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Abstract

:

Sinter has been introduced into the composite burden of the COREX ironmaking process in China to lower the material cost, but the proportion is limited due to its poor low-temperature reduction degradation performance in the shaft furnace. This work dealt with the preparation of sinter for the COREX process by varying the MgO content and basicity. Their effects on the sintering and reduction properties under reducing condition simulating COREX shaft furnace were investigated, and the changes in the mineralogy of sinter with different MgO content and basicity were explored. The results showed that increasing MgO content affected the sinter strength and solid fuel consumption but restrained reduction degradation of sinter in the shaft furnace. In the basicity range of 0.8–2.6, the strength, RDI+6.3 and RDI+3.15 of sinter all presented a V-shaped curve and the minimum value occurred at a basicity of approximately 1.6. By comprehensive consideration, sinter with 2.35%+ MgO and 2.2+ basicity for COREX process was proposed and verified in industrial tests. Sinter with higher MgO content contained less SFCA and hematite, while glass and SFCA were dominant in the binding phase in sinter with low basicity (0.8) and high basicity (2.6) respectively and were associated with the relatively higher sinter strength. The changes in the mineralogy of sinter determined the variations of RDI of sinter with different MgO content and basicity, by affecting the sinter strength and the probable reduction of inner stress.
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1. Introduction


As a typical non-blast furnace ironmaking process, the COREX reduction process relies less on high-quality coke than the traditional blast furnace ironmaking process [1,2,3]. Two sets of COREX devices were introduced and built at the Baosteel Luojing steel plant in China in 2007 and 2011 [4]. After running for several years, both COREX devices were shut down successively due to the higher fuel consumption and raw material cost than the design parameters [5,6]. In 2013, the COREX devices were dismantled and moved to BayiSteel in Xinjiang Province with the expectation of reducing production costs by taking advantage of the abundant coal resources and local pellet whose prices are 80% and 30% lower respectively. Considering the surplus capacity and lower cost compared to pellet, the sinter was innovatively introduced into the burden of the COREX process when it was put into production again in 2015 [7]. However, with the increase of sinter proportion in the composite burden, exceptions of gas distribution and even hanging occurred in the shaft furnace. Then the sinter proportion was limited to under 25% [8,9]. In view of the influence of the burden profile on the gas–solid distribution in the COREX shaft furnace, the abnormal phenomena were attributed to the worse low-temperature reduction degradation of sinter compared to pellet [10,11]. This speculation has been confirmed in another study, which showed that increasing the sinter proportion has an obvious adverse effect on the reduction degradation index (RDI+6.3 and RDI+3.15) of the composite burden in the COREX shaft furnace. Meanwhile, a requirement for the low-temperature reduction degradation performance of composite burden was proposed as RDI+6.3 ≥ 70% and RDI+3.15 ≥ 80% when sinter was used for COREX process production. Given this premise, the RDI+6.3 and RDI+3.15 of sinter should reach above 50% and 70% respectively, if the sinter proportion rose to 40% in the composite burden [12]. Consequently, improving the low-temperature reduction degradation performance of sinter in the shaft furnace became a critical issue for increasing the sinter proportion in the composite burden and further reducing the material cost of the COREX process.



Earlier studies were conducted aimed at the reduction degradation phenomena of sinter in the middle-upper part of the blast furnace [13,14,15]. In the reductive zone of 450–600 °C, the Fe2O3 crystal in sinter transformed into Fe3O4 and generated volumetric expansion and inner stress. As the strength of sinter could not resist that inner stress the degradation of sinter occurred. According to relative studies conducted under conditions simulating the reducing process in the blast furnace, various factors such as sinter basicity (CaO/SiO2), chemical compositions and mineral phases can influence the reduction degradation of sinter [16,17]. Furthermore, with the presence of H2 in reducing gas, the degradation of sinter seems more serious and faster [12,18]. Considering that the reducing gas in the COREX shaft furnace contains 15–23% H2, which is markedly different from that in the blast furnace, the effect of different factors on the production and reduction properties of sinter deserves more attention and research work from the perspective of preparing a qualified and cost-effective burden for the COREX process.



