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Abstract: The process of isothermal wollastonite (CaSiO3) crystallization in the CaO-Al2O3-SiO2 system was 

simulated using a phase field model coupled with the FACTSage Toxide thermodynamic database. The effects of 

composition and temperature on the crystallization behaviour were studied. The simulations show that for the 

considered cases, the wollastonite morphology is mainly determined by anisotropy in the interface energy and 

hardly affected by anisotropy in the interface kinetics. In agreement with the observations from in-situ experi-

ments, the simulations show a transition from planar to dendritic growth with decreasing temperature and the 

dendritic structure becomes finer when the temperature is decreased in further. The growth rates and dendrite tip 

radii obtained in the simulations agree well with Ivanstov’s theory and are of the same orders of magnitude as 

those measured experimentally. 
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During a typical continuous casting process, mold fluxes 
are continuously added on top of the mold. Mold fluxes are 
effective to keep a low friction between the mold and the 
liquid steel and control of heat transfer from steel strand to 
copper mould since the mold flux could melt, infiltrate the 
gap between the steel shell and the copper mold wall and 
form a flux film at the processing temperature. The follow-
ing crystallization of this film might result in the formation 
of an air gap near the mould wall[1-2]. Therefore, large 
amounts of work have been focused on the crystallization of 
mold fluxes targeted for lubricating the strand, absorbing 
inclusions and moderating heat transfer during the continu-
ous casting of steel[3-5].  In this specified area, the crystal-
lization behavior of CaSiO3 is of great importance. For in-
stance, the morphology of CaSiO3 particles has an obvious 
impact on the thermal resistance at the interface between 
mold flux film and copper mould. Crystallization of such a 
slag also influences the mineralogy of the cooled slag after 
tapping as well[6]. Therefore, a number of experimental 
techniques have been employed to investigate the behavior 
of slag crystallization[7-11]. Kashiwaya et al. first developed 
single/double hot thermocouple technology (SHTT/ DHTT) 
for in-situ observation and measurement of the crystalliza-
tion of mould flux[7]. Orrling et al. found that the crystal 
morphology of mould flux was dependent on the degree of 
undercooling, as observed through confocal laser micro-

scope (CSLM)[9]. Many achievements have been realized 
via advanced apparatus and elaborated experimental design. 
However, not all features of slag crystallization could be 
observed experimentally, amongst others because of the 
tremendous high growth rates of some crystals. Furthermore, 
it is very time consuming and costly to observe all these 
phenomena at high temperatures. 

The phase field method has become a powerful approach 
for modelling complex morphology evolution[12]. Usually 
complex morphologies are found to form during crystalliza-
tion, such as dendritic crystals. The phase field model was 
originally proposed for solidification in undercooled pure 
melts by Kobayashi[13] and was extended to binary alloys 
using WBM model by Wheeler, et al[14]. Steinbach, et al 
further extended the phase field approach from two-phase to 
multi-phase systems[15]. A framework for combining the 
phase field equations with diffusion equations and thermo-
dynamic databases for multi-component systems was in-
troduced by Tiaden, et al[16]. Our group recently developed 
a phase field model for multi-phase multi-component oxide 
systems coupled with Factsage databases[17]. Although the 
phase field method has been successfully applied to nu-
merous applications, it is still a challenge to apply the 
phase-field method to multi-component systems and for 
realistic conditions. So far, only few simulations were per-
formed of solidification in real ternary systems (and even 
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less for ternary oxide systems). Also the crystallization of 
crystals with hexagonal anisotropy, as is the case for wol-
lastonite, has not been considered extensively so far. 

