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Abstract

:

Lime plaster mixes are becoming more and more popular in the world’s building materials market every year. Therefore, the issue of increasing the efficiency of lime finishing coatings is relevant. The paper aim is the modification of lime binders with specially synthesized calcium silicate hydrates (CSHs). To obtain the CSH filler, liquid sodium glass was used with a silicate module of 1.53–2.9 and a density of 1130–1663 kg/m3. Using differential thermal analysis (DTA), X-ray diffraction (XRD) patterns, synthesized calcium silicate hydrates, as well as dry plaster mixes, and finishing coatings based on using them were studied. The regularities of the filler synthesis were established depending on the temperature, density, and silicate modulus of liquid glass, the amount of the precipitant additive, the rate of its introduction, and the drying mode. As a result of processing the obtained experimental data, a mathematical model was obtained for the composition “lime + CSH”. The phase composition of the filler was revealed, which is characterized by the presence of calcium silicate hydrates of the tobermorite group, a solid solution CSH (B) in the form of a weakly crystallized gel, a solid solution of C–S–H (II), hydrohalites, and calcites. It was found that the use of the fillers into the lime compositions, obtained with the rapid introduction of CaCl2 additive into water glass during the synthesis of the filler, promotes the acceleration of the plastic strength gain of lime compositions. It was revealed that the lime composites with the CSH filler are characterized by reduced shrinkage deformations up to 45%. The introduction of the CSH filler into the lime compositions increases the water resistance of the lime finishing layer by 36%. A technological scheme for the production of the lime dry plaster mixes has been developed; it can be introduced at existing factories of building materials without significant re-equipment of production.
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1. Introduction


Every year, dry plaster mixes (DPMs) are becoming more and more popular in the world’s building materials market [1]. The modifiers that are used to create them give them new properties [2]. Modern compositions have high strength, density, crack resistance, frost resistance, etc. [3].



Currently, the most popular among plaster mixes are cement and gypsum mixes [4]. The demand for lime mixes is slightly lower due to low strength and water resistance [5]. However, lime plaster mixes have a number of advantages: They have good thermal insulation [6] and fireproof [7] properties; environmentally friendly [8]; have good adhesion to wood [9,10], brick [11] and cinder-concrete [12] surfaces; resistant to biological damage due to the high alkalinity of lime [13]; flexible [14] and easy to work with [15]. In addition, they have high vapor permeability [16,17,18], which allows the wall to “breathe” without accumulating condensate [19], thereby contributing to the improvement of the microclimate of the rooms finished with them by regulating the humidity of the environment [20]. Lime coatings are easily pierced with nails [21]. Lime-based plaster mixes can be applied to the surface to be finished at low positive and moderately negative temperatures [22,23]. Therefore, the issue of increasing the efficiency of lime finishing coatings is relevant.



To improve the performance of lime coatings, various additives are introduced into them, for example, water repellents or pozzolanic materials [24,25]. The use of wollastonite (calcium silicates) in plaster mixes, although it leads to a decrease in shrinkage and an increase in water-holding capacity, increases the strength of composites insignificantly and does not provide sufficient water resistance of lime mixes [26]. The increase in the efficiency of lime compositions due to the use of additives based on calcium silicate hydrates (CSHs) has hardly been studied.



The currently available methods for producing calcium silicate hydrates by ion exchange have a number of disadvantages associated with the multistage synthesis process [27].



Thus, the technology for the synthesis of calcium silicate hydrates used subsequently for the production of lime-based dry mixes requires improvement. This is due to the fact that the use of such filler in compositions with mineral binders dictates the need for a more complete use of its potential, namely, the reactivity of the filler [28].



The aim of the work is to modify lime binders with specially synthesized calcium silicate hydrates.



To achieve this aim, the following tasks were solved:




	
Study of the regularities of the synthesis of finely dispersed fillers based on calcium silicate hydrates (relationship between a density of liquid glass, its concentration, an amount of precipitant and the properties of the resulting filler);



	
Study of the structure formation of lime systems in the presence of CSH fillers;



	
Development of compositions of lime-based dry mixes and determination of technological and operational properties of plaster mortar based on the developed compositions.









2. Materials and Methods


2.1. Characteristics of the Raw Materials Used


The initial binder was a lime (Atmis-sugar, Russia) with an activity of 75–84%, a true density of 2205 kg/m3, a bulk density of 500 kg/m3, and a specific surface area of 10,000 cm2/g. To obtain a filler based on CSH, we used liquid sodium glass with a silicate module M = 1.53–2.9 and a density = 1130–1663 kg/m3. Calcium chloride, iron (III) chloride, and aluminum sulfate were used as precipitants. The amount of addition of the precipitant was 30–50% of the mass of water glass in the form of a 7.5–15% solution, depending on the density and silicate module of the liquid glass.



A quartz sand (Ukhta, Russia) with a real density of 2611 kg/m3, a size module equal to 1.7, and a bulk density of 1490 kg/m3 was used as a filler.



The granulometric composition of the sand is given in Table 1.



The binders were mixed with drinking water with a pH of 7.12.



Due to the high water demand of lime compositions in order to regulate the rheological, technological and functional properties of the finishing compositions, the following plasticizing additives were introduced into the mix recipe:



Kratasol that are salts of naphthalenesulfonic acids with a high content of high molecular weight fractions. S-3 (sulfonated polycondensates up to 82–84%; sodium sulfate is 8–10%; moisture no more than 10%). SP-3 is a mix of sodium salts of polymethylene naphthalenesulfonic acids of various molecular weights, industrial lignosulfonates, as well as industrial mix of sodium thiosulfate and sodium thiocyanate;



Hidetal P-4 (SKT-Standart, Novozybkov, Russia), Melment F15G and Melflux 1641F (BASF, Berlin, Germany)polycarboxylate-based superplasticizers. The amount of the additive was 0.7–2% by weight of the binder.



