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ABSTRACT 

Using secondary smelting water-granulated nickel slag (SWNS) after iron extraction as the main raw material, made composite activator (flue 

gas desulphurization gypsum (FGDG) and carbide slag (CS) are the main activators, Na2SO4 and cement clinker (CC) are the auxiliary 

activators) with cementing agents (CA), and then made into mine cemented paste backfill (CPB) material with iron ore tailings (IOT). The 

factors affecting the mechanical properties such as the composition of raw materials and the amount of activator were studied by means of 

mechanical property test, X-ray diffraction (XRD) and scanning electron microscope (SEM), the ratio of CPB material was optimized, and the 

hydration mechanism of CPB material was analyzed. The results show that when the mass fraction of SWNS, FGDG, CS, Na2SO4 and CC in 

CA is 85%, 5%, 5%, 3% and 2%. The 28d flexural strength and compressive strength of CPB material of SWNS reach 1.99 MPa and 3.38 

MPa, which meet the strength requirements of mine CPB material. The results of X-ray diffraction (XRD), scanning electron microscope 

(SEM) and hydration mechanism analysis showed that both vitreous and crystalline substances in, CA of SWNS could be hydrated, and the 

main hydration products were ettringite (AFt) and Ca2+, Mg2+ containing hydrated aluminosilicate (C-M-S-H) gel. 
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1. INTRODUCTION 

 

Cemented paste backfill (CPB) method refers to the 

backfilling mining method in which cementing agents (CA), 

aggregate and water are mixed in a certain proportion and 

stirred evenly, and then the filling slurry or paste is transported 

to the mined out area by gravity self-flow or pumping through 

the conveying pipeline [1]. The main function of CPB body is 

to meet the operational requirements of mining equipment and 

to provide artificial bottom pillars or false roofs, so the 

strength requirements vary according to the backfilling 

technology and the function of the backfilling body, which is 

generally 1~5 MPa [2]. High quality CPB mining can increase 

resource recovery rate by more than 30% compared with non-

CPB mining. CPB is increasingly widely used as an effective 

mining technology for deep well, complex and special 

conditions ore deposits [3, 4]. CPB is a new backfilling 

technique for mines, which allows the tailings harmful to the 

environment to return to the underground roadway or stope, so 

as to maximize the safety, efficiency and productivity of the 

process/operation, it is of great significance to solve the safety 

hazards and environmental problems caused by a large number 

of tailings stockpiling [5-8].  

CPB costs generally account for 25%~40% of the total 

mining costs, and CA costs account for 70%~80% of the 

backfilling costs [9, 10]. CPB materials are mainly composed 

of aggregate and CA, ordinary Portland cement (OPC) is used 

as cementing agent in most mines [11-14]. Cement, as the CA 

that has been used for the longest time and has been widely 

used in cementing backfilling, has the characteristics of stable 

strength development and reliable property, and has been 

widely used in mine filling. The most commonly used type of 

cement is OPC, but cement as a backfilling CA also has the 

following problems: (1) In the process of CC production, a 

large amount of coal, electricity, limestone, clay and other 

resources are consumed, and 0.95 t CO2 will be emitted for 1 t 

of CC production, resulting in resource waste and 

environmental pollution. (2) When sulfide is present in tailings, 

the oxidized acid and sulfate of the sulfide will reduce the 

stability of the cement CPB material [15]. (3) The cost of 

cement CA accounts for 60%~80% of the backfilling cost. 

Therefore, many mining enterprises and researchers began to 

look for industrial byproducts with low cost, excellent 

performance, environmental protection and cementitious 

properties, such as fly ash [16-19], nonferrous metallurgical 

slag [20], steel slag [21], GBFS [22-26] and other additives 

[27-29], the solid wastes with potential cementitious activity 

are partly or completely substituted for cement to prepare CA, 

it can not only improve the comprehensive utilization rate of 

industrial solid waste, but also protect the environment and 

reduce the cost of CA, which has broad development prospect.  