In the present study, a phase field model with anisot-
ropy in interfacial energy and kinetics, coupled with the 
FACTSage Toxide thermodynamic database[17], is used to 
study the isothermal crystallization behavior of CaSiO3 in 
a typical mold flux. Besides the thermodynamic data, the 
other required input data, such as diffusion coefficients, 
interfacial energy, kinetics and anisotropy, are chosen as 
realistic as possible based on the available literature data. 
Several phase field simulations were carried out to assess 
the effect of composition and temperature on the growth 
morphology and kinetics of the wollastonite. The validity 
of the presented model and used input data is examined by 
comparing the simulated results with previous experimen-
tal observations[11]. 

1  Phase field model for multi-component 
systems 

1.1 Governing equations 
According to thermodynamic principles, microstructure 

evolution in a system at constant pressure, temperature 
and molar volume is driven by minimization of the total 
Gibbs energy. Two continuous non-conserved phase field 
variables ηliquid and ηsolid were used to describe the micro-
structure of a system with two phases, namely solid and 
liquid. They characterize the physical state of the system 
at each position and time as follows: ηliquid =1, ηsolid =0 for 
the liquid; ηsolid =1, ηliquid =0 for the solid. At the solid- 
liquid interface, the ηliquid and ηsolid vary smoothly between 
0 and 1 over a small distance which is called the ‘diffuse 
interface width’.  

The total Gibbs free energy of the system (F) is as-
sumed to consist of two contributions (Eq.1): chemical 
bulk (Fchem) and the interfacial free energy (Finter), respec-
tively.  

inter chemF F F                (1) 

   The interfacial free energy is formulated as 
4 2 4 2
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   Furthermore, the parameters  and m are uniquely 

related to the interface energy () and the diffuse interface 

width (l) assumed in the phase field model as m/3 

and l= (8m). 
   The chemical bulk free energy has the form of 
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The evolution equation for each phase field variable, ηi, 
follows a time-dependent Ginzburg-Laudau equation for 
non-conserved variables: 
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Where L is related to interface mobility (). Because 
our previous experiments[11] showed that the dendrite tip 
velocity was constant in time, it can be assumed that the 
growth of CaSiO3 was bulk diffusion-controlled. There-
fore, the value of L was chosen to obtain in the phase field 
model an interface velocity controlled by bulk diffusion in 
the liquid as described in Ref[18]. 

Following the approach of Kim-Kim-Suzuki[19], the in-
terfacial region is considered as a mixture of the solid and 
liquid phase in equilibrium with each other. Phase compo-
sitions (xk

i) are defined such that for each element the 
chemical potentials for the phase compositions in the solid 
and the liquid are equal, while the local mass balance is 
preserved:  
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A diffusion equation is derived for every independent 
component k: 
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The elements Mkl
liquid form a diffusion mobility matrix 

Mliquid for the liquid phase, which relates to the interdiffu-
sion matrix Dliquid and thermodynamic factors matrix Gliquid 
(the second derivatives of the Gibbs energy density with 
respect to the independent composition variables) accord-
ing to the following formula (Eq.9).  

liquid liquid liquidD M G              (9) 
Since we consider isothermal growth and, based on our 

experimental observations, we assume that the growth of 
wollastonite is controlled by bulk diffusion, the mobility 
matrix Msolid for the solid phase does not affect the growth 
since there is no diffusion in the solid (the solid crystallizes 
at its equilibrium composition). In the simulations Msolid is 
therefore taken of the same order of magnitude as Mliquid, 
but with the off-diagonal elements equal to 0, to avoid the 
inaccuracies due to spurious solute trapping in phase-field 
models for solidification reported by Karma[20]. 

In summary, the morphological changes of the crystal-
lizing CaSiO3 can be simulated by solving equations (Eq. 5) 
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and (Eq. 8) under the constraints of equations (Eq. 6) and 
(Eq. 7). 
1.2 Thermodynamic properties 

The bulk thermodynamic properties of the liquid, such 
as Gibbs energy density f liquid, diffusion potentials (the 
first derivatives of the Gibbs energy density with respect 
to the independent composition variables) and thermody-
namic factors as a function of composition are retrieved 
from the FACTSage Toxide database through ChemApp as 
reported before[17].  

