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Abstraktní 

Feroniklová struska (FNS) je vedlejším produktem slitiny feroniklu, který 

způsobuje znečištění. Struska karbidu vápenatého (CS) je průmyslový odpad hydrolýzy 

CaC2 pomocí hlavních složek Ca(OH)2 a CaCO3. Hydraulicitu FNS lze zlepšit aktivací 

alkálií pro přípravu slínku bez cementu. Ke studiu kombinovaného účinku CS na 

aktivaci FNS se používá uhličitan sodný (SC), síran sodný (SS), hemihydrát 

fosfosádrovce (HG) a dihydrát fosfosádrovce (DG). Nejprve jsou studovány vlastnosti 

FNS, poté je jako prekurzor vybrán FNS s velikostí částic D50=8,4μm. Hlavní závěry 

jsou následující: 

FNS se skládá zejména z Al2O3, SiO2, CaO, MgO a Fe2O3. Cr je primární těžký 

kov ve strusce feroniklu. Stávající MgO fáze ve feroniklové strusce jsou převážně 

spinel a forsterit, což je zásadní pro nízkou brousitelnost a zanedbatelný pokles vazebné 

energie. 

CS a SC mohou snížit tekutost a dobu tuhnutí vzorků zvýšením alkalického 

stupně pasty. SS však zvyšuje tekutost a dobu tuhnutí. Přestože rozpouštění FNS závisí 

hlavně na alkalitě roztoku pórů, uvolňování tepla a vývoj pevnosti jsou zpomaleny, 

když je do systémů dávkováno vysoké množství Na2O-E. Gelový produkt je považován 

za gel C-(N)-S-A-H. SC aktivovaný systém vykazoval volnější strukturu a mikrotrhlinu 

v interfaciální přechodové zóně (ITZ). Ačkoli je větší kritický průměr pórů a méně 

gelových produktů vykazován v SS-aktivovaném systému, pevnost v tlaku je vyšší než 

u SC-aktivovaného systému po 28 dnech díky lepší přechodové zóně rozhraní 

způsobené nižším autogenním smrštěním a správnými hydratačními produkty. 

Tvorba CaSO4·2H2O v systému aktivovaném HG může rychle vybudovat 

strukturu, která prudce sníží tekutost a dobu tuhnutí. DG je inertní vůči vodě a tím 

prodlužuje dobu tuhnutí a snížený stupeň tekutosti není patrný. Nečistoty ve 

fosfosádrovci mohou zpomalit dobu exotermického peaku. HG a DG vykazují pozitivní 

vliv na pevnost v tlaku v pozdějších stádiích. Ale CS vykazuje negativní vliv na rozvoj 

pevnosti v obou systémech. Vysoký obsah CS má za následek vysoký poměr Ca/Si v 

ITZ a lze pozorovat velkou trhlinu. Všechny vzorky HG a DG aktivovaných systémů 

vykazují stabilní deformaci po rychlém nárůstu expanze. 

Byly studovány betony aktivované SS a DG. Zpracovatelnost a mechanické 

vlastnosti systému aktivovaného SS jsou lepší než systému aktivovaného DG. Tyto dva 

systémy vykazují sníženou pevnost po 60 dnech, ale obnoví se po 90 dnech. Stupeň 

karbonizace systému aktivovaného SS je mnohem nižší než systému aktivovaného DG. 

Vzorky po sulfátovém vytvrzování vykazují vyšší pevnost v tlaku než standardní 

vytvrzování. Integrita systému aktivovaného DG je stále dobrá i po kalcinaci při 800 ℃, 

ale systém aktivovaný SS vykazuje lepší odolnost vůči vysokým teplotám od 200 ℃ 

do 600 ℃. 

Klíčová slova: alkalická aktivace, feroniklová struska, vápenato-karbidická 

struska, uhličitan sodný, sulfid sodný, fosfosádrovec, beton 

  



 

 

Abstract 

Ferronickel slag (FNS) is a by-product of ferronickel alloy which causes pollution. 

Calcium carbide slag (CS) is an industrial waste residue from the hydrolysis of CaC2 

with the main components of Ca(OH)2 and CaCO3. The hydraulicity of FNS can be 

improved by alkali activation to prepare cement-free clinker. Sodium carbonate (SC), 

sodium sulfate (SS), hemihydrate phosphogypsum (HG) and dihydrate phosphogypsum 

(DG) are used to study the combined effect with CS on the activation of FNS. The 

characteristics of FNS are studied firstly, then FNS with the particle size of D50=8.4μm 

is selected to be the precursor. The main conclusions are as follows: 

The main chemical composition of FNS is Al2O3, SiO2, CaO, MgO and Fe2O3. Cr 

is the primary heavy metal in ferronickel slag. The existing MgO phases in ferronickel 

slag are mainly spinel and forsterite, which is essential for the low grindability and 

negligible decrease in binding energy. 

CS and SC can decrease the fluidity and setting time of specimens by increasing 

the alkali degree of paste. However, SS increases the fluidity and setting time. Although 

the dissolution of FNS mainly depends on the alkalinity of the pore solution, the heat 

release and strength development are retarded when high Na2O-E is dosed in the 

systems. The gel product is believed to be C-(N)-S-A-H gel. SC-activated system 

showed looser structure and micro-crack in interfacial transition zone (ITZ). Although 

the larger critical pore diameter and fewer gel products are exhibited in SS-activated 

system, the compressive strength is higher than SC-activated system at 28d due to the 

better interfacial transition zone caused by lower autogenous shrinkage and the 

reasonable hydration products. 

The formation of CaSO4·2H2O in HG-activated system can build a structure 

rapidly to decrease the fluidity and setting time sharply. DG shows inert to prolong the 

setting time, and the decreased degree of fluidity is not apparent. The impurities in 

phosphogypsum can retard the occurred time of exothermal peak. HG and DG show a 

positive effect on compressive strength at later ages. But CS shows negative effect on 

strength development in both systems. High CS content results in a high Ca/Si ratio in 

ITZ and large crack can be observed. All the HG and DG-activated systems specimens 

present a stable deformation after a quick expansion increment.  

SS-activated and DG-activated concrete were studied. The workability and 

mechanical property of the SS-activated system is better than DG-activated system. The 

two systems present a decreased strength at 60d but recover after 90d. The 

carbonization degree of the SS-activated system is much lower than the DG-activated 

system. The specimens after sulfate curing present higher compressive strength than 

standard curing. The integrity of DG-activated system is still well after being calcined 

at 800℃, but SS-activated system shows better high-temperature resistance from 200℃ 

to 600℃. 

Keywords: alkali activation; ferronickel slag; calcium carbide slag; sodium 

carbonate; sodium sulfate; phosphogypsum; concrete. 
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1 Introduction 

1.1 Introduction of ferronikel slag and calcium carbide slag 

According to the China National Bureau of Statistics data, global cement 

production has risen for many years. China is a big country in cement production and 

consumption. The annual output of cement occupies more than 45% of the world's 

annual output, ranking first in the world for many years, consumes as much cement in 

a year as the United States did in the 20th century now [1].  

Cement manufacture still faces the problems of large limestone, fuel and electric 

consumption, let alone the pollution issues of CO2, SO2 and dust emission. Most 

importantly, in the cement production process, the decomposition of limestone and fuel 

combustion will emit many harmful gases. The cement industry alone accounts for 

more than 50% of global artificial emissions of CO2, which is an essential contributor 

to global warming. Therefore, cement production will cause many non-renewable 

resources, energy consumption and greenhouse gas emissions, which will seriously 

restrict the sustainable development of the green building industry.  

The industrial wastes, mainly slag and fly ash, have a potential hydration ability 

and are supplementary cementitious material. Hydration of supplementary cementitious 

materials can happen in an alkaline environment produced by cement hydration or the 

addition of alkali activators. Therefore, a new type of cementitious material, Alkali 

Activated Cementitious Material (AACM), is shown to maximize the use of industrial 

by-products. AACM uses alkali or alkali-contained compounds as activator with 

depolymerization effect to activate aluminium silicate and even carbonate industrial 

waste to endow the industry wastes with cementitious capacity.  

Ferronickel slag (FNS) is a by-product of the smelting and purification of 

ferronickel alloy. According to the statistics[2, 3], the mass ratio of the output of 

electrical furnace ferronickel slag to the corresponding ferro-ferronickel alloy has 

reached 14:1 in China. Thus, ferronickel slag has become one of the significant 

industrial wastes in China. The standard way to deal with ferronickel slag is storage or 

landfill, which will occupy land resources and pollute land and underground water 

sources due to infiltration or leaching after long-term accumulation [3, 4]. The 

discharge of ferronickel slag can reach 30 million tons per year in China. And the total 

discharge of ferronickel slag in China is over 100 million tons [5]. Only about 12% are 

used for recycling useful elements, preparing glass ceramics, AACM, concrete mineral 

admixture, and concrete aggregate, etc. However, the utilization rate of ferronickel slag 

in cement-based materials is low at present. SiO2, MgO, FeO, CaO and Al2O3 are the 

typical chemical components in ferronickel slag. Blast furnace ferronickel slag and 

blast furnace slag have similar production processes and chemical compositions. The 
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researches on alkali-activated blast furnace slag have been abundant with many 

recognised advantages, so alkali-activated ferronickel slag has a particular development 

prospect. 

Calcium carbide slag (CS) is produced from acetylene gas and polyvinyl chloride 

industry after the hydrolysis of calcium carbide (CaC2), is recognized as a waste residue, 

contains a large amount of Ca(OH)2 (85%-95%) and CaCO3 (1%-10%) as the main 

component [6-10]. The emission of calcium carbide slag is about 5.6×107 tons per year 

in China [11], accounting for 90%-95% of the global output and consumption [12]. The 

disposal method of CS is landfill besides chlor-alkali plants mostly [13], resulting in 

land occupation and environmental pollution because of the high alkali content [14], so 

that not only water can be polluted, but the microorganisms in the earth will decrease 

remarkably [15]. CS can be recognized as an inorganic alkali because of the pH value 

＞13, which can break the bonds of Si-O and Al-O in AACM [16]. Only 40% of CS 

can be efficiently used [17, 18]. Unlike traditional activators such as NaOH and water 

glass, which consume natural resources, CS is an industrial waste that can ease 

environmental pressure. Therefore, using CS as one part of the ferronickel slag system 

is critical to fulfilling significant environmental benefits. 

1.2 Introduction of sodium carbonate, sodium sulfate, and 

Phosphogypsum 

Although strong alkali activators such as NaOH, water glass and the combined 

activators are the most commonly used in activated ferronickel slag systems, which 

endows ferronickel slag based cementitious material with high compressive strength. 

However, the strong alkali activator is hard to satisfy the requirements of practical 

utilization due to the weak controllability, heavy corrosion, high cost, many 

microcracks, and strict processing procedures. Moreover, high CO2 emissions and 

environmental pollution are significant consequences of water glass. To avoid these 

adverse factors, weak alkali activators such as Ca(OH)2, Na2CO3, Na2SO4 are the 

environmentally friendly alternative options to provide new ideas to activate ferronickel 

slag due to the low cost, good workability and better durability. 

(1) Sodium carbonate (Na2CO3) 

Compared with Na2SiO3 and NaOH activated AACM, Na2CO3 activated AACM 

has lower production costs and better environmental benefits[19]. Although there are 

many studies on Na2CO3 activated AACM, most of these studies take this system as the 

reference of Na2SiO3 or NaOH activated AACM [20-22]. There are few studies 

specifically on the properties of weak alkali-activated AACM [19, 20, 23]. Na2CO3 is 

soluble in water (at 20℃, 20g Na2CO3 can be dissolved in 100g water) and can produce 

OH- through hydrolysis reaction, so has activation effect on slag. However, because 

OH- in Na2CO3 solution is produced by hydrolysis, its alkalinity is limited (at 20℃, the 
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pH of saturated Na2CO3 solution is 12.3), and the solubility of CaCO3 is lower than that 

of C-S-H, the dissociated Ca2+ from the slag first reacts with The CO3
2- to form CaCO3, 

gaylussite and zeolites. However, these products do not provide strong bonding force 

like C-S-H gel, so the early strength development of Na2CO3 activated AACM is low 

and usually takes 3 d or more for setting and hardening. After CO3
2- is consumed totally, 

a large amount of C-S-H gel will be generated, making the strength of AACM develop 

rapidly.  

(2) Sodium sulfate (Na2SO4) 

Na2SO4 is more economical and environmentally friendly than NaOH and water 

glass as a weak alkali activator. However, since the pH value of Na2SO4 solution is 

generally between 9-10, the promoting effect on the hydration of mineral powder is 

much lower than that of other alkali activators (pH value 12-14). The reaction rate is 

accelerated with the increase of Na2SO4 dosage, and the compressive strength increases 

with the increase of alkali equivalent (Na2O) and fineness of slag. The main hydration 

products of Na2SO4 activated slag are ettringite, C-S-H and hydrotalcite, and the 

composition of the products is basically unchanged no matter how the fineness of slag 

and Na2SO4 content change. 

