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Alkali activated foams have been extensively studied in recent years, due to their high performance and low environmental footprint compared to foams produced via other methods. Three types of fly ash differing in chemical and mineralogical composition and specific surface were used to synthesize alkali activated foams. Sodium perborate monohydrate was added as a foaming agent and sodium dodecyl sulphate as a stabilizing agent. Foams were characterized at room temperature and after exposure to an elevated temperature (1,000°C). Densities from 1.2 down to 0.3 g/cm3 were obtained, depending on the type of fly ash and quantity of foaming agent added. Correspondingly, compressive strength ranged from 1 to 6 MPa. Comparing all three fly ashes the most favorable results, in terms of density and corresponding compressive strength, were achieved from the fly ash with the highest amounts of SiO2 and Al2O3, as well as the highest amorphous phase content i.e., RI fly ash. Furthermore, after firing to 1,000°C, the density of samples prepared using fly ash RI remained approximately the same, while the compressive strength increased on average by 50%. In the other two types of fly ash the density increased slightly after firing, due to significant shrinkage, and compressive strength increased by as much as 800%. X-ray powder diffraction analysis confirmed the occurrence of a crystallization process after firing to 1,000°C, which resulted in newly formed crystal phases, including nepheline, sodalite, tridymite, and gehlenite.
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INTRODUCTION
Alkali-activated (AA) materials have been widely investigated in recent years (Provis and Bernal, 2014; Provis et al., 2015; Luukkonen et al., 2018; Provis, 2018) within the context of the construction and building industry. More specifically, research in the area of sintered and non-sintered foam materials, based on the process of alkali activation, is currently extremely active (Zhao et al., 2010; Chen et al., 2011; Hajimohammadi et al., 2017a; Rabelo Monich et al., 2018; Rincon, 2019). The aforementioned foams present one of the most promising types of AA materials, given their high performance and low environmental footprint in comparison to foams produced by other methods (Dal Pozzo et al., 2019). They are known to offer relatively high strength and good insulation, as well as being non-combustible up to high temperatures (Bajare et al., 2019). The key element likely to influence the use of alkali-activation is the local availability of appropriate raw materials (precursors and activators) (Provis, 2018), typically metakaolinite, slags and ashes. The wide availability of fly ash has forced researchers to find novel applications suitable for larger-scale production, one option being lightweight foams with a bulk density of <1 g/cm3. The mechanical properties, i.e., compressive strength of such lightweight materials depends on the density of the foamed AA materials, and is found to range between 1 and 10 MPa for densities from 0.36 to 1.4 g/cm3 (Zhao et al., 2010; Masi et al., 2014a; Sanjayan, 2015). Foaming agents for producing AA foams are selected from various compounds, especially hydrogen peroxide (Masi et al., 2014; Abdollahnejad et al., 2015; Palmero et al., 2015; Hajimohammadi et al., 2017b; Szabo, 2017), NaOCl (Nyale et al., 2013; Boke, 2015; Łach et al., 2018), metal powders (e.g., elemental aluminum or zinc) (Masi et al., 2014a; Hlaváček et al., 2015; Kamseu et al., 2015; Hajimohammadi et al., 2017c), perborate (Abdollahnejad et al., 2015; Davidovits, 2015), as well as silica fume and some others (Zhao et al., 2010; Henon et al., 2013; Guo et al., 2016; Kioupis et al., 2018). Foaming agents react or decompose in alkaline conditions and form gas which remains trapped inside the structure, thus expanding the material, increasing its volume and forming a cellular structure (Masi et al., 2014a; Sanjayan, 2015). Dried AA foams (already successfully stabilized at room or slightly elevated temperature) (Masi et al., 2014b; Sanjayan, 2015; Kioupis et al., 2018) can also be subjected to heat treatment at higher temperatures, for example in a furnace at temperatures between 800 and 1,000°C, in order to improve mechanical properties (Chen et al., 2011; Badanoiu et al., 2015; Carabba et al., 2017; Bajare et al., 2019; Rincon Romero, 2019). Rincon Romero et al. (2019) presented glass-ceramic foams, based on soda lime glass and coal fly ash, where dried foams were later subjected to heat treatment at 700–900°C. The glass-ceramic foams produced had a high porosity (58–78%), a thermal conductivity of 0.163 ± 0.005 W m−1 K−1 (measured at 25°C, samples treated at 800°C), and reasonable compressive strength (1.8–8.7 MPa). The results of Abdollahnejad et al. (2015) show that sodium perborate outperforms hydrogen peroxide, leading to a lower overall thermal conductivity of foam materials (approximately 0.1 W m−1 K−1) and a compressive strength of approximately 6 MPa. Zhao et al. (2010) fabricated foams with coal fly ash and 13 wt% foaming agent (sodium dodecyl benzene sulfonate and gluten) sintered at 1,050°C for 2 h after alkali-activation. The resulting foams exhibited values for water absorption, apparent density, and compressive strength of approximately 126.5%, 0.414 g/cm3, and 6.76 MPa, respectively. Results from other researchers to date have nevertheless shown that the stability of foams at high temperatures (especially with regard to shrinkage) is strongly affected by the composition of raw materials, not only when fly ash is used (Martin et al., 2015) but also when other additives such as metakaolin and slag are present in the AA material (Mierzwinski et al., 2019; Tran et al., 2019). Some of the authors concluded that shrinkage occurs due to the increased density or change in volume induced by the crystallization of new phases, rather than due to a melting point or viscous creep (Martin et al., 2015). In 2006, Bakharev wrote that fly ash activated with activators containing sodium exhibited shrinkage cracking and a rapid decline in strength at 800°C (but an increase in average pore size), where the loss of strength on firing may have been associated with the deterioration of the aluminosilicate gel and feldspar crystallization. Martin et al. (2015) studied AA material (fly ash with 15% sodium silicate + 85% 10-M NaOH) from 25 to 600°C and their findings showed that the increase in temperature led to an increased compressive strength (with the specimens exhibiting elastic behavior and brittle failure), increased pore size distribution, and the presence of hydroxysodalite (nepheline at 800°C), and that the dimensional stability of the material was affected at temperatures over 1,000°C. According to Chen-Yong et al. (2017), the mechanical strength of foamed AA materials (class F fly ash with hydrogen peroxide) deteriorated to 3 MPa at 400°C but increased up to 11 MPa at 800°C, due to the formation of crystalline phases (nepheline, anorthite, and cristobalite) at higher temperatures, which potentially act as fillers to reinforce the matrix.
