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Abstract This study concerns the chemical reactions

involved and the phases formed during penetration of slags

of variable composition into porous plaster structure of

tundish. Tundish plaster is mainly composed of MgO with

minor amounts of SiO2 and impurities, with a grain size of

less than 1 mm, inorganic or organic fibers in order to

decrease density and provide porosity for insulation,

plasticizers and stiffening agents and some other additions.

Tundish slag analysis for different grades of steel (7176D

and 1191D, according to DIN standard) at different

sequences, indicated a very variable composition of

CaO (11–42%), SiO2 (28–46%), Al2O3 (6–12%), MgO

(11–20%), MnO (0–13%) and some minor variations of Fe,

FeO and TiO2. Experimental work indicated that slag

when penetrated into pores of plaster, develop the

phases of Monticellite (CaO � MgO � SiO2) and Merwinite

(CaO1.5 � MgO0.5 � SiO2) around MgO particles and

decrease the liquidus temperature from 2,800 �C to about

1,500 �C and provide dissolution of MgO grains in steel

making process. Calculation based on two kinetic equa-

tions developed for diffusion controlled dissolution, indi-

cated that the dissolution of MgO in tundish plaster is not a

diffusion controlled process and is affected by turbulent

flow parameters. Phase diagram of CaO–SiO2–MgO indi-

cates that decreasing SiO2 to below 20% and increasing

CaO content to as high as possible, increases the liquidus

temperature to above 2,000 �C. Sources of SiO2 in the

process are the rice husk addition, which is used as an

insulating material on top of the melt, and the slag flux

addition. These sources should be reduced to as low a level

as possible. This fact does not affect the fluidity of slag

which is required for inclusion removal. Fluidity of slag

comes from low melting point eutectics in CaO–Fe2O3 and

CaO–FeO (about 1,200 �C) due to iron oxide on top of the

steel melt.

Introduction

Iron and steel making industries use about 70% of refrac-

tory production in the world [1]. Tundish and the dispos-

able liner are important parts in the steel making process.

Increased demands upon the performance and longer

sequence life of the steel making tundish has driven a great

number of changes in the sacrificial or expendable cover on

permanent refractory brick or castable. This wear lining is

called plaster of tundish and has a significant role in clean

steel production.

There are a number of different types of tundish linings

available in the market, such as ordinary plaster, gunnable,

sprayable, board and recently in-situ formed dry system

[2]. There are three major reasons why steel makers use

coating materials to line the tundish rather than running

directly on the permanent brick or castable back-up lining:

• Provide insulation by increasing the porosity inside the

structure to preserve heat in the molten steel.

• Provide an inert barrier between the steel and back up

lining to avoid any chemical reaction between the

corrosive slag and the permanent refractory.

• Act as parting plane for easy deskulling [3].
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Tundish is not only a vessel for melt, but also a final

stage of controlling the properties before continuous cast-

ing of steel [4]. Penetration of melt and slag into porous

plaster causes sintering of this inert barrier and possible

reaction with permanent liner. Dissolution of refractory

material at the interface with slag is caused by some

chemical reaction and or diffusion of reacting species into

plaster [5]. The diffusion of FeO from slag into main

refractory material of plaster, MgO, is first associated by

formation of solid solution or magnesiuwustite,(Mg,Fe)O

[6]. The plaster usually is composed of the following [7, 8]:

• Basic refractory composition such as magnesia and

olivine.

• Density reducing filler materials like inorganic or

organic fibers (ceramic or glass fibers, paper fibers),

expanded inorganic or organic materials (polystyrene

beads), hollow ceramic microspheres [7], foaming

agent (sodium louryl sulfate), etc., or a combination

of some of these lightweights, such as paper fibers and

styrofoam beads [8].

• A plasticizer to enhance the ability of the composition

to adhere to itself and the surfaces to which it is

applied, such as silica fume.

• Some compositions can contain other additions like

binder to promote initial gelling properties when mixed

with water (alkaline earth phosphate or aluminum

phosphate) and also imparting high temperature

strength to the composition.

• The modifying agent can also be added to control the

gelling properties of the binder, thus imparting a

practical residence time to the composition. The set

retarding agent provides a prolonged setting time (citric

acid, tartaric acid, oxalic acid, malic acid).

