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Abstract: Ternesite (4CaO·2SiO2·CaSO4)-Ye’elimite (3CaO·3Al2O3·CaSO4) (simplified as TY) cement clinker was successfully prepared from steel slag at 1200°C in this study. XRD, TG/DSC and SEM were used to analyze the mineral composition and hydration products of the TY clinker. The sintering process and hydration mechanism of the TY clinker were investigated. Results show that a large amount of ternesite and ye’elimite have been formed at 1200°C, while ternesite has not been decomposed. Clinker minerals include ternesite, ye’elimite, gypsum and a small amount of iron phase. Iron phase from steel slag can promote the formation of liquid phase with the presence of gypsum at 1200°C and thus lead to the coexistence of ternesite and ye’elimite. The compressive strength of TY cement cured at 28 d is 59.5 MPa, which is higher than that of P. II 42.5 cement. This research provides a sustainable and energy-effective way for the reutilization of steel slag, an otherwise valueless waste.
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1  Introduction

Steel slag, a typical large-scale industrial solid waste, has a very low comprehensive utilization rate at present. The large amount of discharged steel slag not only occupies farmland, but also causes serious pollution to soil, groundwater and the air [1–3]. Thus, it has become an important issue which hinders the sustainable development of steel industry. Currently, there are a variety of methods for steel slag utilization, including direct paving materials, or a mixed material for steel slag cement production. However, it is still very difficult to solve the problem of volume instability for steel slag [4]. To eliminate the effect of instability, some researchers used it as a raw material to prepare cement clinker [5]. Studies have shown that when using steel slag in the cement production, the resultant clinker required a lower requirement for water to achieve standard consistency and delayed setting time. In addition, compressive strength of steel slag cement clinker is close to the ordinary cement clinker [6]. Therefore, steel slag can be used as a high-quality raw material in a kiln feed during cement production [7].

It is well established that ye’elimite (3CaO·3Al2O3·CaSO4) is a mineral possessing excellent properties including rapid hydration, high early strength, frost resistance and durability. Its sintering temperature is between 1250 and 1350°C [8,9]. While ternesite (4CaO·2SiO2·CaSO4) has long been considered as a hydrating inert mineral. It can be produced at the temperature range of 1050–1200°C while decomposed above 1250°C [10–16]. Recent studies [9] have shown that aluminum hydroxide ions generated during the hydration of ye’elimite have a significant excitation effect on the hydration of Ternesite and ternesite releases gypsum during the hydration process, which further promotes the formation and stability of ettringite. Since Heidelberg cement company produced BCT (Beilite-Calcium sulphoaluminate-Ternesite) cement clinker at 1250–1350°C [17], the preparation of clinker containing ternesite has become a research hotspot of alite-ye’elimite cement. Shen et al. [9] obtained ternesite-belite-calcium suphoaluminate cement by using bauxite and limestone as raw materials for first thermal insulation at 1270°C for 30 min and then calcined again at 1100–1200°C for 2 h. Commonwealth Scientific and Industrial Research Organisation [18–20] took fly ash and other industrial waste as the main raw materials and adopted a three-stage sintering process of thermal insulation at 1200°C for 8 h, then at 850°C for 2 h and finally at 1000°C for 1 h to prepare clinkers containing ternesite and ye’elimite. The calcining temperature of the clinker containing ternesite can be reduced by the multi-stage calcining process, however, the calcining system is complicated and time-consuming.

Considering that iron phase and trace elements in steel slag can promote the sintering of cement clinker, steel slag is hence used as a raw material to increase the amount of liquid phase and decrease the formation temperature of ye’elimite [21,22]. Timashev [23] found that the existence of iron can reduce the melt viscosity and surface tension of cement clinker, thus decreasing the temperature of liquid phase formation, increasing the crystallization rate of minerals, and promoting the formation of mineral phases, which is similar to the effect of the mineralizer. Another study [24] showed that a small amount of iron phase was conducive to reducing liquid phase viscosity under lower temperature conditions, facilitating solid phase reaction and promoting the formation of ye’elimite. Huang et al. [25] concluded that Fe2O3 can promote the absorption of free calcium oxide (f-CaO) in the clinker, increase the liquid phase, improve the flammability of mineral raw material and replace the Al3+ in Fe3+ to form solid solution C4(A0.95F0.05)6O12(SO4). Hu [26] reported that in the alite-ye’elimite cement clinker system, more ye’elimite was formed at lower temperature (1250°C) with the increase of iron content in the raw materials. A small amount of sulfur can improve the melting performance of the burned liquid phase and can react with 2CaO·SiO2, which is favorable for the formation of ye’elimite and ternesite and plays a positive role in the production of cement clinker [27,28].