The aim of the present research was to evaluate the usability of sodium perborate monohydrate (SPM), which is inexpensive and widely available, as a foaming agent in AA systems. Three different types of fly ash were used, the main difference being their chemical composition, i.e., the content of SiO2 and Al2O3, which might subsequently influence the properties of the foams produced. The performance of foams was determined after curing at 70°C but also assessed after exposure to an elevated temperature (1,000°C), in order to verify their mechanical properties and dimensional stability at an elevated temperature and thus expand the potential applications of inorganic AA foams to areas where resistance to high temperatures is required, such as for the insulation of furnaces, chimneys, and heat resistant doors.
MATERIALS AND METHODS
Materials
Three types of fly ash (designated as RI, TS, and TT) originating from different sources were investigated, including two types (RI, TS) originating from coal thermal power plants, and one (TT) derived from the co-combustion of coal and biomass material at a heat and power station. RI fly ash is F type, while the other two are C type fly ash. The Brunauer-Emmet-Teller (BET) specific surface areas and chemical compositions (determined by X-ray fluorescence) of the investigated fly ashes are shown in Table 1. Sodium silicate solution (sodium silicate crystal 0112; produced by Tennants Distribution, Ltd., SiO2:Na2O = 1.97, 54.2 mass% aqueous solution) and NaOH (produced by Donau Chemie, 41.7 mass% aqueous solution) were used as activating agents. The foaming agent was SPM (Sodium Perborate Monohydrate produced by Belinka) and the stabilizing agent was sodium dodecyl sulphate (SDS) (produced by Acros Organics).
TABLE 1 | BET specific surface area and chemical composition of the different types of fly ash (wt%) which were used in the study of alkali-activated foams.
[image: Table 1]Preparation of Alkali-Activated Foams
The investigated AA foams were synthesized from sodium silicate solution, NaOH, and the selected fly ash, to which SPM (as the selected foaming agent) and SDS (as the stabilizing agent) were then added. SDS has already been confirmed as a suitable stabilizing agent in a previous study (Korat and Ducman, 2017). Samples were prepared with varying compositions, the sample designations and sample compositions of the various mixtures of the AA foams are presented in Table 2. Three mixtures were prepared for each selected fly ash, with designations 1, 2, and 3 representing the amount of SPM and/or SDS added. The amount of SPM and SDS is equal, determined according to the mixture of water glass, NaOH, and fly ash being investigated. First NaOH was dissolved in the water glass solution, and then this solution was added to the fly ash. Components were then mixed together. Samples were mixed for 5 min in a laboratory mixer. At the end of mixing process the SPM and SDS were added and the foaming process started. The mixture was then placed in molds with dimensions of 20 mm × 20 mm × 80 mm and the samples expanded further. The molds were then placed in an oven for 24 h at a temperature of 70°C. The resulting hardened test specimens were demolded and stored for a further 3 days at a controlled temperature of 20 ± 2°C.
TABLE 2 | The sample designation and sample compositions of the different mixtures prepared for the investigation (in wt%).
[image: Table 2]Thermal Treatment of Alkali-Activated Foams
The investigated AA foams were subjected to thermal treatment using a Porotherm furnace fired to 1,000°C at a heating rate of 600°C/h.
Methods
The density of the AA foams were calculated by dividing the measured weight of the samples by their dimensions, firstly at the age of 4 days and later after firing. The dimensions, which were also used to determine shrinkage, were measured using digital Vernier calipers (Mitutoyo, Japan), and the sample mass was measured using a laboratory scale (Sartorious, Germany). Reported density values were obtained from the average of three separate measures per sample.
The compressive strength of the test specimens was determined at the age of 4 days and later on after firing, by means of a Toninorm testing machine (Toni Technik, Germany), using a force application rate of 0.005 kN/s. The reported values of mechanical strength were obtained from the average of 10 sample measures per mixture.
The back-scattered electrons image mode of a low vacuum Scanning Electron Microscope (JEOL 5500 LV equipment) was then used to examine the microstructure of selected cross-sections of the hardened foams.
