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Abstract: The ironmaking process in blast furnaces using iron lumps is an energy-efficient and low-

carbon initiative that helps lower the cost of the ironmaking process. The physical and chemical 

properties of raw materials, process mineralogy, and metallurgical properties of three Malaysian 

iron ore lumps were researched in this paper, with the goal of showing the relationship between 

metallurgical qualities and mineralogy. The results show that lump ore A has a better decrepitation 

index, with a DI−6.3mm of only 0.2%; lump ore J has better reducibility and low-temperature reduction 

disintegration index, with RI and RDI+6.3mm values of 88.39% and 87.55%, respectively; and the three 

lump ores have excellent softening and melting properties and a high permeability index. The met-

allurgical properties of lump ore and mineralogical characterizations are generally correlated, the 

decrepitation performance of lump ore is mostly determined by the presence of goethite, and the 

original porosity is unrelated. The higher the content, the worse the decrepitation performance; 

lump ore’s reducibility is mostly determined by the open porosity and the content of newly gener-

ating hematite at high temperatures, which has no relationship to its original porosity. The higher 

the open porosity, the higher the goethite content, the higher the newly generated porous hematite 

content, and the better the lump ore’s reducibility; the higher the original hematite content in the 

lump ores, the lower the open porosity at high temperatures and the worse the reduction degrada-

tion characteristics. 
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1. Introduction 

With the rapid development and innovation of the Chinese steel industry over the 

past decades, the mixed burden structure of the domestic blast furnace ironmaking pro-

cess primarily utilizes the dosage mode of “high basicity sinter + acid pellet + iron lump 

ore,” with sinter and pellet accounting for more than 80% of the BF [1–5]. However, the 

production of sinter and pellet ore inevitably results in a number of challenging environ-

mental issues such as excessive energy consumption, hazardous flue gas emissions, and 

noise pollution. In light of the “carbon peaking and carbon neutrality goals,” the require-

ment for energy savings and emission reductions in the ironmaking process is becoming 

increasingly important [6–12]. As a result, it is critical to conduct a systematic study on 

iron lump ores to minimize production costs, to reduce pollution, and to increase eco-

nomic and social profits. 

The lump ore ratio has a significant influence on the metallurgical properties of the 

burden and the BF operation. In recent years, a large number of researchers have studied 

the metallurgical characteristics of various lump ores and the smelting behavior in the 

blast furnace to reduce production costs and increase economic and social benefits [13–

17] In addition, the metallurgical properties of lump ore are key factors in the overall blast 

furnace ironmaking process and the quality of the product, while the metallurgical prop-

erties of lump ore are influenced to some extent by its physicochemical properties and 
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structure [18–23]. For example, Bristow et al. [21] found that the structure of the raw ma-

terials before the reduction was characterized and found to be correlated with the reduc-

ibility, and a higher volume of pores less than about 10 μm in diameter had a positive 

impact on the reducibility of the sample. Harvey [22] also revealed that the chemistry of 

ore and the heating conditions may be the central influencing factors on the formation of 

melt, porosity, and mineralogy, and pore distribution and total porosity of the sinter were 

found to be well-linked with compressive strength and reducibility. In addition, some re-

searchers have deemed that the softening and melting (S & M) behavior of iron lump ore 

in a blast furnace may be optimized by complex chemical and physical interactions be-

tween sinter and lump at high temperatures. However, predecessors have not conducted 

a comprehensive study on the relationship between the nature of the lump ore and its 

metallurgical properties at high temperatures. 

Therefore, to address the gap in research, in this article, we examine the physical and 

chemical properties of raw materials, process mineralogy, and metallurgical properties of 

three imported lump ores from Malaysia, and reveal the relationship between their pro-

cess mineralogy and metallurgical properties to provide a guideline for BF operation to 

improve the proportion of lump ore and to optimize the process parameters. 

2. Experimental Section 

2.1. Materials 

Malaysia produces three natural iron lump ores: AC (also referred to simply as lump 

ore A), JLD (also referred to as lump ore J), and SEB (also referred to as lump ore S). The 

chemical compositions of the three lump ores are shown in Table 1. Among the three types 

of lump ores, lump ore A had the largest TFe content (61.45 wt%), followed by lump ore 

S with 60.01 wt%, and lump ore J had the lowest TFe content (55.08 wt%), which is mostly 

correlated to the water for crystallization and lode mineral content. Furthermore, the 

value of the loss on ignition (LOI) and SiO2 content of lump ore A were the lowest, at 4.93 

wt% and 3.35 wt%, respectively, whereas lump ore J had the highest, at 10.64 wt% and 

8.03 wt%, respectively. 

