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Abstract

This work aims to synthesize new foaming laterite geopolymer foam using
laterite, sodium silicate solution, sand, and aluminium powder. The porosity
rapidly increased with the addition of the foaming agent. The foam matrix
had thermal conductivity values of 0.10 W/m K with 0.7% of Al powder and
0.64 W/m K with 0% of Al powder. For fire resistance, samples exposed to
high temperatures (200°C and 500°C) showed increased flexural strength, linear
shrinkage at 500°C, and a decrease at 900°C due to structural weakening under
high thermal pressure and the appearance of new phases such as nepheline and
akermanite in X-ray diffraction analysis. The results also showed that a 30%
increase in fine aggregate content increased the strength of the foam matrix,
with flexural strength ranging from 5 to 9.1 MPa after 28 days of ambient cur-
ing. These laterite geopolymer foams have shown promising thermal insulation
and mechanical qualities that are appropriate for building applications.
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1 | INTRODUCTION

Geopolymers, defined as inorganic polymers, have gar-
nered significant attention over the last century due to
their outstanding qualities.! These include: high thermal
stability, strong thermal insulation, early high strength,
low energy generation, low sintering production, low
permeability, and good acid resistance.”* The geopoly-
merization technique, discovered to be environmentally
beneficial, sustainable, and energy efficient, involves dis-
solving raw aluminosilicate materials (such as metakaolin,
fly ash, slag, etc.) in alkali hydroxide or silicate activa-
tion. This process generates aluminate and silicate species
that link together during the polycondensation reaction.
The resulting compact amorphous structure consists of
alkali polysilicates, alkali ferrosilicate, and ferrisilicate.*>
Geopolymers are defined not only by the process condi-
tions (curing time, temperature, and humidity) but also
by the reactivity of the raw aluminosilicate. Reactivity is
influenced by chemical and mineralogical composition,
morphology, crystalline/amorphous content, and particle
size distribution.® These versatile materials find applica-
tions in various disciplines, including thermal insulation,
fire resistance, high-temperature engineering, geopolymer
concrete for construction, building engineering, acoustic
absorption, protective coating, and filtration.®’

In recent years, significant advancements have been
made in lightweight geopolymer composites, leading to the
exploration of various fillers to enhance their mechani-
cal, thermal, acoustic properties, and moisture absorption,
thus expanding their applications in construction. Sev-
eral types of fillers have already been utilized, ranging
from natural and synthetic fibers to industrial by-products
(metakaolin, fly ash, blast furnace slag, etc.),® lightweight
aggregates (perlite, vermiculite, etc.),” and recycled materi-
als (crushed glass and construction waste).' These fillers
significantly influence the microstructure and properties
of geopolymer foams (rheology, mechanical strength, lin-
ear shrinkage, thermal conductivity, etc.). For instance,
Husainie et al.'! demonstrated that the use of natural
fibers instead of synthetic polyurethane improved ten-
sile strength and thermal conductivity without signifi-
cantly affecting the microstructure. Furthermore, Wal-
briick et al.'? following the same approach, showed that
fiber size and a proportion greater than 40% in a fly ash
geopolymer foam impacts thermal conductivity due to a
modification in the fiber-geopolymer foam interaction.
The use of fine aggregates in porous geopolymers, on
the other hand, increases pore size, thus promoting ther-
mal conductivity while opposing a decrease in mechan-
ical properties, as demonstrated by Abbas et al.'® The
judicious combination of fillers can lead to geopolymer

composites with tailored properties suitable for specific
applications, such as geopolymer concretes incorporating
by-products or recycled products, which shows promise in
reducing environmental impact while maintaining ther-
mal insulation and mechanical properties significantly
superior to those of ordinary Portland concrete; moreover,
it demonstrated high corrosion resistance and long-term
durability.'*"!” Thus, the combination of by-products and
waste materials can lead to the formation of environmen-
tally friendly porous geopolymers.

Geopolymer foam can be produced using a foaming
agent (e.g., aluminum powder, hydrogen peroxide, or
sodium perborate) or mechanical air pressure. Several
investigations found that, increasing the foaming agent
quantities reduces mechanical strength and density but
increases porosity.'®!” Szab6 and Mucsi?’ created fly ash
geopolymer foam with metallic powder and hydrogen per-
oxide, achieving compressive strengths ranging from 5.5
to 10.9 MPa and low thermal conductivity (0.11-0.39 W/m
K). Vaou and Panias’' observed similar results for perlite
geopolymer foam (thermal conductivity: 0.03 W/m K), as
did Kamseu et al.?” for metakaolin geopolymer foam (ther-
mal conductivity: 0.15-0.4 W/m K, porosity: 30%-70%).
Controlling pore nature, size, and distribution is crucial for
achieving desired properties in geopolymer foam. Smaller
pores lead to lower air thermal conductivity.”* The rela-
tionship between pore size and thermal conductivity in
geopolymer foams is inverse; smaller pores result in lower
air thermal conductivity.'®!>** This phenomenon can be
observed across different pore size ranges, the air thermal
conductivity of geopolymer foam with microcapillary pore
(¢ < 50 nm) is 0.002 W/m K, with microcapillary pore
(50 nm < ¢ < 50 pm) it is 0.015 W/m K, and with ¢ >
50 um it is 0.026 W/m K.? The water/solid ratio, tempera-
ture, the kind of alkali activator, the type of foaming agent,
the type of raw material, the processing method, and the
type of surfactant are characteristics that affect the pore
microstructure (pore connectivity, porosity, and pose size
distribution).*'8

