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Abstract

The purpose of the research work was to provide a chemical composition for mould
slag for casting alumina alloyed steel having a viscosity at 1300 °C lower than
0.25 Pa's and a liquidus temperature below 1250 °C. Furthermore, SiO, content
should not exceed 10 mass% and B20Os should be avoided according to the state of
the art research.

To achieve this goal, CaO-Al,O3 based slags with addition of SiO,, NazO, Li,O, CaF,,
MgO, K20, TiO, and SrO were investigated. FactSage was utilized to find a
composition, which would satisfy the aforementioned requirements. Then, samples
were prepared, heat treated at 1400 °C and quenched to room temperature by casting
on a steel plate. The samples were investigated by simultaneous thermal analysis, X-
ray diffraction and scanning electron and rheometer. Additional single experiments
were performed using Furnace Crystallization Test, Inclined Plane Test, Single Hot
Thermocouple Technique and quenching liquid slag to 900 °C.

From the results the following conclusions could be drawn. In this slag type the
substitution of some CaO by SrO has a negative effect on lowering viscosity and the
liquidus temperature. The viscosity increases with rising SrO content owing to the
larger ion radius of Sr?*. The liquidus temperature increases as well. Increasing MgO
content to substitute CaO increases the liquidus temperature due to the formation of
an additional high melting phase which might be periclase (MgO). CaF. decreases the
viscosity only in a limited content range. In this range lager structure units can be
broken to single units, CaF, may work as a network modifier. Otherwise CaF, works
as a network former generating an Al-F-Al bond by dipole — dipole interaction, which
increases the viscosity. For liquidus temperature a minimum was observed at
10.95 mol% CaF.. Finally, Li-O is the most effective network modifier per unit weight.
It could drastically decrease the viscosity due to its small ion radius, which causes low
inner friction in liquidus state. Contrary to the FactSage results, rising Li-O will
decrease the liquidus temperature.

So far, the best result was achieved with composition No.21. According to the
simultaneous thermal analysis the sample was totally liquid from 1236 °C on, which is
satisfactory. However, its viscosity of 0.283 Pa-s at 1300 °C is too high. Increasing the

Li-O content may decrease the viscosity.
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Problem definition

1 Problem definition

In the continuous casting process of steel, mould slag performance is a key factor to
good steel quality. An important engineering challenge is associated with the casting
of TRIP (transformation induced plasticity) steels, which frequently contains
considerable amount of Al. For conventional mould slag composition, on one hand,
SiOz reacts with the Al of the steel to form Al,Os; and alters both the steel and slag
properties. The liquidus temperature and the viscosity of the slag may increase due to
the flux of Al,03, which could cause problems such as low lubrication. Therefore, it is
necessary to reduce the SiO; content. On the other hand, with Al decreasing in steel,
the liquidus temperature of steel is decreased. Low steel temperature will lead to lower
vertical heat transfer, which results in lower melting rate of slag and lower slag pools.
In order to cast high-Al alloyed steel, it is necessary to find a slag with a low melting
point, since the steel provides less thermal transfer to melt the mould slag during
continuous casting.

Current state of the art research applies a common strategy to increase the Al,Os
content by using calcium aluminates based mould slag with the addition of less
reducible fluxes (e.g. Na20, Li-O, K20, CaF2). However, problems still exist when using
the mentioned approach, such as the high price of Li;O, environmental pollution
caused by CaF», and the low lubrication.

The purpose of the research is to provide a chemical composition for mould slag
composition having a viscosity at 1300 °C lower than 0.25 Pa-s and a liquidus
temperature below 1250 °C. Furthermore, SiO- should be significantly decreased and

B20s3 should be avoided according to the state of the art research.
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2 State of the art

2.1 Introduction

Recently, owing to the development of automobile and electric industry, TRIP steel
application has enjoyed a great deal of industrial expansion. There are lots of
advantages of using TRIP steel compared with normal steel. For example, TRIP steel
has better strength per unit weight, corrosion resistance, thermal conductivity, and
electrical conductivity. However, as shown in Eqgs. (1) and (2), during continuous
casting, a redox reaction between Al and both SiO, and MnO may occur. This may
increase the viscosity, the melting temperature, and alters phase formation of the
mould slag. This leads to unsatisfying lubrication and heat transfer [1]. A bad
performance of the mould slag could result in poor surface quality of the cast slabs.
3(SiO2) + 4[Al] — 3[Si] + 2(A203) ... (1)
3(MnO) + 2[Al] — 3[Mn] + (Al203) ....ccoviiiiiiiii (2)
To prevent the pickup of Al by the slag, the amount of SiO> and MnO must be as low
as possible. Researchers have focused on lime-alumina based mould slags in order

to replace conventional siliceous slags [2-5].

2.2 Mould slag and heat transfer

The mould slag has five main functions in continuous casting [6]:

1) Protection of the meniscus of the steel from oxidation.

2) Thermal insulation.

3) Absorption of inclusions.

4) Control of the heat transfer.

5) Lubrication of the strand.

As shown in Figure 1, the mould powder, which is in contact with the liquid steel,
becomes liquidus due to the heat from the steel. Then the liquid slag infiltrates into the
gap between the mould and the shell. The slag film is formed, which contains three
layers: liquidus slag layer, glassy slag layer and crystalline slag layer. These layers
with satisfactory thermal resistance ensure the formation of the steel shell. Controlling
mould heat transfer rate is one of the most important functions of mould slag [7].
Figure 2 depicts the heat transfer from the boundary of solidifying shell to the copper
mould [8]. The position and temperature are represented as the horizontal and vertical

axis, respectively. Twoi is the temperature of copper mould. Ty is the temperature of
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the boundary of solid film, which is near the copper mould. Tc_ is the temperature of
the surface between solid film and liquidus film. T.s is the temperature of the surface
between liquidus film and solidifying shell. Tsq is the temperature of the steel. Some
researchers propose that the slag heat transfer rate would be reduced when the
crystallinity is increased in slag film [9-11]. Moreover, with a thicker crystalline layer,
the liquidus layer gets thinner, which means the mould slag will provide poorer

lubrication [8].
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Figure 1: Schematic diagram of mould in continuous casting [12]
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Figure 2: Heat transfer in slag film [6]
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2.3 Important physical and chemical properties of mould slag

2.3.1 Viscosity
Viscosity is an important property of mold slag. It strongly affects the consumption of

slag, absorption of inclusions, and corrosion of submerged nozzle [13]. The viscosity
of the slag should be optimized, so that lubrication at the surface between solidified
film and shell can prevent the formation of the defects in the mould. Viscosity is
sensitive to the slag structure, and alteration of the chemical composition could change
the slag structure [14].

To better understand how the slag structure affects the viscosity, classification of non-

oxygen ions in oxides with respect to their role in the glass network is important.

