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Abstract23 

Recovering the iron (Fe) and phosphorus (P) contained in steelmaking slags not only 24 

conserves natural resources, but also supports achieving the sustainability of the steel 25 

industry. We had previously found the possibility of recovering Fe and P resources 26 

contained in steelmaking slags by adjusting oxygen partial pressure and adding modifier 27 

B2O3. As a fundamental study for efficiently recovering Fe and P from steelmaking slag, 28 

in this study, the crystallization behaviors of the CaO-SiO2-FeO-P2O5-B2O3 melt has been 29 

observed in situ, through a confocal scanning laser microscope. The kinetics of nucleation 30 

and growth of Fe- and P-rich phases have been calculated using a classical crystallization 31 

kinetic theory. During cooling, a Fe3O4 phase with faceted morphology was observed as 32 

the 1st precipitated phase in the isothermal interval of 1300 ℃-1150 ℃, while Ca10P6O25, 33 

with rod-shaped morphology, was found to be the 2nd phase to precipitate in the interval 34 

1150 ℃ -1000 ℃. The crystallization abilities of Fe3O4 and Ca10P6O25 phases in the CaO-35 

SiO2-FeO-P2O5-B2O3 melt were quantified with the index of (TU-TI)/TI (where TI and TU36 

are the peak temperatures of the nucleation rate and growth rate of a phase) and the 37 

crystallization ability of magnetite (Fe3O4) was found to be larger than that of calcium 38 

phosphate (Ca10P6O25) phase. The optimum temperature range for the crystallization of 39 

magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phases was optimized 40 

subsequently. This study provides necessary information for the recovery and utilization 41 

of Fe and P from steelmaking slag, by selectively precipitating Fe and P rich phases.42 

Key Words: Steelmaking slag; Magnetite (Fe3O4); Calcium phosphate (Ca10P6O25);43 

 Nucleation and growth; Kinetics44 

1. Introduction45 

Steelmaking slag is one of the main by-products from the iron and steel making process. 46 
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The conversion rate of steelmaking slag is approximately 10-15% per ton of steel 47 

produced. The major components in steelmaking slag are CaO, SiO2, and FetO but they 48 

also contain some valuable oxides such as P2O5 and MnO. Steelamking slags are 49 

considered potential sources for road construction [1], cement [2], ceramics [3-6], 50 

fertilizer [7], civil engineering projects [8] as well as feedstock for re-use in the 51 

steelmaking process. However, the technical and environmental obstacles for some 52 

steelmaking slags in the above applications, such as volumetric expansion [9], 53 

disintegration [10], leaching of metals [11] and reverse of phosphorus to the hot metal 54 

[12], result in the insufficient recycling rate of steelmaking slags. Besides, the 55 

nonmagnetic valuable oxides, such as FeO and P2O5, in steelmaking slags in the 56 

conventional applications from the slag are not recovered. With an increase in the 57 

environmental burden and depletion of natural resources, the extraction of valuable 58 

elements from steelmaking slag has drawn significant attention.59 

Targeting the recovery of valuable oxides from steelmaking slags, several 60 

metallurgical processes have been developed to recovery iron from the slags, such as the 61 

reduction of iron oxide to metallic Fe using C [13], CO [14], and H2 [15] and the oxidation 62 

of FeO to Fe3O4 using air [16-18], and H2O [19-21], followed by magnetic separation. 63 

However, the reduction methods suffer from some limitations and reducing conditions 64 

are likely to promote phosphorus reversion to the hot metal [22]. When considering 65 

oxidation routes which may enable efficient selective recovery of iron oxide from 66 

steelmaking slags, the selective precipitation Fe3O4 could allow for subsequent separation 67 

since the phase is magnetically susceptible. For phosphorus recovery from steelmaking 68 

slag, various technologies have been developed, such as flotation [23], magnetic 69 
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separation [24], super gravity separation [25-27], reduction [28-30], leaching [31-33] and 70 

a three-stage continuous-selective process (selective enrichment-selective growth-71 

selective separation) [34-36]. The above-mentioned technologies provide, to some 72 

degree, better understanding of the phosphorus-containing phase formation to remove or 73 

extract phosphorus from steelmaking slags, and the three-stage continuous selective 74 

process is regarded as the most promising process due to its high efficiency and low waste 75 

