mass% and
8.6 mass% SiO, quenched from the temperatures below
1273 K corresponding to the cooling rate of 30 K min™"
are shown in Fig. 9. It indicates that the two crystalline
phases are 11Ca0O-7Al,05-CaF, and CaF,, which well
agrees with previous results [4]. According to the phase
diagram of the CaO-Al,0;—CaF; and the previous analysis

* * 1 1CaO-7AI203-CaF2
* ® CaF,

0 mass% SiOy

T T T T T T T T T 1

- ——
10 20 30 40 50 60 70 80 90
Position/°26

Fig. 9 XRD patterns of the slags bearing 0 mass% and 8.6 mass%

SiO, cooled to below 1273 K at a cooling rate of 30 K min~' and

then quenched

[4, 38], the first and second crystalline phases are
11Ca0-7A1,05-CaF, and CaF,, respectively. To study the
distribution of the crystalline phases, the EDS analysis was
carried out. Corresponding elemental mappings indicate
that the 11Ca0-7Al,0;3-CaF, is the dominant crystalline
phase (Fig. 10), which is consistent with the XRD analysis
(Fig. 9).

The microstructures of solidified slags with 0 and
8.6 mass% SiO, content were also analyzed by SEM, as
shown in Fig. 11. It indicates that there are many large
crystalline particles (P1 and P2) in the solidified slag
without SiO, (Fig. 11a), whereas the crystalline particles in
the solidified slag with 8.6 mass% SiO, are finer
(Fig. 11b). The more complex slag structure makes the
mass transfer slower; namely, the growth of crystalline
particle is slower. Furthermore, the SiO, addition decreases
the crystallization temperature, and the diffusion rate will
become slower at lower temperature. As a result, the finer
crystalline particles are formed in the solidified slag with
8.6 mass% Si0,. Thus, compared with the solidified slag
with 8.6 mass% SiO,, the more holes and cracks are
observed in solidified slag without SiO,.

Conclusions

The following conclusions can be drawn from the present
study:

1. The SiO; acts as a network former in the simple QZAI
and Q3, units by forming Al-O-Al complex structural
groups and fully polymerized Q%,. With the SiO,
addition, the degree of the polymerization of the slag
structures increases, which consequently makes the
structural units of slag melts more complex, leading to
the increase in the viscosity of CaF,-CaO-Al,Oj; slag
melts and the diffusion resistance of slag components.
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Fig. 10 Element mappings of
the slag TO cooled to below
1273 K at a cooling rate of

30 K min~" and then quenched

Fig. 11 SEM images of a the
slag TO and b slag T3 cooled to
below 1273 K at a cooling rate
of 30 K min~" and then
quenched

2. With the SiO, content increasing to 6.1 mass%, the
vaporization rate of fluoride increases because the SiF,
possessing higher vapor pressure is formed and the
SiO, addition can promote the formation of AlF;. As
SiO, content is further increased to 8.6 mass%, the
vaporization rate of fluoride decreases because the
diffusion resistance of slag components for reaction of
fluoride formation increases.

3. The crystallization temperature of CaF,—CaO-Al,03
slag decreases with the increase in SiO, content
because the SiO, addition increases the diffusion
resistance of slag components and the time needed
for crystallization increases. Furthermore, the crys-
talline particles in the solidified slag become finer with
the SiO, addition.
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