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Recently, scientists have focused substantial attention on the incorporation of 
nanoscale components in cement-based materials. Iron oxide (II, III) nanoparticles 
(IONPs) have garnered significant attention in nanoparticle research. This paper 
portrays preliminary discoveries of an investigation assessing the characteristics of 
foamed concrete (FC) with the presence of IONPs. A comprehensive assessment of 
characteristics was conducted, including its workability, axial compressive strength, 
bending strength, tensile strength, apparent porosity and water absorption capacity. 
Furthermore, scanning electron microscope examination was performed and 
evaluated. The results indicate a significant enhancement in the 
FC strength characteristics, with 28-day compressive, tensile, and bending strengths 
improving by up to 70, 76 and 52 %, respectively, with the inclusion of 3 % IONPs. 
Nonetheless, adding IONPs beyond 3 % did not yield significant improvements in 
mechanical properties. With a rise in IONPs from 1 to 5 %, the FC exhibited significant 
improvements in apparent porosity and water absorption. The decreasing pore size in 
FC containing IONPs was found to be the cause of the anomalies. A significant 
alteration in the arrangement of pore dimensions was noted in FC mixtures when the 
amounts of IONPs were modified. Results from this investigation emphasise the 
prospective benefits associated with integrating IONPs into FC that could boost its 
entire characteristics.  
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1. Introduction 
 

Concrete is acknowledged as vital material of considerable significance in infrastructure and 
building projects, as well as new technological constructions worldwide. Concrete not only meets the 
requirements of high both tensile and compressive strength but also possesses advantageous 
qualities including simplicity of manufacture, resilience, resistance to fire and resilient permeability. 
Moreover, concrete's cost-effectiveness, accessibility of raw materials and versatility in shaping 
diverse structures constantly render it the preferred material for building professionals, despite its 

                                                           
* Corresponding author. 
E-mail address: azree@usm.my  
 
https://doi.org/10.37934/ard.122.1.826 

https://akademiabaru.com/submit/index.php/ard


Journal of Advanced Research Design 

Volume 122, Issue 1 (2024) 8-26 

9 
 

detrimental ecological effects [1]. Each year, an astonishing 25 billion metric tons of concrete are 
produced worldwide. Consequently, environmental activists express alarm about the significant 
carbon dioxide emissions generated by cement manufacture for concrete, which constitutes roughly 
10 % of global emissions. Nonetheless, it is crucial to recognize that concrete possesses certain 
disadvantages, such as fragility, a heterogeneous composition and possible volumetric instability. 
Recent decades have witnessed an increasing demand among scientists for the application of 
nanotechnology in cement-based products [2]. This is ascribed to the significant promise that 
nanotechnology possesses in this domain. 

The integration of nanoparticles in concrete production presents numerous benefits. Refinement 
of concrete pores reduces chloride infiltration, so effectively preventing steel corrosion. 
Furthermore, studies have shown that nanoparticles can reduce the degree of carbonization in 
concrete. The boundary involving the matrix of cement and particles is subsequently fortified to 
ascertain the rigidity of concrete. The integration of nanoparticles into concrete leads to an increase 
in calcium hydroxide particle size and an enhanced tendency for tropism formation [3]. The methods 
aim to be low-pressure, cost-effective and environmentally friendly, thereby promoting 
environmentally friendly practices [3]. The increased surface area in relation to volume ratio 
associated with tiny particle size speeds up the progression of hydration of cement and, 
consequently, the pozzolanic process. Moreover, in addition to the positive environmental impacts 
associated with nanoparticles, their incorporation shows potential for enhancing the structural 
performance, durability and strength of cement-based substances [4].  