 Non-ferrous metallurgical slag is the solid waste after the 

smelting of non-ferrous metals, mainly including the slag 

formed in the process of fire smelting and the residue 
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discharged in the process of wet smelting. After mechanical 

grinding and chemical excitation, it has a good potential 

activity, and can be used to prepare CA for CPB material, and 

improve the utilization rate [20, 30]. Nickel slag contains 

30%~40% of iron in the form of silicates, and further reduction 

smelting of this nickel slag can extract most of the valuable 

metal at one time. However, a large amount of SWNS is 

produced in the process of iron extraction by secondary 

smelting, after water-granulated, its appearance is close to that 

GBFS, but its chemical composition and material structure are 

quite different from GBFS, and SWNS has certain potential 

hydraulic properties [31-34]. If enough strength can be 

generated by the activator, it can be used in backfilling. In this 

study, FGDG, CS, Na2SO4 and CC were used as activators. 

Through the factors affecting the mechanical properties, such 

as the composition of raw materials and the amount of 

activator, optimized the ratio of CPB material, and on this 

basis, the hydration process and mechanism of CPB material 

were analyzed by means of XRD, SEM and other testing 

methods. It provides a basis for the application of SWNS in 

mine CPB material. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Experimental materials 

 

The main materials used in the test are SWNS, CC, CS, 

FGDG, Na2SO4, IOT, its chemical composition is shown in 

Table 1, and the mineral composition of raw materials is 

shown in Figure 1. 

 

 

Table 1. Chemical composition of raw materials (wt. %) 

 
Materials SiO2 Al2O3 Fe2O3 FeO MgO CaO Na2O K2O SO2 LOI 

SWNS 36.72 6.97 0.27 3.01 28.78 22.69 0.16 0.08 0.87 0.13 

CC 22.50 4.86 3.43 — 0.83 66.30 — 0.08 0.24 0.96 

CS 3.45 1.94 0.078 0.29 — 59.54 0.28 0.001 3.55 30.11 

FGDG 3.16 1.35 0.47 0.09 7.49 33.38 0.13 0.18 36.56 8.28 

Na2SO4 — — — — — — 43.23 0.008 44.62 0.002 

IOT 68.96 7.68 2.32 4.47 3.64 4.35 1.41 1.85 0.024 2.49 

 

Table 2. Particle size distribution of IOT 

 

Sieve Size/ mm +1.25 
-1.25 

+0.63 

-0.63 

+0.32 

-0.32 

+0.16 

-0.16 

+0.08 
-0.08 

Meter sieve/% 1.5 5.8 6.9 36.8 41.2 7.8 

Cumulative sieve /% 1.5 7.3 14.2 51.0 92.2 100 
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Figure 1. XRD spectrum of raw materials (a)-SWNS, (b)-CS, (c)-FGDG, (d)-IOT 
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SWNS. The SWNS produced by molten reduction of iron 

extraction from nickel smelting slag was selected. The 

chemical composition is shown in Table 1, and the XRD 

analysis results are shown in Figure 1(a). It can be seen from 

Figure 1(a) that there are more crystals in SWNS, including 

monticellite, kamaishilite, grossularite, augite and so on. Fig. 

2 shows the SEM microstructure of SWNS corroded, cleaned, 

dried and sprayed with 1% HF solution. As the hydrofluoric 

acid solution corrodes the glass phase on the surface, a large 

amount of crystalline materials is exposed on the glass phase. 

SWNS contains a large number of crystalline materials. EDS 

semi-quantitative analysis of crystalline materials and XRD 

analysis show that the crystalline materials of SWNS were 

monticellite, kamaishilite, grossularite and augite (Fig. 2(a)). 