This work studied the preparation of sinter for the COREX process by varying the MgO content and basicity of sinter, and their effects on the sintering and metallurgical performance of sinter in the shaft furnace, including low-temperature reduction degradation and reduction performance, were investigated respectively under simulated reducing conditions. Then, the optimal parameter combinations of sinter basicity and MgO content were proposed for preparing qualified sinter for the COREX process. Simultaneously, the changes in the mineralogy of sinter with different basicity and MgO contents were explored, and their relations with the quality and reduction properties of sinter were discussed. Finally, industrial tests were carried out for validation.




2. Materials and Methods


2.1. Materials


Materials including blending ore, fluxes and fuels used in the present work were all supplied by a local sintering plant. The blending ore consisted of several kinds of magnetite concentrate, pellet-return fines and blast furnace dust in certain proportions. Burnt lime and dolomite were adopted as fluxes to adjust the basicity and MgO content of sinter respectively, and coke breeze was used as fuel in this work. The chemical compositions of the raw materials are shown in Table 1. In addition, testing gas used in this work was standard cylinder gas including CO, H2, CO2 and N2.




2.2. Methods


The experiments in this work mainly consisted of sintering tests and metallurgical performance tests. Sintering tests were conducted in a Φ180 mm × 1000 mm pilot sinter pot, and the bed height of the charged sinter mix was 700 mm. All the raw materials, pre-prepared return fines and water were weighed artificially according to certain proportions. After quicklime digestion and material blending, the mixture was granulated in a Φ600 mm × 1400 mm drum for 5 min. Then, the granulated mixture was charged into the sinter pot and ignited at 1100 °C for 90 s. The suction pressures for ignition and sintering were 6 kPa and 13 kPa, respectively. After the sintering process finished, the cooled sinter was discharged and tested to obtain the sintering indexes, such as productivity, tumble strength (ISO 3271-1995) and solid fuel consumption [19]. All the results were obtained on the premise of the return fines balance (RFB) reaching 1 ± 0.05, which means the amount of return fines that charged into the sintering pot should be nearly equal to the amount of return fines that were generated from the sintering pot.



The metallurgical performance tests in this work were carried out in a static gas–solid reaction apparatus as shown in Figure 1. Sinter samples with various basicity and MgO content were reduced in a Φ70 mm × 800 mm reactor tube. All the samples were 10 mm–12.5 mm in size, and each sample weighed 500 g. Under reducing conditions simulating COREX shaft furnace, the reduction degradation index (RDI) and reduction index (RI) of sinter were explored.



For the RDI tests, each sinter sample was reduced at 550 °C for 30 min with a 13.3 L/min reducing gas flow. During the temperature-rise period and cooling period, a 5 L/min flow of pure N2 was introduced into the reactor tube to avoid undesirable oxidation-reduction reactions for the sinter samples. The reducing gas consisted of 35% CO, 50% CO2 and 15% H2, simulating the gas composition in the middle-upper part of the COREX shaft furnace. After the reduction and cooling process, the sinter samples were removed from the reactor tube and charged into a tumbling drum (Φ130 mm × 200 mm) and rotated for 10 min at a speed of 30 rpm. After tumbling, the samples were sieved with 6.3 mm, 3.15 mm and 0.5 mm mesh to determine the particle size distribution. Then the RDI was calculated by the Equations (1)–(3) as follows:


    RDI   + 6.3   =        M   1   M   × 100 %   



(1)






    RDI   + 3.15   =        M   2   M   × 100 %   



(2)






    RDI   − 0.5   =        M   3   M   × 100 %   



(3)




where M is the mass of sinter samples after reduction, M1 and M2 are the masses of particles above 6.3 mm and 3.15 mm respectively after tumbling and M3 is the mass of particles below 0.5 mm.



In terms of RI tests, sinter samples were reduced at 820 °C for 180 min with a 13.3 L/min reducing gas, which contained 68% CO, 9% CO2 and 23% H2. Pure N2 at 5 L/min was introduced into the reactor tube during the temperature-rise period and cooling period. After the reduced samples were cooled to air temperature, they were removed and weighed. Then the RI was determined by the changes in the mass of samples before and after reduction, as shown in Equation (4).