To obtain colored compositions, an additive-chromophore FeCl3 was introduced, as well as pigments (blue and yellow) and ocher (chromium oxide) in an amount from 1% to 5%. The blue and yellow pigments have a phthalocyanine organic chemical base.



To increase the water retention capacity, the dobpack Mecellose FMC 2094 (Lotte Fine Chemicals, Seoul, Korea) was also introduced into the formulation of the lime-sand composition in an amount of 0.1% by weight of the dry mix. To increase the strength characteristics, redispersible powders were also introduced into the formulation of the lime-sand composition: Pulver DM 1142P (Pulver, Kocaeli, Turkey) Neolith 4400, Neolith 7200 (Neolith, Gozzano, Italy) in the amount of 1%, 0.8%, and 1.8% of the dry mix mass, respectively. Neolith redispersible powders are produced by spray drying aqueous dispersions based on copolymers of vinyl acetate, acrylates, and versatates. They contain anticoagulants and anti-caking agents. Pulver DM1142P is a redispersible powder in the form of vinyl acetate, ethylene, and polyvinyl alcohol monomers.




2.2. Mix Design


When hardening in air, the lime mortars made with slaked lime give significant shrinkage. In this regard, the quartz sand of fraction 0.63–0.315 and 0.315–0.14 mm, in a ratio of 80:20 and bulk density of 1527 kg/m3, was introduced into the lime mortar as a fine aggregate. In this case, the ratio of binder:sand (B:S) were 1:3 and 1:4.



The mix design was carried out based on the different ratio of the addition of the synthesized silicate hydrates to lime, as well as from the different water:lime ratios (Table 2).



For each series of tests, six specimens of each composition were made. Moreover, the standard deviation of the results did not exceed 5% for all results.




2.3. Laboratory Equipment and Research Methods


The granulometric composition of the obtained fillers was estimated using an automatic laser diffractometer Fritsch Particle Sizer Analysette 22 (Fritsch, Berlin, Germany). The determination of the specific surface area of powder materials was carried out by the method of air permeability on a PSH-11 device (Pribory Khodakova, Moscow, Russia). The XRD patterns of the samples under study were obtained on a Thermo Scientific ARL X’TRA diffractometer (Thermo Fisher Scientific, Waltham, MA, USA). Photographs of CSH crystals were also obtained using a Nikon Eclipse E optical microscope (Nikon, Tokyo, Japan). IR spectrometry was carried out using a Varian Scimitar 1000 FT-IR (Varian Scimitar, Waltham, MA, USA) instrument. Differential thermal analysis of the samples was carried out using a thermogravimetric analyzer Shimadzu DTG-60H (Shimadzu, Tokyo, Japan).



The true density of the starting materials was determined using a Le Chatelier (Pribory Khodakova, Moscow, Russia) instrument. The bulk density was determined by filling a vessel with a capacity of 1000 cm3. The average density was determined as the ratio of the sample mass to its volume. The sorption capacity of the materials was studied by keeping them in desiccators at different humidity levels and for different times. The activity of the synthesized mineral additive was determined by its solubility in a 20% KOH solution. Determination of the amount of cohesive lime was determined in accordance with the Russian standard GOST 22688 to determine the total content of active CaO + MgO in calcium lime using a titration method based on the neutralization reaction of hydrated lime HCI:


CaO + 2HCI + H2O = CaCI2 + 2H2O











The rheological properties of the compositions were evaluated in terms of plastic strength, which was determined using a CP-3 conical plastometer. During the experiment, the influence of the mix formulation on the change in the rheological properties of the formulations was investigated. The variable factors were the ratio of the components “lime:CSH filler”, the conditions for the synthesis of the filler, the type and concentration of additives-plasticizers. Lime with an activity of 71% was used as a binder.



To assess the fracture toughness of the lime composites, the measurements of shrinkage deformations were carried out using an IZA-2 optical comparator.



Investigation of finishing layers for strength in compression and flexion was investigated using a setup developed by the authors on specimens 10 × 10 × 10 mm and 10 × 10 × 50 mm in size, respectively (Figure 1).



In addition, the crack resistance of the coatings was evaluated using the crack resistance coefficient, which was determined as the ratio of the flexural strength to the compressive strength of specimens aged 28 days.



Water resistance was evaluated by the softening coefficient, which is equal to the ratio of the compressive strength of a material saturated with water to the one of a dry material.



The water-holding capacity of the finishing compounds was determined in accordance with the Russian standard GOST 5802.



To assess the operational resistance of coatings based on lime-based dry mixes, frost resistance tests were carried out by alternating thawing and freezing of the finishing layer applied to the cement-sand substrate after 28 days of air-dry hardening. The assessment of the appearance of the coatings was carried out according to the Russian standard GOST 6992-68. In the absence of defects, the condition is considered excellent, if there are defects, but there are very few of them, then the condition is considered good. The condition of the coating, which is characterized by a loss of gloss up to 50% with a significant change in color, whitishness, bronzing and dirt retention, cracking up to 25% of the surface, the presence of a rash up to 25% and bubbles up to 5% of the surface.





