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Abstract: The effect of cooling rate on the crystallization of perovskite in high Ti-bearing blast furnace (BF) slag was studied using confocal 
scanning laser microscopy (CSLM). Results showed that perovskite was the primary phase formed during the cooling of slag. On the slag 
surface, the growth of perovskite proceeded via the successive production of quasi-particles along straight lines, which further extended in 
certain directions. The morphology and structure of perovskite was found to vary as a function of cooling rate. At cooling rates of 10 and 30 
K/min, the dendritic arms of perovskite crossed obliquely, while they were orthogonal at a cooling rate of 20 K/min and hexagonal at cooling 
rates of 40 and 50 K/min. These three crystal morphologies thus obtained at different cooling rates respectively corresponded to the ortho-
rhombic, cubic and hexagonal crystal structures of perovskite. The observed change in the structure of perovskite could probably be attrib-
uted to the deficiency of O2, when Ti2O3 was involved in the formation of perovskite. 
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1. Introduction 

China has abundant titanium resources, about 90% of 
which exist as vanadium-titanium bearing magnetite, mostly 
in deposits found around the Panzhihua–Xichang area in the 
southwestern part of China. Currently, blast furnace (BF) 
smelting of iron concentrate ores is the main process to 
adopt for utilizing these resources. However, the BF process 
is not efficient to collect titanium resources, as approxi-
mately 54% of titanium in the raw ores is collected into iron 
ore concentrates and finally enriches in blast furnace slag 
(TiO2, 22wt% to 23wt%). Consequently, the extraction of 
titanium from high titanium-bearing BF slag becomes a 
challenging task. Moreover, the slag formed in this process 
is not suitable for use in the manufacturing of cement [1]. 
As a result, more than 6 × 107 t of slag has been stacked un-
attended, which not only leads to environmental pollution 
but also remains to be an undesirable wastage of resources. 
Thus, the extraction of valuable secondary titanium re-
sources from high Ti-bearing BF slag and the effective use 

of waste slag remain to be a serious problem in China. 
The comprehensive use of titanium-bearing BF slag has 

aroused wide concern since 1980 but none of the proposed 
techniques is easy to put into industrial and commercial use 
[29]. However, green extractive processes of titanium 
component such as the perovskite-based Ti extraction proc-
ess and the rutile-based Ti extraction process show a bright 
prospect [1012]. The rutile-based Ti extraction process 
generates more low activity waste slag, which is also un-
suitable for use in cement making [12]. Perovskite crystal-
lizes readily and contains more than 60% Ti of the slag. 
Therefore, enriching titanium in perovskite is considered to 
be a suitable choice for the current issue [10]. Besides, the 
separated perovskite phase can also be used as a raw mate-
rial for the titanium pigment industry, and the tailing can be 
used as a building material [13]. Although the perovski-
te-based Ti extraction process offers the advantages of small 
secondary pollution and low cost, the perovskite yield is 
rather low owing to the adverse effects of fine and uneven 
perovskite grains on the mineral separation. In the 
perovskite-based extraction process, the efficacy of mineral 
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separation is greatly influenced by the crystalline volume 
and crystallinity of the perovskite phase. Therefore, this 
process often demands reasonable and effective heat treat-
ment conditions. Thus far, several studies have analyzed the 
kinetics of precipitation and the crystal growth of perovskite 
phase [1,1416]. However, to the best of our knowledge, the 
effect of cooling rate on the crystallization of perovskite has 
been rarely reported in the literature. 

In our previous work reported elsewhere, we analyzed 
the integrated crystallization of perovskite in high Ti-bear-
ing BF slag at a specific cooling rate of 30 K/min by using 
confocal scanning laser microscopy (CSLM) [17]. Accord-
ing to that study, the growth of perovskite proceeds via a 
specific growth path, as shown in Fig. 1. In the present study, 
we have investigated the effect of cooling rate on the non- 
isothermal crystallization of perovskite in high Ti-bearing 
slag by using CSLM.  