   RI = (    0.111  w 1    0.43  w 2    +    m 1  −  m 2    0.43  m 1   w 2    × 100 )  × 100 %   



(4)




where m1 is the mass of sinter before reduction; m2 is the mass of sinter after reduction; w1 and w2 are the FeO and total Fe contents of sinter, respectively.



In addition, optical microscopy (Leica DMI5000M, Leica Microsystems, Wetzlar, Germany) and scanning electron microscopy (SEM) with energy dispersive spectrometry (EDS) (PhenomPro, Phenom-World, Eindhoven, Netherlands) were employed to analyze the microstructure and mineral composition of sinter. The quantitative analysis of the mineralogy of sinter was performed using the image analysis software QWin of Leica optical microscope. The mineralogical analysis of sinter involved the quantification of phases’ areas of different morphologies by point counting [20].





3. Results and Discussion


3.1. Sintering Performance and Reduction Properties of Sinter with Different MgO Content


Under the condition that the sinter basicity was fixed at 1.8, sintering performance with different MgO content was investigated. Figure 2 shows the variations in productivity, sinter strength and solid fuel consumption as the MgO content of sinter increased from 1.36% to 3.1%. It indicates that the productivity increased gradually and then fell off and peaked at the MgO content of 2.1%. In the meantime, the sinter strength dropped off from 61.87% to 56.53% while the solid fuel consumption rose from 34.27 kg·t−1 to 38.84 kg·t−1.



With the premise of return fines balancing, the product sinter yield had little fluctuation, so the productivity was greatly influenced by the flame speed during the sintering process. To keep the basicity stable at 1.8 when the MgO content rose, the ratio of burnt lime, which acts as a binder, was reduced when dolomite increased, as shown in Table 2. This could affect the granulation of sinter mix, which is related to the permeability of sinter bed and flame speed during the sintering process [19]. This gives a reason why the productivity had a peak at a MgO content of approximately 2.1%. In the meantime, studies about the effect of MgO on liquidus in the CaO–SiO2–FexO phase diagram and on the high temperature properties of sinter indicated that increasing the MgO content restrained the generation of the liquid phase in the sintering process [21,22]. Consequently, the sinter strength fell off and solid fuel consumption increased with increasing MgO content of sinter.



In the reducing condition simulated COREX shaft furnace, the RI and RDI of sinter samples with various MgO content are shown in Figure 3. It suggests that as the MgO content increased from 1.36% to 3.10% the RI of sinter was variable in a certain interval of 86.01–88.94%, indicating that the increased MgO content of sinter would not significantly reduce the reducibility of sinter in the COREX shaft furnace. In terms of the reduction degradation, RDI+6.3 and RDI+3.15 rose from 24.52% and 61.43% to 47.19% and 76.41% respectively, while RDI−0.5 fell from 7.58% to 3.38%. In particular, the improvements of RDI+6.3 and RDI+3.15 of sinter were more noticeable after the MgO content exceeded 2.1%. The results are somewhat similar to those in some previous studies concerning the effect of MgO on the reduction properties of sinter in the BF reduction process [23,24]. Both studies showed that increasing MgO content exhibited an apparent inhibitory effect on the reduction degradation of sinter. Meanwhile, the reduction performance of sinter was also slightly decreased. However, for the reduction performance of sinter in the COREX shaft furnace, the adverse effect of increasing MgO content is less obvious, as this work presented.



In summary, increasing the MgO content promoted a better reduction degradation performance of sinter and had almost no adverse effect on its reducibility but led to a lower sinter strength and higher energy consumption at the same time. On the other hand, with a fixed sinter basicity of 1.8 even if the MgO content was increased to 3.1%, the reduction degradation performance of sinter could still not completely meet the requirements of RDI+6.3 ≥ 50% and RDI+3.15 ≥ 70%. Therefore, only increasing the MgO content of sinter to improve its low temperature reduction degradation performance is not sufficient for the preparation of sinter for the COREX process.




