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ABSTRACT: Al2O3–TiO2–CaO-based ferrotitanium slag is a waste slag generated during ferrotitanium-

alloy smelting. At present, the TiO2 resource (about 15 wt.%) in ferrotitanium slag has not been effectively 

utilized. In this study, aluminothermic reduction was used to extract Ti and prepare a Ti–Si alloy, while the 

low-density Al2O3–CaO-based molten tailing slag floating on the Ti–Si melt was separated to fabricate 

CA–CA2 tailing-slag cement. The TiO2 content decreased from 14.42 wt.% in the ferrotitanium slag to 1.63 

wt.% in the tailing slag. The Ti–Si alloy was mainly composed of Ti5Si3 and Ti5Si4. The mineral 

composition and hydration behavior of the CA–CA2 tailing-slag cement were similar to those of 

commercial calcium aluminate cement Secar71. Under the adopted preparation and testing conditions, the 

mechanical strength of the tailing-slag cement paste reached approximately 85% of that of Secar71, 

indicating its potential as an alternative refractory binder. The co-production of Ti–Si alloy and CA–CA2 

tailing-slag cement provides a potential route for the value-added utilization of ferrotitanium slag. 

Keywords: Ferrotitanium slag; Ti extraction; Aluminothermic reduction; Ti–Si alloy; Tailing slag cement 

 

1. Introduction 

Ferrotitanium slag is a byproduct of ferrotitanium alloy smelting by aluminothermic method [1–5]. The 

yield of ferrotitanium alloy and ferrotitanium slag is close to 1:1. It is a metallurgical solid waste with main 

compositions belonging to CaO–Al2O3–TiO2–Ti2O3 high temperature phase system [6,7]. Furthermore, 

some high-temperature molten phases exist in the waste slag in a metastable state, which makes the phases 
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of the ferrotitanium slag complex. Massive accumulation of ferrotitanium slag not only pollutes the 

environment, but also causes waste of resources [8]. Therefore, it is urgent to make full use of ferrotitanium 

slag. Researchers found that ferrotitanium slag is an excellent refractory raw material, which has the 

advantages of high refractoriness, good slag corrosion resistance, and low thermal conductivity [9–12]. 

Zhang et al. [13] prepared Al2O3–TiO2–CaO composites by replacing bauxite with ferrotitanium slag. It is 

concluded that with the increase of sintering temperature, Ca((Al0.84Ti0.16)2)6O19 in ferrotitanium slag was 

decomposed to CaAl12O19, and the components containing Ti were dissolved and formed free rutile and 

CaTiO3. Li et al. [14] used ferrotitanium slag instead of corundum as raw material, and found that 

ferrotitanium slag refractory was prone to crack propagation in the oxidation environment above 1280 °C, 

which provided valuable suggestions for improving the application stability of recycled raw refractory products. 

However, ferrotitanium slag is mainly used as a cheap, low-grade raw material to produce building 

materials, ceramics, and refractories at present [15–17]. The rich Ti resource (about 15 wt.% TiO2 in 

ferrotitanium slag) could not be effectively applied. 

Titanium silicides, particularly Ti5Si3, have been investigated as potential high-temperature materials 

because of their high melting point, relatively low density, and oxidation and creep resistance [18–23]. Ti–

Si alloys may also serve as precursors or metallurgical intermediates for silicide-containing materials. 

However, the product obtained in this work is a multiphase Ti–Si alloy rather than a structural titanium alloy, 

and further refining and application-specific evaluation are required. Therefore, recovering Ti from ferrotitanium 

slag in the form of a Ti–Si alloy may provide a route for value-added resource utilization [24–27]. 

