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Abstract: SiO2-Fe2O3-CaO (SFC) is believed to be the transition phase during the 

SiO2-Fe2O3-CaO-Al2O3 (SFCA) formation process. The effect of SiO2 on the mechanical property and 

reduction of the CaO-Fe2O3-SiO2 system was inspected in this study. Experiments were carried out 

under air at 1200 °C with different amounts of SiO2 mixed with Fe2O3 and CaO. The mechanical 

properties and reduction of samples were studied. Results indicate that the hardness of samples 

gradually increases with the increase of SFC content. That may be caused by SiO2 solid solution in 

calcium ferrite. The larger the amount and smaller size of acicular calcium ferrites in samples, the 

greater the fracture toughness. The solid solution of SiO2 in calcium ferrite is beneficial to decrease 

the initial reduction temperature. The apparent activation energy values of the samples with the 

different content of SiO2 from 0% to 5% are 167.23, 84.36, 87.90, 96.02, 92.44 and 107.83 kJ·mol−1, 

respectively. The microstructure of lump samples after reduction consists of four phases, i.e., CF 

(CaFe2O4), SFC, calcio-wüstite (CW) and Fe. It was not difficult to find the Fe in the samples 

reduced from CW. Scanning electron micrograph images have revealed that the acicular-like 

calcium ferrites are more easily reduced than the platy-like ones. 
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1. Introduction 

Under the pressures of the decreases of high-quality iron ore, the iron and steel enterprises in 

China turn to use low-quality ores. The SFCA phase (SiO2-Fe2O3-CaO-Al2O3) is regarded as a 

desirable bonding phase for fluxed sinter [1,2]. Silica content influences the phase composition and 

bonding phase mass of SFCA because of their low melting point [3,4], high mechanical strength [5–

8], and SFCA is an important part of the point of view of saving cost and energy from low 

temperature sinter. SiO2-Fe2O3-CaO (SFC) is believed to be the transition phase during the SFCA 

formation process and has been widely investigated [9–11]. 

SFCA mechanical properties of calcium ferrite with different morphologies and content vary 

greatly. Compared with grained or plate-like calcium ferrite, fine acicular calcium ferrite has higher 

microhardness, and it can prevent crack extension effectively. That makes acicular calcium ferrite 

better the compressive strength and metallurgical properties than grained or plate-like calcium 

ferrite [12,13]. Many researchers considered that SiO2 and Al2O3 were necessary components for the 

formation of acicular calcium ferrite [14,15]. Furthermore, acicular calcium ferrite can also enable 

the better reduction of sinter. Murakami T et al. [12] found that the reduction of columnar calcium 
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ferrite in sinter was worse than that of acicular calcium ferrite. It seems that the diffusion of the 

reducing gas is difficult compared with the case of acicular calcium ferrite coexisted with small 

pores. Cai B et al. [16] SFCA phases in ‘Acicular SFCA’ have fine pores around them. It is significant 

to study the effect of silico and aluminum on the mechanical property and reduction mechanism of 

calcium ferrite. The reduction of powdered samples under isothermal conditions research of 

ternary calcium ferrite of CaO-Fe2O3-x system (x: SiO2, Al2O3) have been further investigated by 

Ding C et al. [17,18], but it is still not comprehensive enough, and more research on different 

aspects is needed. 

In this paper, the effect of SiO2 on the mechanical property and reduction of calcium ferrite will 

be investigated. Specifically, we include the following methods: the samples of hardness and 

fracture toughness test, powder non-isothermal reduction and block isothermal reduction. This will 

contribute to more deeply understanding the effect of SiO2 on the properties of calcium ferrite and 

sinter. 