3.2. Effect of Sinter Basicity on the Sintering Performance and Reduction Properties of Sinter with Various MgO Content


Under conditions that the MgO content of sinter was set as 2.35% and 3.1%, sintering experiments with various sinter basicity were conducted, and the results are shown in Figure 4 and Figure 5 respectively. The results suggest that the changing rules of sintering performance were similar when the sinter basicity increased gradually even with different MgO content. As with 2.35% and 3.1% MgO, the sinter productivity increased from 1.38 t·m−2·h−1 and 1.24 t·m−2·h−1 to 1.49 t·m−2·h−1 and 1.43 t·m−2·h−1, increasing by 7.97% and 15.32% respectively. The tumble strength of sinters with different MgO content were both presented as concave lines when sinter basicity rose gradually, and the minimum values of the tumble index occurred in the interval of basicity from 1.2 to 1.6. The solid fuel consumption tended to decrease gradually as basicity increased for both MgO content, reducing by 1.43 kg/t and 4.54 kg/t, respectively, across all basicity ranges. Furthermore, the influence of basicity on solid fuel consumption was more obvious with higher MgO content of sinter. These experimental results are partially congruent with some previous research findings, especially for the sinter strength, even though they have different raw material conditions compared with this work [25,26]. For sinter production, the basicity range of 1.2–1.6 should be avoided regardless of MgO content



In the reducing condition simulated COREX shaft furnace, the effects of basicity on the RDI and RI of sinter samples with different MgO content were investigated and the results are shown in Figure 6. Regardless of MgO content, the influence of basicity on the RDI of sinter was similar to that on the tumble strength of sinter, both RDI+6.3 and RDI+3.15 of sinter presented a V-shaped curve, while RDI−0.5 presented an inverted V-shaped curve, as shown in Figure 6a–c respectively. For instance, when sinter contained 2.35% MgO, with the sinter basicity increased from 0.8 to 1.6, the RDI+6.3 and RDI+3.15 decreased rapidly from 50.29% and 75.81% to 28.48% and 62.95% respectively, and RDI−0.5 increased from 3.87% to 6.03%. When sinter basicity increased continuously to 2.6, the RDI+6.3 and RDI+3.15 gradually increased to 53.26% and 73.49% respectively, while RDI−0.5 decreased to 4.4%. In addition, the low-temperature reduction degradation performance of sinter is positively correlated with MgO content in the whole basicity range of experiments, which corresponds well to the results of Section 3.1. Besides, the improvement of RDI brought by increasing the MgO content of sinter seemed more obvious when the sinter basicity was higher. For the RI of sinter, in both kinds of sinter with different MgO content, their reduction performance rapidly increased when the sinter basicity rose. The RI of sinter increased from 76.58% and 76.75% to 94.18% and 92.18%, respectively, as the basicity increased from 0.8 to 2.6. As the sinter basicity reached 1.8, the RI of all sinter samples with different MgO content exceeded 85%, which means excellent reducibility under reducing conditions simulating the COREX shaft furnace.



According to the above experimental results, several alternative options for preparing sinter whose RDI+6.3 ≥ 50% and RDI+3.15 ≥ 70% through adjusting basicity and MgO content were proposed, including sinter with low basicity (0.8), sinter with basicity 2.6 and 2.35% MgO content, and sinter with basicity 2.2 and 3.10% MgO content. However, the sinter with low basicity (0.8) had a much lower reducibility than the other kinds of sinter, which might lead to a lower reduction performance of the composite burden in the COREX shaft furnace. Taking into account the influence of basicity and MgO content on the sintering production and reduction properties of sinter in COREX shaft furnace comprehensively, sinter with basicity above 2.2 and MgO content above 2.35% was proposed for industrial production.




3.3. Mineralogy of Sinter with Different Basicity and MgO Content


The quality and metallurgical performance of sinter are markedly relevant to its microstructure and mineralogical composition. Therefore, this work investigated the differences and changes in the mineralogy of sinter with various levels of MgO content and basicity. Figure 7 shows the microstructure of the product sinter samples that contained 1.36%, 2.35% and 3.10% MgO when the sinter basicity was fixed at 1.8. For sinter samples with different MgO content, their main mineral phases were all magnetite, hematite and silicoferrites of calcium and aluminum (SFCA) and glass phase, indicating that there is no obvious correlation between the mineral species and the MgO content of sinter, as well as microstructure. In addition, it is notable that most of the hematite phase in sinter samples was secondary hematite, which was deemed as an important factor that aggravates the reduction degradation of sinter [13,14,15].