On the other hand, slag is composed of different oxides.

Basic tundish flux is also sometimes added on top of the

tundish melt [9].

Slag reaction between the plaster material and tundish

slag is of great importance especially when high sequence

casts are required. Tundish slags in practice vary widely in

composition, not only from shop to shop, but also during a

single sequence. It is not unusual to have both a very acidic

slag from the covering material most of the sequence and

also have a very basic slag, possibly containing a lot of

fluorspar, when ladle slag is carried over into the tundish.

Thus, no one refractory composition will work best for all

slag conditions. Basic materials, high in MgO with varied

amounts of silica, are generally favored in the industrial

applications [3].

The aim of this study is to investigate the reactions

involved and the phases formed during penetration of slags

of variable composition into porous plaster structure.

Understanding the mechanism of phase formation and

evaluating low melting point products, leads to use of

suitable fluxes in metallurgical processing, better selection

of plaster composition, and decreasing the corrosion of

slag–plaster and increasing the life of plaster for longer

sequences.

Materials and methods

In order to study the corrosion of plaster of tundish by slag

in a steel company, the chemical composition of three

different plasters were studied, which is shown in Table 1.

Two kinds of steel specified as 7176D and 1191D,

according to DIN standard, which were produced in a

larger quantity in the steel company were selected for this

study, the composition of these steels are given in Table 2.

A tundish fluxing powder was used for top of the steel melt

in tundish for protection of the melt from oxidation and

increase the capability of inclusion absorption. The com-

position of this fluxing powder is given in Table 3. This is a

low melting point powder to develop a low viscosity slag

on top of the melt and must contain some amounts of

magnesia to saturate the artificial slag formed with MgO, in

order to decrease the rate of dissolution of plaster material

into this slag. In addition to this artificial slag, usually some

burned rice husk is also added on top of steel melt to

decrease the heat loss from the melt. The rice husk is a

source of silica and increases the SiO2 content of the slag

formed.

Due to some variations in fluxing powder addition, rice

husk addition, some slag coming from metallurgical pro-

cessing through the ladle to the tundish, and more impor-

tant than these , the gradual corrosion of plaster of tundish

which converts refractory into the slag, the overall slag

produced on top of the steel melt in the tundish has a

variable chemical analysis in different sequences of use.

Each sequence is defined as one melt coming from one

specific ladle into the tundish and the numbers of

sequences illustrate how many ladles have introduced their

melt into the tundish so far in the continuous casting of

steel. Table 4 shows the slag analysis of tundish for dif-

ferent grades of application. It must be mentioned that, this

is the corrosion rate of expendable plaster of tundish that

determines how many sequences can be used for a specific

tundish and the steel producer wishes to increase the

number of final sequences as far as possible, before inter-

ruption of the continuous casting process. In order to study

corrosion mechanism of plaster of tundish and penetration

of the viscous slag into the plaster, scanning electron

microscopy (SEM) was used for observation of the

penetration in the microstructure and energy dispersive

spectroscopy analysis (EDS) was employed to have

microanalysis of different parts of microstructure. This

J Mater Sci (2007) 42:6720–6728 6721

123



elemental analysis has been converted to oxide basis by

some calculations, since the slag is composed of different

oxides of the elements. These relative oxide contents are

estimates based on EDS analysis of cations and oxygen. In

order to study the phase formation in the slag and in the

reaction between slag and plaster, X-ray diffraction (XRD)

studies were performed. Cuka radiation (k = 1.542 Å)

composed of Cuka1 and Cuka2 radiation was employed in a

Philips instrument.

Results and discussion

XRD analysis of the slag produced in sequence 5 of the

grade 7176D steel (according to Table 4) is shown in

Fig. 1. It is illustrated that the main developed phases are

Merwinite (CaO1.5 � MgO0.5 � SiO2), Monticellite (CaO �
MgO � SiO2), Diopside (CaO � MgO � (SiO2)2), calcium

