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The key points in Table XI-2 are: 

 

1. For the alumina-slag T3 system, there is agreement between 

thermodynamically predicted phases and those identified via EDS analysis. For 

the alumina-slag T1 system, the feldspar and mullite phases and for alumina-

slag T2 the feldspar phase, have not been identified via EDS analysis.  

 

More detailed thermodynamic analysis of the phases formed at 1500°C for 

alumina-slag T1 and alumina-slag T2 systems given in Figure XI-2 and XI-3 

respectively showed that the amount of mullite for the former system and 

feldspar for the latter system predicted to form is <0.1 by mass fraction. Given 

the limitations of EDS analysis, it may be expected that these phases would not 

be identified via EDS. For the alumina-slag T1 system, the feldspar phase (~0.7 

by mass fraction) though, if formed, should have been found by EDS. The 

absence of feldspar in this system may be linked to a range of possibilities 

detailed in section XI.3. 

  

 

Figure XI-2: MTDATA [171] thermodynamic calculations showing the mass 
fraction of phases present at different alumina to slag T1 mass ratios at 1500°C. 
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Figure XI-3: MTDATA [171] thermodynamic calculations showing the mass 
fraction of phases present at different alumina to slag T2 mass ratios at 1500°C. 
 

2. For spinel substrate, the experimentally observed phases were 

consistent with those predicted to be stable via thermodynamic analysis. 

 

3. For calcium aluminate substrate in contact with T-type slags, the liquid 

slag phase, despite the prediction via thermodynamic analysis, was not 

identified through EDS analysis. It is likely that in these systems, the liquid slag 

has mostly/completely reacted with calcium aluminate, due to a very reactive 

system, leading to the formation of reaction products. Moreover the CA phase 

was not observed for the calcium aluminate-slag T2 system (see section XI.3 

for possible justifications).   

 

XI.2.3. Modification of slag bulk composition in T-type slags-substrate 

systems 

Evaluation of the EDS analysis of the crystalline slag phase for T-type slags-

substrate systems when compared to those of the original slag compositions 

(Table 3-1) indicated that for the T-type slags-alumina system, the slag phase 

has depleted in SiO2 (and CaO only for slag T3-alumina substrate system) and 
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enriched in Al2O3 (see analyses No. 34, 38 and 43 in Figures 4-7 (a), 4-7 (b) 

and 4-7 (c) for slags T1, T2 and T3 respectively, given in Table 4-2). For T-type 

slags-spinel substrate, the crystalline slag phase is depleted in CaO and SiO2 

and enriched in Al2O3 and MgO (see analyses No. 50, 54 and 58 in Figures     

4-8 (a), 4-8 (b) and 4-8 (c) for slags T1, T2 and T3 respectively).  

 

XI.3. Possibilities for Differences in Phases Identified at Reaction 

Interfaces and those Predicted by MTDATA [171] Thermodynamic 

Analysis 

There may be a range of possibilities for differences in the phases identified at 

the interfaces of the reaction systems and those predicted by the MTDATA 

[171] thermodynamic analysis (similar to those found for alumina-slag T1 and 

alumina-slag T2 systems in section XI.2.2). Given that the kinetic experiments 

represent a point in time of a reaction process and MTDATA only represents 

equilibrium phases, it may be that the thermodynamically predicted phases 

have had no time yet to form or are unlikely to evolve as a result of a large 

activation energy for their formation. 

 

These experiments are conducted at high temperature and the interfaces are 

inspected at ambient temperature. The working assumption is that these 

ambient phases are representative of the high temperature condition. However, 

there are always limitations of such an assumption causing uncertainties in the 

kinetic experiments. There is the obvious, that any liquid formed is not stable at 

low temperature and transforms to other phases on cooling. This could also be 

true for some of the other high temperature phases. 