emission. 76 

Based on the three-stage continuous selective process, a preliminary study on77 

selectively enriching iron and phosphorus in the form of magnetite (Fe3O4) and calcium 78 

phosphate (Ca10P6O25) phases by controlling oxygen partial pressure and adding slag 79 

modifier of B2O3 have been reported by the current author [37]. Of the three steps, the 80 

second step of optimizing conditions to facilitate the growth of magnetite (Fe3O4) and 81 

calcium phosphate (Ca10P6O25) phases in phosphorus-containing slags plays a key role 82 

for the subsequent technical step of selective separation, and therefore, the present work 83 

aims at investigating the crystallization behavior of the synthetic molten CaO-SiO2-FeO-84 

P2O5-B2O3 slag. Specifically, the isothermal temperature on the detailed crystallization 85 

properties, morphologies and crystal phases were determined by in situ observation via 86 

confocal scanning laser microscope, characterization through SEM-EDS and XRD, while 87 

the kinetics of nucleation and growth of iron- and phosphorus-rich phases have been 88 

calculated by a classical crystallization kinetic model. 89 

2. Experimental methods90 

2.1. Materials and sample preparation91 

The chemical composition of synthetic slags was presented in Table 1 with the P2O592 
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content being 10%. The chemical reagents of CaO and SiO2 were dried at 1000 ℃ for 4 93 

hours under Ar atmosphere to remove the small amount of volatiles and hydrones. The 94 

synthetic slag was made in a platinum crucible by heating the mixture of chemical 95 

reagents of CaO, SiO2, P2O5 and FeO at 1600 ℃ in a vertical tube furnace for 2 hours 96 

under high purity Ar atmosphere (99.999%) at the flow rate 0.5 L/min, and then the 97 

synthesized slag was rapidly quenched into water. The quenched slag sample was ground 98 

to slag powder which is henceforth denoted as pre-melted slags. As shown in Table 1, the 99 

composition measured by XRF was generally in agreement with the designed 100 

composition within the relative difference of 5 pct.101 

Table 1 Chemical composition of the synthesized slag102 

CaO SiO2 FeO P2O5 B2O3

Designed 34.29 13.71 36 10 6

Measured 33.77 12.98 37.87 10.06 5.32

2.2. Experimental apparatus and procedure103 

To determine the crystallization temperature of different phases, the crystallization 104 

event was in-situ observed optically under the high temperature confocal laser scanning 105 

microscope (CLSM) (SVF-SP; Yonekura MFG. Co. LTD, Japan), and recorded at various 106 

temperatures in an Ar atmosphere. Before the experiment, the CLSM chamber was 107 

evacuated for 10 minutes and was purged with argon gas for 10 minutes. After that, 0.2 g 108 

of the slags was placed in a Pt crucible and then heated at the hot stage of CLSM under 109 

Ar atmosphere. The thermal cycle employed in the isothermal experiment is shown in 110 

Fig. 1. To ensure the slag fully melted, the sample was maintained at 1600 ℃ for 5 111 

minutes. The molten slag sample was then quenched at a cooling rate of 50 ℃/s to a preset 112 

temperature and held for 5-30 minutes to construct the TTT (Time Temperature 113 

Transformation) diagram, through analyzing variations of crystalline fraction with time 114 
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and temperature. To identify the microstructure, element distribution and mineral 115 

components, the samples were quenched from different temperatures and characterized 116 

by scanning electron microscopy equipped with energy disperse spectrum (EDS; ZEISS 117 

EVO 18) and determined by X-ray diffraction (TTRIII from Rigaku Corporation). 118 

3. Calculation119 

3.1. Analytical model120 

According to the crystallization behavior of the CaO-SiO2-FeO-P2O5-B2O3 melt 121 

observed in situ by means of confocal scanning laser microscope in the section of “4.1 122 

Visualization of crystallization and phase characterization”, the crystallization of 123 

magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phases in the slag can be divided 124 

into two stages: nucleation and growth. Based on theories of nucleation and absolute 125 

rate, the classic crystallization kinetic model can be expressed by Equation (1) and (2) 126 

for the nucleation and growth rate of crystals in a supercooled liquid [38-41]. 127 