iron oxide(CaO � FeO � Fe2O3). The melting points of

these phases are Merwinite (1,575 �C), Monticellite

(1,498 �C), Diopside (1,342 �C) and calcium iron oxide

(�1,600 �C). Since the melt temperature of liquid steel in

continuous casting is around 1,600–1,700 �C, these phases

are liquid at continuous casting and produce a melt of low

viscosity, which can penetrate into pores of plaster. The

manufacturer of plaster use light fibers to decrease the bulk

density and increase the porosity. This is to provide insu-

lation property and protect permanent layer of refractory of

tundish at the expense of expendable plaster. Some fibers

like pulp (paper fiber) and or polymer fibers are burned at

Table 1 Chemical composition

and physical properties of three

different plasters of tundish

Plaster M Plaster P Plaster T

Chemical analysis (%) MgO 85.0 85.3 90–91

SiO2 5.0 6.0 3

Fe2O3 – 1.5 <1

Al2O3 – 1.4 <0.5

CaO – 1.9 2–3

Bulk density (gr/cm3) 1.7 1.59 1.6–1.7

Grain size (mm) 0–1 0–1 0–1

Cold crushing strength (kg/cm2) after drying or firing at

temperature T
30 (T = 1,000 �C) (T = 110 �C) –

60 (T = 1600 �C) 30 (T = 1,400 �C) –

Temperature limit of application (�C) 1,750 1,750 1,700

Table 2 Chemical composition of two different grades of steel pro-

duced in steel company

Grade C% Si% Mn% P% £ S% £ Cr%

7176D 0.52–0.59 0.15–0.4 0.7–1 0.035 0.035 0.6–0.9

1191D 0.42–0.5 £ 0.4 0.5–0.8 0.035 0.03 –

Table 3 Chemical analysis and some specifications of the fluxing

powder used by the steel company

C total% SiO2% Fe2O3% Al2O3% CaO% MgO% CaO/SiO2

7.19 9.63 1.93 1.84 50.43 21.24 5.24

Melting temperature = 1400–1500 �C

Bulk density = 0.55–0.65 g/cm3

Table 4 Slag analysis of tundish for different grades of steel and different sequences of application

Grade Sequence MgO% Al2O3% SiO2% CaO% Fe% FeO% MnO% TiO2% (MgO% +

CaO%)/SiO2%

7176D 1 12.75 10.41 31.40 42.25 1.79 1.45 1.11 0.28 1.75

2 17.32 6.04 36.28 25.15 5.82 5.56 9.08 0.30 1.17

3 11.17 7.93 46.43 18.09 4.52 2.10 11.37 0.47 0.63

4 13.07 12.01 28.55 42.70 1.63 0.89 0.67 0.42 1.95

5 18.03 9.75 28.62 38.21 3.80 2.67 1.09 0.50 1.96

1191D 3 14.50 7.70 36.17 15.63 9.27 6.29 11.56 0.29 0.83

4 15.10 7.65 40.75 15.30 5.38 3.99 11.41 0.34 0.75

5 12.35 7.93 40.41 14.29 7.79 5.52 10.29 0.30 0.66

6 14.35 8.55 43.02 14.50 5.34 3.60 11.79 0.35 0.67

7 11.5 9.91 39.98 11.36 8.93 6.51 12.74 0.37 0.57
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high temperatures and changed into pores. Since plaster is

made porous on purpose, it is natural for this low viscosity

slag to penetrate into under layers of plaster and react with

the MgO and provide the corrosion of the plaster by

some chemical reactions. Merwinite (CaO1.5 � MgO0.5 �
SiO2), Monticellite (CaO � MgO � SiO2), Diopside (CaO �
MgO � (SiO2)2) can all be the products of such reactions.

Tridymite (SiO2) illustrate the presence of silica in the slag

and Spinel (MgO � Al2O3) confirms the reaction of alu-

mina in the slag and magnesia in the plaster. Al ingot is

introduced into the steel melt in metallurgical processing

before pouring of melt into tundish from ladle. This is to

absorb the oxygen content of the melt and produce mild

steel. Al metal reacts with oxygen of the steel melt and

converts to alumina. This alumina is inclusion of steel

melt. During continuous casting, the flax which is rich in

CaO as given in Table 3 is added on top of the melt in

tundish to develop the required low viscosity slag and

absorb the inclusion of Al2O3 from the melt. Slag analysis

of 7176D grade steel in Table 4 shows that the flux has

been added in sequence 1 and sequence 4. Alumina

absorption is also rich in sequences 1 and 4. In sequences

2 and 3 the CaO and Al2O3 content gradually decrease, but

SiO2 content of slag is increased. This is due to the

absorption of SiO2 from under layer of rice husk which is

used for insulation of the melt. The reaction between SiO2

and CaO of slag with MgO of tundish plaster develop

phases such as Merwinite, Monticellite and Diopside. The

reaction between Al2O3 of slag with MgO of tundish

plaster develops Spinel. Among all of these phases in slag,

Spinel can be considered to have a positive role. This is

because Spinel forms a passive layer on the surface of

plaster which can protect against the progressive effect of

corrosion to some extent.