Table 1: Classification of elements with respect to their role in the glass network[15]

Element Valency lonic radius r Main coordination Interionic Field strength Role in the glass
z (at KZ = 6) [pm] number distance of relative to O2-lons network
oxides [pm] Z/a2
K 1 133 8 277 0,13 /)
Na 1 98 6 230 0,19
Li 1 78 6 210 0,23
Ba 2 143 8 286 0,24
Pb 2 132 8 274 0,27 - ;‘:':“:‘[]k ;’T?dlffr
Sr 2 127 8 269 0,28
Ca 2 106 8 248 0,33
Mn 2 91 6 223 0,40
Fe 2 83 6 215 0,43 -
Mn 2 83 4 203 0,49 /)
Mg 2 78 6 210 0,45
4 196 0,53
Zr 4 87 8 228 0,77
Be 2 34 4 153 0,86 L Intermediate oxides
Fe 3 67 6 199 0,76 Z/a*~0,5..1,0
4 188 0,85
Al 3 57 6 189 0,84
4 177 0,96
Ti 4 64 6 196 1,04 _
B 3 20 4 150 1,34
Ge 4 44 4 166 1,45 Network former
Si 4 39 4 160 1,57 Zla*=14 .20
P 5 34 4 155 21

Table 1 shows the element’s physical properties and its role in glass network. Dietzal’s
field strength for Network modifier is between 0.1 and 0.4. For Network former, the
Dietzal’s field strength of oxides are between 1.4 and 2.0. Dietzel’s field strength for
intermediate oxides is larger than those of network modifiers and lower than that of
network formers, which is 0.5-1.0. Generally, the network modifier breaks the Si-O-Si
and decreases the viscosity of slag. Contrary to network modifier, network former
enhances the glass network which could increase the viscosity. And the intermediate
oxides play different roles on network depending on the slag composition. Al,O3 act as

network former in Ca0-Al,O3 based slag as the substitute of SiO;[15].

4
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The temperature dependence of the viscosity is frequently represented by Arrhenius

equation Egs. (3):
Inm = InA + % ............................................. (3)

where n is the viscosity (dPas); A is pre-exponential factor (dPas); E is the activation
energy (J/mol); R is ideal gas constant, 8.134 J/(molK); T is the absolute temperature
(K) [14]. However, the activation energy is not constant for the whole temperature
range. The more accurate three-parameter equation for viscosity (n) is the Vogel-
Fulcher-Tammann (VFT-equation) Eqs.(4) [16]:

logn=A+ L, (4)

T—T,

where A, B and T, are constant, T is absolute temperature. Both equations show that

the viscosity decrease with increasing absolute temperature.

2.3.2 Liquidus, solidification and break temperature
The liquidus temperature is the temperature when the mould slag totally melts. It is

estimated by DTA. By knowing that the liquidus temperature is not above a criterion,
which is important for continuous casting, it ensures that a liquidus film exists between
the copper mould and steel shell [6].

The solidification temperature is defined during cooling. It is the temperature at which
the first solid phase forms. It can be determined by DTA and SHTT.

The break temperature (Tyr) is defined as a temperature at which the viscosity suddenly
increases during cooling as shown in Figure 3. It is affected by the cooling rate. Break
temperature is a significant property since it determines the thickness of solid and
liquidus layers, which influence the heat transfer, lubrication and powder consumption

properties [6].
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Figure 3: Temperature and viscosity curve[6]
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Yu et al. [5] found that the liquidus temperature of slag increases with increasing
Al203/SiO; ratio. Figure 4 shows the Ca0-Al;0:-SiO, phase diagram. For CaO-Al,O3
based mould slag, the SiO» content should be as little as possible owing to the reaction
with Al from steel. So, the composition could be located in the lower part of this diagram.
The red circle marks the region of optimal composition due to the liquidus temperature
of slag should be around 1200 °C. Although the eutectic temperatures in this area are
higher than 1200 °C, there are some options to decrease the melting points by addition
of other oxides and finding the optimal CaO/SiO, and Al,O3/SiO- ratios.

Figure 4: Ca0O-Al;03-SiO; phase diagram (mass%,°C) [17]

2.3.3 Crystallization tendency
The formation of crystals during continuous casting would increase the thermal

resistance. The occurrence of only crystalline film will be problematic, and will lead to
poor lubrication between copper mould and steel shell, which will cause defects on the
steel surface [1]. Single hot thermocouple technique is applied to analyze the
crystallization behavior Hereby the time is determined for when crystallized volume

reaches a certain fraction of the slag being quenched to a fixed temperature. The
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amount of crystallization can be determined by analyzing the SHTT pictures. From the

results a Time-Temperature-Transformation (T-T-T) curve can be drawn. [18].

Liquid
T: _______________________ 2 o
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X g
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) §_ "
g' %) i
: ’f
T ————————— I—l —————————————————————————————
g :I*R
| ]
icooling Glass

—
2

log, (Time, s) ———

Figure 5: Typical T-T-T diagram [18]

Figure 5 displays a typical example of T-T-T diagram. At a certain temperature T, it
takes time t, to reach 50% crystalline fraction. And even at a very low temperature (T)

the crystalline phase can reach 50% crystalline fraction with a longer period.

2.3.4 Reaction behavior between steel and slag
Reaction between mould slag and TRIP steel is relatively strong. In section 2.1 it was

discussed that SiO; can react with [Al] in steel. However, some other oxides, such as
B20O3, MnO, FeO and TiO,, also react with [Al] during continuous casting. Usually mould
slag picks up 4-5% Al>O3 of which about half comes from steel making processes and
half from the reaction shown in Egs. (1) and Egs. (2) [19]. The Al pickup oxidizes to
Al;O3 and will stay in the slag film. The reaction results in changing properties of the
slag such as liquidus temperature, viscosity and lead to a larger fluctuation of the heat
flux in the mould [1, 20, 21].

2.4 Mould slag composition

The common industrial mould slag for TRIP steel consists of CaO-SiO, based mould
slag. SiO- is partly replaced by Al,Os3 for the purpose of inhibiting the reaction between

slag and steel [22]. The selection of an optimum CaO/SiO; and Al.O3/SiO- ratio with
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respect to glass forming and liquid temperature are essential [23-25]. Fluxing agents
(Na20, LiO, CaF,, MgO, K;O, TiO;) are added due to their effects on the slag
properties such as lowering liquidus temperature and viscosity [7]. Some researchers
suggest the addition of agents such as B203 and MnO, since their ability of reacting
with steel is weaker than SiO; [26].

Furthermore, the amount of SiO,, Al,Os; and CaO are significant for glass forming
behavior. Glassy slag promotes the lubrication behavior and can reasonably increase
the thermal conductivity during casting. Figure 6 shows the glassy forming
compositions in the Ca0-Al;0s-SiO, system, the formation of glasses is obtained
within the white zone by using classic quenching method [27]. Since SiO. content

should be low, the target composition point must locate in the lower part of the triangle.
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Figure 6: Glassy forming behavior in Si0.-Ca0-Al.O; system (mol%) [27]

2.4.1 Effect of TiO2
For CaO-Al,O3 based mould slag, TiO» reduces the reaction between mould flux and

steel by substituting SiO, with TiO,. This is because both act as network former, and
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TiO; is more stable than SiO,. However, the liquidus temperature of the slag could
increase with increasing TiO, content. The undercooling value for the start of
perovskite (CaTiOzs) crystallization decreases along with increasing TiO» content, which

means that the crystallization of CaTiOs3 is enhanced with increasing TiO» content [28].