X-ray diffraction analysis was performed using an Empyrean (PANalytical) X-ray diffractometer equipped with Cu Kα radiation. The data was collected at room temperature at an acceleration voltage of 45 kV using a current of 40 mA, from 4 to 70° 2θ in steps of 0.031° 2θ.
For the porosity analysis X-ray micro-computed tomographic imaging was conducted using an Xradia µCT-400″ tomograph (XRadia, Concord, CA, United States). The 3D images were produced using a working voltage of 80 kV and an energy of 125 µA, with a spatial resolution of 29 µm, using a ×0.39 magnification optical objective. Regions of interest (ROIs) were selected from the center of the sample, at a size of 15 mm × 15 mm × 15 mm. The projection data for each tomographic scan consisted of 2,000 projection images, which were taken from different view-points with an exposure time of 1 s per projection. These images were reconstructed into 3D tomographic volumes using Avizo Fire 3D-image analysis software. The segmentation procedure and quantification, for the determination of overall porosity and pore size distribution of the hardened foams, was performed using the procedure previously described (Korat et al., 2013).
Thermal conductivity tests on the samples were performed using a Hot Disk TPS 2500S instrument with a Kapton sensor 7577 at a temperature of 22–23°C. The measure was tested on square samples (20 mm × 20 mm × 80 mm), with 10 measurements performed on each samples.
RESULTS AND DISCUSSION
Analysis of Samples Cured at 70°C and 1,000°C
Figure 1 shows the AA foams from three types of fly ash (designated as RI, TS, and TT), prepared using a foaming agent and stabilizing agent in the range 0.9–2.8 wt% (designated as 1, 2, and 3). Figure 1A depicts cured samples at 70°C and Figure 1B shows samples after being thermally treated at 1,000°C. The change in color observed in the thermally treated samples can be explained by oxidation of the iron present in the raw fly ash, presenting from greyish to brownish color at higher temperatures. This explains why samples with TT fly ash are darker and have a more intense brown color (see Table 1).
[image: Figure 1]FIGURE 1 | Alkali-activated foams (A) cured at 70°C and (B) thermally treated to 1,000°C (two samples per mixture).
Table 3 shows the density and compressive strength of the AA foams investigated, after curing at 70°C and when thermally treated to 1,000°C. Sample RI1 exhibits the highest density of all the samples prepared with RI fly ash when cured at 70°C (0.67 g/cm3). As the amount of foaming agent and stabilizing agent added increased, the density of the RI1 sample decreased by more than half, to 0.3 g/cm3. A similar trend is observed for samples from the TS and TT fly ash, but both have a higher density than the samples produced from RI fly ash. Nevertheless, even with the highest amount of foaming and stabilizing agents added, their densities remain above 0.5 g/cm3. Compressive test results for samples from RI, TS, and TT fly ash (cured at 70°C) are also shown in Table 3 and Figure 2. Values are the highest for samples from RI fly ash (around 6 MPa) and begin to decline as the amount of foaming and stabilizing agent added increased, which decreases density. Values for the samples from TT fly ash are slightly higher than for the sample from TS.
TABLE 3 | Density and compressive strength of the alkali-activated foams investigated when cured at 70°C and thermally treated at 1,000°C (the measured standard deviations are shown in brackets).
[image: Table 3][image: Figure 2]FIGURE 2 | Density and compressive strength of the alkali-activated foams investigated when cured at 70°C and thermally treated at 1,000°C.
Compressive test results for samples from RI, TS, and TT fly ash exposed to temperatures of 1,000°C are also shown in Table 3. A tendency to increase compressive strength upon thermal treatment was observed in all samples. After heat treatment, sample RI1 still has the highest density among all three samples from RI fly ash and the lowest amongst all the samples when compared to those produced from the other two types of fly ash. Compressive strength values for RI fly ash began to decline (from 10 to 2 MPa) as the amount of foaming and stabilizing agent added increased, and the density decreased. A similar trend is observed for samples from TS and TT fly ash. There are no significant differences in density between cured and thermally treated samples for samples from RI fly ash (only a few percent), or for samples from TS fly ash, but there is a big difference for samples from TT fly ash (from 10 to 50%), which can be attributed to the increased density resulting from the significant shrinkage.
Dimensional changes, i.e., shrinkage, occurred in samples after exposure to high temperatures of 1,000°C. For samples with the most foaming agent added, the biggest changes were detected in the direction of length, as shown in Figure 3. The results show that the difference in dimensional changes (percentage change in length) is approximately 4% for sample RI3, 9% for sample TS3, and 19% for sample TT3. Lin’s work (Lin et al., 2009) revealed thermal shrinkage values of 45% for geopolymer and 30% for geopolymer with the addition of 10 vol% alumina filler, when heated to 1,000°C. Shrinkage could be attributed to the presence of alkaline earth flux and other oxides in the fly ash and activators, which enter the glassy phase, decreasing the viscosity of these samples resulting in higher shrinkage (Dana et al., 2004), or, as suggested by Martin, to volume changes caused by the formation of new crystalline phases (Martin et al., 2015). Weight loss after exposure to temperatures at 1,000°C is approximately 10% for sample RI3, 14% for sample TS3, and 20% for sample TT3, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Changes in sample dimensions of the alkali-activated foams investigated, expressed in length and weight loss.
