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Studying the influence of industrial waste additives on the formation of C–S–H phases in the sand-lime brick
1. Introduction
Production of construction inorganic materials is a branch that intensively uses the industrial waste. The blast-furnace slag is a popular industrial by-product that has many advantages making it friendly for the environment due to low power inputs, use of the secondary raw material and reduced emission of greenhouse gases and harmful substances [1]. The smelting of one ton of cast iron results in the formation of 200 to 500 kg of the blast-furnace slag. The annual slag production can exceed 1Mt [2,3].
In spite of a broad spectrum of modern construction walling materials the sand-lime brick is still popular due to its relative inexpensiveness, ecological compatibility of the raw material and its availability. In Ukraine, the sand-lime brick segment makes up 7% of the market of construction walling materials [4]. The production of it requires about 12.5% of the total volume of lime consumed in Ukraine [5]. A replacement of the power-consuming raw material, i.e. the lime by the furnace-blast slag will contribute to the partial solution of such problems as an efficient use of raw material resources and a decrease of anthropogenic loading on the environment. 
2. Experimental program
2.1. Motivation

Using different chemical and industrial additives, in particular the siliceous waste, metallurgic slag, ashes, sludge, inorganic salt additives with isomorphic anions of a 
C-S-H phases structure we can intensify the processes of phase and structure formation in the lime and silica mix and improve technical characteristics of the sand-lime brick [6]. 
The iron and slag melt is formed from the iron ore and coke mixture in the blast-furnace at a temperature of 1350 to 1550°C. The slag of a lower density is removed and cooled in process [2]. As for the cooling rate, we can distinguish the granulated blast-furnace slag (GBFS) that is snap-chilled in a large amount of water and the dump blast-furnace slag (DBFS) slowly cooled in the air. Snap-chilling minimizes the crystallization and the glass phase makes up more than 95%. A slow cooling mainly results in the formation of crystalline products. This type of slag is hard and it has a dense structure. 
The oxide composition of these two types of slag differs insignificantly. Calcium Oxide, Silicon Oxide and Aluminum Oxide are prevailing. Magnesium Oxide, Ferrum Oxide and Calcium Sulfide and Ferrum (II) Sulfide are contained in a lesser amount. The main crystalline phases of blast-furnace slag are Merwinit Ca3Mg(SiO4)2, Melilite (Ca,Na)2(Al,Mg,Fe +2)[(Al,Si,SiO7] and Gehlenite Ca2Al2SiO7 [7,8]. Belite 2CaO·SiO2, Monticellite CaMgSiO4, Rankinite Ca3Si2O7, Wollastonite CaSiO3 and Forsterite Mg2SiO4 can also be formed. Sulfur in the form of Oldhamite (Ca,Mg)S is also present very often [8]. 
Blast-furnace slag has latent binding properties at appropriate conditions, for example in the alkaline medium of cement solutions [1,9]. It is explained by the similarity of elemental and oxide compositions with that of an ordinary Portland Cement [1,7,10]. The cementing properties of blast-furnace slag can be activated by the compounds of alkaline and alkaline earth metals, liquid glass, cement, sulfates and active fine-dispersed silica [9,11,12]. Typical activators for slag-cement mixtures are gypsum and lime that enter into a chemical reaction with the slag and are bonded to form of hydration products [1]. When the silica and the lime wastes are added to the slag binder, the lime acts as an activator and it promotes the pozzolanic reaction with the silica [13]. The slag reactivity can also be manifested in the case of thermal activation in autoclave conditions [14]. At the hydration of slag minerals C-S-H phases are crystallized more frequently, in particular tobermorite. Hydrotalcite Mg6Al2CO3(OH)16∙4H2O is also formed very frequently [11,15,16]. 
The purpose of this research was to study hydration processes in the lime and silica mixture with the complex additive based on the industrial raw materials, i.e. ground dump blast-furnace slag, the silica waste of grinding bodies and the sulfate magnesium solution exposed to the hydrothermal treatment. 

2.2 Raw Materials
The following raw materials were used for the investigation:
a) Lime (industrial product). The lime activity varied in the range of 81.0 to 91.0%, the lime slaking temperature ranged from 71°C to 96°C and the slaking time lasted from 2to 4 minutes. 
b) Waste of grinding bodies used from ball mills; the chemical composition is given in the Tab.1. Specific waste surface was 1709 m2/kg; the main phase was silicon dioxide in the β-quartz modification.
c) Dump blast-furnace slag; the chemical composition is given in the Tab.1. 
d) Pond fine sand with the fineness modulus of Mf = 1.263.
e) Water solution of magnesium sulfate MgSO4, the concentration w(MgSO4) = 2%. 