2.4.2 Effect of MgO
Slag basicity is very high in CaO-Al.O3 based mould slag, which enhances the

crystallization capability and causes poor lubrication. Therefore, MgO is introduced to
retard the crystallization behavior and enhance the lubrication performance. When the
MgO content is high, it tends to reduce the viscosity of the mould slag. Because MgO
can release O ions to depolymerize the network owing to its weak charge
compensation effect [29]. Some researchers have pointed out that MgO can decrease
the melting point of slag [7]. But it cannot replace CaO totally owing to the high eutectic
temperature shown in Figure 7.
SiO,
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cordierite

sapphirine
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1800

“mullite
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22, o

periclase

24 o

2800

2020
1850 1925
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periclase sapphirine corundum

Figure 7: MgO-SiO,-Al,O; phase diagram (wt%,°C) [30]

2.4.3 Effect of Li2O
According to Dietzal’s field strength, Li.O acts as network modifiers in glass network,

which could significantly decrease the viscosity of the mould slag. Kim et al. carried

out experiments that showed the reduction of viscosity with up to 2 wt% Li2O.

9
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Excessive LioO content has little impact on viscosity [31]. On the other hand, Li.O
retards the crystallization by decreasing the initial crystallization temperature and
critical cooling rate [32]. Li2O also plays an important role of inhibiting crystallization in
the high-temperature region by raising the incubation time [32]. In the lower
temperature region, owing to the formation of LiAIO,, the slag shows the highest
crystallization tendency. Moreover, in fluorine containing mould slags, the addition of
Li-O could inhibit the formation of CasSi-O7F2 and Ca,Al,SiO7[33]. Henceforth, finding

a favorable Li>O content is important.

2.4.4 Effect of Na2O
Increasing the Na>O content could decrease the viscosity of the slag, because Na,O

act as a network modifier, which breaks the glass network [15]. Wang et al. suggested
that NazO could restrain the crystallization of CaO-Al,O3; based mould slag. It reduces
the crystallization temperature, but it has no effect on the critical cooling rate. And when
Na>O exceeds 10wt%, the influence on crystallization temperature becomes weak.
The reason might be charge-compensation of [AIO4]> by Na* and thereby a stably

formed structure which cannot be depolymerized easily [22].

2.4.5 Effect of CaF2
The effect of CaF2 on mould slag depends on the slag composition. Tsunawaki et al.

[34] investigated the behavior of CaF: in the acidic melts. Fluorine acts as network
modifier to coordinate with Si*" and depolymerize the network structure, which results
in the reduction of viscosity. However, when CaF: is added to basic melts, fluorine is
present as F- and combines with Ca?*, which would not break the Si-O bonds. Gao et
al. indicated that F~ ions exist in three different structure types: bond with Si**, bond
with AP** and unincorporated F-. In network structure, the molar fraction of [AlO4]-
tetrahedra could decrease due to the breakage of Al-O bond by F ions, then F
combines with AP* to form AIF4". Also, the bonds between Si** and Si-O° are broken by
F- ions, and F- bonds with Si** to form simple tetrahedral units [SiO,Fa.n]-tetrahedra
[35]. Moreover, CaF.is a key component for common mould slag due to its beneficial
effects to lubrication, by decreasing both the viscosity and break temperature [34]. Also,
CaF: could form cuspidine, which decreases the heat transfer of slag. However, while
the temperature is above 900°C, oxides in the slag could react with CaF, resulting in
gaseous fluoride emissions, which is harmful to the environment and humans’ health
[36]. Therefore, it is necessary to reduce the CaF, content as much as possible. It is

not difficult to keep the lubrication behavior by using some other oxides such as Naz0,

10
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Li2O and K20. However, it is more difficult to figure out a suitable phase to replace

cuspidine to control the horizontal heat flux [19].

2.4.6 Effect of K20
K20 act as network modifier. Its effect on viscosity depends on the K;O/Al,O3 molar

ratio. HIGO et al. [37] indicated that slag viscosity increases with increasing K>O
content for K2O/Al,03 molar ratio <0.7. It means the bond strength enhances with the
addition of K;O. The reason is that K* ions replace Ca?" ions owing to the charge
balancing responsibility. For the K-O/Al,O3; molar ratio >0.9, the viscosity will decrease
with increasing K2O. This behavior is owing to the growing amount of NBOs outpacing

the average bond strength of the NBOs.

11
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3 Experimental

3.1 Experimental methodology

—b[ Calculation using FactSage ]

.

Viscosity < 2.5 dPa-s
Suitable Tiiq

yes l

Pre-test
Mixing regent grade materials
100 g sample mass
Partial dissociation of the carbonates at 700 °C
Melting at 1400 °C, dwell time 15 min

K Casting on a steel plate at room temperature

l

Viscosity estimation

/

Rheometer
DTA
FCT

)

Figure 8: The flowsheet of the experiments

no

Figure 8 shows the flowsheet of the experimental design. First, Factsage was used to
calculate a suitable composition of the slag. Unfortunately, no compositions could

achieve having a liquidus temperature below 1250 °C, but pretests showed that at least

12
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the tested composition were liquidus at 1400 °C. Next, sufficient samples were
prepared for further analysis. Then, DTA (Differential thermal analysis), FCT (Furnace
crystallization test) and rheometer were used to investigate the liquidus temperature,
crystallization behavior and viscosity. If the sample’s properties fulfilled the
requirements, SHTT (Single hot thermocouple technique) was applied to analyze the

crystallization behavior in more detail.

3.2 Sample Preparation

Based on on the discussion in section 2.4, nine mould fluxes were designed in the
Ca0-Al;03-SiO2-NaO-Li.O-CaF,-MgO-K.0-TiO2 system. The mixtures were made of
reagent grade raw materials with a purity higher than 99%. CaCQOs;, NaCOs, Li.COs,
K2CO3 and SrCO3; were used as raw materials to substitute CaO, Na2O, Li-O, KO and
SrO owing to their stability in air. The chemical compositions are given in Table 2. It is
better to analyze the chemical composition in moles due to the glass network theory.
In order to analyze the properties of mould slag, the samples needed to be quenched
first. The mixed powders were put into a platinum crucible, melted at 1400°C for
15 mins, and quenched on a steel plate for fast cooling.

Mixes No.11-No.16 were tested to analyze the effect of the interchange of SrO and
CaO content on mould slag properties. Mixes No.16 and No.20 were tested to analyze
the effect of using MgO to substitute same moles CaO. Mixes No.16, No.21, No.22
and No.23 were tested to analyze the effect of increasing CaF, content on mould slag
properties, and mixes No.21, No.24, No.25, No.26 were tested to analyze the effect of

decreasing LiO2 content on mould slag properties.