Further, Ti extraction from ferrotitanium slag produces a CaO–Al2O3-based tailing slag. This tailing 

slag can potentially be used to fabricate calcium aluminate cement similar to Secar71. Secar71 is a 

commonly used binder for refractory castables [28–31]. Its main mineral phases are CaAl2O4 (CA) and 

CaAl4O7 (CA2) [32,33]. CA is the principal hydraulic phase and is mainly responsible for early strength 

development. Developing an alternative binder from tailing slag may improve the overall resource 

efficiency of the process. 

In this article, the aluminothermic reaction was used to extract Ti from ferrotitanium slag. The Ti–Si 

alloy and CA–CA2 based tailing slag cement were designed as target products to realize high value-added 

application of ferrotitanium slag. 

2. Experimental Procedures 

Ferrotitanium slag (1–0 mm), lime (3–0 mm), Al particles (2.5–0 mm), and SiO2 powder (0.073–0.075 

mm) were used as raw materials. Their chemical compositions are listed in Table 1. The raw-material ratio and 

target-product compositions were designed based on the chemical compositions and thermodynamic calculations. 

The industrial trial used 3400 kg of ferrotitanium slag, 358.7 kg of Al particles, 225.4 kg of SiO2 

powder, and 1078.1 kg of lime, giving a total charge of 5062.2 kg. First, 1000 kg of the charge was placed 

in the bottom of an 800 kW electric arc furnace and heated by arc ignition until molten; the remaining 

charge was then added gradually using a bucket elevator and screw feeder. The total smelting time was 8 

h. After smelting, the products were furnace-cooled to room temperature and manually recovered, yielding 

284 kg of alloy and 4551 kg of tailing slag. The industrial operation was controlled by the recorded furnace 

power and processing time; a continuous melt-temperature history, numerical heating/cooling rates, and a 

separate isothermal holding stage were not recorded. 

Table 1. The chemical compositions of raw materials for the aluminothermic method (wt.%). 

Raw Materials TiO2 Al2O3 CaO MgO SiO2 Fe2O3 Fe Al Si Ca Mn 

Ferrotitanium slag 14.42 72.45 10.01 1.48 0.69 0.61      

Al       1.1 95.5 0.4 0.03 0.66 

Lime   91.5  1.2       

SiO2 powder     ≥95       
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The tailing slag was crushed and ground to pass a 0.044 mm sieve. The mechanical strength of the CA–

CA2-based tailing-slag cement was tested according to Chinese standard GB/T 201-2015. Paste specimens 

(140 mm × 25 mm × 25 mm) were prepared at a water-to-cement ratio of 0.3, kept in a cement-curing box 

until demoulding, and then cured in water for 1, 3, 7, and 28 d before testing. Particle-size distribution and specific 

surface area were not independently measured in the original industrial program; therefore, the comparison 

with Secar71 is treated as a preliminary performance comparison under the adopted preparation conditions. 

Thermodynamic and slag-viscosity calculations were performed using FactSage software 8.1. Phase 

compositions were analyzed using an X’Pert Pro powder X-ray diffractometer (Philips, Eindhoven, The 

Netherlands) at 40 kV and 40 mA with a scan rate of 0.02°·s−1, and the phases were identified using 

HighScore Plus 3.0e (3.0.5) and the ICDD database. Field-emission scanning electron microscopy (SEM, 

NovaNanoSem400, FEI Company, Hillsboro, OR, USA) was used to observe the microstructure, and 

elemental compositions were examined by energy-dispersive spectroscopy. Hydration heat was measured 

using a TAM Air isothermal calorimeter (TA Instruments, New Castle, DE, USA) at 20 °C with 15 g of 

powder and a water-to-cement ratio of 0.3. 

3. Results and Discussion 

3.1. Thermodynamic Analysis and Design of Aluminothermic Reduction 

As shown in Table 1, ferrotitanium slag is mainly composed of Al2O3, CaO, and TiO2, with small 

amounts of MgO, SiO2, and Fe2O3. As indicated in Figure 1, the direct aluminothermic reduction of MgO 

and CaO is thermodynamically less favorable than that of TiO2, SiO2, and Fe2O3. Nevertheless, MgO and 

CaO may participate in the formation of slag phases containing CaTiO3 and MgAl2O4, while the oxides of 

Ti, Si, and Fe may undergo competing aluminothermic reduction reactions. 