Figure 2 shows the microstructure of plaster near the

permanent layer before being in contact with melt and slag.

It is shown that the structure is porous.

Figure 3 shows the penetration of slag into pores of

plaster and filling the pores and making contact with MgO

grains in grade 7176D steel. This is an area near the slag–

plaster interface after deskulling of the plaster.

Table 5 shows the EDS microanalysis of section shown

in Fig. 3. Oxide calculations are estimates based on

Elemental analysis of cations and oxygen preformed by

EDS. This analysis confirms the penetration of slag into

MgO grains.

Figure 4 shows XRD phase analysis of the structure

shown in Fig. 3. It gives the development of phases such as

Fayalite ((Mg,Fe)O2 � SiO2), Merwinite (CaO1.5 � M-

gO0.5 � SiO2), Monticellite (CaO.MgO � SiO2) together

with Spinel (MgO � Al2O3) and primary grains of Periclase

(MgO). The lower XRD analysis has shown the original

unreacted plaster.

Figure 5 similarly illustrates the penetration of slag into

pores of plaster in grade 1191D steel. This is also an area

near the slag–plaster interface. Table 6 shows EDS
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Fig. 1 XRD analysis of the slag produced in sequence 5 of the grade

7176D (According to Table 4)

Fig. 2 SEM micrograph of plaster near the permanent layer before

being in contact with melt and slag

Fig. 3 Penetration of slag into pores of plaster in grade 7176D steel

in right hand side of photograph near the slag–plaster interface. The

left hand side shows porosity in plaster
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microanalysis of Fig. 5. Table 7 gives the microanalysis of

point A in Fig. 5, which is a MgO grain. Table 8 shows a

chemical composition between MgO grain and the slag for

point B in Fig. 5. It is believed that these are low melting

point silicate phases such as Merwinite (CaO1.5 � M-

gO0.5 � SiO2), Monticellite (CaO � MgO � SiO2), which are

formed on the surface of a MgO grain and EDS analysis

gives information about the layer phases and some under

surface MgO particle. Table 9 shows a chemical compo-

sition high in CaO content and lower SiO2 and MgO

content. It is near to the slag composition and it confirms

that point C in Fig. 5 is the penetration of slag into pores of

plaster and coming into contact with MgO grains.

Figure 6 shows XRD phase analysis of the structure

shown in Fig. 5. It gives the development of phases

such as Fayalite ((Mg,Fe)O2 � SiO2),Cordierite (MgO2 �
(Al2O3)2 � (SiO2)5), Merwinite (CaO1.5 � MgO0.5 � SiO2),

Monticellite (CaO � MgO � SiO2) together with Spinel

(MgO � Al2O3) and primary grains of Periclase (MgO).

The lower XRD analysis has shown the original unreacted

plaster.

Table 5 shows the EDS analysis of Fig. 3, which is after

sequence 5 for 7176D grade steel. Similarly, Table 6

indicates the EDS analysis of Fig. 5, which is after

sequence 7 for 1191D grade steel. The main difference is a

higher SiO2 content in Table 6. It shows that by the

increase of sequences, more SiO2 can be absorbed from

under layer of rice husk into slag. The XRD analysis of

Fig. 6 (1191D) compared to Fig. 4 (7176D) shows simi-

larity of phases Fayalite, Monticellite, Merwinite, Spinel,

Periclase, and in addition Cordierite. Cordierite is a low

melting phase (Tm = 1,420 �C) which is developed due to

the presence of high amounts of SiO2.

Points A, B and C in Fig. 5 are respectively microa-

nalyses of dark region (MgO grain), gray region (silicate

phases on the surface of MgO grain) and white region (slag

phases). The EDS analysis for points A, B, C, respectively

in Tables 7–9 can be used approximately for identification

of these regions in Fig. 3.