In Figure 2(b), the labeled region A is a large amount of glassy 

materials, and the labeled region A is monticellite. This is 

because the generation of SWNS after the extraction of iron 

from nickel slag is similar to the generation of GBFS. By 

water-granulated and rapid cooling of molten nickel slag, 

glassy substances and crystalline substances with low 

hydration potential are generated, which have certain potential 

hydraulic activity. Due to the different content and 

composition of glassy materials, the strength of SWNS as a 

cementitious material is very different. Similar to GBFS, 

SWNS is also composed of Al2O3 and SiO2 to form a three-

dimensional network space, and alkali metals and alkali earth 

metals are embedded in the gaps of the grid. Under the action 

of the activator, the network structure of [AlO4]5- tetrahedron 

and [SiO4]4- tetrahedron was destroyed. Mg2+, Ca2+, 6-

coordination Al3+ and alkali metals were involved in the 

reaction of SWNS, forming hydrates and showing gelation 

[31-34]. However, there are great differences between SWNS 

and GBFS in this study, as shown in the following aspects: the 

chemical components of SWNS and GBFS differ greatly, and 

the formation of the final phase will follow the phase law of 

certain components, SWNS have more crystals. The formation 

of the hydration products of SWNS CA not only needs to 

stimulate the hydration reactivity of the glass phase, but also 

needs to stimulate the hydration reactivity of the crystalline 

phase to a certain extent. 
 

 

 
 

Figure 2. SEM images of SWNS after treated by 1% HF 

(2) CC. CC is the OPC clinker produced by cement plant. 

The chemical composition is shown in Table 1, the main 

mineral components are C2S (24.6%), C3S (55.7%), C3A 

(8.8%) and C4AF (10.9%). 

(3) CS. Its chemical constituents are listed in Table 1. The 

CaO content of CS is 60.16%, and its mineral composition is 

mainly Ca(OH)2 and CaCO3 (see Figure 1(b)), CS, and the 

residue of 0.08 mm square-hole sieve is 12.8%. 

(4) FGDG. FGDG is the wet FGDG from the thermal power 

plant, and its main component is CaSO4·2H2O, Fig. 1(c). 

According to Table 1, the burning loss of FGDG was 8.28%, 

the contents of CaO and SO3 in FGDG were 33.38% and 

45.70%, respectively. According to the calculation that all SO3 

came from CaSO4, the mass fraction of CaSO4 in FGDG was 

78.26%, and the SSA was 210 m2·kg-1. 

(5) IOT. Its chemical constituents are listed in Table 1. The 

particle size of tailings with a mass fraction of about 78% is 

between 0.08 mm and 0.32 mm; those with a particle size 

greater than 0.32 mm account for 14.2%; and those with a 

particle size of about 7.8% are less than 0.08 mm (see Table 

2). The content of SiO2 in the tailings reaches 68.96% (mass 

fraction, the same below), which belongs to high-silicon type 

IOT. The major minerals of IOT included: quartz, hornblende, 

biotite, plagioclase and a few amount of chlorite, calcite and 

magnetite (see Figure 1(d)). 

 

2.2 Methods 

 

The experimental process of SWNS preparing CPB material 

is shown in Figure 3. Firstly, SWNS, CS and FGDG were 

dried in oven at 105 ºC for 24 h to make moisture content less 

than 1%, respectively. Then, crushed them using SM φ 500 

mm × 500 mm laboratory ball mill at the speed of 48 r·min-1 

to yield SSA of 550 m2·kg-1, 300 m2·kg-1 and 330 m2·kg-1. The 

grinding media consists of several steel balls and a steel 

forging. The loading mass of the grinding media should be 100 

kg. The steel balls add up to 40 kg, in which the Φ 70 mm ball 

takes up 19.7%, the Φ 60 mm ball takes up 33.1%, the Φ 50 

mm ball takes up 29.6%, and Φ 40 mm ball takes up 17.6%; 

the Φ 25 mm ×30 mm steel forging weighs 40 kg. CC was first 

crushed to 1~3 mm with a jaw crusher, and then the ball-

milling to SSA 400 m2·kg-1. The prepared raw materials are 

mixed evenly in proportion to form CA, then, in accordance 

with binder sand ratio (CA/IOT) of 1:4, IOT was added as 

aggregate and mixed evenly with water in the binder sand 

mixer to make slurry concentration of 80% mortar. After that, 

4 cm × 4 cm × 16 cm cement binder sand triple test model was 

injected, after 24 h of shaking molding on the cement and sand 

vibrating table, the mold was taken off for curing, and the mold 

was put into a standard curing box with a temperature of (20 ± 

1) ℃ and a humidity of more than 90% for curing, because the 

early strength is not high, after 7 d, the mold is damaged and 

then put into the curing box for curing. Finally, the mechanical 

properties of the test block at different ages are determined. 

An optimized ratio was obtained by measuring the 

compressive strength of the samples, and the optimized ratio 

of CA was analyzed by XRD and SEM. 