 

Figure 1. Standard Gibbs free energy changes of reactions between Al and different oxides in ferrotitanium slag. 

Therefore, the extraction of Ti was designed by reference to the Fe–Si–Ti ternary phase diagram shown 

in Figure 2. The diagram was used only as a qualitative composition-design guide because the actual system 

also contained Al, O, Ca, and Mg. Ti5Si3 was selected as the target alloy phase because of its stability in 

the Ti-rich composition region and its high melting point. For the reduction of ferrotitanium slag, the charge 

was designed to convert TiO2 toward Ti5Si3 formation. SiO2 powder was added as a supplementary Si 

source and composition-adjusting reagent. The reaction is shown in Equation (1). 

(s)O16Al(s)Si3Ti(s)9SiO32Al(l)(s)15TiO 323522 +=++   

ΔGθ = −5,443,388.08 + 140.79T (1) 
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After the reaction of Ti extraction, Ti–Si melt formed and sank to the bottom because of its high density. 

The CaO–Al2O3 based molten tailing slag floated upon the Ti–Si melt. Since Al was used as a reducing 

agent, the content of A12O3 in the tailing slag was high, which resulted in high Al2O3 tailing slag with high 

viscosity and poor fluidity. It was difficult to separate the alloy melt from the tailing slag. 

 

Figure 2. Fe–Si–Ti ternary phase diagram. 

The viscosities of slags with different Al2O3/CaO ratios were calculated using the FactSage Viscosity 

module and are shown in Figure 3. Increasing the CaO content and temperature decreased the calculated 

viscosity. An Al2O3/CaO mass ratio in the range of 1–2 was therefore selected to improve slag fluidity. 

After cooling, the adjusted composition favored the formation of CaAl2O4 (CA) and CaAl4O7 (CA2), similar 

to the principal phases of commercial calcium aluminate cement Secar71. Lime was added to adjust the 

nominal Al2O3/CaO mass ratio to 70/30. 

CaO(s)  +  Al2O3(s)  =  CaAl2O4(s)  

ΔGθ = −24,042.13 − 19.04T (2) 

CaO(s)  +  2Al2O3(s)  =  CaAl4O7(s)  

ΔGθ = −30,462.22 − 26.88T (3) 
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Figure 3. Calculated viscosity (Pa·s) of CaO–Al2O3-based slags with different Al2O3/CaO ratios. 

The ferrotitanium slag was reduced by Al to extract Ti, and SiO2 powder was used as a supplementary 

Si source and composition-adjusting reagent for titanium-silicide formation. Lime was added to the CaO–

Al2O3-based molten tailing slag to reduce its viscosity and adjust its composition. Slag–the density 

difference promoted metal separation, improved slag fluidity, metallic-droplet coalescence, and 

gravitational settling. Ti–Si alloy and CA–CA2-based tailing-slag cement were obtained after cooling. 

In conclusion, Ti5Si3-containing Ti–Si alloy and CA–CA2-based tailing-slag cement were designed as 

the target products for the value-added utilization of ferrotitanium slag. As shown in Figure 4, ferrotitanium 

slag, Al, SiO2 powder, and lime were used to simultaneously fabricate Ti–Si alloy and CA–CA2-based 

tailing-slag cement through aluminothermic reduction, slag–metal separation, and cooling crystallization. 

 

Figure 4. Schematic diagram of high value resource utilization of ferrotitanium slag. 