3. Results and Discussion


3.1. Synthesis of Calcium Silicate Hydrates


When developing the technology for the production of the fillers, the following factors were taken into account: The density of the liquid glass, the amount of addition of the precipitant and the rate of its introduction, the mode of drying the precipitate and the time of its storage. From Table 3 it can be seen that, with an increase in the content of the precipitant additive during the synthesis of the filler, the compressive strength of lime compositions with the fillers increases.



It was found that the output of the filler synthesized from the liquid glass in the presence of CaCl2 in the form of a 15% solution in an amount of 30% and 50% of the weight of the liquid glass was 85%, and the output of the filler synthesized in the presence of CaCl2 in the form of 7.5% solution in the amounts of 30% and 50% was 100%.



After drying at a temperature of 105 °C, the true density of the fillers was 2200 kg/m3; the bulk density was 2935 kg/m3. It was found that the particle size distribution of the silicate-containing filler is of a polyfraction nature, and the size distribution of the filler particles is two-modal (Figure 2).



Analysis of the experimental data presented in Figure 2 indicates that the average particle diameter is 34.19 μm, the particle size prevails in the range of 20–45 (35%) and 45–100 μm (23–32%), while more than 99% are particles with a size less than 73.23 μm. The content of particles in the range of 0.05–1 μm is 1%. The specific surface area is 5876 cm2/cm3.



With the slow introduction of the CaCl2 precipitating additive, a small number of large particles are formed in the sediment. Granulometric data indicate that particles with a size of 20–45 μm prevail, the content of which is 38.52%. The arithmetic mean of the size of the filler particles synthesized with the slow introduction of the CaCl2 precipitating additive is 29.35 μm.



The use of more dilute solutions (7.5%) leads to a slowdown in precipitation and the appearance of larger crystals. The content of particles with a size of 45–100 μm is 32.62%, crystals with a particle size of 100–200 μm appear, and their content is 0.04%.



With an increase in the maturation time of the sediment, crystal growth is observed (Figure 3). An increase in temperature to 50 °C during deposition accelerates the formation of a crystal lattice, resulting in the formation of larger crystals. The content of particles with a size of 45–100 µm, which is 33.21%, and the content of particles with a size of 100–200 µm, which is 1.02%, increases.



It was found that for 7.5% and 15% CaCl2 solution, pH are 7.12 and 7.3, respectively. With an increase in the concentration of the solution (50% solution of the liquid glass with a density of ρ = 1335 kg/m3 and a silicate modulus of 2.9), the pH also increases to 11.8, and for a 50% solution of the liquid glass with a density of 1663 kg/m3 and a silicate modulus of 1.5, pH is 13.6 (Table 4).



The introduction of aluminum sulfate during the synthesis of the filler leads to an increase in the compressive strength of lime paste with a filler. This filler synthesized from the liquid glass in the presence of precipitating additives CaCl2 in an amount of 45% by weight of the liquid glass and Al2(SO4)3 in an amount of 11% by weight of the liquid glass. Thus, the compressive strength of lime paste with the filler synthesized in the presence of CaCl2 and Al2(SO4)3 precipitating additives is 5.0 MPa, the strength of the reference specimen of lime paste with the filler synthesized in the presence of CaCl2 precipitating additive is 4.6 MPa. Figure 4 shows an X-ray diffraction pattern of the filler synthesized in the presence of CaCl2 and Al2(SO4)3 precipitating additives. In the specimens of the filler synthesized with the joint introduction of CaCl2 and Al2(SO4)3, there are diffraction lines (Å) of the following compounds: calcium silicate hydrates C-S-H (I) and (II): 10.1337; 7.6742; 3.5796; 2.8290; 2.4662; 2.2261; 2.2061; 1.2625; gypsum: 4.3105; 4.3114; 2.2261; zeolites: 3.2658; 1.9981; 1.7130; calcite: 3.8583; 3.0395; 1.4115 aragonite: 1.8782; 1.2976; vaterite: 1.2625. The presence of additional compounds (zeolites, gypsum) and an additional amount of C-S-H type silicate hydrates interacting with lime helps to strengthen the structure of the lime paste.



To obtain colored fillers, an additive-chromophore FeCl3 was introduced, both together with the addition of CaCl2, and separately. An analysis of the experimental data showed that the compressive strength of the lime compositions with the filler synthesized from the liquid glass in the presence of the combined introduction of CaCl2 and FeCl3 additives is 28% higher compared to compositions based on the fillers synthesized in the presence of CaCl2 alone (Table 5).



To determine the optimum density and the silicate module of the liquid glass, a full factorial experiment was designed. The main factor levels and variation intervals are shown in Table 6. The compressive strength of the lime composite was chosen as the optimization parameter. The homogeneity of the variances was assessed by the Cochran criterion, the adequacy of the models was checked by the Fisher criterion, the significance of the coefficients by the Student criterion at a significance level of 0.05.



As a result of processing the obtained experimental data, a linear model was obtained for the composition “lime + CSH”:


   R  c o m   = 3.57 + 0.95  x 1  + 1.18  x 2   











The resulting model adequately describes the influence of the investigated factors on the compressive strength of the lime composite. The significance of the coefficients of the regression equation indicates a significant effect of a density and a silicate module on the optimization parameter. The interpretation of the absolute values of the coefficients of the regression equation and their signs indicates the predominant influence of the modulus of the liquid glass on the formation of compressive strength. The graphic interpretation of the resulting model is shown in Figure 5.



Table 7 shows that the activity of the filler varies depending on the synthesis mode in the range of 178–289 mg/g.



