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Geopolymers are promising ecofriendly materials for temperature-resistant applications. For this purpose, the
synthesis of thermally resistant, alkali-activated binders based on metakaolin with additives (silica sand, calcite
and mullite) has been studied. In this work, the stabilities of the mechanical and thermal properties of geo-
polymer binders based on metakaolin with additives during scale transfer are investigated. The geopolymer is
prepared by mixing metakaolin, silica sand, calcite and mullite with two different alkaline silicate solutions. The
scale-up process does not affect the processing conditions. After the temperature tests at the laboratory and pilot

scales (two ramps selected 200 and 400 °C/min) the same phases crystallized (leucite, wollastonite and kalsilite),
and the microstructure (viscous flow formation) is the same, thus confirming the scalability of the formulation.
These different results show that these formulations displaying a value of 50 MPa and A = 1.45 Wm ™} K™%, are
promising for fire protection and fire resistance applications.

1. Introduction

The evolution of road traffic and new construction due to economic
prosperity requires the development of new materials to prevent fire
risks. Fire is a highly severe condition that structures can be subjected to;
therefore, the use of fire-resistant materials is crucial. New materials,
such as geopolymers, address this issue due to their excellent fire
resistance properties such as refractory materials [1]. Tognonvi et al. [2]
studied the fire resistance properties of geopolymer binders based on a
mixture of kaolin and Callovo-Oxfordian argilite calcined at two
different temperatures. Researchers have demonstrated that the mate-
rial they studied possesses either the ability to maintain or enhance its
mechanical strength after treatment at 1000 °C. Beyond this tempera-
ture, however, the samples have shown numerous cracks and low
resistance. Moreover, Petlitckaia et al. [3] focused on the effects of
consolidation time and water immersion of geopolymers on their ther-
mal behaviors. Another works mentioned the effect of tubular halloysite
[4], the use of zeolite [5] or of foam additive to enhance thermal
resistant of geopolymer [6]. The statement suggested that the age of
consolidation had no impact on the mechanical strength of geopolymer
materials, both before and after undergoing thermal treatment. To
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improve the thermal behavior and resistance, a modification of the
formulation is necessary. Rashad et al. [7] have shown that modifying
the composition by adding sand or filler induces a strong increase in the
mechanical properties at high temperatures, and it can reduce the total
shrinkage at 1000 °C. The addition of several mineral sources to the base
composition contributes to the structure of the material at high tem-
peratures [8,9]. In previous work, Dupuy et al. [10] have shown that the
use of calcite during heat treatment induces the formation of wollas-
tonite, resulting in mechanical and thermal strengthening. The use of
sand is known to enhance working properties such as mechanical
properties [11]. Even, to enhance mechanical and thermal properties,
the addition of mullite is used in the manufacture of refractory products,
to improve mechanical and thermal performance at temperature above
1300 °C [12] Indeed, during geopolymer treatments at different tem-
peratures, crystallization is generally observed. Scanferla et al. [8]
demonstrated that geopolymers with low potassium concentrations
have better mechanical resistance levels than geopolymers with high
potassium concentrations; at high potassium concentrations, the geo-
polymers experience the formation of different geopolymer networks
that form either leucite and wollastonite phases or only a kalsilite phase.
Duxson et al. [13] and Kohout et al. [14] have stated that the formation
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Table 1
Data on solid and liquid precursors.
Name Acronym  Supplier Characteristic =~ Chemical
composition
Potassium K° Wollener  d = 1.415 Si/M = 0.5, [K] =
silicate 5.0 mol/L
solution K® d=1.358 Si/M = 0.8, [K] =
5.3 mol/L
Metakaolin M Argeco Dso = 42 pm Si02:60.0/A1203
:35.3
Blansil S Sibelco Dsp =210pm  Si02:99.0
Sablon Argeco Dso =190 pm  SiO2:95.6/
CaCO3: 4.6
Calcite Ceradel Dsp = 3 pm CaCO3; = 98.0
Mullite A Nabaltec Dso = 30 pm Si02 : 26/A1203 :
72

temperatures of leucite and kalsilite phases depend on the K/Al ratio.
Christopoulou et al. [15] observed that kalsilite is an unstable phase that
behaves as an intermediate precursor to leucite. Consequently, at high
temperatures, the formation of leucite, kalsilite and wollastonite is
strongly dependent on the chemical composition and formed networks.

