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ABSTRACT

In steelmaking, commonly used calcium treatment has the benefit of modifying
inclusion composition, and the shape and size of these inclusions are also adjusted. Two
of the main advantages of calcium treatment are not only the improvement of the
castability but also the improvement of the final properties of the steels’ machinability,
toughness and surface quality. The effects of calcium are mainly based on its strong
ability to form sulphides and oxides. In aluminium deoxidised steels, the inclusion
population will generally include alumina inclusions and maybe some silicates and
manganese sulphides. After calcium treatment, the inclusions are restricted mainly to
calcium aluminates (Ca0O-Al,O3) and the sulphur in the steel is associated with these
inclusions as calcium sulphide. The topic of the present study concerns the basic
mechanism and kinetics of the transformation process of alumina inclusions in steel
when calcium is introduced into the steel e.g., by wire feeding or powder injection.

To clarify the mechanisms, several types of model experiments were performed in
laboratory furnaces and on an industrial scale. Reactions between only Al,O3 and CaO
were studied in a laboratory furnace. The phases formed during the reaction between
ALOj; and CaO were examined by SEM-EDS, and a discussion of the proposed reaction
sequence of Al,O3;=>CAs=>CA,=CA=CA, (liquid) was based on the experimental
observations and thermodynamic equilibrium examinations. The kinetics of the reaction
of calcium with alumina inclusions were simulated by performing Ca treatments in an
induction furnace for 8 kg steel deoxidised with aluminium. Results were compared
with observations of inclusion transformation in a real steelmaking process. Based on
the results, a kinetic model was proposed.
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INTRODUCTION

1. INTRODUCTION

One of the essential tasks in the steelmaking process is to control non-metallic
inclusions their amount, composition, size, and other properties. The composition of the
inclusions can be controlled through the chemistries of the metal and the slag.
Deoxidation is an important start for a kind of inclusion path. The practice of adding
calcium to steels for the reduction and control of sulphide and oxide inclusions is now
used worldwide.

After rolling, in aluminium deoxidised steels, the inclusion population will generally
include elongated Type II manganese sulphides, dispersed alumina inclusions or even
clusters and eventually some silicates. However, after calcium treatment, the inclusions
are mainly calcium aluminates of the type CaO-Al,Os. The sulphur in the steel is also
associated with these inclusions either as calcium sulphides or as sulphides containing
manganese. The calcium aluminate particles are globular in nature and tend to retain
their shape on hot rolling." >

There are normally three categories to modify the non-metallic inclusions: namely (1)
the use of specific elements such as Ca, Ti, Zr, and rare earth metals; (2) the control of
solidification conditions; and (3) the control of the composition of molten steel before
solidification. By thermodynamic calculations, it is possible to predict the optimal range
of content of dissolved aluminium and oxygen and the best possible solidification
conditions for particular steels by the generation of ultra-fine dispersed oxide particles
as inocul}ants for fine precipitates and as a simultaneous adjustment of fine grain ferrite
structure.

The addition of calcium or calcium alloys, usually in wire form, is made for aluminium-
killed steels in order to decrease the volume fraction of oxide and sulphide inclusions
through deoxidation and desulphurization and to control the composition, morphology,
and distribution of those remaining inclusions. A major benefit of this practice is that
nozzle clogging in continuous casting can be eliminated: Solid alumina inclusions are
transformed to liquid calcium aluminates that do not clog the nozzle. Other benefits are
realized in the mechanical properties of various grades of steel. For example, the
ductility and toughness of high-strength low-alloy steel and high-quality structural steel
are improved as the volume fractions of sulphides and oxides are decreased. In flat-
rolled plate and sheet grades, relatively hard manganese sulphide inclusions become
“stringers” when deformed, resulting in poor through-thickness ductility and toughness.
Calcium complexes the manganese sulphides into inclusions, which do not deform to
decrease the incidence of stringers. In free-machining grades, hard alumina inclusions
cause excessive tool wear; calcium can transform these inclusions into softer calcium
aluminates or calcioaluminosilicates. Any calcium that dissolves in the steel melt will
rapidly react and form inclusions. *

1.1 Primary products of deoxidation and Ca-treatment
Deoxidation must be made in the tap ladle in order for the liquid steel to be cast and hot

worked and for the product to have the desired metallurgical and mechanical
properties.”
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The most common elements used in steel deoxidation are aluminium, silicon, and
manganese. Silicon and manganese are often used in conjunction with each others.

An average value for the equilibrium constant, when using aluminium as deoxidizer, is
given in Table 1.°

Table 1. Deoxidation with aluminium.5

3[0]

(ALO3) (5) — 2[Al] +

K =

[% AT [ppmOx £, |

41,0,

lo

gK =

—@+31.85
T

Table 2. Literature survey on equilibrium relation in Fe-Ca-S and Fe-Ca-O systems®

Solubility product | Impurity Ca addition;
System| Author (1873 K) concentration | Crucible | method
CaO
Ca-S | Ozawaetal.” | 2.6x10°(1943K) | 50-110 ppm, O | MgO Ca(g) + Ar
deoxidized by Ca wire with
Ca-S | Suzukietal® |7.9x10” 0.2 %Al MgO iron cover
Thermochem.
Ca-S | Haidaetal® |2.0x107°(calc.) calculation
Mi}/ashita et MgO, Ca granule via
Ca-O | al.” 2.5x10° 40 ppm S Al,O3 quartz pipe
; CaO
Ca-O | Ozawaetal. ' | 6.0x 10® 30-40 ppm S MgO Ca(g) + Ar
MgO,
Kobayashi et Al,Os3, Ca granule via
Ca-O |al" 3.8x10° 40 ppm S CaO steel pipe
MgO,
Ototani et AlLO3 Ca wire with
Ca-O | al.”® 5.9 x 10° 40 ppm S CaO iron cover
Ca-O | Gustafsson™ | 1.6 x 10°° (1600) 10-20 ppm O CaO Ca(g) + Ar
Thermochem.
calculation from
Ca-O | Suzukietal.® |2.5x10° (calc.) Ca-S system
Thermochem.
Ca-O | Haida et al.’ 4.0 x 107° (calc.) calculation
Thermochem.
Ca-O | Suzuki" 8.3 x 10" (calc.) calculation

The equilibrium content of dissolved oxygen in Al-killed steels (Al content 0.02-0.03
wt%) is as low as 4 ppm [O], depending on the temperature, so that there is lower
residual oxygen at lower temperature. Deoxidation with Si-Mn-Al gives residual
dissolved oxygen in range 25-40 ppm [O] when dissolved Al content is tens of ppm or

less.’
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The following equilibrium values based on a thermochemical evaluation carried out by
Suzuki, were recommended for the reaction Ca$ (s) = [Ca] + [S]:°

K=acaas
Log K (1873K) =-8.91
AG® (1873K) = 319,000 J/mol
es'==-110
Recommended values for the reaction CaO (s) = [Ca] + [O] are®
K=acaa0
log K (1873K) =-9.08
AG°® (1873K) = 326,000 J/mol

eS'=-515, y2. =2240

where ac, and ag are the activities of calcium and sulphur in mass percentage and the
reference state is the infinitely dilute solution of liquid iron-calcium and iron-sulphur
system.

Calcium is widely used not only as an alloying element for sulphide and oxide shape
control but also as a refining agent for liquid steel.

Experimental studies on desulphurization equilibria of calcium in liquid iron are
difficult because both solubility of calcium and equilibrium sulphur content are quite
low in liquid iron. When studying the equilibria it is essential to exclude participation of
oxygen in liquid iron to the reaction; however, the prerequisite mentioned above is not
satisfied, as is shown in Table 2.°

1.2 Introduction to CaO-Al,0; system

With the exception of pure phases, the system CaO-Al,Os; has four to five nearly
stoichiometric compounds, which can be called calcium aluminates. The existence of
the phase CjA; (C=CaO and A=Al;0s3) and also the melting points of different
compounds vary from one source to another.

An optimized phase diagram calculated with thermodynamic program FactSage is
shown in Figure 1.

The first studies of this system'>", indicated the presence of four compounds: Ca;Al,O4

(GCsA), CasAls014 (CsA»), CaAlL, Oy (CA) and CazA;0O13g (C3A5). Lagerqvist et 31.17, in
the year 1937, studied the system by x-ray diffractometer and could identify CasAlsO 4
as CajpAlj40s3 (C2A7) and CasAlgO;s as CaAl4O; (CAy); they also reported a new
compound Ca3Al3,0s; (C3A16). By a microscopic study of rapidly chilled samples, this
latter compound was later identified as CaAl;;019 (CAg) by Filonenko and Lavrov'®. Its
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composition has been confirmed. The alumina-rich part of the phase diagram has been
studied several times with a considerable spread in the results, which is probably related
to whether the experiments were performed in air or in moisture-free argon
atmospheres.?

F ORIl The 513 ELrsal Equilib A1 a---:-v;:_i.l.ri!\-_l_n_nj:
Cao0 - AlLO;
Ga:tSage"
2300 - T - T : T T -
2100 .
1900 | I 1
Slag-licuicl Sl J-Iq 5“' +ALp
L-"
= Slag-li |ui§lﬁ1 Ch,
1700 HCal + Slag-liquid 4
Slageliquid + CA,
150 da, + ALY,
1534 CA,+ CA,
1500 | ! 1
CA+CA,
Ca0+CA Slagiquid + C, ag-lguid + G4
1262
1300 ! ., CA+cCA , .
0 2 4 B 8 1
mass ALO,(Ca0O+ALO,)
Figure 1. CaO-Al,0; phase diagram. 19
Nurse et al.?°, in 1965, used high-temperature microscopy under controlled atmospheres

to conclude that the compound Ca;;,Alj4033 (Ci2A7) is actually a hydrate,
CapAl1403(OH),, and should not be found in the binary CaO-AlLOs; system.
Corresponding experimental set-ups were applied for the whole system by Nurse et al.”
All four compounds were reported to melt incongruently, namely CazAl,Oq (C3A) at
1541°C to a liquid of 45.1 mol pct AlO, 5; CaAl,O4(CA) at 1604°C to a liquid of 66 mol
pct AlO;s; CaAlsO; (CAy) at 1765°C to a liquid of 80 mol pct AlO;s; and
CaAl;,019(CAg) at 1833°C to a liquid of 85 mol pct AlO;s. A deep eutectic at 1362°C
and 53.0 mol pct AlO;s was found. This eutectic temperature and composition have

been confirmed by Nityanand and Fine*' .
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Table 3 shows the theoretical compositions and physical properties of calcium oxide,
aluminium oxide, and possible stoichiometric compounds which can be formed as
reaction products.

Table 3. Theoretical compositions and physical properties of calcium oxide, aluminium oxide,
and different calcium aluminates (C= CaO and A = Al,O3).

Composition| CaO | Al,O; | Melting | Melting point | Melting | Density Crystal
of Oxides | (Wt%) | (Wt%) | point (°C) (°C) point (°C) | at 20 °C | structure
Ref. 23 FactSage Ref.24 | (g/cm®)
(Fig. 1) (Partll, | Ref.24
Ref. 19 p.37)
AlL,O3 0 100 2050 2054 2050 3.96 hexagonal
CaO 100 0 2570 2572 2570 3.34 cubic
Cs;A 62 38 1539 1539 1535 3.04 cubic
1362 (deep
C12A7 48 52 1395 eutectic) 1455 2.83 cubic
CA 35 65 1590 1596 1605 2.98 monoclinic
CA, 22 78 1775 1754 ~1750 2.91 monoclinic
CAs 8 92 1833 1833 ~1850 3.38 hexagonal
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1.3 Inclusion modification and its influence on steels
properties

1.3.1 Reactions during inclusion formation and transformation

The thermodynamic constraints of the formation of inclusions in steel must be
considered when computing the reaction equilibria relevant to inclusion formation and
modification. When simplifying the system to four components (i.e., Al, Ca, O and S),
the most2 8essential reactions governing the inclusion formation and transformation are as
follows:

2[ai]+3[0]=(41,0,). (1)
[Ca]+[0]=(Ca0),, )
[Ca]+[5]=(CasS), (3)
[s]+(Ca0),, =(CasS),, +[0] 4)
[Cal+61(41,0,)=(Ca0-6A41,0;), 1. +>141] (5)
[Cal+2(41,0,),. =(Ca0-241,0,) 1. +214I] (6)
[Cal+3(41,0,)=(CaO- AL,0;), 14 +3[A1] (7)
3[Cal+(41,0,), . =2[4l]+3(Ca0),, (8)
3(Ca0),, +2[4l]+3[S]=3(Cas),, +(41,0,), (9)
(CaS),. =CaS. i (10)

In the above equations, square brackets denote an element dissolved in steel melt, round
brackets denote a component dissolved in liquid slag inclusions, and the subscript solid-
inc denotes a solid (saturation) phase. Reactions (1)-(4) describe deoxidation and
desulphurization reactions by calcium and aluminium and reactions (5) and (6)
represent modification of alumina inclusions by calcium to form solid calcium
aluminates. Reaction (8) is the transformation reaction in a general form. When
transformation proceeds via reaction (7), liquid aluminates are formed at steelmaking
temperature. Reactions (9) and (10) represent interaction of sulphur between steel and
inclusions as well as precipitation/dissolution of sulphides.*®

1.3.2 Inclusion modification

Today, after Al deoxidation many steel grades are treated with calcium using a Ca-Si
alloy, a Ca-Fe(Ni) mixture, or pure Ca, depending on the silicon specification.
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During calcium treatment, the alumina and silica inclusions are converted to molten
calcium aluminates and eventually silicates, which are globular in shape because of the
surface tension effect. Change in inclusion composition and shape is schematically
demonstrated in Figure 2. The calcium aluminate inclusions, retained in liquid steel
suppress the formation of MnS stringers during solidification of steel. °

As cast Rolled
MnS segregated at MnS stringer in the
grain boundaries rolling direction
& Ca wire treated
‘h.\ .
) - CaS-MnS ring formed
2, X w around CrpAy
; / .
L

the rolling direction

P
Al,O5 dendrites Numerous broken |:>
angular crystals in

Figure 2. Schematic illustration of modification of inclusion
morphology with calcium treatment of steel °.