 
Fig. 1.  Schematic representation illustrating the different 
stages of perovskite crystallization at the cooling rate of 30 
K/min, as observed by using confocal scanning laser micros-
copy. Perovskite crystals precipitate at 1703 K and subse-
quently grow as three particles, which form a triangle. As the 
temperature is decreased, the growth of perovskite proceeds 
via the successive appearance of particles along the extension of 
the triangle, and finally present snowflake and furcation-     
shaped morphologies. 

2. Experimental 

2.1. Materials and sample preparation 

Herein, high Ti-bearing slag was designed based on in-
dustrial slag, the composition of which is shown in Table 1. 
The slag was prepared by pre-melting 100 g of a chemical 
reagent powder mixture consisting of reagent grade CaO 
(98%), MgO (98%), SiO2 (99%), TiO2 (99%), and Al2O3 
(98%) powders with the composition shown in Table 1. The 
mixture thus obtained was dried at 393 K for 6 h. Following 
that, the mixture was transferred to a molybdenum crucible 

(inner diameter of 50 mm and height of 80 mm) and heated 
to 1773 K at a heating rate of 300 K/h in a MoSi2 furnace 
under argon atmosphere. The heated mixture was main-
tained at the designated temperature for 1 h to obtain a ho-
mogenized slag. After melting, the slag was cooled in water 
and made into small slag samples of 7 mm in diameter and 3 
mm in height for performing CSLM experiments. The slag 
was also analyzed by X-ray fluorescence spectroscopy 
(XRF), and the corresponding result is shown in Table 1. 

Table 1.  Chemical composition of industrial slag and ex-
perimental synthesized slag                 wt% 

Slag type TiO2 CaO SiO2 Al2O3 MgO MoO3 Total

Industrial slag 22.34 26.96 24.21 14.35 8.32 0  96.18

Synthesized slag 23.00 28.80 26.20 14.00 8.00 0 100.00

Composition, as
analyzed using XRF

22.42 28.79 25.40 14.28 7.64 1.47 100.00

Note: In XRF result, the trace impurities (Fe, K, P, Cr, C, and N) 

were ignored and the major species were normalized to give a total 

of 100%. It was assumed that MoO3 had little effect on the experi-

ments. 

2.2. CSLM experiment 

In the present study, the perovskite crystallization behav-
ior was observed in situ by using CSLM equipped with an 
infrared furnace (VL2000DX, Lasertec). Compared with the 
conventional methods of studying the crystallization process, 
such as quenching followed by microscopy, or hot-stage 
microscopy, CSLM is a new advanced technology that of-
fers the advantages of a higher resolution and real-time in 
situ observations of transient phenomena at higher tempera-
tures (up to 1973 K) [1819]. Despite these advantages, 
CSLM has rarely been used for studying the complex melt-
ing and solidification behavior of slag. 

In the typical experiment, the slag samples were cleaned 
by ultrasonication, prior to CSLM analysis. The cleaned slag 
was then placed in a platinum crucible (inner diameter of 8 
mm and height of 5 mm) that was placed on a platinum 
holder in an infrared furnace. Prior to heating, the infrared 
furnace was evacuated and back-filled with argon (Ar > 
99.999 %) alternately thrice, in order to ensure complete 
removal of air from the furnace. The moisture and oxygen 
contents in the argon were removed by using a purifier pro-
vided with the CSLM. Subsequently, the slag sample in the 
crucible was heated to 1773 K at a fixed heating rate of 300 
K/min. The slag was maintained at that temperature for 5 
min, followed by cooling down to 1373 K at a certain cool-
ing rate (Fig. 2). The experimental cooling rates were varied 
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from 10 to 50 K/min. The temperature was measured by us-
ing a B-type thermocouple welded to the bottom of the 
platinum holder. The temperature accuracy of the CSLM 
was confirmed by melting experiments of pure copper 
(melting point: 1356 K) and pure nickel (melting point: 
1726 K). Fig. 3 shows the schematic diagram of the experi-
mental apparatus with the sample. The entire process of 
crystallization as a function of decreasing temperature was 
recorded in situ using the computer interfaced with the 
CSLM. Furthermore, the polished surfaces of the cooled 
samples were examined using a scanning electron micro-
scope (SEM, TESCAN VEGA II) in the back-scattered 
electron (BSE) mode. The chemical composition and phase 
of the samples were analyzed by using an energy dispersive 
X-ray spectrometer (EDS, Oxford INCA Energy 350) 

equipped with the SEM and X-ray diffraction (XRD: D/max 
2500PC), respectively.  