Figure 8 shows the microstructure of product sinter samples with a basicity of 0.8, basicity of 1.6 and basicity of 2.6 when all of them contained 2.35% MgO. It suggests that basicity had a significant effect on the mineralogy of sinter. The mineral phase in sinter of basicity 0.8 was mainly Fe3O4, Fe2O3 and glass phase, which was actually uncrystallized ferrous calcium silicate (olivine). The hematite and magnetite were cemented by the glass phase, forming a low-porosity microstructure. This compact structure is beneficial to the strength of sinter but could also lead to worse reduction performance because the diffusion of reducing gas becomes more difficult in the internal part of sinter. For sinter of basicity 1.6, the predominant minerals were still magnetite, hematite and glass phase. A small amount of blocky SFCA (plate alumosilicoferrite based on CF2) appearing with magnetite grains was observed in the sinter. The binding agent, which was mainly the glass phase, mostly appeared in a state of occupying the space between hematite and magnetite grains. Moreover, the porosity of sinter optically seemed higher than that of sinter with a basicity of 0.8. As the basicity increased to 2.6, the mineralogy of sinter became significantly different compared to the former two. It is characterized by a large number of sections that are made up of eutectic calcium ferrites and magnetite grains. As the main binding phase, SFCA (low-iron alumosilicoferrites based on CF and on CF2) presented acicular or columnar shapes and connected with other melt-precipitated phases. Magnetite appeared in the form of disintegrated aggregate formations and relicts among SFCA areas. Meanwhile, a small amount of glass phase was observed in the space between SFCA and magnetite.



To quantitatively show the change in the mineralogy of sinter, the mineral composition was investigated, and the statistical mineral composition of sinter with different MgO content and basicity is shown in Table 3. It reveals that both the MgO content and the basicity of sinter have obvious influences on its mineral composition. When the sinter basicity was set to 1.8, as the MgO content of sinter rose from 1.36% to 3.10% and the amounts of hematite, glass phase and SFCA all decreased, while the amount of magnetite distinctly increased. In addition, the porosity of sinter also increased slightly. Under the condition that the MgO content was 2.35%, when the basicity of sinter increased from 0.8 to 2.6, the amounts of magnetite and glassy phase were apparently reduced while the amount of SFCA increased, as well as porosity. These results generally agree with the above optical analysis of the microstructure of sinter with various MgO content and basicity.



Aiming at the action mechanism of MgO on the mineralization of the sintering process, there are many studies showing that the Mg2+ derived from flux has an isomorphic replacement with Fe2+ from ferrous oxide and eventually forms (Fe, Mg)O·Fe2O3 existing in magnetite [19,27,28], which was also verified in the present work. An energy dispersive spectrometer (EDS) measurement was conducted for a sinter sample with 3.10% MgO and a basicity of 1.8, and the result is shown in Figure 9. It indicates that Mg was mainly distributed in the magnetite phase, a small amount of Mg was found in the glass phase and SFCA and no Mg appeared in the hematite, which confirms that most MgO formed a solid solution with magnetite. This reaction could make magnetite more stable and impede its oxidization to hematite. Accordingly, the formation of SFCA, which is a key bonding phase and is basically responsible for the strength of fluxed sinter, was affected. Consequently, the sinter strength reduced gradually with increasing MgO content. However, the decrease in hematite in sinter also brought a lower low-temperature reduction degree and then reduced the probable inner stress generated by the reduction of Fe2O3 to Fe3O4 during the reducing process. Under the comprehensive function, the reduction degradation of sinter was repressed to a certain extent with increasing MgO content, as shown in Figure 3.



