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ABSTRACT 

Alkali-activated foams (AAF) combine the benefits of foamed structures and alkali-

activated matrices. The goal of this work is to study the influence of the binder, the type 

and percentage of different foaming agents, the curing regime and the use of surfactants 

on the physical and mechanical properties of alkali activated foams. Blast furnace slag 

(BFS) and steel slag (SS) were used as binder. Hydrogen peroxide (H2O2) and aluminum 

powder (Al) were chosen as foaming agents, Matchen AE11 and sodium dodecyl sulfate 

(SDS) were employed as surfactant. The results confirm that AAF could successfully be 

produced using BFS and BFS/SS (46.89 MPa and 29.02 MPa), but the use of SS resulted 

in lower compressive strength. Lower values of density were obtained when higher 

quantity of Matchen AE11 were used. The use of H2O2 and aluminum powder reduced 

the compressive strength and the density of AAF for both curing regimes. However, 

among the tested percentages, increasing the quantity of foaming agent did not result in 

statistical reduction of compressive strength. Thermal curing promoted higher 

compressive strength at early curing age but lower compressive strength after 28 days. 

The addition of SDS contributed to an increase of 328% in the porosity of the reference 

formulation. In addition, formulations produced combining foaming agent and SDS 

presented higher porosity and even lower compressive strength and densities, when 

comparing to the same formulations without surfactant. To illustrate, the density of 

formulations produced using 1% H2O2 and 0.05% Al cured at high temperature was, 

respectively, 1.41 g/cm3 and 1.35 g/cm3 without SDS and 0.91 g/cm3 and 1.03 g/cm3 with 

SDS.    

 

Key-words: Alkali-activated foams; hydrogen peroxide; aluminum powder; thermal 

curing; surfactant 

 

  



 
 

RESUMO 

As espumas álcali-ativadas (EAA) combinam as vantagens das estruturas aeradas e das 

matrizes álcali-ativadas. O objetivo deste trabalho é estudar a influência do ligante, do 

tipo e da porcentagem de diferentes agentes espumantes, do regime de cura e do uso 

de surfactantes nas propriedades físicas e mecânicas das espumas álcali-ativadas. 

Escória de alto-forno (EAF) e a escória de aciaria (EA) foram utilizadas como ligantes. 

Peróxido de hidrogênio (H2O2) e o pó de alumínio (Al) foram escolhidos como agentes 

espumantes, Matchen AE11 e o dodecil sulfato de sódio (SDS) foram utilizados como 

surfactantes. Os resultados confirmam que EAA foram produzidas com sucesso usando 

EAF e EAF/EA (46,89 MPa e 29,02 MPa), mas o uso de EA resultou em menor 

resistência à compressão. Foram obtidos valores mais baixos de densidade quando 

foram utilizadas maiores quantidades de Matchen AE11. O uso de H2O2 e pó de alumínio 

reduziu a resistência à compressão e a densidade das EAA para ambos os regimes de 

cura. No entanto, entre as porcentagens testadas, o aumento da quantidade de agente 

espumante não resultou numa redução estatística da resistência à compressão. A cura 

térmica promoveu maior resistência à compressão no início da idade de cura, mas menor 

resistência à compressão após 28 dias. A adição de SDS contribuiu para um aumento 

de 328% na porosidade da formulação de referência. Além disso, as formulações 

produzidas combinando agente espumante e SDS apresentaram maior porosidade e 

menores valores de resistência à compressão e densidade, quando comparadas com as 

mesmas formulações sem surfactante. Para exemplificar, as formulações produzidas 

com 1% de H2O2 e 0,05% de Al produzidas com cura térmica apresentaram, 

respetivamente, densidade de 1,41 g/cm3 e 1,35 g/cm3 sem SDS e 0,91 g/cm3 e 1,03 

g/cm3 com SDS.     

 

Palavras-chave: Espumas álcali-ativadas; peróxido de hidrogênio; pó de alumínio; 

cura térmica; surfactante 
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1. INTRODUCTION 

New technologies in civil engineering are essential for human quality of live. The 

necessity of more inclusive, resilient, and sustainable cities is so evident that it is 

considered one of the 17 goals of the 2030 Agenda for Sustainable Development. 

Nowadays, more than 1.1 billion people are living in slums, and it is expected that this 

number increases to 2 billion in six years (UNITED NATIONS, 2023). Modular 

construction can be considered a very interesting possibility to mitigate this huge problem, 

because it enables the production of habitations in a quicker and more affordable way. It 

consists of previously producing some elements of a building in factories and transporting 

these isolated parts to be assembled in the construction site. In this context, it is 

interesting to produce lighter elements such as foamed mortars, in order to reduce efforts 

related to transportation, provide more ergonomics to the employees, and reduce the load 

slums on the built structures (ZHOU ET AL., 2022; CHATZIMICHAILIDOU & MA, 2022). 

Foamed mortars are a great option to produce lighter non-structural elements once they 

combine low density and sufficient mechanical strength. They can be produced by 

different methods and the most applied ones are (i) chemical foaming, in which chemicals 

(foaming agents) are added to the matrix and react to produce gas and (ii) mechanical 

foaming, in which surfactants are mixed altogether with the matrix during its preparation 

to produce a foam in situ. In both scenarios, the gas stay trapped in the structure until 

hardening, forming pores (SHEN et al., 2022; HAO et al., 2022).   

Foamed mortars can be produced using by-products of the industry, such as blast furnace 

slag (BFS) and steel slag (SS). By doing that, it is possible to reduce the disposal of these 

wastes and develop new sustainable materials to be used in civil engineering 

construction. It is worth noting that the production of 1 ton of Portland cement (PC) is 

responsible for releasing approximately 800 kg of CO2 (Environment et al., 2018). Alkali 

activated materials (AAM), alternative binders to PC, not only release lower CO2 during 

its production, but also present compatible mechanical strength, resistance to acid attack 

and reduced tendency to alkali-silica reaction (LU et al., 2023; PASUPATHY et al., 2022; 

JI et al., 2021).  
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The main goal of this work is to develop alkali-activated foams (AAF) with suitable 

properties to be used in modular construction. Two slags were selected as binders in this 

research: (i) blast furnace slag (BFS), as it is an interesting binder for alkali activation, 

and (ii) steel slag (SS), once there is an excessive generation and low use, so this is an 

opportunity to promote the reuse. The following question will be addressed in the work: 

How do the binder, the type and percentage of foaming agent, the curing 

temperature and the use of surfactants influence the physical and mechanical 

properties of alkali activated foams? 

Some limitations of this research are: 

¶ BFS and SS used in this research came from the region of Minas Gerais (Brazil) 

and their composition can vary from similar slags generated in other regions. This 

variation may influence the alkali-activation reaction and the final properties.  

¶ Samples were produced in different months of the year, being exposed to certain 

variation in temperature and humidity during production and hardening. 
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2. OBJECTIVES 

This research aims to study the influence of the binder, the type and percentage of 

different foaming agents, the curing regime and the use of surfactants on the physical 

and mechanical properties of alkali activated foams.  

 

The specific objectives established are: 

(i) To evaluate the effect of using different quantities of a commercial surfactant on 

compressive strength and the density of alkali activated foams. 

(ii) To study and compare the effect of using blast furnace slag and steel slag as 

aluminosilicate sources on the compressive strength and the density of alkali activated 

foams.  

(iii) To study and compare the effect of different percentages of hydrogen peroxide 

and aluminum powder as foaming agents on the compressive strength and the density 

of alkali activated foams.  

(iv) To evaluate the effects of different curing regimes on the compressive strength, 

the density and the microstructure of alkali activated foams. 

(v) To evaluate the effect of using sodium dodecyl sulfate as surfactant in combination 

of hydrogen peroxide and aluminum powder on the compressive strength, the density 

and the porosity of alkali activated foams. 

  



17 
 

 

3. STATE OF THE ART 

3.1 Alkali-activated materials 

Alkali-activated materials (AAM) are a family of materials produced by the alkali activation 

of aluminosilicates (usually called ñprecursorsò). Aluminosilicates are composed mainly 

of reactive silica (SiO2) and alumina (Al2O3). The alkali activation is a reaction promoted 

by an alkaline source, usually called ñactivatorò. The activators are responsible for the 

dissolution of the structure of the precursors, allowing the atoms to react and form new 

structures. The most used activators to produce AAM are sodium hydroxide (NaOH) and 

sodium silicate (Na2SiO3) (Provis; Bernal, 2014). The term ñgeopolymerò, sometimes 

used as a synonym of alkali activated materials, was used for the first time in 1979 by the 

researcher Joseph Davidovits. Later, geopolymers started to be considered a sub-group 

of AAM produced by aluminosilicates with low calcium content (PACHECO-TORGAL et 

al., 2015). 

AAM can be classified in two groups, based on how the atoms organize in the structure 

and the calcium content: C-A-S-H and N-A-S-H. The C-A-S-H is a gel formed by 

organized atoms that creates a more crystalline structure. This type of AAM is formed 

when aluminosilicate sources with high content of calcium are activated. Blast furnace 

slag is one example of material that induces the formation of C-A-S-H gels. N-A-S-H, on 

the other hand, is a gel characterized by atoms randomly organized, forming amorphous 

structures. These structures are formed when low-calcium raw materials are used (e.g., 

fly ash). Fly ash requires heat curing to gain enough mechanical strength. In both cases 

(C-A-S-H and N-A-S-H), the alkaline source is responsible for the dissolution of the atoms 

of the precursor to promote the reaction and reorganization of the atoms. The alkaline 

source also provides extra Si and Al atoms that take part in the reaction and helps to form 

the final structure. It is also possible to obtain structures with both types of gel, called 

intermediated systems. Figure 1 illustrates the differences in the alkaline activation of 

aluminosilicate precursors based on the type of gel found in the final structure (PROVIS; 

BERNAL, 2014; SINGH et al., 2015). 
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Figure 1 - Alkaline activation of different solid aluminosilicate precursors (Provis; Bernal, 2014) 

In the past decades, the necessity of increasing sustainability in the construction sector 

has promoted the development of more sustainable binders. The production of one ton 

of Portland cement (PC) releases approximately 800 kg of CO2, what makes it responsible 

for 8% of the global production of this gas (ENVIRONMENT et al., 2018). AAM have been 
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widely studied as an alternative to PC because they can be produced using by-products 

of the industry as precursors, what reduced the utilization of natural resources, and their 

production releases less quantities of greenhouse gases. Different life cycle assessment 

studies have been performed to analyze the impacts of alkali-activated materials on the 

environment. These studies concluded that, in general, the quantity of CO2 released 

during the production of AAM is smaller than when PC is produced, making the use of 

AAM less problematic (PATRISIA et al., 2022) (FERNANDO et al., 2021). Some results, 

however, are still controversial and more studies need to be carried out, mainly in the 

estimation of the impacts of the alkaline sources. The alkali activator (e.g., sodium silicate 

and sodium hydroxide) is the component of AAM responsible for the highest emission of 

CO2 during its production, as it is necessary to apply high temperature. Because of that, 

it is important to develop AAM using smaller quantities of sodium silicate (SALAS et al., 

2018). 

Pulverized fly ash (PFA), metakaolin (MK), blast furnace slag (BFS) and steel slags (SS) 

are examples of aluminosilicates used to produce AAM (Provis; Bernal, 2014). Blast 

furnace slag (BFS) is a by-product of steel production composed mainly by CaO (30%-

42%), SiO2 (35%-38%), Al2O3 (10%-18%) and MgO (5%-14%), depending on the raw 

materials used in the blast furnace. It is highly used by the cement industry to partially 

replace the clinker and, therefore, reduced the CO2 emission of cement (MO et al., 2017). 