Lightweight foamed concrete (LFC) is a type of concrete distinguished by its low density, generally 
between 200 to 1800 kg/m3. For structural lightweight concrete, the unit weight ranges from 1400 
to 2000 kg/m3, in contrast to conventional weight concrete, which has a unit weight of 2400 kg/m3. 
Minimizing the structure's weight facilitates the construction of structures with reduced cross-
sectional parts, hence improving the effectiveness of functional spaces. The utilization of LFC has 
increasingly proliferated in recent infrastructure and building development projects. These 
advantages can be attributed to its advantageous qualities, including reduced self-weight, 
exceptional fire resistance and superior thermal insulating abilities. Nonetheless, the use of LFC is 
hindered by various limitations, including adverse strength characteristics, significant drying 
shrinkage and heightened susceptibility to splitting. These obstacles hinder the widespread 
deployment of LFC globally [5]. The incorporation of prefabricated foams in LWFC generates 
numerous air voids. Thus, including solid additives at nanoscale dimensions during the manufacturing 
of LFC can significantly improve its characteristics.  

The impact of nanoparticles on cement-based materials has been the subject of numerous 
investigations [6-8]. Silicon dioxide nanoparticles may enhance the physical and mechanical features 
of concrete, claim Shah et al. [9]. The sample's durability against abrasive environment is enhanced 
when nanoparticles are present. Cement-silicone dioxide's resilience to water absorption has been 
enhanced. Both varieties of silicone dioxide nanoparticles improved the final strength of binary 
merged concrete, but they also reduced the workability of binary mixtures [10]. The porosity of 
concrete may be decreased by the nanoparticles, creating a denser intermediate transitioning region. 
Additionally, high-strength concrete structures that are more resilient can be made with 
nanoparticle-reinforced cement, which lowers the need for upkeep or rapid substitution [8]. 
Kawashima et al. [11] examined the microscopic properties of concrete containing nanoparticles. 
They found that further inner microscopic cracks emerge because the microstructure is robust due 
to the presence of nano silica fragments. According to Zhang et al. [12], incorporating nano-silica into 
slag and cement sped up hydrating process and reduced the inactive time. Cement-based composites 
can be mixed with nanomaterials like graphite, graphene dioxide, carbon nanotubes, graphene, 
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graphene oxide, silica, alumina, ferric oxide and titanium dioxide. By using these nanoparticles, 
concrete systems can survive more effectively and perform effectively [7]. The mechanical 
characteristics of concrete, such as its bending strength, tensile strength and axial compressive 
strength [9], as well as its durability against abrasion, water permeability, and pore makeup [10], can 
be greatly enhanced by nanomaterials because of their tiny particle size and greater surface area. 

Iron oxide (II, III) nanoparticles (IONPs) exhibit a significant charge-to-size ratio among solid 
particles. As a result, these IONPs typically exhibit a predominance of deprotonated hydroxyl groups 
on their surface and are inclined to absorb positively charged surfactant ions. Conversely, alumina 
particles tend to be absorbed by wetting agent with carboxyl groups. Prior research indicates that an 
increase in LFC absorption capacity correlates with a reduction in the thickness of the interfacial 
transition zone. This results from the diminished buildup of water around the fine aggregate particles 
[13]. Additionally, LFC inherently offers internal curing advantages that may reduce shrinkage 
cracking and lower permeability, as indicated in reference. The adoption of IONPs may substantially 
improve the resistance of LFC to water and chloride ion ingress, as evidenced by prior studies. Figure 
1 illustrates the enhancement of coercion resulting from decreasing size, reaching a peak at a certain 
dimension known as the crucial diameter, Ds. Under this circumstance, all IONPs spins align in the 
same orientation, enhancing the magnetic properties, and IONPs typically exhibit strong coercion, 
making them tough to demagnetize [14]. 