 

Fig. 2.  Temperature profile of the CSLM experiment. 

 
Fig. 3.  Schematic diagram of the CSLM apparatus and the sample. 

3. Results  

3.1. Crystallization of the slag, as observed by using 
CSLM 

In principle, the surface of the liquid slag keeps fluctuat-
ing due to the effect of surface tension driven flow. There-
fore, in the early stages of the solidification process, crystals 
moved in and out of the viewing field, following the move-
ment of liquid slag. Figs. 4–8 show the crystallization of the 
slag at different cooling rates. As is seen, the slag continues 
to remain as liquid until above 1733 K, as evidenced from 
the liquid phase presented in bright white color. 

In the case of the crystallization process corresponding to 
the cooling rate of 10 K/min, crystals begin to appear as 

quasi-particles at 1733 K. Initially, we could observe one 
quasi-particle, following which new quasi-particles appear 
successively in the opposite directions along a straight line 
with the first quasi-particle, facilitating the crystal growth 
(Figs. 4(a)–4(d)). At temperatures below 1703 K, as the 
cooling continues, more crystals begin to appear with the 
successive formation of quasi-particles in straight lines. 
Consequently, the crystals continue to coarsen, while the 
amount of the liquid phase in the system continues to de-
crease (Figs. 4(e)–4(l)).  

Meanwhile, when the slag is cooled at 20 K/min, the 
primary phase appears as three quasi-particles at 1719 K 
(Fig. 5(a)) and moves out of the viewing field. Later on, 
larger sized crystals appear below 1703 K. The crystals have 
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Fig. 4.  CSLM images revealing the crystallization of slag at the cooling rate of 10 K/min. 

 
Fig. 5.  CSLM images revealing the crystallization of slag at the cooling rate of 20 K/min. 

a close orthogonal morphology with quasi-particles along 
the straight lines. With decrease in temperature, the crystals 
continue to grow along the orthogonal directions, such that 
the new quasi-particles are aligned successively. This leads 
to the formation of a closely spaced structure presumably 
made up of dendrites with quasi-particles at the dendritic 
tips (Figs. 5(b)–5(h)).  

Similarly, at the cooling rate of 30 K/min, a single 
quasi-particle appears at 1717 K (Fig. 6(a)). The growth 
mode of the crystals is analogous to that observed at the 
cooling rate of 10 K/min (Fig. 6(b)–6(h)). 

On the other hand, at the cooling rate of 40 K/min, the 

first crystal appears at around 1687 K, which subsequently 
streams away. Later on, three crystals drift into the viewing 
field at around 1637 K (Fig. 7(a)). The growth of the three 
crystals is such that the quasi-particles are aligned succes-
sively along straight lines. Intriguingly, the three big 
quasi-particles (1#, 2#, 3#) form a regular triangular shaped 
crystal (as indicated by the symbol I in Fig. 7(a)), unlike the 
crystal morphologies obtained at lower cooling rates men-
tioned before. Furthermore, with decrease in temperature, 
the line formed by the quasi-particles of one crystal inter-
sects with the biggest quasi-particle at almost 60° (Fig. 7(d)), 
facilitating the formation of a snowflake morphology.  
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Fig. 6.  CSLM images revealing the crystallization of slag at the cooling rate of 30 K/min. 

 

Fig. 7.  CSLM images revealing the crystallization of slag at the cooling rate of 40 K/min. 

 
Fig. 8.  CSLM images revealing the crystallization of slag at the cooling rate of 50 K/min. 

Fig. 8 shows the crystal appearing in the viewing field at 
1693 K, corresponding to the cooling of 50 K/min. The 
crystal presents snowflake morphology, with an angle of 60° 
between the six legs (Fig. 8(c)). The six legs of the snow-
flake separate the visible liquid phase into six sections. In 
each section, the new quasi-particles appear along the 
straight lines. With decrease in temperature, the crystal 
coarsens, followed by the gradual reduction of the liquid 
phase.  