Tab. 1:

Chemical composition of industrial wastes
	Type of waste
	Chemical composition [mass.%]

	
	СаO
	SiO2
	Al2O3
	MgO
	FeO
	Fe2O3
	R2O
	TiO2
	MnO
	S

	Grinding body waste
	2,46
	91,74
	1,43
	1,64
	-
	0,66
	2,07
	-
	-
	-

	Dump blast-furnace slag
	46,41
	38,89
	7,48
	5,39
	0,43
	-
	-
	0,02
	0,05
	1,33


2.3. Experimental Process
Dump blast-furnace slag was studied using the X-ray diffraction method (XRD). Fig.1. shows bar-X-ray patterns; the minerals were identified according to [17,18]. It was established that the blast-furnace slag contains Gehlenite, Melilite, Rankinite, Forsterite, Wollastonite and Oldhamite. It means that it has latent binding properties that are activated by the present lime, fine-grained silica, magnesium sulfate solution and hydrothermal conditions. 
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Fig.1: bar-X-ray diffraction pattern of the dump blast-furnace slag
Raw material mixtures used for the production of the specimens of sand-lime brick were prepared using the binder (21 mass.% of the total mass of dry mixture), sand and moistening water, the component ratio, mass.%:
1. The first composition (hereinafter referred to as LS) includes the bulk lime – 10.5, the grinding body waste – 10.5, sand – 79, and the moistening liquid (water). 
2. The second composition (hereinafter referred to as the LSBFS) includes: lime – 5.0, grinding body waste – 10.0, blast-furnace slag – 6, sand – 79, and the moistening liquid (magnesium sulfate solution). 

The lime and the dump blast-furnace slag were individually subjected to the preliminary milling in the metal ball mill to get the dispersity corresponding to the sieve undersize of 900 meshes/cm2. The binder was prepared by the combined grinding of ground lime and fine-dispersed industrial waste, the binder dispersion corresponded to the sieve undersize №008. The binder was thoroughly mixed with the sand and moistened. In  50 – 60 minutes the mixture was moistened additionally and then it was held until a complete lime slaking. The cubes with the edge length of 0.024m were formed of the raw material mixture with the compacting pressure of 1.5MPa. Sand-lime brick specimens were subjected to the hydrothermal treatment in the laboratory vertical autoclave at the pressure of the saturated water steam 0,6MPa, and variable holding time. Finished specimens were subjected to ultimate compression strength test. 
The XRD data were obtained using the diffractometer DRON-3M with copper anticathode based X-ray tube. DTA was performed using the derivatograph Q-1500 of a F. Paulik-J.Paulik-L.Erdey system with the reference substance of burnt Al2O3 powder and applied voltage of 88V. 
3. Results and discussion
The specimens based on the lime-silica binder and lime-silica-slag binder (the mixtures of LS and LSBFS compositions, accordingly) were subjected to the hydrothermal processing at the autoclaving pressure of 0.6MPa. Tab.2 gives the strength test data. 
Tab.2:

Sand-lime brick specimen strength 
	Raw mix composition
	Autoclave treatment time [h]

	
	2
	3
	4
	5
	6

	
	Ultimate compression strength [MPa]