The activity of the fillers depends on the drying temperature (Table 8). The most active is the filler dried after filtration at a temperature of 300 °C. Compressive strength Rcom of specimens at the age of 28 days of hardening in air-dry conditions, of the composition 10.3 (lime:CSH filler) by weight at a water:lime ratio equal to 0.7, when using the filler dried at temperature of 300 °C, is Rcom = 6.79 MPa. In addition, the composition with the use of the filler dried at a temperature of 105 °C is 4.56 MPa (i.e., the increase in compressive strength is 50%).



In order to study the influence of the terms and conditions of storage of the filler on its activity, part of the filler was stored in conditions excluding the access of moisture, and remaining part was stored in the open air at a relative humidity of 70–75% and a temperature of 18–20 °C. After storage of the filler for 10–40 days, specimens of the composition lime:CSH filler = 1:0.3 were molded with water:lime ratios of 0.7 and 0.9. The specimens hardened at a relative air humidity of 70% and a temperature of 18–20 °C (Table 9). Specimens molded immediately after drying of the fillers were taken as control ones.



The research results shown in Table 9 indicate that during storage of the filler under conditions excluding moisture access, the activity of the filler practically does not change. Therefore, the value of the compressive strength of the samples molded at w/l = 0.65 on the filler immediately after drying is Rcom = 4.56 MPa, and molded on the filler after storage for 10–20 days is 4.56–4.50 MPa. Some fluctuations in compressive strength values are associated with statistical variability. After 20 days of storage in conditions that exclude moisture access, its activity decreases slightly. The decrease in the compressive strength of specimens molded at w/l = 0.7 on the filler after storage for 30–40 days is 8.3–19.7%, and at w/l = 0.9 is 10.5–24.6%.



Storage of fillers in air-dry conditions dramatically changes its activity. Thus, the decrease in the compressive strength of the lime compositions molded at w/l = 0.9 on the filler after storage for 30–40 days is 57.9–68.6%.



The generalized analysis of the results of experimental data made it possible to establish the optimal ratio of components, select the type, amount, and concentration of the solution of the precipitant additive involved in the synthesis of the filler, and also establish the optimal density and modulus of the liquid glass. The greatest advantages in terms of strength characteristics are possessed by compositions with the filler obtained by synthesis from the liquid glass, with a density of 1335–1663 kg/m3 and a silicate module of 1.53–2.9, in the presence of a precipitating additive CaCl2 in an amount of 30–50% of the weight of the liquid glass in the form of a 7.5–15% solution, and dried at a temperature of 105 °C.




3.2. Development of the Modified Lime Compositions


The hardening of solutions on slaked lime is due to the occurrence of two processes: Crystallization of Ca(OH)2 during drying of solutions and carbonization of hydroxide. This process takes place primarily in the surface layers. Carbonization of deep layers is long-lasting, because, firstly, the amount of CO2 in the atmosphere is only 0.04%, and, secondly, the resulting CaCO3 film has low permeability. Therefore, in the central part of well-compacted solutions, a significant amount of Ca(OH)2 remains for a long time. Evaporation of water from the solution also helps to increase the strength. The formation of CaCO3 leads to an increase in the strength and water resistance of products. If active additives are used as a filler, along with the formation of carbonates, calcium silicate hydrates may also appear, which increase the strength of solutions. The formation of a significant amount of silicate hydrates that improve the adhesion of the binder to the aggregate, and the high plastic strength of lime mortars is explained (Figure 6).



It was found that the use of the CSH fillers in the lime compositions, obtained with the rapid introduction of CaCl2 additives into the liquid glass during the filler synthesis, accelerates the plastic strength gain of the lime compositions with this filler (Figure 6, curve 1). Thus, the plastic strength of the lime composition when using a filler obtained with the rapid introduction of CaCl2 additive, in the form of a solution of 15% concentration at the age of 4.5 h, is τ = 0.025 MPa, and the filler synthesized with the slow introduction of a precipitating additive is τ = 0.017 MPa (Figure 6, curve 2). The filler, obtained by holding the filtrate for three days, slows down the development of plastic strength (Figure 6, curve 3). At the age of 4.5 h, the plastic strength is τ = 0.012 MPa. Shrinkage reduction of the lime mortars is achieved by introducing quartz sand (Figure 7).



It was found that the introduction of the S-3 superplasticizer leads to a slowdown in the gain of plastic strength (Figure 7, curve 5). A decrease in the amount of mixing water (w/b = 1.1), taking into account the water-reducing coefficient, naturally contributes to a faster gain of plastic strength in compositions with superplasticizers (Figure 7, curves 1, 2, 3). Thus, the plastic strength of the composition with the addition of S-3 at the time of 1 h of hardening is τ = 21.7 kPa, for the 03C composition, τ = 5.2 kPa. When the Kratasol additive is introduced into the formulation at the first stage of hardening (up to 1 h 20 min), there is a slight slowdown in the set of plastic strength compared to compositions containing the additives S-3 and SP-3; however, subsequently the plastic strength of the composition with the addition of Kratasol is higher.



The values of adhesion and compressive strength of the lime composites are shown in Table 10.



The CSH filler addition to the DPM results in increased compressive strength and adhesion. Compressive strength and adhesion of the specimens with the following ratios “lime:CSH = 1:0.3; binder:sand = 1:3 and water/binder = 1.8”, tested at the age of 28 days of hardening in air-dry conditions at temperature of 18–20 °C and a relative humidity of 60–70%, are equal to 1.76 and 0.25 MPa, respectively, and specimens of the composition “binder:sand = 1:3 and water/binder = 1.8” are 0.96 and 0.16 MPa, respectively. A decrease in the amount of mixing water due to the introduction of the S-3 superplasticizer additive into the formulation causes a natural increase in the strength of the lime composite.