The melting point of the high-Ti-bearing slag is about 
1723 K. During the CSLM experiment, the temperature at 
which the crystal first appears in the viewing field might not 
be the actual crystallization temperature. Rather, the primary 
phase might have been produced under the surface of liquid 
slag or outside the viewing field. Nevertheless, the trend 
shown in Fig. 9 indicates that the crystallization temperature 
decreases at higher cooling rates. In short, the higher the 
cooling rate, the higher the degree of supercooling is [20].  
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Fig. 9.  Plot showing temperature at which crystals begin to 
appear in the slag surface at different cooling rates. 

3.2. SEM and XRD analyses 

Fig. 10 illustrates the XRD patterns of the samples cooled 
at different cooling rates. As can be seen from the diffrac-
tion patterns, the main crystalline phase in the samples is 
perovskite, which coexists with other phases such as 
MgAl2O4 and CaMgSi2O6. Besides, the XRD result reveals 
some amorphous peaks, indicating that some slag still re-
mains in the glassy phase (without complete crystallization) 
under the current experimental conditions. Fig. 11 shows the 
BSE images of the polished surface of the slag samples after 
the CSLM experiments. As is seen, the crystals exhibit 
snowflake, dendritic, and orthogonal morphologies, similar 
to results observed in CSLM, which are the typical charac-

teristics of the perovskite structure. In addition, the BSE 
images reveal that the crystals are denser, finer, with several 
branches, and smaller dendrite arm spacing, at higher cool-
ing rates. Fig. 12 shows the elemental distribution of the 
polished surface of the slag sample cooled at the rate of 10 
K/min. Fig. 13 shows the polished surface of the slag sam-
ple cooled at the cooling rate of 20 K/min. The correspond-
ing chemical compositions of spots 1, 2, and 3 in Figs. 12 
and 13 are summarized in Table 2. As evidenced from the 
results, the crystals mainly consist of Ti, Ca, and O with 
their atomic ratio close to 1:1:3, suggesting that the crystals 
are perovskite. The other regions without distinct crystal 
morphology mainly contain Ca, Si, Mg, Al, and O.  

 
Fig. 10.  XRD patterns of samples cooled at different cooling 
rates: (a) 10 K/min; (b) 20 K/min; (c) 30 K/min; (d) 40 K/min; 
(e) 50 K/min. 

 
Fig. 11.  BSE images of polished sample surfaces after the CSLM experiment. 
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Fig. 12.  BSE image (a) and EDS elemental mapping (b,c) of the slag sample cooled at the cooling rate of 10 K/min. 

 
Fig. 13.  BSE image of the perovskite section cooled at the 
cooling rate of 20 K/min. 

Table 2.  EDS spot scanning results of spots 1, 2, and 3 in Figs. 
12 and 13                        at% 

Spot 
No. 

Ti Ca Si Al Mg O Total
x in 
TiOx

1 22.59 21.56 <0.01 <0.01 <0.01 55.84 99.99 1.52

2  3.16 10.45 17.68  9.47  5.79 53.45 100.00 —

3 20.44 18.91 <0.01 <0.01 <0.01 60.65 99.99 2.04

 

4. Discussion 

4.1. Crystalline phase and growth of crystals 

To gain a comprehensive understanding of the crystalli-
zation process, the equilibrium phases of the Ti-bearing slag 
synthesized at different temperatures were calculated by us-
ing FactSage 6.3 (Fig. 14). According to the equilibrium 
phase diagram, the melting point of the slag is 1703 K, and 
perovskite is the primary phase formed during the cooling of 
slag. 

 
Fig. 14.  Theoretical isothermal phase composition of the 
synthesized slag. Clinopyroxene: CaMgSi2O6, CaAl2SiO6, 
CaMgAlSiO6, and CaAlSi2O6; titania spinel: MgAl2O4; 
perovskite: Ca2Ti2O6 and Ca2Ti2O5. 

Correlating the analytical and calculated results, it can be 
concluded that the crystals observed in the CSLM experi-
ment are perovskite. Other phases reported in XRD analysis 
and theoretical calculations were not observed, probably 
because the amounts are too small to be detected or the other 
phases do not have clear crystal morphology.  