(3) Phosphogypsum 

Phosphogypsum is a solid precipitate of calcium sulfate discharged in producing 

phosphoric acid by the wet process. 

Depending on the reaction temperature and phosphoric acid concentration, n in the 

Eq(2) can be 0, 0.5 and 2, and the corresponding precipitates are anhydrous 

phosphogypsum, hemihydrate phosphogypsum and dihydrate phosphogypsum[24]. 

About 5 tons of phosphogypsum are discharged for each ton of phosphoric acid 

production. Most phosphorus and fluorine, such as H3PO4, Ca(H2PO4)H2O, NaF and 

Na2SiF6, exist on the surface of phosphogypsum crystal and the gap between crystals, 

which make phosphogypsum become acidic, and the pH value of most phosphogypsum 

is below 4.5. At the same time, there are solid soluble impurities in the phosphogypsum 

lattice, such as CaHPO4, CaFPO3, CaAlF5, and insoluble impurities, such as quartz, 

undecomposed apatite, Ca3(PO4)2 and CaF2. However, most of these impurities are inert.  

At present, there are many researches of phosphogypsum used in gypsum and the 

composite cementing materials and products replacing natural gypsum. The core of the 

researches is to minimize the application cost of phosphogypsum and the impact of 

impurities on product properties. 

(4) Composite of weak alkali activators 

The activation ability of weak alkali activators usually cannot satisfy the 
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development of AACM, which results in slow hydration reaction, low mechanical 

properties and over-long setting time due to the low ions diffusion and pH value in the 

pore solution [25]. The composite activator of Ca(OH)2/Na2CO3 and Ca(OH)2/Na2SO4 

are proven effective AACM activators. The Na+and OH- can react to generate NaOH to 

promote the ions diffusion and pH value in pore solution so that the hydration rate can 

be accelerated to get a satisfying compressive strength at an early age [26]. The Ca2+ 

and CO3
2- can generate CaCO3 to show the filling effect and nucleation effect to fill the 

voids and induce C-S-H generation [19, 27]. Meanwhile, the workability of activated 

slag mortars can be improved by incorporating Ca(OH)2 [28]. Besides, when the 

Na2SO4 was added into Ca(OH)2, the pH value can be increased due to the generation 

of NaOH, and the formation of CaSO4·2H2O also can be generatedwhich is the part of 

the formation of ettringite to densify the microstructure and improve the mechanical 

properties [29]. In addition, a similar mechanism can also be provided by the addition 

of gypsum to improve the strength development in fly ash AACM [30, 31].  

2 Research objectives 

2.1 Key scientific problems to be solved 

In AACM, although the research of slag and fly ash system has sufficient research, 

the research of alkali-activated ferronickel slag AACM has just started. The researchers 

mainly concentrate on the strong alkali activation methods due to the unsatisfied results 

from weak alkali activation methods. There is still lack of research on broadening the 

ferronickel slag activation system. Compare the chemical composition of blast furnace 

slag and fly ash, blast furnace ferronickel slag can be defined as a "medium calcium" 

system, with the addition of calcium carbide slag, the ferronickel slag-calcium carbide 

slag system can be recognized as a “high calcium system” to improve further the 

hydration ability, which endows great significance to study the ferronickel slag based 

AACM. 

According to the discussion above, it can be found that the strong alkali activators 

such as NaOH, water glass and the combined strong activator are the most commonly 

used in activated ferronickel slag systems, which shows many adverse effects to retard 

the application. However, the activation capacity of weak alkali activators usually 

cannot satisfy the development of mortars.  

At present, the research on alkali-activated ferronickel slag systems mainly has the 

following problems:  

(1) There are few studies on the activation mechanism. Most studies simply 

compare the activation effect of different activators. The activation mechanism of 

ferronickel slag and the influence of alkali dosage is hardly explored. 
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(2) The focus of activation methods is mainly on strong alkali activators. The study 

of composite activation on ferronickel slag is rare, especially the utilization of calcium 

carbide slag, hemihydrate phosphogypsum and dihydrate phosphogypsum which are 

industrial wastes. 

(3) Research on the grindability of ferronickel slag is not enough because of the 

high solid solution content in the ferronickel slag, which is also the reason for the weak 

effect on the activation. 

(4) There are few studies on the modification of ferronickel slag. Although 

ferronickel slag can be activated by weak alkali, the macroscopic properties are poor, 

so it is necessary to adopt other modification methods to improve the properties of weak 

alkali-activated ferronickel slag systems. 

(5) There are few studies on the application of the alkali-activated ferronickel slag 

system. If alkali-activated ferronickel slag cementitious material is used to make 

concrete, the change of the mechanical properties of concrete and its durability should 

be discussed. 

2.2 Research contents and objectives 

According to the above key scientific problems, the research of this dissertation is 

based on experiments to explore the properties of FNS-CS system by adding Na2CO3, 

Na2SO4, hemihydrate phosphogypsum and dihydrate phosphogypsum. Firstly, Na2CO3 

and Na2SO4 were added to analyze the reaction products and hydration process of 

composite alkali-activated FNS-CS systems. Secondly, the modification effect of 

hemihydrate phosphogypsum and dihydrate phosphogypsum on FNS-CS system was 

investigated. Finally, the mechanical properties and durability of alkali-activated FNS-

CS concrete are studied to provide the basis for its engineering application 

According to the above ideas, the main contents are as follows: 

(1) The physical and chemical properties of the ferronickel slag were studied. The 

physical and chemical properties of ferronickel slag were studied according to 

the grinding time of 0/10/20/40/60/90/120 minutes. 

(2) The plastic slurry of FNS-CS system activated by Na2CO3 and Na2SO4, and 

modified by hemihydrate phosphogypsum and dihydrate phosphogypsum 

were studied. Including workability, setting time, rheological properties, 

hydration products, hydration process, ion dissolution, alkaline changes, etc. 

(3) The properties of hardened slurry of FNS-CS system activated by Na2CO3 and 

Na2SO4, and modified by hemihydrate phosphogypsum and dihydrate 

phosphogypsum were studied. Including mechanical properties, 

microstructure, shrinkage properties, heavy metal dissolution, etc. 

(4) Based on the results of (1), (2), (3), the mechanical properties and durability 
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of FNS-CS concrete are studied. 
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3 Raw materials and experimental methods 

3.1 Raw materials 

3.1.1 Ferronickel slag 

The ferronickel slag (FNS) used in this study is from Jinteng Building Materials 

Co., LTD (Yulin, China). The particle distribution of ferronickel slag is shown in Fig. 

1, D50= 8.4μm. The detailed analysis of ferronickel slag is shown in Chapter 3. 

 

Fig. 1 Particle distribution of ferronickel slag 

3.1.2 Calcium carbide slag 

The calcium carbide slag (CS) used in this study is from Hubei Yihua Co., LTD 

(Yichang, China). The chemical composition and crystalline phases are shown in Table 

1 and Fig. 2, respectively. Fig. 3 shows the particle size distribution of calcium carbide 

slag (CS-10min and CS-0.6mm). CS-0.6mm was obtained after calcium carbide slag 

was filtered by a 0.6mm sieve and used for mortar and paste specimen preparation, 

D50=103μm. CS-10min was obtained after calcium carbide slag was ground for 10min, 

and used for concrete preparation, D50=63.2μm. 

Table 1 The chemical compositions of calcium carbide slag (%) 

Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl CaO Fe2O3 SrO ZrO2 CO2 

0.606 0.078 1.630 2.290 0.027 0.489 1.163 63.698 0.146 0.036 0.009 29.828 
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Fig. 2 The XRD pattern of calcium carbide slag 

3.1.3 Sodium carbonate 

The Na2CO3 (SC) used in this study is from Sinopharm Chemical Reagent Co., 

Ltd. The appearance is white powder, analytically pure ≥99.8% according to GB/T 639-

2008 “Chemical reagent: anhydrous sodium carbonate”. 

3.1.4 Sodium sulfate 

The Na2SO4 (SS) used in this study is from Sinopharm Chemical Reagent Co., Ltd. 

The appearance is colorless transparent crystal or powder, analytically pure ≥99.0% 

according to GB/T 9853-2008 “Chemical reagent: anhydrous sodium sulfate”. 

 

Fig. 3 Particle size distribution of calcium carbide slag, dehydrate phosphogypsum, 

and hemihydrate phosphogypsum 

3.1.5 Hemihydrate phosphogypsum 

The hemihydrate phosphogypsum (HG) is from Hubei Yihua Co., LTD (Yichang, 

China). The XRD pattern and chemical composition of hemihydrate phosphogypsum 
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is shown in Fig. 4. and Table 2. It can be found that the main crystal phase of 

hemihydrate phosphogypsum is Bassanite (CaSO4·0.5H2O). Fig. 3 shows the particle 

size distribution of hemihydrate phosphogypsum, D50=57.5μm. 

 

Fig. 4 The XRD pattern of hemihydrate phosphogypsum 

Table 2 The chemical compositions of hemihydrate phosphogypsum (%) 

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O 
CO2 

0.121 0.335 1.095 9.627 0.884 45.016 0.472 

CaO Fe2O3 SrO ZrO2 BaO TiO2 F 
10.806 

30.003 0.521 0.055 0.036 0.083 0.131 0.817 

3.1.6 Dihydrate phosphogypsum 

The dihydrate phosphogypsum (DG) is from Hubei Yihua Co., LTD (Yichang, 

China). The XRD pattern and chemical composition of dihydrate phosphogypsum is 

shown in Fig. 5 and Table 3. It can be found that the main crystal phase of dihydrate 

phosphogypsum is Gypsum (CaSO4·2H2O). Fig. 3 shows the particle size distribution 

of dihydrate phosphogypsum, D50=31.1μm. 
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Fig. 5 The XRD pattern of dihydrate phosphogypsum 

Table 3 The chemical compositions of dihydrate phosphogypsum (%) 

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O 

0.122 0.069 0.431 5.963 1.192 46.824 0.247 

CaO Fe2O3 SrO BaO TiO2 F CO2 

32.305 0.319 0.066 0.084 0.136 0.597 11.645 

3.2 Experimental methods 

3.2.1 Specimen preparation 

(1) Casting and curing of mortar specimens 

The casting process of mortar specimens was carried out in accordance with the 

Chinese standard GB/T17671-2020 "Method of testing cements-Determination of 

strength". The raw materials were put into the mixing pot according to the mixture 

proportion for 2 min of slow mixing, then stop the mixer for 15 s to scrape the mortar 

from the wall and fan blades into the mixing pot by a scraper. Then start the mixer again 

for 2 min of fast mixing. After mixing, the mixed mortars were poured into 

40mm×40mm×40mm molds, and vibrated for 60 times by a vibrostand. After the 

vibration, the molds were put into the curing room with temperature of 20±1℃ and 

humidity of 95±1%, and covered by plastic film. After 24h, the mortar specimens were 

demolded and put into the curing room for further curing. The mixture proportions are 

shown in Table 4. 

  



11 

The Study Of Composite Activation On Ferronickel Slag Binders 

Dissertation. VŠB - Technical University of Ostrava, 2022 

Table 4 The mixture proportions of specimens (%) 

Samples FNS CS Na2CO3 

(Na2O-E) 

Na2SO4 

(Na2O-E) 

HG DG Water  Sand 

C103 90 10 3    50 200 

C203 80 20 3    50 200 

C3005 70 30 0.5    50 200 

C301 70 30 1    50 200 

C302 70 30 2    50 200 

C303 70 30 3    50 200 

C304 70 30 4    50 200 

S103 90 10  3   50 200 

S203 80 20  3   50 200 

S3005 70 30  0.5   50 200 

S301 70 30  1   50 200 

S302 70 30  2   50 200 

S303 70 30  3   50 200 

S304 70 30  4   50 200 

HG115 76.5 8.5   15  50 200 

HG120 72 8   20  50 200 

HG125 67.5 7.5   25  50 200 

HG130 63 7   30  50 200 

HG225 60 15   25  50 200 

HG325 52.5 22.5   25  50 200 

DG115 76.5 8.5    15 50 200 

DG120 72 8    20 50 200 

DG125 67.5 7.5    25 50 200 

DG130 63 7    30 50 200 

DG225 60 15    25 50 200 

DG325 52.5 22.5    25 50 200 

(2) Preparation and curing of paste specimens 

The preparation process of paste specimens is the same as that of mortar specimens 

without sand. The hydration of paste specimens was stopped by absolute ethyl alcohol 

at the required ages for microscopic tests. After drying at 50℃ for 48 h, the pastes were 

ground into powder and passed through a 75μm screen for necessary tests. 