2. Experimental Materials and Methods 

2.1. Materials 

The samples were prepared from Fe2O3 (w(Fe2O3) ≥ 99.99%), SiO2 (w(SiO2) ≥ 99.99%) and 

Ca(OH)2 (w(Ca(OH)2) ≥ 99.99%). In order to assure that the main formed phase is CaO·Fe2O3 in the 

samples, the mole ratio of Ca(OH)2 and Fe2O3 is 1:1. Fe2O3, Ca(OH)2 and SiO2 were added according 

to the mass ratio in Table 1. The samples were pressed into briquettes size of Φ 20 mm × 20 mm 

using a briquetting machine at a pressure of 5.0 MPa for nearly 1 min. Subsequently, prepared 

sample was placed into an alumina crucible. Then the sintering experiment was carried out in a 

muffle furnace (SX2-10-13, Experimental electric furnace factory, Changsha, China). The sintering 

temperature raised from room temperature to 1200 °C (1473 K) at 10 °C/min (10 K/min), held for 8 h 

to react completely. Finally, sintered samples were cooled down in the air. X-ray diffraction (XRD, 

X’Pert PRO MPD, PANalytical Co. Ltd., Almelo, Netherlands) analysis was conducted to confirm 

the phase composition of the roasted samples. Scanning was carried out at an angular range from 

10° to 90° and scan rate of 5°/min, the test results are shown in Figure 1. 

Table 1. The composition of samples. 

Sample Number w(CaO) % w(Fe2O3) % w(SiO2) % 

1 25.9 74.1 0.0 

2 25.7 73.3 1.0 

3 25.4 72.6 2.0 

4 25.1 71.9 3.0 

5 24.9 71.1 4.0 

6 24.6 70.4 5.0 
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Figure 1. XRD analysis of the powdered samples with different of SiO2 mass fractions at 1200 °C. 

2.2. Mechanics and Reduction Experiments 

Hardness of samples was tested by HV1000B micro Vickers hardness tester (Xinyun Co., Ltd., 

Hebi, China) and was reported as standard Vickers hardness number (Hv). Polished sinter samples 

were used for this study. Standard indentation procedures were employed throughout, and a load 

of 981 mN was used for all the phases. The indentation time was kept constant at 10 s. The H 

(Microhardness) is determined based on the average of 10 data points for each phase by Vickers. E 

(Modulus of Elasticity) and KIC (Fracture toughness) were defined as follows by Knoop indentation 

[19]. 

1
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E P
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 
  

 
, (1)

where δ (δ = 0.0153) is material independent constant, P is the applied load pressure, c is crack 

length. 

1
α

7.11

b H

a E
  , (2)

where the ratio of the diagonal dimensions of the Knoop head is defined by the indenter geometry 

7.11, and a/b is impression long and short diagonal ratio and α (α = 0.45) is using a gradient adjusted 

to fit the data.  

TG measurement of the reduction of samples was conducted using a microcomputer 

differential thermal balance (HCT-3, Henven Scientific Instrument Factory, Beijing, China). 

Powdered samples (20 mg) were heated at heating rate of 10 K/min from room temperature to 

1100 °C (1373 K) with 50 ml/min mix gas (30% CO and 70% N2). Lump samples (160 ± 0.5 mg) were 

placed in an alumina crucible (Φ 7 mm ×1.5 mm) and were heated at heating rate of 10 K/min from 

room temperature to 700 °C (973 K) in alumina crucible with 50 ml/min 100% N2 atmosphere. Then, 

it was held for 60 min at 50 ml/min mix gas (30% CO and 70% N2) at 700 °C (973 K). Finally, the 

morphology of reacted lumpy sample was observed using scanning electron microscopy 

(EVO-MA10, SEM Zeiss, Oberkochen, Germany). 

2. Results and Discussion 

3.1. Effect of SiO2 on the Mechanical Properties of Calcium Ferrite 
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The morphologies of samples with different SiO2 contents at 1200 °C are shown in Figure 2. 

The content of SiO2 has great influence on the morphology of mineral phases in sintered samples. 

The morphology of calcium ferrite in sample no.1 is mainly grained. The grained calcium ferrites 

are gradually transformed into the column or acicular calcium ferrites with SiO2 added, as shown in 

samples no.1 to samples nos.2 and 3. With the content of SiO2 increasing, the sizes of calcium 

ferrites gradually become smaller.  