Herein, the preparation and performance of TY cement clinker prepared at 1200°C were investigated for the utilization of steel slag. In addition, the detailed sintering process and subsequent hydration mechanism of the as-prepared TY cement clinker were studied. Finally, the compressive strength was also tested to evaluate its mechanic performance. This study provides a sustainable and effective way for the utilization of steel slag and offers a new thought for the preparation of cement.

2  Experiment

The raw materials used in the experiment were steel slag, gypsum (99.5%), aluminum hydroxide (99.5%), calcium oxide (99.5%). The chemical composition of steel slag and OPC are shown in Table 1. XRD image of steel slag are shown in Fig. 1.

[image: images]

[image: images]

Figure 1: XRD diagram of steel slag

The bulk steel slag was crushed into small pieces by the jaw crusher, and then pulverized in the ball mill. The particle size distribution of the steel slag used in this research is shown in Fig. 2.
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Figure 2: Particle distribution of steel slag size

According to the alkalinity coefficient (C), Al/S ratio (P) and Al/Si ratio (N), the ratio design is C ≈ 1, P ≤ 3.84, N ≈ 2.55. The raw materials were mixed according to Table 2. The mixtures were burned in an electric furnace at 1200°C for 2–4 h. Then the products were removed from the furnace and cooled rapidly in air with electric fan.
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The mineral phases of clinker produced by different calcining procedures were measured by using an X-ray diffractometer (X’Pert ProMPD PANalytical produced from PANalytical B.V. in Almelo, the Netherlands) with Cu-Ka radiation, scanning at a range of 5–70° with a rate of 5°/min. Use external standard methods for detection [29,30].

Thermal analysis (TG-DTA) was performed on the samples in N2 with Netzsch Sta449C thermal analyzer from NETZSCH Scientific Instruments Trading (Shanghai), Ltd. (China). The heating rate was 10 °C/min, rising from 20 to 1150°C.

The clinker minerals were analyzed by Nova NanoSEM 450 scanning electron microscope from FEI company, USA.

The Blaine surface areas of TY cement and OPC were 376 ± 2.2% and 354 ± 3% m2/kg, respectively. Cement paste with water to binder ratio of 0.45 was cast into steel mold of 20 mm * 20 mm * 20 mm. The compressive strength measurements were conducted at the curing age (3 d, 7 d, 14 d and 28 d).

To analyze the hydration process, A 3114/3236 TAM 83 Air (Thermometric AB) isothermal calorimeter equipped with an internal mixing device was used to determine the rate of hydration heat liberation. The pastes were formulated via the internal mixing procedure by 0.45 ml of water while every 1.000 g of mixed raw materials at 20°C. For the instrument to achieve thermal equilibrium, began to record the experiment data.

To investigate the hydration of TY cement and OPC, cement pastes were prepared with water/cement ratios of 0.45. All hydration experiments were carried out at 20°C.

At the end of different curing ages, the samples were crushed, treated with ethanol to stop hydration and stored in a desiccator. These samples were analyzed by XRD, SEM and TG-DTA [31–33].

3  Results and Discussion

3.1 Synthesis of TY Cement Clinker

3.1.1 XRD and TG-DTA

To investigate the reaction process, the raw materials were calcined at different temperatures (800, 900, 1000, 1100, 1150, 1200 and 1250°C) for 2 h. The XRD patterns are shown in Fig. 3. In order to analyze the influence of sintering process, the raw materials were also calcined at 1200°C for different times and the XRD patterns are shown in Fig. 4.
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Figure 3: XRD patterns of samples at different temperatures
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Figure 4: XRD patterns of samples with different holding time at 1200°C

A large amount of 2CaO·SiO2 and anhydrite were produced in the sample at 800°C (In Fig. 3). At 900°C, anhydrite and 2CaO·SiO2 gradually decreased, while a small amount of ternesite and ye’elimite began to appear. With the increase of temperature, higher content of ternesite was produced. At 1000°C, ternesite was generated in large quantities and the anhydrite continued to decrease. ye’elimite began to generate at 1000°C. Meanwhile, CaO·Al2O3 and a small amount of ferrite phase also appeared. As the temperature went up, the diffraction peak of ye’elimite continued to increase, but no significant change for the diffraction peak of ternesite. When the temperature reached 1250°C, the diffraction peak intensity of anhydrite increased and ternesite decreased. Ternesite is a phase formed at the temperature range of 900–1200°C [21], while at the temperature higher than 1200°C, ternesite is decomposed into 2CaO·SiO2 and anhydrite. Therefore, it is proposed that 1200°C is an optimal temperature for calcination of TY clinker. In Fig. 4, the main minerals in the calcined samples at 1200°C are ye’elimite, ternesite, a small amount of anhydrite and ferrite phase. With the extension of the sintering time, the intensity of mineral diffraction peak of ternesite decreased, indicating that minerals continued to decompose with the extension of the sintering time. Therefore, TY cement clinker can be prepared at 1200°C, and prolonged sintering time is not favorable to the formation of ternesite.