3.2.2 Test methods for mortar and paste 

(1) X-ray fluorescence (XRF) 

The sifted powder was collected for XRF analysis. The instrument is Axios 
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Advanced X-ray fluorescence spectroscopy (PANalytical B.V, Netherland) 

(2) X-ray diffraction (XRD) 

The hardened paste specimens were ground to pass 75μm screen at required ages. 

Then, the sifted powder was collected for XRD analysis. The instrument is D8-advance 

Type X-ray diffractometer (Bruker Company, Germany). 

(3) Particle size  

Malvern Mastersizer3000 laser diffraction particle size analyzer was used to test 

the particle size of specimens. 

(4) X-ray photoelectron spectroscopy (XPS) 

XPS analysis was conducted by an ESCALAB 250Xi X-ray photoelectron 

spectrometer (Thermo Fisher Scientific, USA). The monochromatic Al Kα X-ray 

(hv=1486.68ev) with a beam diameter of 500μm was used for scanning. The spectra 

were recorded in the CAE (constant analyze energy) scanning mode (CAE=100ev for 

survey spectra and CAE =30ev for high-resolution spectra). High-resolution spectra for 

Si 2p, Al 2p, Ca 2p, and O 1s were recorded with step size of 0.1eV to obtain ferronickel 

slag's element and chemical composition after various grinding duration. High-

resolution analyses were calibrated to C 1s signal of 284.8 eV. 

(5) leaching test 

The raw materials were mixed with deionized water with the solid/water ratio of 

1:10 to be stirred for 30min, 3h and 6 h by a magnetic stirring apparatus. Then a 

centrifugal machine was used to separate the solid sediment and supernatant. The 

hardened paste specimens were ground to pass 75μm screen at required ages. Then the 

powders were soaked into deionized water for 2 h to obtain supernatant. 

The ion dissolution test was carried out by an Optima 4300DV spectrometer 

(PerkinElmer Co., Ltd). The liquid supernatant was diluted by nitric acid solution to 

dissolve the potential sedimentation. The dilution of nitric acid solution on the testing 

ions was finally considered and calibrated. 

(6) Fluidity 

Fluidity test was conducted according to Chinese standard GB/T 8077-2012 

“Methods for testing uniformity of concrete admixture”. A frustum mold with top 

diameter of 36mm, bottom diameter of 60mm, and height of 60mm was used to test the 

fluidity of plastic paste specimens. First, the mixed plastic paste specimens were poured 

into the frustum mold. Then the mold was lifted to let the paste spread on a glass board 
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for 30 S. Then, two orthogonality diameters were recorded to calculate the average 

value as the fluidity. 

(7) Rheology 

The instrument used for rheological test is an RST-SST rheometer (Brookfield, 

USA) with the maximum torque of 100mN·m, torque resolution of 0.15μN·m, and the 

speed range of 0.01-1300RPM.  

Mixtures were tested under two modes, constant shear rate and fluctuating shear 

stress. The test results were processed and analyzed by the software of the instrument. 

The two modes are as follows: 

(1) At a constant shear rate of 100 /s for 480 s. 

(2) The shear rate rises from 0 /s to 100 /s within the initial 40 s, then the slurry is 

pre-sheared for 2 mins between 40 s and 160 s. The purpose of pre-shearing is to ensure 

that the slurry maintains a consistent state before the formal experiment. In 160 s-170 

s, the shear rate is 0 /s, and be maintained at 10 /s between 170 s-215 s. in 215 s-305 s, 

the shear rate increases from 10 /s to 200 /s. in 305 s-395 s, the shear rate decreases 

from 200 /s to 10 /s. Finally, the shear rate decreases from 10 /s to 0 /s within 10 s, as 

shown in Fig. 6. Herschel-Bulkley Model 𝜏 = 𝜏0 + 𝑘�̇�𝑛 was used for curve fitting. 

 

Fig. 6 Shear process 

(8) Setting time 

The test of setting time was carried out according to Chinese standard GB/T1346-

2011 “Test methods for water requirement of normal consistency, setting time and 

soundness of the Portland cement”. 

(9) Hydration heat 

The hydration heart was measured by a TAM AIR isothermal calorimeter (USA) 

with 8 channels at 20℃. 5 g specimen was put into each channel 15 mins before the 
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instrument started so that the first peak could not be recorded. The test duration was 72 

h. 

(10) Compressive strength 

The Compressive strength test was according to Chinese standard GB/T17671-

2020 "Methods of Testing Cements-determination of strength". The compressive 

strength testing instrument was DYL-300A microcomputer servo flexural-compressive 

tester (North Construction Technology Co., LTD, Beijing, China). The pressurizing 

speed is 2.4kN/s, and the test age was 3d, 7d, 28d and 60d. 

(11) Scanning electron microscopy 

The mortar specimens were broken into small pieces after being cured for 28 d. 

the fresh internal fragment of the specimen was chosen to be plated with the platinum-

conduction film. The scanning electron microscope was carried out by a QUANTA FEG 

450 scanning electron microscope. The different element content could be obtained in 

different colors from the instrument. Then the Ca/Si ratio of ITZ and each phase was 

calculated. 

(12) Thermogravimetry 

A NETZSCH STA449 F5 comprehensive thermal analyzer (Germany) was used 

for Thermogravimetry. The protective gas was nitrogen, the circulating water 

temperature of the instrument was 25℃, the test temperature range was 40 ~ 900℃, 

and the heating rate was 10℃/min. 

(13) Pore structure 

Pore structure was assessed by Mercury Intrusion Porosimetry (MIP) experiment 

(POREMASTER 60 mercury injection apparatus). The paste specimens were dried in 

an oven at 50℃ for 48h and broken into the size of 1-1.5cm for the preparation of MIP. 

About 1.5g specimen was placed in a glass sample cell. The specimen was pressurized 

with nitrogen inflating in the low-pressure station until the mercury was intruded into 

the specimens totally. Then the glass sample cell was moved to the high-pressure station 

with the pressure range of 0-50000Psia to finish the high-pressure test. 

(14) Autogenous shrinkage  

Autogenous shrinkage was recorded by a GS-II Concrete dry shrinkage automatic 

measuring instrument (Haiquan Co., LTD, Beijing, China) according to Chinese 

standard JC/T603-2004 “Standard test method for drying shrinkage of mortar”. Mortar 

specimens were cast in 40 mm×40 mm×160 mm molds and demolded after 24 h curing. 
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The mortar specimens were wrapped in plastic film to stop moisture exchange. The test 

was conducted in a dry-curing room with temperature of 20±2 ℃ and humidity of 

60±5%. 

3.2.3 Test methods for concrete 

(1) workability 

Slump and expansion tests were conducted according to with Chinese standard 

GB/T 50080-2016 “Standard for teste method of performance on ordinary fresh 

concrete”. In addition, the slump cone was conformed to Chinese standard JG/T 248-

2009 “Apparatus of concrete slump test”. After fresh concrete was poured into the 

slump cone. The slump cone was lifted vertically and smoothly. When fresh concrete 

stops expanding for 50 s, use a steel ruler to measure the height difference between the 

height of the slump cone and the fresh concrete as the slump value. Measuring the 

orthogonality diameter of fresh concrete, the average value is the expansion degree. 

(2) Compressive strength 

The compressive strength test of concrete was according to Chinese standard 

GB/50081-2002 “Standard for test method of mechanical properties on ordinary 

concrete”. 100×100×100mm molds were used to prepare concrete. The average 

compressive strength value of 3 concrete specimens was taken as the compressive 

strength. 

(3) Carbonization resistance 

The carbonization resistance test was conducted according to Chinese standard 

GB/T 50082-2009 “Standard for test methods of long-term performance and durability 

of ordinary concrete” by an NJ-HTX Type Concrete carbonation test chamber. The 

specimen size is 100×100×100mm. When the curing age reached 26 d. Concrete 

specimens were dried at 60℃ for 48h. Except for two relative faces of concrete, the 

other faces were all sealed by paraffin. Then the concrete specimens were placed in a 

carbonization curing box with CO2 concentration of 20±3%, relative humidity of 

70±3%, and temperature of 20±3℃. The depth of carbonization was determined after 

3, 7, 14 and 28 days of carbonization. One section of concrete was broken by splitting. 

The section was then brushed off the remaining powder and sprayed with 1% 

concentration of phenolphthalein alcohol solution containing 20% distilled water. 10 

values of carbonization depth were measured and the average value was the 

carbonization degree.  
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(4) Sulfate resistance 

The specimen size is 100×100×100mm. when the curing age reached 28 d, the 

specimens were soaked in Na2SO4 solution with a concentration of 5%. The 

compressive strength of concrete soaked for 30 days, 60 days, and 90 days were taken, 

and the relative residual strength was calculated. The solution was changed regularly. 

(5) High-temperature resistance 

The specimen cured for 28d was dried at 110℃ to constant weight, and the test 

temperature was 300,500,700 and 900℃. The highest temperature was kept constant 

for 2 h. heating rate and cooling rate was 10℃/min. after that, the residue compressive 

strength was tested. 
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4 Study on particle characteristics of ferronickel slag 

4.1 X-ray fluorescence 

Table 5 shows the chemical composition of ferronickel slag after ball grinding for 

120 min to obtain the appropriate particle size for experiments. It can be seen that 

ferronickel slag is mainly composed of Al2O3, SiO2, CaO, MgO and Fe2O3. The content 

of Cr is 1.12% in the chemical composition of ferronickel slag, which will be studied 

about its leaching characteristics because of the toxicity of heavy metals. The content 

of CaO is 27.21% because the ferronickel slag used in this study is blast furnace 

ferronickel slag. The CaO content of blast furnace ferronickel slag is usually about 25%, 

which is much higher than 5% of electric furnace ferronickel slag. The higher CaO 

content endows blast furnace ferronickel slag higher alkaline, which is related to the 

reactivity index. Shi C et al. [32] proposed a formula to evaluate the reactivity index of 

metallurgy waste slag: K =
CaO+MgO+Al2O3+Fe2O3+0.5FeO

SiO2+0.5FeO
. The higher the K, the more 

adaptable the alkali activation is. The K of ferronickel slag used in this study is 2.44. It 

is worth noting that the MgO content is 7.65%, which is a hidden danger of volume 

change because of the generation of Mg(OH)2. 

Table 5 The chemical composition of ferronickel slag (%) 

Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO 

0.46 7.64 27.32 26.54 0.02 2.51 0.01 0.41 27.21 

Sc2O3 TiO2 Cr2O3 MnO Fe2O3 ZnO SrO ZrO2 BaO 

0.06 0.98 1.12 2.16 2.57 0.01 0.06 0.04 0.84 

4.2 X-ray diffraction 

Fig. 7 presents the XRD result of FNS. It can be seen that a large scale hump peak 

between 20° – 40°, which means the structure of FNS is predominately amorphous. Mo 

et al. [33] indicated that the high content of MgO in ferronickel slag could lead to 

expansion of concrete in later ages to reduce shrinkage-cracking. The maximum MgO 

content in the binder is limited to be 15%. Otherwise, Mg(OH)2 will be generated by 

the reaction of MgO that will result in the increased volume of concrete by up to 17% 

to damage the strength [34]. However, the existing MgO phases in ferronickel slag are 

mainly spinel and forsterite, which is orthorhombic, so the MgO is chemically inert and 

stable [35]. Therefore, the expansion from Mg(OH)2 will not happen in the hydration 

of ferronickel slag when the MgO is in the form of forsterite [36, 37]. 
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Fig. 7 The XRD pattern of ferronickel slag 

4.3 Particle size distribution characteristics 

The particle size distribution and particle size parameters of FNS after different 

grinding durations is shown in Fig. 2 and Table 6. It can be found that the particle size 

distribution curve of FNS shift leftward with the prolonging of the grinding duration, 

which means the particle size is obviously decreased due to the refining process. There 

is only one peak between 100 and 200μm when the grinding duration is 10 min, but 4 

peaks are found in the specimen after 120 min grinding duration, which is related to the 

solid solution that provides a multistep hardness composition. 

 

Fig. 8 Particle distribution of ferronickel slag after different grinding durations 

D50 is the median particle size, indicating that 50% of the particle size of the 

particle group is greater than this value (D10 and D90 are defined by analogy). For the 

reason that the original FNS particles are too large to be measured, the FNS particles 

after 10 min, 20 min, 40 min, 60 min, 90 min and 120 min grinding durations are chosen 

to analyze to characteristics of FNS particles. The D50 of FNS after 10 min grinding 

duration is 51.0μm, which shows a large particle size, so that low reactivity can be 
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suggested during hydration. With the prolonging of grinding duration, the particle size 

of FNS is decreased obviously. The D50 of FNS after 120 min grinding duration is 

10.9μm, which is about as 1/5 as that of FNS after 10 min grinding duration, which 

means a significant decrease in particle size. However, it can be found that the D50 of 

FNS at 90 min is 11.6μm, which means a very low efficiency provided by dry-grinding. 