13
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Table 2: Chemical composition of all investigated samples [mol%)]

Samples Si02 Al203 CaO Na20 Li20 CaF2 SrO MgO K20 TiO2

No.11 8.45 2097 3544 1184 563 6.50 1.75 291 155 495

No.12 8.45 2097 3344 1184 563 6.50 375 2.91 155 4.96

No.13 8.45 2097 3144 1184 563 6.50 575 291 1.55 4.96

No.14 8.45 2097 2944 1184 563 6.50 775 291 1.55 4.96

No.15 8.45 2097 2744 1184 563 6.50 9.75 291 1.55 4.96

No.16 8.45 2097 3715 11.84 563 6.50 0.00 291 1.55 5.00

No.17 8.45 16.97  36.15 4.00 5.00 8.50 0.00 291 8.02 10.00

No.18 8.45 16.97  36.15 4.00 4.00 8.50 0.00 291 9.02 10.00

No.19 10.01 18.92  25.35 9.00 563 15.00 0.00 954 155 5.00

No.20 8.45 2097 3215 1184 563 6.50 0.00 7.91 1.55 5.00

No.21 8.05 1997 3538 1128 536 1095 0.00 277 148 476

No.22 7.68 19.06 33.77 10.76 512 15.00 0.00 265 1.41 4.55

No.23 7.23 1794 3179 1013 482 2000 0.00 249 133 4.28

No.24 8.18 2029 3594 1146 38 1113 0.00 282 150 4.84

No.25 8.30 2060 3650 1163 236 1130 0.00 286 1.52 4.91

No.26 8.43 2092 37.06 11.81 0.86 1147 0.00 290 1.55 4.99

3.3 FactSage

Factsage is one of the largest database computing systems in chemical
thermodynamics in the world [38]. The mould slag compositions were evaluated with
FactSage, so that the liquidus temperature and viscosity at 1300 °C should be in a

reasonable range.

3.4 Viscosity measurement

As shown in Figure 9, the furnace rheometer systems FRS 1800 from Anton Paar

consist of a lab furnace and the rheometer head, which features the established EC
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motor and air-bearing technology of the rheometer series. To protect the equipment,
an air-cooled and water-cooled systems were used.

The principle of rotational viscometers is that the torque required to rotate an object in
a liquid is proportional to viscosity of that liquid. By measuring the torque required to
rotate the bob in a melt at a given speed, the viscosity of the sample at the known

temperature can be calculated as shown in Egs. (5).
T
n= ” [Pa-s] oo (5)

1. Shear stress [Pa]

y': Shear rate [s7]

The quenched sample were ground to powder form for viscosity measurement. 35 g
of the powder were filled into a platinum crucible. The bob was fixed, and the crucible
was placed on the sample holder. The sample was heated up within 140 min to 1400 °C,
then the bob was immersed into the liquid sample, and the rotation was started with
the shear rate of 20 s'. After a dwell of 5 min the slag was cooled with 5 °C/min until a
maximum torque was reached. From the measurement the viscosity depending on the

temperature can be derived.

Figure 9: Viscosity measurement equipment
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3.5 Differential thermal analysis

Differential thermal analysis is an analytic technique for material phase change. Some
important characteristics of the mould slag, such as liquidus temperature,
crystallization temperature and glass transition temperature can be measured by DTA.
The amount of evaporation of mould slag also can be known by combining thermal
gravimetry. The measurement was performed with a STA F3 Jupiter from Netzsch. Its
cross section is given in Figure 10. Contrary to the figure, the DTA sample holder was
used. The pre-melted sample was heated up with 20 °C /min until 1450 °C. Then cooled
with 10 °C/min to room temperature. Ar gas purging is used as the protection gas with
70 ml/min. Temperature difference between sample and reference was analyzed.
Exothermic or endothermic events of the sample were detected relative to the inert
reference. Thus, the transformations data was read on the DTA curve. The peaks on

the curve were enthalpy changes and were not affected by heat capacity of the sample.

gas outlet valve

gas outlet

thermocouple

/ hoisting device

heating element

sample carrier

protective tube

radiation shield

evacuating system

adjusting screws /7/\_|‘:\|'
Vi mrc— =] purge 1
MFC i purge 2
mrc—13 protective
| "o @ &
BN Il it ]

Figure 10: Differential thermal analysis equipment [39]
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3.6 Furnace crystallization test

Furnace crystallization test measurement is similar to DTA measurement, but on a
bigger scale. 27g of the quenched sample powder and the same mass of alumina that
acts as reference material were added into separate platinum crucible. The samples
were heated up within a furnace chamber to 1350 °C for a dwell time of 15 min, then
cooled to room temperature with a cooling rate of 10 °C/min. There are two wires
embedded in the sample and the reference to record their respective temperatures.
Similar to the DTA, the calculated temperature difference refers to endothermal or
exothermal events. After the FCT measurement, the solidified sample was cut into two

halves, with one made into a polished section for further analysis.

3.7 X-ray diffraction analysis

X-ray powder diffraction is an efficient analysis method mainly applied for phase
identification of a crystalline material and providing information in unit cell dimensions
[40]. For the investigation of the phase composition, equipment Bruker D8 with fixed
divergence slit and high-speed detector and a copper target was used. An X-ray beam
of defined wavelength was focused on the sample. Thereby the beam was scattered
at all scattering centers. The scattering centers are located on lattice planes. The beam
scattered at different lattice planes must be scattered coherently to give a maximum of
scattered intensity. Bragg’'s Law as shown in Eqs. (6) measures peak positions that
can be allocated to distinctive d-spacing:

NA=2-d-sin(@) ......cooviiiiiiiiii (6)
where d is the spacing between the planes in the atomic lattice; A is the wavelength; 6
is the angle between incident beam and lattice planes; n is an integer [41].
As shown in Figure 11 and 12, the ground powder was added on the stage and fixed
into the equipment. Evaluation of the result was done manually by comparing with
standard of ICCD PDF 4 database.
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Figure 12: X-ray diffraction analysis equipment

3.8 Scanning electron microscopy (SEM) analysis

A focused beam of electrons is utilized in scanning electron microscopy to produce a
diversity of signals on the surface of polished samples. The signals that are derived
from electron-sample interactions may disclose information about the sample [42],
including external morphology and crystalline structure.

To analyze the sample structure after crystallization, polished sections were prepared
from the FCT samples. The high temperature quenched samples were investigated by
a reflection microscope AX70 Olympus (Figure 14). From this an overview of the
sample followed. For detailed analysis an SEM MA15 EVO (Figure 15), including an

energy dispersive X-ray spectroscopy from Oxford was used.
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Figure 13: Polished sample Figure 14: Optical microscope

Figure 15: Scanning electron microscope (1) including energy dispersive X-ray
spectroscopy detector (2).
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3.9 Single hot thermocouple technique

Single hot thermocouple technique (SHTT) (Figure 17) was applied for analyzing the
crystallization behaviors of mould slag.