BFS is used to produce AAM since 1940, when it was activated for the first-time using 

sodium hydroxide. Much research has been performed in order to develop different ways 

of using BFS as binder for AAM (PACHECO-TORGAL et al., 2008).  

The World Steel Association estimated that 1.8 billion tons of steel was produced in 2023 

in the world. South America was responsible for the production of 38.3 million tons in the 

same year, of which 29.3 million tons generated in Brazil. Approximately 300 kg of BFS 

and 150 kg of SS are produced per ton of steel; therefore, approximately 8.8 million tons 

of BFS and 4.4 million tons of SS were generated in Brazil in 2023 (WORLD STEEL 

STATISTICS, 2023). 
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Steel slag (SS), a by-product from the steel refining process, have been studied in the 

past years as an alternative aluminosilicate source for AAM production. SS with different 

compositions and properties are produced depending on the furnace used in the steel 

refining process: (i) basic oxygen furnace (BOF), also known as Linz and Donawitz 

process, (ii) electric arc furnace (EAF) and (iii) ladle furnace (YILDIRIM; PREZZI, 2011). 

In any case, the way SS is disposed after its production determines its crystallinity and, 

consequently, its reactivity. SS should be quickly quenched after leaving the furnace to 

keep an amorphous structure and present some reactivity. A similar process is required 

for BFS. After that, SS passes through crushing, magnetic separation, granulometry 

classification and ageing treatment to be used for other applications (SHI, 2004).  

Some industrial and commercial application of SS as construction material has been 

studied in recent years, such as soil stabilization (BEHNOOD, 2018; GU et al., 2018) and 

road pavement (DELGADO et al., 2019; TAO et al., 2019). The use of SS as 

aluminosilicate source to produce alkali activated mortars and concretes has already 

been investigated by some authors. They have identified that it is possible to use SS as 

a binder after a better understanding of the influence SS in the compressive strength and 

in other properties of AAM. One of the main challenges is the low reactivity of SS. You et 

al. (2019) observed a reduction in compressive strength of mortars produced replacing 

50% of BFS by SS (YOU et al., 2019). Song et al. (2020) identified an increase in early 

strength development when PFA was replaced by different quantities of BFS/SS, but they 

attributed this increase mainly to the production of more C-A-S-H gels by the BFS. They 

concluded that the compressive strength could have been higher if neat BFS was 

employed (SONG et al., 2020). Several works apply SS blended with other binders, to 

mitigate its lower reactivity, such as 80/20 palm oil fuel ash/SS (YUSUF et al., 2014), 

90/10, 80/20 and 70/30 metakaolin/SS (BAI et al., 2018) and 80/20 BFS/SS (LU et al., 

2018).  

3.2 Alkali activated foams 

AAM have intrinsic micro and meso-pores formed during alkali activation process. To 

increase the porosity of AAM, the formation of macro pores can be induced by different 

techniques, producing alkali activated foams (AAF) (DEGEFU et al., 2021). AAF, also 
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known as foamed geopolymer or lightweight geopolymers, are sustainable porous 

structures adequate for different applications, such as construction materials with good 

thermal and sound insulation performance (SHEN et al., 2022; LUNA-GALIANO et al., 

2018), dye and removal of heavy metals  from water (BHUYAN et al., 2022; 

WATTANASIRIWECH et al., 2021a; RAMOS et al., 2022), adsorption of radioactive 

materials (XIANG et al., 2021), lightweight spherical beads production (KOVARIK et al., 

2021), production of slow-release fertilizers (YAN et al., 2021), among others. AAF tend 

to present lower embodied energy 1 , what makes this family of materials a more 

sustainable alternative for different applications (HAJIMOHAMMADI, NGO, MENDIS, 

SANJAYAN, 2017). Figure 2 presents an example of AAF.  

 

Figure 2 - Example of an alkali activated foam (Hao et al., 2022) 

AAF may be classified as ñporous closed-cellò and ñporous open-cellò, regarding the 

interconnectivity of the pores. The first is more applied to sound/thermal insulation, 

construction, and fire resistance; the second is more appropriate to filtration and 

purification (JI et al., 2021). They can also be classified based on the density, where 1.2 

- 1.6 g/cm3 is indicated for structural components, 0.6 - 1.2 g/cm3 for not structural 

components (such as panels, blocks, walls, precast components, components for 

 
1 The energy associated to the production, transportation, and installation of a product. 
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modular construction, etc.) and 0.3 - 0.6 g/cm3 for components with insulation and filling 

propose. Porous structures, are interesting for non-structural elements in civil 

constructions, as they present sound and temperature isolation, and fire-resistance 

(LUNA-GALIANO et al., 2018; HAQ et al., 2016; DHASINDRAKRISHNA et al., 2021).  

3.3 Foaming methods  

The methods used to produce AAF are quite similar to the ones employed to produce 

foamed concretes in general (ZHANG et al., 2014). Their main purpose is to create or to 

introduce voids/pores inside the structure. The use of surfactants and foaming agents is 

the base of the most reported foamed techniques. Surfactants can be defined as 

substances that stabilize the gas inside the mortar/concrete, while foaming agents are 

compounds that release gases after reacting or thermally decomposing in an alkaline 

environment (DEGEFU et al., 2021; NOVAIS et al., 2020; RAJ et al., 2019). 

In general, the literature presents different names for the foaming processes, there is not 

a unified thermology. Some authors use the term ñchemical foamingò to refer to the use 

of foaming agents and ñmechanical foamingò when surfactants are applied 

(DHASINDRAKRISHNA et al., 2021). Other authors use the term ñdirect foamingò, which 

considers the use of foaming agents and surfactants (ZHANG et al., 2021). ñPhysical 

foamingò is sometimes used as a synonym of ñMechanical foamingò (HAO et al., 2022). 

Figure 3 illustrates the chemical foaming method and the mechanical foaming method.  

 

Figure 3 - Illustration of a chemical and mechanical foaming method adapted from (Zhao et al., 
2021) 
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The term ñpre-foamingò describes a step of the mechanical foaming method (when only 

a surfactant is used to produce an alkali-activated foam). In this method, the surfactant is 

first mechanically stirred to produce a pre-made (external) foam that is further added to 

the fresh mixture. This pre-made foam can be produced in different ways. A high shear 

mixer is commonly used by some authors (PASUPATHY et al., 2021). Other options are 

employing compressed air foam generators or foaming machines HAJIMOHAMMADI, 

NGO, MENDIS, KASHANI et al., 2017; Hao et al., 2022). Some works do not specify how 

this pre-made foam was generated. The pre-made foam is usually added to the paste, 

mortar, or concrete, and incorporated by mixer in low speed (RAMAKRISHAN et al., 

2021). Pre-made foams are independent from raw materials and reagents. The most 

important when applying the mechanical method is promoting a sufficient incorporation 

of air in the fresh AAF (HAO et al., 2022). 

In chemical foaming, chemicals known as ñfoaming agentsò are added to the matrix. The 

foaming agent reacts inside the matrix and produces gases, which are trapped in the 

structure, forming pores. When this process is employed for AAM, the alkali activation 

and the gas releasing reaction take place simultaneously, so the slurry setting time and 

the gas forming rate need to match in order to promote the formation of the pores (SHEN 

et al., 2022). Chemical foaming is a popular method because it doesn't require high 

temperatures or solvents and can be applied under ambient conditions. However, one 

disadvantage of this process is the fact that usually the bubbles produced are unstable. 

This problem can be reduced by the addition of surfactants, that can be used in 

combination with foaming agents (DEGEFU et al., 2021).  

Surfactants are added directly to the mixture and stirred with the aluminosilicate sources 

and alkaline activator to produce the foam in situ. As example, Shi et al. (2022) first mixed 

calcium stearate (surfactant) with blast furnace slag and fly ash (aluminosilicate sources) 

and added them all to a mixer, stirring with hydrogen peroxide (foaming agent) and the 

alkaline activator (SHI et al., 2022). Wu et al. (2022) added the hydrogen peroxide 

(foaming agent) and the sodium dodecyl sulfate (SDS) (surfactant) to the mixer where 

they had already mixed the activators with the metakaolin and fly ash (aluminosilicate 
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sources) (WU et al., 2022). A combination of chemical foaming and mechanical foaming 

is illustrated in Figure 4.  

 

Figure 4 - Scheme of direct foaming (Luukkonen et al., 2020) 

There are other less common methods to produce AAF. Additive manufacturing 

(ALGHAMDI; NEITHALATH, 2019) and sacrificial filler method (Wang et al., 2022) are 

examples of other new and developing foaming methods. Additive manufacturing is a 

group of techniques highly studied in the past years because it allows the fabrication of 

complex structures and is associated with the generation of little or any waste. In the 

context of AAF, these processes are emerging as an alternative. It is possible to produce 

AAF to apply as construction walls presenting 40-80% porosity, depending on the internal 

design. This method produces pores by creating a 3D design, where the voids are the 

spaces between the printed layers. One of the main challenges is the correct setting of 

rheological parameters.  

Figure 5 illustrates the production of an AAF by additive manufacturing, where the alkali-

activated mortar is introduced in the printing machine and produces the pore structure. 

The article of Alghamdi et al. (2019) is an example of work that synthetized and 

characterized a fly ash based AAF by 3D printing for a thermal insulation product 

(ALGHAMDI; NEITHALATH, 2019).  
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Figure 5 - Process of additive manufacturing to produce AAF (Luukkonen et al., 2020) 

Another existing technique is the ñsacrificial filler methodò, also known as ñwater-soluble 

templating methodò, that is characterized by the introduction of filler materials (e.g., 

polymers, salt) in the alkali-activated matrix. These fillers occupy space inside in the 

matrix, and when the AAM is finished, they are removed, originating the pores. This 

extraction could be by dissolution, melting or thermal decomposition (BAI; COLOMBO, 

2018). Figure 6 illustrates this process. Wang et al. (2022) used NaCl to form the porous 

in a metakaolin/slag based AAF and studied the porosity, cellular morphology and 

mechanical properties obtained. The salt was removed using water (WANG et al., 2022). 

The use of solvents can be considered a disadvantage of this technique due to 

environmental concerns (NOVAIS et al., 2020). 

 

Figure 6 - Production of AAF by sacrificial filler method (Wang et al., 2022). 
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3.4 Foaming agents  

As mentioned on 3.3.1, foaming agents are compounds that react or thermally 

decompose in an alkaline environment, releasing a gas. This gas, usually oxygen or 

hydrogen, is trapped inside the paste, mortar or concrete and generate pores after 

hardening (BAI; COLOMBO, 2018). The foaming agents more frequently employed to 

produce AAF are metal powders such as aluminum (HAJIMOHAMMADI, NGO, MENDIS; 

SANJAYAN, 2017) and zinc (KIOUPIS et al., 2021) and hydrogen peroxide (H2O2) 

(LIANG et al., 2022). Degefu et al. (2021) classified foaming agents as water consuming 

(H2O2) and water releasing (aluminum), based on the gas releasing reaction (DEGEFU 

et al., 2021). 

The use of different foaming agents in different quantities affects the final properties of 

the AAF produced (ZHAO et al., 2021). For example, the target density determines the 

ideal dose of the foaming agent. In the case of aluminum powder, the particle size also 

influences the final density (ZHANG et al., 2014). The following section present the 

influence of the type and concentration of the foaming agent on the features of pores 

produced (shape, interconnectivity, size), on the velocity of the reaction, as well as on 

other parameters. 