3 -1 3 2 -1
 r  r0 Δ(3π ) exp[ ( ) ]I= N kT a η bα β T T-                                   (1)128 

 r

 r

2 -1 - Δ
(3π ) 1 exp

β T
U = fkT a η

T

é ù
ê ú
ê ú
ê ú
ê úë û

æ ö÷ç- ÷ç ÷÷çè ø
                                      (2)129 

where I and U are the nucleation and growth rate respectively; N0 is the number of 130 

molecules (or atoms) per unit volume; k is Boltzmann’s constant; T is the absolute 131 

temperature; a is the lattice parameter of the crystal; η is the viscosity; b is a constant 132 

determined by the nucleus shape and for spherical nuclei, 
16π=

3
b ;  rT and  rΔT are the 133 

reduced temperature and undercooling, which are defined as:
 r

 m

=
T

T
T

 and  r  rΔ =1T T-134 

respectively; f is the fraction of acceptor sites in the crystal surface, and f can be given by 135 

Eq. (3); α and β are the reduced crystal/liquid interfacial tension and reduced molar heat 136 
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of fusion, which are defined as Eq. (4) and Eq. (5) respectively.137 
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where σ is the crystal/liquid interfacial tension; AN is Avogadro’s constant; R is the 141 

gas constant; mΔH is the molar heat of fusion; Tm is the melting point of the crystal and V142 

is the molar volume of the crystal.  143 

3.2. Determination of parameters144 

Our previous study [37] regarding the feasibility of separation and extraction of Fe- 145 

and P-rich phases from CaO-SiO2-FeO-P2O5-B2O3 slags has reported that, magnetite 146 

(Fe3O4) and calcium phosphate (Ca10P6O25) phases were the main precipitated phases 147 

during the cooling process from 1600 oC to 900 oC. The similar result was obtained in the 148 

section of “4.1 Visualization of crystallization and phase characterization” of the current 149 

study. The parameters of structure are adopted according to the databases of XRD 150 

standard pattern, while the melting temperature is obtained from the reference book [42]. 151 

Table 2 presents the parameters of structure and melting temperature of magnetite 152 

(Fe3O4) and calcium phosphate (Ca10P6O25) phases. 153 

Table 2 Parameters of structure and melting point of Fe- and P-rich phases [42] 154 

Fe- and P-rich phases Lattice parameter a, Å Melting temperature, ℃ 

Magnetite (Fe3O4) 8.39 1870 

Calcium phosphate (Ca10P6O25) 9.43 2083 

It is reported that the reduced molar heat of fusion β lies between 1 and 10 for most 155 

substances [39]. Only in a few cases can the interfacial tension (α) between the crystal 156 
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and the liquid be directly measured, and there is no specific theory to predict it. Therefore, 157 

the values of α and β are referred from other reports [43, 44], i.e. α = 1/3 and β = 1. It 158 

should be pointed out that although the magnetite (Fe3O4) and calcium phosphate 159 

(Ca10P6O25) that are taken into consideration are different materials and their properties 160 

related to the values of α and β are different, wide applications of the nucleation kinetic 161 

model have shown that the values of α and β are almost the same for crystalline phases in 162 

metallurgical melts or slag [45, 46]. Therefore, it is reasonable to regard the α and β values 163 

of the magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) as the same when there is 164 

no specific theory to predict them or no effective method to measure them. 165 

In the current study, the viscosity of the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag 166 

was calculated by the Arrhenius equation as shown in Eq. (6). 167 

B
ln = lnA +η

T
                                                       (6) 168 

Where A and B are constants with respect to temperature, which can be expressed by the 169 

National Physical Laboratory model [47] relating the viscosity of slags to the structure 170 

through the optical basicity in Eqs. (7) and (8) 171 

2lnA =-232.69(Λ) +357.32Λ 144.17-                                    (7)172 

B 2.88
ln = -1.77 +

1000 Λ
                                                 (8)173 

Where Λ is the optical basicity, and the routine employed for calculating the optical 174 

basicity is given by Eq. (9) 175 

Λ
Λ =

i i i

i i

χ n

χ n

å
å

                                                       (9) 176 

Where i , in  and Λi  are the mole fraction, number of oxygen atoms in the molecule 177 

and optical basicity of slag components respectively. The optical basicities of the slag 178 
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components that are used for calculation in this work are taken from the literature [47,48] 179 

and given in Table 3. 180 

Table 3 Values of optical basicities of components of CaO-SiO2-FeO-P2O5-B2O3 slag [47, 181 