Thermal conductivity tests were conducted on AA foams cured at 70°C, the results of which are listed in Table 4. Thermal conductivity properties relative to density are given in Figure 4.
TABLE 4 | Thermal conductivity of the investigated alkali-activated foams cured at 70°C (the measured standard deviations are shown in brackets).
[image: Table 4][image: Figure 4]FIGURE 4 | Thermal conductivity properties vs. density in the analyzed alkali-activated foams cured at 70°C (RI, TS, and TT fly ash used, 1, 2, and 3 represent amount of foaming and stabilizing agent used).
The results show the thermal conductivity of RI samples to be 0.205 W/m K for the least porous sample (RI1), falling to 0.123 W/m K for the most porous one (RI3; Table 4), where the range of apparent densities for the corresponding samples obtained is 0.67–0.33 g/cm3. The results for TS samples show that thermal conductivity ranges from 0.151 W/m K for the most porous sample (TS3) to 0.262 W/m K for the least porous one (TS1), with the range of apparent densities being 0.57–1.02 g/cm3. The thermal conductivity measured in the TT samples treated at 70°C ranges from 0.232 to 0.363 W/m K, with a density of 0.71 g/cm3 in the least porous sample (TT3). As expected, the higher the density, the higher the thermal conductivity (Figure 4). The overall behavior of the thermal conductivity is generally controlled by the pore volume, as the most porous sample exhibits the lowest thermal conductivity, as has been found by other researchers (Henon et al., 2013).
Microstructural Examination of Samples Cured at 70°C
Microstructural characteristics have a significant influence on material characteristics, especially thermal and mechanical properties, and because the pore structure inside the material strongly affects the cell (solid) structure, tests by scanning electron microscope (SEM) and X-ray micro-computed tomography (XCT) were performed to gain a more detailed understanding. Firstly, Figure 5 shows the microstructural evolution of AA foam samples attained through SEM before exposure to higher temperatures. It is evident that samples from RI fly ash have a porous structure with evenly distributed round pores, clearly developed and connected to each other. No micro-cracks are observed within and nearly all of them are cell pores with no mineral crystallization observed inside or on the walls. Contrarily, samples from TS and TT fly ash have a different pore distribution, especially TT foamed samples, which exhibit high structural heterogeneity and contain hardly any rounded pores. These differences in the type of porosity are most probably a reflection of the previously mentioned thermal conductivity—for example TS2 samples have a higher density than RI1 (0.75 and 0.67 g/cm3, respectively) and exhibited slightly lower thermal conductivity (0.200 vs. 0.205 W/m K), and sample TT3, with a density of 0.71 g/cm3, showed a thermal conductivity of 0.232 W/m K.
[image: Figure 5]FIGURE 5 | Representative SEM image of alkali-activated foams cured at 70°C (RI, TS, and TT fly ash, 1 and 3 represent the amount of foaming and stabilizing agents used).
SEM images can only, however, provide the pore characteristics on a single cross section of the specimen, meaning representative shapes or the number of pores cannot be appropriately characterized. More detailed microstructural 3D data can be obtained from high resolution 3D images achieved through X-ray microcomputed tomography. 3D data is displayed on the basis of threshold segmentation and 3D reconstructions, and where the pore structure quantitative visualization and characterization of pore structure of AA foams cured at 70°C are presented on Figure 6. Figure 6 illustrates the ROI (Region Of Interest) of the analyzed AA foams cured at 70°C, including the grayscale image and the biggest pores (by volume), and after the watershed algorithm, where the labeled images show distinct colors for similar pores (purple, green, and yellow pores, as determined according to the EqDiameter). The overall porosity of samples is presented in Table 5.
[image: Figure 6]FIGURE 6 | Region of interest of the analyzed alkali-activated foams cured at 70°C (RI, TS, and TT fly ash, 1, 2, and 3 represent the amount of foaming and stabilizing agents used) presenting grayscale images and the biggest main pores. Colors denote a range of size classes with respect to EqDiameter: purple (0.85–1 mm), green (1–1.6 mm), and yellow (more than 1.6 mm).
TABLE 5 | Porosity by XCT of the investigated alkali-activated foams cured at 70°C and thermally treated at 1,000°C.
[image: Table 5]Overall porosity, the local volume ration of the cell (solid) in the ROI, is the highest for samples with RI fly ash. The higher percentages for the RI2 and RI3 samples are illustrated by the porous nature of the AA foams analyzed, due to the addition of the largest amount of agents. RI2 and RI3 both consist of a defined connected pore network with larger individual pores, some of which are even larger than 1 mm. A similar effect is observed in samples from the TS fly ash, but with a smaller pore size and porosity up to approximately 40% in TS3. In the case of TT, the effect of poor porosity development is more notably pronounced. The differences between TT1 and TT3 can be seen from the SEM images (Figure 5), which is coherent to the structure detected by XCT scanning, revealing deficient pore development. The structure of samples is similar to one another, with the porosity ranging from 10 to 20%.
3D geometrical parameters (especially equivalent diameter) are relevant for the determination of pore morphology and can indicate the thickness of the asymmetric and/or elongated pore structures. Equivalent diameter is reported as the diameter of a sphere having the same volume as the feature (Figure 7), showing the percentage of pores (as well as number and volume) distributed in each sample.
