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A B S T R A C T   

The preferable properties of indoor heat blockage material for tropical environments are blocking 
outside heat without absorbing and storing it inside the blockage material, therefore studying the 
component and the composite properties are crucial. This study, therefore, aims to prepare and 
characterize a new hybrid foam concrete based on Rice Husk Ash (RHA) composite panels as an 
indoor building material called Hybrid Foam Panel (HFP). Polyurethane made of the combination 
of blended polyol (catalyst and surfactant) and diphenylmethane-4,4′-diisocyanate with a con-
stant proportion was used as a matrix, while white Portland cement and RHA with various 
compositions were used as fillers. The formation of polyurethane foam and related chemical 
reactions are confirmed and RHA in HFP composition gave significant roles in composite prop-
erties. HFP made with the right constituent composition caused much lower thermal conductivity 
(down to 0.22 W/mK) than the control, blocked the IR radiation heat, and it has moderate 
compressive strength. HFP with RHA content in consolidated parameters shows a compressive 
strength of 7.25–12.37 MPa; densities of 1216–1351 kg/m3 and a porosity of 62%. HFP also 
stands for heat at least 300 ◦C, thereby it is a potential interior solar heat blockade, especially in 
the tropical region.   

1. Introduction 

The environmental temperature escalation in urban areas is one of the worldwide issues, especially in tropical regions that receive 
year-round sunlight. The increased watertight areas, domestic energy use, vegetation reduction, increased anthropogenic energy 
waste, use of inappropriate building construction materials, and roads/paving are all contributing factors to discomfort [1]. The use of 
conventional bricks not only contributes excessive heat to the environment [2] but also stores heat for a certain period, which will be 
released overnight when the ambient temperature turns colder [3]. Therefore, continuous air conditioning (AC) is required to cool 

* Corresponding author. Graduate School of Mathematics and Applied Science, Universitas Syiah Kuala, Banda Aceh, 23111, Indonesia. 
E-mail addresses: adlim@usk.ac.id, adlim@unsyiah.ac.id (M. Adlim).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e18925 
Received 5 February 2023; Received in revised form 28 July 2023; Accepted 2 August 2023   

mailto:adlim@usk.ac.id
mailto:adlim@unsyiah.ac.id
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e18925
https://doi.org/10.1016/j.heliyon.2023.e18925
https://doi.org/10.1016/j.heliyon.2023.e18925
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e18925

2

houses, which releases more heat into the environment. Sunlight has component radiations, including IR, Visible, and Ultraviolet (UV), 
but IR is the most significant proportion and the major contributor to heat elevation. The formula of solar heat-blockage materials has 
been intensively investigated to solve this problem, including hybridizing concrete, polymer, and rice husk ash (RHA). Hybridization 
aims to improve thermal insulation in concrete components, however, the component proportion will affect the concrete strength and 
durability [4]. Heat block materials are also prepared as phase change materials (PCMs) [5]. Low melting point matter absorbs heat 
and then uses the heat to change phase. The heat releases back when the matter returns to the initial phase. Therefore heat is stored to 
warm indoors at night, which is ideal property of heat-blockage material used in subtropical regions. 

Unlike in subtropical climates, where hot weather occurs day and night, the preferable property of indoor heat blockage material 
for tropical environments is insulating the warm wall but minimalizing the heat absorption. Therefore studying the component and the 
composite properties are crucial. 

Since thermal insulation properties depend on thermal transport via the gas phase within their pores [6], the pore structures of the 
building material are crucial to study. One of the materials that generate pores and low thermal conductivity is polyurethane. Poly-
urethane has good fluidity, is lightweight, and has low thermal conductivity [7,8], so it is often used as a base material mixed with 
Portland cement and is known as hybrid foam. This composite can be applied indoors or outdoors in the building. It is also an excellent 
heat sink, has good mechanical strength, and is resistant to acids, fires, and earthquakes [9–12]. The hybrid foam is usually spray 
coating, not wall panels, which can be assembled artistically. Also, the high proportion of polyurethane might decrease the composite 
strength. 

Several studies on foam concrete involving rice husk ash (RHA) as the component have been available in recent literature [13,14]. 
Using RHA in the composite relates to high silica content (85–95%) in RHA. Also, RHA increased concrete durability, strength, and 
permeability [15–17] and reduced thermal conductivity [18,19]. Also, the pozzolanic activity of RHA in concrete corresponds with the 
composite characteristic improvement [15]. 