The result of the specific surface area is similar to the results of D50. It can be found 

that the specific surface area of FNS at 120 min is 1129 m2/kg, which is about 3 times 

as that at 10 min (369 m2/kg). The increase of specific surface area means the increase 

of reaction contact area, which has a significant promoting effect on the improvement 

of FNS activity. 

Table 6 Particle parameters of ferronickel slag after different grinding durations 

Time [min] 10min 20min 40min 60min 90min 120min 

Specific surface 

area[m²/kg] 
368 446 686 870 1073 1129 

D [3,2] [μm] 16.3 13.4 8.74 6.9 5.6 5.3 

D [4,3] [μm] 71.8 62.2 44.4 45.0 25.4 20.0 

D10 [μm] 8.1 6.4 4.7 3.7 2.9 2.81 

D50 [μm] 51.0 40.7 19.5 15.1 11.6 10.9 

D90 [μm] 164 153 69.8 65.3 53.5 52.4 

D [4,3]- D [3,2] 55.5 48.8 35.7 38.1 19.8 14.7 

Although D50 is a commonly used parameter for particle analysis, the 

characteristics of particle groups can not be well represented. Therefore, D[3,2] (Sauter 

mean diameter) and D[4,3] (De Brouckere mean diameter) are introduced into this 

section. D[3,2] is the diameter of a sphere that has the same volume/surface area ratio 

as a particle. D[4,3] is the mean of a particle size distribution calculated by the volume, 

which is directly obtained in particle size measurements, where the measured signal is 

proportional to the volume of the particles [38]. The formulas of D[3,2] and D[4,3] are 

as follow: 

𝐷[3,2] =
∑𝑑3

∑𝑑2
(1) 

𝐷[4,3] =
∑𝑑4

∑𝑑3
(2) 

The result is more accurate if the particle shape is more spherical in laser 

granulometry. Therefore, the more concentrated and regular particle size is, the closer 

the value difference between D[3,2] and D[4,3] is. As the precursor in AACM, the role 

of FNS can be explained by two aspects: Chemical and physical. In the chemical aspect, 

FNS participates in the hydration by alkali activation, which is related to the reactivity 

and specific surface area. Therefore, using D[3,2] to characterize the FNS particle 

groups is more appropriate. It is evident that the value of D[3,2] is smaller than that of 
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D50, but the difference between the two is decreasing with the grinding duration due to 

the increased proportion of small particles. It can also be found in Fig. 8 that the 

particles smaller than 1μm are increasing with the grinding duration, which can show 

higher activity in hydration. FNS plays a role in the filling effect and forms a good 

accumulation state to make the matrix denser in terms of the physical aspect. Although 

the values of D[4,3] in Table 6 are larger than D50 and D[3,2], the filling effect is not 

only related to D[4,3] but the difference between D[4,3] and D[3,2]. The values of 

D[4,3]-D [3,2] in Table 6 decrease with the extension of grinding duration, which 

decreases to 14.7μm at 120min from 55.5μm at 10min, which indicates a concentrated 

concentration particle size and spherical particle shape. The spherical particles are 

beneficial to reduce the internal friction force and the yield stress of paste. Therefore, 

it can be seen that the refining treatment of FNS is beneficial to both the enhancement 

of activity and the filling effect.  

4.4 X-ray photoelectron spectroscopy 

The influence of grinding duration on the surface characteristics of FNS is studied 

through XPS analysis, as shown in Fig. 9. The high-resolution scan of curves of O1s, 

Ca 2p, Si 2p, Al 2p and Mg 2p are shown in Fig. 9. The curves of oxygen, calcium, 

silicon, aluminium, and magnesium are calibrated by C 1s. The reaction mechanism of 

AACM can be simplified as: silicon-aluminate precursor structure was destroyed by 

alkaline activator, then depolymerization happened and polycondensation as the ending. 

As the precursor of AACM, the binding energy of the possible reactive elements is a 

critical factor for the depolymerization process. It can be found that the binding energies 

of O 1s, Al 2p and Si 2p are decreased with grinding duration, which indicates the 

weakened binding strength of atoms to electrons so that the chemical bonds are easier 

to be broken [39]. The previous study shows that higher activity can be endowed to fly 

ash in the geopolymerization process when the binding energy is lower [39]. The 

decreased binding energy of Si 2p means the Si-O polymerization degree is weakened 

[40]. 
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Fig. 9 XPS survey spectrums and high-resolution scan curves of FNS after 10min and 

120min of grinding duration. 

It is worth noting that although the binding energy decreases with the grinding 

duration, the decrease degree is low. The highest decrease degree happened in Si 2p, 

where 0.9ev of decrease was found after 120 min grinding duration. However, only 0.1 

eV was decreased in O 1s, 0.2 eV was found in Al 2p, and no decrease in Ca 2p and Mg 

2p. This result may be related to the solid solution such as spinel (MgAl2O4), which has 

very high hardness, so breakage is difficult to be fulfilled. This corresponds very well 

with the finding in XRD and particle characteristics. It can be found that spinel is the 

main crystalline component in FNS, and several peaks were found in particle size 

curves. 
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5 SC and SS-activated FNS-CS systems 

5.1 Fluidity and setting time 

The fluidity and setting time of SC and SS-activated systems are shown in Fig. 10. 

For SC-activated system, as shown in Fig. 10a, the fluidity and setting time is 

significantly affected by the dosage of CS and Na2O-E. With the increasing dosage of 

CS and Na2O-E, the fluidity and setting time of SC-activated system is decreasing. The 

fluidity of C103, C203 and C303 are 120mm, 94mm and 80mm, respectively. Similar 

decreased values are also found when Na2O-E dosage changes, the fluidity is decreased 

from 122mm to 80mm when the Na2O-E dosage is increased from 0.5% to 4%. The 

setting time of SC-activated specimens corresponds well with the fluidity result. With 

the CS dosage increasing from 10% to 30%, the final setting time is decreased from 

272min to 65min. This value is from 202 min to 62 min when the Na2O-E dosage 

increases from 0.5% to 4%. 

In SS-activated system, a similar result can also be found when the dosage of CS 

is increased from 10% to 30%. However, the setting time is not changed so much as 

that in SC-activated system. There is only 29 min of difference when the setting time is 

decreased from 146 mm (S103) to 117 mm (S303). It is clear that the fluidity of the SS-

activated system is much higher than that of the SC-activated system, and the tendency 

of fluidity and setting time affected by the dosage of SS is contrary to that of SC. With 

the increase of Na2O-E, the fluidity and setting time increase in the SS-activated system. 

 

Fig. 10 The fluidity and setting time of SC and SS-activated systems 

5.2 Rheological properties 

The Herschel-Bulkley (H-B) model is used for analysis. Because the shear down 

curve data is more reliable [41], this section takes down curve for analysis. 
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Fig. 11 Rheological curves of specimens 

The rheological curves of SC-activated and SS-activated systems are presented in 

Fig. 11 Rheological curves of specimens.. The data of the down curves conduct 

regression analysis to obtain the fitting equations, which are listed with the rheological 

parameters in Table 7. The fitting equation of the H-B model is 𝜏 = 𝜏0 + 𝑘�̇�𝑛, where 

τ is the shear stress (Pa), τ0 is the yield stress (Pa), k is the viscosity (Pa∙s), γ is the shear 

rate (1/s). n is the power-law index. 

Table 7 Rheological parameters of fresh specimens by H-B model 

Sample ID 

 Rheological parameters 

Fitting equation 
τ0/Pa k n 

Correlative 

coefficient 

C103 33.18 0.012 1.68 0.99 𝜏 = 33.18 + 0.012�̇�1.68 

C203 41.93 0.004 1.91 0.99 𝜏 = 41.93 + 0.004�̇�1.91 

C3005 52.53 0.006 1.82 0.99 𝜏 = 52.53 + 0.006�̇�1.82 

C302 57.11 0.007 1.80 0.99 𝜏 = 57.11 + 0.007�̇�1.80 

C303 55.63 0.022 1.61 0.99 𝜏 = 55.63 + 0.022�̇�1.61 

C304 62.94 0.043 1.49 0.99 𝜏 = 62.94 + 0.043�̇�1.49 

S103 15.83 0.009 1.75 0.99 𝜏 = 15.83 + 0.009�̇�1.75 

S203 17.73 0.013 1.68 0.99 𝜏 = 41.93 + 0.013�̇�1.68 

S3005 34.98 0.007 1.81 0.99 𝜏 = 34.98 + 0.007�̇�1.81 

S302 26.02 0.018 1.62 0.99 𝜏 = 26.02 + 0.018�̇�1.62 

S303 23.24 0.015 1.68 0.99 𝜏 = 23.24 + 0.015�̇�1.68 

S304 17.44 0.039 1.49 0.99 𝜏 = 17.44 + 0.039�̇�1.49 

In theological terms, the yield stress τ0 refers to the maximum resistance that fluid 

can overcome from motionless to initial motion. In SC-activated system, the yield stress 

of C103, C203 and C303 is 33.18Pa, 41.93Pa and 55.63Pa, which indicates the addition 

of CS can significantly increase the yield stress of paste. With the addition of SC, the 

yield stress is increased from 52.53Pa of C3005 to 62.94Pa of C304. 

viscosity η refers to the slope value when shear stress and shear rate are linear, 
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reflecting the internal failure degree of paste. With the addition of CS, the viscosity of 

the paste is increased from 0.012 Pa∙s of C103 to 0.022 Pa∙s of C303. With the addition 

of SC, the viscosity of the paste is increased from 0.006 Pa∙s of C3005 to 0.043 Pa∙s of 

C304. The result of viscosity corresponds well with the shear stress. 

In SS-activated system, the yield stress of specimens is lower than that of SC-

activated system, which is consistent with the result of fluidity. The yield stress of S103, 

S203 and S303 is 15.83 Pa, 17.73Pa and 23.24 Pa. The reason for the increased yield 

stress by the addition of CS is as same as that of SC-activated system. However, with 

the addition of SS, the yield stress decreases from 34.98Pa of S3005 to 17.44Pa of S304.  

5.3 Analysis of reaction kinetics 

The hydration kinetics of FNS based binders as a function of alkaline activators 

was evaluated. Fig. 12 shows the hydration heat of SC-activated system. As shown in 

Fig. 32a, the hydration rate increases with the increased dosage of CS, and the 

cumulative hydration heat shows the same tendency. The hydration rate is significantly 

affected by Na2O-E. It is worth noting that the specimens activated by 0.5% and 1% 

Na2O-E present two exothermic peaks, while the heat evolution of specimens with 2% 

and 3% Na2O-E is characterized by only one exothermic peak. The addition of 0.5% 

Na2O-E induces a weak exothermic peak at about 5 h, which shifted to about 2.5 h when 

1% Na2O-E was dosed. The first exothermic and second exothermic peaks are 

overlapped with each other when 2% Na2O-E was added. As shown in Fig. 12b, the 

cumulative hydration heat increases with the increase of Na2O-E before 18 h. After that, 

the curve of C304 is lower than that of C303. 

 

Fig. 12 The heat release rate and total heat release of SC-activated system 

Compared with SC-activated series, all SS-activated samples present obvious 

exothermic peaks with different intensities (see Fig. 13). The intensity of the peak is 

also affected by the dosage of CS, which shows higher when more CS is incorporated. 

It is interesting to note that 0.5% and 1% Na2O-E lead to three exothermic peaks. The 

first two peaks correspond to the dissolution of FNS and precipitation of reaction 
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products, while the third peak is concerned with the conversion of ettringite to 

monosulfate due to insufficient gypsum production. A significant observation in Fig. 

13a is that the hydration of FNS with 4% Na2O-E is lower than specimen with 3% 

Na2O-E. This phenomenon is because of the formation of large amounts of ettringite, 

which wrapped around the FNS particles and decelerated the reaction speed.  

It can be found that the cumulative heat of SS-activated pastes in the initial time 

(i.e., before 4 h) of hydration is lower than that of SC-activated pastes caused by the 

low alkalinity of pore solution. The dissolution of FNS mainly depends on the alkalinity 

of pore solution. Consequently, the dissolution rate of FNS particles in SC-activated 

series is faster than in SS-activated series. 