The results of assessing the shrinkage deformations of the finishing mixes are shown in Figure 8.



Shrinkage deformations of specimens with ratios “Iime:sand = 1:3 and water/binder = 1.8” after three months were 2.12 mm/m (Figure 8, curve 1). When the CSH filler is introduced into the lime composition, a decrease in shrinkage is observed, which is for the composition “lime:CSH = 1:0.3, binder:sand = 1:3 and water:binder = 1.8” after three months was 1.16 mm/m (Figure 8, curve 2). An increase in the amount of sand in the mix helps to reduce shrinkage. Shrinkage deformations of specimens with ratios “lime:CSH = 1:0.3, binder:sand = 1: 4 and water/binder = 1.8” were 0.76 mm/m (Figure 8, curve 3). The introduction of superplasticizer S-3 and redispersible powders such as Neolith 7200 and Pulver DM 1142P into the composition of the DPM also leads to a decrease in shrinkage deformations. Shrinkage value after three months of hardening for compositions “lime:CSH = 1:0.3, binder:sand = 1:3 and water/binder = 1.0+S-3+Neolith 7200” and “lime:CSH = 1:0.3, binder:sand = 1: 4 and water/binder = 1.0+S-3+Pulver DM 1142P” was 0.34 and 0.26 mm/m, respectively (Figure 8, curves 4 and 5).



Table 11 shows the results of evaluating crack resistance through the ratio of the flexural strength Rflex to the compressive strength Rcom of specimens aged 28 days.



The crack resistance coefficient of lime compositions is 0.26–0.28, depending on the lime:sand ratio. The introduction of the CSH filler into the dry mix increases the Rflex:Rcom ratio by 32–35%. Thus, crack resistance coefficient of the specimens with the composition “lime:CSH = 1:0.3, binder:sand = 1:3 and water/binder = 1.8” is 0.35, and for the specimens with the composition “lime:CSH = 1: 0,3, binder:sand = 1: 4 and water/binder = 1.8” it is equal to 0.37. With the introduction of redispersible powders, such as Neolith 7200 and Pulver DM 1142P in the presence of S-3 superplasticizer, taking into account the water-reducing coefficient in the finishing composition, the Rflex:Rcom ratio increases by 75–96%. The crack resistance coefficient of specimens with the composition “lime:CSH = 1:0.3, binder:sand = 1:3, water/binder = 1.0+S-3+Neolith 7200” it is 0.51, and specimens with the composition “lime:CSH = 1:0.3, binder:sand = 1: 4; water/binder = 1+S-3+Pulver DM 1142P” it is 0.49.



To increase the decorative properties, the pigments were introduced into the mix in an amount of 1% to 5%, while, in particular, the introduction of blue pigment into the DPM leads to a decrease in the strength characteristics by 10–13% (Table 12).



Table 13 shows that painted specimens with a yellow pigment, along with uncolored samples, withstood 50 cycles of frost resistance tests, while the condition of the coating after 50 test cycles was assessed satisfactorily, which is characterized by a loss of gloss up to 5%, a barely noticeable color change and the absence of whitishness, bronzing, dirt retention, peeling, cracking, rashes, and blistering of the surface.



The appearance of the specimens after 50 test cycles is shown in Figure 9.



Finishing coatings prepared on the modified lime binder are characterized by increased water resistance (Table 14).



Thus, the softening coefficients of the reference specimens are 0.42–0.45, and of the modified specimens are 0.53 and 0.56, depending on the ratio of binder:sand. With the introduction of the superplasticizer into the composition, the specimens with the Kratasol addition showed a higher value of the softening coefficient (0.68), which, apparently, is explained by the presence of a hydrophobic component in the additive, as well as the creation of a denser structure due to a decrease in the amount of mixing water. This is evidenced by the data on the kinetics of water absorption of the lime composites (Figure 10).



It was found that, during the initial 1–4 min, all samples showed intense water absorption, and subsequently the water absorption indicators stabilized. Water absorption of the composition “water/binder = 1.8, binder:sand = 1: 4” after 24 h was 15% by weight (Figure 10, curve 5), and the composition “water/binder = 1.8, binder:sand = 1:3” was 18%. When a superplasticizer is introduced into the mix, a decrease in water absorption is observed. A lower value of the water absorption index, which is 10.2% at 24 h water absorption (Figure 10, curve 1), is observed in the samples prepared with the use of the Kratasol additive.



Traditional limestone mixes form coatings that are characterized by high porosity and a significant volume of open pores [29,30,31,32]. The addition of the CSH to the mix leads to a decrease in porosity. Thus, the porosity of the specimen based on the reference composition is 37.5%, and with the CSH addition is 31.6%. The introduction of the additive S-3, as well as the Pulver DM 1142P, taking into account the water-reducing effect, allows the porosity to be reduced to 24.8–25.2%. Table 15 shows the results of determining the water absorption coefficient during capillary suction of the lime composites.



The numerical values of the water absorption coefficient, which for compositions with Kratasol and S-3+Pulver DM 1142P additives, respectively, were 0.49 and 0.39 kg/(m2·h0.5), indicate that coatings in accordance with DIN 52617 are water-repellent and hydrophobic (less than 0.5 kg/(m2·h0.5).



Figure 11 shows the developed technological scheme for the production of the lime dry plaster mix. This technological scheme can be implemented in existing factories of building materials without significant re-equipment of production.