RHA has been proven essential in brick and clay-roof-tile production, improving brick-and-mortar performance [19,20]. The 
presence of RHA in the brick matrix also reduced thermal and noise interference from the environment [21,22]. The RHA is also 
compatible with several materials, including palm kernel shells, concrete [23], epoxy resin, and Araldite [24]. 

When RHA was mixed with polyethylene glycol, the composite functioned as heat storage instead of heat blockage [25]. Based on 
the literature review a foam composite containing RHA, polyurethane, and white Portland cement as an indoor panel has not been 
much studied. The combination of these materials shall improve the individual component characteristics and generate a better 
performance of the composite. This solar-heat-blockage indoor panel easily assembled with existing house-wall, made of local ma-
terials, is well-being, and relatively environmentally friendly are promising. 

Polyurethane, a hybrid foam in the composite matrix, is synthesized by the condensation reaction between isocyanate and polyol. 
The interaction between the isocyanate group, which contains active hydrogen, and the hydroxyl group of the polyol compound with 
several cross-linked urethane compounds results in the urethane monomer. Chemically, polyurethane is thermoplastic and thermoset, 
while physically, this compound has a rigid, porous structure and soft elastomer. These forms rely on the type or specifications of the 
isocyanate, polyol, and the percentage of mixture ratio [26]. 

Polyurethane uses as a matrix in cement has been reported previously [7], and the combination of cement filler and RHA (in the 
right proportion) enhanced the strength of concrete [27,28]. It is due to the silica content within RHA, which has reactivity and is 
known as a pozzolanic material. The silica increases mechanical strength and modifies the thermal properties of concrete [15,29]. 
Further, hybrid polyurethane foam mixed with red carbon mud as a filler made composite resistant to fire and has good thermal 
stability and electromagnetic interference shield [30]. 

On the other hand, white Portland cement contains more CaO compounds (66–67%) and fewer Fe2O3 (0.21–0.24%) [30] compared 
to the grey cement content. White cement also has low thermal conductivity (0.75 W/mK) [31]. Lowering thermal conductivity can 
save natural resources and energy and reduce carbon dioxide emissions [32]. Hence, studying the right composition and components 
in the composite synthesis will give desirable properties, such as low thermal conductivity, lightweight, strength, heat resistance, and 
others [15]. 

In this current study, RHA was mixed with polyurethane and white Portland cement (WPC) as indoor wall panels for heat insu-
lation, which is in demand in tropical region buildings. This study explores the appropriate formula of RHA, polyurethane, and white 
Portland cement composite to optimize the thermal insulating properties and the mechanical and chemical characteristics. 

2. Material and method 

2.1. Material and instrument 

The materials used in this research were blended polyol (mixture of glycerol and catalyst, bought from RigiChem-Singapore), 
Diphenylmethane-4,4′-diisocyanate (Merck-Germany), white Portland cement type I ASTM C 150-04a (Tiga Roda-Indonesia), and 
rice husk ash from rice mills in East Aceh (Aceh Province-Indonesia). 

Several instruments were utilized in characterization, including analytical weight (Ohaus PA 224), oven (Memmert UN 30), mixer 
overhead stirrer (Chem equipment LKSC-B), sieve-100 mesh (CU Class A), Fourier-Transform Infrared Spectrometer (FTIR) (Thermo 
scientific Nicolet iS-10), Scanning Electron Microscope (SEM) (JEOL JSM-6510LA), X-ray Diffraction (XRD) (Shimadzu XD 610), X-Ray 
Fluorescence (XRF) (Panalytical Epsilon 3 XLE), Thermal Gravimetry Analysis (TGA) (PerkinElmer TGA 4000), digital thermometer 
(Hanna), Furnace (Thermo Scientific), and Compressive Testing Machine. 
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2.2. Preparation of the RHA 

RHA samples were obtained from the waste of a local rice milling and processing factory in East Aceh Regency, Aceh Province, 
Indonesia (5◦00′56.8″N 97◦38′17.6″E). The rice husk waste was usually slowly burned in the open air (nearly without smog) but in 
uncontrolled combustion conditions, and it turned to black carbon, then became white ash. The combustion temperature is predicted 
by observing the color change of the RHA product after combustion. According to Jaya et al. [33] variations in combustion tem-
perature produced different RHA colors. Grey-white color with a burning temperature of 500 ◦C and bright white at 800 ◦C. The RHA 
was taken randomly from several sides of the pile. It was cleaned for impurities before being grounded and sieved utilizing a 100-mesh 
sieve. XRD and XRF methods were utilized to characterize the main chemical compounds of RHA powder. 