Figure 3 also shows how manganese sulphides, alumina, and complex oxide inclusions
are modified when calcium is added into the steel. Alumina inclusions form calcium
aluminates that can be as cores for precipitating “oxysulphide” inclusions (Figure 3).
The outer layer contains calcium sulphide (or calcium sulphide with little manganese)
when sulphur content is low or calcium-manganese sulphide when sulphur content is
higher. The mechanism and stage of formation of the oxysulphides is not fully known,
but the favourable influence of these complex inclusions for many products is well
known i.e. improving the machinability of hardening and tempering as well as case-
hardening steels. The formation of oxide layer on the tool is optimized and results in
longer tool life and in possibility to use higher cutting speeds. Better surface quality of
the product is also attained. In addition, good castability is an important application of
Ca-treatment.

For some products, however, the Ca-treatment and hence modification of inclusions
must be avoided. For instance, well deformable silicate type inclusions are desirable for
wire materials and undeformable inclusions should be avoided. In general, the
properties of final products must be thoroughly considered when choosing the proper
ladle treatment.
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Figure 3. Schematic presentation illustrating the influence of calcium treatment on

] i . 25
inclusions in steel.

1.3.3 Influence on steel properties

The following goals have been reported for calcium treatment:

1)

2)

3)

4)

S)

6)

7)

1.4

5,26

To improve steel castability in continuous casting (i.e., minimise nozzle
blockage during casting with consequential reduction in casting speed and
possibly the formation of large aggregated alumina clusters in the solidified
product);

To get good surface quality and good internal slag cleanliness;

To improve mechanical properties especially in transversal and through
thickness direction, by modifying manganese sulphides to globular Ca-Mn
sulphides, which are nearly non-deformable during rolling;

To improve steel machinability at high cutting speeds by forming a protective
film on the tool surface that prolongs the life of the carbide tool;

To minimise the susceptibility of steel to reheat cracking, as in the heat-affected
zones (HAZ) of welds;

To prevent lamellar tearing in large restrained welded structures; and
To minimise the susceptibility of high-strength low-alloy (HSLA) linepipe steels

to hydrogen-induced cracking (HIC) in sour gas or sour oil environment.

Limits of Ca-addition for continuous casting

As mentioned calcium treatment is used to desulphurize steel and to control sulphide as
well as oxide inclusions in order to improve the properties of the steel. The

8
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improvement of the through-thickness properties of plate materials is a well-known
application. In these applications, the remaining sulphur content in the steel is
essentially low (i.e., far below 0.010%). Calcium treatment at a low sulphur level results
in the formation of calcium sulphides or calcium manganese sulphides, whereas pure
Mn sulphides, which are typical in conventional steel, are hardly detected. This kind of
sulphide control produces the aforementioned beneficial effects. On the other hand in
various engineering steel grades, low S-content in not desirable, but the maximum
contents allowed by the standards or even higher sulphur contents are nowadays often
preferred. These concerns especially affect the steels used for different engineering
purposes, such as the automobile industry where excellent machinability must be
consistent for high productivity in the automated production line.?” Sulphur levels in the
range of 0.020-0.050% S are attractive as such steels are produced in increasing tonnage
worldwide.*®

So-called free-cutting steels with high sulphur contents of up to 0.3% are produced. In
such steels, problems may arise in the steelmaking process with continuous casting as
well as with the surface and internal quality and mechanical properties. There is a
growing interest in developing free-cutting steel substitutes with respective high
mechanical properties but with superior machinability to conventional steel grades with
medium sulphur content (below 0.05% S).”

The inclusions in aluminium deoxidized, sulphur containing steel melt are essentially
alumina inclusions, and the amount of SiO, and MnO containing inclusions is
dependent on the relative quantities of the deoxidizing elements in steel melt. Sulphur is
dissolved and will precipitate as manganese sulphide inclusions during solidification.
When such steel is treated with calcium, the situation is more complicated. In any case,
the system Al-Ca—-O-S, the respective oxide, and the sulphide phases shall be
considered. The essential reactions are from a previous chapter (i.e., the reactions (1),
(2), (8) and (3)). Pure oxides as well as sulphides (Al,O3, CaO, CaS) are formed as solid
inclusions, whereas oxide solutions formed by reaction (8) can be either solid or liquid
depending on their composition in the interesting temperature range of 1550°-1600°C.*’

When an Al-deoxidized steel containing mostly alumina inclusions is treated with
calcium, except for primary reactions (2) and (3), the transformation of alumina
inclusions (8) will take place. Calcium attacks the Al,O; inclusions, aluminium is
liberated into the steel melt, and the formed CaO is dissolved into the alumina inclusion.
When the steel contains sulphur, the desulphurisation reaction (3) becomes significant
and competes with the oxide modifying reaction (8). The equilibrium conditions can be
calculated by combining the equations (8) and (3). The thermodynamic values for
reactions (1), (2) and (3) were taken from the literature, respectively. Accordingly the
following solubility product values were used at 1600°C: *’

a’a a0=43x10" ac,-a0=9x 107, ac, - as= 1.7x 107

Gaye et al.*® have calculated the computed equilibrium diagram for the Fe-Al-Ca-O-S
system at temperature 1600°C, as shown in Figure 4. The left side of the diagram shows
the conditions for calcium sulphide formation as a function of sulphur content. The right
side of the diagram shows that when the Ca content is increased, the alumina inclusions
are first transformed into solid aluminates then into liquid aluminates of increasing CaO
content until lime saturation is reached. Calcium oxide inclusions, whose formation
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would theoretically be possible for Al < 0.02% and very high calcium activities, are
very unlikely to be formed in normal industrial conditions.™

Kgag 1.7x10

102

©
=
® 103
wn
]
T
b

104

105 - '

107! 102 10° 103 102 107!
Mass % [S] Mass % [ Al]

Figure 4. Equilibrium diagram for Fe-Al-Ca-O-S system at 1600°C.*° Dotted curves for
aluminate inclusions containing 5% SiO,.”

Calculations to find optimum steel analysis for casting and to understand inclusions
behaviour during steel solidification have been done at Helsinki University of
Technology (TKK). For basic equilibrium calculations of inclusion formation in liquid
steel, the ChemSage program and database with quasi-chemical slag model from GTT
Technologies’' were used. The interdendritic solidification model IDS, developed at
TKK by Jyrki Miettinen’”, was coupled with the ChemApp eguilibrium programming
library to calculate, interactively and stepwise, steel solidification and inclusion
formation/transformation in residual liquid fraction. This interactive program package
(ICA) was created for the project by Karri Penttild at VIT Chemical Technology. It
utilizes the CHEMSHEET program by Koukkari et al.> to present results.*®

In Figure 5 and Figure 6, calculations were performed for a steel grade with an analysis:
0.35% C, 0.25% Si, 0.50% Mn.

In Figure 5, oxygen content was chosen as constant (20 ppm), and sulphur content was
chosen as a parameter. The limits of the liquid area were determined at temperatures
1600, 1550 and 1520°C by calculating the saturation lines of calcium aluminates
(Ca0.Al,03, Ca0.2A1,03) and CaS, respectively. The figures clearly show how the
growth of sulphur content increases the stability of CaS and contracts the liquid area.
Sulphur content had marginal effect on the formation of calcium aluminates and
therefore the figures had been drawn with only one calcium aluminate (CaAl =

10
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Ca0O-Al,0O3) saturation line. The results at different temperatures are quite similar:
Naturally, the liquid area is larger at the higher temperatures. At 1520°C (the lowest
temperature), which is a typical tundish temperature for this steel grade, the window is
closed at 400 ppm Al, 250 ppm S. When the temperature is further lowered, the liquid
area will rapidly disappear when solidification of the slag inclusions as well as the steel
itself occurs.™®

Oxygen content influences the amount of calcium needed to convert alumina inclusions
to calcium aluminates. In Figure 6, the results for total oxygen content of 10, 20 or 40
ppm combined with a sulphur level of 100 and 250 ppm are shown. With low oxygen
content, the liquid window is obtained with a small amount of calcium and the window
is very narrow. When the oxygen content is increased, the calcium additions increase
and the window is widened. The effect of sulphur can be seen in the positions of CaS
saturation lines: High sulphur content pushes the line downward and, thus, makes the
window narrower. In practical steelmaking, the scatter in the oxygen content before the
calcium treatment and the hardly predictable “yield” of calcium to react with Al,O3 can
make the hitting rate in calcium treatment problematic.

Inclusion formation and behaviour were studied in the temperature range from 1550°C
down to the steel solidus temperature. The same basic steel composition as before was
used in the calculations but by fixing the following contents: 20 ppm Otot, 20 ppm Ca
and 200 ppm Al The effect of sulphur content was studied at two levels: 50 and 250
ppm. Steel solidification was calculated by using the IDS model with a cooling rate of 1
K/s and a dendrite arm spacing of 0.1 mm.
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Figure 5. Saturation lines for Ca aluminates and CaS and Liquid windows at different
sulphur levels at 1600, 1550 and 1520°C.*
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Figure 6. Effect of total oxygen (10, 20 or 40 ppm) on liquid window with 100 or 250
ppm sulphur.”®

Figure 7a (top) shows the results of the low sulphur (50 ppm) steel. From higher
temperatures down to 1505°C, liquid steel and liquid slag (inclusions) are the only
stable phases. When the steel solidification starts at 1504°C, the formation of solid
sulphide gradually starts as a result of sulphur enrichment in the interdendritic melt. At
about 1470°C, the liquid slag solidifies as calcium aluminate (CA;). Sulphide
precipitation proceeds further as well. With decreasing temperature, solidification
continues and ends at about 1440°C. At the same time, the oxide inclusions that were
formed alter from Ca0.2Al1,05 to Ca0.6Al,05 and finally to Al,Os. Sulphides are first
formed as almost pure CaS; but at lower temperatures, MnS content is increasing, and
the last precipitates are rich in MnS. The results for higher sulphur content (250 ppm)
are shown in Figure 7b (bottom) and have only a minor influence on the liquidus
temperature (lowering it by 0.7 K), but the solidus temperature drops to 1420°C. Liquid
slag disappears at a somewhat higher temperature, solidifying at 1490°C. The formation
of solid sulphides is more intense due to high sulphur content. Solid calcium aluminate
phases are the same as above, but form at higher temperatures. CaO and Al,Os are the
main components in liquid slag inclusions: CaS solubility is up to 5%. Some SiO, also
forms but was not included in the figures. The curves of slag components are fractions
from the total liquid slag. **
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Figure 7. Equilibrium precipitation of oxide and sulphide inclusions during steel
solidification (cooling rate 1 K/s) calculated using IDS model.”®

Numerous samples from ladle, tundish, mould and solidified billet, bloom or slab have
been analysed by the ladle metallurgy group at TKK (Helsinki University of
Technology) in collaboration with the steel industry. In Figure 8 (top), inclusions in a
tundish sample were analyzed with SEM-EDS. The main composition corresponded
with what is in the calculations above: The inclusion-forming components were 60 ppm
Otot, 20 ppm Ca, 250 ppm Al, and 250 ppm S. In the sample taken from the tundish
during casting, the typical inclusion type was calcium aluminates the size of which
being < 5 um. A thin CaS ring was detected around globular inclusions. The heat was
cast to 140 mm billets and hot rolled to 26 mm diameter wire. Inclusions in a wire
sample were investigated (Figure 8, bottom) and showed very similar characteristics:
globular calcium aluminate inclusion with a CaS ring on the surface. Inclusions
remained almost undeformed during rolling.*®
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Figure 8. Left to right: SEM images and Ca, Al, and S element maps of inclusions from
tundish (top) and wire samples (bottom). Scale bar 20 ym. **

1.5 Kinetics of reactions related to Ca-treatment

In this chapter reaction kinetics of the formation of CaO, CaS and calcium aluminates as
well as dissolution of Al,Os into slag are discussed based on the work by different
authors in the literature. Further, determination of rate constant and activation energy
for dissolution and reaction of solid Al,Os; to form liquid calcium aluminate are
presented based on general kinetic treatment.