Wollastonite is treated as a stoichiometric phase in the 
FACTSage Toxide database. Therefore, a parabolic Gibbs 
energy is constructed for the wollastonite phase based on 
Ref [17] such that the correct phase equilibria between this 
phase and the liquid phase are obtained and a minimal 
solubility exists in wollastonite to make it compatible with 
our continuum model formulation.  

1.3 Anisotropy of the interface energy and interface 
kinetics 

We assume that the anisotropy of the interface energy 

() and interface mobility () are of the form θ 
and θwith θ the orientation of the interface. The 
model parameters are then taken according to Eq. (10a), 
(10b) and (10c): 

0 ( )                  (10a) 

0 ( )m m                 (10b) 

0 ( )L L                  (10c) 

with  
( ) ( ) 1 cos( )a                 (11) 

σ0 is the interfacial energy at θ =0,  is the interface 

mobility at θ =0, a is the mode of the anisotropy and  is 

the strength of the anisotropy. Here, a=6 is taken due to 
the intrinsic hexagonal crystal structure of wollastonite. 

The orientation of the interface (θ) can be derived at 
every position from the spatial variations of the order pa-
rameters representing the solid and the liquid as shown in 
Eq.12. 
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2  Experimental results 

In-situ isothermal CaSiO3 crystallization experiments 
have been performed for a Slag A with initial composition 
42wt%CaO-48wt%SiO2-10wt%Al2O3 (xCaO

0 =0.455, xAl2O3
0= 

0.06) and Slag B with initial composition 40.83wt%CaO- 
46.67wt%SiO2-12.5wt%Al2O3 (xCaO

0=0.447, xAl2O3
0=0.075) 

at different temperatures using CSLM[11]. Based on ther-
modynamic calculations, these compositions were chosen 
from a composition domain where wollastonite is the only 
precipitating phase. The morphology of the wollastonite 

was found to be faceted with hexagonal symmetry for low 
undercooling. When the crystallization temperature was 
decreased, the morphology changed to dendritic with 
hexagonal symmetry. The dendrite tip velocity was found 
to be constant, in agreement with Ivanstov’s theory. In 
CSLM experiments, the solidification occurs at the surface 
of the melt and the dendrite tip can be partially to fully 
submerge into the melt, depending on the values of the 
solid-liquid, solid-vapor and liquid-vapor tensions. The 
growth conditions at the tip can thus vary from closer to 
2D, when the tip is only partially submerged, to close to 
3D, when the dendrite tip is (almost) fully submerged. 
Comparison of the measured dendrite tip radii with those 
expected from the Ivantsov’s theories in 2D and 3D, indi-
cated that the growth conditions in the CSLM are indeed 
in between 2D and 3D. 

3  Numerical implementation and 
simulation setup 

3.1  Numerical implementation 
The phase field and diffusion equations (Eq. 5 and 8) 

are discretized on an equidistant numerical grid using cen-
tral finite difference. Adiabatic boundary conditions are 
implemented using ghost nodes at the border of the simu-
lation domain. The program code was written in FORTRAN 
and executed on a High Performance Computer Cluster. 
Typical computation times on five ivybridge nodes, Xeon 
E5-2680v2 CPU@2.8 GHz with 64 GB RAM ranged from 
72 h to 76 h for two dimensional simulations. 

3.2  Simulation setup 
In the simulations, the CaSiO3 crystallization behaviour 

was studied in terms of morphology and growth behavior. 
The effects of composition and undercooling on these 
properties were investigated. Considering the six-fold 
morphological symmetry of CaSiO3, as observed in the 
in-situ experiments, the simulation domain was limited to 
a quarter of the entire CaSiO3 morphology. A nucleus of 
solid CaSiO3 (xCaO