Zenabou et al.>® discovered that combining hydrogen
peroxide and soluble silica produces porous geopolymers
with nano, meso, and milliporosity. They explain that
nano and meso porosity resulted from the substitution of
rice husk ash on metakaolin while keeping the Si/Al ratio
between 1.93 and 2.71. Adjusting the Si/Al ratio enhances
heat conductivity in sponge geopolymer foam by improv-
ing connectedness, reducing porosity, and achieving a
smaller pore size distribution.”’” Kamseu et al.”> investi-
gated the heat flux transport of sponge geopolymer foam
and discovered that altering the mix design and amount of
porogen resulted in the creation of capillary pores inside
the matrix. The shape, geometrical distribution, and
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connectivity of pores significantly influence heat flux
transfer. However, other factors also play a role. For
instance, the nonlinear relationship between tortuosity
(path complexity) and both porosity and thermal con-
ductivity affects heat transmission. Recent research has
highlighted metakaolin and fly ash as primary solid pre-
cursors for designing and manufacturing porous matrices
using the cold synthesis technique?*; this process involves
curing at low temperatures from 0°C to 70°C. Additionally,
laterite (iron aluminosilicates) offers energy-saving bene-
fits. Its main mineral, kaolinite, corrodes in the presence
of iron. This reaction with silicon oxide and alkali solution
allows for the creation of various levels of porosity.

The objective of this study is to synthesize laterite
geopolymer foam using aluminium powder as a foaming
agent via a cold sintering process (curing at low temper-
atures). We will investigate the impact of fine aggregate
and the foaming agent on pore structure, thermal conduc-
tivity, pore size distribution, and thermal resistance of the
geopolymers.

2 | MATERIALS AND METHODS

2.1 | Materials

The geopolymer binder was prepared using iron-rich lat-
erite as a solid precursor (Montée des Soeurs) with partial
substitution of fine sand aggregate (Razel). The chemical
composition of fine aggregate was determined previously
by Kaze et al.’® X-ray fluorescence of laterite was done
in the previous study by Tchio et al.° Laterite and fine
aggregates were ground and sieved below 100 um. The
alkaline activator used was a local sodium silicate solution,
which was prepared using biomass source SiO, (rice husk
ash [RHA]), NaOH pellets (98% purity, Sigma-Aldrich)
and water with the following characteristics: molar ratio
(Si0,/Na,0) =2 and (H,0/Na,0) =10. The foaming agent
was aluminum powder from Germany (Art-No. 5285.2)
with a particle size under 50 pum.

2.2 | Methods

Due to the lack of standards available for geopolymer foam,
several geopolymer foam and Portland cement foam con-
crete specifications have been used as a starting point.>'
The laterite and fine aggregate were dry mixed for 5 min,
followed by the addition of sodium silicate solution. The
geopolymer paste was mixed with a rotative mixer for
6 min then aluminium powder was added to the homoge-
neous geopolymer paste and the final mixture was done in
3 min (the mix design are illustrated in Table 1). Low-speed
mixing was used to avoid bubble breakage due to the high

viscosity of the geopolymer paste. The final foamed mix-
tures were poured into 4 X 4 X 2 mm plastic molds, cured at
70°C for 24 h, demolded and sealed into a plastic paper for
28 days at ambient conditions, till mechanical and physi-
cal properties and other characterizations were carried out.
The choice of solution/solid radio was chosen based on
the works of Ibrahim et al.”’ that showed the influence
of liquid/solid ratio on lightweight geopolymers. Al pow-
der used in percentage of mass of laterite varying from
0.2% to 1% as inferred from the literature on metakaolin
geopolymers foam.°

2.3 | Characterization methods

2.3.1 | Mechanical testing

The flexural strength of the laterite geopolymers foam
(LGF) was tested using an Instron 1995 mechanical test-
ing machine with a displacement of 4 mm/min. A total
of three specimens were tested, and the average result was
presented. A slight volume change after curing was noted;
therefore, the top surfaces of the samples were carefully
sanded to make them flat and parallel prior to testing. The
diameter and length of each sample were measured to cal-
culate the demold density (volume). The dry density of
LGF was also measured after drying the pulverized sam-
ples in an oven at 70 + 2°C for 24 h according to ASTM
C495. For intensity and density measurements, the average
of three samples for each mixture is reported, and the stan-
dard deviation for each mixture is reported as a significant
error.

2.3.2 | Mercury intrusion porosimetry

Pieces collected from different formulations after the
three-point bending test were used to prepare specimens
for the MIP (Auto Pore IV 9500 V1.09) tests using one high-
pressure analysis port (33 000 psia maximum pressure) and
two low-pressure analysis ports. Each specimen was put in
a penetrometer with 15 mL sample cup and steam volume
of 1.1 mL (the steam volume depends on the penetrom-
eter used for this study used one with steam volume of
1.1). The total pore volume was evaluated using the set-
time equilibrium (10 s) mode between pressure limits of
345 kPa and 228 MPa covering the pore diameter range
from approximately 0.0055 to 360 pm.