Few works have developed data concerning the scale transfer of
geopolymers. The three-dimensional (3D) manufacturing of geo-
polymers is possible by controlling the formulation and robotization
processes [16]. La Scalia et al. [17] explained that the change in scale
from laboratory to industry implies a change in the process, especially
for the different stages of product development. Indeed, during indus-
trialization, it is possible to reduce the duration of some steps, such as
drying, and to introduce intermediate steps, such as the preparation of
raw materials. It is important to select the type of equipment used, such
as tanks with highly alkaline liquids [18]. Scaling up is possible, but
attention must be paid to processes that undergo process change and
adaptation. The objective of this study is to prove the scale transfer of
laboratory geopolymer samples based on a mixture of metakaolin, sand
and additives with two alkali silicate solutions. First, the feasibility and
characterization of laboratory samples at various temperatures is
investigated by determining mechanical strength under compression,
X-ray diffraction and dilatometry. Then, a pilot test is performed with
different-sized samples to compare their thermal behaviors and micro-
structures. Finally, a comparison of both tests is performed by X-ray
diffraction (XRD) and scanning electron microscopy (SEM)
observations.

(A)

Potassium silicate solution
[K]=5-35.3

|Mi.\'in g

Metakaolin

Additives

Geopolymer

different scales
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2. Experiment
2.1. Raw materials and sample preparation

The samples were prepared using an aluminosilicate source, addi-
tives and two different alkaline silicate solutions (Table 1). The alumi-
nosilicate source was metakaolin, which was supplied by Argeco;
laboratory samples were characterized based on their temperature. Two
potassium alkaline solutions with Si/K molar ratios of 0.58 and 0.80
were used [19], and they were supplied by Wollner. Then, silica sand
(sablon and blansil), calcite and an aluminosilicate additive (mullite)
were added to the binder by following the procedure described in pre-
vious works [20] (Fig. 1A). The weight percentages of sand, calcite, and
mullite, referred to as metakaolin mass, in the various formulations were
60, 14, and 26%, respectively. The nomenclature used to identify the
geopolymer samples was KXMSA, where x = 5 or 6 refers to alkaline
solution, K> = 0.80, K® = 0.58, M refers to metakaolin, S refers to quartz
sand and calcite, and A refers to mullite, the aluminosilicate additive.
Samples with dimensions of 100 x 100 mm? and thicknesses of 20 mm
(200000 mm?) were prepared. The dimensions of the samples and the
weight factor are within the limits for laboratory use. These initial di-
mensions were multiplied by 50 and 120 to obtain samples with di-
mensions of 500 x 500 mm? and 1200 x 500 mm2, with thicknesses of
40 mm. To achieve a change in scale, different volumes of mixer were
used (1 and 100 L). The obtained mixture was cast in a closed mold and
stored at room temperature for two days.

2.2. Characterization techniques

The compressive strength was determined using an Instron 5969
instrument equipped with a 50 KN load cell and Bluehill3 software. The
samples were cylindrical in shape with diameters of 15 mm and heights
of approximately 30 mm. For repeatability of measurements, the tests
were performed on five specimens after 3 and 7 days of endogenous
consolidation.

Uniaxial compression tests were performed on cylindrical samples
with an aspect ratio of 2 (@ = 15 mm, h = 30 mm) after 7 days at room
temperature and after heating at 1000 °C. An Instron 5969 with a load
cell of 50 kN and a crosshead speed of 0.5 mm/min was used. The
maximum compressive strength 6y, was calculated from the average
values seven samples for each treatment composition and temperature.

XRD patterns were obtained with a D8 diffractometer (Brucker)

(B)

Fig. 1. (A)Protocol of the preparation of the geopolymer samples and (B) photo of the geopolymer samples at different sclaes
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Fig. 2. Values of the (dV/dlogD) pore volume as a function of the pore size for
(M) K°MS (@) K°MS, () K°MSA and () K°MSA samples.

equipped with a Bragg-Brentano mount. XRD is based on the interac-
tion between an X-ray beam and a material. Calcined powder samples
were analyzed over a range of 5-50° (20) with a step time of 1 s. The
identification of the crystalline phases was performed with EVA soft-
ware using powder diffraction file (PDF) reference sheets.