The TG-DTA curve of raw materials heated from 20 to 1150°C is shown in Fig. 5. As can be seen from Fig. 5, the heat absorption peak at 120°C corresponds to the dehydration of dihydrate gypsum, and formation of hemihydrate gypsum. The heat absorption peak at 269°C and 369°C corresponds to the dehydration of Al(OH)3 and the further dehydration of hemihydrate gypsum to form anhydrite, respectively. The mass loss before 400°C is mainly caused by dehydration in the raw material. The absorption peak around 898°C was attributed to the formation of large amount of ye’elimite. The mass loss was very small in the interval from 950 to 1100°C according to the TG curve, indicating that a large amount of ternesite and ye’elimite were formed in this interval which can be also verified from the XRD patterns in Fig. 4. The mechanism for the description of crystal phase conversion is shown in Fig. 6.
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Figure 5: TG-DTA curve of the formation process of TY cement clinker
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Figure 6: Mechanism of crystal phase conversion

From 900°C, ye’elimite and ternesite phase began to form, the equation is as follows (Eqs. (1)–(3)) [20,21]:


2(CaO)2(SiO2)+CaSO4→(CaO)5(SiO2)2(SO3)
(1)


3(CaO)(Al2O3)+CaSO4→(CaO)4(Al2O3)3(SO3)
(2)


3(CaO)3(Al2O3)+CaSO4→(CaO)4(Al2O3)3(SO3)+6CaO
(3)

It is reported that 3CaO·A2O3 reacted with anhydrite to form a small amount of ye’elimite when the temperature reaches 1250°C [32]. According to the XRD, 3CaO·A2O3 in the raw material gradually disappeared with the increase of holding temperature [34].

3.1.2 SEM Analysis

Fig. 7a shows the microstructure of TY cement clinker produced at 1200°C for 2 h. Unlike Portland cement clinker, two different crystal morphologies are exhibited in this TY cement clinker. The microstructure of TY cement clinker confirms the existence of rod-shaped particles surrounded by many roundness particles. According to the analysis in Fig. 7b, the minerals of TY cement clinker were investigated. It can be determined that the rod-shaped particles are ternesite based on the element analysis. This is similar to the mineral TY cement clinker synthesized by Shen through secondary calcination [24]. There are a large number of small particles around 0.5–1 μm in the clinker. According to the EDS it can be obtained that the roundness particles are ye’elimite. Compared with samples produced by different holding time, it was found that the amount of ternesite decreased obviously. This result is consistent with XRD analysis.
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Figure 7: SEM and EDS of TY cement clinker at 1200°C for different time (a) and (b) for clinker calcined at 1200°C for 2 h; (c) and (d) for EDS analysis of point A and B in (b), respectively

3.1.3 Formation Mechanism of TY Cement Clinker

To investigate the composition of phases in the clinker, X-ray powder diffraction (XRD) analysis was used for phase identification and quantification. In this study, the external standard approach was used to obtain an absolute quantification of the crystalline-phase content.

The mass attenuation coefficients of the samples were independently determined by X-ray fluorescence analysis, as shown in Table 3. Each mineral content was calculated according to the Eq. (4), where Sα is the Rietveld scale factor of the mineral, ρα is the density of the mineral, Vα is the unit-cell volume of the mineral, μs is the sample mass absorption coefficient (MAC), G is the diffractometer constant, and Wα is the weight fraction of the mineral (Eq. (1)) [35]. The calculated results were provided in Table 4. XRD quantitative analysis was performed with Highscore Plus, as shown in Fig. 3.