	LS
	14.0
	-
	16.0
	-
	19.0

	LSBFS
	11.0
	14.0
	17.0
	28.0
	40.0


The data analysis showed that the specimens of LS composition demonstrate a slow gain in strength in the range of 14MPa to 19MPa at the autoclaving pressure of 0.6MPa. It is conditioned by a lower temperature of saturated water steam at the autoclave pressure of 0.6MPa in comparison with temperature conditions at the typical pressure of 0.9 to 1.2MPa. The conditions of hydrothermal synthesis, i.e. the temperature (pressure) and the time prevent the formation of C–S–H phases in the amount sufficient for the formation of high strength products.
Sand-lime brick specimens with the complex additive of dump blast-furnace slag and the MgSO4 solution (LSBFS) showed a slow gain in strength at early time of hydrothermal treatment (2 to 4 hours) with the subsequent abrupt gain in the strength up to 40MPa. The very fast gain in strength of samples should be presence of the blast-furnace slag activated by the set of ambient conditions: 1 – the hydrothermal treatment temperature contributes to the activation; 2 – the lime in the solution contributes to an increase in the pH value that results in the alkaline slag activation; 3 – the slag is activated by the sulfate ions of MgSO4 solution; 4 – an active silica of the waste of grinding bodies also contributes to the activation.
The XRD data (Fig.2–3) show the diffraction pattern of β-quartz and calcite both for lime-silica binder specimens of LS composition and lime-silica-slag binder specimens with the addition of manganese sulfate solution (the LSBFS composition). 
All the specimens of LS composition (Fig.2) identify Ca(OH)2. This indicates the incompleteness of the phase formation processes of calcium silicate hydrates. After the two-hour exposure to the pressure of 0.6MP polybasic calcium silicate hydrates C2SH2 and C2SH(A) were formed with a high degree of probability. After the four-hour exposure a number of C2SH2 XRD peaks is decreased with a simultaneous increase of corresponding peaks for C2SH(A) and appears of the phase that can be identified as CSH(B). After 6 hours of hydrothermal treatment the amount of C2SH(A) is decreased and appeared tobermorite as the separate phase. 
Bar-X-ray diffraction pattern for the specimens of a LSBFS composition (Fig.3) differ from LS by the appearance of the diffraction peaks for the blast-furnace slag minerals, i.e. Ghelenite and Melilite. The sample formed during the 2-hour pressure exposure identifies Rankinite and Forsterite and the formation of C2SH(A) is possible. 
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Fig.2: Bar-X-ray diffraction pattern for the specimens of silicate brick based on the lime –silica binder (LS): a – 2 hours, b – 4 hours, c – 6 hours
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Fig.3: Bar-X-ray diffraction pattern for the samples of lime-silica-slag binder (LSBFS): 
a – 2 hours, b – 4 hours, c – 6 hours

After the 4-hour hydrothermal treatment the phases of Rankinite and Forsterite were not present and it is related to their hydration. Portlandite, CSH(B) and Tobermorite XRD patterns appeared. In the samples obtained during the 6hour pressure exposure a number of C2SH(A) XRD patterns is increased and Tobermorite appears and possibly the Hydrotalcite is formed.
The analysis of DTA curves (Fig.4) for LS-composition samples showed that β-quartz endothermic effect is identified in the entire time range at 600°C; the CaCO3 endothermic effect is identified at 900 (850, 860)°C; and the Ca(OH)2 endothermic effect is identified at 520°C and it is decreasing with time. There is a high degree of probability that the C2SH2 phases are formed with endothermic effects at 160°C (2 and 4 hours) or at 120°C (6 hours); the exothermic effect at 960 (930)°C corresponds to CSH(B). The samples formed during 6-hour exposure differ by the combination of endothermic effect at 190°C and exothermic effect at 930°C and that corresponds to Tobermorite and the endothermic effects at 410°C and 530°C are related to the stepwise dehydration C2SH(A). 
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Fig.4: DTA curves for the samples: with the lime-silica binder (LS); a – 2 hours, b – 4 hours, 
c – 6 hours 

The DTA curves for the specimens of LSBFS composition (Fig.5) show such peculiarities: C2SH2, Tobermorite and CSH(B) are formed at all the stages of hydrothermal treatment with a high degree of probability. The endothermic effect of Ca(OH)2 is not observed at 520°C. Probably, it is imposed on the β-quartz effect. 

4. Conclusions

The sand-lime brick specimens formed using the additives of industrial wastes, in particular the waste of grinding bodies used by ball mills and dump blast-furnace slag at the autoclaving pressure of 0.6MPa. 
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Fig.5: DTA curves for the samples: lime–silica-slag binder with the addition of MgSO4 solution (LSBFS); a – 2 hours, b – 4 hours, c – 6 hours 
Calcium Hydroxide and C–S–H phases are the hydration products of raw mix with the addition of the silica waste of grinding bodies.
C–S–H phases and Hydrotalcite are the hydration products of raw mix with the addition of dump blast-furnace slag and the MgSO4 solution. 
The addition of ground dump blast-furnace slag and the MgSO4 solution to the lime-silica raw mix to produce the sand-lime brick speeds-up a gain in strength during the 4 to 6 hour hydrothermal treatment. It is explained by the formation of the large amount of C–S–H phases. 
The dump blast-furnace slag is activated by hydrothermal conditions, by the creation of alkaline medium as a result of the lime hydration and by the presence of sulfate ions and the active silica. 
The strength of specimens with the complex slag additive that were formed in the mode of 0.6MPa–6hours exceeds the strength of lime-silica specimens two times and it is equal to 40MPa. 
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