48]182 

CaO SiO2 FeO P2O5 B2O3

Λi 1.0 0.48 1.0 0.4 0.42

4. Results and discussion183 

4 .1. Visualization of crystallization and phase characterization184 

The crystallization evolution of the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag at 185 

1275 ℃, 1200 ℃ and 1100 ℃ was imaged and the representative images are shown in 186 

Fig. 2-4, respectively. It can be seen that the nucleus of the primary crystal phase were 187 

observed to form when the molten slag was quenched at 50 ℃/s from 1600 ℃ to 1275 ℃ 188 

and maintained for 554 s at 1275 ℃ (Fig. 2(a)). The quantity of crystal nuclei increases 189 

and the frame of crystal gradually forms with the increasing holding time from 554 s to 190 

1164 s. Thereafter, the volume and growth of the crystal nucleus increasingly extended 191 

from the edge to the center of slag sample (Fig. 2(b)-2(f)). Finally, the crystal forms a 192 

faceted morphology that is cantered in the particle marked by the red dotted square (Fig. 193 

2(f)). Actually, the crystals tended to have more prevalent faceted morphology when the 194 

degree of supercooling was lower, which is in accordance with the observed morphology195 

of molten CaO-SiO2-FeO-MnO slags reacting with moisture during the isothermal region 196 

in our previous investigation [20]. 197 

It is interesting to note that, the crystal nucleus, looking like gravel, were observed to 198 

form when the molten slag was quenched at 50 ℃/s from 1600 ℃ to 1200 ℃ and 199 

maintained for 98 s at 1200 ℃ (Fig. 3(a)). With the holding time increasing from 98 s to 200 
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137 s, the morphology of crystals transformed from gravel shape into two petal-like 201 

crystals (Fig. 3(b)), then into a boomerang-shaped morphology (Fig. 3(c)), and 202 

subsequently into a crab-like pincer shape (Fig. 3(d)). Finally, well-balanced and 203 

symmetrical clover-patterns, just like the plane when three-dimensional earth expand, 204 

started to form at 145 s (Fig. 3(e)), accompanying the precipitation of some new crystal 205 

nucleus at the gap of clover leaves at 162 s (Fig. 3(f)). In summary, with the holding time 206 

increasing from 98 s to 162 s, nucleation and growth of crystal appears a dynamic process, 207 

which is a transition from non-equilibrium state to equilibrium state and from asymmetric208 

patterns to symmetric ones.  209 

In comparison, a rod-shaped morphology appeared when the molten slag was 210 

quenched at 50 ℃/s from 1600℃ to 1100 ℃ and maintained for 61 s at 1100 °C (Fig. 211 

4(a)). The rod-shaped crystal grew toward the center of the sample as seen in Fig. 4(b), 212 

which may suggest that the nucleation of the rod-shaped crystal was heterogeneous 213 

nucleation. With the holding time increasing from 357 s to 1084 s, the volume and growth 214 

of the crystal nucleus increasingly extended from the edge to the center of slag sample, 215 

accompanying the coarsening of rod-shaped crystal (Fig. 4(b) -4(f)).216 

The different phase precipitation sequence at different isothermal temperatures for the 217 

CaO-SiO2-FeO-P2O5-B2O3 melt could be attributed to some or all of these factors 218 

(undercooling [49], slag composition [50] and enthalpy of mixing (so-called Jackson α 219 

factor) [51]), which will be reported in a separate paper.  220 

Fig. 5 shows the CLSM morphology of the crystalline in the slag at the isothermal 221 

temperature of 1100℃ for 1084 seconds and the corresponding SEM morphology. It is 222 

noticeable that these white hexagonally faceted crystals (P1 and P2) were surrounded by 223 
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lath-shaped phase (P3 and P4) and slag matrix (P5 and P6), indicating an early 224 

crystallization, in comparison to lath-shaped phase and slag matrix. In order to determine 225 

the elementary distribution in different phases, EDS mapping analysis was carried out 226 

and the corresponding results were presented in Fig. 6. The lath-shaped phase was mainly 227 

phosphorus, while the white phase was mainly Fe. Moreover, the slag matrix mainly 228 

composed of Ca and Si. Accordingly, EDS spot analysis (Table 4) indicated that the lath-229 

shaped phase was close to Ca2PO4.8 (or Ca2PO4), while the white phase and slag matrix 230 

were approaching Fe3O3.9 (or Fe3O4.2) and CaFe0.3Si0.7O2.1 (or CaFe0.3Si0.8O2.1) 231 

respectively. 232 

Table 4 EDS analysis of different phase areas in the slag at 1100 ℃, corresponding to 233 