The quenched powders were pressed together to form disc shaped sample. A tiny part
of the it was put on the platinum wire which had been heated up to 1400 °C to get a
melted sample, as shown in Figure 16 [33]. A stretching device was used to stretch the
liquid sample to form a thin slag layer. Then the temperature of the wire was adjusted
by the controller to a fixed temperature. While the melted sample transformed to glass
and crystals, pictures were taken by a camera at time intervals until 95% of the sample
was crystallized. By analyzing the pictures, the crystallization behavior can be

quantified.

Thermocotiple Sample

Figure 16: The schematic of single hot thermocouples [33]

Figure 17: Single hot thermocouple technique equipment
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3.10 Inclined plane test

Inclined plane test is an efficient and reliable technique for characterizing the viscous
behavior of the slag. As shown in Figure 18, a stainless-steel planet and a heating
furnace was used. 15 g of the quenched powders were added into a platinum crucible
and kept in a furnace at 1480 °C for 15 min, then the molten sample was taken out
from the furnace and was poured immediately on the top of the plane, which had a 14°
angle with the level table. The molten sample flowed down the plane until it solidified.
Thus, a slag ribbon was formed, of which the length is proportional to the viscosity of
the mould slag. Each sample was tested at least 5 times to reduce standard deviation

of the mean value.

Crucible containing

D— 15 gm flux

60 mm
600 mm

4—— SS Plate
Supporting
block

_________

Figure 18: Inclined plane test [43]
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4 Result and discussion

4.1 Effect of substituting CaO with SrO

4.1.1 Glass formation of mould slag during quenching

As shown in Table 3, the compositions of sample No.11 to No.16 gradually replace

CaO with SrO mole for mole. The glassy phase formation ability can be visually

assessed by quenching method. The quenched examples of sample No.11 to No.16

are shown in Figure 19, where it can be clearly observed that with the increase of SrO

content, the crystal fraction increases. The XRD results of quenched samples are

shown in Figure 20, which shows that the glass fraction decreases with increasing SrO

content. Sodium calcium fluorite silicate (NaCa2SiO4F) and lithium aluminate (LiAIO>)

formed during quenching.

Table 3: Chemical composition of sample No.11 to No.16 [mole%)]

Factsage
Factsage
liquidus
Samples SiO2 AlO3 CaO NaxO LiO CaFz SrO MgO KO TiO2 viscosity
[Pa-s]
[°C]
No.16 845 2097 37.15 1184 563 6.5 0 291 1.55 5 0.21 1443
No.11 845 2097 3544 1184 563 65 175 291 155 495 - -
No.12 845 2097 3344 1184 563 65 375 291 155 496 - -
No.13 845 2097 3144 1184 563 65 575 291 155 4.96 - -
No.14  8.45 2097 2944 1184 563 65 775 291 155 496 - -
No.15 845 2097 2744 1184 563 65 975 291 155 4.96 - -
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10mm 10mm

10mm

10mm

Figure 19: Quenched samples of No.11 to No.16.
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Figure 20: XRD results of quenched samples of No.11, No.12, No.13, No.14 and No.16

4.1.2 Effect on viscosity and break temperature
Sample No.11 to No.16 were measured to analyze the effect of using SrO to substitute

CaO on the viscosity of the mould slag. Sample No.12 was tested as well, but the result
cannot be used due to serious overflow caused by its relatively high SrO content.

To protect the equipment, only the sample with 1.75 mol% SrO was tested. The results
are shown in Figure 21, where the viscosity increases steadily with decreasing
temperature until a certain temperature was reached, at which point the viscosity
rapidly increases. This particular temperature is defined as the break temperature (To).
The rise in viscosity is due to the crystal formation starting at this temperature during
cooling. The replacement of CaO by SrO increases the viscosity from 0.353 Pa-s
(No.16) to 0.411 Pa-s (No.11) and slightly decreases the break temperature from
1251 °C (No.16) to 1248 °C (No.11). The measured viscosity at 1300 °C of 0.353 Pa's
is much higher than the calculated of 0.206 Pa-s by FactSage. There were no
FactSage results of samples No.11 to No.14 because SrO is not included in the

viscosity calculator of FactSage.
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Figure 21: Viscosity of the mould slag

4.1.3 Effect on liquidus temperature, onset of crystallization temperature
and mass loss

As shown in Figure 22, there is a sharp exothermal peak at 630.4 °C due to
devitrification followed by an endothermal peak at 1004.1 °C. There are 4 more
endotherms until the estimated liquidus temperature 1278.9 °C. Furthermore, the mass
reduction of mould slag can be found on TG curve, which starts at around 400 °C and
sharply increases while the temperature exceeds 1200 °C, ending with a 2.5% mass
loss at 1450 °C, which may put the DTA result above 1200 °C in some doubt.

The results of DTA are depicted in Figure 23, 24 and Table 4. Estimated liquidus
temperature slightly increases while the SrO content increases. The impact of SrO is
rather small since the Sr?*ions can replace Ca?*ions in crystal structures. Due to the
evaporation during heating, no liquidus temperature can be given. In this thesis the
estimated liquidus temperature was the temperature of the last maximum peak, where
the sample is assumed to be liquidus and it is much lower than that calculated by
FactSage. Moreover, the minimum crystal form temperature is observed at 1.75 mol%
SrO. For mass loss, the exchange of CaO to SrO has little effect on it. FactSage

calculated that the first crystalline phase during cooling should be Na>CaAl4Os.

25



Result and discussion

TG /% DTA /(mW/mg)
1052.0°C 1097.7 °C 1176.7°C 1222 8°C exo -
1.3
1000 ——m e 3 12789 °C y
2.0
99.5 1 1004.1 °C
1.5
99.0 A
1.0
98.5 4 Los
98.0 4 F0.0
97.5 4 F-0.5

200 400 600 800 1000 1200 1400

mperature /°C
Main  2019-03-21 15:08 User: OTA TE- Pe au E.F‘ C

Figure 22: DTA results of sample No.16 during heating
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Figure 23: DTA results of sample No.11, No.12, No.13 and No.16 during heating
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Figure 24: DTA results of sample No.11, No.12, No.13 and No.16 during cooling

Table 4: The results of DTA with varied CaO and SrO content [mole%]

Other Mass Crystal form Estimated liquidus
Samples CaO[mol] SrO[mol]
components loss [%] temperature[°C] temperature[°C]
No.16 37.15 0 62.85 4.7 1216 1274
No.11 35.44 1.75 62.85 4.5 1169 1279
No.12 33.44 3.75 62.85 51 1189 1281
No.13 31.44 5.75 62.85 4.5 1206 1286

4.2 Effect of substituting CaO with MgO

4.2.1 Glass formation of mould slag during quenching
Table 5 shows the chemical composition of sample No.16 and No.20, where sample