Table 1. Chemical compositions of three iron lump ores. 

Type TFe FeO SiO2  CaO MgO Al2O3 K2O Na2O P S Pb Zn LOI 

A 61.45 4.45 3.35  0.09 0.10 2.91 0.03 0.022 0.039 0.097 0.12 0.073 4.93 

J 55.08 0.54 8.03  0.34 0.16 1.05 0.16 0.036 0.046 0.021 0.018 0.055 10.64 

S 60.01 3.23 2.60  1.54 0.34 1.84 0.014 0.012 0.080 0.034 0.026 0.085 6.80 

The physical properties of the three lump ores are shown in Table 2. The open poros-

ity of lump ore S was the largest, reaching 16.54%; the open porosity of lump ore J was the 

lowest, at 4.23%; and the open porosity of lump ore A was between the two, at 12.08%. 

The open porosity of the lump ores affects reducibility to some extent, and generally 

speaking, lump ores with high porosity have superior reducibility. However, because all 

iron ores contain varying amounts of water for crystallization and carbonate minerals, a 

large number of pores and cracks may form under high-temperature conditions, and the 

final reducibility of the lump ore will be largely determined by the actual open porosity 

under high-temperature conditions. In terms of particle size composition, the +10 mm par-

ticle size grades of the three lump ores were above 90%, while the content below −5 mm 

was less than 5%, which could meet blast furnace production requirements. 

Table 2. Physical properties of three types of natural lump ores. 

Type 

Bulk 

Den-

sity/g/cm3 

Apparent 

Den-

sity/g/cm3 

Open Porosity/% 

Particle-Size Distribution/(mm)% 

+40 40–25 25–16 16–10 10–6.3 6.3–5 –5 

A 3.50 3.98 12.08 6.89 15.84 21.79 48.45 4.6 0.07 2.36 
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J 3.63 3.79 4.23 11.03 20.95 19.89 41.34 0.05 4.53 2.2 

S 2.78 3.33 16.54 13.38 17.95 21.19 38.67 4.62 0.05 4.15 

2.2. Methods 

(1) Characters of lump ores 

Several sets of parallel samples were generated by shrinkage sampling according to 

GB/T103221-2000 after mixing the three types of lump ores, which mostly eliminated the 

interference of accidental factors. The chemical composition was determined by chemical 

titration method. The determination of bulk density and apparent density of lump ore is 

based on Archimedes’ principle, and the specific determination method refers to the Chi-

nese standard GB-24240-2009; the calculation method of open porosity is 𝜌 = 1 − 𝜌1/𝜌2 

(ρ1, bulk density; ρ2, apparent density). The conditions of XRD(D/MAX2500X diffractom-

eter) are Cu target, tube voltage 40 kV, tube current 30 mA, diffraction angle 5°~80°, and 

scanning speed 4°/min. 

(2) Mineralogy 

First, 20~30 representative samples with particle sizes ranging from 3 to 5 mm were 

obtained through crushing, mixing, and shrinkage sampling, and were mounted and pol-

ished using a semi-automatic grinding and polishing machine (Tegramin-25, Danish Stru-

ers Company, Copenhagen, Denmark) to produce light flakes for mineral phase analysis. 

The microstructure was identified using an optical microscope (model LeicaDM4500P, 

Leica, Germany), and the percent content of the main mineral phases was calculated using 

area statistics, with a minimum of 50 statistical areas. The distribution characteristics and 

content of Fe, Al, Si, and other elements were characterized using SEM and EDS (SEM, 

MIRA4 LMH; EDS, One Max 50). 

(3) Metallurgical properties 

The metallurgical properties of the three lump ores were determined, including the 

decrepitation performance (DI), reducibility (RI), low temperature reduction degradation 

index (RDI), and softening and melting performance (S & M), to comprehensively evalu-

ate and predict the smelting behavior of different lump ores in the blast furnace. The DI, 

RI, RDI, and (S & M) of the lump ores were measured and evaluated under Chinese stand-

ards GB/T10322.6-2004, GB/T13241-1991, GB/T13242-2017, and GB/T34211-2017, respec-

tively. For the softening and melting performance (S & M), Ta, Ts, Tm, and Td represent 

starting softening temperature, softening termination temperature, starting melting tem-

perature, and starting softening temperature, respectively. 