2.3.3 | Thermal conductivity

The thermal conductivity of LGF was measured at ambient
conditions using the transien plane source (TPS) method
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TABLE 1 Mix design of laterite geopolymer foam (LFA,F;, where “i” represents the proportion of fine aggregate and “j” represents the
proportion of aluminium powder in percent).
Fine Foam
Mixture Laterite (g) aggregate (g) Solution/solid dosage (%)
LFA(F-0.6 400 0 0.4 0.6
LFA,,F-0.6 360 40 0.4 0.6
LFA,,F-0.6 320 80 0.4 0.6
LFA,,F-0.6 280 120 0.4 0.6
LFA,,F-0.6 240 160 0.4 0.6
LFA,,F-0.6 200 200 0.4 0.6
LFA5 F-1 280 120 0.4 1
LFA4,F-0.8 280 120 0.4 0.8
LFA;,F-0.7 280 120 0.4 0.7
LFA;,F-0.5 280 120 0.4 0.5
LFA;,F-0.4 280 120 0.4 0.4
LFA;,F-0.2 280 120 0.4 0.2
LFA,,F-0 280 120 0.4 0
Note: “g” represents the proportion in grams.
Abbreviations: FA, fine aggregate; L, laterite.
Further samples dried for more than 24 h showed that
10 4 - the weight loss and shrinkage did not exceed 1%. The fast
drying at the temperature of 70°C is due to the porous
§ 8 7.6 microstructure and low thickness.
=} o ”
5 o i 234 | Th i i
< . 3. ermal resistance and optical
7 microscope
3 The thermal resistance of LGF was evaluated by mea-
= suring the change in strength and volume after exposure
2 to high temperatures. Selected samples were heated from
room temperature to 200°C, 500°C, and 900°C in a pro-
gramable electric furnace with a thermal treatment rate
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FIGURE 1
(LGF) substituted with fine aggregate.

Flexural strength of laterite geopolymers foam

on a Hot Disk 2500 SYSTEM. The samples were cut from
the LGC specimens with 4 X 2 mm to form a square with
a thickness of 2 mm. To ensure good contact between the
TPS element and the sample surface, all samples were
polished flat and parallel, and cleaned with compressed
air. For each LGC foam mixture, tree replicate tests were
conducted.

According to Zhang et al.,”’ the humidity of the sample
has an important impact on the measured thermal con-
ductivity. Because drying for a long period may impact
the microstructure/phases of LGF. A short period of dry-
ing (24 h) at low temperatures was adopted in this study.

of 5°C/min (ISUNI, type MN 51 A) for 3 h, then cooled at
room temperature in the furnace. Test of flexural strength
of LGCF before and heating using Instron 1995 mechani-
cal testing machine with a displacement of 4 mm/min, a
total of three specimens was tested and the average result
was presented. The linear shrinkage of the heated sam-
ples was also measured. The microscopic images at the
cross-section of the samples were captured using a 3R-
MSUSBA401 optical microscope produced by Anyty. Then,
the magnitudes of roundness and pore size were deter-
mined by processing the image through an image analysis
software (image pro plus 6.0).

2.3.5 | Structural analysis

Phase evolution transition after heating analysis by X-ray
diffraction (XRD) was done using a PANalytical cop-
per pro diffractometer (Bruker) with a copper target
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AKal = 1.5405 A. The working conditions of the diffrac-
tometer were 40 kV and 40 mA. Measurements were made
from 2° to 70°, 26 at the rate of 10°/min with a step size of
0.02° 26. FTIR (Fourier Transform Infrared Spectroscopy)
was performed using a NICOLET 6700 FTIR series averag-
ing spectrophotometer in attenuated total reflection mode
with diamond crystals. The infrared spectra were digitally
recorded in the 4000-500 cm™ range using finely ground
and sieved powders at 100 um. The water absorption and
the bulk density were carried out using the Archimedes
method according to ASTCM. These measurements were
carried out according to the Archimedes method using an
electric balance with a sensitivity of +0.001 g.

3 | RESULTS AND DISCUSSION

3.1 | Characterization before fire
resistance

3.1.1 | Effect of fine aggregate addition on
flexural strength

The effect of fine aggregate on the flexural strength of
LGF is depicted in Figure 1 at the constant foam dose of
0.6% of aluminium powder; this proportion was selected
according to the study of Zhang et al.” and Arrasi.* With-
out fine aggregate added to laterite, the flexural strength
was 3.25 MPa after 28 days of testing. By increasing the
fraction of fine aggregate up to 30%, the flexural strength
was 7.6 MPa. Further substitution reduces the mechanical
properties of LGF. In fact, due to the geopolymeriza-
tion action between laterite, fine aggregate, and RHA
sodium silicate solution. This will lead to an improve-
ment of certain properties (flexural strength) of the LGF.
Fine aggregate substitution into laterite influences the
pore structure and mechanical properties of the result-
ing geopolymer foam due to the rheology and fast setting
time. The increase of strength when incorporating fine
aggregate up to 20% is due to the fact that the amount
of particles was not enough for the foam expansion and
pore structuration organization. As shown in Figure 1,
30% substitution is the appropriate fine aggregate con-
centration for balancing pore structure and mechanical
strength. Furthermore, the performance may be attributed
to the alkaline solution, which permitted the high dissolu-
tion of iron aluminosilicate (laterite) and aluminate, silica,
resulting in the production of porous and strong matrix,
ensuring higher strength and rigidity. Further incorpora-
tion of fine aggregate (at 40% and 50%) reduces matrix
strength, which can be explained by (1) saturation of the

entire system with Si and Al species from replaced fine
particles. Those materials that were not integrated into
the LGF would have compromised its strength. (2) Addi-
tionally, higher fine aggregate content tends to reduce the
porosity and density of the LGF. (3) Furthermore, due
to the reduced strength, finer aggregate will not provide
nucleation sites for air bubbles to foam.