2.3. Preparation of the hybrid foam panel (HFP) and their characterization 

HFP was generated with polyurethane (PU) which is the reaction product between a blended polyol and diphenylmethane-4,4- 
diisocyanate. Two-stage mixing approach was conducted in HFP preparation. In the first step, the cement was mixed with the pol-
yol, stirring at 350 RPM for 15 min using an electrical lab mixer (overhead stirrer 50 Hz Chemical 200 w). The second step involved 
adding diphenylmethane-4,4-diisocyanate to the mixture and stirring it at 350 rpm for 15 min. The volume ratio between 
diphenylmethane-4,4-diisocyanate and polyol was set to 1:2. The weight ratio of PU (Polyol + Isocyanates) to (RHA + cement) in this 
work is set constant at 0.3, while the ratio of water-to-cement ratio is from 0.2 to 0.6 as has referred to the previous studies [34–36]. 
The variety in the amount of water is required according to the quantity of the solid components to maintain the homogeneity of the 
mixture. After that, all specimens were air-dried for 28 days of curing. In the specimen preparation, RHA was added as a filler in weight 
composition of 0, 5, 10, 15, 20, and 50% w/w from the total specimen weight. The HFP formula is set to refer to the literature [15,17, 
37], which is shown in Table 1, and the fresh paste was poured into a mold with a dimension of 150 × 25 × 10 mm. The samples were 
then put to the test for heat absorption. To prepare the samples for the mechanical properties to test using ASTM C-109-02, a mold of 
50 × 50 × 50 mm was employed [38,39]. 

A circular shape sample (diameter = 60 cm; thickness = 5 cm) was prepared for thermal conductivity measurement using the hot 
disc method modified from ISO 22007–2 (calculations with equations (1) and (2)). 

Q ≈ A
ΔT
Δx

(1)  

Q=
dQ
dt

= kA
ΔT
Δx

(2)  

where Q is the heat flow rate (W = joule/s), ΔT is the temperature gradient (oC), k is the thermal conductivity (W/mK), A is the cross- 
section area (m2), and Δx is the thickness of the specimen (m) [40]. The HFP specimens were subjected to a thermal conduction test 
(Fig. 1a) within a closed cylindrical Styrofoam with dimensions of d = 60 cm and h = 20 cm. A hot plate equipped with a digital 
thermostat was used as the electrical heat source, and the temperature was maintained at 60 ± 2 ◦C. Afterward, the HFP specimen was 
inserted between two metal-equipped digital temperature measurement reference discs. Both reference discs utilized were the ASTM A 
36 iron plates. The upper disc was then covered with a Styrofoam layer to avoid heat loss, as illustrated in Figure (1b). Overall, the 
thermal conductivity measurement schema is depicted in Fig. 1. 

A thermal radiation test of the HFP specimen was conducted in a Styrofoam box with dimensions and experimental setup illustrated 
in Fig. 2. Thermal performance tests were also performed to determine the heat absorbed by the composite from IR radiation. Heat 
absorption was then measured by irradiating the sample with a 250-W IR lamp. For that, 180 min were spent irradiating (heating), 
followed by 130 min of cooling. Every 30 min, the data were recorded using a type k thermocouple connected to a data-hold- 
thermometer, as displayed in Fig. 2. 

Meanwhile, to determine the density of HFP, the technique employed refers to ASTM C567-05a (2005) and SNI 3402 (2008) 
standards, and the porosity of HFP was carried out based on the ASTM C 642–06 (2008). The sample characterization involved several 
instrumentations such as FTIR, SEM, TGA, and XRD. 

Table 1 
Variation of rice husk ash as the filler and the hybrid foam characteristics.  

Sample codes RHA (%) in cement RHA (g) Cement (g) Polyol (mL) Isocyanates (mL) Water (mL) 

HFP 0 0 0.0 290 30 60 60 
HFP 5 5 14.5 276 30 60 73 
HFP 10 10 29.0 261 30 60 73 
HFP 15 15 43.5 246 30 60 75 
HFP 20 20 58.0 232 30 60 77 
HFP 50 50 145.0 145 30 60 85 
HFP 100 100 290.2 0 30 60 110  
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3. Result and discussion 

Elaboration of the research finding started with the chemical composition of the composite component especially SiO2 quantity and 
characteristics affecting the composite properties as summarized in Fig. 3. 