Fig. 5(d) (Wt.%) 234 

Ca Si O P Fe Potential Formula 

P1 41.87 1.25 40.01 16.87 -- Ca2PO4.8

P2 44.28 2.43 35.74 17.55 -- Ca2PO4

P3 1.19 -- 26.71 -- 72.1 Fe3O3.9

P4 2.88 0.53 27.64 -- 68.95 Fe3O4.2

P5 36.28 17.83 31.13 0.55 14.21 CaFe0.3Si0.7O2.1

P6 35.03 18.53 29.59 -- 16.85 CaFe0.3Si0.8O2.1

--The amount of the phase is below the lower detection limit 

The X-ray energy of element B is too low to detect, so B is not listed in Table 4 

Isothermal experiments were carried out in a wide temperature range of 1000-1300 ℃ 235 

to construct TTT diagram for the onset of crystallization of the synthesized slag. The time 236 

for the beginning of crystallization was assumed to be the temperature when the crystal 237 

nucleus first came into the sight under CLSM observation although the crystal nucleus 238 

might form ahead of the observation due to the limited resolution of CLSM.239 

Fig. 7 showed the TTT diagram of the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag. As 240 

can be seen, the TTT diagram presents a double C shape and is divided into two regions 241 

above and below 1150 ℃. This may suggest that there were two different nucleation 242 
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events in the crystallization process of the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag 243 

and that the crystal morphology drastically changed around 1150 ℃. In order to identify 244 

the crystalline phases formed in the two different regions, the slags quenched from 1200 ℃ 245 

and 1100 ℃ were selected as a representative for the ‘double C shape’ slag to confirm 246 

crystalline phases using XRD. Fig. 8 shows the XRD results in the ‘double C shape’ slag, 247 

indicating that the crystallization phases change significantly with decreasing the 248 

temperature. In a relatively higher-temperature section ranged from 1300 ℃ to 1150 ℃, 249 

the crystalline phase was only Fe3O4. With decreasing the isothermal temperature to 250 

below 1150 ℃, Ca10P6O26 phase precipitated and the crystalline phases in the slag 251 

composed of both Ca10P6O26 and Fe3O4 in the temperature range of 1150 ℃ to 1000 ℃. 252 

In addition, it is clear that the crystallization incubation time of molten synthesized 253 

CaO-SiO2-FeO-P2O5-B2O3 slag become shorter when the temperature changes from 254 

1300 ℃ to 1200 ℃ and from 1150 ℃ to 1100 ℃ (in Fig. 7), indicating that the lower the 255 

temperature, the easier the crystallization. The reason could be attributed to the 256 

supercooling degree for crystallization of slag is insufficient [52]. Therefore, the 257 

crystallization is easier with the decrease of temperature. However, the incubation time 258 

of crystals is longer when the temperature changes from 1200 ℃ to 1150 ℃ and from 259 

1100 ℃ to 1000 ℃. This is probably because the temperature is too low and the ions in 260 

the melt are difficult to move and nucleate. From the results of TTT (in Fig. 7) and XRD 261 

(in Fig. 8), we can find that temperature is a key parameter to control the crystallization 262 

of molten slag. In order to recover iron and phosphorus in the form of magnetite (Fe3O4) 263 

and calcium phosphate (Ca10P6O25) phases from synthesized CaO-SiO2-FeO-P2O5-B2O3264 

slag, it is necessary to investigate the optimum temperature range for the crystallization 265 
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of magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phases, which will be discussed 266 

in the section of “4.2 Nucleation and growth kinetics of Fe- and P-rich phases”.267 

4.2. Nucleation and growth kinetics of Fe- and P-rich phases268 

Targeting the recovery of iron and phosphorus from the synthesized CaO-SiO2-FeO-269 