0=0.499, xAl2O3
0=0.002) was placed at 

the bottom-left corner of the simulation domain. All 
large-scale simulations were performed based on a square 
system with dimensions (1600×∆x) × (1600×∆y), over a 
time slot (t) of 2×106×∆t. For the interface energy a typical 
value of σ0 = 0.3J/m2 was chosen. This value is compara-
ble to Ja-Yong Choi, et al’s work[21], where interfacial ten-
sion between 42wt%CaO-48wt%SiO2-10wt% Al2O3 slag 
and Al2O3 at 1873 K is around 0.45 J/m2. The molar vol-
umes of all components in the liquid and solid phase are 
assumed to be the same and constant. A mean value Vm = 
23.6×10-6 m3/mol was chosen based literature data[22]. No 
information on the strength of the anisotropy is available. 
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It is chosen as δ = 0.25, which is the maximum value for 
which the interface stiffness is positive for all interface 
orientations. In a further study, the effect of the strength of 
the anisotropy will be considered for hexagonal symmetry. 
The other parameters were set as follows: grid size ∆x = 
∆y = 0.125×10-7m, time step ∆t = 5×10-7s and diffuse in-
terface width of the phase field model l = 8∆x. The diffu-
sion mobility matrix for CaO-Al2O3-SiO2 used in the cur-
rent simulations was calculated from the experimentally 
determined interdiffusion matrix[23] and the thermody-
namic factor matrix that is calculated through ChemApp. 
In Suguwara’s work[23] , the temperature dependent expres-
sions of interdiffusion coefficient were evaluated for a melt 
with composition 40wt%CaO-40wt% SiO2 -20wt% Al2O3, 
which is close to the melts considered in the present simu-
lations.  

4  Simulation results and discussion 

4.1  Wollastonite morphology  
4.1.1  Effect of anisotropy on interface energy and 
interface kinetics 

In the first set of simulations, both the interface energy 
anisotropy and interface kinetics anisotropy were consid-
ered using the forms shown in Eq. (10a) (10b) and (10c). 
Another set of simulations was performed only consider-
ing interface energy anisotropy (Eq. (10a) and (10b)). For 
each case, an evolution time of 1s was considered. The mor-
phologies obtained in the different simulations for slag A at 
different temperatures, with anisotropy in the interface 
energy only and with anisotropy in both interface energy and 
interface kinetics are shown in Fig. 1(a)-(b) and Fig. 1(c)-(d), 
respectively. These simulations show that, in the presence 
of anisotropy in interface energy and when growth is con-
trolled by bulk diffusion in the liquid, the morphology of 
the growing wollastonite is hardly affected by anisotropy 
in interface kinetics. Similar phenomena were also re-
ported in Brener’s work[24]. This finding is also in agree-
ment with Kirkpatrick’s work[25] where it is stated that for 
most silicates the morphology is mainly governed by ani-
sotropy in interface energy. This correspondence again 
indicates that it is reasonable to assume that wollastonite 
growth is diffusion controlled. Based on these findings, we 
only considered the interface energy anisotropy in the fol-
lowing simulations.  
4.1.2  Effect of the crystallization temperature 

The simulated shapes of isothermally crystallized wol-
lastonite, at different undercoolings for slag A and slag B 
are presented in Fig. 2(a)-(c) and Fig. 3(a)-(c), respectively. 
The results show a transition from growth with a flat solid- 
liquid interface at low undercooling (Fig. 2(a)/Fig. 3(a)) to 
dendritic (Fig. 2(b)-(c)/Fig. 3(b)-(c)) at larger undercooling. 