The SSA is measured using dynamic specific surface area 

analyzer (SSA-3200). The compressive strength test of 

samples was based on the Chinese National Standard GB/T 

17671-1999 Method of testing Cements-Determination of 

strength. The hydraulic pressure testing machine (YES-300) 

with a maximum load of 300 KN and a loading rate of 2.0 ± 

0.5 kN/s was used to measure compressive strength. The X-



Preparation and Hydration Mechanism of Mine Cemented Paste Backfill Material for Secondary Smelting Water-granulated Nickel Slag 

 / J. New Mat. Electrochem. Systems 

55 

 

ray diffraction (XRD) spectrum of the samples were 

performed using a D/Max-RC diffractometer (Japan) with Cu 

Kα radiation, voltage of 40 kV, current of 150 mA and 2θ 

scanning ranging between 5 º and 90 º. FE-SEM observation 

was performed to analyse the hydration products of the CA 

using a Zeiss SUPRATM55 scanning electron microscope 

coupled with a Be4-U92 energy spectrum. 

 

SWNS

CC

CS

FGDG

Na2SO4

ball 

milling 

and 

mixing

water 

reducing agent

CA

IOT

water

intensive 

mixing

CPB 
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Figure 3. Process flow of CPB material prepared by SWNS 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Properties of CPB material 

 

3.1.1 Effect of the amount of FGDG and CS on strength of 

CPB material 
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Figure 4. Effect of FGDG content on compressive strength 

of CPB material 

 

Similar to GBFS, SWNS itself cannot generate strength by 

their own hydration, but can be generated strength by activator 

excitation. In this study, two kinds of industrial solid waste 

FGDG and CS were selected as main activators, Na2SO4 and 

CC as auxiliary activators, and the appropriate content of these 

activators was determined through experiments. FGDG 

belongs to sulfate activator and CS belongs to alkali activator. 

Only when the two activators reach a reasonable ratio can 

SWNS produce the best excitation effect. First fixed SWNS 

content in CA, the main activator and the auxiliary activator 

quality percentage were 85%, 10% and 5%, and fixed in the 

auxiliary activator, the mass ratio of Na2SO4 to CC is 3:2 and 

FGDG accounted for the proportion of the main activator can 

be divided into 0, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 

90%, 100%, and then according to the test method specified in 

section 2.2, determine the proportion of FGDG in activator. 

Figure 4 shows the effect of FGDG content on the compressive 

strength of CPB material of SWNS. It can be seen from Figure 

4 that when the mass ratio of FGDG and CS is 5:5 (namely 1:1) 

and the sum of them accounts for 10% of CA, the compressive 

strength of the CPB material is the highest. The compressive 

strength of CPB material samples of SWNS on 7 d and 28 d is 

2.12 MPa and 3.14 MPa, respectively, meeting the strength 

requirements of mine CPB material. 

 

3.1.2 Effect of the amount of Na2SO4 and CC on strength of 

CPB material 

Fixed SWNS content in CA, the main activator and the 

auxiliary activator quality percentage were 85%, 10% and 5%, 

and fixed the main activator of FGDG and CS quality ratio is 

1:1, change the auxiliary activator Na2SO4 quality percentage 

is 0, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, 

the change of the auxiliary activator content on CPB material 

samples of SWNS compressive strength and flexural strength, 

the test results are shown in Figure 5 and Figure 6. 

As can be seen from Figure 5 and Figure 6, when Na2SO4 

accounted for 60% of the auxiliary activator content (Na2SO4: 

CC=3:2), CPB material samples of SWNS showed the highest 

flexural strength and compressive strength on 7d and 28d. 