 

Figure 2. Morphology of samples with different of SiO2 mass fraction: (a) sample no.1 w(SiO2) = 0%; 

(b) sample no.2 w(SiO2) = 1%; (c) sample no.3 w(SiO2) = 2%; (d) sample no.4 w(SiO2) = 3%; (e) sample 

no.5 w(SiO2) = 4%; (f) sample no.6 w(SiO2) = 5%. 

Vickers hardness of samples with the different content of SiO2 were measured. The 

experimental results are shown in Table 2. The Vickers hardness and fracture toughness of the 

samples increased first and then decreased with the increase of SiO2 content at 1200 °C. Combined 

with XRD analysis, the Vickers hardness in the sample increases with the increase of SFC diffraction 

peak strength. It indicates that SiO2 solid solution in calcium ferrite forms SFC. It is helpful to 

increase the hardness. From Figure 2 and Table 2, it is possible to find that the size of acicular 

calcium ferrite is smaller with the content SiO2 increasing, and the greater the fracture toughness. 

However, when w(SiO2) > 4%, a small amount of silicate with high melting point and low strength 

was formed and the hardness and the fracture toughness of the sample decreased obviously. 

Table 2. Vickers hardness of calcium ferrites with different SiO2 content. 

Samples 
HV/Gg·m−2 

KIC/ (MN·m−2/3) 
Range of Measurement Average of Measurement 

1 490.8–623.3 578.7 0.94 

2 567.7–747.5 681.7 1.36 

3 639.4–762.8 716.3 1.39 

4 686.3–890.3 758.8 1.56 

5 633.5–744.8 681.8 2.10 

6 600.2–710.9 658.8 1.83 

3.2. Effect of SiO2 on the Reduction of Calcium Ferrite 

3.2.1. Reduction Kinetic Analysis of Powder Sample 
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The reduction conversion was calculated by mass loss of samples. Reduction degree (x) can be 

described as follows [20,21]: 

0 t

0

m m
x

m m






, (3)

where m0 is the samples mass at the start of reduction, mg; mt is the samples mass at reduction time 

of t, mg; m∞ is the theoretical sample mass assuming full reduction of iron oxide (s) contained in the 

sample, mg. The m∞ of samples no.1 to no.6 are 4.44, 4.40, 4.35, 4.31,4.27 and 4.22 mg in this paper. 

The reduction route of CF is described as follows: 

CF → CWF + C2F → CW3F + C2F → C2F → Fe 

The mass loss rate of samples sintered during reduction is a function of reaction time and 

temperature, and it can be expressed as [22,23]: 

d
( ) ( )

d

x
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t
 , (4)

d

d

x

t
 is the mass loss rate, s−1, k(T) is the rate constant, which is a function of temperature; f(x) is the 

differential form of the reaction mechanism function; t is the reaction time, s; x is the reaction 

conversion. 

According to the Arrhenius equation shown in Equation (5): 

exp( )
E
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  , (5)

where A is the pre-exponential factor, which contributes to the reaction rate, s−1; E is the activation 

energy, kJ·mol−1; R is the standard molar gas constant, kJ·mol−1·K−1. 

During a non-isothermal process, the heating rate β (°C·s−1) is constant: 

d
β

d

T

t
 , (6)

The following formula can be obtained from Equations (4) and (6): 

d
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d
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Equation (5) can be integrated to give: 
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The following Equations (7) and (8) can be obtained by approximate calculation: 
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The following formula can be obtained from Equations (9) and (10): 
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Model function G(x) was obtained to describe the relationship of reaction degree with time. 

Eight normal functions expressing the solid-state reaction are listed in Table 3 [24,25,26]. 

Table 3. Model function G(x) for normal solid-state reactions. 