Mercury intrusion porosimetry tests (MIP) were conducted using a
Micromeritics Autopore IV 9510 porosimeter that could detect pore
diameters varying between 450 pm and 3 nm. The mercury pressure
gradually increased from 0.2 to 400 MPa. Tests were performed in two
steps: (1) low-pressure step to remove gases, fill the samples with mer-
cury and test at a pressure of 345 kPa and (2) high-pressure step with a
pressure that could reach a pressure of 400 MPa.

Dilatometric measurements were performed in air with a vertical
dilatometer Setsys made by Setaram Instrumentation. The cylindrical
samples (6-mm heights and 5-mm diameters) were placed between two
platinum/alumina holders during the analysis, and a correction was
applied to remove the contributions of the device/holders. Samples were
heated to 1200 °C at 20 °C/min.

The thermal conductivities of the samples were measured using the
transient plane source technique with a Hot Disk Transient Plane Source
(TPS) 1500 supplied by Hot Disk AB (Sweden) [21]. The radius of the
probe and the measuring time were 6.403 mm and 80 s, respectively.

The microstructural analysis was conducted using an FEI Quanta 450
Field Emission Gun (FEG) microscope (SEM). The preparation process
consisted of fixing the samples on a sample holder with a carbon pad
without metallization.

Efectis (Maiziéres-les-Metz laboratory) supplier was chosen to
determine the temperature resistance levels of the large samples (1200
x 500 mm?) by following the standard International Organization for
Standardization (ISO) 834 fire curve for the first step and the hydro-
carbon major (HCM) curve for the second step. The temperature rise was
controlled semiautomatically by the following equations: T = 345 logio
(8t+1) + 20 and T = 1280 (1-0.325 e *167t0.675 e ~25%) 4 20 (where t
= time (min) and T = temperature at time t (°C)) for steps 1 and 2,
respectively. The furnace temperature was measured by plate pyrome-
ters, as defined in the standard EN 1363-1. The samples were horizon-
tally placed and simply supported to have an exposure length of 1000
mm. Thermocouples and displacement gauges were placed on the
samples to monitor temperature and deflection.

Open Ceramics 16 (2023) 100462

Table 2
Values of compressive strength and density of samples treated at room
temperature.

Composition o (MPa) +2 Density (g/cm3) Porosity (%)
K°MS 36 1.935 33
K°MSA 40 1.984 31
K°MS 52 1.963 29
K°MSA 52 1.993 27
3. Results

3.1. Laboratory-scale geopolymers at 25 °C

Fig. 2 shows the variations in the pore sizes for the four samples
determined by mercury intrusion, and the porosity values are shown in
Table 2. K®MS displays a pore size distribution centered on 0.01 pm with
a broadened evolution to mesopores; for the samples based on K°, the
main pore sizes are centered on nanopores and some micropores. This
behavior involves a decrease in porosity from 33% to 29% for the K®MS
and K°MS samples. The decrease in porosity by adding fillers occurs due
to the optimization of the granular skeleton, which is optimal [22] since
particles do not contribute to the reaction; instead, they allow better
packing by filling the structural pores [23]. Arnoutl et al. [24] demon-
strated by Raman spectroscopy of different silicate solutions that a high
log value for rings and chains is linked to a high reactivity. Scanferla
et al. [25] show that K® is a more reactive solution with a ring-to-chain
ratio of 1.01, which accelerates the Kkinetic reaction, increases the
structure porosity, and increases the pore sizes on the consolidated
material. However, K° is a solution with a high condensation degree, and
the obtained geopolymers react relatively slow, resulting in a sample
with relatively low porosity [26].

Compressive strength tests and the density at 7 days of the different
samples treated at room temperature are determined and shown in
Table 2 and Fig. 3. For the K°MS sample, the curve obtained is charac-
terized by a fragile rupture of the geopolymer [27,28] with a value of 36
MPa (1.935 g/cm3) (Table 2). The addition of mullite (K®MSA) induces a
slight increase in the mechanical strength (40 MPa) and density (1.984
g/crns). The change in solution (K5MS and KSMSA) induces an increase
in the mechanical strength (52 MPa). The data agree with the improved
mechanical properties of the K°-based samples [25]. The difference can
be explained by the reactivity levels of the solutions.

In this work, K> displays more condensed Si species than K®. This
difference enhances the mechanical properties since the network is more
polymerized.