3.2. Analysis of Smelting Products 

3.2.1. Ti–Si Alloy 

The XRD pattern of the Ti–Si alloy is shown in Figure 5. The main phases were Ti5Si3 and Ti5Si4, with 

a small amount of an Fe–Ti–Si-rich phase. Small amounts of Al2O3 and MgAl2O4 inclusions were also 

detected. Although the charge was designed according to the stoichiometry of Ti5Si3, local Ti/Si variations 

during reduction, metallic-droplet coalescence, and non-equilibrium solidification may have promoted the 

coexistence of Ti5Si3 and Ti5Si4. Therefore, the product is regarded as a multiphase Ti–Si alloy rather than 

phase-pure Ti5Si3. 
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Figure 5. XRD pattern of alloy. 

The microstructure of the Ti–Si alloy is shown in Figure 6, and the EDS results are listed in Table 2. 

The alloy was relatively compact, with few pores and cracks. An Al2O3-rich inclusion was observed at point 

1, and an Mg–Al–O-rich inclusion was observed at point 5, consistent with the Al2O3 and MgAl2O4 phases 

identified by XRD. A Ti-rich region was observed at point 2, while points 3, 6, and 7 were mixed regions 

mainly containing Ti, Si, Al, and Fe. 

 

Figure 6. SEM images of Ti–Si alloy. 

Table 2. Chemical composition of each point in Figure 6. 

Point Al Ti Si Fe O Mg Mn 

1 43.71 — — — 54.03 2.26 — 

2 — 100 — — — — — 

3 24.84 27.58 25.79 21.79 — — — 

4 — 81.18 18.82 — — — — 

5 43.26 — — — 37.56 19.18 — 

6 2.46 67.87 26.03 3.64 — — — 

7 9.81 37.39 35.84 15.52 — — 1.44 

The chemical composition of the Ti–Si alloy is shown in Table 3. The main elements were Ti, Si, Al, 

and Fe, while the contents of S, P, and Cu were low. The relatively high C content may be related to the 
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graphite electrode. The bulk Al content may include Al dissolved in the alloy as well as Al-bearing oxide 

inclusions entrained during slag–metal separation. 

Table 3. Chemical compositions of Ti–Si alloy (wt.%). 

Ti Si Al Fe O C Mg Cu P S 

57.24 20.44 10.22 6.52 2.27 1.67 1.24 0.18 0.02 0.01 

3.2.2. CA–CA2 Based Tailing Slag 

The XRD pattern of the tailing slag is shown in Figure 7. The main phases were CA2 and CA. CA is the 

principal hydraulic phase, whereas CA2 generally exhibits lower hydraulic reactivity at room temperature. 

 

Figure 7. XRD pattern of tailing slag. 

The microstructure of the tailing slag is shown in Figure 8. The slag was well crystallized. Because it was 

furnace-cooled, the relatively slow cooling process provided sufficient time for crystal nucleation and growth. 

 

Figure 8. SEM image of tailing slag. 

The chemical composition of the tailing slag is shown in Table 4. Al2O3 and CaO were the main 

components, together accounting for 94.70 wt.%, while the TiO2 content was 1.63 wt.%. The TiO2 

concentration decreased from 14.42 wt.% in the feed slag to 1.63 wt.% in the tailing slag. Because the total 

slag mass changed due to Al oxidation and lime addition, this decrease in concentration is not reported as 

a true Ti recovery. The Al2O3/CaO mass ratio was 69.55/25.15, close to the design target of 70/30. After 
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aluminothermic reduction, a Ti–Si alloy mainly containing Ti5Si3 and Ti5Si4, and a CA–CA2-rich tailing 

slag were obtained. 

Table 4. Chemical composition of tailing slag (wt.%). 