3.1.2 | Effect of aluminium powder addition
on flexural strength and bulk density

Based on the previous results, Figure 2a illustrates the
impact of aluminium powder on the LGF with 30% fine
aggregate substitution. Adding 0.2% of foaming agent
increased the matrix flexural strength to 13 MPa. At low
concentrations of aluminum, a lesser amount of hydrogen
is expected to be released, resulting in higher densities.
A similar trend was observed in the density of the LGF
matrix, where the addition of foaming agent raised the
density from 1703 to 1823 kg/m?, as depicted in Figure 2b.
This increase can be attributed to the influence of the
foaming agent on foam density and cell structure. Stud-
ies by Beghoura and Castro-Gomes®' and Ducman and
Korat*? reported similar findings in Portland foam con-
crete and fly ash-geopolymers foam. However, increasing
the aluminum powder dosage from 0.3% to 1% reduced
the strength and density of the samples. This could be
explained by (1) the formation of a more extensive porous
structure with larger pore sizes, leading to interconnected
pores compared to non-foamed LGF. (2) Additionally, the
thinning of pore walls due to the foaming agent resulted
in an open-cell foam network with large macropores.
This is unfavorable for foam geopolymer as it diminishes
the material’s resistance to chemical and water penetra-
tion and its lightweight density. Compared to fly ash-
slag geopolymer foams,** geopolymer foam concrete,*
and Portland concrete foam,** with strength and den-
sity ranging 2-18 MPa, 1.10-8.13 MPa, and 1-40 MPa and
650-1224 kg/m?>, 800-2000 kg/m?, and 400-1200 kg/cm?,
LGF exhibits higher flexural strength and an average den-
sity ranging from 1000 to 1800 kg/m?>. When comparing the
results to those of older studies,*'%'4:353¢ it must be pointed
out that the geopolymer foams based on laterite exhibit
higher mechanical strength and slightly higher density
compared to foams prepared with metakaolin, fly ash, red
mud, and Portland cement, which generally have a flexu-
ral strength ranging from 1to 10 MPa and a density ranging
from 360 to 1400 kg/m3. Therefore, it can be inferred that
LGF has a variety of applications from semi-structural to
structural due to its high strength and density.

- lpuodTeunsLD Aq 656vT 2RI/TTTT'OT/I0P/W00" A8 1M AReIq 1 BUIIUO'SI IR0/ SANY WO} papeo|umod ‘Z ‘5202 ‘20v. i, T

5UBD17 SUOWWOD) dAIIEa1D) 3|eal(dde ayy Aq pausenob e sappile YO ‘8sn JO sa|ni 1oy Akeid 1 auluQ AS|IAA UO (SUO1IPUOI-pUe-SWLBY WO A | 1M Areiq 1 ul|uo//:sdiy) SUOIPUOD pue SWB | 841 38S *[9202/0/T2] uo Areliqiauluo A|1Mm euspoy AsBAIUN



Applied

6 of 15 | Cerami TCHIO ET AL.
144 A) i (B8) %
1245 T 1800
124 ¢
g
= 104 @ 1600 - ¢ *
P £ 4
s D
8) 8 3
£ 2
7] ®
i 1400 +
T 61 o
=] (@)
o
T 47 ¢
1200 - L 2
2 4
4
0+ T T T T T T T T
A ® A © Q) ™ 9 9 » ® D \J » g v o
. : - N o o A S L N LA
MR L I L I L NS F & & & & N
FIGURE 2 (a) Flexural strength and (b) bulk density of laterite geopolymers foam (LGF) substituted with different proportion of Al
powder.
250 alkaline solution, releasing H, that creates pores within
the structure.
55200 _ -
= Al +3H,0 + OH™ — [AI(OH),] +H,
£
E These findings align with the flexural strength results,
g 1504 indicating that a higher quantity of Al powders results
= in larger pores that compromise the material’s strength.
'% 1004 This result ties well with the previous study done by
E Masi et al.”’ on Fly ash foam wherein the pore size
& ] :EE%&;; distributions shows similar trend for all the different
50 [—LFAsF4 sample foamed with the concentration of aluminium
S=LEASNED powder and hydrogen peroxide. However, its cumulative
T T T T pore volume ranged from 300 to 400 mm?/g, whereas in
0:001 a0 o4 ) d 10 this case, it ranges from 100 to 225 mm?/g. This suggests
Pore size (um) that the geopolymerization reaction of iron-rich laterite
) ) ) ) is significantly different from that of fly ash geopolymers.
FIGURE 3 Mercury intrusion porosimetry of laterite .
o . The emergence of pores suggests that the addition of Al
geopolymers foam (LGF) with different percentage of foaming ) . . .
agent powder enhances the formation of insulating materials,
characterized by open voids, capillary pores, and meso-
X . . pores. Previous studies have demonstrated that during the
3.1.3 | Mercury intrusion porosimetry