 

 
Fig. 1. Schematic diagram of the dependency of 
coercion on the IONPs diameter [14] 

 
At this point, only limited study has been undertaken to investigate the possible use of 

nanoparticles in the manufacturing of LFC [15-18]. The majority of research conducted so far has 
focused on utilizing various nanoparticles to improve the characteristics of conventional concrete 
[19-22]. Among all the nanoparticles investigated, IONPs have been recognized as the most 
extensively utilized and researched [23]. IONPs have demonstrated their vital contributions to 
various disciplines, including medicine, physics, chemistry, biology, and allied domains, owing to their 
distinctive properties [24-26]. The primary factor contributing to these phenomena is the effective 
distribution of hydrophilic breakdown agents in aqueous solutions [27-31]. Figure 2 illustrates the 
superparamagnetic IONPs, which vary from ferrimagnetic ions as they lack coercion and hysteresis 
loops due to their single-domain magnetic forces, hence allowing magnetization just in the case of a 
magnetic field that is external.   
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Fig. 2. Conceptual depiction of the superparamagnetic and 
ferrimagnetism hysteresis curve [14] 

 
Shekari and Razzaghi [28] investigated the strength and resilience of concrete employing different 

nanoparticles. The researchers determined that incorporating nanoparticles into concrete at a 
concentration of 1.5 % by cement weight fractions significantly enhanced its strength and toughness, 
with aluminum dioxide identified as the best option [29]. Bragança et al. [30] investigated the 
influence of magnetite nano-oxide on the characteristics of concrete. Following a 300-day evaluation 
of concrete incorporating 1 % ferro-ferric oxide (Fe3O4) nanoparticles in a chloride and sulphur 
dioxide environment via impedance spectrometry, it was determined that the concrete exhibited 
durability. Figure 3 illustrates the configuration of the crystalline makeup of IONPs [31]. Figure 3a 
illustrates the crystal arrangement of IONPs, whereas Figure 3b depicts the octahedral and 
tetrahedral sublattice configurations of IONPs. The exceptional chemical and physical characteristics 
of IONPs are affected by several parameters, including microscopic structure, grain shape and particle 
size. Microstructural aspects encompass crystal structure, dimensions of crystal lattice variables, 
lattice imperfections, and crystal concentration, as well as the diverse phasing of the nanoparticles. 

 

 
Fig. 3. Crystal arrangement of reverse spinel IONPs: (a) crystal 
configuration of IONPs and (b) hexagonal and rectangular sublattice 
arrangements 
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Given these characteristics, more examination of the application of IONPs in cementitious 
materials, such as LFC, is necessary. This study will significantly influence both sustainability and the 
improvement of mechanical properties. Prior studies have investigated multiple parameters 
associated with the integration of IONPs into ULFC in diverse amounts. As a result, microstructural 
improvements have demonstrated benefits in tensile and compressive strengths, along with 
durability characteristics.  

The previous study clearly indicates that only a little investigation has been conducted on the 
potential application of nanoparticles in the production of LFC. The predominant study to far has 
concentrated on employing diverse nanoparticles to enhance the properties of traditional concrete. 
Among all the nanoparticles studied, IONPs have been identified as the most widely employed and 
examined. Hence, to fill the gaps of knowledge, this study seeks to evaluate the fresh, mechanical, 
transport and microstructural characteristics of LFC with the incorporation of IONPs.   

 
2. Methodology  
2.1 Materials 

 
Five primary materials were necessary for the production of the FC specimens specifically cement, 

aggregate, water and a foaming agent. IONPs were utilized as an additive in LFC. The technique for 
this study is illustrated in Figure 4. 
 

 
Fig. 4. Methodology for the present study 
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2.1.1 Portland cement 
 

The LFC mixtures were augmented with IONPs as an additive to improve their efficacy. BS-EN 197-
1 [32] indicates that OPC CEM-1 cement is appropriate for various purposes. The specific gravity of 
CEM1 is 3.16 fulfills BS12 [33] requirements. The compressive strength of CEM1 was measured at 
45.2 MPa (day-28), as determined experimentally. Table 1 delineates the chemical constituents of 
the OPC. 