According to the experimental results, the perovskite 
crystals grow by the successive appearance of quasi-par-
ticles along straight lines, which further extended in certain 
directions to form various dendritic morphologies, including 
fork, orthogonal, and snowflake shapes. The crystals are 
first produced under the surface of liquid slag, and the 
quasi-particles aligned on the slag surface are the dendritic 
tips that come from the same dendrite arm. The crystals ob-
served in the BSE images are the sections of the dendrites.  

4.2. Effect of cooling rate on the structure of perovskite  

Results obtained in this study indicate that the morphol-
ogy and growth of perovskite is closely related to cooling 
rate. Figs. 4–8 indicate that the dendritic arms cross obli-
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quely at cooling rates of 10 and 30 K/min, while the den-
dritic arms are orthogonal at the cooling rate of 20 K/min, 
and intersect at an angle of 60° at the cooling rates of 40 and 
50 K/min. The observed variations in the microstructure 
clearly indicate that the crystal structure of perovskite 
changes with cooling rate. 

The chemical formula of perovskite is CaTiO3, in which 
the two cations Ca and Ti are of very different sizes. And, O 
is the anion that bonds to both the cations. The ideal cu-
bic-symmetry structure is characterized by the Ca cations in 
6-fold coordination, surrounded by an octahedron of anions, 
while the Ti cation exists in 12-fold cubo-octahedral coor-
dination. This structural arrangement is valid only when all 
the Ti ions in the crystal exist in the Ti4+ state. When some 
Ti3+ ions are present in the system, there is a corresponding 
reduction in the number of O2 ions in the lattice. Conse-
quently, the lattice distorts slightly to form several 
lower-symmetry distorted versions, such as orthorhombic, 
tetragonal, or trigonal structures [21]. 

If perovskite has an ideal cubic-symmetry structure, then 
the crystal morphology is an isometric dendrite with or-
thogonal intersection of dendritic arms, as that observed at 
the cooling rate of 20 K/min. On the other hand, oblique 
crossing of dendritic arms suggests the orthorhombic struc-
ture of perovskite at the cooling rates of 10 and 30 K/min. 
For the cooling rates of 40 and 50 K/min, the crystals have a 
snowflake shape, suggesting the hexagonal structure of 
perovskite, as shown in Fig. 15. 

 

Fig. 15.  Surface morphology and structure of perovskite 
formed at different cooling rates. 

According to the equilibrium phase diagram obtained 
using FactSage, perovskite is modeled as a solid solution of 
Ca2Ti2O6 and Ca2Ti2O5, wherein Ti exists in both Ti4+ and 
Ti3+ states. Comparing the atomic percentage of Ti and O 

elements in perovskite crystals at cooling rates of 10 and 20 
K/min shown in Table 2, it is supposed that the perovskite is 
composed of TiO2, when the slag was cooled at the rate of 
20 K/min. On the other hand, the crystals are partly formed 
by Ti2O3, instead of TiO2, at the cooling rate of 10 K/min. 
The crystal structure with TiO2, which contains full amount 
of O2, makes the ideal perovskite cubic structure with the 
chemical formula of Ca2Ti2O6. However, in the presence of 
Ti2O3 in perovskite with the formula Ca2Ti2O5, the cubic 
structure tends to distort because of the deficiency of O2 in 
the system. To further investigate the formation of perovs-
kite, we calculated the phase diagram of CaO–Ti2O4–Ti2O3– 
SiO2–MgO–Al2O3 with a fixed amount of SiO2–MgO– 
Al2O3 at 1673 K (Fig. 16). Results indicate that the pero-
vskite can form in any proportion of Ti2O3 and TiO2 under 
the given conditions. Accordingly, the distortion of the per-
ovskite structure can be attributed to the deficiency of O2.  

 
Fig. 16.  Equilibrium phase diagram of CaO–Ti2O4–Ti2O3– 
SiO2–MgO–Al2O3 with a fixed amount of SiO2–MgO–Al2O3 at 
1673 K and 101 kPa. The mole fraction: SiO2/Z = 0.663, 
MgO/Z = 0.302, Al2O3/Z = 0.209, where Z = CaO + Ti2O4 + 
Ti2O3. 