 

There is also uncertainty in the EDS analysis. This is basically due to the 

electron beam overlapping phase boundaries leading to an aggregate 

representation of two (or more) phases, or sub-surface penetration of the beam 

producing characteristic spectrum for “unseen” elements or phases. This is 

unavoidable in multiphase regions and can result in the mis-identification of 

phases with phase compositions near a phase boundary transition. To some 
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degree, X-ray diffraction analysis of the reaction layer would eliminate these 

issues; however, the nature of the reaction couples (slag-substrate samples) in 

this study and the reaction interface post-experiment prohibited preparation of a 

sample suitable for this analysis technique.   

 



 

291 
 

Appendix XII – Calculation of the Slags Viscosity (η) using 

Riboud Model [188] 

The η data were calculated via Riboud model [188]. This model makes use of 

the Weymann or Frenkel relationship given in Equation 5-3:  

η       
 

 
                                                                                               

where   is temperature and,   and   values are derived from Equations XII-1 

and XII-2 respectively [188]. 

                                   
                          

    (XII-1) 

                                
                           

  (XII-2) 

where       
 and      

 are mole fraction of Al2O3 and CaF2, and        and 

        are obtained via Equations XII-3 and XII-4 respectively [188].  

                            
                                                          (XII-3) 

                                                                                                   (XII-4) 

The molecular weight for CaO, Al2O3, SiO2 and MgO used in Equation XII-1 to 

XII-4 are 56.1, 102, 60.1 and 40.3 g/mol respectively [187]. 
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Appendix XIII – Calculation of Slags Density (ρ) using NPL 

Slags Model [127] 

The T-type and L-type slags ρ was calculated using NPL Slags Model [127] via 

Equation 5-4: 

ρ  
 

 
   

where   and   are molar volume and molar weight of the slag are calculated 

using Equations XIII-1 and XIII-2 respectively. 

                                                                                                 (XIII-1) 

                                                                                              (XIII-2) 

where       ,        and        are the partial molar volume, mole fraction and 

molecular weight of the slag constituents respectively. The values of   for 

different oxides are given in Table XIII-1, it is noted that value for   for SiO2 and 

Al2O3 are not constant but are dependent upon their mole fractions. The 

temperature dependence of the molar volume (     ) is derived using a mean 

value of 0.01% (/K). The molecular weight for CaO, Al2O3, SiO2 and MgO used 

in Equations XIII-1 and XIII-2 are 56.1, 102, 60.1 and 40.3 g/mol respectively 

[187]. The difference between calculated and experimental values has been 

found to be usually within 2% [127]. 

 

Table XIII-1: Recommended values for the partial molar volume,  , of various 

slag constituents at 1500°C [127]. 

Oxide   (cm3/mol) Oxide   (cm3/mol) 

SiO2 19.55 + 7.966   (SiO2) MnO 15.6 

Al2O3 28.31 + 32   (Al3O2) Na2O 33 

CaO 20.7 CaF2 31.3 

MgO 16.1 P2O5 65.7 

FeO 15.8 TiO2 24 

Fe2O3 38.4   
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Appendix XIV – Details of the Correction Approaches for 

Modification of Dissolution Data when the Particle is at the 

Bottom of the Crucible 

Modification of the data for the time period when the particle was at the bottom 

of the crucible was carried out by applying an active volume/area concept. The 

concept here was that when the particle was at the bottom of the crucible, only 

a fraction of the volume/area of the particle was active in the dissolution 

process, i.e. 95%, 90% etc. From this reduction in volume/area, a new radius, 

  , was calculated. 

 

The active fraction of the volume/area and    associated with that for the time 

period when the particle was at the bottom was obtained through a range of 

techniques detailed in this Appendix. 

 

It was intended that these approaches were to be applied to experiments where 

the particle sank to the bottom of the crucible and only to the dissolution data in 

each experiment after sinking. Prior to applying to all the data, the approach(s) 

was evaluated on a single typical dataset, namely a 0.4mm sapphire-slag T2 

system. If the approach(s) proves successful then it would be applied to all the 

data.    

 

XIV.1. Modification of data using a set active volume fraction of the 

particle 

In this technique the active volume of the particle for reaction was estimated by 

a fraction ( ) of the particle’s apparent volume. To calculate the active volume, 

the following steps were carried out. 

 

 The volume of the particle was calculated using the measured radius ( ) at 

a given time and was defined to           as given in Equation XIV-1.  