Before elaborating on the HFP characteristic, RHA as the constituent component is discussed. The RHA is white material which is 
different from the raw rice husk as presented in Fig. 4 (b & c). 

Fig. 4 (a) represents the RHA diffractogram showing the high crystallinity properties of the RHA component. The XRF data 
(Table 2) show RHA had high SiO2 content (95%) compared to the other. Three types of silica compounds existed in the form of 
tridymite (2θ = 18.7◦, 20.7◦, 23.4◦, and 30.2◦), quartz (2θ = 21.8◦ and 27.6◦), and cristobalite (2θ = 31.6◦ and 36.2◦). The silica 
content in RHA from this study is consistent with earlier reports [20,21,32,41,42]. The silica content in RHA is higher than in met-
akaolin and analcime, which is naturally high silica content clay. 

This high proportion and crystallinity of SiO2 would have strengthened the durability, strength, and permeability as verified in the 

Fig. 1. (a) HFP Specimens and (b) Thermal conductivity measurement scheme.  

Fig. 2. Infra-Red irradiation test scheme.  

Fig. 3. The summary of HFP characterization methods and the parameter comparison.  

J. Jofrishal et al.                                                                                                                                                                                                       



Heliyon 9 (2023) e18925

5

previous report [15–17]. The appropriate SiO2 characteristic contributes to the thermal conductivity reduction of the HFP composite 
[18,21]. 

3.1. Microstructure analysis of hybrid foam panel (HFP) sample 

In measuring the several parameters of treated samples, some assumptions are considered. The rate of chemical formation of 
polyurethane is assumpted constant at every replication, therefore the density of the composite is uniform. This possible experimental 
error has been minimized by several sample replications. 

Fabricating a heat block material usually involves expanding the composite pores in the form of foam [43]. Polyurethane produces 
a foam from the precursor reaction between isocyanate and polyol. The size of foam bubbles might be affected by the presence of 
Portland cement and water content, therefore the chemical evidence and the composite surface properties are discussed here. 

As presented in Table 1 and in the hybrid structure, the polyurethane was set constant (polyol and isocyanate; 30 and 60 mL), and 

Fig. 4. (a) Diffractogram of RHA, (b) Rice husk raw material, (c) Rice husk ash after grinding and sifting.  

Table 2 
Composition of oxide compounds in RHA and WPC samples according to XRF method.  

Compound RHA WPC 

Concentration Unit Concentration Unit 

SiO2 95.709 % 11.799 % 
SO3 –  2.526 % 
P2O5 1.395 % –  
Al2O3 –  2.623 % 
K2O 1.206 % 0.460 % 
CaO 1.290 % 81.366 % 
TiO2 112.9 ppm 0.175 % 
MnO 0.204 % 109.4 ppm 
Fe2O3 0.132 % 0.592 % 
Rb2O 137.3 ppm 15.0 ppm 
SrO 38.8 ppm 0.382 %  
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the Portland cement and RHA were given in various proportions with a total weight of 290 g. Then, about 60–70 mL of distilled water 
was added. It was found that the mixture immediately became hard after the reaction of polyol and isocyanate. Then, experiments were 
re-adjusted; HFP components were mixed homogeneously before the isocyanate addition. 

Without RHA content, the polyurethane foam panel showed a granular structure. The thin layer fibers had not existed, and the foam 
was evenly distributed with a larger foam size and produced large pores. These granular shapes indicated hybrid foam characteristics. 
As seen in reaction 1, the foam was a reaction product of polyols, isocyanate, and water. When the isocyanate reacted with water 
(reaction 2), carbon dioxide gas was generated and trapped within the foam bubbles. The reaction mechanism is illustrated in Fig. 5. 

Randomly, several HFP samples were carefully sliced using a grinding machine and left one site as the original surface. The original 
surface was cleaned before SEM scanning for microstructure studies at a 1000× and 5000× magnification scale. The SEM images 
(Fig. 6a–d) show the polyurethane foam containing RHA looks granules and spread (Fig. 6a and c) and such images were different from 
the SEM pictures of HFP without RHA content. The images also show a needle-shaped inorganic cement layer covering the granules 
within the samples. This finding is analogous to the microstructure of previous polyurethane-RHA samples prepared with different 
procedures previously [44,45]. The smaller grains and more porous fibrous observed in the HFP containing RHA aligned with the 
theory of SiO2 role in strengthening the concrete structure [16,17]. Fibrous sheets are observed in Fig. 6 (a & c) confirming the 
formation of CaSiO3.3H2O (calcium silicate hydrate/C–S–H). The reaction occurs after Portland cement chemical content is mixed 
with SiO2 from RHA. 