3.4.1 Metal powders in the production of alkali activated foams 

Aluminum powder (Al) is a widely used foaming agent in the concrete industry. It is highly 

used, for example, in the production of autoclaved aerated concrete (AAC). This type of 

concrete is considered more environmentally friendly than ordinary concrete and can 

promote the reduction from 40% to 70% of the energy consumption of the final building. 

It has been used since the middle of 1920. The production of autoclaved aerated concrete 

is characterized by the mixture of binder with water and addition of the foaming agent 

(usually Al), followed by curing and an autoclaved process. These steps form a structure 

with low density (because of the pores) and good mechanical strength (QU; ZHAO, 2017).  

Aluminum powder can also be used to produce AAF. As it is in the form of powder, it can 

be mixed with the solid aluminosilicate source prior the mixture production. Equation 1 
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illustrates the simplified corrosion reaction between aluminum and water (H2O), 

responsible for hydrogen gas (H2) releasing. The water consumed during aluminum 

reaction affects the viscosity of the mixture and the alkali activation. During the process, 

a temporary consumption of sodium hydroxide (NaOH) occurs. NaOH takes part in the 

reaction dissolving the passive layer naturally formed around the aluminum powder, 

catalyzing the corrosion, but it is formed again in the end. This process is shown step by 

step in Equation. 2 and 3 (HAJIMOHAMMADI, NGO, MENDIS, 2017). 

ςὃὰφὌὕᴼςὃὰὕὌ σὌ                                             [1] 

ςὃὰװ φὌὕװ ςὔὥὕὌOװ ςὔὥὃὰὕὌװ σὌ                                         [2] 

ςὔὥὃὰὕὌ ᴼװςὔὥὕὌςὃὰὕὌ                                       [3] 

Another metal powder used to produce AAF is zinc (Zn) powder. Equation 4 represents 

the reaction of zinc in the alkaline environment.  

ςὤὲ τὌὕ ςὔὥὕὌOςὔὥὃὰὕὌ ςὌ                                      [4] 

A comparison between Equation 1 and Equation 4 indicates that zinc produces lower 

quantities of hydrogen gas (2 mol), compared to aluminum (3 mol). Kioupis et al. (2021) 

compared the use of aluminum and zinc powder as foaming agents on the compressive 

strength, density and porosity of fly ash based AAF. They concluded that aluminum is 

much more efficient as foaming agent, i.e., it was necessary 6 times less quantity of 

aluminum to achieve the same level of density achieved by zinc. This is an explanation 

for the fact that aluminum is much more studied than zinc for this application (KIOUPIS 

et al., 2021). 

There is a hypothesis that the use of aluminum powder can influence the matrix reaction 

and formation. HAJIMOHAMMADI et al. (2017) proposed that the extra aluminum affects 

the dynamics of the alkali activation process and influences the final properties of the AAF 

(HAJIMOHAMMADI, NGO, MENDIS, 2017). Shen et al. (2022), on the other hand, 

concluded that the quantity of aluminum added (0.10% - 0.26% aluminum wt. binder) did 

not influence the Si/Al molar ratio (SHEN et al., 2022). In addition, Shen et al. (2022) also 

concluded that the increase in aluminum powder content is related to the formation of 

larger pores, but no significant differences in the morphology of the pores were noticed 
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when more aluminum was added. Finally, higher aluminum powder content led to a 

decrease in the compressive strength and thermal conductivity, which was expected and 

related to the increase in the volume of pores (SHEN et al., 2022).  

It is possible to reduce the density of an AAF increasing the quantity of foaming agent 

until certain level. If too much foaming agent is added, too much gas is formed, and 

bubbles start to collapse. As a consequence, part of the gas produced is lost and the 

density of the foaming material increases. In other words, using an optimum quantity of 

foaming agent is important to achieve the desired properties (Masi et al., 2014).  

Another factor that may influence the final properties is the activator used for alkali 

activation. The work of Hajimohammadi et al. (2017), for example, discussed the 

influence of different activators in the aluminum powder reaction rate. They concluded 

that sodium hydroxide accelerates the corrosion reaction while sodium silicate inhibits it. 

By manipulating the proportion of these two key activators, it was possible to better control 

the formation of pores using a smaller quantity of aluminum powder. This research was 

inspired by the fact that aluminum powder is a material with a high embodied energy and 

AAF produced using less quantity of this foaming agent tends to be more sustainable 

(HAJIMOHAMMADI, NGO, MENDIS, 2017). 

3.4.2 Hydrogen peroxide in the production of alkali activated foams 

Hydrogen peroxide is a substance composed of two atoms of hydrogen and two atoms 

of oxygen. It decomposes in ambient conditions and over the entire pH range, releasing 

oxygen (O2) and water (H2O). The decomposition reaction of hydrogen peroxide is shown 

in Equation 5.  

ς(/ ᴼς(/ /                                                        [5]  

Hydrogen peroxide is the most used foaming agent to produce AAF. As mentioned 

before, it decomposes in ambient conditions forming oxygen (O2). The O2 is the gas 

responsible for producing the pores in the structure of AAF (DEGEFU et al., 2021).  

The concentration of hydrogen peroxide influences the structure of the AAF. The use of 

a diluted solution (e.g., 3% wt. binder) tends to form more homogeneously distributed 
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isolated pores, while concentrated solution (e.g., 30% wt. binder) forms interconnected 

pores with thin walls. This behavior could be explained by the fact that concentrated 

solutions lead to the production of more gas in the same period. In these cases, if the 

mixture does not present enough viscosity, the bubbles tend to merge and form huge 

pores from which the gas may escape, sometimes making it difficult to lower the density. 

A lot of works applied hydrogen peroxide 30% (wt. binder) associated with a surfactant to 

produce AAF and some of them are presented in the next paragraphs (DEGEFU et al., 

2021).  

The work of Xu et al. (2018) is an example of research that used hydrogen peroxide 30% 

vol. Fly ash based AAF were produced using H2O2 (30% vol.) as foaming agent (1.0%, 

1.5%, 2.0%, 2.5%, 3.0% and 3.5% H2O2 wt. binder) and sodium dodecyl sulfate as 

surfactant and achieved densities from 1.02 g/cm3 to 0.56 g/cm3, compressive strength 

from 44.8 MPa to 3.2 MPa and porosity from 32.3% to 63.1%.  

The graphic presented in Figure 7 illustrates the relationship between porosity, density, 

and compressive strength. When the porosity increases, the density and the compressive 

strength decreases. Images obtained by a laser microscope show that the samples with 

more uniform pores were produced with less foaming agent, where merging of the 

bubbles were not observed (XU et al., 2018). 

 

Figure 7 - Relationship between compressive strength, density, and porosity (Xu et al., 2018) 



30 
 

 

The study of Jaya et al. (2020) is an example of work that used hydrogen peroxide 3% 

as foaming agent. A metakaolin based AAF was produced employing H2O2 (3%) in 

different proportions (0.25%, 0.50%, 0.75%, 1.00% and 1.25% wt. binder) and Tween 80 

as surfactant. Densities obtained varied from 0.47 g/cm3 and 1.21 g/cm3, compressive 

strength achieved from 0.4 MPa to 6.0 MPa and porosities were between 36% and 86%. 

These results are in line with the inverse correlation between porosity and compressive 

strength/density presented in Figure 7 (JAYA et al., 2020). 

It is important to highlight that H2O2 and aluminum powder releases different quantities of 

gas during the reaction process. Because of that, it is not possible to simple compare the 

use of the exact same quantity of them. Instead, there are specific ranges for each one 

that is commonly used. The articles of Masi et al. (2014) and Ducman and Korat (2016) 

bring more references of how much foaming agent is used to produce AAF.  

Masi et al. (2014) compared the use of aluminum powder and H2O2 (30%) to produce fly 

ash based AAF, adding 1.0% wt. binder the commercial surfactant Sika Lightcrete 02. 

They used 0.01% to 0.05% wt. binder of aluminum powder and 0.10% to 0.40% wt. binder 

of H2O2. In that work, authors identified that using more than 0.05% of aluminum powder 

and more than 0.4% of H2O2 (0.40%) caused bubble collapse (MASI et al., 2014). In their 

work, Ducman and Korat (2016) produced a fly ash based AAF and compared the use of 

aluminum powder (0.07%, 0.13% and 0.20% wt. binder) and H2O2 (0.5%, 1.0%, 1.5% 

and 2.0% wt. binder) as foaming agents. Commercial surfactants were used to stabilize 

the gas inside the mixtures. Aluminum powder generated samples with 59% porosity 

(0.20% aluminum wt. binder), the density varied from 0.64 g/cm3 to 0.74 g/cm3 and the 

compressive strength was between 3.3 MPa and 4.3 MPa; H2O2 (achieved 48% porosity 

(for 2.0% H2O2 wt. binder), density of 0.61 g/cm3 to 1.00 g/cm3 and compressive strength 

of 2.9 MPa to 9.3 MPa. In both cases, increasing the quantity of foaming agent reduced 

the density to a certain level. Exceeding the optimum range led to an increase in density, 

instead of reduction, probably due to bubble merging and collapse. Pores were analyzed 

by X-ray micro-tomography and SEM, and it was possible to conclude that hydrogen 

peroxide produced finer, spherical in shape, and more uniformly distributed pores than 

aluminum powder, as can be seen in Figure 8 (DUCMAN; KORAT, 2016).  
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Figure 8 - Pores produced by aluminum powder (a, b, e, f) and H2O2 (c, d, g, h) (Ducman; Korat, 
2016) 

In this state-of-the-art, most of the works produced AAF from metakaolin and fly ash. It 

reinforces the importance of studying BFS and SS alkali-activated foams. Additionally, it 

is important to highlight that significant differences in compressive strength can be 

obtained varying the type of binder, as it influences the matrix structure.  

3.5 Surfactants 

A foam could be described as a thermodynamically unstable dispersion of gas bubbles in 

a liquid medium that expand continuously until collapse (Dhasindrakrishna et al., 2021). 

Coalescence, coarsening, and drainage are the three main destabilization mechanisms 

regarding bubbles. Coalescence is the tendency of bubbles to merge and form larger 

bubbles to reduce interfacial energy. It occurs due to the pressure difference between two 

adjacent bubbles. Coarsening, also known as Ostwald ripening and disproportionation, is 

defined as the migration of gas from smaller bubbles to larger bubbles due to the pressure 

difference, also resulting in larger bubbles in the system. Finally, drainage is the 

segregation of bubbles from the liquid once the liquid tends to go the bottom of the system 

due to gravity and the gas moves to the top. Figure 9 illustrates these phenomena 

(DHASINDRAKRISHNA et al., 2021; HAO et al., 2022). 
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Figure 9 - Drainage, coalescence, and coarsening adapted from (Dhasindrakrishna et al., 2021) 

The stability of the bubbles reflects the pore characteristics in AAF (e.g., porosity, pore 

size and interconnectivity), and these parameters influence the mechanical properties 

(e.g., compressive strength, flexural strength) and functional properties (e.g., thermal 

conductivity, sound absorption).  Parameters such rheology of the base mix and surface 

tension of the liquid media should be studied to improve the stability. The addition of 

surface tension modifying agents, such as surfactant, is one alternative to reduce these 

problems. Surfactants have the ability to enhance the stabilization of the gas inside the 

fresh mortar, increasing the porosity of an AAF (DHASINDRAKRISHNA et al., 2021).  