1.5.1 Kinetics of refining by powder injection

Powder injection technique was first developed for calcium-silicon (CaSi) addition into
steel in the 1970s.% Later, cored wire technique was developed in which hollow wire
was filled with CaSi powder. Such a wire was easy to be fed into the steel in a ladle.
Although the technique is, nowadays, well established and widely used there are not
many investigations on the basic phenomena occurring in CaSi powder injection.

Lu D.-Z. et al.** have applied some of the similar principles to the modelling of calcium
treatment of steel as in this work. They fed steel-covered wire, with calcium inside, into
40 kg heats of AISI 1045 steel with various sulphur and aluminium contents under
argon atmosphere. Samples were frequently taken during and after calcium injection for
chemical and inclusion analysis from twelve experiments. Calcium absorption was
found to be enhanced by higher sulphur and oxygen contents in steel. The enhancement
was explained by counter current diffusion of calcium against sulphur and oxygen in the
boundary layer at the injection point. Calcium diffuses through the boundary layer into
the melt where it modifies oxide and sulphide inclusions. The overall interaction
between oxides and sulphides with the bulk drives towards the equilibrium between
lime, calcium sulphide, and dissolved oxygen and sulphur. The rate of approach to
equilibrium was interpreted using a mathematical model for the multiphase kinetics of
calcium absorption, deoxidation, desulphurisation, and oxide and sulphide inclusion
modification during and after injection. The calcium vaporized when it was injected.
Most of it escaped to the argon atmosphere; the remainder dissolved in the liquid
through the vapour/melt interface where it was countered with oxygen and sulphur. The
primary reaction products (calcium oxide and calcium sulphide) were then mixed into
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the melt. The dissolved calcium, which did not react in the boundary layer, diffused into
the melt to react with alumina to transform it to calcium aluminate. The calcium
aluminate reacted with sulphur and/or manganese to form complex oxysulphide
inclusions. Manganese and sulphur diffused to the primary CaO and CaS inclusions to
form (Ca,Mn)S inclusions.**

0.05

Incluslon Area (36)

Inclusion Voluma (ppm)

L 1
o 1 2 3 4 5 6 T 8 9 10 11 12
——— Injection Periocd———+—— Holding Perfod

Time (min)

Figure 9. (a) Area fraction of various inclusion classes throughout injection and (b)
corresponding volume fractions.”*

All inclusions found in their study were less than 20 wm in diameter and were consistent
with many other studies conducted in pilot-scale induction furnaces. Due to the small
size of those inclusions, it was not possible to chemically resolve two or more phases
that may have been seen in an individual inclusion. The compositions represent an
average over one inclusion, and the area fractions of the various inclusion classes varied
greatly during an injection. A typical example is shown in Figure 9a. The area fractions
were converted to volume fractions. In Figure 9b, an interesting feature is the
coexistence of inclusion types that cannot exist in real equilibrium. A dominant feature
of all the results is the rapid increase and subsequent decrease of CaO, CaS, and
(Ca,Mn)S. The CaO and CaS phases were formed at the calcium vapour interface.**

1.5.2 Reactions of CaO with Al,O;

Experiments between CaO and Al,Os, so that the steel is not present, have been made
by different authors. This kind of research concerns also cements properties, because
CaO and Al,0O; are main substances in cement. In this work reactions between CaO and
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Al,Os are carefully observed both with steel and without steel in order to get an idea
about inclusions modification and kinetics. Kohatsu L. et al.>> have made experiments
with sintered pellets of CaO and Al,Os. For a temperature of 1330°C and heating times
of up to twenty days, they found all the known compounds of the system CaO-Al,Os:
C3A/C1,A7/CA/CAL/CAg. Quantitatively, these compounds were present as follows:
C12A7>>C3A>CA;, ~ CA. The products C;A, Ci,A7, and CA have random orientations,
but CA, and CAg are strongly oriented so that important layers of atoms are parallel to
the reaction interface. It was suggested that the orientation arises from preferred
directions of crystal growth. Pt marker experiments indicated that the reaction is
principally carried by Ca-ion diffusion into the Al,Os;. The importance of grain
boundary diffusion was emphasized, and in comparable experiments with single-crystal
Al,O3, only very thin product layers were obtained. The relative phase development is
correlated with properties that can be expected to be related to their diffusivities; low
melting point and low packing densities generally appear to favour phase
development.™

The phase C;A had a coarse appearance and is obviously different from the C;2A7; the
boundary between them was very uneven. The phase CA was a thin layer with distinct
boundaries. The phases CA, and CAg were small in amount but were easily seen and
exhibited a “columnar” appearance.’”

If the phase development is controlled principally by diffusion processes, the growth of
product thickness AX is given by the following equation:

d(AX)/dt=k/AX or (AX)*=2kt (11)

Table 4 presents data for AX and k values for the reaction in which the product phases
were most clearly seen. Values of the melting points and of the oxygen ion densities are
also given.

It is seen that k has by far the largest value for the phase C;,A7, which has the lowest
melting point and the lowest oxygen-ion density. These properties will facilitate
diffusion and growth of this particular phase. The phase C;A has a considerably smaller
value of k and clearly comes second in order of phase development. It has a
significantly higher melting point and somewhat more closely packed oxygen
arrangement. The phases CA and CA,, with still smaller values of k, have higher
melting points, and the oxygen anions are more densely packed. The data for CAgs seem
out of line with those for the other phases; with the highest oxygen packing density
equal to that of a close-packed system, it would be expected to have the lowest value of
k. However, discussion of k values along these lines, which emphasize bulk rather than
surface properties, must not be allowed to obscure the possible and probable importance
of grain-boundary diffusion.

Table 4. Data for product phases developed in CaO-Al,O; reaction. Experiments performed in
air at 1330°C for 8 days under load of 2 kg/cm?.*®

Phases C3A C12A7 CA CA2 CAG
Product thickness, AX

(microns) 7015 3155 1443 1413 45+5
k =(AX)*/2t

(cm® x 10"*/sec) 15 320 0.6 0.6 6
Melting point, °C 1539 1374 1602 1762 1830
Oxygen density g/lcm® 1.17 1.03 1.21 1.23 1.75
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In this complex reaction system, as in previously studied simpler systems a sequence of
product phases is formed that corresponds to those of the binary equilibrium diagram.
The positions of Pt markers adjacent to the CaO surface after reaction point to the
migration of Ca ions as the main cation diffusing species. The phases are formed in very
unequal amounts with Cj;A; >> C3A > CAg > CA; ~ CA and a highly marked
preferential orientation of CA; and CA¢. The orientation corresponds with an alignment
of structural layers that are parallel to the alumina reaction surface and probably arises
from preferential growth that is normal to these layers and not from particular
orientation in the alumina. Comparisons of reaction-rate constants &, which are related
to diffusivities, with physical properties (melting point and oxygen ion densities) point
to low-melting points and low-packing densities favouring high diffusivity and large
product development. The probable importance of grain boundary diffusion as distinct
from volume diffusion is considered.”

Another experiments, done by Weisweiler, W. et al.36, followed reactions between
aluminium oxide powder (Al,O3) and natural calcite crystals (CaCOs). CaCOs crystal
(here calcinated to CaO) was pressed into the Al,O3; powder. After forty-eight hours of
heat treatment at a temperature of 1400°C, a reaction zone of 200-350 microns thick had
formed, as shown in Figure 10, which was analyzed in at least ten places. These so-
called line analyses are obtained through the whole thickness of the reaction layers
formed. The distribution of elements in such reaction layer was determined by
microprobe analysis.*®

Jerebtsov D.A. et al.”’ studied the CaO-ALO; system by using different analysis
methods in content interval from 0 to 60 mass% CaO. They confirmed the absence of
congruently melting compounds in argon atmosphere. They found an absence of
12Ca0.7A1,03 (Ci2A7) in a dry atmosphere. Ci,A; forms in the presence of less than
1% mass of the water absorbed in the solid and does not form after removal of this
water. The existence of this compound in the presence of traces of water is confirmed in
their work by the appearance of C;,A7 that contains eutectic peaks at 1403+5°C on the
first melting (synthesis) of the sample. (Trace water was gained by CaO during grinding
in air of the oxide mixture but removed after melting).”’

W pm

Figure 10. Microprobe line diagram of the x-ray intensities I that are associated with
the concentration, for the CaO/Al,O; system, along the distance x of the reaction layer
of a specimen (1400°C for forty-eight hours) containing all possible phases. To shorten
the diagram, 25 microns of the C3A, 150 microns of the C;2A7 and 150 microns of CAg
phases were omitted.”®
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1.5.3 Dissolution of alumina inclusions in steelmaking slags

Fast dissolution of nonmetallic inclusions such as alumina particles in molten slags has
been required in secondary steelmaking, ladle, and tundish to minimize the amount and
the size of nonmetallic inclusions in steel products. There are two consecutive processes
for removing the inclusions by tundish and ladle fluxes. The first process is transporting
the inclusions from bulk steel to the steel/slag interface, which is determined by the
fluid-flow pattern. Much work has been carried out on the fluid-flow characteristics in
tundish and ladle using mathematical as well as physical water modelling. The second
process, which is the dissolution of the inclusion in slag, may take place both at the
steel/slag interface and in bulk slag. Cho et al.*® have investigated the dissolution
behaviour of alumina particles in molten CaO-Al,O3 and Ca0O-Al,03-SiO; slags at the
temperature between 1450 and 1550°C in terms of kinetics and mechanism. Alumina
particles were directly added into the slags, and the variation of the particle size with
time was determined using optical and electron microscopes. The conventional types of
slag for ladle and tundish were included in the dissolution study. The effects of Al,O3,
Si0,, CaF,, and MgO content on the dissolution rate of alumina particles have been
determined. Based on the analysis of kinetic data, the dissolution mechanism has been
discussed.

The existence of the diffusion boundary layer, accompanied with the constant
dissolution rate, may indicate that the rate-limiting step of the dissolution process is the
boundary layer diffusion. However, more studies on the characteristics of the diffusion
boundary layer and the dissolution kinetics are necessary to determine the exact
mechanism of the dissolution process, because this process involves many factors that
may influence it. The relatively high activation energy of the dissolution process should
not only be explained by the activation energy of diffusion in slag but also must be
explained by considering the effect of temperature on the solubility of alumina in slag,
which will in turn change the driving force of the dissolution of alumina. The following
results came from Cho et al. and their experiments:**

1) The rate of alumina dissolution in CaO-Al,03-SiO; slags decreases with
increasing Si0, content in the slag;

2) The rate of alumina dissolution in CaO-Al,03-SiO, slags decreases with
increasing Al,O3 content in the slag;

3) The rate of alumina dissolution in the slags increases significantly as melt
temperature increases:

4) The addition of small amounts of MgO and CaF, results in significant increase
of the rate of alumina dissolution in tundish type slag;

5) The rate of alumina dissolution in the ladle type slags was much faster than that
in the tundish type slags;

6) The dissolution process of alumina particles in the molten slags may be
controlled by the liquid-phase boundary layer diffusion. However, more work is
necessary to conclusively determine the exact mechanism of the dissolution
process; and
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7) The dissolution rate obtained by the present study is equivalent to the rotating
speed of between 100 and 200 rpm by rotating disc method. **

Valdez et al.*® also measured the dissolution kinetics of particles of Al,O;, MgO and
MgAlLOy in different steelmaking slags by direct observation of the dissolution process
through the Confocal Scanning Laser Microscope (CSLM). The inclusion dissolution
times in the ladle slag were much shorter for 120 micron diameter particles (~75
seconds) than the typical ladle treatment times (~15 minutes) but were significantly
longer than the separation times of solid inclusions at the interface (< 5 seconds). Thus,
as long as ladle slag chemistries are designed to avoid saturation, large particles should
easily be removed. On the other hand, in the tundish slags studies in this work, the
corresponding dissolution time of a 120 um alumina particle was almost 4 minutes.
Consequently, the inclusions are expected to remain at the slag/metal interface of the
tundish for a significant time, increasing the re-entrainment risk especially during
transient operation of the tundish, where operating level can fluctuate significantly. *

1.5.4 Determination of rate constant and activation energy

In the experimental part, different model experiments have been carried out in order to
clarify kinetics and mechanisms in calcium treatment. Interaction between liquid
calcium aluminate phase and alumina inclusion is a feasible step in the process.
Consequently, it was taken as an object to derive the reaction-rate constant.