3.2. Fourier transform infrared spectroscopy (FTIR) analysis 

Attempt to study the chemical reaction within HFP samples were carried out based on FTIR spectroscopic method. FTIR spectra 
record several chemical functional groups that are involved in reactions 1 and 2. The polyurethane formation is confirmed after spectra 
of the stretching of N–H, C––O, HNCOO, CH2 bending, and C–O–C [46] are observed in The FTIR spectra (Fig. 7). It showed high 
intensity in 3400 cm− 1 representing the N–H stretching; the C––O stretching appeared in 1700 cm− 1, CH2 bending was in the area 
2270 cm− 1, and urethane-specific groups (NHCOO) were found in 1509–1600 cm− 1. Several low-intensity peaks around 1413 cm− 1 

were identified as C–H bending and at 1600 cm− 1 as C––N-. These data confirm the hypothesis that a reaction occurs to form 

Fig. 5. Polyurethane synthesis reaction mechanism.  
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Fig. 6. Micrograph comparison of hybrid foam concrete panels 
at 1000 magnification; (a) with RHA, (b) without RHA and 
at 5000 magnification; (c) with RHA (d) without RHA. 

Fig. 7. FT-IR plot of the panel with various concentrations of RHA.  
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polyurethane although at the same time also occurs other reactions; the cement hydration, carbonation, and pozzolanic activity of the 
RHA. Physically, the polyurethane bubbles were smaller than within the control (without cement). This might be due to a competition 
involving water in several reactions and cement causes the bubble smaller. Water was utilized as a blowing agent in polyurethane foam 
formation and water was also fully involved in the cement hydration reaction. These reactions only occur in a limited condition by 
involving their essential components. For example, polyurethane polymerization reactions generally involve polyols and isocyanates 
according to polymerization theory [47], while cementation reactions only occur between C3S to product C–S–H by hydration of H2O 
and carbonating CaO to form CaCO3 as described in the literature [48]. 

The presence of silica in the sample came from RHA, showing stretching vibration of silica (Si–O) appearing in 434 cm− 1 and 1020 
cm− 1 [29]. Meanwhile, the Si–O–Si for pure RHA revealed 796 cm− 1 and 870 cm− 1 for Si–O–Si vibration of C–S–H in RHA-WPC [49]. 

3.3. X-ray diffraction (XRD) analysis 

XRD analysis of the HFP uncovered the SiO2 peaks (20.50◦ to 21.80◦), and the intensity was proportional to RHA content (Fig. 8). 
The intensity continuously increases up to 20% of the RHA proportion, but the intensity slightly decreased at the ratio of >50% RHA 
content. The HFP diffractogram recorded several other peaks representing the impurity components since it consistently existed in all 
samples, including in the 0% RHA sample. HFP crystallinity consistently enhances and SiO2 diffractogram intensity follows the RHA 
proportion in the composite. The main components that existed from the precursor (WPC) were Alite (Ca3O5Si or Tricalcium silicon 
pentaoxide/C3S), Ca(OH)2, and calcite (CaCO3) as shown in Table 2. In the composite, WPC reacted with water which is known as a 
hydration reaction, and produced majorly C–S–H gel. This reaction has been recognized in many journals [16,50] The evidence of this 
reaction is shown in XRD diffractogram with intensity from 29.40◦ to 34.50◦ and 47.20◦ and others. Other compounds including Fe2O3, 
MgO, and CaSO3, also showed high intensity in the range of 30◦ and 35◦ angles (Fig. 8). 

As depicted in Fig. 8, the activity of both primary and secondary hydration reactions has been identified based on the XRD dif-
fractogram. C–S–H and Ca(OH)2 compounds were products of the hydration reaction, and C3S was the reactant. The cement hydration 
reaction has the following chemical reaction formula: 

H2O + C3S/C2S → Ca(OH)2 + majorly C–S–H gel (hydration reaction). Meanwhile, the secondary hydration reaction in the 
presence of pozzolanic activity is. 

Ca(OH)2 + H2O + RHA (SiO2) → minor C–S–H gel [15]. 
C–S–H and Ca(OH)2 existed in the HFP diffractogram but C–S–H was dominant as shown at angles of 29.40◦ and 34.50◦. 