[image: Figure 7]FIGURE 7 | Graphical representation of the pore size distribution of the analyzed alkali-activated foams cured at 70°C (RI, TS, and TT fly ash used, 1, 2, and 3 represent the amount of foaming and stabilizing agents used; (A)–(C) RI fly ash, (D)–(F) TS fly ash, (G)–(I) TT fly ash), determined by means of X-ray micro-tomography. The results present the number, percentage and volume of pores with respect to pore size diameter (EqDiameter).
As shown in Figure 7A, the highest number of pores in the RI samples is in the 100–850 µm pore diameter range, where RI1 has the larger number of pores ranging in diameter from 100 to 500 µm, due to the addition of the least amount of foaming agent. The number of pores with a diameter below 100 µm is similar across all three RI samples, with the RI1 sample containing the highest number of pores in this category. In TS samples, the greatest number of pores fall in the pore diameter range below 500 µm (Figure 7D), where TS1 has the largest number of pores with a pore diameter less than 100 µm, due to the addition of a smaller amount of foaming agent. Despite the larger percentage of foaming agent added to samples TS2 and TS3, the number of pores in the 100–500 µm pore diameter range is still high in sample TS1. TT samples (Figure 7G) have the highest number of pores with a diameter less than 500 µm, compared to other types of fly ash, where sample TT1 having the largest number of pores with a diameter less than 100 µm.
In the R1 sample, most pores are in the 100–850 µm pore diameter range (Figure 7B), where RI1 has the largest amount/percentage of pores in the pore diameter range 100–500 µm, reaching almost 70%. Due to the addition of a greater amount of foaming agent, the percentage of number of pores in the range 500–850 µm is higher for samples RI2 and RI3, with approximately 38% of pores in sample RI2 falling in this range. Sample RI3 has a larger percentage of pores with a diameter above 500 µm, approximately 60%. The percentage of pores with a diameter below 100 µm is about 10% for all three RI samples. In TS samples most pores are below 500 µm in diameter, with sample TS1 having the largest percentage of pores with a diameter less than 100 µm, reaching almost 70% (Figure 7E). Due to the addition of a greater amount of foaming agent, the percentage of number of pores in the diameter range 100–500 µm is higher (above 60%) for samples TS2 and TS3. Only sample TS3 has a larger percentage of pores in the pore diameter range above 500 µm (about 35%) and the least in the pore diameter range below 100 µm (about 10%). In the TT samples, most pores are in the pore diameter range below 500 µm (Figure 7H). Due to the addition of a greater amount of foaming agent, the percentage of number of pores in the range 100–500 µm is higher only for TT2 (almost 60%). The percentage of pores in the pore diameter range below 100 µm is large, especially in the RI3 sample (70%).
The volume of pores in the pore diameter range from 100 to 850 µm is between 40 and almost 90% for all three RI samples (Figure 7C), with the greatest volume of pores observed in the RI1 sample, showing the maximum volume of pores for the RI1 sample. In the RI2 sample the volume of pores in this pore diameter range is 60%, with 40% of pores having a diameter greater than 850 µm. In the RI3 sample the largest percentage of pore volume has a pore diameter of greater than 500 µm, almost 95%. TS samples have the greatest volume of pores in the pore diameter range between 100 and 850 µm (Figure 7F), whereas sample TS1 has almost 80% in the pore diameter range between 100 and 500 µm, and sample TS2 more than 80%. In the TS3 sample the maximum volume of pores is in the pore diameter range above 500 µm (75%). In samples TT1 more than 70% of the volume of pores lie in the pore diameter range from 100 to 500 µm (Figure 7I). A high volume of pores in this pore diameter range is also seen in the TT2 sample (80%), whilst in sample TT3 the maximum percentage of the volume of pores is in the pore diameter range above 850 µm, due to poor porosity development.
Another 3D geometrical parameter relevant for the determination of pore morphology is sphericity, which describes how spherical an object is, or how rounded it is. Sphericity is a measure of the degree to which an object approximates the shape of a sphere, where the sphericity of 1 represents a perfect spherical shape. X-ray computer micro-tomography has given the possibility of evaluating the results and the calculated sphericity values, as a function of pore size, are shown in Figure 8. The sphericity of the samples cured at 70°C is also given in Table 5 and represents the quantitative statistical data measured from the reconstructed images. The average value, and minimal and maximal sphericity of the tested samples, are also written in Table 5. This analysis was conducted on pores larger than 850 μm diameter, as presented in Figure 8.
[image: Figure 8]FIGURE 8 | Graphical representation of the sphericity values as a function of pore size of the analyzed alkali-activated foams cured at 70°C (A)–(C) and 1,000°C (D)–(F), determined by means of X-ray micro-tomography.
The results for RI samples thermally treated at 70°C show that the majority of pores were close to spherical in shape as their sphericity values are above 0.50, between 0.55 and 0.95, with no huge difference between mixtures (Figure 8A). There are less spherical pores, i.e., with a sphericity smaller than 0.65, in the TS1 samples and more spherical pores in TS2 and TS3 (up to 0.85). The sphericity of the pores in TT samples thermally treated at 70°C is relatively low (0.25–0.75), confirming their irregular shape, especially for sample TT3, which has the lowest sphericity due to poor pore shape (Figure 8C). It is also observed that the sphericity is equal between mixtures in R1 samples, whereas sphericity is seen to slightly change between the mixtures in TS samples (mixtures with a higher addition of foaming agent have higher sphericity values) and in TT samples there are huge changes between the mixtures. Notably, no large differences in the sphericity of samples occur due to an increase in the equivalent diameter of pores.