P2O5-B2O3 slag, the kinetics for nucleation and growth of Fe- and P-rich phases is key, 270 

since the proportion and grain size of Fe- and P-rich phases has a significant effect on 271 

designing any subsequent iron and phosphorus separation process. Based on the kinetic 272 

model in current study, the nucleation and growth rates of magnetite (Fe3O4) and calcium 273 

phosphate (Ca10P6O25) phases were calculated and shown in Fig. 9 and Fig. 10. In general, 274 

there is a peak in both nucleation and growth rates for magnetite (Fe3O4) and calcium 275 

phosphate (Ca10P6O25) phases, which is in accordance with the fact that nucleation and 276 

crystal growth rate were influenced by two contradictory factors, i.e. the degree of 277 

supercooling and the diffusive mass transfer in the synthesized CaO-SiO2-FeO-P2O5-278 

B2O3 slag. Taking calcium phosphate (Ca10P6O25) phase as an example, the nucleation 279 

and growth rates first increased and then decreased with decreasing isothermal 280 

temperature, with the maximum of
26 3 1100.5 m s  at 876°C and 

4 15.57 10 ms    at 281 

996°C respectively.282 

In order to estimate the ability of a substance to form an amorphous/crystal solid, Wu 283 

[53] proposed that crystallization abilities of precipitated phases can be expressed by (TU-284 

TI)/TI, where TI and TU are the peak temperatures of nucleation rate and the growth rate. 285 

The larger the value of (TU-TI)/TI of the substance, the better its ability to form an 286 

amorphous solid. In contrast, the smaller the value of (TU-TI)/TI of the substance, the 287 

better its ability to form a crystal solid. Based on the peak temperatures of the nucleation 288 
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rate and growth rate in Fig. 9 and Fig. 10, the crystallization abilities of magnetite (Fe3O4) 289 

and calcium phosphate (Ca10P6O25) phases in synthesized CaO-SiO2-FeO-P2O5-B2O3 slag 290 

were obtained and are given in Table 5. It is clear that the values of (TU-TI)/TI of the 291 

magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phases are relatively small, and the 292 

value of magnetite (Fe3O4) is smaller than that of calcium phosphate (Ca10P6O25) phase, 293 

indicating the larger crystallization ability of magnetite (Fe3O4) compared to calcium 294 

phosphate (Ca10P6O25) phase in the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag. 295 

Table 5 Crystallization abilities of magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) 296 

phases in the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag297 

TI, °C TU, °C (TU-TI)/TI

Magnetite (Fe3O4) 1083 1140 0.0526

Calcium phosphate (Ca10P6O25)  876 996 0.1370

However, the different peak temperatures of the nucleation rate and growth rate 298 

between magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phase make it difficult to 299 

give an accurate optimum temperature range for the precipitated phases in the synthesized 300 

CaO-SiO2-FeO-P2O5-B2O3 slag. Fortunately, Johnson and Mehl [54] derived expressions 301 

as shown in Eq. (10) for the transformed fraction as a function of time for phase changes 302 

that proceed by the formation of nuclei and the growth of these nuclei.303 

3 4π
=1 exp

3
f(t) IU t

æ ö÷ç- - ÷ç ÷çè ø
                                           (10)304 

Herein, the crystallization rate r is defined in Eq. (11). 305 

3π
=

3
r IU                                                        (11)306 

Assumpting that Fe and P only existing in the form of magnetite (Fe3O4) and calcium 307 

phosphate (Ca10P6O25) phases in the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag, and the 308 

total crystallization rate Totalr ( in Eq. (12)) is defined by a function of the crystallization 309 

rates of the magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phases in the slag. 310 
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2

i=1
Total i i=r w rå                                                    (12)311 

where wi and ri are the mass fraction and crystallization rate of the magnetite (Fe3O4) 312 

and calcium phosphate (Ca10P6O25) phases respectively. The mass fraction of the 313 

magnetite (Fe3O4) is 0.636, while that of calcium phosphate (Ca10P6O25) is 0.364. 314 

It can be seen from Fig. 11 that the total crystallization rate is dominated by magnetite 315 