Surfactants, also known as dispersants or stabilizers, are amphiphilic molecules 

composed by hydrophobic tails and hydrophilic heads (Figure 10). Their structure allows 

them to interact both with the paste/mortar/concrete and the air, reducing the free energy 

of the system and stabilizing the gas inside the mixture before hardening, improving the 

pore structure. Surfactants can be classified as anionic, cationic, nonionic and amphoteric 

(zwitterionic), based on the composition of the head. 
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Figure 10 - Structure of a surfactant adapted from (Zhao et al., 2021) 

Surfactants, in many cases, are used associated with foaming agents to produce AAF 

(BAI; COLOMBO, 2018). A surfactant frequently applied to produce AAF is sodium 

dodecyl sulfate (TRAVEN et al., 2021), followed by Tween-80 (JAYA et al., 2020) and 

Triton X-100 (BAI et al., 2019). Sodium lauryl ether sulfate (SLES) (SORNLAR et al., 

2021), Cetrimonium bromide (CTAB) (PETLITCKAIA; POULESQUEN, 2019) and 

Calcium stearate (WU et al., 2018) are examples of surfactants already tested by fewer 

authors. Some authors have already studied some alternative surfactants, such as 

dishwashing liquid (WATTANASIRIWECH et al., 2021b) and egg white (BAI; COLOMBO, 

2017). Among commercial surfactants already tested, Sika Lightcrete-02 (ALGHAMDI; 

NEITHALATH, 2019), Conplast F292 (ALNAJJAL et al., 2022) and Sikaporo-40 

(SANGUANPAK et al., 2021) can be mentioned. In all these articles previously 

mentioned, surfactants were used associated with a foaming agent.  

The quantity of foaming agents used and synthesis conditions of the mixture are aspects 

that affect the environmental footprint of AAF. Finding optimized parameters, such as the 

minimal quantity of foaming agent that provides required properties in each application 

(mechanical strength, density and porosity, durability, etc.) is important to develop more 

environmentally friendly products. AAF cured at room temperature also tends to be 

present less impact because they do not require extra energy consumption (ZHANG et 

al., 2014).  

Sodium dodecyl sulfate (SDS), also known as sodium lauryl sulfate, is an anionic 

surfactant commonly used to produce AAF. It is also used in the detergent industry 

(RANJANI; RAMAMURTHY, 2010). Its chemical structure is shown in Figure 11. 

https://en.wikipedia.org/wiki/Ether
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Figure 11 - Structure of sodium dodecyl sulfate molecule 
(https://www.sigmaaldrich.com/BR/pt/product/sial/436143) 

Hao et al. (2022) visually compared the bubbles produced by SDS and two other 

surfactants (2A1 anion surfactant and a plant protein (PPFA)) using an optical 

microscope. They analyzed the diameter of the bubbles and their homogeneity. The 

tendency of drainage is reduced when the diameter of the bubbles is smaller than 0.55 

mm. More homogeneous structures are produced when the diameter of the bubbles 

present less variation. Based on these two criteria, SDS was considered the more 

adequate surfactant, as it produced more uniform bubbles with maximum diameter of 

0.44 mm, as shown in Figure 12 (HAO et al., 2022). 

 

Figure 12 - Bubbles produced using different surfactants (Hao et al., 2022) 

Literature diverges about the influence of the variation in the quantity of surfactant in the 

AAF density. Ranjani et al. (2010) studied foams produced using different quantities of 

SDS (0.5% - 10%) and concluded that this variation in concentration had little effect on 

the density of the foam produced (RANJANI; RAMAMURTHY, 2010). On the other hand, 

Hao et al. (2022) stated that it is possible to adjust the density of the AAF by changing 

the surfactant quantity (Hao et al., 2022). As a reference, Traven et al. (2021), used 1.5% 

SDS wt. binder and 1.5% H2O2 wt. binder to produce a fly-ash based AAF and achieved 

1.24 MPa of compressive strength and 0.9 g/cm3 of density (TRAVEN et al., 2021). 
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Samples produced by Xu et al. (2018) using H2O2 as foaming agent and SDS as 

surfactant presented 25% smaller pores than the samples without SDS. It illustrates the 

effect of the surfactant in the density of AAF, reinforcing the idea that surfactants 

contribute to stabilization of the air inside the structure (XU et al., 2018).  

3.6 Curing temperature 

The curing temperature influences the final properties of a mortar or concrete. Curing at 

room temperature is usually more sustainable because it does not require the 

consumption of fuel to generate heat. However, some structures cannot develop enough 

mechanical strength in an acceptable period of time if external heat is not supplied. This 

early strength development is very important for industrial applications.  

A common method to increase the mechanical properties of the mortars and concrete is 

to employ high temperature during the curing regime. It occurs because when more 

energy is provided to the system, the rate and percentage of reaction is increased. 

Several authors have already published works using this technique for Portland cement 

and alkali-activated materials, and it is also widely applied in the industry. Esmaily and 

Nuranian (2012), for example, it was studied the influence of curing regime on the 

mechanical properties of BFS-based alkali-activated foams. It was concluded that the use 

of high temperature (87°C) enhanced the compressive strength of the samples analyzed 

and the authors attributed this higher strength to the higher intensity of the hydration 

reaction (ESMAILY; NURANIAN, 2012). The article of Bakharev et al. (1999) is one 

reference on high temperature curing properties of alkali-activated slag concrete. They 

reported that samples analyzed developed strength very quickly after being exposed to 

70°C. On the other hand, after one month, the concrete cured at high temperature 

presented compressive strength 35% to 45% lower than the ones cured at room 

temperature. This behavior was attributed to a less homogenic microstructure with 

hydration products localized near slag grains. This inhomogeneity is explained by the fact 

that the rate of diffusion was slower than the rate of reaction, what resulted in a coarse 

pore structure with no-reacted binder particles (BAKHAREV; SANJAYAN; CHENG, 

1999).  
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Nasir et al. (2020) studied the influence of the temperature and the heat curing period on 

BFS-slag mortars. They suggested that oven-curing at 60°C 24h could be suitable for 

early strength development of materials for speed construction (NASIR et al., 2020). The 

former study also concluded that curing at high temperatures may not allow proper 

dissolution of the binder because of the accelerated hardening process. This same 

behavior was also registered in the work of Salih et al. (2015), that studied the effects of 

curing temperature on palm oil fuel ash-based AAM (SALIH et al., 2015). 
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4. METHODOLOGY 

4.1 Scope of the study 

The scope of the study is presented in Table 1. 

Table 1 - Scope of the study 

Part 
Foaming 
method 

Curing 
temperature 

Binder Specific objectives 

1 Mechanical 20°C BFS 
(i) To evaluate the effect of using different 
quantities of a commercial surfactant on 
compressive strength and the density of alkali 
activated foams. 

(ii) To study and compare the effect of using blast 
furnace slag and steel slag as aluminosilicate 
sources on the compressive strength and the 
density of alkali activated foams.  

2 Mechanical 20°C BFS/SS 

3 Chemical 20°C BFS (iii) To study and compare the effect of different 
percentages of hydrogen peroxide and aluminum 
powder as foaming agents on the compressive 
strength and the density of alkali activated foams.  

(iv) To evaluate the effects of different curing 
regimes on the compressive strength, the density 
and the microstructure of alkali activated foams. 

4 Chemical 60°C BFS 

5 
Chemical + 
Mechanical 

60°C BFS 

(v) To evaluate the effect of using sodium dodecyl 
sulfate as surfactant in combination of hydrogen 
peroxide and aluminum powder on the 
compressive strength, the density and the porosity 
of alkali activated foams. 
 

The present study was divided into five parts2. In Part 1 and Part 2, alkali-activated foams 

were produced applying mechanical foaming using two different binder composition, BFS 

 
2  Results of Part 1 and Part 2 were published in the article ñDevelopment of sustainable foamed 

alkali-activated materials for modular constructionò, Journal of the Brazilian Society of Mechanical Sciences 

and Engineering, Springer. DOI: https://doi.org/10.1007/s40430-023-04346-z. 
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and BFS/SS, respectively. The goals of Part 1 and Part 2 were (i) to explore the 

production of alkali-activated foams applying mechanical foaming with different quantities 

of surfactant and (ii) to understand the influence of the binders in the matrix.  

In Part 3 and Part 4, it was studied the production of alkali-activated foams applying 

chemical foaming at different curing regimes. The goals of Part 3 and Part 4 were (iii) to 

study and compare the effect of different percentages of hydrogen peroxide and 

aluminum powder as foaming agents and (iv) to compare different curing regimes. 

Finally, Part 5 focused on the combination of chemical and mechanical foaming. The goal 

of Part 5 was (v) to study alkali-activated foams produced using a surfactant combined 

with a foaming agent.  

4.2 Materials 

In Part 1 and Part 2, ground granulated blast furnace slag (BFS) and steel slag (SS) from 

a Basic Oxygen Furnace, both supplied by Gerdau S.A., were used as binders. 

Granulated blast furnace slag (GBFS) provided by Gerdau was used as fine aggregate. 

The commercial surfactant used was the AE11 supplied by Matchen. The alkali activation 

solution was composed of sodium silicate solution (Na2SiO3) with composition of SiO2 = 

32.19%; Na2O = 14,91%; H2O = 52,90%, and sodium hydroxide pellets (NaOH) with purity 

of 99%, both supplied by Getex. 

In Part 3, Part 4 and Part 5, it was decided to explore other parameters in the production 

of alkali-activated foams. Ground granulated blast furnace slag (BFS) (Gerdau S.A.) was 

used as the single binder, as the inclusion of SS reduced compressive strength of the 

samples. Foams were produced with quartz sand as fine aggregate, as it was observed 

that the granulated blast furnace slag had angular surfaces, which could jeopardize the 

formation of the pores. A 30 wt.% aqueous hydrogen peroxide solution supplied by Neon 

and aluminum powder (<325 mesh) supplied by Altom Metalurgia were added as foaming 

agents. Sodium dodecyl sulfate (SDS), supplied by Neon, was used as chemical 

surfactant. The alkali activation solution was the same used in Part 1 and Part 2 (sodium 

silicate solution (Na2SiO3) with composition of SiO2 = 32.19%; Na2O = 14,91%; H2O = 
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52,90%, and sodium hydroxide pellets (NaOH) with purity of 99%, both supplied by 

Getex). 

4.3 Methods 

4.3.1 Materials characterization 

The slags used as binders, BFS and SS, were characterized by X-ray Fluorescence 

(XRF) to assess the chemical composition, by X-Ray Diffraction (XRD) for mineralogical 

analysis, by Helium Pycnometry to determine the density and by a Laser Particle Size 

Analysis to obtain the particle size distribution. XFR was carried out using a Bruker S2 

Ranger machine. XRD was performed using an XRD-7000 Shimadzu diffractometer with 

cooper radiation (40 kV and 30 mA) with the following parameters: 2ɗ = 5Á to 80Á at 1Á 

per minute and step size of 0.02°. A multipycnometer MVP-6DC from Quantachrome was 

used to obtain the density. The particle size distribution was determined using a laser 

particle size analyzer CILAS 1090. 

The granulated blast furnace slag and the sand, used as fine aggregates, were 

characterized by Sieve Analysis method according to the Brazilian standard ABNT NBR 

248 (ABNT, 2003) and the density was determined by Helium Pycnometry using a 

multipycnometer MVP-6DC from Quantachrome. 