The reaction can be written:
(CaO)iquia) + X AL O3 (sotia) = (Ca0-XxAL03) (1iquid) (12)

The flux of CaO in the liquid calcium aluminate transferred through the boundary layer
to the surface of alumina by diffusion can be written as*

1 dN_, D, ; ;
Tcao,1 ZE di o =- A)/cf (CéaO _CCaO):kD(ClCaO _CCaO) (13)

where C},, is the concentration of CaO in the liquid calcium aluminate and C.,, is the

concentration of CaO at the interface between liquid calcium aluminate and alumina.
Assuming the reaction is of the first order with respect to CaO, the dissolution rate of
CaO on unit surface S can be given as the following:

1 dN, ;
Feuo2 = E% =kzCro (14)

At a steady state the flow rate to the surface is equal to the reaction rate at the surface.

AS  Teuoy =Tewn » it follows from Equations (13) and (14): &, (Céao —Cé00)= kiCio
which can be written:
i kD !

c.., = () 15
CaO kD +kR CaO ( )
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i

Replacing equation (15) into either equation (13) or (14) and then eliminating C_,,,
which cannot be measured, gives the following:

1

mol
r'="Vcio1 = Tcuo2 = _ﬁcé‘aO = koverallcéaO {2—} (16)
RIS m’ s

kD kR

Rate, 1, in equation (16) means that moles of CaO are reacting per unit volume per unit
.40
time.

For the chemical reactions considered in the following paragraphs, we take as the basis
of calculation a species A, which is one of the reactants disappearing as a result of the
reaction. The limiting reactant is usually chosen as our basis for calculation. The rate of
disappearance of A, -ra, depends on the temperature and composition. For many
reactions it can be written as the product of a reaction-rate constant k and a function of
the concentrations (activities) of the various species involved in the reaction. That is to

41
say

1= [K(T)][fn(Ca,Cs.»,,)] (17)

This rate law gives the relationship between the reaction rate and the concentration. The
reaction-rate constant & is not truly a constant but is merely independent of the
concentrations of the species involved in the reaction. The quantity £ is also referred as
the specific reaction rate (constant). It is almost always strongly dependent on the
temperature. In liquid systems, it can also be a function of total pressure and, in
addition, can depend on other variables that normally exhibit much less effect on the
specific reaction rate than temperature. So for the purposes of the material presented
here, it will be assumed that £ depends only on the temperature. This assumption is
valid in most laboratory and industrial reactions and seems to work quite well.

It was the great Swedish chemist Arrhenius who first suggested that the temperature
dependence of the specific reaction rate, k, could be correlated by an equation of the

type:

k(T) = Ae™RT (18)
where A = pre-exponential factor or frequency factor

E = activation energy, J/mol

R = gas constant =8.314 J/mol'K

T = absolute temperature, K

This equation, known as the Arrhenius equation, has been empirically verified to give
the temperature behaviour of most reaction-rate constants within experimental accuracy
over fairly large temperature ranges.

The activation energy E has been understood as a minimum energy that the reacting
molecules should possess before the reaction will occur. From the kinetic theory of
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gases, the factor ¢ ERT gives the fraction of the collisions between molecules that

together have this minimum energy E.

The activation energy is experimentally determined by carrying out the reaction at
several different temperatures. After taking the natural logarithm of equation (18),

lnkzlnA—E(lj (19)
R\T

it can be seen that a plot of (In k) versus (1/T) should be a straight line whose slope is
proportional to the activation energy. The larger the activation energy, the more
temperature-sensitive is the rate of reaction. To determine activation energy it is
necessary to measure the rate of the reaction at several temperatures and in a sufficient
temperature range. 40

When the value of the activation energy is known it is possible to make deductions
about the rate controlling factor in the reaction. The activation energy value can be
different at different temperatures and temperature ranges, this being an evidence of a
change in the rate controlling factor or reaction mechanism. The concept is applied in
the discussion part.

1.6 Inclusion analysis by automated SEM/EDS program

In this work, a program called INCASteel with INCAFeature and Inclusion Classifier
has been used. Similar kind of programs are SULKA program used by Outokumpu
Stainless in Tornio, Finland and ASCAT (Automated Steel Cleanliness Analysis Tool)
used in Steelworks in the United States of America.

Story S.C. et al.* have worked with the ASCAT program and have received results to
clarify casting-related issues at U.S. Steel Gary and Fairfield Works. Examinations were
made in order to discover the causes of clogging and to predict casting behaviour and
erosion.

Until now, usually an analysis is performed on samples using a scanning electron
microscope (SEM) or conventional metallography long after the steel has been
processed. Also, in any given sample, there are inclusions of varying chemistry present,
and an analysis of a single or even several inclusions may not truly reflect the
cleanliness or the type of inclusions present. To overcome these problems, the R.J. Lee
Group and a number of partners, including several steel companies, with a grant from
the U.S. Department of Energy have developed an Automated Steel Cleanliness
Analysis Tool (ASCAT). It is designed around a computer-controlled scanning electron
microscope (CCSEM) and is capable of rapidly analyzing several hundred inclusions.

The goal of the ASCAT is to take a sample from steel melt, to prepare the sample,
perform a complete analysis of the inclusion with respect to size and chemistry, and
report the results to the operator in a clear, simple manner in less than one hour. One of
the tasks of the overall project is to rapidly analyze the data and to display the results in
such a manner that will clearly indicate to the metallurgist or operator whether the steel
and/or processes are satisfactory. If the heat is not satisfactory, it could be corrected or
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the heat could be downgraded before costly downstream processing, and the problem
could be prevented in subsequent heats.

When calcium is added to steel, it can modify alumina (Al,O3) inclusions to calcium
aluminates or react with sulphur to form CaS. The calcium aluminates can be solid or
liquid at steelmaking temperatures. For example, CaO.6A1,03 (CAg) has a high melting
point of 1833°C, whereas the eutectic temperature between 3Ca0.Al,O3 (C3A) and
Ca0.Al,03 (CA) is only 1362°C. In general, liquid inclusions are desired to avoid
clogging during casting and the occurrence of large alumina clusters in the product. The
governing chemical reaction determining what inclusions form can be written as:

(Al,03) + 3 CaS = 3 (CaO) + 2 [Al] + 3 [S] (20)

The parentheses indicate that the species is a part of an inclusion. If the Al and/or S
content are high, the reaction shifts to the left, and solid alumina rich oxide inclusions
and calcium sulphides are formed. However, if Ca usage is excessive it is possible to get
inclusions too rich in CaO, which can cause nozzle or ladle gate erosion.

Fourteen calcium-treated Al-killed heats made at Gary Works representing ladle gate
behaviour associated with clogging, erosion, and stable casting (i.e., either clogging or
erosion) were analyzed to determine whether the casting performance could be related
to the inclusions present. To examine the inclusions in these types of steels, a technique
was developed in which the inclusion composition is plotted on a Ca-Al-S ternary
diagram. In general, the inclusions were duplex, consisting of a calcium aluminate
phase and a calcium sulphide phase. Once an inclusion was identified as an oxide
inclusion containing these elements, the composition was normalized to these elements.
The boundaries for liquid oxide inclusions are shown in Figure 11. The left boundary is
shown at a value of 0.4 mole fraction Al but may be closer to 0.45, according to a
published phase diagram. **

window

Ca 0219 04 T Al

Figure 11. Liquid oxide inclusion region (grey area) indicated on a “CaO”-“Al,03;”- S
ternary phase diagram.”
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If the inclusion composition is to the right of the right boundary, plugging or clogging
may occur; in the liquid region, casting should be stable; and, to the left, erosion may
occur.

In the preliminary analysis of the results, it was found that the amount of erosion was
proportional to the area of CaS inclusions. Based on these findings, a CaS window in
the Ca-Al-S diagram, as indicated in Figure 11, was developed to define inclusions with
large amounts of CaS.

A reason why CaS or Ca-rich inclusions cause erosion is the occurrence of Equation 12
on the alumina nozzle, thereby dissolving alumina. Often found that CaS is in the
material, clogging a nozzle and occurs when the sulphur content is high (>0.01%) and a
mixture of solid CaO'Al,O; (CA) and CaS clog the nozzle. In the present case, the
sulphur is low, typically less than 0.003%. In this case, due to high levels of Ca
combined with low sulphur, CaS along with Ca-rich calcium aluminate inclusions form,
both of which have the potential to dissolve alumina-based refractories.

The results from the fourteen heats at Gary Works showed a certain pattern. When
casting was stable, a significant portion of the inclusions fell within the liquid region.
When there was erosion, the inclusion compositions were to the left of the liquid region,
and compositions were to the right for clogging. These three heats showed clear
evidence of stable casting, erosion or clogging, and the inclusion compositions clearly
reflected this.

Considering that some of the Ca is present as CaS, the theoretical parameter that will
indicate the type of oxide present is given by

Ca—(S-2)
Al

"Ca/ Al"= 1)

where Ca, Al, and S are the Ca, Al, and S content of the inclusions, respectively
(atomic%). This parameter has been defined as the “modified Ca/Al ratio” to account
for CaS in the duplex inclusions. The deduction of sulphur accounts for Ca and CaS.
The number 2 in Equation 21 represents the approximate solubility of S in liquid
calcium aluminates. In theory, at 1600°C, this ratio should be between approximately
0.5 and 1.5 for the oxide portion of the inclusions to be liquid. However, in the upper
end of this range, erosion may occur. The present case may be affected by the shift to
Al-rich inclusions during solidification, but the shift is small for quenched samples.

The results from real heats indicate that stable casting is achieved when the ratio is
greater than 0.4, which is in the two-phase region (liquid plus solid CaO'Al,O3). Erosion
occurred when the ratio exceeded about 0.8, which is toward the centre of the liquid
region for the CaO'Al,Oj; system at steelmaking temperatures. When the Ca/Al ratio is
below 0.4, plugging of the ladle slide gate occurred at varying points within a heat.
Clogging was observed at the middle of a heat when the Ca/Al ratio was in the range of
approximately 0.2-0.4. With Ca/Al ratios of less then 0.2, clogging of the ladle gate was
evident almost immediately after the ladle was opened.

In one heat, a large fraction of the total inclusion area was from inclusions containing
Na, which is indicative of mould slag. This is important in itself, indicating the
entrainment of slag from improper pouring or sampling practices. Also, in this case, this
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fraction of the inclusions should not be included in computing the Ca/Al ratio, since it
skews the results to a generally higher Ca/Al ratio. Based on this, whenever there is
evidence of tundish or mould slag, it is reported on the summary sheet.

For the stable heats, the percentage of Al loss during processing was typically 10-20%
and was evidently less for those heats where erosion was observed. When there was
plugging, more than 30% and often more than 50% of the Al was lost from the steel. In
addition, for heats showing a clogging tendency, the Ca content of the steel was also
generally lower than normal. Both the low Ca and high Al loss indicate that reoxidation
of the steel is the likely cause of the clogging. Unstable oxides, such as FeO, in the ladle
slag or exposure of the steel to air due to excessive Ar bubbling, will cause Al to be
oxidized and increase the ALO; content of the calcium aluminate inclusions.
Subsequent to these findings, practices have been modified to further reduce FeO levels
in the ladle slag in calcium-treated heats. Knowledge of the consequences of reoxidation
in Ca-treated heats has also directed attention towards avoidance of excessive stirring,
especially after the addition of CaSi wire. In the time since these changes, the
occurrence of plugging in CaSi heats has been practically eliminated.