Symbol Kinetic Models Code G(x) 

Reaction-order Instantaneous nucleation and unidimensional growth F1 −ln(1 − x) 

Diffusion 

models 

One-dimensional diffusion D1 x2 

Two-dimensional diffusion cylindrical symmetry D2 x + (1 − x)ln(1 − x) 

Three-dimensional diffusion spherical symmetry, N = 3 D3 [1− (1 − x)1/3]2 

Three-dimensional diffusion cylindrical symmetry D4 (1 − 2/3x) − (1 − x)2/3 

Geometrical 

contraction 

Phase boundary reaction, cylindrical symmetry, N = 1/2 R2 1− (1 − x)1/2 

Phase boundary reaction, spherical symmetry, N = 1/3 R3 1− (1 − x)1/3 

Nucleation 

models 

Random nucleation and subsequent growth, N = 1/2, M = 2 A2 [−ln(1 − x)]1/2 

Random nucleation and subsequent growth, N = 1/3, M = 3 A3 [−ln(1 − x)]1/3 

The relationship between reduction degree and temperature of powdered samples with 

different SiO2 content is shown in Figure 3. The maximum reduction degree and its corresponding 

time for samples are shown in Table 4, where xm, Ti and Tf [27] are the maximum reduction degree, 

initial mass loss temperature and maximum mass loss temperature of reduction reaction, 

respectively. With the increase of SiO2 content, the initial reduction temperature decreases 

gradually, and when w(SiO2) content exceeds 3%, the initial reduction temperature is stable (508.6–

510.6 °C). The formation and increasing of SFC by solid solution of SiO2 in CF are beneficial to 

decrease the initial reaction temperature. 

 

Figure 3. % mass loss versus temperature (a) and reduction degree versus reaction temperature (b). 

Table 4. Initial and terminational temperature of reduction reaction of samples. 

Samples xm Ti/°C Tf/°C 

1 0.947 588.4 875.4 

2 0.925 578.8 987.1 

3 0.910 569.5 1035.2 

4 0.918 546.5 1047.0 

5 0.902 510.6 991.0 

6 0.900 508.6 980.2 
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Figure 4. Reduction rate dx/dt vs. reduction degree α for the reduction. 

The relationship between reduction degree and reduction rate of powdered samples with 

different SiO2 content by non-isothermal thermal analysis is shown in Figure 4. It can be seen from 

Figure. 3 that when x was over 0.6, the reduction rate of sample 1 was much higher than that of 

sample 2, although the reduction temperature of sample 1 was lower than that of the rest of 

samples. This may be due to the fact that there are FeO·SiO2 or CaO·FeO·SiO2 during the reduction 

process, which is difficult to reduce. The reduction termination temperature of the samples was 

increased. The fitting lines for the reaction of samples and kinetic parameters are shown in Figure 5 

and Table 5, respectively. R is the correlation coefficient, and the larger the R, the better correlation 

of the mechanism function. It can be seen that the best fittings for all samples are those of F1. The 

apparent activation energy values of all samples are 167.23, 84.36, 87.90, 96.02, 92.44 and 107.83 

kJ·mol-1. Sample reduction tends to be easy with the addition of SiO2 in the Fe2O3-CaO system. 

Moreover, the reduction of sample No. 2 is the most easily activated among all the samples. 

 

Figure 5. Reduction kinetic calculation of samples with different SiO2 content. 
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Table 5. Kinetic parameters fitted by different mechanism function. 

Samples The Best Mechanism Functions E/(kJ·mol−1) A/s−1 R2 

1 F1 167.23 663514.90 0.995 

2 F1 84.36 17.02 0.882 

3 F1 87.90 29.36 0.899 

4 F1 96.02 89.62 0.910 

5 F1 92.44 70.23 0.903 

6 F1 107.83 568.32 0.952 

3.2.2. Reduction Analysis of Lump Sample 

Figure. 6 shows the changes in mass loss of samples with different content of SiO2 at 700 °C, 

under max gas (30%CO and 70%N2). The main factors affecting the reduction of lump samples are 

porosity, phase composition and morphology. The number of holes at sample no.1 which belongs 

to solid sintering, is obviously higher than that of the other samples. The mass loss of the rest of 

lump samples increases gradually with the increase of SiO2 content. As shown in Figure 2, there 

was no obvious difference in the number of holes for samples 2–5. It conduced that the mass loss of 

sample no.1 was obviously higher than that of other samples. The difference of mass loss of 

samples no.2 and no.3 was not particularly large. This was consistent with the difference of the 

morphology and the activation energy between samples no.2 and no.3. Although the activation 

energy of the powder sample no.4 is higher than that of sample no.3, the rate of lump sample no.4 

reduction is obviously higher than that of no.3. The reductions of calcium ferrite in these samples 

are greatly affected by the morphology. In other words, the finer acicular calcium ferrite helps to 

increase the reduction rate.  