4.3.2 Development and characterization of alkali activated foams 

In Part 1 and Part 2, 10 formulations were produced to analyze (i) the influence of variation 

in the quantity of surfactant and (ii) the effects of different binders on the physical and 

mechanical properties of the foams. The amounts of BFS and SS employed were based 

on previous studies of the research group (DE SÁ, 2021). The percentage of surfactant 

was determined based on (TRAVEN et al., 2021) and was calculated considering the 

binder mass. Formulations were named after the binder (ñBFSò for 100% BFS and 

ñBFS/SSò for 65% BFS/35% SS) and the quantity of surfactant. The quantities of 

surfactant tested were 0%, 0.25%, 0.50%, 0.75% and 1.00%. In summary, 5 formulations 

were produced using BFS and 5 formulations were produced using BFS/SS. Table 2 

summarizes the formulations produced. 
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Table 2 - Formulations produced in Part 1 and Part 2 

Part Name 
BFS 
(%vol) 

SS 
(%vol) 

Surfactant 
(%wt. binder) 

1 

BFS-ref 

100 - 

- 

BFS-0.25 0.25 

BFS-0.50 0.50 

BFS-0.75 0.75 

BFS-1 1.00 

2 

BFS/SS-ref 

65 35 

- 

BFS/SS-0.25 0.25 

BFS/SS-0.50 0.50 

BFS/SS-0.75 0.75 

BFS/SS-1 1.00 

 

The preparation procedure of Part 1 and Part 2 is shown in Figure 13. Dried materials 

were weighted to prepare the foams. Sodium hydroxide (NaOH) was first diluted in water. 

This solution was cooled down and then mixed with the sodium silicate solution so that 

the final activator contained 4% Na2O (wt. BFS) and modulus of silica (SiO2/Al2O3 molar 

ratio, Ms) equal to 0.76. BFS was added to the alkaline solution and manually 

homogenized forming a paste. The granulated blast furnace slag was added at a fixed 

proportion of 2:1 (vol.) of BFS. Finally, the surfactant AE11, when used, was added after 

the addition of the other materials and the mortar was mixed in the mortar mixer. 

 

Figure 13 - Preparation procedure: Part 1 and Part 2 
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The molds were filled by 100% of its internal capacity. Samples were demolded after 24h 

and cured at room temperature (20°C). After demolding, samples were cut using a cutting 

machine Metkon Servocut 301 to guarantee the dimensions for compressive strength 

test. Eight (8) samples of each mixture were cast in cylindric molds to determine the 

compressive strength (7 and 28 days); four samples at each formulation were used to 

measure the density (the same samples used for 28-day compressive strength test).  

Compressive strength was measured using an EMIC universal testing machine (0.25 ± 

0.05 MPa/s loading speed) according to NBR7215 (ABNT, 2009). Density was calculated 

using the water saturation method, by recording the oven dried weight of samples (105 °C 

for 48 h), weight of the samples after immersion in water for 72h and saturated surface 

dried weight.  

Images of the reference samples were performed using a HITACHI Benchtop Scanning 

Electron Microscope (SEM) model TM 3000 to analyze the structures. The preparation 

for SEM analysis consisted of sanding, polishing, and drying the samples prior to testing. 

Statistical analysis was performed in Part 1 and Part 2 using two-way ANOVA and 

Tukeyôs test to verify whether there were statistical differences in the results of 

compressive strength and density obtained at varying (i) the surfactant quantity and (ii) 

the composition of the binder. The level of significance was set at 95%. 

In Part 3, Part 4 and Part 5, 21 formulations were produced to analyze the effects on the 

physical and mechanical properties of the foams when (i) using different foaming agents, 

(ii) varying the quantity of foaming agent, (iii) varying the curing regime and (iv) combining 

foaming agent and surfactant. The amounts of foaming agent employed were based on 

the literature and calculated considering the binder mass (BFS) (PAVLIN et al., 2022; XU 

et al., 2018; DUCMAN; KORAT, 2016). The percentages of H2O2 tested were 1%, 2% 

and 3% and the percentages of aluminum tested were 0.05%, 0.10% and 0.20%. The 

percentage of surfactant was determined after preliminary tests based on the literature, 

that used 1% and 3% of binder mass (PAVLIN et al., 2022; MASI et al., 2014a). The 

quantity of SDS was set as 0.5% of binder mass because the foams produced with higher 

quantities of surfactant couldnôt be demolded. In summary, 7 formulations were produced 
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without surfactant and cured at room temperature (20°C), 7 formulations were produced 

without surfactant and cured at high temperature (60°C), and 7 formulations were 

produced with surfactant cured at high temperature (60°C). 

Formulations were named after the curing regime (ñRTò for room temperature curing and 

ñHCò for heat curing), the foaming agent used (ñH2O2ò for hydrogen peroxide and ñAlò for 

aluminum), the quantity of foaming agent and the presence of surfactant (ñSDSò when 

sodium dodecyl sulfate was used). Table 3 summarizes the formulations produced in Part 

3, Part 4 and Part 5.  

Table 3 - Formulations produced in Part 3, Part 4 and Part 5 

Part Name 
% H2O2 
(%mass. 
binder) 

% Al 
(%mass. 
binder) 

% Surfactant 
(%mass. 
binder) 

Curing 
temperature 
(°C) 

3 

RT-ref - - - 

20 

RT-H2O2-1 1 - - 

RT-H2O2-2 2 - - 

RT-H2O2-3 3 - - 

RT-Al-0.05 - 0.05 - 

RT-Al-0.1 - 0.10 - 

RT-Al-0.2 - 0.20 - 

4 

HC-ref - - - 

60 

HC-H2O2-1 1 - - 

HC-H2O2-2 2 - - 

HC-H2O2-3 3 - - 

HC-Al-0.05 - 0.05 - 

HC-Al-0.1 - 0.10 - 

HC-Al-0.2 - 0.20 - 

5 

HC-SDS-ref - - 0.50 

60 

HC-SDS-H2O2-1 1 - 0.50 

HC-SDS-H2O2-2 2 - 0.50 

HC-SDS-H2O2-3 3 - 0.50 

HC-SDS-Al-0.05 - 0.05 0.50 

HC-SDS-Al-0.1 - 0.10 0.50 

HC-SDS-Al-0.2 - 0.20 0.50 

The quantity of water in each mixture was determined in a way that all the mortars 

presented the same consistency, measured by the flow table test according to the 
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Brazilian standard NBR 13276 (ABNT, 2016). Figure 14  illustrates the flow test 

performed.  

 

Figure 14 - Flow table test 

To prepare the foams, dried materials were weighted before mixing. Sodium hydroxide 

(NaOH) was first diluted in water. This solution was cooled down and then mixed with the 

sodium silicate solution so that the final activator contained 4% Na2O (wt. BFS) and 

modulus of silica (SiO2/Al2O3 molar ratio, Ms) equal to 0.76. Hydrogen peroxide, when 

used, was added directly to the alkaline solution as it was an aqueous solution. Aluminum 

powder, when used, was added to the BFS, as it was in powder form. Sodium dodecyl 

sulfate, when used, was diluted in the alkaline solution before the addition of the other 

materials. BFS was added to the alkaline solution and manually homogenized forming a 

paste. Finally, the sand was added at a fixed proportion of 1:1 (mass) of BFS and the 

mortar was mixed in the mortar mixer. The preparation procedure is shown in Figure 15. 

 

Figure 15 - Preparation procedure: Part 3, Part 4 and Part 5 
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In Part 3, twelve (12) samples of each mixture were molded in using cylindric molds to 

measure compressive strength (1, 7 and 28 days); four samples at each formulation were 

used to measure the density (the same samples used for 28-day compressive strength 

test). Samples were demolded after 24h and cured at room temperature (20°C). Some 

formulations did not achieve enough strength after 24h and could not be demolded, what 

justified the application of heat curing in Part 4 and Part 5. 

In Part 4, fourteen (14) samples of each mixture were molded using cylindric molds, 

twelve (12) to measure compressive strength (1, 7 and 28 days) and two (2) to estimate 

the porosity; four samples at each formulation were used to measure the density (the 

same samples used for 28-day compressive strength test). Samples were demolded after 

24h and cured at high temperature (60°C) (NASIR et al., 2020; XU et al., 2018). 

In Part 5, six (6) samples of each mixture were molded in using cylindric molds, four (4) 

to measure compressive strength (28 days) and two (2) to estimate the porosity; four 

samples at each formulation were used to measure the density (the same samples used 

for 28-day compressive strength test). Samples were demolded after 24h and cured at 

high temperature (60°C) (NASIR et al., 2020; WU et al., 2018). 

The molds were filled by 80% of its internal capacity once the mortarôs volume increases 

during the gas-releasing reaction. After demolding, samples were cut using a cutting 

machine Metkon Servocut 301 to adjust the dimensions for compressive strength test. 

Compressive strength was measured using an EMIC universal testing machine (0.20 ± 

0.05 MPa/s loading speed) according to NBR7215 (ABNT, 2009). Density was calculated 

dividing the mass of each individual sample by their volume (calculated measuring the 

diameter and the height), called geometrical density (MASI et al., 2014b). This method 

was chosen instead of the saturation method because the samples produced in the Part 

3, Part 4 and Part 5 presented much more macropores, through which the water could 

quickly leave, what would hamper the measurement of the mass of saturated samples 

and would provide a less reliable density result.  

In Part 3 and Part 4, images of the reference samples were performed using a HITACHI 

Benchtop Scanning Electron Microscope (SEM) model TM 3000 to analyze differences 
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in the structure of the matrixes. The preparation for SEM analysis consists of sanding, 

polishing, and drying the samples prior to testing. 

In Part 4 and Part 5, the porosity and the pore size distribution of the samples was 

estimated using images. The technique consists on using a Matlab code developed by 

Rabbani et al. (2014) that analyzes an image of the surface and estimates the porosity of 

the sample by interpretating the quantity, size and distribution of black pixels (RABBANI; 

JAMSHIDI; SALEHI, 2014). This algorithm was also applied by other works (MENDES et 

al., 2017; HUANG; WANG, 2021; ESMAILY; NURANIAN, 2012). The steps of the 

analysis is presented in Figure 16. 

 

Figure 16 - Steps of the estimation of the porosity using images. 
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First, five (5) horizontal sections of each formulation were cut using a cutting machine 

Metkon Servocut 301 (Figure 16 a). Then, the surfaces were painted using black ink and 

a white powder was passed in the surface to cover the pores. After this preparation, 

scanned images of the surface were produced using a scanner machine (Figure 16 b). 

The images were, then, edited to fit the specifications required by the software. First, the 

images were cut to assume the shape of a square, in a way that the diagonal of the square 

corresponded to the diameter of the section scanned (5 cm) (Figure 16 c). Plus, the 

images had the contrast amplified and the colors of the images were inverted (black 

became white and vice versa) because the software considers that the black pixels 

represent pores (Figure 16 d). Finally, the porosity and pore size distribution of each 

image was estimated by the software. To do that, the software generated one other image 

representing the pores identified by reading the pixels of the original image. Then, it 

interpreted the generated image and estimated the radius of each pore identified.  

Histograms with the results of pore size distribution were plotted, grouping the pores 

based on radius size (µm) into six groups. Five images were analyzed for each 

formulation studied in Part 4 and Part 5. All the images produced by the scanner machine, 

all the images generated by the software and all the respective histograms are placed in 

APPENDIX A - Results of the estimation of porosity using images.   

Statistical analysis was performed in Part 3, Part 4 and Part 5 using two-way ANOVA and 

Tukeyôs test to verify whether there were statistical differences in the results of 

compressive strength, density and porosity obtained at varying (i) the foaming agent 

quantity, (ii) the curing regime, and (iii) the surfactant quantity. The level of significance 

was set at 95%.  