Fig. 8. Diffractogram of the panel with varied the rice husk ash.  
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3.4. HFP physical and mechanical characteristics 

3.4.1. Thermal conductivity 
The measurement scheme and specimen of HFP are shown in Fig. 2. The physical and mechanical properties of HFP at various 

compositions are summarized in Table 3. HFP thermal conductivity was measured to study how much heat was brought by the HFP 
from the warm wall into the room if HFP will be as a heat block indoors. Table 3 shows that HFP with ≥5% RHA content blocks nearly 
50% heat compared with the control according to the thermal conductivity decline. The heat-blocking effect becomes stronger after 
the 20% RHA ratio in the composition. Also, as presented in Fig. 9, the thermal conductivity of the HFP decreased consistently when 
the RHA content increased. The reduction was 60.11%, from 0.623 W/mK at 0% RHA to 0.374 W/mK at 5% RHA. Then, it contin-
uously decreased to 0.222 W/mK at 100% of RHA. In this regard, it is reasonable that polyurethane content causes decreased thermal 
conductivity since polyurethane is organic polymer material and generates foam that reduces surface contact of material from the heat 
source. Besides, polyurethane and RHA work best together to reduce thermal conductivity. The decrease in thermal conductivity 
occurs along with the increase in the number of RHA proportions caused by the panel density, which also decreases with increasing 
RHA. The decrease in density results from the increased number of cavities in the panel. The presence of these voids inhibits heat from 
reaching other parts of the panel. Then, a comparison of the thermal conductivity of HFP with other composites is explained in Table 4. 

According to Table 4, by maintaining the appropriate composition between RHA and polyurethane, HFP had lower thermal 
conductivity (0.37–0.29 W/mK) than the individual components. The constituent thermal conductivity including concrete only, the 
polyurethane-Portland cement, and RHA is 0.99 W/mK, 0.62 W/mK, and 1.5–2.75 W/mK respectively as shown in Table 4. This 
finding is consistent with the previous report that a certain proportion of RHA in concrete could reduce thermal conductivity [18,20, 
52]. 

3.4.2. Infra-Red irradiation heat 
As discussed in the introduction, HFP is studied to propose as indoor panels to block solar heat penetration from the warm wall into 

the room. Unlike the thermal conductivity experiment discussed, where the source of heat was an electrical hot plate, in this exper-
iment, the source of heat is IR radiation. Since the sun ray composition is IR dominant but it is not easy to control the intensity, in this 
section, the radiation was from IR lamps instead of direct sun rays. The effect RHA content of HFP on heat absorption was compared. A 
plot of the HFP temperature and the irradiation time at each composition of HFP is presented in Fig. 10. The HFP temperature declined 
along with the enhancement of RHA content. 

The expected properties for a sun-heat-blocker in tropical regions is a material that does not absorb sun ray heat or absorbed it but 
quickly releases it to avoid the room turning warm. Data in Fig. 10 shows that HFP less absorbed heat at higher RHA content and 
releases it. The temperature of HFP (without RHA) reached up to 55 ◦C after 200 min after irradiation. Although the lowest tem-
perature of HFP was at 100% RHA content, the medium RHA content (20%) is required to compromise with other HFP physical 
parameters. 

Decreasing heat absorption in the presence of RHA is related to the HFP porosity enhancement as shown in Table 3. Thermal 
conductivity also represents the HFP to store and release heat [19,20]. The existence of polyurethane, which is low thermal con-
ductivity (0.021–0.032 W/mK) [8], and the presence of voids from foam bubbles within the composite, all contribute to reducing the 
HFP thermal conductivity. 

3.4.3. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis for HFP was performed to observe its fire-retardant properties. HFP contains polyurethane with a low 

melting point (57 ◦C) and a glass transition temperature of − 63 ◦C [55] was suspected as a flammable material. Then, TGA was 
recorded and the HFP weight pattern loss at elevated temperatures is presented in Fig. 11. The HFP gravimetric curve for the 100% 
RHA sample was present in the single-stage decomposition, while HFP with 0%, 20%, and 50% RHA showed the two-stage process. 

The first stage occurred in the temperature range of 100 ◦C–140 ◦C, indicating the hydration of H2O compounds from CaSiO3.H2O 
(C–S–H) as the main product of the cementation reaction in the HFP [56]. Then, the second stage took place at the range temperature of 
248.72–280.99 ◦C (for 0%, 20%, and 50% RHA) and at 319.65 ◦C (100% RHA), in which the data details can be seen in Table 5. The 
data trend is subject to the polyurethane content at high temperatures [11]. 