Figure 3 illustrates the variation in cumulative pore
volume of LGF composite specimens labeled LFA;,F-0,
LFA3(F-0.2, LFA;F-0.4, LFA; F-0.5, LFA;,F-0.7, and
LFA;(F-1 of Al powder. The values recorded are 119, 123,
155, 155, 185, and 220 mm?/g for LFA;,F-0, LFA;,F-0.2 g,
LFA;(F-0.4, LFA;,F-0.5, and LFA;,F-0.7, respectively. The
addition of Al powder notably increases the cumulative
pore volume, as observed in Figure 3. This trend is likely
attributed to the reaction between the Al powder and

polymerization of laterite without a pore-forming agent,
mesopores are formed in the matrix due to the reaction
of iron with the alkaline solution and silica, providing
insulating properties as reported in earlier research.>°

3.1.4 | Thermal conductivity and optical
microscopy

The finding from Figure 4 demonstrates the decrease of
thermal conductivity up to LFA3;3F-0.7 (0.10 W/m K) and

- lpuodTeunsLD Aq 656vT 2RI/TTTT'OT/I0P/W00" A8 1M AReIq 1 BUIIUO'SI IR0/ SANY WO} papeo|umod ‘Z ‘5202 ‘20v. i, T

85UB017 SUOWILIOD BA1IER1D) 8|l idde ay) Aq peusenof 8.2 sojoiiie YO ‘8sn J0 Sojni o} Akeuqi8UlIUO A8]IAN UO (SUOIPUOD-PUE-SUIBI WD A8 | M AReiq Ut |UD//:Stny) SUONIPUOD Pue SIS | 8L 89S *[9202/70/TZ] U0 A%iqi]auliuo A8|Im ‘euspoiN AiseAlun



Applicd
i 70f 15
Ceramic | 70f1s

TCHIO ET AL.
0.7 foam, and fly ash/slag foam reported by Xu et al.,*’ Bai
. et al.,*" and Wu et al.** to those of lightweight geopoly-
o 0.6 / mer foam, significant similarities were observed within the
= thermal conductivity range of 0.095-0.5 W/m K. It is cru-
\E/ 054 / cial to emphasize that curing conditions and the type of
2 [ foaming agent exert varying influences on thermal con-
% 047 ductivity. Zhang et al.” discovered that curing geopolymer
-§ it foams at 80°C results in enhanced insulation properties.
8 Notably, previous research has predominantly focused on
‘_é’ 024 ni 4 utilizing various industrial by-products for the synthe-
E \\ /l/ sis of foam insulation materials, while laterite remains
=14 o largely unexplored in this context. Due to its low ther-
mal conductivity, iron-rich laterite can be regarded as
0.0 : , : : : : : : an excellent material for manufacturing building thermal
< ég?’ ég‘ P N é‘»?’ @“ é,;.‘ »’Q@ insulation panels. Through the course of this experiment,
ST P P A P N SN we were able to evaluate how the performing agent affected

FIGURE 4 Thermal conductivity of laterite geopolymers foam
(LGF).

then an increase in thermal conductivity with decreasing
amount of aluminium powder supporting the theory that
porosity has a significant role in influencing the thermal
conductivity of porous materials. This implies that conduc-
tivity is impacted by the pores found in LGF. The interior
structure of LGF contains low-thermal conductivity air
molecules that contribute to both the lowering of thermal
conductivity and the speed of propagation. On samples
LFA;(F-0.8 and LFA;,F-0.7 (0.13 and 0.10 W/m K), the
drop in thermal conductivity attempts to stabilize, but
it increases in LGF-0.6 (0.1703 W/m K). The poor con-
ductivity of 0.10-0.13 W/m K can be explained by the
close porosity of LFA3;oF-0.7 and LFA3,F-0.8, which results
in low gas circulation in pores and weakens heat trans-
mission by radiation between pore walls. For samples
ranging from LFA;(F-0.5 to LFA3,F-0, the increase in
thermal conductivity is due to a progressive decrease in
porosity. Because due to the lack of pores, air molecules
can quickly rise in conductivity, which contributes to the
increase in conductivity. Therefore, the conductivity of
LGF and others geopolymers foam is mainly a function
of the proportion solid and air with are currently illus-
trated by the total porosity. Similar findings were made
by Yan et al.*® who used red mud/slag-based materi-
als to create porous geopolymers. They even confirmed
that the flexural strength increases with decreasing pore
size and decreases with increasing thermal conductivity,
which supports the findings in the preceding section.**3°
The thermal conductivity of porous Portland concretes
ranges between 0.3 and 0.5 W/m K,” and for LGF, it
ranges between 0.10 and 0.5 W/m K. Comparing the
thermal conductivity results for fly ash foam, metakaolin

the mechanical characteristics, pore dispersion, and ther-
mal conductivity of the laterites incorporating the fine
aggregate powders.