A summary of the tests performed in each part of the work is presented in Figure 17. 
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Figure 17 ï Summary of the tests performed in each part of the work 
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5. RESULTS AND DISCUSSION 

5. 1 Materials characterization 

Table 4 shows the chemical composition of the binders (BFS and SS) obtained by X-ray 

Fluorescence. Both precursors present Si and Al, which are necessary for the alkali 

activation. The presence of Ca is usually associated with the formation on C-A-S-H 

structures (ZHANG et al., 2014).  

Table 4 ï Chemical composition of BFS and SS 

Composition BFS (%) SS (%) 

CaO 41.14 36.66 

SiO2 33.37 12.10 

Al2O3 14.64 3.84 

FeO - 24.19 

MgO 5.57 10.60 

MnO - 4.53 

SO3 1.56 0.71 

P2O5 1.53 1.11 

Fe2O3 1.13 - 

Mn2O3 0.94 - 

TiO2 0.53 0.40 

Na2O 0.29 < 0.1 

K2O 0.25 < 0.01 

Cr2O3 - 0.10 

LOI 0.50 5.64 

 

Figure 18 shows the XRD pattern of the binders BFS and SS. It is possible to conclude 

that BFS is essentially amorphous, what indicates the reactivity necessary for alkali 

activation. A single peak is observed for the mineral gehlenite (approximately 2ɗ = 30Á), 

typically found in pig iron slags. SS, on the other hand, is more crystalline, presenting 
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peaks of Calcite, Portlandite, Wustite, Srebrodolskite and Brownmillerite. The crystallinity 

is one important factor that can contribute to the reduction of reactivity what, in general, 

lead to a lower compressive strength (NUNES; BORGES, 2021). 

 

Figure 18 - X-ray diffraction of BFS and SS 

The density of the binders BFS and SS, obtained by Helium Pycnometry, was 3.04 g/cm3 

and 3.22 g/cm3, respectively. The particle size distribution of the binders is presented in 

Figure 19. BFS has a mean particle size of 17.39 micrometers and SS has a mean particle 

size of 16.87 micrometers. The curves are similar, what indicated that is possible to 

replace one binder for the other.   

 

Figure 19 - Particle size distribution of the BFS and SS 
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The density of the aggregates GBFS and sand, obtained by Helium Pycnometry, was 

3.04 g/cm3 and 2.78 g/cm3, respectively. The particle size distribution of the aggregates 

is given in Figure 20. The GBFS and the sand presented, respectively, a fineness 

modulus of 3.13 and 2.08.   

 

Figure 20 - Size distribution of GBFS and the sand 

 

5. 2 Development and characterization of alkali activated foams 

In Part 1 and Part 2, alkali-activated foams were produced applying mechanical foaming 

(Matchen AE11) and room temperature curing (20°C) (i) using BFS as binder and (ii) 

using BFS and SS as binder. The goals were to explore the technique of alkali-activated 

foams production and to understand the influence of the binders in the matrix.  

It was chosen to represent in the graphics the formulations produced with BFS in blue 

and the formulations produced with BFS/SS in orange. The compressive strength (7 and 

28 days) of the formulations produced with BFS and with BFS/SS varying the quantity of 

the commercial surfactant (0%, 0.25%, 0.50%, 0.75%, 1.00%) are presented in Figure 20 

and Figure 22, respectively. 
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Figure 21 - Compressive strength of AAF produced with BFS3 

 

Figure 22 - Compressive strength of AAF produced with BFS/SS 

As shown in Figure 21 and Figure 22, it is possible to see a tendency of reduction of the 

compressive strength when the surfactant is used, irrespective of the binder composition. 

To illustrate, the addition of 1% surfactant implied in the reduction of 68.2% in 

compressive strength for BFS formulations (from 46.89 MPa to 14.89 MPa) and of 40.3% 

for BFS/SS formulations (from 29.02 MPa to 17.33 MPa), in both scenarios compared to 

 
3 All the graphics presented on this work were developed based on the methodology proposed by Cole 

Nussbaumer Knaflic on the book Storytelling with data: A data visualization guide for business professionals 

(COLE NUSSBAUMER KNAFLIC, 2015) 
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the reference formulation. This variation in compressive strength has already been 

mentioned by other works and is mainly due to the increase in porosity of the structure 

by the trapped air (HAO YIFEI, YANG GUANGZHAO, 2022).  

It is possible to observe in Figure 21 and Figure 22 that samples produced using BFS/SS, 

especially the reference formulation, presented lower compressive strength. This lower 

values of compressive strength for SS-formulations could be related to the fact that SS is 

more crystalline and, consequently, less reactive. As it reacts less, the matrix gains less 

resistance. This behavior was also pointed out by You et al. (2019). They produced alkali-

activated blended slag mortars using 50/50% BFS/SS mortars and compared with 100% 

BFS reference mortars. It was observed that the samples produced using SS presented 

compressive strength lower than the reference samples. The authors attributed this 

reduction to the lower reactivity of SS (YOU et al., 2019; NIHAT et al., 2021). Overall, the 

strength results are relatively variable (indicated by the error bars), probably because of 

the inhomogeneous dispersion of the foam. 

The density of the formulations produced with BFS and with BFS/SS varying the quantity 

of the commercial surfactant (0%, 0.25%, 0.50%, 0.75%, 1.00%) are presented in Figure 

23. Density was measured after 28 days curing. 

 

Figure 23 - Density of AAF produced with BFS and BFS/SS (28 days curing) 
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Analyzing the values of density, it is possible to see that an increase in the quantity of 

surfactant led to a reduction in density. This behavior is in line with the reduction in 

compressive strength. BFS samples presented a decrease of 17% in density from 0% to 

1% surfactant (1.80 to 1.50 g/cm3), while the reduction in density was 11% for BFS/SS in 

the same range of surfactant (1.82 to 1.62 g/cm3). It is of note that the employment of SS 

generally increased the density of the AAF. That could be explained by the fact that the 

density of SS (3.22 g/cm3) is higher than the density of BFS (3.04 g/cm3). The density 

results suggests that the use of BFS may be a more appropriate option to develop 

lightweight elements, comparing to SS. 

It was obtained a p-value < 0.05 for ANOVA test during statistical analysis, what suggest 

strong evidence in favor of the alternative hypothesis: a variation in the parameters 

(binder composition and quantity of foaming agent) influenced the properties studied 

(compressive strength and density). Tukeyôs test result of the analysis of compressive 

strength and density is presented in Table 5, where the same letter represents the same 

statistical result.  

Table 5 ï Part 1 and Part 2: Tukeyôs test result ï Compressive strength and density 

Parameter Variation 

28-day 

compressive 

strength 

28- day 

density 

SS 
0 A A 

35 B B 

Surfactant 

0 A A 

0.25 B B 

0.50 B B 

0.75 C C 

1 C C 

 

Different letters in Tukeyôs test indicate statistically different results. Tukeyôs test (Table 

5) suggested that a variation in both parameters analyzed (binder composition and 

surfactant quantity) have influenced the results of compressive strength and density. In 

line with the results presented in Figure 21 and Figure 22, the addition of SS reduced the 

compressive strength and enhanced the density. Additionally, the addition of surfactant 

led to a statistical reduction in compressive strength and density. No differences in 
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compressive strength and density were identified between 0.25% and 0.50% surfactant, 

and between 0.75% and 1.00% surfactant. It is likely that the percentages employed (0-

1%) were not sufficient to make significant changes in the properties analyzed.  

Finally, SEM images were produced to analyze the microstructure of the samples. Figure 

24a presents SEM backscattered electron images of BFS reference foam with 100x 

magnification are represented.  

 

Figure 24 ï SEM of alkali-activated composites without surfactant a. BFS 100x b. BFS 1000x and c. 

BFS/SS 1000x 

In Figure 24a, it is possible to observe the alkali-activated matrix (darker area) containing 

some unreacted BFS (small light gray particles). The GBFS used as aggregate are the 

larger particles in light gray color. It may be evident that GBFS is very porous and present 

some sharp edges. This porous structure may contribute to the decrease of the density 

of the foams produced, but the sharp edges could difficult the air dispersion.   

Figure 24b shows the BFS matrix and Figure 24c shows the BFS/SS matrix (that contains 

35% vol. SS), both at higher magnification (1000x). It is not possible to see the aggregates 

in these images due to the higher magnification. Again, the matrices are represented by 

darker areas, and the light gray structures are the unreacted BFS and SS particles. It is 

possible to see that the BFS/SS foam presents a less homogenous matrix, what may 

explain the lower strength for BFS/SS compared to BFS (Figure 21 and Figure 22). Kabay 

et al. (2021) also observed that the addition of SS changes the microstructure, making it 

less homogeneous (KABAY et al., 2021). 
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Figure 25a and Figure 25b shows, respectively, the reference sample BFS/SS and the 

BFS/SS-1 images produced at lower magnification (25x).  

 

Figure 25 - SEM images of a. unfoamed BFS/SS and b. 1% foamed BFS/SS 

It is possible to see in Figure 25 that the pores produced were not well dispersed in the 

composite. This inhomogeneity probably has contributed to the large variation in the 

compressive strength and density results. Again, it can be observed that the aggregate 

particles present angular edges. It has come to light that this aspect of BFS might 

jeopardize the dispersion of the gas in the matrix, as these surfaces may act as anchor 

points for air bubbles, causing their coalescence.  

Additionally, it is possible to identify in Figure 25b some small cracks connecting the 

pores. Similar cracks were also noticed by Ramakrishnan et al. (2021), who produced 

alkali-activated mortars using BFS and fly ash. The authors presented two explanations 

for the occurrence of these cracks: (i) the lower strength of the matrix around the pores 

and (ii) the formation of thin walls around the pores (RAMAKRISHNAN et al., 2021). 

Results of Part 1 and Part 2 were used to determine the parameters applied in Part 3, 

Part 4 and Part 5. It was observed that using only BFS as binder led to higher compressive 

strength. Therefore, it was chosen to proceed using only BFS as binder to target 
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structures with higher compressive strength, as the focus of the work is to produce 

material to be applied as modular construction components and they have to combine 

low density and enough resistance. Additionally, quartz sand was chosen as fine 

aggregate because GBFS presented angular edges that could compromise the 

dispersion of the gas in the structure.  

Part 3, Part 4 and Part 5 focused on the production of alkali-activated foams using BFS 

as binder (i) applying chemical foaming (H2O2/Al) and curing at room temperature (20°C), 

(ii) applying chemical foaming (H2O2/Al) and curing at high temperature (60°C) and (iii) 

combining chemical foaming (H2O2/Al) and mechanical foaming (SDS) and curing at high 

temperature (60°C). Figure 26 illustrates the shape of the samples produced, before and 

after being cut by the cutting machine. The shape before cutting is composed by a cylinder 

(original shape the mold) and an extra part on the top (material that grown and got off the 

mold due the gas production).  

 

Figure 26 - Foams a. before cutting and b. after cutting 

The flows and the quantity of water demanded by each formulation (represented as 

water/binder) are presented in Table 6. The workability of all formulations was in the same 

range (300 mm ± 10 mm), as well as the water/binder (0.36 ± 0.02), what validates the 

consistency and the quantity of water added. The consistency was determined so that the 
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fresh mortars presented good workability and could easily fill the molds without the 

necessity of vibrating. This behavior was necessary because vibrating the fresh mortars 

would remove the gas introduced by mechanical or chemical foaming.  