 

Fig. 13 The heat release rate and total heat release of SS-activated system 

5.4 Compressive strength 

Fig. 14 shows the compressive strength of SC-activated system and SS-activated 

system. It is obvious that the compressive strength increased with the curing age. No 

decrease of strength happened at 28d. The increased dosage of CS can significantly 

improve compressive strength. As shown in Fig. 14a, the compressive strength of C103 

and S103 is only 3.7MPa and 3.2MPa, while that of C303 and S303 is 16.3MPa and 

11.3MPa, which is increased by about 341% and 253%. The same trend is also observed 

at 7d and 28d. However, it seems different that the compressive of C303 shows a similar 

strength as C203, while the strength of S303 is much higher than that of S203, which 

suggests that the dosage of CS shows a limitation in SC-activated system.  
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Fig. 14 Compressive strength of SC-activated system and SS-activated system 

The presence of SC can significantly increase the compressive strength. At the age 

of 3d, with the increase of SC dosage, the compressive strength increases from 8.5MPa 

to 16.9MPa when the Na2O-E was increased from 0.5% to 4%. However, the dosage of 

SC also shows a limitation when the Na2O-E reaches 2%, where it can be found that 

the compressive strength of C203, C303 and C304 was 17.1MPa, 16.2MPa and 

16.9MPa, respectively. A similar tendency is also found at 28 d, the compressive 

strength of C203, C303 and C304 was 27.8MPa, 27.5MPa and 29.8MPa, respectively. 

It is worth noting that the compressive strength of C303 was lower than that of C302 

and C304 at all ages, especially when the age comes to 7 d. Furthermore, there is no 

significant increase of compressive strength found in C302 and C304 specimens from 

7 d to 28 d.  

It can be found in Fig. 14b that the compressive strength of SS-activated system 

first increases but then decreases with the dosage of SS. The strength development trend 

is different when the age is at 3 d and 28 d. At the curing age of 3 d, the highest 

compressive strength is presented on the S302, and S303 shows a relatively low 

strength among all the specimens. At the curing age of 28 d, on the opposite, S303 

presents the highest strength of 40.1MPa, which increases by 255% from 3 d to 28 d, 

and S302 shows the compressive strength of 32.3MPa, which only increases by 57%.  

Based on the discussion above, it can be summarized that the early strength and 

the late strength of SC-activated system shows the same tendency at all ages, and there 

is an obvious limitation of the CS dosage and SC dosage. However, in SS-activated 

system, if the strength of specimens is relatively high at early stage, the development 

rate of strength will be impeded, which results in a low increase of strength at late stage. 

On the opposite, low strength at the early stage will leave more growth space for 

strength development. Therefore, the SS-activated system shows a relatively higher 

compressive strength than the SC-activated system, especially at 28 d. 
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5.5 Hydration product analysis 

The crystalline phases of specimens are shown in Fig. 15. The peak intensity of 

the mineral composition is changed with the dosage of CS, SC and SS. In SC-activated 

system, the main crystalline phases are calcite (CaCO3), hemicarbonate (Hc, 

8CaO·2Al2O3·CO2·24H2O, AFm-like phase), spinel (MgAl2O4), hydrotalcite (Ht, 

6MgO·Al2O3·CO2·12H2O), Portlandite (Ca(OH)2, CH) and stratlingite are detected, 

which are in agreement with the previous researches. 

 

 

Fig. 15 XRD pattern of SC-activated system and SS-activated system 

In SC-activated system, with the increased dosage of CS, the portlandite content 

in specimens is obviously increased because of the large content of CH in CS. At the 

age of 3 d, the calcite peak intensity of C103, C203, and C303 increased. At the age of 

28 d, the calcite content of C103, C203, and C303 shows a downtrend that suggests the 

promoted pore structure can prevent carbonization. It is worth noting that the calcite 

content is increased and the CH content is decreased with the dosage of SC. Ht is 

observed in SC-activated system with high peak intensity at 3 d and 28 d. With the 

increased dosage of SC, the peak intensity of Ht becomes higher because of the 

activation effect of SC. Besides, a Hc peak can be found at 2θ=11° which is caused by 
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the reaction of ettringite and CaCO3 [42]. The chemical equation is shown below: 

6C4A3S̅ + CC̅ + 135H → 2C4AC̅0.5H12 + 2C3A ∙ 3CS̅ ∙ H32 + 14AH3 + 5CH (3) 

However, the peak intensity of Hc shows a downtrend from C302 to C304, and a 

small peak rise around 2θ=11.6° which indicates the formation of monocarbonate (Mc). 

The chemical equation of Mc is shown below: 

3C4A3S̅ + 2CC̅ + 72H → 2C4AC̅H11 + C3A ∙ 3CS̅ ∙ H32 + 6AH3 (4) 

In SS-activated system, except for the crystalline phases in SC-activated system, 

ettringite and gypsum (CaSO4·2H2O) are also detected. The peak intensity tendency of 

portlandite and calcite is as same as that of the SC-activated system. A difference from 

SC-activated system is that the ettringite peak intensity is increased with the increasing 

dosage of SS. The incorporation of SS provides enough SO4
2- to form ettringite with 

the leached Al3+ and Ca2+ through alkali activation. Meanwhile, Gypsum is found in 

SS-activated system In addition, Hc Peak is also found in SS-activated system. 

5.6 Thermogravimetry analysis 

Fig. 16 presents the TG-DTG curves of SC-activated system and SS-activated 

system. The mass loss between 40-200℃ is caused by the decomposition of C-S-H, 

ettringite and Hc. The peak at 300-400℃ is related to the dehydration of Ht [43]. 

Moreover, portlandite and calcite decompose at 380-480℃ and 520-720℃, 

respectively. The mass loss between 130-900℃ is used to represent the content of bond 

water. 
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Fig. 16 Thermogravimetry curve of SC-activated system and SS-activated system 

In SC-activated system. Ht peak is easy to find that C304 shows the most vigorous 

intensity. The mass loss between 40-200℃ and 380-480℃ is increased with the 

increasing dosage of CS, which indicates the rising content of C-S-H and portlandite. 

The CaCO3 content tendency is consistent with that of XRD result. At the age of 3d, 

the CaCO3 content of C103, C203 and C303 is 3.95%, 3.72% and 4.86%. Although the 

activation effect increases with the increasing CS dosage, the CaCO3 brought into the 

specimens is still the main factor affecting the mass loss between 520-720℃ instead of 

the carbonization. However, at the age of 28d, carbonization becomes the main factor 

of CaCO3 content because of the decreasing tendency of CaCO3 content even the CS 

dosage is increasing. The mass loss between 130-900℃ also shows an uptrend with the 

CS dosage, consistent with the compressive strength. 
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Table 8 Mass loss of SC-activated system at various temperature ranges 

 
40-200℃ 380-480℃ 520-720℃ 130-900℃ 

3d 28d 3d 28d 3d 28d 3d 28d 

C103 5.11 5.34 1.33 1.33 3.95 5.18 10.56 11.89 

C203 7.06 7.10 2.08 2.00 3.72 5.03 13.14 14.33 

C3005 5.34 6.84 3.00 3.12 3.65 3.77 12.60 13.89 

C302 7.11 7.79 2.78 2.65 5.26 4.11 15.87 15.56 

C303 7.51 8.88 3.02 2.78 4.86 3.65 16.41 15.51 

C304 7.98 8.32 2.57 2.85 5.00 5.24 16.04 17.03 

At the age of 3d, the C-S-H content is increased with the increasing SC dosage, 

confirming the role of high SC dosage in the formation of C-S-H gels. The CH content 

decreases from 3.00% of C3005 to 2.78% of C302, indicating the strong activation 

effect when the Na2O-E increases. Meanwhile, the CaCO3 content is increased from 

3.65% to 5.26%, resulting from more CO3
2- brought by SC. When Na2O-E is increased 

from 2% to 3%, the CH content is increased from 2.78% to 3.02%, and the CaCO3 

content is decreased from 5.26% to 4.86%. However, The CH content of C304 is 

decreased to 2.57% from 3.02%, and the CaCO3 content is increased to 5.00% from 

4.86%. 

In SS-activated system, the mass loss between 40-200℃ is mainly attributed to 

the decomposition of C-S-H gel and ettringite. The mass loss of 40-200℃ and 130-900℃ 

is increased with the increasing CS dosage, which is consistent with the result of 

compressive strength. The content of CH and CaCO3 is also increased at 3d because of 

the CH and CaCO3 brought from CS. 

Table 9 Mass loss of SS-activated system at various temperature ranges 

 
40-200℃ 380-480℃ 520-720℃ 130-900℃ 

3d 28d 3d 28d 3d 28d 3d 28d 

S103 3.40 5.14 0.92 1.02 2.86 2.93 7.35 8.10 

S203 5.09 6.42 1.92 1.15 4.05 5.88 10.93 12.45 

S3005 5.19 6.32 3.12 2.74 3.97 4.26 12.07 13.93 

S302 6.82 8.66 2.55 2.67 5.57 4.34 14.28 15.15 

S303 6.74 8.76 2.35 2.95 5.11 4.81 13.35 16.92 

S304 5.93 9.45 2.23 2.61 5.45 4.24 12.85 14.81 

At the age of 3d, the S302 shows the highest mass loss at 40-200℃ and 130-900℃, 

indicating the highest C-S-H gel and ettringite content, and the highest hydration degree. 

Meanwhile, although the CH content is decreased with the increasing dosage of SS, 

more carbonization happens when the pore structure is loose because it can be found 

that the CaCO3 content is increased from S303 to S304 because of carbonization during 
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the curing period. At the age of 28d, although the highest mass loss at 40-200℃ happens 

in S304, S303 has the highest mass loss at 130-900℃, indicating the mass loss at 40-

200℃ of S304 is mainly caused by the formation of ettringite, but the total hydration 

degree is not improved.  

5.7 Microstructure 

5.7.1 Scanning electron microscopy 

The SEM images of polished mortar specimens are shown in Fig. 17. As shown in 

Fig. 17(a), some loose phases are stacked together and form pores in the structure of 

C303, which are identified as CS. The unreacted FNS can be obviously identified by 

the distribution of elements, which shows a compact connection to the matrix. 

Furthermore, the micro-crack between hardened pastes and fine aggregate can be 

clearly seen due to the large shrinkage of hydration products. Calcite crystals caused by 

the carbonation of CS and the reaction of the combined activator are identified in the 

structure. For SS-activated specimen S303 (as shown in Fig. 17b), a dense gel structure 

with ettringite interspersed on the surface can be found in the image, which may offset 

the adverse impact of low hydration products on strength. The dense packing and 

compact interfacial transition zone (ITZ) can be observed and considered the main 

reason for the high strength of SS-activated specimens. 

Fig. 17 well elaborates the differences in the microstructure between SC and SS-

activated FNS-based AACM. Due to the rapid initial reaction of FNS caused by high 

pH of pore solution, micro-crack and loose ITZ are easy to generate in SC dosed system.  
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(a)                                   (b) 

Fig. 17. SEM micrographs: (a) C303 and (b) S303. 

 

Fig. 18 SEM image and EDS analysis of C303 paste at 28 d. 

Fig. 18 shows the SEM image and EDS analysis of C303 paste at 28 d. It can be 

seen that only amorphous gel products can be observed on the fracture surface of the 

selected area, which is believed to be C-(N)-S-A-H gel.  

For S303 paste (see Fig. 19), there is plenty of CS (i.e., portlandite) as detected by 

XRD. After 28 d of reaction, the CS morphology has gradually developed from a 

stratified structure to a well-oriented flake crystal. Moreover, the fibrous ettringite 

crystals are well embedded in the gel products. Comparing the EDS results of gel 
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products in C303 and S303, more Al and Na appear in C-(N)-S-A-H gels of C303, 

which can replace Si and Ca in C-S-H gels, respectively. In addition, the lower 

densification of gel products in C303 is observed, which is the reason for the low 

compressive strength in SC-activated specimens. 

 

Fig. 19 SEM image and EDS analysis of S303 paste at 28 d 

5.7.2 Ca/Si ratio 

As shown in Fig. 20, the mixture of unhydrated FNS, CH, and C-S-H gels can be 

observed in ITZ. The distribution of the elements is identified by the EDS with different 

colours, so the Ca/Si ratio can be obtained by the calculation of the content of Ca and 

Si to judge the activity of FNS and the property of ITZ. 
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Fig. 20 The ITZ SEM images and Ca/Si ratio of SC and SS-activated system 

As shown in Fig. 20, elements distribution can be clarified clearly by the different 

colours. It can be calculated that the Ca/Si ratio of C303 and C3005 is 1.48 and 1.56, 

respectively, illustrating less amount of CH are shown in the ITZ of C303, which 

implies the better activity of FNS in C303. 

Compared with SC-activated system, as shown in the SEM image of S303 and 

S3005, a large amount of CH can be found in ITZ, indicating the lower alkali degree 

caused by the SS compared with SC. The Ca/Si ratio of S303 and S3005 is 1.53 and 

1.75, respectively, indicating the larger amount of CH existing in the ITZ of S3005, 

which implies the lower activity of FNS in S3005. In addition, the apparent loose 

structure of ITZ can be found in S3005.  

5.8 Pore structure 

Fig. 21 is the pore structure of specimens at 28d. The pore volume fraction of 
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specimens at 28d is presented in Fig. 21.  