3.2. Structural and mechanical evolution from 25 to 1300 °C

To evaluate the thermal resistance from room temperature to
1300 °C, Table 3 presents pictures of samples K°MS and K°MS. All the
samples display good features regardless of the selected temperature.
The changes in color from red to white to gray occur due to the iron
species from the hematite in the metakaolin [29] being responsible for
the initial red color. In fact, during thermal treatment, the iron species
could react either to form ferrosilicate species as mentioned by Nodari
et al. [30] or trapped in viscous flow [31,32]. In our sample, ferrosilicate
species could not detected due to a low amount or not formed.

To understand structural evolution as a function of temperature, X-
ray diffraction data are gathered and displayed in Fig. 4 for the K®MS
sample treated at different temperatures (25-1300 °C). The results of the
K° samples are reported in the supplementary file. At 25 °C, the dif-
fractogram presents kaolinite and calcite, as evidenced in previous work
[33]. The increase in the temperature at 1000 °C induces the formation
of kalsilite, leucite and wollastonite. At higher temperatures (1100 °C),
the same peaks are present, and the intensity of kalsilite decreases.
However, leucite and wollastonite increase. At a temperature of
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Table 3

Appearance of the samples after the thermal treatment. At different temperature.
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Main contribution of X-ray for samples based on the K® or K® solution treated at
different temperature.
Température (°C)
LL L Composition 1000 1100 1200 1300
1300°C o

K Ka L, W Ka L, W LA LA
K° LW LW L, A LA

1200°c___L~_IA-——'~—J
1100°c__.-_JA—J~J

K
1000°c_KA___Jl\_-5

KL K'—
20°C — A ™
T T T T T T T T T T T T 1
10 15 20 25 30 35 40
26 (°)

Fig. 4. X-ray pattern of K°MS sample treated at different temperature (PDF
files: quartz (Q) 01-089-1961, calcite (CA) 00-005-0586, kaolinite (KL) 00-001-
0527; kalsilite (KA) 00-002-0297, leucite (L) 01-076-8732, wollastonite (W) 00-
002-0629_00-005-0586 and anorthite (A) 04-011-1371).

(PDF files: kalsilite (KA) 00-002-0297, leucite (L) 01-076-8732, wollastonite (W)
00-002-0629_00-005-0586 and anorthite (A) 04-011-1371).

1200 °C, kalsilite and wollastonite are not detected, leucite is present,
and the appearance of another phase is observed (anorthite) [34]. After
the thermal treatment at 1300 °C, only leucite and anorthite are present.
Table 4 presents a comparison of the phases in the two different solu-
tions K® and K® at different temperatures. Solutions K® and K> have Si/K
ratios of 0.58 and 0.80, respectively. For samples containing the K® so-
lution, only kalsilite, leucite and wollastonite are noted at 1000 °C. The
same phases are present when the sample is treated at 1100 °C. At 1200
and 1300 °C, only leucite and anorthite are detected. Relative to the
sample treated with K> solution, the same phases are present at the same
temperatures without kalsilite, which agrees with the work of Scanferla
et al. [8]. All phases are responsible for the thermal resistance. To
correlate the structural evolutions of samples, the intensity ratios of the
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phases (anorthite + leucite)/(wollastonite + leucite) ((A + L)/(W + L))
as the temperature changes are plotted based on the molar ratios of the
(K + Ca) cations to the (Si 4+ Ca + Al) cations in the mixtures (Fig. 5). At
1000 and 1100 °C, all samples show the same behaviors, with intensity
ratios less than 1 due to the absence of anorthite. A slight difference is
observed with the change in solution. At these temperatures, only
leucite and wollastonite phases are formed. Beyond 1200 °C, a change is
observed, and the intensity ratio (A + L)/(W + L) exceeds 1 for all
samples. This phenomenon can be explained by the formation of the new
anorthite phase and the decomposition of the wollastonite phase. The
reference samples K°MS and K°MS show relatively low intensity ratios
because of the reduced availability levels of Al and Si in the geopolymer.

The addition of mullite enriches the network in Si and Al, which
increases the intensity ratio and promotes the formation of the anorthite

Open Ceramics 16 (2023) 100462

phase (Equation (1)).

6CaSiO3 + 2(3A1,03)-3(25i0;) — 6CaAl,Si,Og Eq. 1

At 1300 °C, species diffusion is important, increasing the availability
of Si and Al species to form more anorthite for all samples. The chemical
composition controls the formed phases during treatment at different
temperatures. This control induces an increase in mechanical strengths
with increasing temperature.