Phase Changes by X-Ray Powder Diffraction
X-ray powder diffraction (XRD) (Figure 9) revealed the variable phase composition of the studied ashes and AA foams cured at 70 and 1,000°C (results only for samples with the smallest and largest addition of agents). Based on the height of the background presenting the amorphous phase it can be seen the RI fly ash contains the highest amount of amorphous phase of all three precursors, followed by the TT fly ash, and then the TS. The amount of amorphous phase was determined in a previous study (Kramar and Ducman, 2018), as 84.4% for RI, 71.7% for TT, and 70.0 for TS (designated in the previous research as K3, K1, and K2, respectively). The main crystalline phases identified in the designed geopolymers were similar to those found in the raw precursor, such as quartz and hematite, which were also present in all samples cured at 70°C. Lime, anhydrite, and gehlenite were found in all samples, with the exception of one from RI ash (Figure 9). It is known that an increase in quartz concentration positively influences mechanical properties, due to the capacity of its particles to create barriers for crack propagation (Nergis et al., 2020). Brownmillerite, a hydraulic phase, which could contribute to the increase in strength, was present in the samples with TT ash derived from the co-combustion of coal and biomass, while feldspar was identified in samples with TS ash, periclase in RI and TT ashes and mullite in RI samples. Mullite is a less commonly encountered compound formed from aluminum, silicon, and oxygen, which increases the refractivity of a geopolymer due to its very high melting temperature of 1,840°C (Nergis et al., 2020). As written by Diaz et al. (2010), amorphous compounds are easier to dissolve than crystalline compounds during the first step of geopolymerization (dissolution of species), yielding higher amounts of reactive SiO2 and Al2O3 to combine during the transportation/coagulation phase of the geopolymeric reaction, therefore resulting in a higher degree of geopolymerization and consequently higher mechanical strength. When the sodium based alkalis are used with fly ash, the reaction product in the system is associated with the formation of sodium aluminosilicate gel (Bhagath Singh and Subramaniam, 2016).
[image: Figure 9]FIGURE 9 | Phase composition of the analyzed alkali-activated foams cured at 70 and 1,000°C (RI, TS, and TT fly ash used, 1, 2, and 3 represent amount of foaming and stabilizing agents used), as determined by means of X-ray powder diffraction.
Microstructural Evolution of Samples Heat Treated at 1,000°C
Figure 10 shows the microstructural evolution of AA foam samples after exposure to higher temperatures at 1,000°C, attained through SEM. Samples with RI fly ash still have a nice porous structure with evenly distributed round pores, connected and with no micro-cracks, whereas samples with TT fly ash exhibit poor microstructural evolution. Figure 10 shows that no noticeable changes were observed in samples after exposure to higher temperatures. The more detailed results of X-ray microcomputed tomography further confirm the findings obtained by SEM, as presented in Figure 10.
[image: Figure 10]FIGURE 10 | Representative SEM image of alkali-activated foams thermally treated at 1,000°C (RI, TS, and TT fly ash used, 1 and 3 represent the amount of foaming and stabilizing agent added). The bars on all SEM photos represent 500 µm (×35 magnification).
Overall porosity determined by XCT is still the highest for samples with RI fly ash, followed by TS samples and TT with poor porosity development (Table 5). The difference in overall porosity between cured samples and samples exposed to higher temperatures is noticeable, varying between samples from 1 to 10%.
Porosity determined by XCT is visually presented in Figure 11, depicting a range of size classes above 0.85 mm, and pore size distribution of the samples is shown in Figure 12. The pore diameter ranges and the number of pores observed in RI samples show a similar trend to the same samples cured at 70°C, but the number of pores in the 100–850 µm pore diameter range, as well as below 100 µm, is smaller in samples cured at 1,000°C (Figure 12A). TS samples cured at 1,000°C also show similar porosity development to samples cured at 70°C, where sample TS1 cured at 1,000°C has large amount of pores in the pore diameter range below 100 µm (Figure 12D), although still less than samples cured at 70°C. Despite the greater percentage of foaming agent added to samples TS2 and TS3, the number of pores in sample TS3 (in the 100–500 µm pore diameter range) is still high, unlike in sample TS3 cured at 70°C. The highest number of pores for TT samples is in the pore diameter range below 500 µm (Figure 12G), where sample TT1 still has the largest number of pores in the pore diameter range below 100 µm, due to the addition of a smaller amount of foaming agent. A similar trend to in samples cured at 70°C can be seen, although a smaller number of pores with a pore diameter below 100 µm are present in sample TT1 when cured at 1,000°C. Despite the larger percentage of foaming agent added to samples TT2 and TT3, TT1 has the highest number of pores in the pore diameter range between 100 and 500 µm, unlike in the sample cured at 70°C.
[image: Figure 11]FIGURE 11 | Region of interest of the analyzed alkali-activated foams cured at 1,000°C (RI, TS, and TT fly ash used, 1, 2, and 3 represent the amount of foaming and stabilizing agent added) presenting grayscale image and the biggest main pores. Colors correspond to a range of size classes with respect to EqDiameter, purple (0.85–1 mm), green (1–1.6 mm), and yellow (more than 1.6 mm).