Therefore, the mass ratio of Na2SO4 to CC is set as 3:2, that is, 

the mass fractions of SWNS, FGDG, CS, Na2SO4 and CC in 

CA should be 85%, 5%, 5%, 3% and 2%, at this point, the 

compressive strength and bending strength of CPB material 

samples of SWNS on 28 d are 3.38 MPa and 1.99 MPa, meet 

the requirements of CPB material for 28 d compressive 

strength ≥3.1 MPa and 28 d flexural strength ≥1.9 MPa. 
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Figure 5. Effect of Na2SO4 content on flexural strength of 

CPB material 
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Figure 6. Effect of Na2SO4 content on compressive strength 

of CPB material 
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3.2 Phase composition and morphology of CA  

 

 
 

Figure7. XRD spectrum of paste block of CA and SWNS 

 

Figure 7 shows the XRD patterns of SWNS, Na2SO4, CC, 

FGDG and CS with corresponding mass fractions of 85%, 3%, 

2%, 5% and 5% of CA after hydration for 7 d and 28 d. The 

main mineral phases are ettringite (AFt), monticellite, 

grossularite, kamaisshilite, augite and pyrope. From the 

comparison of the three diffraction curves in Fig. 7, it can be 

seen that, compared with the diffraction curves of SWNS, only 

9.645 Å, 5.576 Å and 4.679 Å, which represent AFt, can be 

clearly identified as the new crystalline phase after 7 d and 28 

d hydration of CA prepared with SWNS as the main raw 

materials, as the diffraction peaks of AFt and other crystalline 

phases in SWNS overlap superimposed, they cannot be clearly 

identified in the XRD pattern. The diffraction peak of AFt at 7 

d after CA hydration is sharper than that of AFt at 28 d. It is 

said that the crystallinity of the hydration products at 28 d is 

lower than that of the hydration products at 7 d, that is, a large 

number of amorphous substances are produced at 28 d. 

Figure 8 shows the SEM photos of CA paste block on curing 

7 d and 28 d. According to Figure 8(a), it can be seen that the 

micro morphology of the paste block at the time of CA 

hydration 7 d, after curing, the main hydration products of the 

paste block were a large amount of low-crystallinity or 

amorphous C-S-H gels and a small amount of fibrous 

hydration product AFt, the accumulation of hydration products 

is not close enough, indicating that the sample of CA has 

undergone a certain degree of hydration reaction. Figure 8(b) 

shows the enlargement of the labeled area in Figure 8(a), and 

a large number of AFt formation of acicular or fibrous 

hydration products can be seen. 

 

  

  

 
 

Figure 8. SEM images and EDS spectrum of CA samples at different ages. (a) and (b)-7 d, (c), (d) and (e)-28 d 
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As can be seen from Figure 8(c), a large number of 

flocculent gels grew around the particles (see D point in Figure 

8(c)) in the paste block (see Figure 8(c)), this indicates that the 

crystalline material and glass phase in SWNS are fully 

stimulated to participate in the hydration reaction. It can be 

seen in the Figure 8(c) that the particles are embedded in the 

hydration products, and the boundary of the particles is blurred, 

the hydration products glue a large number of particles 

together and form a piece, the gap between the particles is 

greatly reduced, which increases the compactness of the slurry. 

Figure 8(d) is a local enlarged view of Figure 8(c). It can be 

seen from the figure that a large number of long-rod-shaped 

AFt are observed, and most of them grow in radial bundles. 

Compared with hydration products at 7 d of hydration, 

hydration products at 28 d of CA become thicker and shorter, 

and the long rod-shaped AFt and crystalline C-S-H gels grow 

better, making the structure become very dense, and no 

obvious large holes can be observed, which makes the paste 

block have good mechanical strength on the macro level. The 

energy spectrum semi-quantitative analysis of these long rod-

shaped products (Figure 8(e)) was conducted, which was 

speculated to be AFt, which was also consistent with the 

analysis results of XRD (Figure 7). 

 

3.3 Hydration mechanism of CPB material 

 

The strength source of CPB material of SWNS is a 

combination of alkali activator and sulfate activator to joint 

excitation. When the four activators of FGDG, CS, Na2SO4 

and CC are matched according to the appropriate proportion, 

the CPB material of SWNS is of high strength. 

In the early stage of OH- hydration, C3A and C4AF in CC 

system react with CaSO4·2H2O to form AFt and Ca(OH)2. 

Since the amount of CC is low, this reaction can only generate 

a small amount of AFt, while the resulting CC hydration 

generates Ca(OH)2 as alkali activator that will continue to 

react with SWNS. Meanwhile, FGDG and Na2SO4 in CA 

reacted with SWNS as sulfate activator and CS as alkali 

activator. CS provides sufficient Ca(OH)2 in the early 

hydration reaction, so that the system contains higher 

concentration of OH-, this part of OH- and the OH- released 

from the CC are the main sources of "alkali" in the alkali 

excitation of CPB material of SWNS. As can be seen from Fig. 