The LGF foams were examined using a high-resolution
optical microscope to evaluate the samples porosity and
provide an overview of the pore size distribution. Figure 5
illustrates images of selected LGF samples: (a) LFA30F-
1, (b) LFA30F-0.7, (c) LFA30F-0.6, and (d) LFA30F-0.2.
A decrease in the proportion of foaming agents leads to
a reduction in the number of pores and, consequently,
the overall pore volume. Correspondingly, the pore size
tends to decrease. This observation aligns with the fact
that reducing the foaming agent results in higher density
and compressive strength. The shape of the pores appears
irregular, even when varying the aluminum content. This
irregularity is possibly due to the more intense conditions
of gaseous hydrogen release, leading to variations in cumu-
lative pore volume and pore size. Overall, the development
of geopolymer foams using laterite as a precursor is a rela-
tively new field. Limited information is available regarding
the relationship between the composition, structure, and
properties of these new materials.

3.2 | Characterization after thermal
resistance tests

3.21 | Mechanical properties after thermal
exposure at high temperatures

The flexural strength values of LGF with 30% fine aggre-
gate are depicted in Figure 6 after exposure to temperatures
ranging from 200°C to 900°C. This assessment of LGF
thermal resistance involves monitoring changes in volume
and strength following exposure to high temperatures.
Samples exposed to 500°C exhibited increased strength
regardless of the amount of foaming agent incorporated
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FIGURE 5 Optical microscope of laterite geopolymers foam (LGF): (a) LFA30F-1, (b) LFA30F-0.7, (c) LFA30F-0.6, and (d) LFA30F-0.2.
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FIGURE 6 Flexural strength of laterite geopolymers foam (LGF) after exposure at different temperatures.
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into the matrix (10.3 MPa at 500°C for sample LFA;,F-0.7).
However, samples exposed to 200°C and 900°C showed
a decrease in flexural strength. The strength increase at
500°C can be attributed to several factors: (1) crystal-
lization of remnant amorphous phases such as kaolinite,
gibbsite quartz, and goethite,?’ (2) improved fritting and
densification at 500°C leading to mechanical consolida-
tion, and (3) partial disintegration of compounds at 500°C
that may have been stable at 200°C. These findings align
with research on fly ash-based geopolymer insulation by
Krzywon etal.,** where fly ash strengthened when exposed
to a pore-forming chemical at 400°C. Le et al.** stud-
ied the fire resistance of metakaolin with a foam layer of
polystyrene and found that chemical bond stability was
achieved between 500°C and 600°C, consistent with the
LGF results. The pressure inside the pore counteracts ther-
mal expansion at 500°C, aiding in stabilizing the structure.
Additionally, the residual strength of LGF after exposing at
elevated temperatures is mainly influenced by the gel com-
position (Fe-Si-Al gel) from iron-rich laterite, in the case
of metakaolin, and fly ash on the other hand, the Al-Si gel
influence the strength as found Dhasindrakrishna et al.'*
Due to the high chemical bound water in geopolymers
gel (Ca-rich gel) made from slag, exposing it at the same
temperature will destroys the Ca-rich gel.*’

Le et al.'® demonstrated the maximum temperature
for geopolymer insulation foam, which varies based on
raw material composition and activating solution type.
However, this study reveals a 50% decrease in flexural
strength at 900°C regardless of the amount of Al pow-
der incorporated. Notably, there was approximately a 30%
decline between LFA3;(F-0 and the other samples con-
taining the pore-forming agent. This decrease is typically
due to disruption in the loss of chemically linked water
and destabilization of the pore structure caused by bond
rupture in the matrix.

He et al.*® previously showed that the strength decrease
in fly ash substituted with steel waste at high temper-
atures was due to poor intergranular connectivity and
unreacted fly ash, consistent with the current findings.
At 500°C, the LGF structure remains dense and solid
despite pressure on porous walls, while at 900°C, ther-
mal stresses cause fragilization of porous paths, cracks on
specimen surfaces, and eventual collapse. The difference
in flexural strength between LGF without and with a pore-
forming agent is also influenced by changes in physical and
mechanical parameters such as matrix volume, pore struc-
ture, and phase decomposition. Compared to LFA;,F-0,
the volume shift did not result in surface cracks, explain-
ing the limited strength loss. Notably, subjecting a porous
geopolymer to high temperatures such as 900°C leads
to crack formation through a stochastic process, result-
ing in cracks of varying diameters in each sample and
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FIGURE 7 Linear shrinkage of laterite geopolymers foam

(LGF) after exposure at different temperatures.

loss of characteristics, consistent with findings from other
studies.*~48

3.2.2 | Linear shrinkage after exposure at
elevated temperature

Figure 7 illustrates the volumetric stability, expressed in
terms of linear shrinkage, of LGF after exposure to vary-
ing temperatures. It was observed that linear shrinkage
increases proportionally with the temperature within the
studied temperature range, as dimensional measurements
are taken after the samples have cooled. From room
temperature to 200°C, the linear shrinkage of the samples
ranged between 0.024% and 0.019% following exposure
to temperature. As the proportion of the pore-forming
agent decreased, the linear shrinkage also decreased. In
the temperature range of 45°C-300°C, the evaporation
of free water is a commonly observed phenomenon in
porous geopolymer matrices. Studies by Kuenzel et al.*’
have shown that under similar temperature conditions,
the evaporation of free water can lead to crack formation
on the surface of metakaolin geopolymer samples and, at
times, high linear shrinkage. Similarly, Cheng-Yong et al.*
demonstrated that exposure to temperatures below 200°C
resulted in low linear shrinkage for fly ash. Due to the
low density of LGF, there were no signs of expansion after
cooling to ambient temperature. This observation aligns
with findings by Zhang et al.?’ during the production of
porous geopolymers using oxygenated water. Contrary to
these observations, Provis et al.”) demonstrated that the
dilatometric expansion of a geopolymer gel could be below
250°C. However, it is important to note that dilatometric
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studies are typically conducted at high temperatures
and often result in minimal overall dilation when water
retraction occurs.