Wα=SαραVα2μsG
(4)
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In the clinker sintering process, the formation of the liquid phase plays a crucial role in both the rate and quality of clinker. It can be seen from Fig. 8 that at 1200°C, the main minerals in cement clinker are ye’elimite, ternesite and a small amount of 2CaO·(Fe2O3·Al2O3). Meanwhile, up to 22.4% amorphous phase has also appeared. The content of amorphous phase is similar to that of Belite-calcium sulphoaluminate cement [40]. At 1200°C, a small amount of iron phase (C2(F1.4A0.6)O8) in steel slag formed 2CaO·(Fe2O3·Al2O3) and 3CaO·3(Al2O3·Fe2O3)·CaSO4. More iron phase had dissolved into the liquid phase, and promoted the formation of ye’elimite. At this temperature, an hydrite is no longer visible, and most sulfur enters the clinker. In the process of burning sulphoaluminate cement, sulfur also plays a key role. On the one hand, sulfur can reduce the viscosity of liquid phase during the formation of clinker, which is conducive to the formation of ye’elimite [9]. Moreover, it can form ternesite with 2CaO·SiO2 at lower temperature.
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Figure 8: Rietveld refinement of the clinker produced at 1200°C for 2 h

In conclusion, the iron phase in steel slag can promote the formation of the liquid phase, which further leads to the coexistence ternesite and ye’elimite at 1200°C. TY cement clinker can be obtained in one step by calcining at 1200°C, which is 100°C lower than the traditional one-step method.

3.2 Hydration

3.2.1 Isothermal Calorimetry

The hydration exothermic-time curve of OPC and TY cement is shown in Fig. 9a. As can be seen, Peak 1 is the dissolution and the hydration of ye’elimite, Peak 2 is attributed to the dissolution of OPC and the hydration of 3CaO·Al2O3. The hydration rate of TY cement is higher within 0–35 min, reaching a maximum of 125 mW/g. Then, it entered the hydration induction period after 35 mins. The Peak 3 of OPC appeared at about 15 h, it normally corresponds to the alite hydration. Peak 4 is generally believed to be caused by the conversion of ettringite to AFm. Peak 5 is the reaction of ternesite.

It can be seen from Fig. 9b that the rate of heat release from hydration is very high in the early stage of both the two clinkers, and the cumulative heat release from hydration of TY clinker is higher in 0–35 min. After 35 min, OPC clinker occupies the dominant position. 5–30 h is the hydration acceleration period of OPC clinker, and the cumulative hydration heat release increases rapidly. During the hydration period between 25–50 h, the cumulative heat release increased sharply due to the secondary heat release of TY clinker, while the total heat evolved of hydration was lower than that of OPC clinker. The results show that the hydration of ternesite improved the strength of TY cement in the early and middle stage.
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Figure 9: Hydration heat release (a) and cumulative hydration heat release (b) curve of OPC and TY cement

3.2.2 Hydrates

Hydrates of OPC and TY cement at different ages were measured by XRD, as shown in Fig. 10.
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Figure 10: XRD patterns of hydrates of OPC (a) and TY cement (b) at different curing ages

The thermogravimetry curves of TY cement and OPC hydrates were measured from room temperature to 850°C, as shown in Fig. 11.
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Figure 11: TGA curves of OPC (a) and TY cement (b) hydrates

In OPC system, ettringite and Portlandite are the main crystalline products found by XRD and TGA at early ages. At 1 h, Aft was already formed. Gypsum disappeared within 1 d after hydration. Before 12 h, the amount of Portlandite was relatively low, while at 12 h, the amount of Portlandite began to increase rapidly. Because of the presence of CaCO3, monocarboaluminate was found at 28 d. In the patterns of TGA, the weight losses from 50 to 110°C, 110–140°C, 140–160°C and 400–450°C indicate the loss of AFt, gypsum, AFm(CO3) and Portlandite. Ettringite peaks were detected in the XRD and TGA patterns within a few hours and increased in intensity to a maximum. With no added gypsum, the ettringite evolved to the AFm phase (monosulfoaluminate).

In TY cement system, the hydration products are mainly ettringite, a small amount of 3CaO·Al2O3·SiO2·4H2O and C–S–H [41]. AFt began to appear at 1 h and gradually increased from 1 h to 28 d, while ye’elimite and gypsum gradually disappeared. At 12 h, it was found that ye’elimite and gypsum were dramatically consumed. The main reason was that the addition of gypsum promoted the formation of ye’elimite and thus promoted large quantities of ettringite in the early stage. The diffraction peak of ternesite does not change significantly in the early stage and decreases slightly after 28 d of hydration, which indicates that the early compressive strength of the TY cement is mainly provided by the ye’elimite. With the extension of hydration age, ternesite will undergo some hydration reactions. However, no diffraction peaks were observed in the XRD pattern for the gypsum dihydrate produced by the hydration of ternesite, which should be because gypsum continued to participate in hydration to form AFt [9]. In the patterns of TGA, the weight losses from 50 to 110°C, 110–140°C and 200–300°C indicate the loss of AFt, gypsum and aluminum hydroxide gel. The loss of AFt became faster after 12 h. The presence of aluminium hydroxide (Al(OH)3) was observed, but the diffraction peak was not observed in XRD patterns. Because the Al(OH)3 is certainly amorphous or micro-crystalline, as it was not observed in any XRD spectrum.