4. Conclusions


	
A composition for exterior and interior decoration of walls of buildings has been developed in the form of a dry mix, including slaked lime, CSH filler, sand, superplasticizer S-3, and redispersible powder Neolith P7200. This composition makes it possible to obtain mortar mixes with a water-holding capacity of 98–99%. Coatings based on the proposed DPM are characterized by a vapor permeability coefficient of 0.05 mg/m·h·Pa, an adhesion strength of 0.6–0.9 MPa, and a compressive strength of 3–4 MPa.



	
The regularities of the filler synthesis were established depending on the temperature, density and silicate modulus of liquid glass, the amount of the precipitant additive, the rate of its introduction, and the drying mode. The optimal content of the precipitant additive was found to be 30–50% of the mass of water glass in the form of a 7.5–15% solution. The optimal density of liquid glass is determined, which is kg/m3, depending on the modulus of liquid glass. The filler output is 85–100%, depending on the synthesis conditions.



	
The phase composition of the filler was revealed, which is characterized by the presence of calcium silicate hydrates of the tobermorite group, solid solution CSH(B) in the form of weakly crystallized gel, solid solution C–S–H(II), hydrohalites, and calcites. It is shown that the curves of particle size distribution of the silicate-containing filler are of a polyfraction nature. The average particle diameter is 28–34 µm, depending on the filler synthesis mode. It was found that the filler based on calcium silicate hydrates has a high sorption capacity, which is 95% at 100% air humidity.



	
It is shown that the filler based on calcium silicate hydrates has a hydraulic activity of 178–289 mg/g depending on the synthesis mode. It was found that the amount of free lime in the mixes was reduced by more than two times in the presence of CSH additive.



	
Regularities of changes in rheological and technological properties of the lime finishing compositions are established depending on the conditions of the synthesis of the filler and its content, as well as the type of plasticizing additive.



	
It was revealed that the lime compositions with the CSH filler are characterized by reduced shrinkage deformations up to 45%. The introduction of the CSH filler into the lime compositions increases the water resistance of the lime finishing layer by 36%.



	
A technological scheme for the production of the lime dry plaster mixes was developed, it can be introduced at existing factories of building materials without significant re-equipment of production.
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Figure 1. Setup for determining the strength in flexion (a) and compression (b). 
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Figure 2. Granulometric composition of the filler obtained by synthesis in the presence of CaCl2 in the form of a 15% solution. 
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Figure 3. Image of crystals that matured for two (a) and four (b) days in the filtrate under normal conditions, as well as for two days at a temperature of 50 °C (c). 
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Figure 4. X-ray diffraction pattern of the filler samples synthesized with the addition of CaCl2 and Al2(SO4)3. 
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Figure 5. Dependence of compressive strength on the characteristics of liquid glass in the “lime + CSH” system. 
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Figure 6. Change in the plastic strength of the specimen 03E depending on the filler synthesis conditions. 1—the filler was synthesized with the rapid introduction of CaCl2 additive in an amount of 90% of the water glass mass, the specific surface of the filler is 5876 cm2/g; 2—the filler was synthesized with the slow introduction of CaCl2 additive in an amount of 90% of the water glass mass, the specific surface of the filler is 4669 cm2/g; 3—the filler was synthesized with the rapid introduction of CaCl2 additive in an amount of 90% of the weight of the liquid glass, and kept for three days, the specific surface of the filler is 4439 cm2/g; 4—lime paste (specimen Ref.). 
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Figure 7. Change in the plastic strength of the lime specimens: 1—03A+S-3 superplasticizer; 2—03B+SP-3 superplasticizer; 3—03A+Kratasol superplasticizer; 4—03C; 5—03D+S-3 superplasticizer. 
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Figure 8. Shrinkage kinetics of finishing mixes: 1—Ref-2; 2—Ref-1; 3—03B; 4—03A; 5—03D+S-3+Neolith 7200; 6—03C+S-3+Pulver DM 1142P. 
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Figure 9. The appearance of the specimens after 50 test cycles: (a) 03D+S-3+Neolith 7200; (b) 03D+S-3+Neolith 7200 + 5% yellow pigment. 
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Figure 10. Water absorption of the lime composites: 1—03C+Kratasol; 2—03C+S-3; 3—03C+Hidetal P-4; 4—03C+SP-3; 5—03A; 6—03D+S-3; 7—03B. 
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Figure 11. Technological scheme for the production of lime dry plaster mix. 
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Table 1. Granulometric composition of the sand.
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Residue

	
Residue on Sieves, %

	
Sieve Pass 0.14, %






	

	
2.5

	
1.25

	
0.63

	
0.315

	
0.14

	




	
Partial

	
1

	
2.1

	
9.6

	
39.5

	
44

	
3.8




	
Full

	
1

	
3.1

	
12.7

	
52.2

	
96.2

	
100
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Table 2. Mix design.






Table 2. Mix design.





	ID Mix
	CSH/Lime
	Water/Binder
	Binder:Sand





	Ref-1
	0
	1.8
	1:4



	Ref-2
	0
	1.8
	1:3



	03A
	0.3
	1.8
	1:4



	03B
	0.3
	1.8
	1:3



	03C
	0.3
	1.0
	1:4



	03D
	0.3
	1.0
	1:3



	03E
	0.3
	0.9
	-



	015A
	0.15
	1.8
	1:4



	015B
	0.15
	1.8
	1:3



	015C
	0.15
	1.0
	1:4



	015D
	0.15
	1.0
	1:3



	005A
	0.05
	1.8
	1:4



	005B
	0.05
	1.8
	1:3



	005C
	0.05
	1.0
	1:4



	005D
	0.05
	1.0
	1:3
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Table 3. Compressive strength of the modified lime composites (specimens 03A).
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Liquid Glass Silicate Module