          
 

 
                             (XIV-1) 
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 A range of volume fractions (  ) were calculated using the apparent volume 

using Equation XIV-2: 

                                                                                                   (XIV-2) 

where   is the active fraction of the particle volume, e.g. 95%, 90% etc. 

 

 The active volumes,   , were used to calculate the    using Equation XIV-3. 

   (
   

  
)

 

 
                                                                                                (XIV-3) 

 

These obtained    values were used in plots of   vs. time (for chemical reaction 

control) and   vs. time (for mass transfer control).  

 

XIV.2. Modification of the data using the volume of a spherical frustum 

In this technique the active volume of the particle for reaction was estimated 

with a sphere frustum (shown schematically in Figure XIV-1).  

 

 

Figure XIV-1: Approximation of the active volume of the particle after sinking to 
the bottom of the crucible with reference to the volume of a spherical frustum. 
 

where   is the radius of the particle, h is a specific height/fraction of the particle 

radius which is cut off from the bottom of the particle,    is the volume 

associated with the cut-off frustum and,    and    represent the remaining 

volume of the particle.  

 

  
 − h 

h 

a 

 3 

 2 

 1 

The active volume 

The inactive volume 
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To calculate the active volume of the particle (     ) and the corresponding 

   values, the following steps were carried out. 

 

    was calculated using the frustum equation given in Equation XIV-4:  

   
 

 
 h  3 − h                                                                                       (XIV-4) 

    was calculated using Equation XIV-5:  

   
 

 
 
 

 
                                                                                                  (XIV-5) 

    was obtained through Equation XIV-6: 

     −                                                                                                   (XIV-6) 

 The active volume was then calculated using Equation XIV-7: 

                                                                                                        (XIV-7) 

 the    value then was calculated through Equation XIV-8: 

   (
   

  
)

 

 
                                                                                                 (XIV-8) 

These    values obtained were used in plots of   vs. time (for chemical reaction 

control) and   vs. time (for mass transfer control). 

 

XIV.3. Modification of the data considering an active area of the particles 

in rate equations for the chemical reaction and mass transfer models 

In this technique the rate equation for the chemical reaction and mass transfer 

mechanisms were recalculated/modified using an active or apparent area of the 

particle. 

 

The rate equation for the mass transfer mechanism in the SCM is expressed by 

Equation XIV-9 [129]: 

−
 

   

   

  
                                                                                                (XIV-9) 

where     is the unchanged exterior surface in m2,    is the mass of dissolving 

reagent   in mole,   is constant,   is the concentration driving force in mol/m3 
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and   is the stoichiometric coefficient of dissolving  . In Equation XIV-9, the     

term is defined by Equation XIV-10 [129]: 

                                                                                                       (XIV-10) 

where    is the molar density of dissolving   and    is the volume change of 

dissolving reagent  . For a spherical particle, Equation XIV-10 can be 

expressed by Equation XIV-11 [129]. 

        (
 

 
   )                                                                                   (XIV-11) 

Substituting Equation XIV-11 into Equation XIV-10, Equation XIV-12 is obtained 

[129]. 

       4                                                                                          (XIV-12) 

The     in Equation XIV-9 was assumed to be a fraction of the particle’s 

apparent area. For a typical active fraction of 60%, Equation XIV-13 was 

obtained:  

         (4    
 )  2 4    

                                                                 (XIV-13) 

where    is the modified/new radius associated with the active area. Equation 

XIV-14 was then obtained by substituting Equation XIV-13 into Equation XV-9.  

−
 

      
  4   

    
   

  
                                                                        (XIV-14) 

Equation XIV-14 can be simplified to Equation XIV-15. 

−1                                                                                               (XIV-15) 

For the mass transfer mechanism in the Stokes regime,   is defined by 

Equation XIV-16 [129]: 

  
 

 
                                                                                                         (XIV-16) 

where   is the diffusion coefficient and   is the particle radius. Equation XIV-15 

was then rearranged to Equation XIV-17 and then to Equation XIV-18 using 

Equation XIV-16.  