 

Figure 6. Experimental weightlessness curves of different lump samples with different SiO2 content. 

The morphologies of the samples after reduction, with w(SiO2) values ranging from 0 to 5%, 

were observed as shown in Figure 7. The microstructure in Figure 7 consists of four phases, i.e., 

calcium ferrite (CF), SFC, calcio–wüstite (CW) reduced from CF and SFC, Fe. The element 

compositions of the phases in these samples are listed in Table 6. It was not difficult to find the 

samples were reduced to Fe via CW. There are mainly Fe near acicular calcium ferrites and the pore 

in Figure 7. Most of the newly formed iron is acicular calcium ferrite in samples no.2–6. Therefore, it 

can be concluded that the acicular calcium ferrites are more easily reduced than the platy-like 

calcium ferrite. 
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Figure 7. Phase morphology of sample nos. 1–6 after reduction at 700 °C (CF: CaFe2O4, CW: calcio–wüstite). 

Table 6. EDS analysis results of the samples after reduction, in atomic %. 

Sample Number 
Elements 

Fe O Ca Si 

no.1 

CF 29.07 55.85 15.08 0.00 

CW 39.10 43.76 17.15 0.00 

Fe 89.97 6.02 4.01 0.00 

no.2 

CF 29.59 55.13 15.28 0.00 

CW 35.39 46.88 17.72 0.00 

Fe 63.33 27.94 8.57 0.14 

SFC 24.10 54.98 16.72 3.67 

no.3 

CF 28.43 54.76 16.80 0.00 

CW 35.93 51.52 12.43 0.10 

Fe 57.18 21.69 20.97 0.14 

SFC 21.52 62.11 13.16 2.82 

no.4 

CF 26.33 58.08 15.59 0.00 

CW 37.01 50.63 12.24 0.11 

Fe 84.60 8.05 7.35 0.00 

SFC 19.59 62.53 13.16 4.13 

no.5 

CF 29.59 55.13 15.28 0.00 

CW 36.93 50.60 12.23 0.21 

Fe 58.81 23.29 13.87 3.52 

SFC 20.98 59.03 16.70 2.88 

no.6 

CW 40.79 47.44 11.77 0.00 

Fe 53.95 37.42 8.62 0.00 

SFC 33.31 47.02 16.78 2.53 
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4. Conclusions 

This was a fundamental study of the effect of SiO2 on the mechanical property and reduction 

mechanism of calcium ferrite in iron ore sinter. Obtained results are summarized as follows. 

Results indicate that SFC with SiO2 solid solution in calcium ferrite forms is helpful in 

increasing hardness. With the content of SiO2 increasing, the size of calcium ferrites gradually 

becomes smaller. The size of ACF is smaller with the content SiO2 increasing, and the greater the 

fracture toughness. 

The SiO2 in CF is beneficial to decrease the initial reaction temperature and the apparent 

activation energies of reduction. The reduction termination temperature of the sample is also 

increased with the SiO2 addition. The apparent activation energy values of the samples with the 

different content of SiO2 from 0% to 5% are 167.23, 84.36, 87.90, 96.02, 92.44 and 107.83 kJ·mol−1, 

respectively.  

The finer acicular calcium ferrite helps to increase the reduction rate. The samples were 

reduced to Fe from calcio–wüstite (CW) and most of the Fe was near acicular calcium ferrites and 

the pore rather than the platy calcium ferrites. This indicatea that the acicular-like calcium ferrites 

are more easily reduced than the platy-like ones. 
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