	
Density of Liquid Glass, kg/m3

	
Amount of CaCl2 Precipitating Additive Based on the Mass of Liquid Glass, %

	
Concentration of the Solution of the Precipitant Additive, %

	
Compressive Strength of the Lime Compositions with CSH, MPa

	
Calcium Silicate Hydrate (CSH) Output, %






	
2.9

	
1335

	
15

	
7.5

	
2.42 ± 0.127

	
54




	
15

	
2.34 ± 0.124

	
55




	
30

	
7.5

	
4.72 ± 0.256

	
100




	
15

	
4.60 ± 0.245

	
85




	
50

	
7.5

	
4.84 ± 0.272

	
100




	
15

	
4.76 ± 0.268

	
85




	
90

	
7.5

	
5.07 ± 0.298

	
90




	
15

	
4.98 ± 0.296

	
67




	
1.53

	
1664

	
15

	
7.5

	
1.71 ± 0.106

	
38




	
15

	
1.78 ± 0.107

	
36




	
30

	
7.5

	
3.24 ± 0.208

	
55




	
15

	
3.28 ± 0.208

	
53




	
50

	
7.5

	
3.64 ± 0.234

	
95




	
15

	
3.72 ± 0.237

	
88




	
90

	
7.5

	
4.28 ± 0.264

	
85




	
15

	
3.86 ± 0.243

	
70
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Table 4. Effect of precipitation conditions on the filler activity (specimens 015A).
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Amount of Precipitating Additive CaCl2

	
Liquid Glass Silicate Module

	
Density of Liquid Glass, kg/m3

	
pH






	
30% of the weight of liquid glass

	
2.9

	
1335

	
11.0




	
50% of the weight of liquid glass

	
10.2




	
90% of the weight of liquid glass

	
9.6




	
30% of the weight of liquid glass

	
1.53

	
1663

	
12.6




	
50% of the weight of liquid glass

	
12.4




	
90% of the weight of liquid glass

	
12.2
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Table 5. Compressive strength of the lime composites (specimens 005A).
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	Fillers Synthesis Conditions
	Compressive Strength, MPa





	Precipitation in the presence of the FeCl3 chromophore in the form of a 7.5% solution in an amount of 30% by weight of the liquid glass
	2.86



	Precipitation in the presence of the FeCl3 chromophore in the form of a 15% solution in an amount of 30% by weight of the liquid glass
	3.62



	Precipitation in the presence of a precipitating additive CaCl2 (1/7 of the weight of the liquid glass) and the additive chromophore FeCl3 (1/3 of the weight of the liquid glass) in the form of a 15% solution
	4.63



	Precipitation in the presence of a precipitating additive CaCl2 (1/2 of the weight of the liquid glass) and the additive chromophore FeCl3 (1/2 of the weight of the liquid glass) in the form of a 15% solution
	4.32



	Precipitation in the presence of a precipitating additive CaCl2 (1/3 of the weight of the liquid glass) and the additive chromophore FeCl3 (1/7 of the weight of the liquid glass) in the form of a 15% solution
	3.96
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Table 6. Conditions for changing variables.






Table 6. Conditions for changing variables.





	
Factor Levels

	
Factors




	
Density of the Liquid Glass

   (  x 1  ) ,   kg /  m 3    

	
Silicate Module of the Liquid Glass

   (  x 2  )   






	
Top level

	
1663

	
2.9




	
Low level

	
1130

	
1.53




	
Variation interval

	
266.5

	
0.69
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Table 7. Dependence of the filler activity on the synthesis conditions.
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	Fillers Synthesis Conditions
	Filler Activity, mg/g





	Filler synthesized from the liquid sodium glass with density of 1335 kg/m3 and silicate module of 2.9 in the presence of CaCl2 precipitating additive in an amount of 30% of its weight
	289



	Filler synthesized from the liquid sodium glass with density of 1130 kg/m3 and silicate module of 2.9 in the presence of CaCl2 precipitating additive in an amount of 30% of its weight
	215



	Filler synthesized from the liquid sodium glass with density of 1335 kg/m3 and silicate module of 2.9 in the presence of CaCl2 precipitating additive in an amount of 50% of its weight
	243



	Filler synthesized from the liquid sodium glass with density of 1130 kg/m3 and silicate module of 2.9 in the presence of CaCl2 precipitating additive in an amount of 50% of its weight
	225



	Filler synthesized from the liquid sodium glass with density of 1663 kg/m3 and silicate module of 1.53 in the presence of CaCl2 precipitating additive in an amount of 30% of its weight
	178



	Filler synthesized from the liquid sodium glass with density of 1663 kg/m3 and silicate module of 1.53 in the presence of CaCl2 precipitating additive in an amount of 50% of its weight
	285
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Table 8. Strength of the lime compositions.
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Filler Drying Temperature, °C

	
Water/Lime

(w/l)

	
Strength, MPa




	
Compressive

	
Flexural






	
105

	
0.7

	
4.56 ± 0.248

	
1.73 ± 0.109




	
105

	
0.9

	
3.62 ± 0.204

	
1.59 ± 0.091




	
200

	
0.7

	
6.15 ± 0.378

	
1.84 ± 0.111




	
200

	
0.9

	
4.88 ± 0.273

	
1.73 ± 0.102




	
300

	
0.7

	
6.79 ± 0.424

	
2.12 ± 0.119




	
300

	
0.9

	
5.69 ± 0.312

	
1.98 ± 0.121
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Table 9. Effect of storage conditions on the filler activity.
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w/l

	
Compressive Strength, MPa




	
Filler Storage Time, Days




	
0

	
10

	
20

	
30

	
40






	
0.7

	
4.56

	
4.56/4.32

	
4.50/3.82

	
4.18/3.40

	
3.66/2.84




	
0.9

	
3.62

	
3.62/1.82

	
3.62/1.82

	
3.24/1.76

	
2.73/1.37








Note: Above the line are the values of the compressive strength during storage of the filler in conditions excluding the access of moisture, and below the line, when stored in air.
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Table 10. Adhesion and compressive strength of the lime composites (28 days).