The main oxide of tundish plaster is MgO, the main

variable oxides of slag are acidic SiO2 and basic CaO

which provide acidic and basic overall compositions in

different cases. Phase diagram of CaO–SiO2–MgO is

shown in Fig. 7 [10]. It was shown in Fig. 5 and the

analysis of Table 8 that when slag is approached in contact

with MgO grain, it has reacted on the surface of MgO

grain and has developed phases such as Merwinite

30
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Fig. 4 XRD phase analysis of the structure shown in Fig. 3

Table 5 EDS microanalysis of Fig. 3 (penetration of slag into pores of tundish plaster)

Element Mg Al Si Ca Cr Mn Fe

Weight% 47.83 1.37 6.30 25.43 2.43 2.02 5.78

Atomic% 54.46 1.41 6.21 17.56 1.30 1.02 2.91

Oxide MgO Al2O3 SiO2 CaO Cr2O3 MnO FeO

Mole% 65.21 0.84 7.44 21.02 0.77 1.22 3.48

Weight% 54.66 1.80 9.35 24.67 2.45 1.81 5.25

Fig. 5 Penetration of slag into pores of plaster in grade 1191D steel

near the slag–plaster interface
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Table 6 EDS microanalysis of Fig. 5 (penetration of slag into pores of tundish plaster)

Element Mg Al Si Ca Mn Fe

Weight% 34.66 2.20 17.14 31.82 1.82 2.84

Atomic% 39.72 2.27 17.00 22.12 0.92 1.42

Oxide MgO Al2O3 SiO2 CaO MnO FeO

Mole% 48.25 1.37 20.65 26.69 1.12 1.72

Weight% 38.55 2.79 24.75 29.85 1.59 2.47

Table 7 EDS microanalysis of point A in Fig. 5

Element Mg Si Ca

Weight% 90.49 0.99 2.42

Atomic% 88.61 0.84 1.44

Oxide MgO SiO2 CaO

Mole% 97.49 0.92 1.58

Weight% 96.45 1.36 2.19

Table 8 EDS microanalysis of point B in Fig. 5

Element Mg Al Si Ca

Weight% 45.30 1.2 24.56 17.71

Atomic% 47.47 1.13 22.28 11.26

Oxide MgO Al2O3 SiO2 CaO

Mole% 58.20 0.69 27.32 13.81

Weight% 48.39 1.46 34.07 16.07

Table 9 EDS microanalysis of point C in Fig. 5

Element Mg Al Si Ca

Weight% 18.86 0.18 21.70 54.94

Atomic% 24.28 0.21 24.18 42.89

Oxide MgO Al2O3 SiO2 CaO

Mole% 26.55 0.11 26.44 46.90

Weight% 20.09 0.21 30.01 49.68
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(CaO1.5 � MgO0.5 � SiO2), Monticellite (CaO � MgO �
SiO2) around MgO grain. This is why EDS analysis indi-

cate Mole fraction of about 14 CaO–27SiO2–58MgO. The

higher content of MgO is due to the penetration of X-rays

under the surface layer of MgO grain and illustrates some

analysis of the substrate in addition to the developed phases

on the surface. Phase diagram shows how a melting point

of 2,800 �C for MgO approaches the liquidus temperature

of around 1,500 �C for these phases (Mo = Monticel-

lite = 1,498 �C and Merw = Merwinite = 1,575 �C). Since

the temperature of steel melt in tundish is around 1,600 �C

or higher, these phases are melt and result the dissolution

of MgO grains of tundish plaster. In order to avoid low

temperature melting point phases that make hot corrosion

of MgO grains, SiO2 should be provided as low as possible

and CaO as high as possible in the slag composition.

Melting point of SiO2 is 1,713 �C and that of CaO is

2,570 �C. If the overall content of SiO2 in the tundish slag

goes under 20% and if possible under 10%, then the

liquidus temperature in the CaO–SiO2–MgO system is well

above 2,000 �C. In order to illustrate the changes from

current slag composition, which is a triangle with solid

lines of 34.26% SiO2, 32.28% CaO and 14.47% MgO to

the desired composition which is shown by dashed lines in

the phase diagram, the average values of SiO2, CaO and

MgO content of five different slags in 7176D (Table 4) is

plotted in the phase diagram (Fig. 7) and the triangle by the

intersection of these three lines is demonstrated at the

central part of the diagram. The desired composition is

shown by shifting the same size and shape of triangle to

below 20% SiO2 content and increasing the CaO content to

balance this reduction, assuming MgO% is not changed.