In principle, the existence of Ti2O3 can be related to the 
oxygen potential condition. To further understand the effect 
of oxygen potential on the transformation from Ti4+ to Ti3+ 
states, we calculated the equilibrium phases of the slag with 
the addition of H2 using FactSage. As can be seen from Fig. 
17(a), the perovskite phase can also be modeled as a solu-
tion of Ca2Ti2O6 and Ca2Ti2O5 (Ti4+ and Ti3+) under reduc-
ing conditions at 1773 K. Besides, the results indicate that 
the amount of perovskite as well as the fraction of Ti3+ in-
crease obviously with increase in reducing conditions 
(simulated by the H2 addition). This implies that the pres-
ence of Ca2Ti2O5 could lead to an increase in the crystalliza-
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tion temperature of perovskite in the slag. As can be seen 
from Fig. 17(b), mild reducing conditions can increase Ti3+ 
in the existing perovskite. In the present study, the 
pre-melting of the slag and the CSLM experiments were 
performed under argon atmosphere, and hence the actual 
oxygen potential state could not be identified. Given the fact 

that the mild reducing conditions lead to the generation of 
Ti3+, it is reasonable to assume the existence of Ca2Ti2O5. 
Besides, the XRF analysis of the synthesized slag indicates 
the formation of MoO3 during the pre-melting process. This 
might change the oxygen potential state, according to the 
reaction 6TiO2 + Mo = 3Ti2O3 + MoO3. 

 
Fig. 17.   Mass change of perovskite, Ca2Ti2O6, and Ca2Ti2O5 in the designed slag 23TiO2 + 28.8CaO + 26.2SiO2 + 14Al2O3 + 8MgO 
(wt%) under reducing conditions at 1773 K (with the addition of H2) (PERO is perovskite): (a) mass change of perovskite, Ca2Ti2O6, 
and Ca2Ti2O5 with the addition of H2; (b) mass fraction change of Ca2Ti2O6 and Ca2Ti2O5 in generated perovskite with the addition 
of H2. 

On the other hand, at higher cooling rates, the perovskite 
structure distortion becomes more obvious. In principle, 
higher cooling rates are associated with a higher degree of 
supercooling, which influences the diffusion rate of ions in 
the slag. In the high Ti-bearing slag, Ti exists as TiO4

4- and 
acts as a network builder, similar to SiO4

4-. When the cool-
ing rate is high, the diffusion rate of TiO4

4- may be lower 
than the anion group formed of Ti3+, thereby promoting the 
formation of Ca2Ti2O5. The presence of more perovskites 
with O2 deficiency leads to more distortion of its structure. 
As a result, the structure and morphology of the dendritic 
perovskite change with the cooling rate.  

5. Conclusions 

(1) Perovskite is the primary phase formed during the 
crystallization of high Ti-bearing slag (TiO2 = 23 wt%). The 
perovskite dendrites precipitate under the slag surface, with 
the dendritic tips growing toward the slag surface. On the 
slag surface, perovskite grows via the successive production 
of quasi-particles along straight lines. They extend in certain 
directions, resulting in the formation of different dendrite 
morphologies, including fork, orthogonal, and snowflake 
shapes. 

(2) The morphology and structure of perovskite vary as a 
function of cooling rate. The dendritic arms of the 
perovskite cross obliquely at the cooling rates of 10 and 30 

K/min, while the dendritic arms cross orthogonally at the 
cooling rate of 20 K/min, and intersect at an angle of 60° at 
the cooling rates of 40 and 50 K/min. The three crystal 
morphologies respectively correspond to orthorhombic, cu-
bic, and hexagonal crystal structures of perovskite. 

(3) The observed change in the perovskite structure is 
probably caused by the following reasons. (i) Under the 
given experimental conditions, Ti2O3 exists in the slag, re-
sulting in perovskite with formula of Ca2Ti2O5 (Ti3+). Be-
sides, corresponding O2 deficiency leads to the distortion of 
the ideal cubic structure of Ca2Ti2O6 (Ti4+). (ii) Cooling rate 
affects the diffusion rate of Ti4+ and Ti3+, leading to different 
proportions of Ca2Ti2O5 and Ca2Ti2O6 in the perovskite, im-
plying different degrees of deformation. 
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