3. Results and Discussion 

3.1. Mineralogy 

3.1.1. Phase Analysis 

The XRD analysis findings of three natural lump ores (A, J, and S) from Malaysia are 

shown in Figure 1 for the qualitative mineral composition analysis. The analysis revealed 

that the main mineral phases of lump ore A were hematite, goethite, magnetite, and 

quartz, but no apparent aluminous minerals were found; goethite and quartz were the 

main mineral phases of lump ore J; and goethite, hematite, magnetite, and a little quartz 

were the main mineral phases of lump ore S. When lump ore A and S are compared, the 

key difference is that lump ore A has a larger proportion of magnetite and quartz, whereas 

lump ore S has a smaller content of goethite. 
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Figure 1. XRD analysis results of the three lump ores. 

3.1.2. Microstructures 

The microstructures of the three types of the Malaysian lump ores are closely related 

to their physicochemical properties, as shown in Figures 2 and 3 (H is hematite, M is mag-

netite, G is goethite, Q is quartz, K is kaolinite, P is pore), and the mineral composition 

contents of the three types of lump ores are shown in Table 3. 

Table 3. The main mineral composition of the three lump ores. 

Content/wt% 

Type 

Hema-

tite/% 
Magnetite/% Goethite/% Quartz/% Kaolinite/% Other/% 

A 42.56 14.19 35.03 5.84 / 2.38 

J / / 90.40 5.94 2.24 1.42 

S 26.74 9.64 55.83 3.02 3.12 1.65 

(1) Lump ore A 

From Table 4, it can be observed that hematite, magnetite, goethite, and quartz were 

the main minerals in lump A. It can be seen that the hematite content was 42.56 wt% in 

Table 3, primarily in the form of grains, with grain sizes ranging from tens to hundreds of 

microns. Figure 2 a~f shows the microstructure and main physical phases of lump A. It 

can also be observed that the surfaces of magnetite grains were slowly oxidized to gener-

ate pseudo-hematite, which was frequently coeval with minerals such as goethite and 

magnetite. Additionally, the content of goethite was 35.03 wt%, as summarized in in Table 

3, which was mostly filled between the grains of hematite and magnetite in the form of 

dissemination; magnetite was 14.19 wt%, which frequently formed coarse aggregates with 

well-developed grains, mainly semi-automorphic and automorphic crystals; and quartz 

was mostly seen embedded in goethite with microfine grains. 
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Figure 2. Microstructure and main physical phases of lump A. (a-f) 

Table 4. EDS analysis results for areas in Figure 2. 

Area 
Atomic/% 

Mineral Constituent 
O Al Si Fe 

1 55.30 / / 34.70 Hematite 

2 56.64 / / 42.08 Magnetite 

3 74.98 0.89 0.48 23.65 Goethite 

4 71.70 / 28.30 / Quartz 

(2) Lump ore J 

As shown in Table 5, the mineral composition of lump ore J was simpler 

than that of lump ore A, consisting primarily of goethite and quartz, with 

a trace of kaolinite and quartz. The goethite content was 90.40 wt%, as 

listed in Table 3, and the structure was more compact; the quartz and kao-

linite contents were 5.94 wt% and 2.24 wt%, respectively, as listed inTable 3, 

whose particle sizes ranged from microns to several hundred microns, and 

they were mainly embedded in goethite minerals as rods and grains, as shown in 

Figure 3 a–e. 
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Figure 3. Microstructure and main physical phases of lump J. (a-e) 

Table 5. EDS analysis results for areas in Figure 3. 