 

Fig.1  Simulated morphologies of wollastonite at t=1 s for slag 

A at (a) 1320℃; (b) 1360℃ with anisotropy in the interface 

energy only (c) 1320℃ and (d) 1360℃ with anisotropy in in-

terface energy and interface kinetics 
 
With a further decrease of the crystallization temperature, 
the dendritic structure becomes finer (Fig. 2(c)/Fig. 3(c)). 
This tendency is qualitatively in good agreement with our 
experimental observations, as shown in Fig. 2(d)-(f) and 
Fig. 3(d)-(f). However, the temperature at which the tran-
sition occurs deviates from the experimental. For example, 
for slag A, the transition from flat to dendritic is around 

1340℃ in the simulations, whereas it is around 1390℃ 

in the experiments. Possible reason for these deviations 
between experiments and simulations is the intrinsic errors 
in the experimentally determined temperatures. Consider-
ing the samples during CSLM observation were heated by 
radiation and the low thermal conductivity of CaO based 
slags, the temperature measured by the thermocouple be-
neath the sample may deviate from the real temperature on 
the specimen surface. 

A similar tendency was observed in the simulations for 
slag B (Fig. 3(a)-(c)), although the transition temperature 
is different.  

The transition from a flat to dendritic growth with de-
creasing temperature can be primarily explained by an 
instability of the planar interface due to the larger driving 
force for crystallization at higher undercoolings. 

4.2 Dendritic wollastonite growth 
From the 0.5 contours of the ηliquid, a set of points are 

generated for a selected number of time steps as shown in 
Fig. 4(a). Through these points, a second order polynomial 
was fitted, which is further used to determine the radius 
and the position of the dendrite tip. The second order  
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Fig. 2  Simulated and experimental morphologies of wollastonite for different undercoolings for slag A: (a) ∆=65℃; (b) ∆=85℃; (c) 

∆=105℃ after a simulation time of 1 s and (d) ∆=15℃; (e) ∆=35℃; (f) ∆=65℃ observed in the experiments 

 

Fig. 3  Simulated and experimental morphologies of wollastonite for different undercoolings for slag B: (a) ∆=60℃; (b) ∆=80℃; (c) 

∆=90℃ after a simulation time of 1 s and (d) ∆=0℃; (e) ∆=20℃; (f) ∆=40℃ observed in the experiments 

 

Fig. 4  (a) The simulated dendrite in slag A at 1320℃ is presented by means of the 0.5 contour of ηliquid for different time steps, (b) 

dendrite tip position as a function of time. The dendrite tip velocity is determined as the slope of this line 
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polynomial is intentionally chosen due to its similarity 
with Ivanstov’s parabolic solution. The dendrite tip veloc-
ity is determined from the slope of the line, which repre-
sents the position of the dendrite tip as a function of time, 
as illustrated in Fig. 4(b). 

As described in our previous paper[11], the slope of the 
dendrite tip position as a function of time is taken as the 
growth rate of the dendrite. The experimentally deter-
mined growth rates of the wollastonite approach a constant 
value. Also in the simulations, we find a constant growth 
rate in all cases. For example, as shown in Fig. 4(b), the 

dendritic tip approaches a constant velocity of 1.m/s 

in slag A at 1320℃. 

The growth rates obtained in the two-dimensional simula-
tions for different undercoolings for slag A and slag B are 
plotted in Fig. 5(a). The dendrite tip velocities for slag A 
are 1.62 µm/s and 1.71µm/s in the simulations at an un-

dercooling of 85℃ and 105℃, respectively. For slag B, 

dendrite tip velocities of 1.25 µm/s and 1.52 µm/s were 

obtained in the simulations for an undercooling of 80℃ 

and 90℃. For both slags, the experimental and simulated 

velocities are of the same order. Apparently, in both cases 
the experimental velocities are slightly higher than those 
obtained in the two-dimensional simulations. The agree-
ment for slag B seems to be much better than for slag A. 

The simulated wollastonite dendritic tip radii at differ-
ent undercoolings are plotted in Fig. 5(b). For slag A, a 
dendrite tip radius of 0.628 µm and 0.366 µm was found 

for an undercooling of 85℃ and 105℃, respectively. For 

slag B, tip radii of 0.574 µm and 0.497µm were found for 

undercoolings of 80℃ and 90℃, respectively. In Fig. 5(b), 

the dendrite tip radii obtained from the simulated micro-
structures are compared with those obtained from the ex-
periments. In agreement with experiments, for both slags, 
a smaller dendrite tip radius is obtained at a higher under-
cooling in the simulations. However, the dendrite tip radii 

obtained in the simulations are smaller than those obtained 
from the CSLM results.   