Table 1  
OPC chemical compositions 
Components Percentage 

Calcium oxide (CaO) 59.95 
Silicon Dioxide (SiO2) 21.33 
Aluminium  oxide (Al2O3) 5.79 
Magnesium oxide (MgO) 3.59 
Sulfur oxide (SO3) 2.95 
Iron oxide (Fe2O3) 2.91 
Potassium oxide (K2O) 0.5 
Sodium oxide (Na2O) 0.19 
LOI 2.79 

 
2.1.2 Aggregate  

 
The formulation of the LFC, along with the grade of the sand employed, may influence the 

characteristics of the product. Fine sand functioned as a filler in FC mixes. The particle size 
distribution was assessed in line with ASTM C33-03 [34]. Figure 5 depicts the sand grading curve of 
the fine aggregate employed in this study. It can be seen that the aggregate sizes were within the 
upper and lower limit of ASTM C33.  2.71 % of the products had a maximum grain size of 5 mm (35-
38].  

 
Fig. 5. Sand grading curve of fine aggregate 

 
2.1.3 Water 

 
Furthermore, the water utilized for combining the components was pristine and devoid of any 

contaminants or organic debris. This study employed a water-cement ratio of 0.45, as previous 
experiments indicated that this ratio ensured sufficient workability.  
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2.1.4 Iron oxide (II, III) nanoparticles 
 

The IONPs were purchased from SBG Maju Trading. The IONP specimens were analysed 
employing X-ray diffraction (XRD) adopting a Rigaku X-Ray Diffractometer with Cu Kα radiation (λ = 
1.540 Å), an angular resolution step size of 0.001°, and a θ–2θ range of 15–80°, under generator 
settings of 40 kV and 40 mA. The mean size of the IONPs was calculated using the full-width at half 
maxima (β) and the Bragg angle (θ) of the reflection. Figure 3 clarifies the XRD spectra of IONPs. Given 
the similarity of XRD patterns for maghemite and magnetite phases, it is essential to employ further 
characterization techniques to ascertain the oxidation state of iron and confirm whether containing 
Fe2+ and Fe3+ or just Fe2+. Figure 6 illustrates the peak positions of the diffractogram associated with 
the phase classified under the cubic spatial group Fd-3m of magnetite. Figure 7 summarized the 
physical properties of IONPs. 
     

 
Fig. 6. XRD pattern of IONPs 

 

 
Fig. 7. IONPs physical properties 
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2.1.5 Foaming agent 
 

The foam generator features an extendable foam tip that may emit a specified volume of foam 
at a predetermined rate of 3 to 10 ft3/min, contingent upon the flow level. The foam density should 
be around 70 and 80 kg/m³. A mortar fluid slurry may be created if the density is verified to be inside 
of the permissible limit. Protein foaming compounds were employed to diminish the visible 
resistance of a solution and enhance the stiffness of the foam by lowering the solution's perceived 
resistance. The proportion of protein foaming agent to potable water utilized in the foam production 
was 1:25.  

 
2.2 Mix Proportions 
 

LFC with a density of 1000 kg/m³ was created in the present study. Table 2 illustrates that FC 
comprises different weight fractions of IONPs, aligned with the blended ratio of FC. The cement-
aggregate ratio will be maintained at 1:1.5, and the water-cement ratio will be upheld at 0.48. 
Overall, six LFC blends were generated: A0 (control), A1, A2, A3, A4 and A5, representing weight 
fractions of FC additions ranging from 0 to 5 % in the finished mixture. Figure 8 illustrates the 
manufacture of the LFC mixture. Once the fresh LFC mixture was combined uniformly, it was put into 
steel moulds. 

 
Table 2  
LFC mix proportions containing varying proportions of IONPs 
Mix IONPs 

(%) 
IONPs 
(kg/m3) 

Aggregate 
(kg/m3) 

Cement 
(kg/m3) 

Water 
(kg/m3) 

Stable Foam 
(kg/m3) 

A0 0 0.00 556 371 178 31 
A1 1 11.05 556 371 178 31 
A2 2 22.11 556 371 178 31 
A3 3 33.16 556 371 178 31 
A4 4 44.21 556 371 178 31 
A5 5 55.27 556 371 178 31 

 

         
                        (a) Adding foam in base mix           (b) Homogenous LFC mix                       (c) Steel moulds 