(Fe3O4) crystals, which agrees well with the crystallization abilities of magnetite (Fe3O4)316 

and calcium phosphate (Ca10P6O25) phases estimated by (TU-TI)/TI in Table 5. In other 317 

words, the suitable temperature range for the crystallization of magnetite (Fe3O4) and318 

calcium phosphate (Ca10P6O25) phases in the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag319 

is enhanced by the precipitation of magnetite (Fe3O4). More importantly, the precipitation 320 

sequence of the magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phases can be 321 

deduced from Fig. 11. Specifically, precipitation of magnetite (Fe3O4) is ahead of calcium 322 

phosphate (Ca10P6O25) in the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag, which is in 323 

accordance with the precipitation sequence of precipitated phases observed by CLSM in 324 

Figs. 2-4. It should be pointed out that although the values of calculated nucleation and 325 

growth rate depend on the values of the model parameters, the calculated crystallization 326 

abilities of magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) in the synthesized CaO-327 

SiO2-FeO-P2O5-B2O3 slag keep to the same order, and the precipitation sequence is the 328 

same regardless of the actual values of properties like viscosity, interfacial tension and 329 

heat of fusion. As shown in Fig. 11, the peak temperature of the total crystallization rate 330 

is 1055 ℃, and the optimum temperature range for the crystallization of magnetite (Fe3O4)331 

and calcium phosphate (Ca10P6O25) phases is defined as 1055±25 ℃, i.e. 1080℃-1030 ℃.332 

Based on the investigation results in the current study, an optimized heat treatment 333 

condition illustrated in Fig. 12 for the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag can be 334 

proposed to obtain magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phases with a 335 
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larger size. In Fig. 12, Ѳ represents the cooling rate, and 1121 ℃ and 964 ℃ are the 336 

temperatures corresponding to the maximum crystallization rates of magnetite (Fe3O4) 337 

and calcium phosphate (Ca10P6O25) phases. In order to facilitate the subsequent selective 338 

separation of magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) from the synthesized 339 

CaO-SiO2-FeO-P2O5-B2O3 slag, larger size of magnetite (Fe3O4) and calcium phosphate 340 

(Ca10P6O25) is preferred since the extraction efficiency of Fe and P strongly depends on 341 

crystal size, and the cooling rate of Ѳ 2 and Ѳ3 should be set at a relatively small value in 342 

order to provide enough time for the nucleation and growth of magnetite (Fe3O4) and 343 

calcium phosphate (Ca10P6O25). In contrast, the precipitation of the silicate phases should 344 

be restricted by setting Ѳ4 at a large value. For the simple application of separating iron 345 

and phosphorus from steelmaking slag in industrial practice, B2O3 addition should be 346 

added into the molten steelmaking slag during slag tapping process in order to recover 347 

iron and phosphorus in the form of magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) 348 

phases, and each slag ladle should hold slag from converter for several heats to give 349 

magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) enough time to precipitate and 350 

grow. Furthermore, the treated slag can be water quenched at a temperature of 964 ℃ to 351 

restrict the growth of silicate phases. Finally, the larger size of magnetite (Fe3O4) and 352 

calcium phosphate (Ca10P6O25) could be selectively separated through a combination of 353 

magnetic separation and flotation.  354 

5. Conclusions355 

In this study, the crystallization behavior of the CaO-SiO2-FeO-P2O5-B2O3 melt have 356 

been in situ observed by means of confocal scanning laser microscope. Kinetics of 357 

nucleation and growth of Fe3O4 and Ca10P6O25 phases have been calculated by a classical 358 

crystallization kinetic model. The main conclusions are as follows.359 
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(1) Fe3O4 with faceted morphology was found as the 1st precipitate phase in the 360 

isothermal interval of 1300 ℃-1150 ℃, while Ca10P6O25 with rod-shaped361 

morphology as the 2nd precipitate phase was observed in the isothermal interval of 362 

1150 ℃ -1000 ℃. Accordingly, TTT curve has two C shapes, Fe3O4 and Ca10P6O25363 

had different precipitation temperature range, with the phase transition temperature 364 

at 1150 ℃. 365 

(2) The crystallization abilities of Fe3O4 and Ca10P6O25 in the CaO-SiO2-FeO-P2O5-B2O3366 

slag were quantified with the index of (TU-TI)/TI and the crystallization abilities of 367 

magnetite (Fe3O4) is larger than that of calcium phosphate (Ca10P6O25) phase. The 368 

optimum temperature range for the crystallization of magnetite (Fe3O4) and calcium 369 

phosphate (Ca10P6O25) phases is obtained as 1055±25 ℃, i.e. 1080 ℃-1030 ℃ by 370 

both theoretical calculation and experiment.371 
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Figure captions: 538 