RHA affected slower HFP weight loss while heating at high temperatures and RHA increased the thermal stability of HFP. This 
finding suggests that the higher proportion of RHA, the better the thermal stability at high temperatures. The presence of RHA silica 
inhibits the polyurethane from being decomposed easily at high temperatures. 

Table 3 
The physical and mechanical properties of HFP.  

Sample Codes RHA (%) Thermal conductivities (W/mK) Compressive strengths (MPa) Porosities (%) Densities (kg/m3) 

HFP 0 0 0.62 ± 0.15 12.37 ± 0.61 10.51 ± 0.57 1351.92 ± 22.68 
HFP 5 5 0.37 ± 0.08 11.35 ± 0.22 13.35 ± 0.46 1345.07 ± 22.59 
HFP 10 10 0.35 ± 0.06 9.98 ± 0.13 19.43 ± 0.33 1338.18 ± 10.08 
HFP 15 15 0.32 ± 0.04 9.42 ± 0.38 21.79 ± 0.16 1279.31 ± 19.03 
HFP 20 20 0.32 ± 0.04 7.25 ± 0.25 25.53 ± 0.70 1264.83 ± 5.67 
HFP 50 50 0.29 ± 0.03 5.27 ± 0.28 32.80 ± 0.93 1237.11 ± 1.62 
HFP 100 100 0.22 ± 0.01 2.40 ± 0.10 61.87 ± 2.59 1216.38 ± 19.00  

J. Jofrishal et al.                                                                                                                                                                                                       



Heliyon 9 (2023) e18925

10

Fig. 11 also shows that HFP with high content of RHA was not quickly burnt. It stood without significant decomposition up to 
300 ◦C. HFP contained polyurethane and Portland cement, the dehydration started at 100 ◦C and burned initially at around 300 ◦C. 
Therefore, the HFP had relatively fire retardation properties almost at any proportion of RHA. The fire retardation properties were 
higher than the melting point of polyurethane itself. 

Fig. 9. Effect of RHA percentage on the thermal conductivity.  

Table 4 
Comparison of thermal conductivity of HFP with other composites.  

Composites Thermal conductivity (W/mK) References 

Polyurethane + 100% WPC, (0% RHA) 0.62 This study 
Polyurethane + 100% RHA, (0% WPC) 0.22 This study 
Concrete only 0.99 [51] 
Foam concrete + RHA (5–15%) 0.19 to 0.17 [52] 
Mortar + RHA (10–100% RHA) 0.81–0.17 [20] 
White concrete (WPC) 0.75 [31] 
RHA only 1.50 to 2.75 [53] 
Polyurethane foam only 0.02–0.03 [8] 
A mixture of cement, aggregate, and saturated liquid polyurethane 0.60–1.24 [54] 

WPC = white Portland cement. 

Fig. 10. The Profile of HFP absorbed and desorbed heat from IR radiation.  
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3.4.4. Compressive strength test 
Increasing HFP porosity might affect physical strength. Thereby, HFP strength mechanical properties were also measured. The 

measurements were made only for mixtures with a curing period of 28 days, and the test method refers to the ASTM C-109-02 standard. 
The shape of the specimen (Fig. 12 (a)) and the test equipment used is portrayed in Fig. 12 (b). 

HFP compressive strength data are tabulated in Table 3 and the data trend is presented in Fig. 13. HFP compressive strength 
decreased gradually, followed by the enhancement of RHA composition. Compressive strength testing aims to measure the strength 
level of HFP as a requirement for physical properties and perceive compliance with building material standards. 

Since the heat blockage materials previously reported are not in uniform dimensions among each other, then their compressive 
strength and thermal conductivities might not be simply compared with the HFP properties. However, roughly, HFP has relatively 

Fig. 11. Thermogravimetric profile of HF panel with various RHA proportion.  

Table 5 
The onset, endset temperature, and weight loss for each variation in the RHA proportion in the HFP recorded at the TGA instrument.  