This triangle is shown in the lower left of the diagram. This

means that the life time of tundish plaster is increased to

longer sequences. Tundish slags should be liquid to assist

inclusion removal, such as Al2O3 inclusion produced by

reaction of oxygen in the steel melt with Al ingots added to

the melt. By looking at flux composition in Table 3, it is

understood that a high content of 50.43% CaO and only

9.63% SiO2 is in the flux powder. This suggestion to in-

crease CaO and decrease SiO2 content of slag does not

destroy the fluidity of slag. The main advantage of avoid-

ing slag high in SiO2 is that low melting point phases

including MgO do not develop and MgO dissolution in slag

is reduced. If the fluid slag high in CaO is present, then

inclusion removal is performed and destructive phases with

MgO are produced less. By referring to phase diagrams of

CaO–Fe2O3 and CaO–FeO, it is understood that eutectics

of around 1,200 �C develop and fluidity of CaO rich slag

on top of steel melt is due to being associated with iron

oxides. The source of SiO2 in the tundish slag should be

30

2 Theta

20 40 50 60 70 80

ytisnetnI

Fig. 6 XRD phase analysis of the structure shown in Fig. 5

14.47%MgO

32.28%CaO
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20%SiO2

Desired Slag 

Current Slag 

Fig. 7 Phase diagram of the

system CaO–SiO2–MgO

6726 J Mater Sci (2007) 42:6720–6728

123



avoided as much as possible. This should be concerned in

metallurgical processing and flux addition. Also, the fired

rice husk which is used for insulation purposes on top of

liquid steel to keep the melt hot should be replaced by

another insulation material low in SiO2 and high in CaO

content and insulating tundish powders should be designed

to be used for these systems.

Recently, an article in the press [11], discusses direct

and indirect dissolution of MgO particles in CaO–Al2O3–

SiO2 based slags and it is shown that boundary layer dif-

fusion is responsible for the dissolution. The following

equation based on shrinking core reaction models has been

introduced as the satisfactory case:

R

R0

¼ 1� t

s

� �1=2

ð1Þ

and

s ¼ qR2
0

2D C pð Þ � C sð Þð Þ ð2Þ

where R and R0 are the actual and initial radius of the

dissolving MgO particle, q is its density, t and s are ( the

actual and total dissolution times respectively and (C(p) –

C(s)) is the difference between the concentration of MgO in

the slag (s) and the concentration of MgO in a saturated

slag in equilibrium with the MgO particle (p). This con-

centration difference is the driving force for dissolving the

MgO particle. D is the diffusion coefficient of the slowest

diffusing species resulting from the dissolution process,

which needs to be transported into the bulk slag across the

boundary layer.

Another kinetic equation for diffusion controlled disso-

lution of refractory spherical particles in glassy melts is

presented by Monshi [12] The kinetic equation is:

ln
m

M
¼ �C �

ffiffi
t
p
� e�A

T ð3Þ

while M is the original amount (%) of refractory material

(magnesia) in the system and m is the remained amount

after passage of time t (in s or min or h) at absolute tem-

perature of T. The constant C contains some physical

properties like density of refractory particles and original

size of particles in engineering raw material designed

systems and balance of units on both sides of equation and

a multiplication factor if the units of time are chosen as s,

min, h, etc. The constant A informs about experimental

activation energy (E) of diffusing species into particles of

MgO.

Two practical experimental data of m1 and m2 at dif-

ferent temperatures of T1 and T2 with the same or different

times of t1 and t2 are sufficient to evaluated the constants C

and A. The amount of M and m1 and m2 must be measured

by one of the methods of quantitative X-ray diffraction

analysis [13–15]. Solving two equations similar to Eq. 3 for

two unknowns A and C yield the values of these two

constants. The activation energy can be calculated as:

E ¼ 2R � A ð4Þ

while R is the gas constant. For isothermal firing of con-

tinuous casting, for example 1,600 �C (1,873 K), Eq. 1

simplification to

ln
m

M
¼ ln

I

I0

¼ �H �
ffiffi
t
p

ð5Þ

where H is a constant containing temperature and includes

both constants A and C. Then only one data m1 for time t1
and knowing M is sufficient to obtain H.