According to Ivanstov’s theory, the dendrite tip veloc-
ity (v) and radius (ρ) at steady state growth is related to the 
Peclet number (P), as shown in Eq.13. 

2
P

D


                 (13) 

For a given supersaturation of the melt, the Peclet 
number (P) is determined by the following Ivanstov for-
mulas in 2D and 3D: 

2D 2D 2Dπ exp( )erfc( )P P P         (14a) 

3D 3D 3Dexp( ) ( )P P Ei P            (14b) 

According to Eq. 14, for a given composition and un-

dercooling , the Peclet number P, and therefore, for a 
given diffusion coefficient D, ρv are determined based on 
Eq. 13 and Eq. 14. In Fig. 6, we compare the ρv values as 
obtained from the simulations with those obtained from 
the experiments and the solutions of the 2D and 3D 

Ivanstov theory. The v values obtained in the 2-dimen-
sional simulations are close to those obtained from Ivant-
sov’s relation for 2D, indicating that the numerical im-
plementation of the phase-field equations is accurate, the 
numerical parameters are chosen well and that the spuri-
ous solute trapping effects, often present in phase-field 
simulations, are negligible in our simulations. There is 

small deviation for the small tip radius (slag A, at 105℃ 

undercooling) because the effect of interfacial energy is 
not included in Ivanstov theory, while it is considered in 
the simulations. The experimental values are in between the 
solutions from the 2D and 3D Ivantsov’s relations (Eq. 14a 
and Eq. 14b). There are two main reasons for these deviat-
ions between experiments and simulations.  

(1) In the CSLM experiments, it is only possible to ob-
serve crystals growing on the surface of the melt. As men-
tioned in section 3, depending on the three interfacial ten-
sions (of the solid-liquid, solid-vapor and liquid-vapor 

 

Fig. 5  (a) Dendrite tip velocity and (b) radius of wollastonite dendrite as a function of the undercoolings. The data of phase field simu-
lations (filled mark) are shown in comparison with experimental data (open mark) 
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interfaces), the dendrite tip may be partially submerged in 
the liquid, resulting in growth behaviour that follows 
closely solidification theories in 2D, or (almost) fully 
submerged, resulting in growth behaviour following 3D 
solidification theories. Since, interfacial energies are a 
function of composition and temperature, these conditions 
may be different for different compositions and at differ-
ent temperatures. In the simulations, however, growth in 
2D is assumed. In Fig. 6, it can be seen that the values of 
ρv obtained from the simulations are indeed close to those 
obtained from Ivantsov’s relation for 2D, whereas the ex-
perimental data are all in between the two values obtained 
from Ivantsov’s relations for 2D and 3D. Although com-
parison with CSLM observations has some difficulties (e.g. 
solidification at the surface and it is not clear how much 
the dendrite tip is submerged), it is state of the art tech-
nique for the in-situ observation of high temperature phe-
nomena, which enables precise temperature history and 
atmosphere control and high resolution observation. The 
latter is of significant importance to directly measure den-
drite tip velocity. Other techniques such as Single (or 
Double) Hot Thermocouple Technique (SHTT or DHTT) 
can only obtain a relatively low resolution images and 
evaluates the solidified solid area as a function of time 
(but impossible for dendrite tip velocity measurement). 