Fig. 8. Preparation of LFC mix 

 
2.3 Methods 
 

This part charts the assessment approaches devoted to evaluating the characteristics of LFC with 
various amounts of IONPs. The qualities examined included workability, water absorption, apparent 



Journal of Advanced Research Design 

Volume 122, Issue 1 (2024) 8-26 

16 
 

porosity, bending strength, compressive strength and tensile strength. A flow table test was 
conducted in agreement with ASTM C230-97 [39] as shown in Figure 9(a). A vacuum saturation 
method was utilized to assess the apparent porosity of LFC [40] as demonstrated in Figure 9(b). A 
water absorption test, adhering to the BS-EN 1881-122 [41] (refer to Figure 9(c)). The bending 
strength test employed LFC prism, adhering to BS-EN 12390-5 [42] as shown in Figure 9(d). A tensile 
test was conducted in line with BS12390-6 [43] as indicated in Figure 9(e). The compression test 
(Figure 9(f)) was performed in agreement with the BS-EN 12390-3 [44].  

 

             
            (a) Workability                                (b) Apparent porosity                        (c) Water absorption 
 

                    
               (d) Bending                                         (e) Tensile                                        (f) Compression 

Fig. 9. Types of tests conducted 

 
4. Results and discussion 
4.1 Workability 
 

Under optimal conditions, a premium LFC should have workability ranging from around 220 to 
250 mm. A slump is necessary to acquire adequate strength. In general, a larger measured slump 
flow indicates improved workability of the LFC. This often signifies that the LFC flows effortlessly yet 
remains entirely unsegregated. Due to the self-compacting nature of the FC, it is essential for the LFC 
to possess an adequate level of workability to attain its optimal strength. The slump flow of LFC 
mixtures diminished with an increase in IONPs concentration, as illustrated in Figure 10. The 1 % 
IONPS LFC exhibited the maximum slump flow diameter of 248 mm, while the lowest slump of 234 
mm was measured for LFC containing 5 % IONPs. In contrast to the control LFC, which exhibits a 
slump flow of 250 mm, the FC including IONPs demonstrates a reduced slump flow. Numerous 
investigations have demonstrated that IONPs exhibit a comparable influence on workability [45]. As 
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IONPs weight fractions rise, fluidity diminishes. There is a clear disparity in the workability of the LFC 
with 1 % IONPs compared to the control LFC. An increase in IONPs leads to a heightened requirement 
for water in the LFC mix. This modification has been implemented primarily because the IONPs 
medium slurry disperses uniformly, which may significantly enhance particle size dispersion due to 
its rapid spreading capability [46]. The incorporation of IONPs promotes cement hydration while also 
accelerating the setting process of cement. The water requirement in LFC escalates as the fraction of 
IONPs rises [47]. 
 

 
Fig. 10. Workability of LFC mixes containing 
different weight fractions of IONPs 

 
4.2 Apparent Porosity  
 

The capacity to delineate the properties of water movement in permeable media via capillary 
networks is contingent upon the porosity of LFC. Figure 11 illustrates the porosity of LFC with differing 
weight fractions of IONPs. The increased weight fractions of IONPs in the LFC combinations 
significantly diminished porosity. In comparison to the control LFC, the porosity enhanced by 8.6, 7.1, 
6.2, 5.1 and 3.9 %, respectively, with the incorporation of 5 to 1 % of IONPs alongside the control LFC. 
The presence of IONPs in the interstices between the binder paste and the filler contact reduced 
capillary pore activity. The pores were saturated with IONPs. The observed trend in porosity values 
is due to a modification of the microstructure caused by IONPs, as previously mentioned. The 
integration of IONPs results in a reduction of these pore structures. Moreover, the incorporation of 
IONPs improved the densification of the mortar's microstructure and reduced its porosity, 
particularly the interconnectivity of pores within the matrix [49]. Multiple capillary networks are 
present within LFCs, facilitating the passage of deleterious ions into the matrix. Uniformly distributed 
IONPs can function as crystallization and nucleation sites for hydration processes following 
introduction. This enhances the crystallization and development of hydration products. The reactivity 
of IONPs resulted in the creation of several supplementary C-S-H and other gels. The gels improved 
the pores and created a discontinuous pore structure by the interconnection of hydration products.  
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Fig. 11. Apparent porosity of LFC mixes 
containing different weight fractions of IONPs 