The article by Story S.C. et al.** demonstrated that the ASCAT is a valuable tool in
identifying casting problems and their causes. The results from trials at Gary Works
showed that inclusion compositions from samples of the liquid steel plotted on a Ca-Al-
S ternary-phase diagram will predict if there will be stable, eroding or clogging
conditions during casting. The modified Ca/Al ratio is also a good predictor of casting
behaviour. The results also helped to identify the likely source of clogging caused by
solid ALOs-rich calcium aluminate inclusions, which may have been caused by
excessive argon stirring or oxidizing ladle slag that caused reoxidation. **
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2. AIMS OF THE CURRENT WORK

The overall aims of the doctoral thesis were to simulate Al,O3 inclusion modification
during Ca-treatment in steelmaking. To do this, different methods were used. Alumina
inclusion transformation during Ca-treatment could be divided into two steps. In step
one, dissolved calcium and oxygen interact and react in molten steel with alumina
particle to form a layer of liquid calcium aluminate. The first step is influenced by steel
composition. The second step is to study the progress of the modification process
through examining the interaction between liquid calcium aluminate and solid alumina.
The second step was simulated by studying reaction between CaO and Al,Os.

Experimental works were done concerning reactions between Al,O; and Ca or CaO
with steel and without steel present. Inclusions in steel samples from real steelmaking
practice were studied. The following are the novelty ideas of the work:

» To measure reaction constant k£ and to calculate activation energies for the
reaction between Al,O3 and CaO in the temperature range of 1350-1600°C;

» To find a sequence of inclusion transformation during Ca-treatment;
= To propose a kinetic model by using the measured rate constants; and

» To clarify the existence of different calcium aluminates in steels inclusions.
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3. EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Experiments with CaO and Al,O;

The reactions between Al,O3; and CaO in the temperature range of 1350-1600°C were
investigated in a resistance furnace that can attain up to 1700°C. The furnace was heated
by platinum-rhodium alloy windings. The temperature was controlled by a B-type
thermocouple. The experiments were carried out in air atmosphere.

CaO powder was prepared by calcinating CaCOs powder at 1050°C for two hours. The
CaCO; powder was delivered by Riedel-de Haen AG Germany. Its composition is listed
in Table 5. The CaO powder was pressed with a hydraulic compressor under 100 bars to
form a cylinder 6mm in diameter and 2.8 mm in height. Finally, the cylinder was
sintered at 1600°C for three hours. After sintering, the CaO cylinder shrunk to 5.2 mm
in diameter and 2.4 mm in height, having a density of 2880 kg/m’ (86% of theoretical
density). Alumina plates (density 3790 kg/m’(95,7% of theoretical density), 3 mm high,
and AL,Oj; content >99.5%) were from a German company, FRIATEC AG. The alumina
plates were cut and ground into small cylinders with similar diameter to CaO samples.
The picture of the samples and the SEM pictures of the surface of CaO and ALO;
cylinders are shown in Figures 12 and 13.

Table 5. Chemical composition of CaCOs, in weight percentage.

CaCOs; | Insoluble in | Ba Cu Fe K Mg
HC1

Min. Mazx. 0.005 Max. Max. Max. Max. 0.01 | Max.

99 0.005 0.0005 0.001 0.05

Na Pb Sr Cl N SOy

Max. Max. 0.0005 Max. 0.1 | Max. Max. 0.01

0.2 0.005 0.001

When the furnace reached the desired temperature, a CaO cylinder (about 0.142 g) was
put above an Al,O; cylinder (about 0.280 g) and pushed into a high-temperature zone
within about two minutes. After annealing a certain time, the sample was quenched by
pushing it to the cooled end of the furnace. In the lower temperatures less than 1420°C
the cylinder of CaO was pushed between two Al,O3 cylinders with an alumina tube that
was pushed against them. The cylinders were lying on a platinum plate in the furnace.
Two identical tests were made; one for SEM-analysis and another to be put in 10 w-%
HCI acid to find out the reacted amount of AL, Os.

The samples were then coated by carbon and the composition of the reaction products
(calcium aluminates) were analyzed by SEM-EDS. Finally, the samples were put into
10w-% HCI solution for about eight hours; the unreacted CaO and the calcium
aluminates formed by the reaction were all dissolved into the acid solution; and only the
unreacted alumina remained left. The mass of alumina plate did not change after it was
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kept in HCI solution for forty-eight hours. It was thus stated that the mass of Al,Os3,
which had reacted and dissolved, could be calculated. Some samples were ground
perpendicular to the original interface with the SiC polishing paper. Ethanol was used as
grinding liquid. The polished interface was observed by an optical microscope and a
SEM to investigate the reaction mechanisms. Combining the compositions measured by
EDS, the reaction-rate constant could be measured.
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Figure 12. CaO and Al;O; cylinders before the experiment (left) and a sample package
after the annealing (right).

Figure 13. SEM picture showing the surface of CaO and Al;O3 samples. (SEI)

Scanning electron microscopes (SEM) LEO has been designed to deliver the most
informative images in all applications. SEM pictures can be taken as a secondary
electron image (SEI) or as backscatter electron image (BEI). From the backscatter
electron image it is possible to see different phases better because the contrast of an
element or phase depends on its atomic or molecular weight. Some of the SEM images
in this work are done with SEI mode and some with BEI mode.

The EDS microanalysis system for SEM has been developed by INCAEnergy Energy
Dispersive (EDS) System, Oxford Instruments.

3.2 Ca-treatment on a laboratory scale

Experiments were performed in an 8 kg induction furnace to verify the mechanism of

transformation of alumina inclusions during Ca-treatment. A drawing of the vacuum
induction furnace is shown in Figure 14, where different parts of the furnace can be
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seen. Four different tools (e.g., a thermocouple for temperature check, a dropping tool
for additions, and a holder for sample taking), were located in rotating mechanism 20,
23 and 28. All of these tools could only be used one at a time through the pre-vacuum
chamber which is located on the top of the big chamber.

Steel deoxidised with aluminium was melted under vacuum and then the atmosphere
was turned to 0.6 bar argon (max 2 ppm oxygen). When a proper temperature (1580-
1600°C) was achieved, a sample was taken from the melt. Then CaSi powder
corresponding to 100 ppm [Ca] was immersed into the melt inside a steel rod. Part of
the calcium dissolved into the steel whereas a significant fraction vaporised out from the
melt. Samples were first taken at a rate of one per minute and then were taken less
often. The samples were analysed for Al and Ca with the AAS (Atomic Absorption
Spectroscopy) method. Inclusions were investigated by using the SEM-EDS technique.

8210 11 1 8
TR

Figure 14. Vacuum induction furnace and its auxiliary devices.

3.3 Industrial experiments at steelworks
Industrial samples were taken from selected heats at two Finnish steelworks Koverhar

and Imatra. Both steelworks belong to Ovako company; Koverhar belongs to Ovako
Wire division and Imatra to Ovako Bar division.
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Samples were taken with the standard lollypop shaped sample holder where the steel is
sucked through quartz tube into the oval flat steel container. SEM/EDS inclusion
analyses were made from the samples flat container section by grinding, polishing and
coating with carbon to get a good image without scratches or electrical charging.

Process route for making steel in Koverhar works is shown in Figure 15.
Desulphurization is done before BOF and deoxidation is done after it when pouring the
steel into a ladle and transferring the ladle to the ladle treatment station. Secondary
steelmaking in Koverhar included ladle furnace and calcium-silicon wire feeding
system. Imatra steelworks process route is somewhat different from the Koverhar route.
It starts with scrap melting in an electric arc furnace (EAF), then the steel is tapped to
the ladle and transferred to the secondary metallurgy station which is supplied with
facilities for CaSi powder injection via a lance into the steel melt, as well as with the
ladle furnace with inductive stirring option and vacuum tank degassing too.

Secondary [_B_m
Scrap metal

-

Converter
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A Desulphurization

Slag Continuous casting T
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Blast Furnace

Hot metal

Figure 15. Process outline of Koverhar steelworks
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4. EXPERIMENTAL RESULTS

Different kinds of experiments have been performed to get more knowledge about the
reactions between alumina inclusions and calcium or calcium oxide. The methods and
equipment for laboratory experiments have been introduced in the previous section. In
this section there are also the results from the series of Ca-treatment test trials in Finnish
steel works.

4.1 Reaction kinetics between CaO and Al,0O;

The experimental results are divided here to a high-temperature range 1420-1600°C
where the liquid region in CaO-Al,O3 diagram is quite distinct and to a low-temperature
range below 1420°C in which the reaction between the two oxides turns more and more
to a solid-state reaction. The results of the high-temperature range are first discussed.*’

4.1.1 High-temperature range 1420-1600°C

The phases formed during the reaction between Al,O; and CaO were examined by a
SEM-EDS. The line-scan results of Ca and Al on the cross-section of two typical
samples are shown in Figure 16 and Figure 17. In Figure 16 the reaction layer is 1250
pm thick when the sample has been annealed at 1500°C for ten minutes. This layer is
almost all liquid, but in both ends of the layer, a thin area with the presence of both
aluminium and calcium can be seen: Even the material seems similar with the start
materials. In Figure 17 the reaction layer is 580 pum thick when sample has been
annealed in 1500°C for five minutes. In Appendix II, values for the calculated, from
dissolved amount of Al,O3, reaction layer thicknesses are in 1500°C ten minutes 1685
pm and five minutes 706 um. These values are bigger than the measured value from the
SEM image because the reaction layer is not levelled everywhere, which is especially
true in the low-temperature range.*

When thinking about the reaction between CaO and Al,Os, one of the two steps could
be the rate-controlling step during the interaction between the liquid calcium aluminate
and solid alumina: (1) calcium diffusion in the liquid calcium aluminate layer, or (2) the
chemical reaction at the alumina/calcium aluminate interface. If the rate is controlled by
the calcium diffusion in the liquid product layer, there should be a significant calcium
concentration gradient in the liquid product layer; however, as shown in Figure 16 and
Figure 17 the calcium concentration in the liquid layer was quite homogenous.
Therefore the chemical or dissolution reaction between alumina and calcium aluminate
seems to be the rate-controlling step.*
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Figure 16. SEM (SE- image) showing a cross-sectional view of the interfaces and the
line scan results of Ca and Al by EDS. Annealed at 1500 °C for ten minutes.”

d S00pm L

Figure 17. SEM (SE-image) showing a cross-sectional view of the interfaces and the
line scan results of Ca and Al by EDS. Annealed at 1500 °C for five minutes.”

On the other hand, by examining the cross section of the reacted couple, any clear layers

of CAg, CA,, or CA phases could not be found in the reaction product. These phases
should be in solid state if they were formed. The modification process, than, should be
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controlled by calcium diffusion in the solid phases because the diffusion in the solid
state is very slow. In the current experimental work, a 2.4 mm thick CaO cylinder was
totally liquidized into calcium aluminate in two or three minutes at 1600°C. The
interface between CaO and calcium aluminate as well as between calcium aluminate
and Al,Os are shown in Figure 18.%

100pm

T000m

Figure 18. SEM (SE-image) showing the Calcium aluminate/CaQ interface (left) and
Calcium aluminate/Al,O; interface (right).”

4.1.2 Low-temperature range below 1420°C

As shown in Figure 1 the liquid region in the CaO-Al,Os3 phase diagram becomes quite
narrow when approaching 1400°C and it totally disappears at 1362°C. Observations of
reaction kinetics showed an abrupt slow-down from 1390°C to 1370°C (Figure 19). So
the temperature has much larger effect on forming a reaction layer than the holding time
in a furnace. At low temperatures (1350°C and 1370°C), the extension of holding time
did not greatly affect the amount or thickness of the reaction layer which must be due to
disappearance of the liquid calcium aluminate phase when the temperature is decreased.
At 1390°C, the liquid region still exists, although quite narrow. At 1370°C, it should
almost disappear, and below 1362°C, no liquid phase should be formed.
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Figure 19. Reacted Al,O3; amount as function of time at three different temperatures.

Linescan analyses from the experiments at temperatures 1405°C and 1390°C can be
seen in Figure 20, Figure 21 and Figure 22. In Appendix I, there are more results from
experiments in the low-temperature range (i.e., 1405°C, 1390°C, 1370°C, and 1350°C
with different holding times). These figures (al-al3 in Appendix I) show analyses made
with a SEM/EDS, giving the amount of CaO and Al,O; in different points on line in the
reaction layer. The point analysis results for Figure 21 are also in Appendix I in Figure
al4. In these low temperatures, different calcium aluminates can be found. From the
forming phases, Ci2A7 is the dominant phase in the reaction layer. The next common
phase is Cs;A. Phases CA,, CA, and CAg could be clearly detected only in some samples
as very thin layers.
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Figure 20. Test 18, 1405°C, 12 min. Phases C3A, C1247 and CA. (Lines: blue=oxygen,
green=calcium and red=aluminium). (a) BE-image from the reaction layer (b) Linescan
from the 80 um thick reaction layer.
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Figure 21. Test 18, 1405°C, 12 min. Phases C3A, C;;4;7 and CA. (Lines: blue= calcium,
green=aluminium and red= oxygen). (a) BE-image from the reaction layer (b) Linescan
from the 80 um thick reaction layer.
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Figure 22. Test 14, 1390°C, 42 min. Phases C3A and C;,A;. (Lines: blue= calcium,
green=aluminium, and red= oxygen). BE image from the 40 um thick reaction layer.