Table 6 - Consistency of the fresh mortars 

Formulation Flow table test (mm) w/b 

ref 300  0.37 

H2O2-1 310  0.36 

H2O2-2 300  0.35 

H2O2-3 300  0.34 

Al-0.05 290  0.37 

Al-0.1 300  0.37 

Al-0.2 300  0.36 

 

In Part 3, Part 4 and Part 5, it was chosen to represent in the graphics the formulations 

cured at room temperature in blue and the formulations cured at high temperature in 

orange. The compressive strength (1, 7 and 28 days) of the formulations produced in Part 

3 (cured at room temperature) are presented in Figure 27 (H2O2) and Figure 28 

(aluminum).  

 

Figure 27 - Compressive strength of AAF produced with H2O2 cured at room temperature 
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Figure 28 - Compressive strength of AAF produced with aluminum cured at room temperature 

It is observed in Figure 28 that, for all formulations, the strength increased with increasing 

age. RT-ref presented compressive strength of 51.38 MPa after 28 days. RT-H2O2-3 and 

RT-Al-0.2 presented, respectively, a reduction in 28-day compressive strength of 78.9% 

(10.82 MPa) and 84.5% (7.98 MPa), values clearly lower than the reference. There were 

no significant differences in compressive strength between samples produced with 

different quantities of H2O2 (Figure 27). A similar behavior is observed among aluminum 

foams (Figure 28). In other words, for the tested percentages, increasing the quantity of 

foaming agent did not result in statistical reduction of compressive strength (see statistical 

results in Table 7 and Table 8, that will be discussed later in this section).  

RT-Al-0.1 and RT-Al-0.2 did not present enough compressive strength to be demolded 

after 24h, therefore no values of 1-day compressive strength are represented in Figure 

28. It could have happened due to higher quantity of gas in the structure, that did not 

allow the formation of an interconnected matrix. In order to solve this problem, heat curing 

was employed in the next phases of this research. Heat curing is commonly applied to 

promote higher strength at early days (Salih et al., 2015; NASIR et al., 2020).   

The compressive strength (1, 7 and 28 days) of the formulations produced in Part 4 (cured 

at 60°C) are presented in Figure 29 (H2O2) and Figure 30 (aluminum). 
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Figure 29 - Compressive strength of AAF produced with H2O2 cured at high temperature 

 

Figure 30 - Compressive strength of AAF produced with aluminum cured at high temperature 

HC-ref presented compressive strength of 37.85 MPa after 28 days. Compressive 

strength of samples produced with H2O2 reduced 89.1% comparing to the reference 

formulation: 28-day strength of HC-H202-3 was 4.13 MPa. In the case of samples with 

aluminum, the reduction was 82.6%: 6.60 MPa for HC-Al-0.2. Once more, the strength 

obtained among the samples produced varying the quantity of foaming agents were not 
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significantly different (see Table 7 and Table 8, that will be discussed later in this section). 

It is suggested, for further works, to use less quantity of foaming agent and optimize the 

percentages applied in order to see an explicit variation in compressive strength. The 

reduction in compressive strength from the reference formulation to the samples 

produced with foaming agent can be attributed to the increase in porosity and is related 

to the density (PAVLIN et al., 2022). 

The strength enhanced from 1 to 7 days but did not from 7 to 28 days (Figure 29 for H2O2; 

Figure 30 for aluminum). It indicated that most part of strength development took place 

until 7-day curing, probably due to the higher strength growth rate promoted by heat 

curing in the first 24 hours (WU et al., 2018). Room-temperature cured alkali activated 

foams presented more linear strength development rate. Figure 31 is an SEM image of 

HC-ref produced in Part 4.  

 

Figure 31 - SEM image of HC-ref produced in Part 4 
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Areas with reacted alkali-activated matrix, sand, unreacted BFS and pores are indicated 

in Figure 31. The alkali-activated matrix is the dark region around the sand (the larger 

dark particles). Unreacted BFS are the small light gray particles. The pores, in this specific 

formulation, were probably a consequence of molding, once this sample did not pass 

through any foaming process. A comparison of SEM images of RT-ref and HC-ref with 

200x magnification is shown in Figure 32.  

 

Figure 32 - SEM images of a. RT-ref and b. HC-ref 

It is possible to see in Figure 32 that HC-ref matrix contains much more unreacted BFS 

(small light gray particles) than RT-ref. The reason is probably the quick matrix formation 

and consolidation at higher temperature. The matrix developed around the BFS particles, 

hindering further dissolution and reaction. It results in quick development of early 

compressive strength but lower compressive strength after 28-day curing. These images 

justify the compressive strength results previously presented. This phenomenon was also 

observed in the work of other authors (NASIR et al., 2020; MO et al., 2014). 

In addition, more small pores (little black points) can be observed in HC-ref. These small 

pores could be associated with the water loss during the heat curing. Higher temperatures 

promote a faster water evaporation, what can produce microcracking (SALIH et al., 2015). 



62 
 

 

All samples could be demolded after 24h of heat curing. It was decided to prioritize the 

possibility of demolding after 24h to enable industrial production, even though the final 

compressive strength was slightly lower. In other words, heat curing continued to be 

applied in the Part 5. The density of the formulations produced in Part 3 and Part 4 (cured 

at room temperature and at high temperature) are presented in Figure 33 (H2O2) and 

Figure 34 (aluminum). Density was measured after 28 days curing.  

 

Figure 33 - Density of AAF produced with H2O2 cured at room temperature and at high temperature 

(28 days curing) 

 

Figure 34 - Density of AAF produced with aluminum cured at room temperature and at high 

temperature (28 days curing) 



63 
 

 

The density of RT-ref and HC-ref were 1.91 g/cm3 and 1.81 g/cm3, respectively. This 

reduction in density could be related to the microcracking produced by water evaporation 

during heat curing (Figure 33 and Figure 34). Rovnanik et al. (2010) reported that the 

density of the alkali-activated materials produced at 60°C was lower comparing to the one 

produced at 20°C (ROVNANÍK, 2010). Additionally, a phase with lower density could have 

been produced in the matrix. Further analysis are recommended to identify the phases in 

the matrix and confirm this last hypothesis.  

The addition of H2O2 and aluminum successfully reduced the density of the samples 

produced. RT-H202-3 and HC-H202-3 presented, respectively, 1.37 g/cm3 and 1.21 

g/cm3 and RT-Al-0.2 and HC-Al-0.2 presented, respectively, 1.23 g/cm3 and 1.19 g/cm3. 

RT-Al-0.1 presented a non-expected lower value of density, compared to the other 

percentages tested and compared to HC-RT-0.1. There were no similar results in the 

literature, so this behavior should be investigated in further works. 

The reduction in density did not reflect in a proportion reduction in compressive strength. 

Instead, the values of compressive strength of the samples with foaming agent were 

statistically equal, even though the density reduced (see Table 7 and Table 8, that will be 

discussed later in this section). It probably happened because of the high standard 

deviation of compressive strength values.  

The compressive strength (28 days) of the formulations produced in Part 5 (with and 

without SDS and cured at high temperature) are presented in Figure 35 (H2O2) and Figure 

36 (aluminum), where the formulations produced with SDS are represented by hashed 

bars.  
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Figure 35 - Compressive strength of AAF with and without SDS produced with H2O2 at high 

temperature (28 days curing)  

 

 

Figure 36 - Compressive strength of AAF with and without SDS produced with aluminum at high 

temperature (28 days curing) 

In Part 5, it was chosen to focus on the analysis of the compressive strength after 28-

days of curing once the effects of high temperature curing on early strength development 
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have already studied in Part 4. The reference formulation with SDS cured at high 

temperature (HC-SDS-ref) presented compressive strength of 16.92 MPa after 28 days, 

55.3% lower  than the reference without SDS (HC-ref).  

A significant reduction also occurred in the other samples with SDS, e.g. from 5.69 MPa 

to 0.24 MPa for 1% H2O2 (95,8%) and from 6.63 MPa to 1.51 MPa for 0.05% Al (77,2%). 

Bhuyan et al. (2022) registered similar results. The compressive strength was very low 

when H2O2 and SDS were combined (0.2 MPa). These values were associated with a 

high porosity, that is discussed later in this section, and with the fact that the pore wall 

thickness was very low (BHUYAN et al., 2022). 

There is no compressive strength represented for HC-AH2O2-3 because this formulation 

did not present enough compressive strength to be demolded at 24h. In this case, the 

lower compressive strength is probably related to the high porosity. The density of the 

formulations produced with and without SDS and cured at high temperature are presented 

in Figure 37 (H2O2) and Figure 38 (aluminum). Density was measured after 28 days 

curing.  

 

 

Figure 37 - Density of AAF with and without SDS produced with H2O2 cured at high temperature 

(28 days curing) 
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Figure 38 - Density of AAF with and without SDS produced with aluminum cured at high 

temperature (28 days curing) 

It is possible to see in Figure 37 that the addition of SDS led to a reduction in the density 

of the foams of 14.9% (from 1.81 g/cm3 to 1.54 g/cm3). A reduction in density is also 

noticed by the increase in percentages of H2O2 and aluminum. HC-SDS-H202-2 achieved 

0.66 g/cm3 (reduction of 47.6%) and HC-SDS-Al-0.1 reached 0.97 g/cm3 (reduction of 

25.4%). The difference between samples produced with and without surfactant is more 

evident: SDS significantly reduced the density of the AAF.  

During the statistical analysis, it was obtained a p-value < 0.001 for ANOVA, what suggest 

strong evidence in favor of the alternative hypothesis: a variation in the parameters 

(curing regime, quantity of foaming agent and quantity of surfactant) influenced the 

properties studied (compressive strength, density, and porosity). Table 7 and Table 8 

presents the results of the Tukeyôs test. 
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Table 7 ï H2O2 formulations Tukeyôs result ï Compressive strength, density and porosity  

Parameter Variation 

1-day 

compressive 

strength 

7-day 

compressive 

strength 

28-day 

compressive 

strength 

28- day 

density 

28- day 

porosity 

Curing 

regime 

RT A A A A - 

HC B B B B - 

Quantity of 

foaming 

agent  

0 A A A A A 

1.00 B B B B B 

2.00 B B B C C 

3.00 B B B C D 

Quantity of 

surfactant 

0 - - A A A 

0.50 - - B B B 

 

Table 8 ï Aluminum formulations Tukeyôs result ï Compressive strength, density and porosity 

Parameter Variation 

1-day 

compressive 

strength 

7-day 

compressive 

strength 

28-day 

compressive 

strength 

28- day 

density 

28- day 

porosity 

Curing 

regime 

RT A A A A - 

HC B B B A - 

Quantity of 

foaming 

agent  

0 A A A A A 

0.05 B B B B B 

0.10 B B B C C 

0.20 B B B D C 

Quantity of 

surfactant 

0 - - A A A 

0.50 - - B B B 

 

Different letters in Tukeyôs test indicate statistically different results. Complementary of 

what have already been discussed, Tukeyôs tests suggest that (i) the curing regime 

influenced the compressive strength of samples produced using both foaming agents, but 

only influenced the density of H2O2-samples; (ii) there was a difference in the compressive 

strength between the samples with and without foaming agent. Nevertheless, there were 

no differences when different quantities of foaming agent were employed; (iii) the use of 

surfactant influenced all properties analyzed in this scenario (28-day compressive 

strength, density and porosity).  
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Figure 39 (H2O2) and Figure 40 (aluminum) present the porosity estimated for the 

formulations produced without SDS (Part 4) and with SDS (Part 5), both cured at high 

temperature.  