Fig. 1. (a) Thermal cycle of isothermal experiment of the synthesized CaO-SiO2-FeO-539 

P2O5-B2O3 slag; (b) powder state; (c) liquid state; (d) crystallization state540 

Fig. 2. Crystallization behavior of the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag at 541 

1275 ℃542 

Fig. 3. Crystallization behavior of the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag at 543 

1200 ℃544 

Fig. 4. Crystallization behavior of the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag at 545 

1100 ℃546 

Fig. 5. Crystal morphology of different phases in the slag at 1100 ℃: (a)275× CLSM 547 

image; (b) 300× SEM image; (c) 550× CLSM image; (d) 500× SEM image548 

Fig. 6. EDS map scanning of synthesized CaO-SiO2-FeO-P2O5-B2O3 slag quenched from 549 

1100℃550 

Fig. 7. TTT diagram of synthesized CaO-SiO2-FeO-P2O5-B2O3 slag551 

Fig. 8. XRD patterns of the samples quenched from 1200 ℃ and 1100 ℃ respectively552 

Fig. 9. Nucleation rate of magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phases 553 

in synthesized CaO-SiO2-FeO-P2O5-B2O3 slag554 

Fig. 10. Growth rate of magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phases in 555 

synthesized CaO-SiO2-FeO-P2O5-B2O3 slag556 

Fig. 11. Crystallization rates of magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) 557 

phases in synthesized CaO-SiO2-FeO-P2O5-B2O3 slag558 

Fig. 12. (a) Schematic diagram of suitable heat treatment condition; (b) precipitation of 559 

Fe3O4 phase; (c) precipitation of Fe3O4 and Ca10P6O25 phases560 
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Fig. 1. (a) Thermal cycle of isothermal experiment of the synthesized CaO-SiO2-FeO-575 

P2O5-B2O3 slag; (b) powder state; (c) liquid state; (d) crystallization state576 
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Fig. 2. Crystallization behavior of the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag at 594 

1275 ℃595 
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Fig. 3. Crystallization behavior of the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag at 606 

1200 ℃607 
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Fig. 4. Crystallization behavior of the synthesized CaO-SiO2-FeO-P2O5-B2O3 slag at 615 

1100 ℃616 

617 

618 

619 

620 

621 

622 

623 



29 

Fig. 5. Crystal morphology of different phases in the slag at 1100 ℃: (a)275× CLSM 624 

image; (b) 300× SEM image; (c) 550× CLSM image; (d) 500× SEM image625 
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Fig. 6. EDS map scanning of synthesized CaO-SiO2-FeO-P2O5-B2O3 slag quenched from 648 

1100℃649 
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Fig. 7. TTT diagram of synthesized CaO-SiO2-FeO-P2O5-B2O3 slag671 
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Fig. 8. XRD patterns of the samples quenched from 1200 ℃ and 1100 ℃ respectively696 
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Fig. 9 Nucleation rate of magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phases in 714 

synthesized CaO-SiO2-FeO-P2O5-B2O3 slag715 
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Fig. 10 Growth rate of magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) phases in 739 

synthesized CaO-SiO2-FeO-P2O5-B2O3 slag740 
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Fig. 11 Crystallization rates of magnetite (Fe3O4) and calcium phosphate (Ca10P6O25) 765 

phases in synthesized CaO-SiO2-FeO-P2O5-B2O3 slag766 
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Fig. 12 (a) Schematic diagram of suitable heat treatment condition; (b) precipitation of 790 

Fe3O4 phase; (c) precipitation of Fe3O4 and Ca10P6O25 phases791 

792 


	Nucleation and growth of iron- and phosphorus-rich phases from a modified steelmaking waste slag
	Nucleation and growth (IJM accepted version)
	Authors: Juncheng Li a, (, (Guoxuan Li a, Feng Qiu a, Rong Wang a, Jinshan Liang a, Yi Zhong a, Dong Guan a, Seetharaman Sridhar b and Zushu Li c