No.20 used 5 mol% MgO to substitute 5 mol% CaO. After quenching, it can be clearly
observed in Figure 25 that the glass formation is favored in No. 16, which means that
CaO is better than MgO for glass formation. The XRD results of the quenched samples
No.16 and No.20 are shown in Figure 26, which shows more crystal fraction for sample
No.20. There are three phases formed during quenching, which are lithium aluminate
(LisAlO4), potassium calcium fluoride silicate [KCaz(SiO4)sF3] and calcium fluoride
silicate (Ca,SiOzF>).
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Table 5: Chemical composition of samples No.16 and No.20 [mole%]

FactSage FactSage
Samples  SiO2  Al203 CaO Na2O Li2O CaFz MgO K20 TiO2 viscosity  liquidus T

[Pa-s] [°C]
No.16 8.45 2097 3715 1184 563 6.5 2.91 1.55 5 0.206 1443
No.20 8.45 20.97 3215 1184 5.63 6.5 7.91 1.55 5 0.206 1454

10mm - 10mm

2018~ BoT, E 2o78-020

Figure 25: Quenched samples of No.16 and No.20
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Figure 26: XRD results of quenched sample No.16 and No.20

4.2.2 Effect on liquidus temperature
As shown in Figure 27, compared with sample 16, there is an additional phase formed

during heating in sample No.20, which has a higher estimated liquidus temperature
(1326 °C). This new phase might be MgO. Therefore, using MgO to substitute CaO
may increase the liquidus temperature. As the estimated liquidus temperature exceeds
1300°C, no viscosity measurement was done for the substitution by MgO. In addition,
the last peak maximum during melting was much lower than the calculated liquidus

temperature by FactSage.
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Figure 27: DTA result of sample No.16 and No.20

4.3 Effect of CaF:

4.3.1 Glass formation of mould slag during quenching
The effect of CaF, content on glassy phase formation during quenching can be

observed in Figure 28. Sample No.16 containing 6.5 mol% CaF, and sample No.21
containing 10.95 mol% have almost the same fraction of crystals, which means that
when the CaF: content is located between 6.5 mol% to 10.95 mol%, it has little
influence on glassy phase formation. However, when the amount of CaF. exceeds
10.95 mol%, the crystal fraction increases sharply. XRD results of the quenched
samples are shown in Figure 29, it shows that the glass fraction decreases while its
content exceeds 10.95 mol%. At the same time, there are some phases formed during
quenching, which are potassium calcium fluoride silicate [KCaz(SiOs)sF3], calcium
fluoride silicate (CazSiO2F2), calcium aluminate [Cas(AlOs3).], potassium aluminum
silicate (Ko.96AlSiO4) and fluormayenite (CagAlzO16F).
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Table 6: Chemical composition of sample No.16, No.21, No.22, No.23 [mole%]

FactSage FactSage
Samples SiO2 Al2O3 CaO Na20 Li2O CaFz MgO KO  TiO2 viscosity liquidus T
[Pa-s] [°C]
No.16 8.45 20.97 3715 1184 563 6.5 2.9 1.55 5 0.206 1443
No.21 8.05 19.97 3538 1128 536 1095 277 148 476 0.148 1429
No.22 7.68 19.06 33.77 10.76  5.12 15 265 141 455 0.115 1415
No.23 7.23 17.94 31.79 1013  4.82 20 249 133 4.28 0.092 1398

E 2018 -Bo22

10mm

10mm

Figure 28: Quenched samples of No.16, No.21, No.22 and No.23
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Figure 29: XRD results of quenched sample No.16, No.21, No.22 and No.23

4.3.2 Effect on mass loss
As shown in Figure 30 and Table 7, during heating the mass loss curve starts out stable

until the temperature reaches 800 °C, at 1200 °C it drops sharply. This means that the
chemical composition is always altered before the sample are totally liquefied around
1275 °C. After the temperature is below 1275 °C during cooling, the mass loss stays
stable again. The mass loss of sample increases from 4.7% to 9.6% when the CaF>
content increases from 6.5% to 20%, which means fluorine could be evaporated. The
addition of CaF2 exceeding 10.95 mol% influences the wetting behavior, because the
overflow happened with CaF, content above 10.95 mol% as shown in Figure 31.

Therefore, crystallization temperature derived by DTA is of doubt.
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Figure 30: Mass loss of sample No.16, No21, No.22 and No.23

Figure 31: Sample overflow during DTA measurement

4.3.3 Effect on liquidus temperature and onset of crystallization
temperature

The samples with different CaF, content were tested by DTA, the results are shown in
Figure 32 and Table 7, where it can be clearly observed that the peak temperature of
the last endothermal peak during heating of the mould slag decreases first and then
increases with increasing CaF. content. Sample No.21 containing 10.95 mol% CaF:
has the lowest estimated liquidus temperature. When the CaF, content exceeds
15 mol%, it has little effect on the liquidus temperature. In FactSage, with the addition
of CaF. content, it shows a continuous decrease of the liquidus temperature. This is

not apparent in the DTA curves. The calculated first phase to crystalize during cooling
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Figure 32: DTA results of sample No.16, No.21, No.22 and No.23 during heating

As shown in Figure 33 and Table 7, with the CaF. content increases, the first

crystallization temperature decreases first and then increases during cooling.

Compared with sample No.16, sample No.21 lost one phase which corresponds to the

first exothermal peak at 1216 °C. However, due to the evaporation behavior during

DTA, these results are of doubt.
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Figure 33: DTA results of sample No.16, No.21, No.22 and No.23 during cooling
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Table 7: The results of DTA with varied CaF, content

Estimated liquidus Crystal form
Samples CaF2[mol] Other fluxes Mass loss [%] temperature[°C] temperature[°C]
No.16 6.50 93.50 4.7 1274 1216
No.21 10.95 89.05 53 1236 1131
No.22 15 85 8.0 1272 1042
No.23 20 80 9.6 1277 1292

4.3.4 Effect on the viscosity
As aforementioned, the sample could overflow in the crucible during heating.

Therefore, only for samples No.16 and No.21 the viscosity was tested as shown in
Figure 34 and Table 8. With the CaF. content increasing from 6.50 mol% to
10.95 mol%, the viscosity at 1300 °C decreases from 0.353 Pa-s to 0.283 Pa-s, and
the Ty decreases from 1251 °C to 1213 °C. CaF2has a desirable effect on the decrease
of viscosity and break temperature of the slag. Unfortunately, due to the overflow, the

impact of high CaF. content could not be worked out.
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Figure 34: Temperature-viscosity curve of sample No.16 and No.21
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Table 8: The results of viscosity at 1300 °C and Ty, of sample No.16 and No.21

Other viscosity at
Samples CaFz[mol] Break temperature [°C]
fluxes[mol] 1300°C [Pa-s]
No.16 6.5 93.5 0.353 1251
No.21 10.95 89.05 0.283 1213

4.3.5 Phase formation
The sample No.21 was analyzed by furnace crystallization test. After the slow cooling,

XRD and SEM test are applied to identify the phase formation as shown in Figure 35
and 36. It is a complex crystalline microstructure and without any glassy phase.
According to FactSage, Na;CaAl4Os is the first precipitating phase out of the melt. This
phase cannot be verified by SEM and XRD.