Table 10. Adhesion and compressive strength of the lime composites (28 days).





	Mix ID
	Adhesion, MPa
	Compressive Strength, MPa





	Ref-1
	0.14 ± 0.009
	0.75 ± 0.042



	Ref-2
	0.16 ± 0.011
	0.96 ± 0.054



	03A
	0.22 ± 0.012
	1.43 ± 0.082



	03B
	0.25 ± 0.013
	1.86 ± 0.106



	03C+S-3
	0.29 ± 0.017
	2.02 ± 0.112



	03D+S-3
	0.38 ± 0.019
	2.64 ± 0153



	03C+SP-3
	0.25 ± 0.014
	1.76 ± 0.113



	03C+Kratasol
	0.28 ± 0.017
	1.92 ± 0.119



	03C+Hidetal P-4
	0.26 ± 0.015
	1.88 ± 0.117



	03D+S-3+Pulver DM 1142P
	0.36 ± 0.018
	2.86 ± 0.164



	03C+S-3+Neolith 7200
	0.45 ± 0.025
	3.12 ± 0.172



	03D+S-3+Neolith 7200
	0.91 ± 0.049
	3.56 ± 0.189



	015D+S-3+Neolith 7200
	0.86 ± 0.048
	3.62 ± 0.218



	005D+S-3+Neolith 7200
	0.72 ± 0.044
	3.05 ± 0.174
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Table 11. Crack resistance coefficient of the lime coatings.
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	Mix ID
	Crack Resistance Coefficient





	Ref-2
	0.26



	Ref-1
	0.28



	03B
	0.35



	03A
	0.37



	03D+S-3+Neolith 7200
	0.51



	03C+S-3+Pulver DM 1142P
	0.49
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Table 12. Compressive strength of the painted lime composites.
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	Mix ID
	Compressive Strength, MPa





	03D+S-3+Neolith 7200
	3.86 ± 0.218



	03D+S-3+Neolith 7200 + 5% yellow pigment
	3.76 ± 0.191



	03D+S-3+Neolith 7200 + 1% yellow pigment
	3.82 ± 0.211



	03D+S-3+Neolith 7200 + 5% blue pigment
	3.32 ± 0.184



	03D+S-3+Neolith 7200 + 1% blue pigment
	3.46 ± 0.186



	03D+S-3+Neolith 7200 + 1% ocher pigment
	3.82 ± 0.212
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Table 13. Quality of the appearance of painted coatings.
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Mix ID

	
Number of Cycles

	
Condition






	
03D+S-3+Neolith 7200

	
0

	
excellent




	
6

	
excellent




	
12

	
excellent




	
18

	
excellent




	
25

	
good




	
31

	
good




	
37

	
good




	
43

	
satisfactory




	
50

	
satisfactory




	
03D+S-3+Neolith 7200 + 5% yellow pigment

	
0

	
excellent




	
6

	
excellent




	
12

	
excellent




	
18

	
excellent




	
25

	
good




	
31

	
good




	
37

	
good




	
43

	
satisfactory




	
50

	
satisfactory




	
03D+S-3+Neolith 7200 + 5% blue pigment

	
0

	
excellent




	
6

	
excellent




	
12

	
excellent




	
18

	
good




	
25

	
satisfactory




	
31

	
unsatisfactory




	
37

	
unsatisfactory




	
43

	
unsatisfactory




	
50

	
unsatisfactory
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Table 14. Water resistance of the finishing coatings.






Table 14. Water resistance of the finishing coatings.





	Mix ID
	Additive
	Softening Coefficient





	Ref-1
	-
	0.42



	03A
	-
	0.57



	Ref-2
	-
	0.45



	03B
	-
	0.61



	03C
	S-3
	0.68



	03D
	S-3
	0.69



	03C
	SP-3
	0.58



	03C
	Hidetal P-4
	0.63



	03C
	Kratasol
	0.71



	03C
	S-3+Pulver DM 1142 P
	0.72



	03C
	S-3+Neolith 7200
	0.73



	03D
	S-3+Neolith 7200
	0.74



	015D
	S-3+Neolith 7200
	0.72



	005D
	S-3+Neolith 7200
	0.70



	03D
	S-3+Neolith 7200 + 5% yellow pigment
	0.70



	03D
	S-3+Neolith 7200 + 1% yellow pigment
	0.73



	03D
	S-3+Neolith 7200 + 5% blue pigment
	0.60



	03D
	S-3+Neolith 7200 + 1% blue pigment
	0.63
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Table 15. Water absorption during capillary suction.






Table 15. Water absorption during capillary suction.





	
Mix ID

	
Additive, %,

	
Water Absorption by Capillary Suction




	
kg/(m2 · h0.5)

	
kg/m2






	
Ref-1

	
-

	
1.1

	
4.8




	
03C

	
-

	
0.67

	
3.4




	
03C

	
S-3

	
0.56

	
2.8




	
03C

	
Kratasol

	
0.49

	
2.4




	
03C

	
S-3, Pulver DM 1142P

	
0.39

	
1.9




	
03D

	
S-3, Neolith 7200

	
0.41

	
2.0
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