 
4.3 Water Absorption 
 

The amount of water that LFC can absorb was used to figure out how porous it seems. This 
standard was used to measure how permeable LFC was to water. The total amount of water that LFC 
absorbs is affected by how porous and dense it seems. Higher rates of water absorption in LFC could 
shorten the life of destructive particles and solutes that enter over the holes and move through the 
cementitious matrix with the water. Figure 12 shows the test results for how much water LFCs can 
absorb at different IONP weight fractions. Figure 12 shows that adding IONPs to this study slowed 
down the rate at which water was absorbed. The sample of LFC with 5 % IONPs (A5) had the slowest 
water uptake rate, 10.9 % less than the control sample (A0). The presence of IONPs results in a 
reduction of water absorption in LFC, as indicated by the findings, due to its superior microstructure 
observed in the morphological study. The reduced particle size of the IONPs in the LFC mixture 
facilitates the formation of a seal linking the gel pores contained by the composition [47]. The 
presence of IONPs reduced the size and number of pores, enhancing the LFC microstructure. 
Furthermore, it enriched the adhesion connecting the cement base and the sand, resulting in a 
stronger LFC. Furthermore, the incorporation of IONPs in LFC led to the formation of filled pore 
arrays, resulting in a reduction in space diameters.   
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Fig. 12. Water absorption of LFC mixes 
containing different weight fractions of IONPs 

 
4.4 Bending Strength 
 

Figure 13 indicates that the bending strength measurements are 0.57, 0.61, 0.69, 0.90, 0.73 and 
0.70 MPa after 7 days of testing for specimen A0 to A5 respectively. Extending the curing period to 
28 days results in bending strength values of 0.67, 0.72, 0.82, 1.06, 0.87 and 0.83 MPa for IONPs 
dosages of 0 to 5 % in LFC, respectively. Extending the curing period to 56 days results in an 
enhancement of bending strength to 0.74, 0.82, 0.93, 1.21, 0.99 and 0.93 MPa for IONPs dosages of 
0, 1, 2, 3, 4 and 5 %, in that order. The A3 mix exhibited enhancements in bending strength of 
approximately 58, 58 and 64 % compared to the A0 mix at 7, 28 and 56 days, respectively. The IONPs 
exhibits a robust adhesion to the cement matrix owing to its superlattice structure and elevated van 
der Waals forces at the interface. IONPs also create a compact arrangement of hydration products, 
enhancing particle size distribution during hydration and reducing pore size and connectivity, hence 
increasing bending strength during hydration. Particles that are unevenly distributed may aggregate, 
resulting in reduced bending strength with the addition of 3 % IONPs to LFC [50]. 

 

 
Fig. 13. Bending strength of LFC mixes 
containing different weight fractions of IONPs 
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4.5 Tensile Strength 
 

The application of IONPs at concentrations of 1, 2, 3, 4 and 5 % yields increases in tensile strength 
of 17, 28, 75, 38 and 28 %, respectively, as contrasted with the control LFC (A0) after 28 days of cured. 
After 56 days, the improvements in tensile strength are 17, 32, 75, 42 and 31 %, respectively, in 
comparison to the control sample, as depicted in Figure 14. The incorporation of IONPs into the 
cement matrix results in the formation of H2SiO2, which then reacts with the existing calcium ions to 
yield further C-S-H. The resulting C-S-H molecules are suspended in water, with the interstitial gaps 
filled by the IONPs, leading to the creation of bulkier C-S-H products [90]. The LFC sample with 3 % 
IONPs shows tensile strengths of 0.47, 0.56 and 0.63 MPa, indicating peak strength at 7, 28 and 56 
days, correspondingly. An increase in strength enhances the interaction across the concrete 
substrate and fragments [51]. The diameters of the IONPs markedly affect strength growth, as the 
fragments subsequently spread uniformly throughout the outermost layer, facilitating filling and 
succeeding reactive activities.  