Figure 35: Backscattered electron image of sample No.21 after furnace crystallization
test

..Perovskite (Ca (Ti,Fe,Al,Si)O3)
..Calcium fluoride (CaF>)
..Sodium calcium fluoride silicate (NaCa>SiO4F)

..Calcium aluminum silicate (CasAlsSi2O17.5)

o k0 0w b =

..Sodium calcium aluminate (CasNasAl10020)
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Figure 36: XRD result of FCT sample No.21

4.4 Effect of Li2O

4.4.1 Glass formation of mould slag during quenching
Figure 37 shows the compositions of quenched mould slag samples that have varied

Li.O content. It can be clearly observed that the Li>O content seriously affects the
glassy phase formation. With the decrease of Li>O content from 5.36 mol% to
0.86 mol%, the glassy phase fraction decreases. There is a sharp glassy phase
fraction reduction from sample No.21 to No.24, which means that the Li:O content
between 5.36 mol% and 3.86 mol% strongly affects the glassy phase formation.
Continued decrease of the Li;O content slightly reduces the glassy phase formation.
The XRD results of the quenched samples are shown in Figure 38, it showed that the
glass fraction decreases with the decrement of Li2O content. Fluormayenite
(CaeAl7016F), calcium fluoride silicate (Ca2SiO2F2) and calcium aluminate (CaszAl20e)

are formed during quenching.
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Table 9: Chemical composition of samples [mole%]

FactSage FactSage

Samples Si02  AI203 CaO Na20 Li20 CaF2 MgO K20 TiO2 viscosity liquidus T
[Pa-s] [°C]
No.21 8.05 19.97 35.38 11.28 5.36 10.95 2.77 1.48 4.76 0.148 1443
No.24 8.18 20.29 35.94 11.46 3.86 11.13 2.82 1.50 4.84 0.154 1439
No.25 8.30 20.60 36.50 11.63 2.36 11.30 2.86 1.52 4.91 0.162 1449
No.26 8.43 20.92 37.06 11.81 0.86 11.47 2.90 1.55 4.99 0.171 1463

E-—2018— B028

10mm

Figure 37: Quenched samples of No.21, No.24, No.22 and No.23

38



Result and discussion

2100

No.21 (Dark red)
No.24 (Magenta)

No.25 (Blue)

1200 1500

[}
c
2 No.26 (green)
o 8
(&}
o
3
o
3
o
s g g gy g
19 20 21 22 23 25 28 29 30 31 32 33 34
2Theta (Coupled TwoTheta/Theta) WL=1,54060
g3 | PDF 04-009-1978 Cab AT 016 F Fluormayenits, syn
4 | PDF 00-0235-0002 Caz 51 02 F2 Calcium Fluoride Silicats
E | PDF 00-001-1051 Ca3 ( Al 03 )2 Calcium Aluminum Oxide
£
7] 3 E
€ =
3 =
[=] .
o s

800

400

0

39 40 41 42 43 44 45 46 47 48 49 50 51 52 563 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 70
2Theta (Coupled TwoTheta/Theta) WL=1,54060

Figure 38: XRD results of quenched sample No.21, No.24, No.25 and No.26

4.4.2 Effect on viscosity and break temperature
The viscosity results are shown in Figure 39 and 40, where it can be clearly observed

that with the Li2O content increasing from 0.86 mol% to 5.36 mol%, the viscosity
decreases from 0.428 Pa-s to 0.283 Pa-s, and the break temperature decreases from
1280 °C to 1213 °C. Therefore, addition of Li>O could decrease the viscosity and break
temperature of the slag. Comparing with the FactSage calculated results, the

measured viscosities are much higher.
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Figure 39: Temperature-viscosity curve of samples
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4.4.3 Inclined plane test to estimate the viscosity
The inclined plane test was conducted to estimate the viscosity of the sample. The

results are shown in Table 10. The lengths of slag ribbons are proportional to the
measured viscosities of the mould slags except for sample No.24 which may result

from test deviation.

Table 10: Inclination plane test result of sample No.21, No.24, No.25, No.26

Mean Mean length Mean residual

Mass [g] temperature [°C] mmi - Viscosity [Pa-s]
No.21 15 1279 253 25 0.283
No.24 15 1265 258 25 0.368
No.25 15 1289 237 25 0.407
No.26 15 1263 232 2.8 0.428

4.4.4 Effect on liquidus temperature and crystallization temperature
From to the DTA results, the estimated liquidus temperatures are shown in Figure 41

and Table 11. With the Li2O content decreasing from 5.86 mol% to 0.86 mol%, the
maximum peak temperature of the last endothermal peak during heating increases
from 1236.8 °C to 1298.5 °C, which means that the Li,O content has a strong effect on
the estimated liquidus temperature of the mould slag. Also, the measured liquidus
temperature is much lower than the FactSage calculated liquidus temperature. The
calculated first crystallized phase during cooling is Na>CaAl:Os. For crystal form
temperature and mass loss of the sample, they do not have a liner relationship with
the Li-O content. The minimum crystal formation temperature is observed at 3.86 mol%
Li2O (Figure 42).
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Figure 41: DTA results of sample No.21, No.24, No.25 and No.26 during heating
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Figure 42: DTA results of sample No.21, No.24, No.25 and No.26 during cooling
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Table 11: The results of DTA with varied Li-O content

Other fluxes Estimated liquidus Crystal form
Samples Li2O [mol] [mol] Mass loss [%] temperature [°C] temperature[°C]
No.21 5.36 94.64 5.2 1236 1131
No.24 3.86 96.14 8.8 1259 1107
No.25 2.36 97.64 5.9 1272 1158
No.26 0.86 99.14 55 1298 1156

4.4.5 Single hot thermocouple technique (SHTT) to analyze the
crystallization behavior

Figure 43: Before feeding the sample (No.21) Figure 44: After feeding the sample (No.21)

SHTT was utilized to analyze the influence of crystallization behavior of sample No.21.
Although the estimated liquidus temperature is 1237 °C, the sample was not
completely liquidus at a given wire temperature of 1300°C. Therefore, the sample was
heated up to 1400 °C. However, a part of the mould powder evaporated rapidly at this
temperature on the hot wires due to the high specific surface, which can be seen in
Figure 43 and Figure 44. The white solid attached to the glass is composed of
evaporated powder. This will most likely be fluorine, Na-O and Li-O. Therefore, it is not
possible to get a reasonable result. Two trials were performed. One was conducted at
a fixed temperature of 1300 °C, the crystallization was visible in a short time. For the
other trial the temperature was fixed at 800 °C, with stretching and cooling being
performed at the same time. No crystallization could be detected in a short time, which

means that the nose of T-T-T curve is at relatively high temperature.
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4.4.6 High temperature quenching from 1400 °C to 900 °C
The samples No.21, No.24, No.25 and No.26 were quenched from 1400 °C to 900 °C

with different dwell periods as shown in Figure 45. With decreasing Li.O content, the
color of the samples shifts from light blue to sand yellow. For the same composition

with different dwell period, there are not much difference in color.