It can be seen that all specimens have a main intrusion peak and a negligible 

intrusion peak (Fig. 21a). Obviously, all specimens' critical pore diameter (CPD) is 

located in the capillary pore range. The CPD of C3005 at 28 d is 54.11 nm, then 

reducing to 16.63 nm as Na2O-E increases to 3% a. The SS dosed system appears two 

obvious intrusion peaks (see Fig. 21c), implying that the SS-activated FNS specimens 

have different pore connectivity compared with that SC-activated specimens. It is noted 

that specimen S303 exhibits the lowest CPD and porosity, which is consistent with the 

compressive strength. 

 

 

Fig. 21 Pore structure of SC and SS-activated system 

In SC-activated system, the increasing CS dosage and SC dosage shows a positive 

effect on the pore size distribution and porosity of specimens. The pore size distribution 

curve shifts to the left and the porosity decrease with CS and SC. The gel pore volume 

fraction of C103 is 15.9%, and C303 is 23.2%. The gel pore volume fraction of C3005 

and C303 shows an uptrend from 12.8% to 23.2%. The result indicates that the 

increased dosage of CS and SC can reduce the capillary pores and increase gel pores.  

In SS-activated system, it is obvious that the addition of CS and SS significantly 

improves the pore structure of specimens. The capillary pores dominate the pore 

structure of S103 and S3005 because of the low activation effect. The porosity of the 

specimen is decreased from 0.2965 (S103) to 0.2348 (S303) when the CS dosage is 
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increased to 30%. A similar result is obtained from S3005 to S303, in which the porosity 

is decreased from 0.3290 to 0.2338.  

Table 10 Cumulative pore volume and pore volume fraction of SC and SS-activated systems 

Sample 
 

Porosity (cc/g) 

Pore volume fraction (%) 

＜10 nm 10～50 nm 50～100 nm ＞100 nm 

C103 0.2784 15.9% 56.9% 8.7% 18.5% 

C3005 0.3336 12.8% 51.7% 28.6% 6.8% 

C303 0.2317 23.2% 71.9% 2.8% 2.1% 

S103 0.2965 8.7% 49.8% 15.3% 26.2% 

S3005 0.329 9.9% 46.0% 36.1% 7.9% 

S303 0.2348 19.6% 59.1% 16.1% 5.2% 

5.9 Autogenous shrinkage 

The autogenous shrinkage of SC and SS-activated systems is shown in Fig. 22. All 

the specimens of SC-activated system show obvious shrinkage through the curing age 

and C302 presents the highest autogenous shrinkage before 8 d. After 28 d of reaction, 

the autogenous shrinkage is strongly affected by the Na2O-E. Then the highest 

shrinkage occurs in C303 at 28d, and C103 shows the lowest autogenous shrinkage 

over the period. The autogenous shrinkage is strongly connected with free water 

consumption to increase capillary pressure so that the shrinkage occurs. The 

deformation is dramatically increased with Na2O-E due to more free water being 

consumed to form reaction products, which is consistent with the results of TG and 

compressive strength.  

 

Fig. 22 Autogenous shrinkage of specimens: (a) SC-activated system and (b) SS-

activated system. 

The autogenous shrinkage development of SS-activated system exhibits a similar 

trend as SC-activated system. During the first 2 d, the highest shrinkage happens in 

S103. During the first 8 d, the autogenous shrinkage decreases with the increasing 

Na2O-E, indicating the expansion effect of ettringite dominates the deformation. While 
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after18 d, the high content of activator incorporating specimen shows an increment in 

autogenous shrinkage.  

5.10 Ion leaching toxicity  

For studying the ion leaching toxicity of SC and SS-activated systems, C303 and 

S303 are selected for the Cr leaching analysis. The results are shown in Table 11.  

The results show that the concentration of Cr is about 0.55 ppm before 360 min in 

both the C303 and S303. However, the Cr can not be detected in the ICP test after 3d 

that means the activation system can efficiently decrease the leaching of Cr. 

Table 11 The leaching result of Cr (ppm) 

Samples 30 min 180 min 360 min 3 d 28 d 

C303 0.5544 0.5539 0.5509 0 0 

S303 0.5554 0.5545 0.554 0 0 
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6 HG and DG-activated FNS-SC systems 

6.1 Fluidity and setting time 

In HG-activated system, a Similar tendency as that of SC-activated system is 

observed. With the increasing dosage of CS and HG, the fluidity and final setting time 

decrease. The fluidity of HG115 is 152mm, which indicates that low dosage of CS and 

HG show little effect on the workability. However, when the dosage of HG comes to 

25% and 30%, the fluidity of HG125 and HG130 rapidly decreased to 95mm and 73mm. 

The fluidity of HG325 is 68mm, which is decreased by 27mm compared with that of 

HG125. The setting time of specimens is also significantly affected by the dosage of 

HG and CS. It can be found that the final setting time of HG115 is only 85 min and it 

is rapidly decreased to 34 min when the dosage of HG is 20% and 24 min when the 

dosage of HG is further increased to 30%. The setting time is also shortened from 32min 

to 20 min when the CS dosage increases from 10% to 30%.  

In DG-activated system, with the increasing dosage of CS, the fluidity is decreased 

from 152mm to 126mm when the dosage of CS is increased from 10% to 30%. However, 

the decreased degree of fluidity in DG-activated system is much slighter than that of 

HG-activated system. Only 26mm is decreased in DG-activated system, and the value 

is 94mm in HG-activated system. The result of setting time in DG-activated system is 

as similar as that of SS-activated system. Although the final setting time is decreased 

with the increasing CS dosage, the increasing DG dosage shows a contrary effect. It is 

worth noting that the addition of DG significantly increases the setting time to a very 

high level that the final setting time can reach 1337min when the dosage of DG is 30%. 

  

Fig. 23 Setting time and fluidity of specimens 

6.2 Rheological properties 

In HG-activated system, the result of HG325 is not listed as follow due to the over-

high shear stress and viscosity that the instrument cannot analyze. It can be observed 

that the shear behaviour of HG-activated system show both thickening and thinning 
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depending on the dosage of HG. The n value of HG125 is 0.70, then increases to 1.68 

when the dosage of CS is 20%, and the shear behaviour is changed from thinning to 

thickening. With the addition of HG, the value of n is decreased from 1.95 (HG115) to 

0.38 (HG130) with the shear behavior transferred from thickening to thinning. 

 

Fig. 24 Rheological curves of specimens 

It can be found in Fig. 24 that the shear stress of specimens is increased with the 

CS and HG dosage. In Fig. 24, the yield stress of HG125 is increased from 75.60 Pa to 

106.63 Pa when the dosage of CS is increased to 20%, and the viscosity is increased 

from 2.097 Pa∙s to 3.75 Pa∙s. As the HG dosage increase from 15% to 30%, the yield 

stress and viscosity are increased from 42.24Pa to 131.62Pa and 0.003 Pa∙s to 10.56 

Pa∙s. 

Table 12 Rheological parameters of fresh specimens by H-B model 

Sample 

ID 

 Rheological parameters 

Fitting equation 
τ0/Pa k n 

Correlative 

coefficient 

HG115 42.24 0.003 1.95 0.99 𝜏 = 42.24 + 0.003�̇�1.95 

HG120 54.13 0.003 1.95 0.99 𝜏 = 54.13 + 0.003�̇�1.95 

HG125 75.60 2.097 0.70 0.99 𝜏 = 75.60 + 2.097�̇�0.70 

HG130 131.65 10.56 0.38 0.99 𝜏 = 131.65 + 10.559�̇�0.38 

HG225 106.63 3.75 0.62 0.99 𝜏 = 106.63 + 3.75�̇�1.68 

DG115 24.51 0.003 1.91 0.99 𝜏 = 24.51 + 0.003�̇�1.91 

DG120 22.25 0.002 2.03 0.99 𝜏 = 22.25 + 0.002�̇�2.03 

DG125 22.12 0.001 2.10 0.99 𝜏 = 22.12 + 0.001�̇�2.10 

DG130 22.44 0.003 1.91 0.99 𝜏 = 22.44 + 0.003�̇�1.91 

DG225 24.27 0.003 1.95 0.99 𝜏 = 24.27 + 0.003�̇�1.95 

DG325 27.25 0.004 1.92 0.99 𝜏 = 27.25 + 0.004�̇�1.92 

In DG-activated system, all the specimens show thickening behavior because the 

value of n＞1, and little difference of shear stress is shown in Table 12. A similar result 



40 

The Study Of Composite Activation On Ferronickel Slag Binders 

Dissertation. VŠB - Technical University of Ostrava, 2022 

of yield stress as HG-activated system is found in DG-activated system when the CS 

dosage is increasing. The yield stress of DG125 is increased from 22.12 Pa to 27.25 Pa 

when the CS dosage is increased to 30%. The tendency of yield stress is contrary to that 

in the HG-activated system when the dosage of DG is increasing. However, the yield 

stress of DG115 only decreased by 2.07 Pa from 24.51 Pa to 22.44 Pa (DG130).  

6.3 Reaction kinetics 

Fig. 25 shows the hydration heat of HG-activated system. As shown in Fig. 25a, 

all the specimens show three exothermal peaks. Except for the dissolution and the initial 

reaction of FNS particles, the first peak is also contributed by the formation of 

CaSO4·2H2O from the reaction of CaSO4·0.5H2O and water, so that a rapid cumulation 

heat at the beginning can be found in Fig. 25b. Then a very long acceleration stage for 

more than 8 h can be found. It is worth noting that the formation of ettringite is going 

through the hydration process due to the large amount of SO4
2- provided by 

CaSO4·2H2O. The precipitation reaction of ettringite causes the second exothermal 

peak after the induction stage. The third exothermic peak is related to the precipitation 

reaction of hydrates, such as C-S-H gel. 

As shown in Fig. 25b, the cumulative heat release is increased with the dosage of 

CS before 42 h. With the increasing dosage of CS, not only the hydration of FNS, but 

the formation of CaSO4·2H2O and ettringite can be accelerated. The formation of 

CaSO4·2H2O and ettringite is the main contribution of the exothermal release due to 

the low alkalinity and abundant SO4
2- dissolved in the pore solution. The influence of 

HG dosage shows a negative effect on both exothermal peak and cumulative 

exothermal release. With the HG dosage increased to 25%, the exothermal peak of 

HG125 shifts to the right significantly compared with that of HG115 due to more FNS 

particles being wrapped so that the cumulative exothermal release is also lower. 

Although the peak of HG130 occurs earlier than that of HG125, the cumulative 

exothermal release is the lowest among all the specimens. 

 

Fig. 25 The heat release rate and total heat release of HG-activated system 

Fig. 26 shows the hydration heat of DG-activated system. As shown in Fig. 46a, 
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only two apparent exothermal peaks are found in DG115, DG120, DG125 and DG130. 

Moreover, the occurred time of the peaks is delayed compared to HG-activated system. 

The first peak is only attributed to the dissolution and the initial reaction of FNS 

particles. Furthermore, the second peak is caused by the generation of hydrate products 

without the new formation of CaSO4·2H2O to wrap the FNS particles. It is worth noting 

that the occurred time of exothermal peak shifts to the right with the increasing dosage 

of DG. This is because the an increased level of impurities in phosphogypsum [44].  

The tendency of cumulative heat release shows the contrary between before 32 h 

and after 32 h. Among the DG influenced specimens, the cumulative heat release shows 

an uptrend with the DG dosage. However, after 32h, the cumulative heat shows a 

downtrend with the increasing DG dosage. The increasing dosage CS results in a higher 

exothermal peak and cumulative heat except for DG325, which shows a lower 

exothermal peak and cumulative heat release than DG225. 

 

Fig. 26 The heat release rate and total heat release of DG-activated system 

6.4 Compressive strength 

Fig. 27 shows the compressive strength of HG-activated system and DG-activated 

system. The compressive strength of the two systems is increased with the curing age, 

and no decrease of strength is found at 60 d. At the curing age of 3d and 7d, it can be 

seen in Fig. 27a that when the dosage of HG is lower than 25%, the compressive 

strength increases with the dosage of HG. HG is activable when in contact with water 

to form DG, so a basic structure can be established at the early stage to provide a certain 

strength. However, the HG dosage negatively affects the compressive strength of the 

specimens when it reaches 30%. When the curing age comes to 28d and 60d, the 

compressive strength shows an upward trend with the HG dosage. The highest 

compressive strength can reach 34.6MPa at 28d and 45.8MPa at 60d. Moreover, the 

highest increasing degree is also found in HG130, which is increased by 109% from 7d 

to 60d. This value is 29%, 28% and 47% in HG115, HG120 and HG125, respectively. 