4.1.3 Reactions between CaO and Al,O; powders

Experiments using Yy-alumina powder and similar CaO powder as in previous
experiments were performed. A cylinder 11.5 mm in diameter was pressed from a well
mixed powder combination. In experiment number 28, 0.566 g of CaO powder and
0.709 g of Al,O3 powder were used to make the cylinder. This cylinder was kept in a
laboratory furnace for six hours at 1400°C. Figure 23 shows results from SEM/EDS
taken from this sample. The dark particle in the BE-image is an alumina grain that has
reacted with CaO. Linescan shows the phase CA on vector 0-8 um, phase CA, on vector
8-13 um, and 13-22 um is pure alumina particle. Phases have been verified by point
analysis. Figure 24, Table 6, and Figure 25 show results from this same experiment 28
done with x-ray diffractometer. It should be noticed that XRD was a semi-quantitative
method only. Anyway, we can see that the same calcium aluminate phases can be
detected with both methods (SEM/EDS and x-ray diffractometer).
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CA CA, AL Os

Oxeygen Hal, Calcium Fat, Aluminum Fat

Figure 23. Linescan analysis showing CA phase from point 0 to point 8 yim and CA;

phase from point 8 to 13 um around an alumina particle. Experiment no. 28: mixture of
CaO and Al,O;3 powders heated at 1400°C for 6 hours. (Lines: blue=oxygen,
green=calcium and red=aluminium)
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Figure 24. Specific peaks for different phases from x-ray diffraction measurements
(exp.28).

Table 6. Detected phases and their percentages after heating mixture of CaO and Al,O3;
powders at 1400°C for six hours. Semi-quantitative analysis was used to determine the
estimated mass fractions of detected phases. The scale factor and the RIR (Reference Intensity
Ratio) values (also called I/Ic values) were used to perform the calculation.

Chemical Formula Phas SemiQuant Scale Score RIR Space Ref. Code  Visible
e [%] Factor Group

12 CaO-7Al,03  C12A7 41 1.046 65 2.130 1-43d 01-070-2144 *
CaO- Al,O3 CA 36 0.260 46 0.610 P21/n 01-070-0134 *
Al2O3 9 0.100 46 0.980 R-3c 00-043-1484 *
CaOo 2 0.130 37 4.400 Fm-3m 01-070-4068 *
CaCOs; 1 0.026 17 3.120 R-3c 01-085-0849 *
Ca0-2A1,03 CA, 11 0.150 26 1.140 C2/c 01-089-3851 *
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Figure 25. Phases formed when annealing CaO and Al,O3; powders at 1400°C for six
hours (ex.28).

For experiment no.29, 0.492 g CaO powder and 0.657 g Al,O3 powder was used to
make the cylinder, which was kept in a laboratory furnace for one hour at 1420°C.
Table 7, Figure 26 and Figure 27 show the x-ray diffractometer results from this
experiment. At a higher temperature, more of the phase CA; is formed, but less of the
phases Ci,A7 and CA with lower melting point are formed.

Table 7. Detected phases and their percentages after heating CaO and Al,O; powder at
1420°C for one hour. Semi-quantitative analysis was used to determine the estimated mass
fractions of detected phases. The scale factor and the RIR (Reference Intensity Ratio) values
(also called l/Ic values) were used to perform the calculation.

Chemical Phase Semi Scale Score RIR Space Ref. Code  Visible
Formula Quant Factor Group
[%]

Al,03 16 0.268 48 1.040 R-3c 01-075-0782 *
CaO- Al,O3 CA 28 0.268 36 0.610 P21/n 01-070-0134 *
Ca0-2Al,03 CA; 15 0.265 32 1.140 C2/c 01-089-3851 *

12 CaO-7A0;  Cq2A7 30 0.999 59 2.130 1-43d 01-070-2144 *
CaO 10 0.658 46 4.400 Fm-3m 01-070-4068 *
CaCOs 2 0.078 20 3.120 R-3c 01-085-0849 *
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Figure 26. Peaks from x-ray diffraction measurements (ex.29).
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Figure 27. Phases formed when annealing CaO and Al,03 powders at 1420°C for one
hour (ex.29).
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4.2 Reaction kinetics between calcium and Al,O; inclusions in
steel

4.2.1 Ca-treatment of Al deoxidized steel (8 kg scale)

Experiments were performed in an 8 kg induction furnace to verify the mechanism of
transformation of alumina inclusions during Ca-treatment. Steel deoxidised with
aluminium was melted under vacuum and then the atmosphere was turned to 0.6 bar
argon. When a proper temperature (1580—1600°C) was achieved, a sample was taken
from the melt and then a CaSi powder corresponding to 100 ppm [Ca] was immersed
into the melt inside a steel rod. Part of the calcium dissolved into the steel, whereas a
significant fraction vaporised out from the melt. Samples were then taken one per
minute and analysed for Ca and Al. Inclusions were investigated by using the SEM-
EDS technique. Typically, a Ca content of around 20 ppm was observed in the first
samples, and the content then gradually decreased along the time.

Depending on the heat, ten to twenty minutes after the Ca-addition, the steel was cast
into a steel mould and solidified to an ingot. A sample was cut about one-fourth from
the ingot bottom and prepared for spectrometer analysis. In Table 8 there are analyses
made with an optical emission spectrometer of the cast samples from all the heats. Also
in heats 2 to 5 the total oxygen has been analysed with LECO system. The time from the
Ca-addition to casting is different in different heats. In third heat, the Ca content is the
highest in the cast sample, which solidified about thirteen minutes from the Ca-addition.
Also in the third heat, as depicted in Figure 28, we can see that Ca is clearly a part in the
oxide inclusion. In Figure 29 we can see how the Ca content changes after Ca-treatment.

Analysis of the starting steel materials were as follows:

= Heats 1-5 with analysis: 0.128 %C, 0.273 %Si, 1.12 %Mn, 0.0024 %S, and
0.032 %Al

= Heats 6-7 with analysis: 0.091 %C, 0.015 %Si, 0.68 %Mn, 0.012 %S, and 0.032
%Al

* Heat 8 with analysis: 0.1298 %C, 0.291 %Si, 1.140 %Mn, 0.009 %S, and 0.041
%Al
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Table 8. Analyses from the cast heat samples after Ca- treatment in laboratory scale. Analyses
were made with an OES (optical emission spectrometer), except total oxygen were made with

LECO system.
C Si Mn P S Cr Mo Ti Cu | Altot | Alsol N Ca Otot
heat 1 0.12] 0.29| 0.92| 0.014| 0.006| 0.06| 0.00| 0.00| 0.04| 0.002| 0.002| 0.007 | 0.00010
heat 2 0.11] 0.03| 0.35| 0.012] 0.005| 0.03| 0.01| 0.00| 0.03| 0.001| 0.001| 0.018| 0.00050| 0.0219
heat 3 0.11] 0.30| 0.96| 0.014| 0.006| 0.03| 0.03| 0.01| 0.03| 0.011| 0.007 | 0.003| 0.00056 | 0.0068
heat 4 0.10| 0.21] 0.75| 0.01]| 0.002| 0.07| 0.00| 0.00| 0.03| 0.001| 0.001| 0.006 | 0.00020| 0.0080
heat 5 0.11] 0.28] 1.01 0.01| 0.005| 0.03| 0.00| 0.00| 0.03| 0.019| 0.018| 0.005| 0.00015| 0.0040
heat6 | 0.037| 0.01| 0.41| 0.008| 0.014| 0.02| 0.01| 0.00| 0.01| 0.001| 0.018| 0.011 | 0.00010
heat 7 0.04| 0.00| 0.56| 0.01] 0.016| 0.02| 0.00| 0.00| 0.01| 0.001| 0.001| 0.009| 0.00014
heat8 | 0.06| 0.35| 1.05| 0.01| 0.007| 0.04| 0.01| 0.00| 0.04| 0.003| 0.002| 0.015| 0.00013
ALO; 58 wt%
CaO 42 wt%
Py
r ALO; 73 wt%
CaO 27 wt%
! |
]
-
: a0pm !

Figure 28. Micrograph of a sample from 3" Heat showing typical calcium aluminate
inclusions. Sample was taken 230 seconds after Ca-addition.
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Calcium content in 3rd heat
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Figure 29. Ca content at different times after Ca-treatment;, analyses made with AAS
(atomic absorption spectroscopy).

Samples taken during the experiments from the furnace were pin samples and therefore
too small to be analysed with OES. So those small samples were analysed with
SEM/EDS (Figure 28 and Figure 57) and with AAS (atomic absorption spectroscopy)
for Ca and in some cases for Al, too. Results from the AAS analyses for Ca content in
steel are shown in Figure 29 for heat 3 and in Figure 30 for heat 4. In heats 5 and 7, Al
content has also been analyzed and is shown in Figure 31 and Figure 32.
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Figure 30. Ca content at different times after Ca-treatment, analyses made with AAS
(atomic absorption spectroscopy).
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Calcium and Aluminium content in 5th heat
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Figure 31. Ca- and Al-contents at different times after Ca-treatment, analyses made
with AAS (atomic absorption spectroscopy).
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Figure 32. Ca- and Al-contents at different times after Ca-treatment, analyses made
with AAS (atomic absorption spectroscopy).

4.2.2 Ca-treatment on industrial scale

Samples from Koverhar steelworks and Imatra steelworks have been taken before,
during and after Ca-treatment. Samples have been analyzed with the SEM/EDS program
INCA Feature. INCA Feature is a tool for automated collection of chemical and
morphological data from inclusions in steel.

45



EXPERIMENTAL RESULTS

The following figures show the composition and size of the biggest inclusions from
different samples. The information from each sample (analysed area 2mm x 2 mm)
consists of information on over one hundred inclusions. Information on the smallest
inclusions less than the value shown on the x-axis is not seen in these bar-chart figures.
In the figures, inclusion analysis provides the inclusion type. The weight percentages of
the inclusions are shown so that eventual matrix (Fe) has been excluded from the
analysis results. The fraction of the matrix (Fe) could be quite high in small inclusions.
In big inclusions (>5 wm), the matrix (Fe) had little or no influence on the EDS analysis.
From each sample at least 30 inclusions which were biggest in length are presented in
the figures, so that the analysis and size of each individual inclusion can be seen.

After the bar-chart figures are presented, there are three figures (Figure 38, Figure 46,
and Figure 52) which show the inclusion paths. In those figures the oxide inclusions
(~200 in each sample) have been calculated, so that the average amount of MnS, CaS,
CaO and ALO; can be seen at different times after the Ca treatment. The calculation
was done so that first from the manganese content of an inclusion the amount of
manganese sulphide was determined, secondly the rest of the analyzed sulphur was used
to form calcium sulphide, thirdly the rest of the analyzed calcium was used to form
calcium oxide, and fourthly the amount of aluminium oxide was calculated from
aluminium analysis.

Figure 33 - Figure 36 provide the results of analyzed steel samples from Koverhar
works before and after the Ca-treatment. The time between taking these first two
samples is four minutes. In these four figures, we can see that the average size of the
biggest inclusion has changed: It is over 3 um before Ca-treatment (Figure 33) and
under 3 um after it (Figure 34 and Figure 35). Also in Figure 34, it can be seen that in
only twelve inclusions from forty three Ca has been detected. In Figure 35-Figure 36 all
of the inclusions contain calcium.

Koverhar 99927/1 (C .15, Si .01, Mn .72, S .01, Al .03, Ca 1 ppm)
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Figure 33. Sample taken just before Ca-treatment.
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Koverhar 99927/2 (C .18, Si .015, Mn .78, S .013, Al .046, Ca 10 ppm)
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Figure 34. Sample taken right after Ca-treatment.
Koverhar 99927/3 (C .18, Si .06, Mn .79, S .01, Al .05, Ca 48 ppm)
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Figure 35. Sample taken four minutes after Ca-treatment.
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Koverhar 99927/4 (C .18, Si .08, Mn .81, S .011, Al .058, Ca 82 ppm)
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Figure 36. Sample taken 15 minutes after the main Ca-treatment and two minutes after
an extra Ca and Al addition.