3.2.3 Characterization of the Microstructure of the Hydrates

The hydrated samples of TY cement were analyzed by SEM to determine the mineralogical composition of their hydrated matrix.

In the early stage of hydration, ye’elimite rapidly reacted with gypsum to produce a large amount of AFt (Eq. (5), Fig. 12a) [29,30,33–34]. In the middle of hydration, AFt, C–S–H, (Eq. (6), Fig. 12b), and Ca(OH)2 were further generated due to the continued reaction between ternesite and ye’elimite hydrated Al(OH)3 [19–21]. It can be well observed that AFt is generated in large quantities and distributed evenly all over the sample. C–S–H is agglomerated on AFt matrix, and Ca(OH)2 flake is produced in the AFt gap.


(CaO)4(Al2O3)3(SO3)+Ca(OH)2+H2O→(CaO)3(Al2O3)(CaO⋅SO3)3(H2O)32+Al(OH)3
(5)


(CaO)5(SiO2)2(SO3)+Al(OH)3+H2O→w(CaO)3(Al2O3)(CaO⋅SO3)3(H2O)32+ x(CaO)3(Al2O3)(SiO2)(H2O)4+yC−S−H+zCa(OH)2
(6)
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Figure 12: SEM images of hydrates of TY cement at 28 d

3.2.4 Mechanical Strength

The compressive strength comparison between OPC and TY cement clinker is shown in Fig. 13. The compressive strength of TY cement increased rapidly at the early stage, which is much higher than that of OPC. The early compressive strength of TY cement was increased by approximately 4 MPa compared to OPC at 3 d. The increase of the early strength is attributed to the large amount of ettringite produced from rapid reaction of ye’elimite and gypsum. At 14 d, the compressive strength of TY cement was increased by approximately 1.5 MPa compared to OPC. The compressive strength of TY cement at 28 d is slightly higher than that of OPC.
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Figure 13: Compressive strength of OPC and TY cement

The mathematical function model of compressive strength of OPC and TY cement is shown in Fig. 14. The relationship between compressive strength (MPa) and curing time (d) of OPC cement satisfies the mathematical model: y = 0.9912x + 33.673, R² (Fit factor) = 0.8966. And the relationship between compressive strength (MPa) and curing time (d) of TY cement satisfies the mathematical model: y = 0.8041x + 38.761, R² (Fit factor) = 0.8791.
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Figure 14: Mathematical function model of compressive strength of OPC and TY cement

4  Conclusion

To summarize, the composition and performance of TY clinker produced from steel slag were investigated in this paper. Ternesite and ye’elimite were produced in large quantities when calcined at 1200°C, which is 100°C lower than the traditional one-step method. The clinker minerals are ternesite, ye’elimite, gypsum and a small amount of iron phase.

Compressive strength of TY increased rapidly in the first and middle stage, but slowly in the later stage. The strength of cement at 28 d is 59.5 MPa that is higher than OPC. Therefore, the steel slag can be directly utilized by this energy-efficient method and the resultant TY clinker possesses a higher performance compared with OPC.
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Table 3: Chemical analysis and phase composition of TY cement clinker

Chemical composition Content (g/100 g) um (cm?/g)
CaO 40.47 124.04
Al,O5 29.57 31.69

SO; 12.08 44 .46
Fe,0; 8.73 214.9

Si10, 4.41 36.03
MgO 2.48 28.60

P,Os5 0.51 39.66

TiO, 0.17 124.60

Na,O 0.13 24.97
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Table 4: Calculated the mineral content of TY cement clinker

Phase composition ICSD code  G-factor (*10~**.cm™/wt%) Mineral content (wt%)
ye’elimite 80361 [36] 3.69 47.1

Ternesite 4332 [37] 20.2

Cy(F1 4A0.6)03 2841 [38] 4.9

CaSO;, 16382 [39] 5.4

ACn 22.4
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Table 1: Chemical composition of steel slag and OPC clinker (wt%)

Mineral Steel slag OPC
CaO 39.7 61.4
Si0, 19.8 21.5
Al,O5 6.0 5.9
SO; 0.3 2.4
Fe,0; 23.2 2.9
MgO 3.5 2.4
MnO 5.0 —
P,0s 0.7 —
Ti,O — 2.4
k,O = 0.5

LOI 0.3 0.6
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Table 2: The mixture ratios of the raw materials (wWt%)

Steel slag CaO Al(OH); CaS0O,4-2H,0

67.67 8.52 17.44 21.35
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