On the contrary, the influence of CS shows a negative effect on strength at all ages.  
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Fig. 27 Compressive strength of HG-activated system and DG-activated system 

Fig. 27b shows the compressive strength of DG-activated system. The 

compressive strength of all the specimens increases with the curing age, and no 

decrease is found at a later stage. At the age of 3d, DG120 shows the highest 

compressive strength of 16.8MPa, which is decreased to 9.4MPa when the DG dosage 

reaches 30%. At the age of 7d, DG 125 and DG130 show an impressive increase in 

strength which is 111% and 141%, respectively, but DG115 and DG120 only have a 

minor improvement. At the age of 28d and 60d, DG130 presents the highest 

compressive strength, which can reach 38.2MPa and 42.5MPa, respectively, among all 

the specimens. It can be found from Fig. 27b that the increasing degree of DG130 is the 

most significant after 3d.  

6.5 Hydration product analysis 

The crystalline phases of specimens are shown in Fig. 28. The main crystal 

compositions of the two systems are portlandite, ettringite and gypsum (CaSO4·2H2O). 

The two systems have the same crystal products. In HG-activated system, gypsum 

peaks can be found obviously in HG125 and HG130 at the age of 3d, and the peak of 

HG130 shows stronger due to the more HG incorporation that indicates there are still a 

large amount of gypsum is not consumed. At the curing age of 28d, only HG130 shows 

a relative strong gypsum peak that suggests the existence of gypsum at later stage, so 

that sufficient sulfate ions can be provided for the generation of ettringite to explain the 

highest strength of HG130 at later stage. With the increasing dosage of CS, the 

portlandite peak shows stronger due to more CH incorporation. However, the gypsum 

peak can be found in HG325 at 3d, which proves that the consumption rate of HG is 

decreased.  
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Fig. 28 XRD pattern of HG-activated system and DG-activated system 

In DG-activated system, strong gypsum peak can be found in DG125, DG130, 

DG225 and DG325, and the portlandite peak is getting stronger with the CS dosage at 

3d. Detail discussion will be presented in section 5.6. At the curing age of 28d, the 

strong peaks of gypsum shown at 3d are disappeared. Meanwhile, the intensity of 

ettringite peaks is stronger, indicating that most DG are transformed to ettringite.  

6.6 Thermogravimetry analysis 

Fig. 29 presents the TG-DTG curves of the HG-activated and DG-activated 

systems. It can be seen from Fig. 29 that the mass loss of HG-activated system and DG-

activated system is mainly attributed to the mass loss between 40-200℃, which means 

the decomposition of C-S-H gel and ettringite. 

In HG-activated system, the mass loss between 40-200℃ and 130-900℃ is 

increased with the increasing HG dosage, which indicates the effect of HG is mainly 

attributed to the formation of ettringite. The influence of HG on the content of CH is 

negligible because the change of CH content is irregular and noteless. The content of 

CaCO3 shows a downward tendency with the increasing HG dosage at 3d. However, 
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the content of CaCO3 shows a contrary tendency with the HG dosage at 28d, which 

may be related to the bad carbonate resistance of HG-activated system for the reason of 

low alkali degree. With the increasing CS dosage, the mass loss between 40-200℃ is 

increased firstly then decreased. Meanwhile, the content of CaCO3 is also increased 

with the CS content at the age of 3d.  

 

 

Fig. 29 Thermogravimetry curve of HG-activated system and DG-activated system 

Table 13 Mass loss of HG-activated system at various temperature ranges 

 
40-200℃ 380-480℃ 520-720℃ 130-900℃ 

3d 28d 3d 28d 3d 28d 3d 28d 

HG115 8.43 11.95 0.53 0.81 2.99 1.69 6.69 7.94 

HG120 12.00 12.75 0.51 0.77 2.11 2.20 6.86 8.07 

HG125 12.77 14.33 0.61 0.85 1.98 2.11 7.25 8.49 

HG130 13.16 15.39 0.55 0.92 1.86 2.23 8.01 10.36 

HG225 17.46 20.02 0.88 1.00 2.82 1.85 9.92 10.16 

HG325 15.51 17.56 0.90 1.04 4.16 4.60 10.32 12.29 

In the DG-activated system, the highest mass loss between 40-200℃ and 130-

900℃ is increased with the increasing DG dosage, then decreases when the DG dosage 

reaches 30%. This decrease may be related to the less FNS-CS content that generates 
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gel products. An obvious decrease in CH and CaCO3 content can be found from DG115 

to DG130 at the curing age of 3d. The decrease of FNS-CS is not only related to the 

less generation of FNS-CS but the less incorporation of CH and CaCO3. With the 

increasing dosage of CS, the mass loss of all the temperature ranges increased due to 

the stronger alkali degree and the addition of CH and CaCO3. 

Table 14 Mass loss of DG-activated system at various temperature ranges 

 
40-200℃ 380-480℃ 520-720℃ 130-900℃ 

3d 28d 3d 28d 3d 28d 3d 28d 

DG115 10.15 12.43 0.62 1.05 2.45 2.32 7.26 10.56 

DG120 11.45 13.56 0.65 0.74 2.45 2.18 7.94 9.26 

DG125 12.95 16.31 0.52 0.87 1.84 2.20 8.42 10.63 

DG130 12.73 14.43 0.51 0.80 1.78 2.51 8.15 9.79 

DG225 15.05 17.03 0.88 1.08 3.14 3.18 10.44 13.36 

DG325 15.57 17.15 1.55 1.11 3.85 3.22 12.12 13.56 

Interestingly, the CH content of HG-activated system, DG-activated system, and 

the specimens with high SS dosage increased with the curing age, which will be left for 

further study. 

6.7 Microstructure 

6.7.1 Scanning electron microscopy 

The SEM images of polished mortar specimens at 28d are shown in Fig. 30. As 

shown in Fig. 30, both HG and DG-activated systems shows dense structure. The 

unhydrated FNS can be found inlayed into the gel products by the distribution of 

elements, which shows a compact connection to the matrix. The existence of CS is 

relatively less compared with SC and SS-activated systems for the only 10% dosage of 

CS in HG125 and DG125. A large amount of ettringite can be identified by the needle-

like shape in the broken holes, which can build a dense structure to offset the adverse 

impact of the low gel products on strength. The dense packing and compact interfacial 

transition zone (ITZ) can be observed and considered to be the main reason for the high 

strength of HG and DG-activated specimens. Due to a large number of dissolved sulfate 

ions during the curing process, the generation of expansive phase (ettringite) contribute 

to forming a denser structure when HG and DG are used as activator. The results are 

consistent with XRD, TG, SEM and compressive strength. 
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(a)                            (b) 

Fig. 30 SEM micrographs: (a) HG125 and (b) DG125. 

Fig. 31 shows the SEM image and EDS analysis of HG125 and DG125 paste at 28 

d. It can be seen from HG125 that amorphous gel products and unhydrated FNS can be 

observed on the surface of the selected area. The gel products are believed to be C-S-

A-H gel because of the high content of calcium, silicon and aluminium identified by 

EDS. 
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Fig. 31 SEM image and EDS analysis of HG125 and DG125 paste at 28 d 

For DG125 paste (see Fig. 31), plenty of ettringite can be found in fracture structure 

as detected by XRD. After 28 d of reaction, the ettringite has gradually developed to 

form a support structure by its interlaced growth way. The fibrous ettringite crystals are 

well embedded in the gel products. Comparing the EDS results of gel products in 

HG125 and DG125, more Al appear in C-A-S-H gels of DG125, which can replace Si 

in C-S-H gels. 

6.7.2 Ca/Si ratio 

As shown in Fig. 32, the mixture of unhydrated FNS, CH (CS), and C-S-H gels 

can be observed in ITZ. These phases are interlaced together and are hard to be 

distinguished. However, the distribution of the elements is identified by the EDS with 

different colours, so the Ca/Si ratio can be obtained by the calculation of the content of 

Ca and Si to judge the activity of FNS and the property of ITZ. 
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Fig. 32 The ITZ SEM images and Ca/Si ratio of HG and DG-activated systems 

As shown in Fig. 32, elements distribution can be clarified clearly by the different 

colours. The large particles are unhydrated FNS because of the existence of Ca, Al and 

Mg. It can be calculated that the Ca/Si ratio of HG125 and HG325 is 0.97 and 2.71, 

respectively, illustrating less amount of CH are shown in the ITZ of HG125, which 

implies the better binding strength of ITZ. It is also can be found that a larger crack 

shows between aggregate and matrix in HG325, proving a weaker binding strength. 

As shown in the ITZ image of DG125 and DG325. The Ca/Si ratio of DG125 and 

DG325 is 1.53 and 2.29, respectively, indicating the larger amount of CH existing in 

the ITZ of DG325, implying weaker binding strength. In addition, the apparent loose 

structure of ITZ can be found in DG325 due to the existence of a large crack between 

aggregate and matrix, indicating the extreme low compressive strength. 
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6.8 Pore structure 

In HG-activated system, all the specimens show two significant peaks (see Fig. 

33a). the CPD of all the specimens distributes in the capillary pore range. The CPD of 

HG115 at 28d is 186.43nm, then reducing to 73.73nm when the HG dosage is increased 

to 25%. The CPD of HG325 seems no significant shift from that of HG125. However, 

the first peak of HG125 located at 21.28nm is much higher than that of HG325. The 

addition of HG shows a very positive effect on the porosity and the volume fraction of 

gel pores, which is crucial to the strength of the matrix. On the contrary, the addition of 

CS shows a negative effect that the porosity of HG125 is increased from 0.2111cc/g to 

0.2697cc/g, and the gel pore fraction is decreased from 16.9% to 8.6% when the CS 

dosage reaches 30%. The result is consistent with the compressive strength that HG125 

and HG325 present poorer pore structures than HG125. 

 

 

Fig. 33 Pore structure of HG and DG-activated system 

The DG dosed system also appears with two obvious intrusion peaks (see Fig. 33c), 

implying DG-activated system has similar pore connectivity compared with that of SC-

activated system. The CPD of all the specimens is located in the capillary pore range as 

in DG-activated, which suggests that the phosphogypsum brings a different pore 

structure from SC and SS dosed systems. Although the CPD of DG115 at 28d is 

70.85nm, which is smaller than DG125, the porosity and gel pore fraction show worse. 
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On the contrary, the addition of CS shows a negative effect that the porosity of DG125 

is increased from 0.2196cc/g to 0.2361cc/g, and the gel pore fraction is decreased from 

18.7% to 14.5% when the CS dosage reaches 30%. It is worth noting that the DG125 

and DG325 all show lower porosity and higher gel pore fraction compared with HG125 

and HG325, which is the reason for the higher compressive strength. 

Table 15 Cumulative pore volume and pore volume fraction of HG and DG-activated systems 

Sample 
 

Porosity (cc/g) 

Pore volume fraction (%) 

＜10 nm 10～50 nm 50～100 nm ＞100 nm 

HG115 0.2579 10.2% 34.3% 12.1% 45.5% 

HG125 0.2111 16.9% 54.9% 24.3% 3.9% 

HG325 0.2697 8.6% 48.6% 29.1% 13.8% 

DG115 0.237 17.6% 31.4% 19.9% 31.1% 

DG125 0.2196 18.7% 43.2% 9.2% 29.0% 

DG325 0.2361 14.5% 31.8% 8.3% 45.4% 

6.9 Autogenous shrinkage 

The autogenous shrinkage of HG and DG-activated systems is shown in Fig. 34. It 

can be found that all the specimens of HG-activated system present a very stable 

deformation after a quick increment of expansion within 7d. Before the first 12 h, a 

sharply increasing curve can be found in HG115, HG120, HG125 and HG130, which 

is related to the formation of CaSO4·2H2O. with the higher HG dosage, the higher 

expansion can be fulfilled. A similar trend can also be found when the CS content 

increases, but the slope of the increasing curve is more gentle, and the expansion of 

HG325 is finally higher than HG225 after 7 d. 

 

Fig. 34 Autogenous shrinkage of specimens: (a) HG-activated system and (b) DG-

activated system. 

The autogenous shrinkage development of DG-activated system exhibits a similar 

trend as HG-activated system. The expansion curve of all specimens become stable 

after 2 d. With the increasing dosage of DG and CS, the expansion degree of specimen 

shows higher due to the more formation of ettringite. 
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It is found that the DG-activated specimens exhibit obviously higher expansion 

than the HG-activated specimens due to the unstable matrix at early stage.  

6.10 Ion leaching toxicity  

For studying the ion leaching toxicity of HG and DG-activated systems, HG125 

and DG125 are selected for the Cr leaching analysis. The results are shown in Table 11.  

The results show that the concentration of Cr is about 0.55 ppm before 360 min in 

both the HG125 and DG125. However, the Cr can not be detected in the ICP test after 

3d that means the activation system can efficiently decrease the leaching of Cr. 