In order to compare two Eqs. 1 and 5 XRD results can

be used. XRD results of Fig. 4 illustrates MgO peaks of

original plaster (below) and the plaster used for 5

sequences each about 45 min for a total period of 225 min

(top). Similarly XRD results of Fig. 6 are for 7 sequences

(315 min).

It has been shown that [13–15] if Ieij is the diffracted

intensity of set of phases, e in phase i in sample j:

Ieij ¼ Kei

Xij

l�j
ð6Þ

while Kei is a constant depending on the selected peak e

and nature of the phases i and geometrical and electronical

specifications of the XRD instrument. Xij is the weight

fraction of phase i in sample j and l�j is the mass absorption

coefficient of sample j being X-rayed. Since the selected

plaster named P is similar in Figs. 4 and 6, which has been

in contact with the slag at the same temperature of about

1,600 �C, for different soaking times of 225 and 315 min,

respectively. The amounts of l�j can be taken approxi-

mately similar in both cases and the values of the absolute

peak heights can be related to the MgO amounts and the

following relation may be used:

IMgO

� �
100
� C1 � XMgO ð7Þ

This can be used for MgO100 peak of original unreacted

plaster and the other two cases.

Since the original particles of radius R0 will be corroded

to particles of radius R with the same density of q, there-

fore:

R

R0

¼ q � 4=3pR3

q � 4=3R3
0

� �1=3

¼ X

X0

� �1=3

¼ I

I0

� �1=3

ð8Þ
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By using Eq. 1, the values of s or the time required for

completion of the corrosion of MgO particles in slag at

1,600 �C, are calculated from the data shown in the

Table 10 and is given in Table 11. Some variations are

observed in s calculations and apparently Eq. 1 does not

work for this system.

The same values of Table 10 are used to verify the H

values of Eq. 5 and the results are given in Table 11. This

relation also does not fit data. It can be concluded that the

reaction of MgO dissolution in slag is not a diffusion

controlled process. Turbulent flow of slag melts due to steel

melt variations change the diffusion condition and change

the kinetic behavior. Since the dissolution is not diffusion

controlled, the phase formation also seems to be effected

by non diffusion parameters. There is a chance of forming

Spinel (MgO � Al2O3) at the surface of MgO grains that

may not be diffusion controlled and might change the

kinetic behavior.

Conclusions

The main oxide of tundish plaster is MgO and tundish slag

is variable in CaO and SiO2 contents. Experiments indi-

cated that slag, when penetrated into pores of plaster,

develop the phases of Merwinite and Monticellite around

MgO particles and decrease the liquidus temperature from

2,800 �C to about 1,500 �C and provide dissolution of

MgO grains in steel making process. Calculation based on

two kinetic equations developed for diffusion controlled

dissolution, indicated that the dissolution of MgO in tun-

dish plaster is not diffusion controlled process and is

affected by turbulent flow parameters. In order to increase

the life time of plaster for longer sequences, the source of

SiO2 and CaO should decrease and increase respectively in

metallurgical processing. Rice husk rich in SiO2 for top of

steel melt should be replaced by some tundish powder rich

in CaO content. Phase diagram of CaO–SiO2–MgO system

indicates that by decreasing SiO2 to below 20%, liquidus

temperature is above 2,000 �C in the system. This means

that low melting point phases between slag and MgO are

not produced and MgO dissolution in slag is reduced. This

fact does not affect the fluidity of slag which is required for

inclusion removal. Fluidity of slag comes from low melting

point eutectics in CaO–Fe2O3 and CaO–FeO (about

1,200 �C) due to iron oxide on top of the steel melt.
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Table 10 Integrated intensity MgO100 peak of MgO phase

Original

values

(I0)

After time 225 min

at 1,600 �C

(I1)

After time

315 min

at 1,600 �C (I2)

MgO100 peak

at d = 2.09 Å

11299.70 5112.25 2430.49

Table 11 Calculation of constants from Eq. 1 to Eq. 5

Sample Calculated s Calculated H

After time 225 min at 1,600 �C 547.9 0.0529

After time 315 min at 1,600 �C 491.4 0.0866
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