4, when the content of FGDG is 100% (that is, CS is not added), 

the compressive strength of the samples prepared on 7 d and 

28 d is very low, indicating that CS is particularly important in 

stimulating the bonding strength of SWNS. 

The incorporation of Na2SO4 will greatly affect the 

dissolution of CS. This is because Na2SO4 reacts with Ca2+ in 

the system to form CaSO4·2H2O with very low solubility: 

 

Ca(OH)2+2Na++SO4
2-

+2H2O=CaSO4·2H2O+2Na++2OH- 
(1) 

 

This reaction indicated that the presence of Na2SO4 would 

accelerate the dissolution rate of CS, resulting in a higher pH 

value of the solution than that of saturated Ca(OH)2 solution, 

thus continuously dissolving silicate and aluminosilicate 

vitreous under the erosion of high concentration OH-, 

accelerating the alkali excited reaction of the system. At the 

same time, because the pH value of the system is much higher 

than that of OPC slurry, it can also stimulate the volcanic 

activity of some crystalline materials in SWNS so that they 

also participate in the hydration reaction. In addition, the 

introduction of Na2SO4 increased the concentration of SO4
2-, 

so that more AFt could be generated in the early stage. In 

summary, the early strength of sulphate-induced SWNS is 

attributed to two factors: the acceleration of the early volcanic 

ash reaction (active silicon and aluminum from the dissolution 

of SWNS) and the formation of AFt. As an activator, FGDG 

provides necessary substances for the formation of AFt. 

The Ca2+ and Mg2+ on the vitreous surface of SWNS can 

adsorb OH- to form hydroxides, thus damaging the surface 

structure of SWNS and promoting the hydration of SWNS. 

The bond strength of Ca-O and Mg-O bonds in the external 

body of SWNS network are much stronger than those of Si-O 

and Al-O bonds, so the network structure of SWNS glass body 

dominated by [AlO4]5- tetrahedron and [SiO4]4- tetrahedron can 

be destroyed. Si-O-Al and Al-O-Al in the vitreous of SWNS 

were eroded by OH-, and Al3+ was gradually released. The 

concentration of AlO2
- in the solution increases and reacts with 

Ca2+ and SO4
2- to form AFt (3CaO·Al2O3·3CaSO4·32H2O). A 

certain amount of alkali activator can destroy the vitreous 

network structure of SWNS and promote hydration. An 

appropriate amount of sulfate activator can provide Ca2+, SO4
2- 

to produce the hydration product AFt. 

 

 

4. CONCLUSIONS 

 

(1) The SWNS after molten iron extraction from nickel slag 

contains both glass phase and crystalline material, and the 

excitation effect of FGDG and CS alone is weak. The special 

CA for CPB mining can be prepared by adding composite 

activator, which can meet the requirements of mine CPB. 

(2) With FGDG and CS as the main activator, Na2SO4 and 

CC as the auxiliary activator, CA was prepared from SWNS, 

FGDG, CS, Na2SO4 and CC by mass ratios of 85%, 5%, 5%, 

3% and 2%, then the CPB materials with a slurry concentration 

of 80% is made by the ratio CA/IOT of 1:4. The 28 d flexural 

strength and compressive strength can reach 1.99 MPa and 

3.38 MPa, meet the requirements of CPB material (28 d 

flexural strength ≥ 1.9 MPa, compressive strength ≥ 3.1 MPa). 

(3) The results of XRD, SEM analysis and hydration 

mechanism show that the hydration products of the prepared 

CA are C-S-H gel and AFt. During the hydration of CA, the 

network structure of [AlO4]5- tetrahedron and [SiO4]4- 

tetrahedron in SWNS glass phase is destroyed. Ca2+ and Mg2+ 

participate in the reaction to form hydrated aluminosilicate (C-

M-S-H) gel containing Ca2+ and Mg2+, which plays an 

important role in the continuous increase of the strength of 

CPB material in the later stage. 
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