In comparison with the MgO content, the action mechanism of basicity on the mineralization of the sintering process was relatively clear. For sinter with low basicity (0.8) and high basicity (2.6), the main binding phases are glass and SFCA respectively as shown in Figure 7 and Table 2. These two kinds of adhesive phases could both make different minerals and particles of sinter present a rather closely cemented appearance. Thus, sinter with low basicity and high basicity generally possesses high strength. In terms of sinter with middle basicity (1.6), the microstructure clearly shows that different minerals appeared in spotty patterns. Most of the binding phases, including silicate glass and SFCA, existed independently and occupied the space between Fe2O3 and Fe3O4 grains, which had a harmful effect on the strength of sinter. As the microstructure of sinter could not resist the internal stress generated by solidification of the mineral phase from the ferrosilicate melt, the sinter strength was inevitably reduced. On the other hand, as the sinter basicity increased from 0.8 to 2.6, the amount of hematite deceased obviously, which means that the probable reduction of inner stress generated at low temperature would decrease. As a result, the low-temperature reduction degradation performance appeared in a V-shaped curve, and the minimum value occurred at a basicity of 1.6. Meanwhile, due to the high reducibility of SFCA, the RI of sinter increased gradually with increasing basicity [16,17].




3.4. Industrial Tests of Increasing the Sinter Proportion in the Composite Burden for the COREX Process


Based on laboratory research, industrial tests of a higher sinter proportion in the composite burden of the COREX process were conducted in Bayi Steel. Compared to the traditional sinter that has been used during the benchmark production period, the MgO content of sinter was raised to 2.4% from approximately 1.4%, and the basicity of sinter was raised to 2.4 from approximately 1.8% in the industrial test period. The average tumble strength of sinter increased by about 3 percentage points. Meanwhile, the burden structure was changed to 60% pellet and 40% sinter from 75% pellet and 25% sinter. After the production operation reached stability, the differential pressure of gas in the shaft furnace and metallization ratio of discharging materials during the benchmark production and testing periods were compared, as shown in Figure 10. It indicates that the differential pressure of gas in the shaft furnace increased slightly by 1.48 kPa, which means that the burden permeability in the shaft furnace was hardly affected. It is inferred that the low-temperature reduction degradation performance of the composite burden in the shaft furnace could still meet the requirements of RDI+6.3 ≥ 70% and RDI+3.15 ≥ 80%, although the sinter proportion in the composite burden was raised to 40% from 25%. On the other hand, due to the improvement of the reducibility of sinter, the metallization ratio of discharging materials of the shaft furnace was markedly increased by 13.44 percentage points.



Industrial production tests of higher sinter proportions lasted for more than 30 days, during which time the shaft furnace was kept in a stably running condition and did not develop signs of abnormal conditions, such as poor burden permeability, irregular furnace operation and hanging. The results demonstrated that the sinter proportion in the composite burden for the COREX shaft furnace could be increased after the low-temperature reduction degradation performance of sinter was improved, and increasing the MgO content and basicity of sinter was an effective measure. According to enterprise internal measurements, the material cost of molten iron in the COREX process was reduced more than 15 yuan/t further after the sinter proportion in the composite burden was raised to 40%.





4. Conclusions


The preparation of sinter for the COREX reduction process by varying the basicity and MgO content was investigated, and the following conclusions were drawn:




	(1)

	
For sintering with a basicity of 1.8, increasing the MgO content from natural (1.36%) to 3.1% decreased the sinter strength by 5.44 percentage points and increased solid fuel consumption by 4.57 kg/t. In the meantime, the RDI+6.3 and RDI+3.15 of sinter were both greatly improved, while the RI changed slightly under conditions simulating the COREX shaft furnace. However, only increasing the MgO content of sinter could not completely meet the requirement of composite burden for the reduction degradation performance of sinter.




	(2)

	
As the sinter basicity increased from 0.8 to 2.6 regardless of MgO content, the productivity increased gradually while the solid fuel consumption decreased, the sinter strength varied as a V-shaped curve, and the minimum value occurred at a basicity of approximately 1.6. Simultaneously, the RDI+6.3 and RDI+3.15 of sinter behaved nearly the same as the sinter strength, while the RI increased significantly under conditions simulating the COREX shaft furnace. Taking comprehensive consideration of sintering and reduction performance, the combination of basicity 2.2+ and MgO content 2.35%+ of sinter was recommended for preparing sinter for the COREX process.