−1         
   

  
                                                                                   (XIV-17) 
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−1          
   

  
                                                                                  (XIV-18) 

Integrating Equation XIV-18, Equations XIV-19 to XIV-21 were obtained.   

−1   ∫        
   

  
∫   

 

 

  

  
                                                                      (XIV-19) 

−1     
  

 

 
−

  

 

 
  

   

  
                                                                             (XIV-20) 

−1       
 −   

   
    

  
                                                                         (XIV-21) 

Equation XIV-21 was rearranged such that it could be simply comparable to the 

rate equation for the mass transfer mechanism (Equation 2-68). It is given in 

Equation XIV-22.   

1   [(
  

  
)
 

− 1]  
        

    
                                                                       (XIV-22) 

 

Also, the chemical reaction rate equation (Equation XIV-23) was used to modify 

the rate equation for an active area of 60% similar to that attempted for the 

mass transfer model.  

−
 

   

   

  
                                                                                              (XIV-23) 

where    is the first-order rate constant for the surface reaction. Through a 

similar procedure to that explained for the mass transfer model, the modified 

rate equation for the chemical reaction model for an active area of 60% was 

obtained, as given in Equation XIV-24. 

1   *(
  

  
) − 1+  

        

    
                                                                        (XIV-24) 

These    values obtained were used in plots of   vs. time (for chemical reaction 

control) and   vs. time (for mass transfer control). 
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Appendix XV – Details of Calculation of Diffusion Coefficient,  , 

for Sapphire and the Alumina-magnesia Particles in Slags       

T1 to T3    

The   values for sapphire and the alumina-magnesia particles were calculated 

through a rearranged form of Equation 2-68 given in Equation 5-18: 

  
  

    (
 

 
)

       
                                                                                                  

where   is the (
 

  
)
 

   term as defined in Equation 5-12 and other symbols 

are as given in section 2.4.1.  

 

The slope of the   vs.   plots obtained via the linear regression of the data 

(given in Figures 5-18 (b) to 5-21 (b)) was used to give the (
 

 
) term in Equation 

5-18.  

 

The stoichiometric coefficient,  , for the sapphire and the alumina-magnesia 

particle dissolution reaction in Equation 2-61 (section 2.4.1) is 1.  

 

The    term (driving force for reaction in molar unit) for sapphire was calculated 

via Equation XV-1: 

                                                                                                    (XV-1) 

where the subscript sat. is for saturation and represents the Al2O3 interfacial 

concentration at the particle-slag interface and the subscript bulk represents the 

Al2O3 concentration in slag bulk. The assumption being it is the aluminium-

oxygen complex anion is the rate limiting species of the particles.  

 

For the alumina-magnesia particle the    was calculated assuming either the 

aluminium-oxygen complex anion or the magnesium cation as potential rate- 

limiting species using Equations XV-1 and XV-2 respectively:  

                                                                                                   (XV-2) 
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where     is driving force assuming the magnesium cation is the rate-limiting 

species and subscripts sat. and bulk are of the same as in Equation XV-1. 

 

To calculate    term, the molar concentrations of (bulk) slags T1 to T3 

constituents,   , were calculated using Equation XV-3:  

   
          

       
                                                                                                (XV-3) 

where    is the molecular weight of constituent  ,   is the density of the slag and 

        is the mass concentration of constituent  .  

 

The molecular weights for CaO, Al2O3, SiO2 and MgO are 56.1, 102, 60.1, and 

40.3 g/mol respectively [187]. The molar concentration of slags T1 to T3 is 

given in Table XV-1 as established from thermodynamic analysis. The 

saturated slag compositions were established using MTDATA thermodynamic 

analysis (isopleths were given in Figures 4-26 (a) to 4-26 (c) for sapphire and in 

Figure 4-29 (a) to 4-29 (c) for the alumina-magnesia particle).The   and   of the 

slags T1 to T3 (obtained via NPL Slag Model, detailed in section 5.1.2 and 

given in Table 5-1). These are reproduced in Table XV-1. 

 

Table XV-1: Slag compositions in molar volume (mol/m3). 