RHA (%wt) Onset decomposition temperature (oC) Endset decomposition temperature (oC) Weight loss 

(mg) (%) 

0 248.72 380.21 2.09 20.90 
20 259.41 385.41 2.04 20.38 
50 280.99 394.56 2.13 21.34 
100 319.65 417.52 1.84 18.40  

Fig. 12. (a) Prepared Samples and (b) measurement process of compressive strength.  
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moderate thermal conductivity and higher compressive strength as shown in Table 6. 
Since the purpose of this study is to prepare foam lightweight of thermal insulation building materials, the minimum HFP char-

acteristics of concrete strength are referred to the American Concrete Institute (ACI) Committee 213 Guide for Structural Lightweight 
Aggregate Concrete standard. The density standard is from 300 to 2000 kg/m3 and the compressive strength standard is 0.7–60 MPa. 
Hence, the concrete classification based on compressive strength and density can be categorized into three categories, low-density 
concretes (compressive strength ≈ 0.7–2.0 MPa and density ≈ 300–800 kg/m3), moderate-strength concretes (compressive 
strength ≈ 7–14 MPa and density ≈ 800–1350 kg/m3) and structural concretes (compressive strength ≈ 17–63 MPa and density ≈
1350–1920 kg/m3) [59,60]. 

The compressive strength of the HFP with an RHA proportion of 0–20% met the standard strength for non-structural use, which is in 
the range of 7.25–12.37 MPa categorizing as moderate strength. The HFP with RHA content of 20%–100% showed low density 
referring to its compressive strength of 2.40–7.00 MPa, as verified in the previous study [20]. 

3.5. Density and porosity 

Two contradicting parameters, i.e., the density and porosity of the composite, were considered in this study. Density determination 
was carried out using the ASTM C567-05a (2005) standards, and for the porosity, ASTM C 642–06 (2008) standard was used. Porosity 
is influenced by the number of cavities formed in the panel. The porosity determination was then carried out by calculating the amount 
of water absorption by the cavities in the panel—the more holes, the greater the possibility of being filled in with air. The void ex-
istence decreases the thermal conductivity of the panels [20]. 

HFP Density and porosity data, which are two interconnected parameters are displayed in Table 3. High porosity is usually followed 
by low density and reversely. High porosity is also preferable for heat insulator properties, but high density contributes to physical 
strength. Moreover, density and porosity strongly influence the strength and thermal conductivity of RHA-based HFP. The lower the 
density of a material, the higher the porosity, as shown in Fig. 14 (a) and (b). This finding has been confirmed by the research pre-
viously [34]. 

Here, the presence of RHA significantly affected the porosity and density of the HF panel. Also, the RHA content, particle size, and 
surface area all affect water absorption. The smaller the particle size, and the higher the content of RHA (>20%), the more water 
absorb [61], and the higher HFP porosity. 

Fig. 13. The plot of compressive strength parameter of HFP with RHA content.  

Table 6 
Comparison of mechanical properties of HFP with various concrete foams.  

Composite formula Thermal conductivity 
(W/mK) 

Compressive strength 
(MPa) 

Ref 

Material included-glass fiber-reinforced foam concrete, with dimensions of (50 × 50 × 50 mm) 0.153 2.52 [57] 
Foam Concrete Produced with Recycled Concrete Powder and Phase Change Materials; dimension 

(40 × 40 × 160 mm) 
0.242–0.347 1.41–6.95 [5] 

Foam concretes containing expanded vermiculite powder and silica fume; dimension (200 × 200 
× 500 mm prism and cylinder with Ø150 300 mm) 

0.05–0.24 0.5–4.0 [58] 

Hybrid foam panel made of polyurethane-hybrid-foam-concrete and rice-husk-ash; dimension for 
thermal conductivity (diameter = 60 cm; thickness = 5 cm), dimension for compressive 
strength (50 × 50 × 50 mm) 

0.22–0.62 2.5–12.5 This 
study  
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4. Conclusion 

Synthesis of thermal insulation panels with RHA, polyurethane, and white cement as the base material has been successfully 
fabricated and shows interesting characteristics. Since the key for HFP pore formation is the chemical reactions of the component, then 
the formation of polyurethane from a reaction between polyol and isocyanate confirmed occurred along with the hydration/ 
carbonation reaction of cement and the secondary hydration reaction of RHA pozzolanic activity. HFP absorbed heat slower at the high 
content of RHA and released heat faster at low RHA content. HFP containing 20 wt% of RHA blocked IR radiation heat significantly and 
moderately released it, also it has acceptable compressive strength. With this RHA composition, the HFP compressive strength met the 
standards for non-structural uses, such as thermal insulation materials. Also, the HFP stands for heat at least 300 ◦C without excessively 
burning. HFP is potentially used for indoor wall insulation, especially in tropical regions. 
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