[image: Figure 12]FIGURE 12 | Graphic representation of the pore size distribution of the analyzed alkali-activated foams cured at 1,000°C (RI, TS, and TT fly ash used, 1, 2, and 3 represent the amount of foaming and stabilizing agents added; (A)–(C) RI fly ash, (D)–(F) TS fly ash, (G)–(I) TT fly ash), determined by means of X-ray micro-tomography. The results show the number, percentage, and volume of pores with regard to pore size diameter (EqDiameter).
In R1 samples cured at 1,000°C the majority of pores are in the pore diameter range 100–850 µm (Figure 12B), where RI1 has the largest percentage of pores in the pore diameter range 100–500 µm, reaching almost 74%, which is more than in those samples cured at 70°C. Due to the higher amount of foaming agent, the percentage of pores in the range 500–850 µm is higher in RI2 and RI3 samples, about 33 and 10%, respectively, which is slightly lower than in those samples cured at 70°C. The percentage of pores in the pore diameter range below 100 µm is approximately 10% for all three RI samples. In TS samples cured at 1,000°C (Figure 12E) the majority of pores have a diameter below 500 µm, with samples TS1 and TS2 having a large percentage of pores in the pore diameter range below 100 µm, approximately 54 and 35%, respectively. A similar trend as in TS samples cured at 70°C was observed, but with a smaller amount of pores. Due to the higher addition of foaming agent in samples TS2 and TS3, the percentage of pores in the 100–500 µm range is higher (above 60%) when cured at 1,000°C compared to when cured at 70°C. Sample TS3 has a larger percentage of pore sizes both in the pore diameter range 100–500 µm about (approximately 60%) and in the pore diameter range below 100 µm (approximately 30%), unlike the samples cured at 70°C. In TT samples cured at 1,000°C (Figure 12H), the majority of pores have a diameter below 500 µm. Due to the higher addition of foaming agent, the percentage of pores between 100 and 500 µm is higher only for TT1, similar to in samples cured at 70°C. Sample TT3 cured at 1,000°C has a large percentage of pores in the pore diameter range below 100 µm (70%).
When compared to other RI samples cured at 1,000°C, sample RI1 has the highest volume of pores in the pore diameter range 100–850 µm (approximately 80%; Figure 12C), which is slightly less than in the samples cured at 70°C. In the RI2 samples almost 60% of the volume of pores lies in the 500–850 µm pore diameter range, while 25% of pores have a diameter larger than 850 µm. In the RI3 sample the largest percentage of the volume of pores is above a diameter of 500 µm (almost 92%), slightly less than in the samples cured at 70°C. At least 75% of the volume of pores in samples TS1 cured at 1,000°C have a pore diameter ranging between 100 and 500 µm (Figure 12F), which is less than in the TS1 sample cured at 70°C. Sample TS2 cured at 1,000°C has 70% in the same pore diameter range and sample TS3 almost 88% volume in the pore diameter range from 100–850 µm. Sample TT1 cured at 1,000°C has more than 60% of the volume of pores in the pore diameter range from 100 to 500 µm (Figure 12I), less than in the same sample cured at 70°C. A high volume of pores in this pore diameter range is also seen in the TT2 sample, reaching 70% (less than the sample cured at 70°C) while sample TT3 has poor porosity development.
The results for RI samples thermally treated at 1,000°C show that the majority of pores were close to spherical in shape, as their sphericity values are above 0.50 (between 0.55 and 0.95) with no huge difference between mixtures (Figure 8D). The same trend is evident as in RI samples thermally treated at 70°C. The same trend also occurs in TS samples thermally treated at 1,000°C, where TS1 samples have a sphericity smaller than 0.6, while more spherical pores occur in TS2 and TS3 (up to 0.8; Figure 8E). The sphericity of the pores in TT samples thermally treated at 1,000°C is relatively low, similar to as in TT samples thermally treated at 70°C, confirming their irregular shape, especially for sample TT3, which has the lowest sphericity due to poor pore shape (Figure 8F). The results for RI samples thermally treated at 1,000°C also show that sphericity is equal between mixtures, whereas it can be seen that sphericity slightly changes according to the mixture in TS samples (mixtures with higher addition of foaming agent have higher sphericity values), and in TT samples huge changes are observed between the mixtures, similar to in samples thermally treated at 70°C.
Phase Changes by X-Ray Powder Diffraction
The XRD patterns of the studied ashes and AA foams cured at 1,000°C are shown in Figure 9. The results show multiple peaks specific to quartz and hematite, and in some cases mullite in the RI samples, and gehlenite in TS and TT samples. The aforementioned crystalline phases detected in the initial material remain apparently unaltered with heating, as it was not expected that the mullite would melt or dissolve during firing to 1,000°C (given their melting point of approximately 1,830°C). It is believed that the presence of free sodium in the matrix causes the dissolution/melting of the mullite into the geopolymer at lower temperature, as alkali’s are known to be excellent sintering agents (Rickard et al., 2012). Hematite, however, exhibited an increased peak intensity, especially in the TT samples (due to their higher concentration of iron). Rickard et al. (2012) reported that hematite is likely to have crystallized from the amorphous iron in the fly ash.