Koverhar 99927/5 (C .18, Si .07, Mn .80, S .011, Al .039, Ca 43 ppm)
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Figure 37. Sample taken 30 minutes after the main Ca-treatment and 17 minutes after
the extra Ca and Al addition.

Before the sample 4, as shown in Figure 36, there has been an extra addition of
aluminium and calcium, so that calcium content 82 ppm is higher than in any of the
other examined samples. From Figure 36 we can see that calcium is the dominating
component in all of the inclusions, just before the ladle goes to casting station. Figure
37 shows forty six biggest inclusions in sample which is taken from the continuous
casting mould.

Figure 38 shows the average composition of inclusions at different times before and
after Ca-treatment. These values have been calculated so that 200 inclusions with
analysis containing most oxygen have been selected. From these analyses we get an
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average analysis for each sample. This average analysis has been turned to MnS, CaS,
CaO, and AL,O; weight percentages. Sometimes the run made with the program INCA
Feature gives less than 200 inclusions, and because of this all the inclusions in those
cases are taken into account.

Figure 38 shows that the proportions of aluminium oxide and manganese sulphide in the
inclusions decrease and calcium oxide and calcium sulphide increase in ladle samples
(time until 900 seconds).

Koverhar 99927

\\ —e— AlRO3 Wt%
—a— CaOwt%

MnS w t%

T—e— CaS wt%

Average inclusion analysis (wt%)
)
O O «

-200 O 200 400 600 800 1000 1200 1400 1600 1800

Time after Ca-treatment (s)

Figure 38. Change of inclusion composition during ladle treatment in heat 99927. Each
point represents composition of over hundred of oxide inclusions analysed by the
SEM/EDS program INCA Feature.

Imatra 564730/1 (C .125, Si .23, Mn 1.07, S .027, Al .036, Ca 37 ppm)
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Figure 39. Sample taken 55 seconds after Ca-injection.
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All the samples from Imatra steelworks have been taken after Ca-treatment. The size of
the heat 564730 in Imatra was 77.2 t and 46 kg CaSi was injected. In Figure 39 we can
see that the inclusions composition is aluminium oxide and manganese sulphide, and
more than half of the thirty nine biggest inclusions, when the sample has been taken
fifty five seconds after CaSi-injection, have a detection of calcium in the form of either
calcium sulphide or calcium aluminate. Some of the inclusions also have a detection of
magnesium, which supposes that the inclusion has been exogenously formed. In Figure
40 calcium is present in forty out of the forty four biggest inclusions, and the average
size of inclusions is only a little smaller than in the previous sample, but the size of the
first five biggest inclusions is much smaller. Figure 42 is very similar (inclusion size
and composition) with the previous Figure 41, and that is because only less than three
minutes has elapsed between sample taking and with no operations between them.

Imatra 564730/2 (C.13, Si .23, Mn 1.07, S .028, Al .035, Ca 35 ppm, O 24 ppm)
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Figure 40. Sample taken 2 minutes 50 seconds after Ca-injection
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Inclusions analysis

Imatra 564730/3 (C .13, Si .23, Mn 1.07, S .028, Al .03, Ca 33 ppm, O 23 ppm)
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Figure 41. Sample taken 5 minutes 5 seconds after Ca-injection.

Inclusions analysis

Imatra 564730/4 (C .13, Si .23, Mn 1.07, S .028, Al .03, Ca 33 ppm, O 22 ppm)
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Figure 42. Sample taken 7 minutes 20 seconds after Ca-injection.
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Imatra 564730/5 (C .13, Si .23, Mn 1.07, S .028, Al .032, Ca 26 ppm, O 24 ppm)
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Figure 43. Sample taken 16 minutes 35 seconds after Ca-injection.

In Figure 43 the biggest inclusion is only 8 um long. Between samples 5 (Figure 43)
and 6 (Figure 44) 173 kg of FeMn, 177 kg of FeCr, and 35 kg of FeAl have been added.
It can be seen that these additions have some effect on the steel composition and that the
inclusions are richer in aluminium in the later sample. In Figure 45 the sample has been
taken from the cast mould, and the calcium content has dropped to 8 ppm. Oxidic
inclusions are still mainly calcium aluminates, but due to high sulphur content, pure
manganese sulphides can be detected.
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Imatra 564730/6 (C .16,Si .23, Mn 1.23, S .03, Al .04, Ca 21 ppm, O 22 ppm)
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Figure 44. Sample taken 27 minutes 30 seconds after Ca-injection.
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564730/7(C .17, Si .23, Mn 1.22, S .03, Al .034,Ca 8 ppm, O 22 ppm)
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Figure 45. Sample taken 92 minutes after Ca-injection.

Figure 46 shows the inclusions analyses and average size presented at different times
after Ca- treatment. Average size of inclusions is only given from heat 564730 (Figure
46), because there is information from 200 oxide inclusions from each sample in this
heat. In the two other heats the number of oxide inclusions which were analysed in each
sample was less than 200 and, therefore, was not presented. When comparing this figure
with the Koverhar heats, such as in Figure 38, similar trends are evident in the time
range of up to 900 seconds. After this time in Figure the CaS content drops, and MnS
content rises. Due to relatively high sulphur content, manganese sulphides are formed
during sample solidification.
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Figure 46. Change of inclusions composition in heat 564730. Each point represents the

average of 200 inclusion compositions and size.

Heat 568480 from Imatra steelworks has higher silicon content, lower sulphur content
and lower aluminium content. Figure 47 to Figure 51 show the biggest inclusions from
samples taken at different times after Ca-injection.

In Figure 47, the sample was taken from the ladle one minute after calcium injection. In
this sample, all of the forty three biggest inclusions had calcium, and all but one
contained also calcium sulphide. In addition, the steel analysis shows high calcium

content 74 ppm.
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Figure 47. Sample taken one minute after Ca-injection.
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Imatra 568480/2 (C .12, Si.39,Mn 1.18, S .007, Al .013, Ca 64 ppm, O 33 ppm)
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Figure 48. Sample taken 4 minutes after Ca-injection.
Imatra 568480/3 (C .13, Si .39, Mn 1.18, S .007, Al .01, Ca 60 ppm, O 58 ppm)
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Figure 49. Sample taken 14 minutes after Ca-injection.

In Figure 48, the sample has been taken from the ladle at the ladle furnace station four
minutes after Ca injection. It can be seen that the oxygen content is higher and the
inclusions are larger than in the previous sample.

In Figure 49, the sample was taken fourteen minutes after Ca-injection and it shows that
the average size of the biggest inclusions has decreased to half, because inclusions have
been removed to the top slag and on the refractory lining. In Figure 50, the sample of
the steel analysis shows 27 ppm of Ca, which is less than half of the previous sample 3
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in which Ca content was 60 ppm. There has also been a final adjustment of the steel
composition so that the Al content is higher in sample 4 than in sample 3. When looking
at the inclusion analyses, these changes in the steel composition cannot be clearly seen.

Imatra 568480/4 (C .14, Si .38, Mn 1.23, S .009, Al .02, Ca 27 ppm, O 49 ppm)
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Figure 50. Sample taken 21 minutes after Ca-injection.
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Figure 51. Sample taken 44 minutes after Ca-injection.

The sample in Figure 51 has been taken from the cast mould forty four minutes after
Ca- injection. Oxygen and calcium in the steel analysis have the lowest levels from
these heats and analysed samples.
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Figure 52. Change of inclusion composition during ladle treatment, in heat 568480.
Each point represents the average of over hundred inclusions composition analysed by
SEM/EDS program Feature.

Figure 52 shows the average inclusion composition at different times after Ca-injection
in heat 5684&80. CaS and Al,O; amounts in the inclusions have decreased and MnS and
CaO amounts have increased at 45 minutes from Ca-injection.
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5. DISCUSSION

5.1 Experiments between CaO and Al,O;

The reaction between CaO and Al,Os were studied at temperatures between 1350 and
1600°C. The annealing times at different temperatures varied. Data from these
experiments are shown in Appendix II. The amount of measurements at different
temperatures varies, and the SEM/EDS analyses are also not the same with each sample.
However, the dissolution of the sample in HCI acid and the reacted amount of Al,Os is
similarly done with every sample. These results and calculations are shown in Appendix
I1.

Appendix I shows the SEM/EDS analyses made from the samples in the low-
temperature range. Two similar charts as in Appendix I are shown in Figure 53. In this
figure the reaction layer has been analysed in test 18 where temperature was 1405°C
and annealing time 12 minutes. Figure 53(a) shows 15 points analysed along a line
across the whole 100 um thick reaction layer. It can be seen that in this case the reaction
layer has been mainly C;A phase. In Figure 53(b) 5 point analyses are shown from the
reaction layer, 20 um inside from the pure alumina phase (point 5). These analyses
correspond to phases Ci,A7, CA and CAg.

Appendix II shows a table of 28 diffusion couple experiments which were performed
between CaO and Al,O; at temperatures from 1350°C to 1600°C and annealing times
from 2 minutes to 48 hours. From each experiment we have weighed the reacted amount
of Al,O; marked as Am. In lower temperature region (1350-1405°C) we have two
values of Am because the experiments were performed so that the CaO cylinder was put
between two alumina cylinders and these three cylinders were pressed together in
horizontal direction. So the Am used at lower temperatures is an average of the two
values which are from the two alumina cylinders at each side of the CaO cylinder. From
the value of Am the reaction rate r and reaction rate constant k£ were calculated. Reaction
rate constant k has been calculated twice, first using the reaction rate r and, secondly,
through calculating the reaction layer thickness h from the Am, not from SEM results.
The reaction layer thickness is the same as the diffusion distance and also the reaction
time is the same as the annealing time. From these values the chemical diffusion
coefficient can then be calculated.
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Test 18, 1405°C, 12 min, layer thickness 100 pm
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Test 18, 1405°C, analysis close to alumina
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Figure 53. Point analyses on line between Al,O; and CaO (a), and from reaction layer
20 pum to alumina phase (b).

5.2 Evaluation of reaction mechanisms

By measuring the reaction area, reaction time, mass of product, and composition of the
liquid product, the Kgyeran 1S obtained. This parameter could be used to describe the
kinetics of the alumina inclusion modification. The chemical diffusion coefficient
determined in this study is assumed constant and independent of composition.
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Calculations were performed to get the diffusion coefficient by using the following
44
equation:

h =2~ Dt (22)
Where h is diffusion distance (um), D is chemical diffusion coefficient and t is time (s).

The chemical diffusion coefficient is greater at higher temperatures. Also the value of
the coefficient changes at the same temperature at different annealing times. It can be
seen in Appendix II that at temperatures 1450°C and 1500°C the longer the annealing
time, the bigger the diffusion coefficient is. This is due to the formation of liquid at the
start of the reaction which makes diffusion coefficient smaller in shorter annealing times
and at longer annealing time the liquid layer has grown thicker, and the measured
diffusion coefficient is bigger. Diffusion happens more easily when the liquid layer
exists.

Table 9 shows the average values from many measurements at each temperature.
Certain shift of magnitude can be seen in the temperature region of 1390—1420°C. In
this temperature region the controlling mechanism of reaction is evidently changing.
The same phenomenon can be seen in Figure 54 where a dark square (1405°C) and a
rectangle (1390°C) are in this region. In this temperature region the reaction rate is very
temperature sensitive, and the apparent activation energy is very high indicating a
transition in the controlling mechanism.”’ The rate controlling mechanism in
temperatures under this region is Ca diffusion.” In temperatures over the region the
chemical reaction between alumina and liquid calcium aluminate is assumed to be the
rate-controlling mechanism.

Table 9. Rate constants and diffusion coefficients at different temperatures

T(°C) 1350 1370 1390 1405 1420 1450 1500 1550 1600

(m'js) 1.0x10°[1.7x10°|1.2x10°|5.8 x 10°|1.3x 10°|2.0x 10°|8.2x 10°| 1.4 x 10°| 4.3x 10
(szS.1) 7.1x107°06.5x 10™°[2.7 x 10™}4.3 x 10™°[1.1 x 10™°]2.2 x 107°}7.0 x 107} 2.7 x 10| 1.1 x 10
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Figure 54. Natural logarithm of rate constant versus reciprocal temperature (1/K)

showing the temperature dependency of the reaction rate. Activation energy E is shown
for temperature ranges 1420—1600°C and 1350 —1370°C.