Area 
Atomic/% 

Mineral Constituent 
O Al Si Fe Mg K 

1 66.08 13.63 14.85 0.82 0.5 0.09 Kaolinite 

2 71.43 / 28.57 / / / Quartz 

3 74.98 / 0.94 24.08 / / Goethite 

(3) Lump ore S 

As shown in Table 6, the major mineral component of lump ore S was identical to 

that of lump ore A. The goethite content reached 55.83 wt%, as listed in Table 3, some 

aluminum and silicon elements were intermingled, and the majority of the goethite struc-

ture was loose and porous, as shown in Figure 4A-G. Hematite had a content of 26.74 wt%, 

as listed in Table 3, and two types of morphology: one was irregularly generated by goe-

thite dehydration, and the other was a granular structure with semi-automorphic crystal 

output. Figure 4a-g shows the microstructure and main physical phases of lump S. Mag-

netite had a weight percentage of 9.64 wt%, as listed in Table 3, and was usually found in 

close association with hematite and goethite, which was created by goethite dehydration. 
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Figure 4. Microstructure and main physical phases of lump S. (a-g) 

Table 6. EDS analysis results for areas in Figure 4. 

Area 
Atomic/% 

Mineral Constituent 
O Al Si Fe Mg 

1 78.09 3.30 0.90 17.71 / Alum goethite 

2 68.21 / / 31.57 / Goethite 
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3 58.21 0.30 0.67 40.52 / Hematite 

4 56.20 / / 43.23  Magnetite 

5 71.53 8.54 7.41 10.55 1.97 Kaolinite 

3.2. Metallurgical Property 

To assess the overall quality of the three Malaysian lump ores, metallurgical proper-

ties tests were determined, and the relationship between their metallurgical properties 

and mineralogical characterizations was examined. 

3.2.1. Decrepitation Performance 

Figure 5 depicts a comparison of the decrepitation performance of the three types of 

lump ore. As shown in the Figure 5, lump ore A had the best decrepitation performance, 

i.e., DI−6.3mm was just 0.2%, followed by lump ore S (DI−6.3mm was 1.9%), and lump ore J had 

the worst decrepitation performance (DI−6.3mm was 5.8%). According to Figure 6, the de-

crepitation performance of lump ore and its LOI (containing crystalline water, goethite 

mineral, etc.) are highly connected. The higher the goethite concentration in lump ore, the 

higher the LOI value, the poorer the decrepitation performance of lump ore, and the more 

powder generated in the upper section of the BF. 

 

Figure 5. Decrepitation index of three types of lump ores. 
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Figure 6. Relationship between fire waste and goethite content and decrepitation performance. 

3.2.2. Reducibility Index and Reduction Degradation Index 

Because good reducibility of lump ore is conducive to an indirect reduction reaction 

in the BF, lowering coke consumption, and low-temperature reduction disintegration per-

formance is related to the strength of the reduced iron ores. The reducibility and low-

temperature reduction disintegration index of the three lump ores are presented in Table 

7. 

Table 7. Reducibility and low-temperature reduction disintegration index of three lump ores. 

Type RI/% 
RDI/% 

RDI+6.3mm RDI+3.15mm 

A 71.01 60.42 70.86 

J 88.39 87.55 91.74 

S 74.50 78.75 84.44 

In terms of reducibility, the three lump ores were excellent, with RI over 70%. Lump 

ore J had the greatest reducibility, followed by lump ore S, while lump ore A was some-

what poorer than lump ore S. The reason for this is that the reducibility of lump ores is 

connected not only to their original properties but also to their microstructural alterations 

under high temperature reduction conditions. Therefore, after cooling at 900 °C and under 

N2 atmosphere for 1 h, the microstructures of the three lump ores were studied under 

scanning electron microscopy, and the open porosity was measured. 

According to Figure 7, the higher the goethite content of the lump ores, the higher 

the open porosity at high temperatures, and the better its reducibility. J > A > S was the 

order of reducibility of lump ores from high to low, as shown in Table 7. The open porosity 

of lump ores at high temperatures was shown to be strongly connected with their reduc-

ibility. This is because the main factors determining the reducibility are the reducibility of 

the minerals included in the lump ores themselves and the porosity at high temperatures, 

whereas it has little relationship with its initial open porosity. At an atmosphere of high 

temperature, the goethite included in the three lump ores thermally decomposed to gen-

erate hematite with a loose and porous surface, and its reducibility was better than that of 

the hematite with the compact original structure. Furthermore, removing the crystalline 

water in the goethite improves the open porosity of the lump ores, which improves re-

ducibility. Because the lump ores J and S were limonite-type iron lump ores with 90.01% 
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and 55.01% goethite, respectively, higher goethite concentration means improved reduci-

bility. As seen in Figure 7, the open porosity of lump ores at high temperatures was J > A 

> S in the order of high to low, which was consistent with their reducibility. 