	(3)

	
Fewer SFCA and hematite were observed in the sinter with a higher MgO content, which were related to the decrease in sinter strength and reduction of inner stress respectively. The binding phase in sinter with low basicity (0.8) and high basicity (2.6) was glass and SFCA, respectively. They were associated with the relatively higher sinter strength. The changes in the mineralogy of sinter determined the variations in the RDI of sinter with different MgO content and basicity, by affecting the sinter strength and probable reduction of inner stress.




	(4)

	
After increasing the MgO content and basicity of sinter to 2.4% and 2.4 respectively in industrial tests, the sinter proportion in the composite burden was further raised to 40%, and the COREX shaft furnace maintained stable running conditions.
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Figure 1. Schematics of experimental apparatus for reduction experiments. 
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Figure 2. Sintering indexes with different MgO content of sinter (TI-tumble strength). 
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Figure 3. Effect of MgO content on the RDI and RI of sinter in COREX shaft furnace. 
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Figure 4. Effect of basicity on sintering performance with 2.35% MgO content. 
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Figure 5. Effect of basicity on sintering performance with 3.1% MgO content. 
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Figure 6. Effect of basicity on the RDI and RI of sinter with different MgO content, (a)—RDI+6.3, (b)—RDI+3.15, (c)—RDI−0.5, (d)—RI. 
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Figure 7. Microstructure of sinter with different MgO content (basicity 1.8), (a) MgO 1.36%, (b) MgO 2.35%, (c) MgO 3.1%. 
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Figure 8. Microstructure of sinter with different basicity (2.35% MgO), (a) basicity 0.8, (b) basicity 1.6, (c) basicity 2.6. 
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Figure 9. Distribution of main elements in different minerals of sinter. 
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Figure 10. Differential pressure of gas in the shaft furnace and metallization ratio of discharging materials in different periods (11 m in height of charge column). 
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Table 1. Chemical compositions of raw materials/%.
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	Materials
	TFe
	FeO
	SiO2
	CaO
	MgO
	Al2O3
	P
	S
	LOI *





	Blending ore
	61.44
	23.66
	5.38
	2.10
	1.27
	1.14
	0.024
	0.269
	2.56



	Burnt lime
	0.27
	-
	4.51
	82.28
	1.65
	0.26
	0.010
	0.080
	10.08



	Dolomite
	0.15
	-
	0.39
	31.76
	20.06
	0.18
	0.001
	0.005
	46.31



	Coke breeze
	2.51
	-
	6.97
	2.03
	0.41
	3.75
	0.034
	0.110
	82.91







*: LOI—loss on ignition.
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Table 2. The content of burnt lime and dolomite in each sintering blend.
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	Basicity
	MgO Content
	Burnt Lime
	Dolomite





	1.8
	1.36%
	2.30 kg
	0.0 kg



	1.8
	1.60%
	2.13 kg
	0.29 kg



	1.8
	1.85%
	1.99 kg
	0.59 kg



	1.8
	2.10%
	1.86 kg
	0.88 kg



	1.8
	2.35%
	1.72 kg
	1.18 kg



	1.8
	2.60%
	1.59 kg
	1.45 kg



	1.8
	2.85%
	1.47 kg
	1.74 kg



	1.8
	3.10%
	1.32 kg
	2.01 kg
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Table 3. Mineral composition of sinter with different MgO content and basicity/area, %.
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	MgO Content
	Basicity
	Hematite
	Magnetite
	Glass Phase
	SFCA
	Porosity





	1.36%
	1.8
	15.37
	32.02
	11.73
	25.56
	14.96



	2.35%
	1.8
	13.58
	34.45
	14.83
	21.06
	16.08



	3.10%
	1.8
	7.25
	40.27
	15.96
	19.63
	16.89



	2.35%
	0.8
	12.49
	57.79
	17.54
	-
	12.18



	2.35%
	1.6
	11.93
	44.68
	13.86
	13.52
	16.01



	2.35%
	2.6
	6.62
	25.02
	9.02
	40.20
	19.14
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