 

Figure 39 - Porosity of AAF with and without SDS produced with H2O2 cured at high temperature 

 

Figure 40 - Porosity of AAF with and without SDS produced with aluminum cured at high 

temperature 
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Analyzing the graphics, and according to Tukeyôs test, the addition of foaming agents in 

both cases successfully led to an increase in the porosity. In addition, the use of higher 

quantities of foaming agent promoted higher porosities. This result is in line with the 

reduction of density by enhancing the quantity of foaming agent and have been 

mentioned by other researchers (XU et al., 2018; Jaya et al., 2020). The only exception 

was for 0.1% and 0.2% aluminum, these samples presented similar values of porosity 

and compressive strength. It probably happened because it was achieved the maximum 

quantity of gas that could be stabilized inside the mortar. Higher percentages result in 

expelling of the gas from the sample. In other words, adding more foaming agent does 

not promote further reduction in the porosity. This behavior was also identified and 

explained in other works (DUCMAN; KORAT, 2016; CHI et al., 2019; PAVLIN et al., 

2022).  

The presence of surfactant is other factor that influenced the porosity. The addition of 

SDS increased the porosity in 328%, compared with the reference formulation, from 

3.04% (HC-ref) to 13.01% (HC-SDS-ref). Besides, samples with SDS presented higher 

porosity comparing to the same formulations without surfactant. Porosity increased in 

1091.8% when 2% H2O2 was employed (from 3.04% to 36.23%), and in 1265.1% when 

0.1% aluminum was employed (from 3.04% to 41.55%), both without SDS. When SDS 

was used, porosity increased 534.4% for 2% H2O2 samples (varied from 13.01% to 

82.53%) and 380.8% for 0.1% aluminum samples (from 13.01% to 62.55%), respectively.  

This result is also noticed comparing the images and histograms presented later from 

Figure 44 to Figure 49, that shows a higher quantity of pores in SDS-based formulations. 

The ability of SDS to produce mortars with higher porosities by stabilizing the gas in the 

structure was also noticed by other authors (HAO et al., 2022; XU et al., 2018). Higher 

porosities were also registered by other works that produced AAF combining H2O2 and 

SDS: 70.9% (BHUYAN et al., 2022); 76.9% (LUUKKONEN et al., 2020).  

In Figure 41 and Figure 42, it is possible to visually compare the samples produced by 

chemical foaming in Part 4 (reference formulation, with H2O2 and with Al) and combining 
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chemical and mechanical foaming in Part 5 (reference formulation, with H2O2 and with Al, 

all of them with SDS), respectively.  

 

Figure 41 ï Scanned images of alkali-activated foams produced by chemical foaming  

 

Figure 42 - Scanned images of alkali-activated foams produced combining chemical and 
mechanical foaming 
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All the images produced to estimate the porosity of the foams developed in Part 4 and 

Part 5, as well as the images generated by the software and the respective histograms, 

are placed in APPENDIX A - Results of the estimation of porosity using images (from Figure 51 

to Figure 63). It is possible to see that the images of one specific formulation are similar 

to each other and clear differences between samples of distinct formulations can be 

noticed. Additionally, it is worth noting that the group of histograms related to the same 

formulation are similar among themselves and different from other groups of histograms. 

These facts suggest that the analysis presents uniformity, and that the software could 

identify differences between the samples of different formulations.  

One group of each formulation containing (a.) one original image, (b.) one generated 

image and (c.) one histogram was chosen to illustrate the following discussions. Figure 

43 shows the original image, the generated image and the histogram reference 

formulations (HC-ref and HD-SDS-ref).  

 

 

Figure 43 - Porosity HC-ref and HC-SDS-ref: a. Original image b. Generated image c. Pore size 

distribution 

It is possible to note that HC-ref present some pores, even though it was not produced 

using any foaming agent or surfactant. These pores were probably formed by the air 

introduced during the mixing process. Usually, the mortar is vibrated after molding to 
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extract air bubbles but, in this work, it was chosen not to do that, as the purpose is exactly 

to promote a pore structure after curing. If the reference samples were vibrated, 

comparison with foamed ones could not be made. Comparing the images, it is possible 

to see that HC-SDS-ref present more pores than HC-ref. According to the histograms, the 

majority of these pores are smaller than 100 µm. This pattern indicates that the surfactant 

indeed enhanced the quantity of air trapped in the mortar. More than that, the pores are 

more well distributed (JI et al., 2020).  

Figure 44 presents a comparison between a sample produced using 1% H2O2 with and 

without surfactant. The same type of comparison is held in Figure 45 (2% H2O2), Figure 

47 (0.05% Al), Figure 48 (0.1% Al) and Figure 49 (0.2% Al). In Figure 46 only 3% H2O2 

samples without surfactant are represented, once HC-SDS-H202-3 could not be 

demolded and analyzed. 

 

 

Figure 44 - Porosity HC-H202-1 and HC-SDS-H202-1: a. Original image b. Generated image c. Pore 

size distribution 
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Figure 45 - Porosity HC-H202-2 and HC-SDS-H202-2: a. Original image b. Generated image c. Pore 

size distribution 

 

Figure 46 - Porosity HC-H202-3: a. Original image b. Generated image c. Pore size distribution 
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Figure 47 - Porosity HC-Al-0.05 and HC-SDS-Al-0.05: a. Original image b. Generated image c. Pore 

size distribution 

 

 

Figure 48 - Porosity HC-Al-0.1 and HC-SDS-Al-0.1: a. Original image b. Generated image c. Pore 

size distribution 
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Figure 49 - Porosity HC-Al-0.2 and HC-SDS-Al-0.2: a. Original image b. Generated image c. Pore 

size distribution 

Images presented in Figure 44, Figure 45, Figure 46, Figure 47, Figure 48 and Figure 49 

can be analyzed based on the effect of (i) the presence of surfactant, (ii) the variation in 

the quantity of foaming agent and (iii) the type of foaming agent. First, the presence of 

surfactant is the factor that caused more significant effect on the size and interconnectivity 

of the pores. The pores are larger and interconnected when the surfactant and the 

foaming agents were used in combination. This is different from what is observed in the 

reference formulations. The coalescence effect probably takes place because the fresh 

mortar is not stiff enough to isolate the bubbles (LUNA-GALIANO et al., 2018). Comparing 

the samples produced with different quantity of foaming agent, it is possible to see that 

the ones produced with more foaming agent presented slightly more quantity pores. This 

is confirmed by the values of total porosity, although they are visually quite similar. Finally, 

pores produced by H2O2 without surfactant looked smaller and more isolated than the 

ones produce with aluminum without surfactant. On the other hand, H2O2-samples with 

surfactant presented bigger and more interconnected pores. HC-SDS-H202-3 didnôt 

present enough strength to be demolded after 24h, probably due to the high porosity.  
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As a reference, Luukkonen et al. (2020) analyzed the porosity of AAF produced using 

H2O2 and SDS by X-ray microtomography and identified a high number of pores between 

100 - 350 ɛm (LUUKKONEN et al., 2020). Korat and Ducman (2017), with the same 

foaming agent and surfactant, reported that the majority of pores were smaller than 200 

ɛm. Additionally, samples with higher quantity of foaming agent presented more pores 

with higher diameters (KORAT; DUCMAN, 2017). IUPAC considers macro pores the ones 

with widths greater than 50 nm, so all the pores studied in this work are macro pores 

according to this classification (IUPAC, 2024). 

Comparing the original images and the generated images, it is possible to see that the 

software could properly identify the pores, reproducing them and painting them with 

random colors (each color represents one pore). In some cases, some bigger pores were 

considered as two or more smaller ones. It occurred more frequently in the samples with 

bigger pores (e.g. HC-SDS-H202-2 and HC-SDS-Al-0.1). This misreading does not affect 

the porosity estimated by the software once it is calculated based on total area. On the 

other hand, pore size distribution represented in the histograms could have been slightly 

influenced (more smaller pores were considered), but the in a way that the macro 

tendency was not damaged. Figure 50 illustrates some correctly identified pores (arrows) 

and some misread pores (circles).  

 

Figure 50 - Comparison between the original image and the image generated by the software: 
correctly identified pores and misread pores  
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6. CONCLUSIONS AND RECOMMENDATIONS 

This research has focused on the development of alkali activated foams using blast 

furnace slag and steel slag as binders, hydrogen peroxide and aluminum powder as 

foaming agent, and Matchen AE11 and sodium dodecyl sulfate as surfactant, to study 

how do the binder, the type and percentage of foaming agent, the curing temperature and 

the use of surfactants influence the physical and mechanical properties of alkali activated 

foams. The main conclusions of this work are: 

¶ AAF were successfully produced by mechanical foaming using 100% BFS and 

65%/35% BFS/SS. The compressive strength of BFS/SS was lower probably due to 

the lower reactivity of SS, and the density was higher, once SS is denser. 

¶ The increase in the quantity of commercial surfactant led to a reduction in the density 

of AAF, and consequently in the compressive strength, for both binders.  

¶ AAF were successfully developed by chemical foaming. The addition of hydrogen 

peroxide (3%) and aluminum powder (0.2%) reduced the density of the heat cured AAF 

in 36.6% and 37.7% (from 1.91 g/cm3 to 1.21 g/cm3 and 1.19 g/cm3), which varied the 

compressive strength in 89.1% and 82.6% (from 37.85 MPa to 4.13 MPa and 6.60 

MPa), respectively. 

¶ The compressive strength of the samples produced with and without foaming agent 

were statistically different. However, there were no differences when different 

quantities of foaming agent were employed. 

¶ The employment of heat curing promoted quicker development of early compressive 

strength (allowing the demolding of all formulations after 24h) but lower compressive 

strength after 28-day curing, due to the encapsulation of non-reacted binder particles 

by the formed matrix.  

¶ When SDS was employed without foaming agent, the porosity of the samples 

increased 328% (from 3.04% to 13.01%), and the density reduced 14.9% (from 1.81 

g/cm3 to 1.54 g/cm3), resulting in a reduction of 89.1% in the compressive strength 

(from 37.85 MPa to 16.92 MPa).  
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¶ AAF produced combining the chemical foaming and the mechanical foaming presented 

the highest porosities and lowest densities among all formulations. The addition of SDS 

increased the porosity in 534.4% for 2% H2O2 (from 13.01% to 82.53%) and in 380.8% 

for 0.1% aluminum (from 13.01% to 62.55%) and reduced the density in 47.6% (from 

1.81 g/cm3 to 0.66 g/cm3) and in 25.4% (from 1.81 g/cm3 to 0.97 g/cm3, for 2% H2O2 

and 0.1% aluminum, respectively. 

Recommendations for future works  

¶ To optimize the quantity of foaming agent and surfactant used: intermediated densities 

and compressive strength probably can be obtained using less quantity of foaming 

agent and surfactant. 

¶ To study the flexural strength of the alkali-activated foams. 

¶ To study the thermal and insulation resistance of the alkali-activated foams: important 

properties for walls in modular construction. 

¶ To study the durability of the alkali-activated foams e.g. Understanding the behavior of 

the alkali-activated foams under different conditions.  

¶ To study the potential of the alkali-activated foams in industrial wastewater treatment 

(e.g. dye and heavy metals removal). 
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APPENDIX A - Results of the estimation of porosity using images 

 

 

 

 

 

Figure 51 - Porosity HC-ref: a. Original image b. Generated image c. Pore size distribution 
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Figure 52 - Porosity HC-H202-1: a. Original image b. Generated image c. Pore size distribution 
