(2) The diffusion coefficients for the liquid were evalu-
ated from the temperature dependent expression[23] deter-
mined based on diffusion coefficient measurements for a 
slag with composition 40wt%CaO-40wt%SiO2-20wt% 
Al2O3. It is well known that the interdiffusion coefficient 
is composition dependent and especially for slag A, the 
composition deviates from that of the CaO-Al2O3-SiO2 

slag for which the diffusion matrix was calculated[23]. Using 

 

Fig. 6  Products of dendrite tip velocity and radius as a function 
of the undercoolings. The data of phase field simulations are 
shown in comparison with experimental data and the solutions 
from the 2D and 3D Ivantsov relations. The ρv values obtained 
from the simulations for slag B overlap with those obtained from 
the 2D Ivanstov equation 

Urbain model[26], the viscosity calculated for slag A is 
smaller than that calculated for the slag with composition 
considered[23] to determine the diffusion coefficients. 
Based on the Einstein-Stokes equation[27], the magnitude 
of the diffusion coefficients is typically inversely propor-
tional to the viscosity. Therefore, we expect that the real 
diffusion coefficients of slag A might be larger than the 
values we have used in the simulations.  To verify the 
effect of a larger diffusion coefficient on the simulation 
results for slag A, another simulation was performed for slag 

A at 1320℃ using a diffusion coefficient matrix with all 

values 10% larger than the original values. From this simula-
tion, a ρv value equal to 1.2 µm2/s instead of 0.625 µm2/s, 
was obtained, which is closer to the experimental value 
(6.17±0.78) µm2/s. Obviously, the gap between the ex-
perimental and simulated results will be smaller if a higher 
coefficient value of slag A is used.  

5  Conclusion 

In this work, the process of isothermal CaSiO3 crystal-
lization in CaO-Al2O3-SiO2 systems is simulated by a 
phase field model. The effects of composition and tem-
perature on isothermal CaSiO3 crystallization behaviour 
were considered. The simulated wollastonite crystal 
structures were compared with the structures observed by 
CSLM at the same compositions and cooling conditions. 
The dependence of the morphology evolution, dendrite tip 
velocity and dendrite tip radius on composition and 
undercooling were analysed.  Several conclusions could 
be drawn from this work: 

1) The morphology of wollastonite during isothermal 
crystallization is governed by anisotropy in interface 
properties. 

2) As temperature decreases, the morphology of CaSiO3 
varies from flat to dendritic. For a further decrease in 
temperature, the dendrite tip becomes sharper, which is in 
agreement with the experimental results. 

3) The simulated growth rates and dendrite tip radii are 
of the same order as those measured experimentally, but 
there are some deviations due to differences in the ex-
perimental and simulated conditions and inaccuracies in 
the input data used for the simulations.  

The presented simulations account very precisely for 
thermodynamic effects in ternary systems and also quite 
accurately for the diffusion properties and their composi-
tion dependence. Based on the experimental observations, 
we have assumed anisotropic interfacial properties with 
hexagonal symmetry. However more experimental infor-
mation is required on the values of the interfacial energies 
and interface kinetics as a function of interface orientation 
to increase the accuracy of the simulations further. 
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硅灰石晶体在三元氧化物熔体中的生长行为研究 

刘晶晶 1, HEULENS Jeroen2, GUO Mu-Xing1, MOELANS Nele1 

(1. Department of Materials Engineering, KU Leuven, B-3001 Heverlee, Belgium; 2. Umicore Precious Metals Refining, 
B-2660 Hoboken, Belgium) 

摘 要: 利用耦合 FACTSage Toxide 热力学数据库的定量相场模型, 本研究模拟了硅灰石(CaSiO3)在 CaO-Al2O3-SiO2

体系中的恒温晶体生长过程, 并研究了熔体组分和温度对 CaSiO3 结晶过程的影响。结果表明, 硅灰石的形貌主要由

其表面能的各向异性所决定, 而几乎不受界面动力学的各向异性所影响。此外, 随着温度的降低, 析出的硅灰石的生

长方式由平面生长向枝晶生长方式转变, 于此同时, 更加精细的枝晶结构也逐渐呈现出来。模拟所得的枝晶生长速度

和尖端半径与 Ivanstov 理论所得结果一致, 和实验测得的数据也处于同一数量级。 
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