TiO2 Al2O3 CaO MgO Fe2O3 SiO2 K2O Na2O 

1.63 69.55 25.15 1.66 0.12 0.71 0.005 0.045 

3.3. Hydration Performance Analysis of CA–CA2 Based Tailing Slag 

3.3.1. Hydration Heat Release of Tailing Slag 

The hydration heat-flow and cumulative-heat curves of the tailing slag and Secar71 cement are shown 

in Figures 9 and 10. The first exothermic peak appeared 4 min after the addition of water. The initial heat-

flow rate of the tailing slag (28.1 mW·g−1) was lower than that of Secar71 (38.5 mW·g−1), reflecting 

differences in wetting and dissolution. The second exothermic peak of the tailing slag occurred 

approximately 14 h later than that of Secar71. Because particle-size distribution and specific surface area 

were not independently measured, this delay cannot be attributed solely to phase composition or impurities. 

Most of the heat was released during this stage, and the cumulative hydration heat of the tailing slag (260.9 

J·g−1) was close to that of Secar71 (255.9 J·g−1). 

  

Figure 9. Hydration heat flow of tailing slag and Secar71 cement: (a) 0–40 min; (b) 0–4 d. 

  

Figure 10. Hydration heat of tailing slag and Secar71 cement: (a) 0–40 min; (b) 0–4 d. 

https://doi.org/10.70322/htm.2026.10018


High-Temp. Mater. 2026, 3(3), 10018. doi:10.70322/htm.2026.10018 9 of 14 

3.3.2. The Setting Time of Tailing Slag 

The standard-consistency water demand, fluidity, and initial and final setting times of the tailing slag 

and Secar71 are listed in Table 5. Compared with Secar71, the tailing slag had a slightly higher standard-

consistency water demand (28.1%), a slightly lower fluidity (12.8 cm), and longer initial (90 min) and final 

(179 min) setting times. The longer setting time may reflect the combined effects of powder fineness, phase 

composition, crystallinity, and minor Ti- and Mg- bearing phases; the present data do not distinguish their 

individual contributions. Overall, the hydration and hardening behavior were comparable to that of 

commercial calcium aluminate cement. 

Table 5. The physical properties of tailing slag and Secar71 cement. 

Raw Materials 
Standard Consistency 

Water Consumption/% 
Degree of Fluidity/cm 

Setting Time/min 

Initial Set Final Set 

Tailing slag 28.1 12.8 90 179 

Secar 71 27.5 14.1 75 167 

3.3.3. Hydration Strength of Tailing Slag 

The cold modulus of rupture and cold crushing strength of the tailing-slag and Secar71 cement pastes 

at different curing ages are shown in Figure 11. The strength of the tailing-slag paste increased with curing 

age. Under the adopted preparation and testing conditions, the strength at different ages reached 

approximately 85% of that of Secar71. Because particle size, specific surface area, and quantitative phase 

fractions were not independently controlled, the strength difference cannot be assigned to a single cause 

and may reflect the combined effects of fineness, crystallinity, phase proportions, and minor Ti- and Mg-

bearing phases. The comparison is descriptive, and complete specimen-level replicate records were not 

available for additional statistical reanalysis. 

  

Figure 11. The mechanical performances of tailing slag and Secar71: (a) modulus of rupture of paste; (b) crushing strength of paste. 

3.3.4. Analysis of Hydrate Phase of Tailing Slag 

The XRD patterns of the hydrated tailing-slag samples are shown in Figure 12. At 1, 3, 7, and 28 d, the 

main detected phases were CA2 and C3AH6, together with small amounts of CA and AH3. With increasing 

hydration age, the CA2 peak intensity decreased slightly, and the C3AH6 peak intensity increased. However, 

changes in individual diffraction peak intensities are insufficient to quantify CA2 hydration, as preferred 

orientation and sample preparation may also affect peak intensities. 
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Figure 12. XRD patterns of hydration samples at different periods. 

Compared with Figure 7, the lower intensities of the CA and CA2 peaks are consistent with the progress 

of hydration, although the individual contributions of the two phases cannot be quantified from the present 

qualitative XRD data. Hydration involves surface hydroxylation and dissolution, producing Ca2+ and 

Al(OH)4
− species in the aqueous phase [34–36], as represented by Equation (4) [37]. 