Upon exposure to temperatures of 500°C and 900°C, lin-
ear shrinkage was observed in the sample dimensions. At
500°C, the increase in linear shrinkage can be attributed
to the loss of hydroxide molecules bound in the porous
geopolymer matrix, as well as the decomposition and oxi-
dation of any remaining unreacted aluminum powder,
leading to gas release and volumetric contraction. This
phenomenon can also be explained by the transforma-
tion of amorphous crystalline phases, typically following
the crystallization of sodium aluminosilicate. The evapo-
ration of residual free water, coupled with the progressive
dehydroxylation of N-A-S-H, ferrosilicate, and ferrisil-
icate gels, results in significant volumetric and linear
dimensional shrinkage of the structure. Prior studies by
Kamseu et al.” and Tchio et al.® have shown that the
evolving polymerization of iron aluminosilicates leads to
a modification of interparticle attractive forces, enhancing
the obtained flexural strength results. A linear shrinkage
ranging from 0.05% to 0.06% was observed when the sam-
ples were exposed to a temperature of 900°C. The linear
shrinkage analysis revealed that laterite-based geopoly-
mer foams exhibited significantly enhanced shrinkage
resistance compared to their fly ash- and metakaolin-
based geopolymer foams where a notable linear shrink-
age of 0.13% was observed at the temperature range of
800°C-1000°C. This phenomenon can be attributed to
viscous sintering effects. During the process of viscous
sintering, the porous geopolymer gel undergoes a transfor-
mation into a more mobile viscous phase. This increased
mobility enables the material to infiltrate and occupy
pore spaces, consequently leading to an increase in lin-
ear shrinkage.?**#14>52 The linear shrinkage reduction
of LGF compared to other temperatures is attributed to
the complete decomposition of aluminum and iron-rich
Fe-N-A-S-H formed during polymerization, resulting in
a progressive breakage of the AlI-O-T (Al, Si, Fe) bonds.
At such temperatures, sintering phenomena are more
commonly observed, characterized by significant linear
shrinkage. He et al.*® have demonstrated that when all
porous geopolymer components are subjected to tempera-
tures between 700°C and 900°C with an increasing heating
rate, softening and vitreous sintering of aluminosilicate
gels occur, leading to densification into a glassy state. Addi-
tionally, Zhang et al.?” have shown that an increase in the
SiO,/Na,O ratio can decrease the sintering point from over
1000°C to 700°C for a solid-liquid ratio of 0.125 when the
Si0,/Na,0O ratio increases from 0 to 0.2. Moreover, a higher
solid-liquid ratio can lead to an increase in the sintering
point.

3.2.3 | Water absorption and bulk density
after exposure to elevated temperature

Water absorption rate and apparent bulk density after
exposure to varying temperatures (16.56% and 1.82 g/cm?
at 200°C; 14.67% and 1.66 g/cm3 at 500°C; 29.46% and
1.17 g/cm? at 900°C) are illustrated in Figure 8. It was
observed that the water absorption rate at 200°C was
slightly higher compared to that at 500°C; conversely, the
apparent bulk density exhibited the opposite trend. This
difference may be attributed to the less stable structure of
the porous geopolymer material at 200°C, resulting from
the inactivation of chemical transformations of unstable
compounds within the matrix (such as the conversion of
goethite into hematite, absence of transition from alpha
quartz to beta quartz, and presence of kaolinite, iron
silicate, and ferrosilicate phases).

At 500°C, the water absorption rate decreased due to the
presence of a stable porous structure with closed pores,
leading to a reduced absorption rate. This decline can be
linked to a complete transformation of oxides and unstable
compounds within the structure, as well as an improved
organization of the crystalline network of the porous LGF.
However, as the temperature rise to 900°C, structural
weakening occurred due to high linear shrinkage and vol-
umetric compression, resulting in the formation of cracks
and pathways that increase the water absorption rate and
consequently decrease the apparent bulk density. A note-
worthy observation was the decrease in water absorption
as the proportion of pore-forming agents decreased, with
some stability observed in LFA3,F-0.2, and LFA;,F-0.4
samples.