Slag 
Composition in molar volume    

(kg/m3) 

   

(Pa.s) CaO 2565.7 7.894 

T1 11662 2629.1 3.013 2565.7 7.894 

T2 15325 2672.4 1.092 2629.1 3.013 

T3 19198 4978 18098 2672.4 1.092 

 

The saturated slag compositions (in both mass% and molar unit), the ρ value for 

these slags and the calculated    and     values obtained are given in Table 

XV-2 for sapphire and in Table XV-3 for the alumina-magnesia particle. 
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Table XV-2: The saturated slag compositions, density of the saturated slags 

and    values obtained for sapphire-slag systems. 

Slag unit 
Saturated slag composition ρsat. 

(kg/m
3
) 

   
(mol/m

3
) CaO Al2O3 SiO2 

T1 
Mass % 23.7 23.2 53.1 

2591.0 1517 
Molar volume 10946 5893 22892 

T2 
Mass % 26.5 34.7 38.8 

2683.2 4179 
Molar volume 12675 9128 17323 

T3 
Mass % 26.7 46.3 27.0 

2751.3 7511 
Molar volume 13094 12489 12360 

 

Table XV-3: The saturated slag compositions, density of the saturated slags 

and,    and     values obtained for the alumina-magnesia particle-slag 

systems.  

Slag unit 
Saturated slag composition ρsat. 

(kg/m
3
) 

   
(mol/m

3
) 

    
(mol/m

3
) CaO Al2O3 SiO2 MgO 

T1 
Mass % 16.5 40.7 36.8 6.0 

2604.2 1981 4004 
Molar volume 7909 10730 16466 4004 

T2 
Mass % 21.9 42.2 32.2 3.7 

2716.5 6290 2494 
Molar volume 10605 11239 14554 2494 

T3 
Mass % 28.2 39.9 28.5 3.4 

2724.4 5691 2301 
Molar volume 13710 10669 12934 2301 

 

The particle densities are given in Table 3-9. The density values, the    values 

(the particle radius at time zero, measured through image analysis as explained 

in section 3.2.1) the slopes (collected from Figures 5-18 (b) to 5-21 (b)) and the 

  values calculated via Equation 5-18 are given in Table XV-4 for sapphire in 

Table XV-5 for the alumina-magnesia particle.  
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Table XV-4: Calculated   for sapphire from the SCM using Equation 5-18. 

Slag Nominal diameter, (mm)     (µm)  
 

 
 (/s)   (m2/s) 

T1 

0.2 93.0 -0.0011 1.29 × 10-10 

0.3 135.0 -0.0006 1.36 × 10-10 

0.4 193.1 -0.0002 9.24 × 10-11 

0.5 230.8 -0.0002 1.32 × 10-10 

T2 

0.2 95.8 -0.0016 6.61 × 10-11 

0.3 138.3 -0.0013 1.12 × 10-10 

0.4 205.4 -0.0006 1.14 × 10-10 

0.5 229.4 -0.0005 1.13 × 10-10 

T3 

0.2 91.6 -0.0046 9.66 × 10-11 

0.3 145.2 -0.0027 1.42 × 10-10 

0.4 191.2 -0.0016 1.46 × 10-10 

0.5 232.9 -0.0009 1.22 × 10-10 

 

Table XV-5: Calculated   and    for the alumina-magnesia particle from the 

SCM using Equation 5-18 (  is the diffusion coefficient calculated assuming the 

aluminium-oxygen complex anion is the rate-limiting species and    is the 

diffusion coefficient calculated assuming the magnesium cation is the rate-

limiting species of the particle). 

Slag 
    

(µm) 
 
 

 
 (/s)   (m2/s)    (m2/s) 

T1 198.5 -0.0004 9.59 × 10-11 4.74 × 10-11 

T2 195.4 -0.0013 9.51 × 10-11 2.40 × 10-10 

T3 188.3 -0.0014 1.13 × 10-10 2.79 × 10-10 

 

The plot of   vs. slag   for dissolution of sapphires and the alumina-magnesia 

particles was given in Figure 5-25.  
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Figure 5-25 (repeated). 
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