CaAl2O4 + 4H2O = Ca2+ + 2Al(OH)4
− (4) 

The dissolved Ca2+ and Al(OH)4
− species subsequently precipitated as calcium aluminate hydrates. 

Because the earliest XRD measurement was conducted at 1 d, metastable CAH10 and C2AH8 may have 

formed at earlier ages and subsequently converted before the first measurement, or their contents may have 

been below the XRD detection limit. 

3.3.5. Analysis of Hydration Morphology of Tailing Slag 

The microstructure of tailing slag after hydration at different ages is shown in Figure 13. After 1 d 

hydration (Figure 13a,b), cubic C3AH6 appeared in the sample, but the amount was small, the crystal 

development was not perfect, and the distribution was relatively loose. No dense network structure formed, 

indicating that the degree of hydration of the tailing slag slurry was low after 1 d of hydration. After 3 days 

of hydration (Figure 13c,d), the C3AH6 crystal developed better. It appeared on the surface and in the voids, 

filling the pores of the tailings slag slurry and making the structure denser. Therefore, the mechanical 

strength of the tailing slag slurry after 3 days of hydration was larger. After 7 days of hydration (Figure 

13e,f), a small amount of flake products (C3AH6) formed between the particles. After 28 days of hydration 

(Figure 13g,h), there were some plate-like and columnar hydration products (C3AH6). It was precisely 

because these needle-like, flake-like, and columnar hydrated crystalline products overlapped with the 

aluminum gel and were filled between the voids of the crystal particles that the degree of densification was 

improved, and the hydrated sample obtained high mechanical strength. As mentioned above, the amount 

and morphology of C3AH6 hydration products were significant to the strength. 
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Figure 13. SEM images of tailing slag at different hydration periods: (a,b) 1 d; (c,d) 3 d; (e,f) 7 d; (g,h) 28 d. 

Based on the recorded industrial charge, treatment of 1 t of ferrotitanium slag required approximately 

105.5 kg Al, 66.3 kg SiO2 powder, and 317.1 kg lime. The nominal furnace-energy input calculated from 

800 kW for 8 h was approximately 1882 kWh per tonne of feed slag. These values show that reagent and 

energy consumption must be considered when evaluating scale-up. The present study demonstrates 

technical co-production feasibility; a full techno-economic and environmental assessment requires verified 

industrial electricity consumption, emissions, dust recovery, product refining, and market-quality data. 
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4. Conclusions 

Aluminothermic reduction was used to extract Ti from ferrotitanium slag, and SiO2 powder was used 

as a supplementary Si source and composition-adjusting reagent for Ti–Si melt formation. Lime was added 

to reduce the viscosity and adjust the composition of the CaO–Al2O3-based tailing slag. The alloy melt and 

molten slag were separated by the combined effects of density differences, slag fluidity, and gravitational 

settling, yielding Ti–Si alloy and CA–CA2-based tailing-slag cement upon cooling. 

(1) The main elements of the alloy were Ti, Si, and Al, and the contents of S, P, and Cu were low. The 

main phases were Ti5Si3 and Ti5Si4. The main mineral phases of the tailing slag were CA and CA2, and 

the Al2O3 (69.55 wt.%) and CaO (25.15 wt.%) contents were close to those of Secar71 cement. The 

TiO2 concentration decreased from 14.42 wt.% to 1.63 wt.%. This concentration change is not 

interpreted as a true Ti recovery without a closed elemental mass balance. 

(2) The CA–CA2-based tailing slag exhibited measurable hydraulic activity. Its hydration products and 

setting behavior were comparable to those of commercial calcium aluminate cement, Secar71. Under 

the adopted preparation and testing conditions, the mechanical strength at 1, 3, 7, and 28 d reached 

approximately 85% of that of Secar71. These results indicate the preliminary potential of the tailing 

slag as an alternative binder for refractory castables, subject to further validation under controlled 

fineness and actual service conditions. 
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