 

 
Fig. 14. Tensile strength of LFC mixes 
containing different weight fractions of IONPs 

 
4.6 Compressive Strength 
 

Figure 15 indicates that the addition of 3 % IONPs to LFC resulted in maximal compressive 
strength. The incorporation of 3 % IONPs yielded a compressive strength of 6.25 MPa after 56 days, 
compared to the control sample's strength of 3.63 MPa, reflecting a 72 % improvement. The 
compressive strength of LFC improved from 7 to 56 days with the incorporation of 3 % IONPS relative 
to the cement mass. The compressive strength of the A0 mix increased by approximately 36 %. The 
improvement in compressive strength may have arisen from the interaction of IONPs with calcium 
hydroxide granules in lime, leading to the formation of an extra layer of C-S-H gel. In the LFC matrices, 
these components work together to improve compressive strength. Furthermore, nanoparticles 
possessing a significant specific surface area are susceptible to further contact with the group [52]. 
Nonetheless, a concrete mixture lacking IONPs will be incapable of achieving even a small formation 
of C-S-H after hydration with cement. C-S-H is essential for strength augmentation. As a result, 
cementitious materials without IONPs exhibit reduced compressive strength due to their deficiency. 
A reaction involving calcium hydroxide molecules and IONPS generates an increased quantity of CSH 
gel. The complexity of IONPs stems from their nanoscale size, large contact area, and atomic 
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structure. These atoms can rapidly move under outside pressure, accumulating energy along the 
procedure and preventing distortion at that moment [53]. Microcracks form within LFCs when 
subjected to force, leading to fractures that exhibit both tiny and major cracks as a consequence of 
the applied pressure. If internal fractures develop, enlarge and coalesce, the LFC matrix loses its load-
bearing ability. In contrast, IONPs improve the breaking toughness and crack expansion of the LFC 
samples. 

 
Fig. 15. Compressive strength of LFC mixes 
containing different weight fractions of IONPs 

 
4.7 Microstructural Properties 
 

Figure 16 presents scanning electron microscopy pictures of LFC containing various weight 
fractions of IONPs. The SEM of mix A0 indicates that hydrated products are adhered to and 
interconnected with the C-S-H gel. Prominent air pores and fused air spaces are distinctly observable 
(Figure 16a). Moreover, the microstructure of the LFC including A1 to A5 revealed the formation of 
compact and dense hydration products, accompanied by a reduction in calcium hydroxide (C-H) 
crystals (Figure 16a–f). The small particles of IONPs, in contrast to the C-S-H gel, lead to a decrease 
in the size of air voids, as illustrated in Figure 16(b) and 16(c). IONPs grains possess a diameter of 
approximately 50 nm, rendering them appropriate for functioning as a nucleus due to their favorable 
size. This will yield thick, hydrated products with an enhanced interfacial transition zone (ITZ). A C-S-
H gel is generated through the pozzolanic reaction of IONPs with lime, which diminishes porosity and 
enhances density and mechanical characteristics, as illustrated in Figure 16(d). A particle of IONPs is 
roughly 120 times finer than a grain of cement and possesses the capability to occupy voids in the 
cement matrix, hence producing a denser matrix [54-56]. Consequently, IONPs are an important 
material for improving the robustness of cement substances by declining calcium leaching. The IONPs 
nucleation process enhanced the LFC porosity structure. The integration of IONPs into the hardened 
pastes significantly altered the hydration behavior and microstructure of the paste. Figures 16(e) and 
16(f) indicate the creation of pores with a greater diameter than those observed at a 3 % dosage of 
IONPs.   
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(a) A0 

 
(b) A1 

 
(c) A2 

 