5.3 Model demonstrating reaction between alumina inclusion
and calcium oxide

Based on the concept developed in this work for modification of alumina inclusions by
calcium treatment, a model was created by Karri Penttild and Pertti Koukkari at VTT
Chemical Technology, Finland. This model called IncApp utilizes the CHEMSHEET
program, which is an Excel application calculating the equilibrium composition.** It has
its own simplified routines for calculating diffusion for different time steps (one-
dimensional model presented in a spherical geometry). Experimental work and its
results shown in this work (SEM pictures and diffusion coefficients) have given the
basic data to build the model. The chemical database used comes from FactSage and the
slag phase model (CaO-ALO3;) used is QSOL.*' The rest of the phases are
stoichiometric. Inclusion modification is assumed to be diffusion controlled.

Locally, in every calculation area the diffusion rate is calculated using formula:

1/D = X(p1)/ D(p1) + X(p2) / D(p2) ... (23)
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where X is mass fraction
pl, p2,... are phase indexes

Calculations were done for an alumina inclusion with a radius of 600 um. The
temperature was 1500°C and the diffusion coefficients were:

Dliq=3 *1 0-9 mZ/S’ ])sol=3 *1 0-1 ! mz/S.

Figure 55 and Figure 56 show results using this IncApp application to demonstrate
alumina inclusion modification by calcium. It can be seen that liquid calcium aluminate
is the dominant phase when an alumina inclusion is modified at temperature 1500°C.
This same result was also supported by the experimental work.

In Figure 55 there is a series of pictures demonstrating the progress of modification of a
spherical alumina particle. The size of the alumina particle before calculation is marked
with black line. Different colours indicate different phases: Al,O3 (red), CAs (pink),
CA; (violet), CA-liquid (blue), C;A (turquoise), and CaO (green).

sInitial Al radius 600 pm

“Temperature 14500 °C

*Rate limiting diffusion ~2*H0 s (at 60 seconds)
s B0 s

Colors at different padicle layers are mass weightn_ad average of phase colors.
*Black line marks initial ALD, particle size.

Figure 55. Reaction of Al,O3 particle with CaO calculated by ChemSheet program.
Picture shows different phases present at different times after the reaction starts.

Figure 56 gives a calculated “line scan analysis” from the centre of the Al,O3 inclusion
to the surface. Mass fractions of the phases through the inclusion are seen at 90 seconds
after the reaction start. The same result is also shown in Figure 55 as a cross section of a
spherical particle (left bottom).
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Phase Composition at 90.06 secs
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Figure 56. Mass fraction of phases between Al;O;3 core and surrounding CaO at 90.06
seconds after the reaction start at 1500°C.

5.4 Inclusions found in Ca treatment experiments done with 8
kg steel melt

An example of the inclusion transformation “path” resulted from calcium addition is
shown in Figure 57. Before Ca addition the inclusions were of pure alumina type. The
first sample was taken one minute after the Ca addition. No pure alumina inclusions
could be detected any more, and the transformation phenomenon proceeded rapidly to
liquid inclusions CAx with x=1.15 corresponding to a liquidus temperature of
approximately 1600°C in the binary system. In process of time, the CaO content in
inclusions tended to decrease, presumably due to reoxidation phenomenon which is
evidenced by increasing contents of SiO, and MnO in inclusions. Anyway the results
support the conception of the fast transformation process of inclusions when adding
calcium into the steel melt.
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Ca-addition

70 - —e—AI203 wt%
60 | —m— Si02 wt%
—a— CaOl wt%

50 + —x—MnO wt%

Inclusion composition (wt%)

‘ X
-50 0 50 100 150 200

Time after Ca-addition (s)

Figure 57. Change of inclusions composition in the 4th heat, due to Ca-treatment of Al
deoxidized steel.

5.5 Inclusion analysis with INCA Feature

The analyzed area can be determined by the operator; in this case the area was 2 mm x 2
mm. When comparing the figures before (Figure 38, Figure 46, and Figure 52) from
these three heats it can be seen clearly that the fractions of sulphide inclusions (MnS
and CaS) change quite much from the Ca treatment to the casting. When examining the
heats from Koverhar and Imatra steel plants and comparing the samples taken during
the first 5 minutes after Ca treatment, certain differences can be found. In the Koverhar
heat the calcium sulphide content goes gradually up and remains on relatively high
level, but in the Imatra heats the calcium sulphide content goes first up and then falls
down. This phenomenon is related to different sulphur contents in steels as well as other
components i.e. manganese, calcium and aluminium contents which can be found in the
figure headings of the corresponding heats. When further scrutinizing the figures the
CaO content and CaO : Al,O; ratio can be considered surprisingly low.
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Classim

Figure 58. Inclusions found in sample taken four minutes after Ca treatment at
Koverhar steelworks. Only inclusions containing calcium and with size >0.8 ym length
were taken into account (Class 1)

The system INCA Feature provides different ways to present the inclusions that are
found in the specified sample area (2mm x 2 mm in this work).Figure 58 to Figure 60
represent the calcium containing inclusions that have a length over 0.8 um placed in a
ternary diagram.

These ternary diagrams have been constructed in a similar way as Story et al. (ref. 42)
have done, using the data from the Koverhar steelworks heat. Ternary diagrams (Figure
58 and Figure 59) clearly show that the inclusions after Ca-treatment in this heat contain
a lot of CaS in duplex inclusions, this same result could be seen in Figure 38 where the
inclusions at the end of ladle treatment mainly consist of calcium sulphide and calcium
aluminates. Figure 60 shows inclusion compositions in a sample taken from the
continuous casting mould. Inca Feature gives an option to form ternary phase diagrams
for single elements or for oxides. In Figure 60 the same data are shown in these two
modes. These diagrams show what has been the inclusion composition during casting,
so they can be compared with the diagram in Figure 11. The comparison shows that
inclusion composition has been in a good area to maintain stable castability, because a
significant portion of the inclusions fell within the liquid or semi-liquid (50%) region.
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Clasgim

Figure 59. Inclusions found in sample taken fifteen minutes after Ca treatment at
Koverhar steelworks.
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(2)

Class 1m
(b)
Figure 60. Inclusions found in sample taken thirty minutes after Ca treatment at
Koverhar steelworks.
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6. CONCLUSIONS

The mechanism and kinetics of alumina inclusion modification were investigated by
studying the reaction between CaO and Al,Os3 as well as between calcium and Al,O3
inclusions in steel melts. Experiments can be divided into three different groups which
support each others: 1) Reactions between Al,O; and CaO in a laboratory resistance
furnace 2) Ca treatment made to Al-killed steel in an 8 kg induction furnace and 3) Ca
treatment made on industrial scale with sampling from three different heats at Imatra
and Koverhar steelworks.

From the first type of experiments it was possible to see how the reactions proceed
between CaO and Al,O;. The exact amount of reacted alumina was measured and the
reaction rate constant was calculated in the temperature range 1350—1600°C. Reaction
rate constants were drawn as a function of temperature, so that the activation energies
could be calculated from a straight line. The function shows that in the temperature
range 1370-1420°C it happens a shift in the controlling mechanism of the reaction, so
linear dependence cannot be applied in this region. The result is interpreted to mean that
at the lower temperatures the reaction is diffusion controlled but becomes chemical
reaction controlled at higher temperatures. Concerning the interaction between liquid
calcium aluminate and an alumina inclusion, the chemical reaction between solid
alumina and liquid calcium aluminate was assumed to be the rate-controlling step at
temperatures above 1420°C.

Also experiments between mixed and pressed alumina and CaO powders were
performed close to the Al,O3-CaO eutectic temperature. These samples were analyzed
with SEM/EDS and x-ray diffractometer to identify the calcium aluminate phases
formed. The phases formed at 1400°C in 6 hours were 12CaO-7AL0O; (41%),
Ca0O-AlLO3 (36%), CaO-2A1,05 (11%) and the rest were the starting materials, CaO and
AlOs.

The second group of experiments was made in an induction furnace with 8 kg steel
melt. These experiments showed that at 1600°C alumina inclusions are converted to
calcium aluminates very quickly after the Ca addition. SEM/EDS analysis confirmed
that in samples taken one minute from Ca injection, alumina inclusions had already
substantially converted to calcium aluminates.

The third group of experiments were Ca treatments done in industrial scale. The
samples taken from the melt at certain intervals after the Ca addition were analyzed with
the new SEM/EDS software called INCA Feature, which automatically collects
chemical and morphological data from inclusions in steel. Figures showing the changes
in the inclusion composition and size after Ca-treatment were given. For example the
data from 1400 inclusions showed consistently that the dominating inclusions in the
final steel were calcium aluminates and manganese sulphides, the average size of
inclusions being under 1.5 um by length.

By combining the data and knowledge from the different experiments and literature a
thermodynamic — kinetic model for the transformation of alumina inclusions to calcium
aluminates was constructed. The transformation is driven by Gibbs energies of
formation of calcium aluminates whereas diffusivities and the formation of liquid
aluminate phase are the rate-determining factors.
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APPENDIX |

Point analyses along a line from the reaction layer between
Al,O; and CaO temperature range 1350-1405°C

Test 3, 1350°C for 12h, layer thickness 46 pm
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Figure al. Point analyses along a line showing the phases CA,, CA and Cj,4;.

Phase proportion (wt%)

100

Test 4, 1370°C for 12h, layer thickness 61 um

90

O—O—O0—0
Tvv‘

80 \
70

60 1

50 1

40

30

20/
10

\

Y A W

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

—&— Al203 wt%
—— CaO wt%

Analysis points on line

Figure a2. Point analyses along a line showing the phase Cj,A4;.
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Phase proportion (Wt%)

Test 5, 1370°C for 6 h, layer thickness 57 um
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Figure a3. Point analyses along a line showing the phases C1247 and C3A.
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Figure ad4. Point analyses along a line showing the phases C1247 and C3A.
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Figure a5. Point analyses along a line showing the phases CA,, C1247, and C3A.
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Figure a6. Point analyses along a line showing the phases CA, C247, and C3A.
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Phases proportion (wt%)

Test 10, 1390°C, 0.5 h, layer thickness 128 uym
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Figure a7. Point analyses along a line showing the phases C1247 and C3A.
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Figure a8. Point analyses along a line showing the phases C;;A7 and C3A.
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Figure a9. Point analyses along a line showing the phases CA, C;,A47, and calcium

oxide rich phase.
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Figure al0. Point analyses along a line showing the phases C3;A and C;2A4;.
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Phase proportion (wt%)
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Figure all. Point analyses along a line showing the phases C;;A7 and C3A.
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Figure al2. Point analyses along a line showing the phases CA, C;2A47, and C;A.
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Figure al3. Point analyses along a line showing the phases Cj:A7 and C3A.
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Element | Weight%  Atomic%  Compd%  Formula

CakK 71.47 50.00 100.00 CaO
(0] 28.53 50.00
Totals 100.00

Point analvsis 13

Element | Weight%  Atomic%  Compd%  Formula

AlK 3.51 3.56 6.63 Al203
CakK 66.73 45.55 93.37 CaO
(6] 29.76 50.89

Totals 100.00

Point analysis 17
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e Element | Weight%  Atomic%  Compd%  Formula
"z, @
Rt AIK 20.80 18.84 39.29 A203
B P CaK 43.39 26.46 60.71 CaO
e (0] 35.82 54.71
el ¢
& ‘f"ﬁ e N Totals | 100.00
=;"¢r. ol M- o : ! Point analysis 21
:' ‘??_q{ (e e p
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i 300pm ' Electran Image 1

Element | Weight%  Atomic%  Compd%  Formula

AlK 24.85 21.96 46.95 Al203
CakK 37.91 22.55 53.05 CaO
(6] 37.24 55.49

Totals 100.00

Point analysis 33

Electron Image 1
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Element | Weight%  Atomic%  Compd%  Formula

AlK 3548 29.46 67.03 Al203
CakK 23.56 13.17 32.97 CaO
(6] 40.96 57.37

Totals 100.00

Point analysis 34

300pm ' Electran Image 1

L Element | Weight%  Atomic%  Compd%  Formula
‘ea ‘: .
S AlK 52.93 40.00 100.00 Al203
£ Y e 0 47.07 60.00
B '.‘:;‘-‘ Totals 100.00

e ": Point analysis 37
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Figure al4. SEM pictures (BEI) and EDS point analyses over the reaction layer in test
18 (1405°C, 12min). Selected points showing analyses for phases CaO (p.13), calcium
rich phase “C14A” (p.17), C34 (p.21), C1247 (p.33), CA (p.34), and Al;O3 (p.37)
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