 

Figure 7. Relationship between the open porosity and the goethite content and the reducibility at 

high temperatures. 

According to Table 7, lump ore J demonstrated the highest anti-disintegration per-

formance among the three lump ores in terms of low-temperature reduction disintegra-

tion index, with RDI+3.15mm reaching 91.74% and RDI+6.3mm reaching 87.55%. In general, the 

higher the content of original hematite in the lump ore, the greater the degree of low-

temperature reduction disintegration, but a large number of pores formed by the dehy-

dration of the higher content of goethite in lump ore J and S, to a degree, mitigated the 

negative effect of volume stress caused by the volume expansion of hematite reduced to 

magnetite. The degree of low-temperature reduction disintegration is inversely propor-

tional to the open porosity at high temperatures. As a result, the higher the goethite con-

centration, the higher the open porosity at high temperatures, and the less powder gener-

ated by the lump ore in the reduction process. As a consequence, lump ore J reduced well 

and also resisted low-temperature reduction disintegration. 

3.2.3. Softening and Melting Properties 

The width and location of the cohesive zone within the blast furnace promote stable 

blast furnace production operations and better gas consumption. As a consequence, the 

high temperature softening and melting properties of three types of lump ore are com-

pared, as illustrated in Figure 8. 
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Figure 8. The high temperature softening and melting properties of three lump ores. (Ta, starting 

softening temperature; Ts, softening termination temperature ; Tm, starting melting temperature; 

Td, starting dropping temperature; max, permeability). 

The softening and melting performance of lump ores J and S was superior to that of 

lump ore A. Furthermore, the softening and melting temperature interval range of lump 

ore A was 413 °C. The starting dropping temperature was 1483 °C, whereas the starting 

softening temperature was 1070 °C. This might be due to its increased Al2O3 content, 

which generates a high melting point when the Al2O3 level is higher and causes the slag’s 

dropping temperature to rise. Lump ore S had a starting dropping temperature of 1387 

°C, which might be attributed to its higher natural basicity, which would be adverse to 

the softening-melting properties of lump ore. In comparison, lump ore J exhibited the nar-

rowest melting and softening temperature intervals, as well as a respectable dropping 

temperature. Among the three lump ores, lump ore S exhibited the best permeability and 

the lowest maximum pressure difference, i.e., ΔP of just 1.61 kPa. 

According to the Standard Code for the design of a blast furnace ironmaking plant 

in China (GB50427-2008), the high-temperature metallurgical properties of three Malay-

sian lump ores are in accordance with the ironmaking industry standard. Therefore, an 

interactive test can be conducted to explore the reasonable proportion of furnace charge, 

and therefore, to optimize the structure of blast furnace charge. 

4. Conclusions 

(1) Among the three types of lump ores, lump ore A had the best decrepitation perfor-

mance with a D−6.3mm of 0.2%; lump ore J had the highest reducibility with an RI of 

88.39%; lump ore J had the best low-temperature disintegration performance with an 

RDI+3.15 mm of 91.74%; and in terms of softening performance, the three types of lump 

ores had higher starting softening temperature and dropping temperature, and a nar-

rower softening temperature interval. All in all, the comprehensive quality of the 

three lump ores meets industry standards. 

(2) The metallurgical characteristics of the three types of lump ore are strongly con-

nected to their process mineralogy. The decrepitation performance of lump ore is 

closely related to its process mineralogy; the decrepitation performance and its goe-

thite content (loss on ignition) are closely and positively correlated, with the higher 

the content, the worse the decrepitation performance; the reducibility of lump ore 

depends primarily on the open porosity and hematite content and type at high tem-

peratures, with the original open porosity being unimportant. The higher the goethite 
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content, the larger the open porosity at high temperatures, the more freshly formed 

porous hematite, and the better the reducibility; the degree of low-temperature re-

duction disintegration is primarily determined by the open porosity and original 

hematite content of the lump ore at high temperatures; the lower the open porosity 

at high temperature and the higher the original hematite content, the greater the de-

gree of reduction disintegration. 

(3) The three lump ores’ overall performances are appropriate for blast furnace ironmak-

ing, but their reasonable ratios should be advised by optimizing the blast furnace 

burden structure to accomplish the objective of lower production costs and fewer 

carbon emissions. 
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