3.2.4 | Phase evolution after thermal
treatment

Figures 9 and 10 present the FTIR and XRD of the sam-
ple LFA3,F-0.7 chosen among others to deeply assess
the impact of high temperature on porous laterite-based
geopolymer Foam. The choice of the characterized sample
was based on the low thermal conductivity and high flexu-
ral strength. Figure 9 shows the FTIR spectrum of the same
sample before and after exposure at different tempera-
tures. The sample showed a decrease in the intensity of the
absorption band related to the stretching mode of the O-H
group at 3750 and 1615 cm™! when compared to the spec-
trum of the initial sample. This indicates the dehydration
and dihydroxylation process that occurred upon heating
from 25°C to 900°C. During the geopolymerization reac-
tion it was expected the formation amorphous hydrated
iron aluminosilicate (such as Fe-N-A-S-H types) from a
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FIGURE 8

mixture of laterite and reactive silica (SiO,) in contact with
an alkaline solution.® These gels contain hydroxyl groups
linked to aluminium and iron contained in the polymer
molecule structure. However, when subjected to a tem-
perature above 200°C, these hydroxyl groups will begin
to detach from the structure, but this detachment will be
more intense when exposed to a temperature above 900°C.
This dihydroxylation of Fe-N-A-S-H gels generates heat
release, causing significant linear and volumetric shrink-
age in the porous geopolymer matrix. The absorption band
at 1480 cm~! shows decarbonation of C-O bonds as the
temperature increases. This decrease is due to the reduc-
tion of many alkalis in the porous geopolymer, causing the
decrystallization of certain crystalline products, which in
turn makes the matrix more sensitive to decarbonation.>
One of the most significant changes occurs in the region
between 1000 and 750 cm™!, where a strong change in
peak intensity at 900°C was noted, and a slight reduc-
tion in peak intensity T-O-T (Al, Fe, Si) between 200°C
and 500°C, this reduction may be due to a decrease in the
length of the geopolymer chain. This adds value to the
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Water absorption and apparent porosity after exposure at different temperatures.

results obtained in Section 3.2.1 on the increase in bending
strength at 500°C and its fall at 900°C.

The inclusion of iron-rich laterite triggers a glass transi-
tion of geopolymers at 900°C, leading to substantial linear
shrinkage and densification. Conversely, Rickard et al.>*
demonstrated that the crystallization of fly ash geopoly-
mers could result in thermal expansion and minimal linear
shrinkage between 700°C and 800°C. Upon examining
the XRD curve post-exposure to 200°C, a characteris-
tic broad bump indicative of N-A-S-H gel (amorphous
to semicrystalline sodium aluminosilicates (N-A-S-(H)),
similar to samples at 25°C. This aligns with the findings of
Kassim and Chern,” who noted the appearance of these
N-A-S-H gels in the geopolymer paste post-treatment at
200°C. However, with an increase in temperature to 500°C,
the disappearance of the diffraction peak at 26 = 22.38°
and 21° was observed, attributed to dihydroxylation and
dehydration. Concurrently, the weakening intensity of the
quartz peak suggests ongoing polymerization of initially
unreacted particles and atomic reorganization, leading
to heightened amorphous phase content and improved
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FIGURE 9 Infrared spectra of laterite geopolymers foam (LGF) after exposure at different temperatures.
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FIGURE 10 X-ray diffraction (XRD) of laterite geopolymers foam (LGF) after exposure at different temperatures.
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densification of the porous geopolymer matrix, thereby
enhancing mechanical properties at 500°C.

Upon further elevation of temperature to 900°C,
notable changes were observed in the XRD curve com-
pared to the raw laterite powder and sample cured at
25°C, notably the emergence of crystalline phases as the
amorphous phase gradually diminishes. The expansion
of the crystalline phase is considered a primary factor
contributing to the development of microcracks and
damage in geopolymers post-exposure to 900°C, leading
to a decline in flexural or compressive strength.'® One
of the amorphous phases transitioning into a crystalline
phase is nepheline (NaAlSiO,). Additionally, observations
at elevated temperatures highlighted the formation of an
akermanite phase (Ca,MgSi,05) resulting from sintering
or associated with devitrification of laterite grains and
residual fine aggregates. While XRD data offered a com-
prehensive explanation for linear shrinkage and flexural
resistance, detailed observation of expansion behaviors of
crystalline phases was not extensively conducted in this
study. In conclusion, it is noteworthy that the presence of
iron-rich precursors plays a critical role in the volumetric
stabilization of geopolymers under baking conditions. It is
essential to recognize that a material’s stability under high-
temperature conditions is crucial, as high linear shrinkage
when exposed to elevated temperatures can lead to struc-
tural cracks, collapse, and weakening. This observation
underscores the significance of the research conducted by
Zhang et al.'° on the synthesis of geopolymers utilizing
fly ash.

4 | CONCLUSION

This study evaluated the thermal insulation, fire resis-
tance, and linear shrinkage of laterite geopolymer foams
employing iron-rich laterite and sodium silicate solution
as binder precursor, sand as fine aggregate, and aluminium
powder as a foaming agent. First, it was discovered that
inserting 30% of fine aggregate particles into the porous
geopolymer foam enhanced compressive resistance. Sec-
ond, by keeping this amount fine aggregates while altering
the aluminium powder content, changes in mechanical
characteristics were found. Laterite geopolymer foam with
0.7% and 0.8% of aluminium powder produced a light
and low thermal conductivity (0.10-0.17 W/m K). The
foaming agent determines the number and volume of
pores, but the alkaline solution plays a major role in pore
connectivity. The low thermal conductivity and appar-
ent density of these innovative materials, together with
their homogenous pore size distribution, have proved their
importance for thermal insulation applications. Further-

more, the results show that high temperature modifies the
polymerization step, causing high linear shrinkage and
high-volume compression, resulting in matrix cracks and
embrittlement, whereas a temperature of 500°C allowed
the crystalline network of the porous geopolymers to be
reorganized and better arranged.
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