Figure 45: Quenched samples of No.21, No.24, No.25 and No.26 from 1400 °C to 900 °C

Polished sections were prepared from the samples shown above. The optical
microscope was used to observe the crystal size. Take sample No.21 for example, the
crystal size increases while the dwell period increases which can be seen in Figure 46,
which is also observed for samples No.24, No.25, No.26 (Figure A-1, A-2 and A-3). For
the constant dwell period 15 min, with decreasing Li-O content, the crystal size
decreases as shown in Figure 47 and 48; the same applies for dwell times of 5 min,
30 min, 60 min (Figure A-4, A-5 and A-6).
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Figure 46: Optical micrographs; a) of sample No.21 dwell 5 min; b) of sample No.21 dwell
15 min; c) of sample No.21 dwell 30 min; d) of sample No.21 dwell 60 min; From (a) to (d)
the crystal size increases with increasing dwell period.
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Figure 47: Optical micrographs; a) of sample No.21 dwell 15 min; b) of sample No.24
dwell 15 min; c) of sample No.25 dwell 15 min; d) of sample No.26 dwell 15 min;
From (a) to (d) the crystal size decreases with increasing Li.O content.

For example, in Figure 46 and 49, the results for the quenched sample No.21 with
different dwell period are given. It is a complex crystalline microstructure and without
any glass phase. For sample No.21 with different dwell period, the XRD curve are
almost the same. The small difference is caused by the different contents of LiAlIO, as
shown in Figure 50. The phase content of LiAlO, decreases with the increment of the
dwell period from 5 min to 60 min. With samples No.24, 25 and 26, similar effects are
visible in the XRD curves (Figure A-7, A-8 and A-9).
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Figure 48: Backscattered electron images of samples; a) of No.21 dwell 15 min; b) of
sample No.24 dwell 15 min; c) of sample No.25 dwell 15 min; d) of sample No.26 dwell 15
min;
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Figure 49: XRD result of sample No.21 with dwell period 5 min, 15 min, 30 min and 60
min
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Figure 50: XRD result of LiAlO; content change in sample No.21 with dwell period 5
min,15 min, 30 min and 60 min

The XRD results of samples No.21, No.24, No.25 and No.26, which contain different
contents of Li;O with the same dwell period of 15 min are shown in Figure 51. The
XRD curves almost coincide, which means that the samples have the same phases.
However, there are some peaks which have different height as shown in Figure 52.
This peak response for LiAIO2, and the height is related to its content. Therefore, the

phase content of LiAlO, decreases with decreasing Li-O content of the mould slag.
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Figure 51: XRD result of sample No.21, No.24, No.25 and 26 with dwell period 15 min
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Figure 52: XRD result of LiAlO; content change in sample No.21, No.24, No.25 and 26
with dwell period 15 min

As shown in Figure 53, for the same dwell period of 15 min, with varying Li>O contents,
the location of the peaks shift. This is caused by the alteration of other chemical

composition in the solid solution of sodium calcium fluoride silicate.
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Figure 53: XRD result of Sodium Calcium Fluoride Silicate solid solution in sample
No.21, No.24, No.25 and 26 with dwell period 15 min
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5 Conclusion

In this thesis, the effect of substitution of SrO and MgO for CaO, and the variation of

CaF: and Li.O content on the properties of CaO-Al.Os; based mould slag for casting
TRIP steel was studied by DTA, XRD, SEM and SHTT. The conclusions are

summarized as follows:

1.

Substitution of CaO by SrO: Ca?* and Sr?* have the same main coordination
number of 8 and similar Dietzal’s field strength. This is the reason why Sr?*and
Ca?* are interchangeable and can easily form solid solutions. Due to the lager
ion radius of Sr?*, the viscosity will slightly increase with rising SrO content.
The liquidus temperature and the crystallization tendency increase as well.
Substitution of CaO by MgO increases the liquidus temperature due to the
formation of an additional phase which might be MgO with a high melting point.
The crystal fraction increases as well.

CaF. will work as a network modifier, as long as larger structure units can be
broken to single units. Additionally, CaF, may act as a network former
generating an Al-F-Al bond by dipole — dipole interaction. Therefore, addition
of CaFzdecreases the viscosity only to a certain extend. Due to the overtopping
of the platinum crucibles, the viscosity minimum could not be discerned. For
the liquidus temperature a minimum was observed at 10.95 mol% CaF..

Li2O is the most effective network modifier per weight due to its low molar
weight of 30 g/mol. Its small ion radius causes low inner friction in liquidus state.
The reduction of lithium oxide leads to the increase of the viscosity, and
increase of the Li>O leads to a significant decrease of the liquidus temperature.
Moreover, according to quenching at 900 °C, one of the main phases LiAIO-
decreases with the decrement of Li2O content. For constant composition,

LiAIO, decreases with rising the dwell period.

Up to now, the best result was achieved with composition No. 21 which has a liquidus

temperature of 1236 °C and viscosity of 0.283 Pa-s. The liquidus temperature fulfills

the requirement. The viscosity is too high, and it may be decreased by increasing the

Li.O content.
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Figure A-1: Optical microscope pictures; a) of sample No.24 dwell 5 min; b) of sample
No.24 dwell 15 min; c) of sample No.24 dwell 30 min; d) of sample No.24 dwell 60 min;
The crystal size increases with increasing dwell period.
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Figure A-2: Optical microscope pictures; a) of sample No.25 dwell 5 min; b) of sample
No.25 dwell 15 min; c) of sample No.25 dwell 30 min; d) of sample No.25 dwell 60 min;
The crystal size increases with increasing dwell period.
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Figure A-3: Optical microscope pictures; a) of sample No.26 dwell 5 min; b) of sample
No.26 dwell 15 min; c) of sample No.26 dwell 30 min; d) of sample No.26 dwell 60 min;
The crystal size increases with increasing dwell period.
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Figure A-4: Optical microscope pictures; a) of sample No.21 dwell 5 min; b) of sample
No.24 dwell 5 min; c) of sample No.25 dwell 5 min; d) of sample No.26 dwell 5 min; The
crystal size decreases with decreasing Li2O content.
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Figure A-5: Optical microscope pictures; a) of sample No.21 dwell 30 min; b) of sample
No.24 dwell 30 min; c) of sample No.25 dwell 30 min; d) of sample No.26 dwell 30 min;
Crystal size decreases with decreasing Li.O content.
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Figure A-6: Optical microscope pictures; a) of sample No.21 dwell 60 min; b) of sample
No.24 dwell 60 min; c) of sample No.25 dwell 60 min; d) of sample No.26 dwell 60 min;
Crystal size decreases with decreasing Li.O content.
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Figure A-7: XRD result of sample No.24 with dwell period 5 min, 15 min, 30 min and 60
min
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Figure A-8: XRD result of sample No.25 with dwell period 5 min, 15 min, 30 min and 60
min
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Figure A-9: XRD result of sample No.26 with dwell period 5 min, 15 min, 30 min and 60
min
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