 
(d) A3 

 
(e) A4 

 
(f) A5 

Fig. 16. Morphology of LFC mixes containing different weight fractions of IONPs 

 
4.8 Environmental Benefits 
 

Currently, building supplies developed through nanotechnology as well as nanoscience are 
driving technological and financial growth while ensuring an environmentally friendly future. It is 
established that nanomaterial-based concretes offer significant benefits for future ecological 
sustainability, including energy conservation and preservation, renewable power generation, 
enhanced durability and toughness, better resilience to acid harm, and eco-friendliness for self-
cleaning and self-healing applications [57]. Hamers [58] emphasizes the necessity of comprehending 
the design fundamentals of various nanomaterials based on the physicochemical processes at the 
microscopic level. Moreover, the expertise and principles of chemistry should be employed to 
guarantee that diverse nanomaterial-activated items and developments in the building sector 
provide enhanced environmental responsibility along with financial advantages relative to 
conventional cement-based supplies. In summary, nanoparticles are promising due to their superior 
strength and exceptional endurance, contributing to sustainable development. 

The adverse effects of IONPs may also be associated with their expense. Assessment indicates 
that the overall expense of substances, when evaluated alongside their harmful effects, reveals that 
IONPs with affordable prices as well as low toxicity possess considerable usefulness and potential for 
broader dissemination. The employment of IONPs characterized by elevated cost and cytotoxicity 
warrants reevaluation [59]. Despite the uncertainties regarding the harmful effects of IONPs, 
nanomaterials can serve as a viable method for ecological remediation [60]. IONPs can degrade, 
remove, or neutralize deleterious chemicals in polluted environments [61]. Moreover, IONPs can be 
engineered to minimize their contact with the outermost layer of cells, for instance, by incorporating 
a surface charge that is negative (electrostatic stabilization of IONPs) or utilizing inhibitors that 
diminish protein adsorption. Less harmful substances may be utilized in IONPs that incorporate shell 
substances, thereby diminishing their relationship to the core material or the environment, or by 
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introducing a chelating agent that mitigates the damaging effect of nanostructured substances 
metals, or via molecules of antioxidants that inhibit the decomposition of IONPs [62]. 
 
5. Conclusions 
 

This work demonstrates that the integration of IONPs into LFC substantially improves the overall 
properties of LFC. The study produces the subsequent outcomes. 
1. An increase in IONPs dosage led to a reduction in workability of LFC mixes. An increase in IONPs 

leads to a heightened requirement for water in the LFC mix. This modification has been 
implemented primarily because the IONPs medium slurry disperses uniformly, which may 
significantly enhance particle size dispersion due to its rapid spreading capability. 

2. The addition of 3 % IONPs to the material resulted in a 56-day compressive strength of 6.25 
MPa, in contrast to the control specimen's strength of 3.63 MPa, indicating a 72 % 
enhancement. In the LFC cementitious matrix, IONPs cooperate to enhance compressive 
strength.  

3. The A3 mix exhibited enhancements in bending strength of approximately 58, 58 and 64 % 
compared to the A0 mix at 7, 28 and 56 days, respectively. The IONPs exhibits a robust adhesion 
to the cement matrix owing to its superlattice structure and elevated van der Waals forces at 
the interface. IONPs also create a compact arrangement of hydration products, enhancing 
particle size distribution during hydration and reducing pore size and connectivity, hence 
increasing bending strength during hydration. 

4. The rise in IONPs concentration from 1 to 5 % guided to a substantial augmentation of apparent 
porosity and water absorption of the LFC. In cement matrix-filler interfaces, IONPs diminish the 
transport characteristics of LFC by enhancing the density of the ITZ due to its elevated 
reactivity. 

5. The optimal weight fraction of IONPs to be included into LFC is 3 %. IONPs enhance the 
mechanical characteristics of LFC by augmenting the packing intensity of hydration effects and 
diminishing the pores dimension and interconnectivity. The particles in LFC- IONPs composites 
are unevenly distributed, resulting in agglomeration that diminishes mechanical characteristics.  

6. This study provides evidence that nanoparticles may serve as a viable replacement to non-
renewable sources.   
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