Table 16 The leaching result of Cr in HG125 and DG125 (ppm) 

Samples 30 min 180 min 360 min 3 d 28 d 

HG125 0.5652 0.5535 0.5583 0 0 

DG125 0.5556 0.5538 0.5575 0 0 
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7 Concrete properties 

7.1 Overview and Mixture 

Corresponding to the previous experimental exploration, two formulas are selected 

as the activator in this chapter. (1) carbide slag with a content of 30% to replace FNS, 

Na2SO4 with Na2O-E of 3% to be incorporated. (2) carbide slag with a content of 10% 

to replace FNS, dihydrate phosphogypsum with a content of 30% to replace the 

composite of carbide slag and FNS. The mixture proportion is presented as follows. 

Table 17 The mixture proportions of concrete (kg) 

Samples FNS CS SS(Na2O-E) sand stone water 

S303 2.45 1.05 0.24 8 11 1.7 

DG130 2.205 0.245 1.05 8 11 1.7 

7.2 Workability and mechanical properties  

The slump of concrete was tested after mixing that can reflect the workability. It 

can be found in Fig. 35 that the slump of S303 and DG130 is 120 mm and 210 mm, 

respectively, in which S303 presents a plastic solid, but DG130 shows totally collapsed. 

This result is mainly caused by the alkali degree of the mixture. It is clear that the 

addition of Na2SO4 can provide a higher alkali degree due to the dissolved of Na+ in 

comparison with DG, so gel products can be generated in advance to form a relatively 

stable matrix. On the contrary, as an inert component when contact with water, more 

free water can be released when DG is added so that DG130 shows a much higher 

slump. Besides, the phosphorus in DG is also another negative factor for matrix 

formation.  

 

(a)                                 (b) 

Fig. 35 The slump of concrete. (a) S303, (b) DG130 
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The compressive strength of S303 and DG130 at 28d, 60d, 90d and 120d are tested. 

The results are shown in Fig. 36. It can be found that the compressive strength of S303 

at all ages is higher than that of DG130 at corresponding ages. The compressive strength 

of the two systems is decreased firstly at 60d, then increased. The compressive strength 

of S303 is decreased from 31.0 MPa to 23.1 MPa from 28d to 60d, then increased to 

31.4 MPa at 120d. Similarly, the compressive strength of DG130 is decreased from 28.0 

MPa to 16.3 MPa from 28d to 60d, then increased to 28.8 MPa at 120d. It can be found 

that although a decrease of strength occurs, the strength can be recovered to be the same 

level. The results indicate that the contribution of Na2SO4 and DG may cause defects 

in the microstructure, but it can be recovered by continuous hydration. 

 

Fig. 36 The compressive strength of concrete 

7.3 Carbonization resistance 

The colour-changing ranges and erosion depth of S303 and DG130 after 

carbonization curing is shown in Fig. 37 and Fig. 38. It can be observed that strong 

erosion happens in both two systems, and the carbonization degree of S303 is much 

lower than that of DG130. The erosion depth of S303 is 13.5 mm at 3d, then increased 

to 30.5 mm at 28d. In comparison with S303, DG130 shows a much higher erosion 

depth of 15.8 mm at 3d and 50 mm at 28d, indicating the matrix of DG130 is carbonized 

totally, which can be observed in Fig. 37.  
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Fig. 37 Color-changing ranges 

It can be found in Fig. 38 that the erosion depth of the two systems is increasing 

with the curing age. Carbonization of concrete is a process in which CO2 gradually 

penetrates from the concrete surface into the interior and reacts with alkali matters such 

as CH and C-S-H in concrete. With the extension of curing age, the greater the 

penetration depth of CO2 in concrete, the reaction gradually consumes more alkali 

matter. With the extension of carbonization time, the carbonization depth of concrete in 

each group shows an increasing trend. In comparison with S303, the CH content of 

DG130 is less than 10%. It can be found in Fig. 36 that the compressive strength of 

S303 is higher than that of DG130 at all ages, indicating better microstructure of S303, 

and the content of CH in S303 is 30% which is much higher than that of DG130. Even 

if CO2 can penetrate the concrete, it does not completely consume CH within the 

penetration depth range, which can provide better protection to carbonization, so S303 

shows less carbonization depth than DG130.  
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Fig. 38 The erosion depth after carbonization curing 

7.4 Sulfate resistance 

In comparison with cement, CH is not a product of an alkali-activated system, but 

hydration products are generated by consuming CH, so the effect of Na2SO4 may be 

different. 

 

Fig. 39 The surface appearance of concrete after sulfate attack 

Fig. 40 presents the compressive strength of S303 and DG130 after standard curing 

and sulfate attack. It can be found that, in comparison with the strength at 60d, the 

compressive strength of all the specimens in increasing with the curing age. Moreover, 

the specimens after sulfate curing show higher compressive strength than those after 

standard curing. However, the compressive strength of DG130 is still lower than S303 

at all ages. In summary, sulfate attack positively affects the mechanical property instead 
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of expansion failure. It can be observed from the compressive strength result that a 

sharp decrease happens at 60d, indicating many defects of microstructure exist. 

 

Fig. 40 The compressive strength after standard curing and sulfate attack curing 

7.5 High-temperature resistance 

Although the expansion or decomposition of aggregate by fire can affect the 

mechanical properties and integrity of concrete, the high-temperature behaviour of 

concrete depends more on the composition of the cementitious material. Unlike general 

alkali activation materials, which contain little AFt(m) and Ca(OH)2, is considered to 

show no damage in high-temperature environment. S303 and DG130 contain lots of 

Ca(OH)2 and AFt due to the incorporation of carbide slag and sulfate ions, which may 

cause a great impact on the fire resistance of concrete.  

 

Fig. 41 The surface appearance of concrete after high temperature test 



57 

The Study Of Composite Activation On Ferronickel Slag Binders 

Dissertation. VŠB - Technical University of Ostrava, 2022 

It can be found in Fig. 41 that more cracks are shown up with the rising 

temperature in both S303 and DG130. However, serious desquamation can be observed 

in S303 when the temperature reaches 800℃. On the contrary, the integrity of DG130 

is still well after being calcined at 800℃. Fig. 42 shows the relative residual 

compressive strength at various calcine temperatures. It can be found that both S303 

and DG130 show a great decrease of about 90% on strength from 20 ℃ to 800 ℃. A 

similar trend is found during the heating process from 20 ℃ to 200 ℃, in which 40% 

decrease occurs in both S303 and DG130. In this temperature range, the strength loss 

is mainly caused by the decomposition of AFt and C-S-H gels, so the same decrease 

happens. However, S303 shows a smaller strength decrease than DG130 from 200 ℃ 

to 600 ℃. In this temperature range, the decomposition is mainly caused by the 

dehydration of Ca(OH)2. It is known that the Ca(OH)2 content in S303 is much higher 

than DG130, which means much more gel products can be generated according to the 

XRD and TG results, indicating the contribution of gel products to fire resistance is 

better than AFt. When the temperature reaches 800 ℃, most of the hydration products 

are decomposed, the relative residual compressive strength of S303 is about 8%, which 

is 11.6% in DG130. According to the above analysis results of relative residual 

compressive strength, when the temperature is lower than 800 ℃, the strength loss of 

S303 is smaller than DG130, indicating a better fire resistance. However, the fire 

resistance of S303 is weaker than DG130 when the temperature is higher than 800 ℃ 

due to the structural damage.  

 

Fig. 42 Relative residue compressive strength 
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8 Conclusions and further research 

8.1 Conclusions 

This research studied the chemical composition and grindability of FNS, then 

Na2CO3, Na2SO4, hemihydrate phosphogypsum and dihydrate phosphogypsum are 

used to activate the FNS-CS composite material. Different proportions of activators and 

CS were applied to make an FNS based AACM. Before hardening, the fluidity, setting 

time, rheological property, and reaction kinetics were analyzed. After hardening, the 

mechanical property, hydration products, microstructure, volume stability, and leaching 

toxicity were studied. The SS-activated and DG-activated systems show suitable 

properties to be selected for the concrete test, including workability, mechanical 

property, and durability. The main conclusions are as follows: 

(1) The main chemical composition of FNS is Al2O3, SiO2, CaO, MgO and Fe2O3. 

Cr is the main heavy metal in ferronickel slag. The existing MgO phases in ferronickel 

slag are mainly spinel and forsterite, which is an important reason for the low 

grindability and negligible decrease of binding energy. 

(2) The increase of alkali degree by adding CS, SC and HG can reduce the fluidity 

and setting time. But the existence of sulfate ions by adding SS and DG, which generate 

ettringite, results in increased fluidity and setting time. Similar results were shown in 

rheological test that the yield stress of specimens could be increased by adding CS, SC 

and HG, but decrease with the addition of SS. However, the effect of DG is negligible 

due to the inert characteristics. 

(3) The improvement of alkali degree can accelerate the heat release of SC and 

SS-activated systems. However, the heat release is retarded when high Na2O-E is dosed 

in the systems due to unhydrated FNS being wrapped by the hydrates. The heat release 

is mainly attributed to the formation ettringite in HG-activated system. In DG-activated 

system, ettringite is the main factor of heat release. Meanwhile, the cumulative heat 

release is decreased due to the lower heat release from ettringite and the less content of 

FNS-CS. 

(4) The activation effect of SS is better than that of SC at later ages, but obvious 

decrease of compressive strength occurred at 60d in SS-activated system. The content 

of HG and DG show positive effect on compressive strength at later ages due to the 

large-scale formation of ettringite. The effect of CS content is negative on compressive 

strength in HG and DG-activated systems. 

(5) The addition of CS can increase the peak intensity of Ca(OH)2 and CaCO3. 

Ettringite and gypsum peaks are shown in SS dosed system due to the existence of 

sulfate ions. The main crystalline phase of HG and DG dosed systems is ettringite, 

which strengthens the matrix. 
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(6) The CS and Na2O-E will facilitate the formation of C-S-H. The mass loss 

between 40-200℃ is contributed to the formation of ettringite partly in SS-activated 

system. In HG and DG-activated systems, the deformation of ettringite is the main 

reason for the mass loss between 40-200℃. 

(7) The addition of SC and SS can promote the alkali degree to accelerate the 

depolymerization of FNS, so more CH can be consumed to realize lower Ca/Si ratio in 

ITZ. Besides, the ITZ structure of SS-activated system is better than that of SC-

activated system, which can be found loose structure and micro-crack. A large amount 

of ettringite can be identified in HG and DG-activated systems. The gel products are 

believed to be C-S-A-H gel. High CS content results in high Ca/Si ratio in ITZ that 

large crack can be observed. 

(8) The addition of CS, SC, SS, HG and DG can improve the pore structure to 

show lower porosity and higher fraction of gel pores. SS-activated specimens exhibit 

obviously lower deformations than the SC-activated specimens due to fewer gel 

products formed in the paste. All the HG and DG-activated systems specimens present 

a very stable deformation after a quick increment of expansion within 7d. The DG-

activated system shows higher expansion than the HG-activated system due to the 

unstable matrix. 

(9) all the activated systems can solidify the Cr efficiently that the leaching test 

can detect no Cr after 3d. 

(10) Both the workability and mechanical property of the SS-activated system is 

better than that of the DG-activated system. The two systems present a decrease of 

strength at 60d, but recover after 90d and 120d. The carbonization degree of SS-

activated system is much lower than that of DG-activated system. Due to the existence 

of sulfate ions in the solution, the specimens after sulfate curing present higher 

compressive strength compared with standard curing. The integrity of DG-activated 

system is still well after being calcined at 800℃, but SS-activated system shows better 

high-temperature resistance from 200℃ to 600℃. 

(11) The application field of FNS binder can be subgrade and mineral filler fileds 

due to its good mechanical properties. However, the decreased compressive strength of 

concrete at 60 d limits its utilization in construction. With further reaserch, the possible 

application could be ocean engineering because the increased strength in sulfate 

environment. 
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8.2 Further research 

(1) In the process of exploring hydration products, although the type of final reaction 

products was discovered. However, the specific hydration process has not been 

characterized in detail. In the later stage, the ion content and concentration in the system 

should be tested to get a clearer reaction process. 

(2) In the thermogravimetry analysis of SS and DG-activated systems, the Ca(OH)2 

content increased from 3d to 28d, which may related to the existence of sulfate ions. In 

further research, this abnormal increase should be figured out. 

(3) the contribution of ettringite and pore structure to compressive strength was not 

distinguished very clear in this research, which need to be analyzed that how the two 

factors can affect the each other. 

(4) As a porous material, concrete can endure much expansion due to more space for 

ettringite development. And large amount of hard aggregates can resist the expansion. 

However, strength decrease still happened at 60d, which limits its application. It can be 

explored to be used in engineering with low strength requirements, for example, as 

mine filling material, which can not only solve the problem of large amount of concrete 

in mining engineering, but also fully solve the problem of steel slag accumulation. 
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