When the temperature is increased to 1,000°C, the diffraction peaks of the aforementioned phases become weak, and new phases start to crystalize into pyroxene, nepheline, tridymite, sodalite, brownmillerite, and gehlenite as response to the thermal treatment. The reduction of quartz peak intensity is likely due to a partial phase change to tridymite. In the presence of alkali oxides, quartz converted to tridymite, depending on the temperature. It has been reported that tridymite starts to form above 872°C with Na2O and above 883°C with K2O (Holmquist, 1961). These high temperature phases, tridymite (SiO2) and nepheline (NaAlSiO4), are reported to improve the thermal resistance of the geopolymers due to their high melting points (tridymite 1,670°C and nepheline 1,257°C) (Rickard et al., 2012). In general, if silicon dioxide is available at such a high temperature, nepheline is no longer stable and feldspar will form. The amount of calcium available causes different types of feldspar to form (Dombrowski et al., 2007). It seems that the matrix decomposes, then the aluminosilicate species react with the released alkalis and calcium to form crystalline phases (nepheline and gehlenite, respectively) (Gyekenyesi et al., 2011). One reason to explain this could be that the mullite and quartz were needed to form the large amount of gehlenite (Ca2(Al(AlSi)O7)), (Dombrowski et al., 2007), as seen in the samples (especially TS and TT) treated at 1,000°C. In addition, at 1,000°C, a phase belonging to the pyroxene group (diopside) is additionally formed due to sufficient Al2O3 content, which has been reported to have a positive role in its crystallization (Qian et al., 2006). Yang et al. (2017) also reported that the Mg-silicate crystalline phases of diopside may work as compensation for the thermal shrinkage of the geopolymer gel phase, in order to improve the volume stability. The intensities of peaks and small amounts of already crystallized aluminosilicate detected corresponded to sodalite (Na8(Al6Si6O24)Cl2), which has been observed to increase in fly ash samples activated by NaOH solution when exposed to temperatures of 1,000°C. Sodalite crystallizes in the cubic system as a mineral complex, formed by the reaction of sodium and chlorine with the main elements of the raw material (aluminum, silicon, and oxygen). The natural sodalite consists of an Al–O–Si network that encompasses Cl+ cations, but the one resulting from geopolymerization shows inter-structural Na+ cations, similar to zeolites (Nergis et al., 2020).
Based on the properties of all three precursors, it can be seen that the fly ash which contains the highest amounts of SiO2 and Al2O3, and the highest amorphous phase content, i.e., RI, is also the most reactive, both in terms of pozzolanic activity (Kramar and Ducman, 2018), and the alkali activation process. By adding foaming and stabilizing agents, the density can be tailored to one’s needs, but the initial precursor should provide sufficient reactivity and consequently result in good mechanical properties. In our study the RI fly ash exhibited the lowest density and when densities were comparable to those obtained from the other two fly ashes the compressive strength was significantly higher, which can be ascribed to the higher reactivity. Contrary to the expectation that BET specific surface would play an important role in the alkali activation process, by providing a surface available for reaction, in our case the BET specific surface area was not recognized as an important parameter.
CONCLUSIONS
Three types of fly ash were tested as precursors for the preparation of AA foams. SPM was used as the foaming agent and SDS as the stabilizing agent. Foam properties were determined after curing at 70°C and after exposure to 1,000°C. In all three systems the foaming process was successfully implemented, resulting in foams of density down to 0.3 g/cm. Compressive strength is highly dependent on density, and for the densities from 1.2 down to 0.3 g/cm3, compressive strength ranged from 1 to 6 MPa. Comparing all three fly ashes the favorable results in terms of performance (density vs. mechanical properties) were achieved from the fly ash with the highest SiO2 and Al2O3 content, and the highest amorphous phase content, i.e., RI fly ash. Also compressive strength is influenced by the type of fly ash; the sample from RI fly ash exhibited the highest compressive strength at a comparable (or even lower) density than the other two fly ashes. With the high amount of SiO2 and Al2O3, and high amorphous phase content, the alkali activation reaction is completed to a greater extent, resulting in better mechanical properties. In the case of the fly ash with the highest SiO2 and Al2O3 content, i.e., RI fly ash, the density remained virtually the same after firing to 1,000°C, but the compressive strength increased on average by 50%. In the case of the other two types of fly ash the density increased slightly after firing, but significant shrinkage occurred. Density did not increase, as would be expected due to the high shrinkage. Even though density did not increase, compressive strength increased hugely, by as much as 800% in the case of the TT fly ash, which contains the lowest amount of SiO2 and Al2O3.
XRD analysis also confirmed that the lime contained in the TS and TT fly ash disappeared after firing to 1,000°C, which could have contributed to the loss in mass and consequent reduction in density (in spite of significant shrinkage on firing). The crystallization process also took place during firing, resulting in newly formed crystal phases, including nepheline, sodalite, tridymite, and gehlenite, which could contribute to the increased compressive strength. SEM and microtomography analysis showed differences in the microstructure of foams, whereby pores are more uniform and spherical in foams based on RI fly ash compared to the other two fly ashes, which may also influence properties of thermal insulation and compressive strength. Improvements in the performance of foams in terms of density and mechanical properties, especially after exposure to elevated temperature when their structure remains stable after firing up to 1,000°C, could expand the potential use of inorganic AAM foams into areas where resistance to elevated temperature is required.
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