To complete these data, dilatometric measurements are performed
for the K°MS and K°MS samples in Fig. 6A. The dilatometric curves
present the same dimensional variations until 800 °C. The first variation,
below 300 °C, occurs due to the loss of the water in the poral network;
the second variation, at 600 °C, occurs due to the phase transition of
quartz in a—p. Above 700 °C, several shrinkages are observed. For the
KOMS sample, from 800 to 1000 °C, the greatest shrinkage is observed,
which occurs due to the formation of a viscous flow. Then, from 1000 to
1150 °C, a delay in shrinkage is observed, which occurs due to the
crystallization of leucite and kalsilite [35]. Above 1150 °C, the same
behavior is visible due to the crystallization of anorthite. For the K>MS
sample, only two shrinkages are detected. The formation of viscous flow
occurs at a higher temperature (998 °C) than K®MS (976 °C) during the
first shrinkage. Above 1060 °C, a delay in shrinkage is observed due to
the crystallization of leucite and anorthite. This difference is induced by
the change in solution, as observed by Scanferla et al. [25]. To correlate
the thermal properties to the chemical composition mixtures, the first
shrinkage is plotted as a function of the molar ratio Si/K in the mixtures
(Fig. 6B). The temperature increases with increasing ratio, depending on
the alkaline solutions and aluminosilicate sources. Samples based on K®
exhibit lower viscous flow formation temperatures than samples based
on K°. The geopolymer network is more favorable with samples based on
K> than K°. The addition of the aluminosilicate additive enriches the
network in SiO», increasing the ratio and delaying the formation tem-
perature of viscous flow [36].

Compressive strength tests are performed at 7 days on several com-
positions (K®MS and K°MS) treated at different temperatures (500,
1000, 1100 and 1300 °C), and the curves are reported in Fig. 3. For the
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Fig. 6. (A) Dilatometric curves of (a) K°MS and (b) K°MS samples and (B) evolution of the temperature I according to Si/K molar ratio for (ll) K°MS, (/) K°MSA, (@)
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K5MS sample, between 500 °C and 1100 °C, brittle fracture is observed
[28]. At 1300 °C, a behavior similar to that of a composite is observed,
with a significantly increased deformation value. This increase in me-
chanical properties can be induced by the formation of certain crystal-
line phases, such as anorthite, in materials. Changing the solution
involves some differences in the mechanical behavior at varying tem-
peratures. The use of K° solution induces the same behavior regardless of

A)
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the treatment temperature, except for the sample treated at 1300 °C.
Characteristic brittle failure of ceramics and maintenance of the
compressive strength are observed at temperatures of 500, 1000 and
1100 °C. At 1300 °C, the composite exhibits a significant decrease in
mechanical strength. The evolution characteristics of the compressive
strengths at different temperatures for K°MS, K®MSA, K>MS and K°MSA
are presented in Fig. 7. For the K’MS sample, with a value of 35 MPa at
20 °C, the increase in temperature induces little change in mechanical
strength values between 500 and 1100 °C. This change can be induced
by the formation of viscous flow, as observed by Duxon et al. [37].
However, at 1300 °C, a change is observed with a significant increase in
the mechanical strength from 36 to 73 MPa [27]. The addition of mullite
(K®MSA) allows a slight increase in the mechanical strengths relative to
the reference, but the same behavior is observed at varying tempera-
tures. However, the K°MS sample at room temperature has a relatively
large mechanical strength (52 MPa). Therefore, increasing the thermal
treatment temperature improves the mechanical properties. The addi-
tive does not affect the mechanical properties.

3.3. Scale-up and normalized thermal resistance test (ISO 834 and HCM)

To verify the shaping feasibility, the compositions K’MS, K®MSA and
K°MSA are cast in different-sized molds and shaped by casting to form
plates of different shapes. A photo of the shape is displayed in Fig. 1B.
100x100 x 20 mm?® plates are the first sample made, then 200x200 x 20
mm? is used for the laboratory test. For large samples, the volume varies
from 0.01 to 0.024 m>. The change in scale does not induce any change

in the preparation and final appearance of the sample. In advance, it is

=

Fig. 8. photos of the samples (A) before and (B) after the thermal treatment using (a) the ISO 834-1 standard thermal program and (b) the HCM thermal program.
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Fig. 9. Evolution of the (A) temperature and (B) deformation as function of the time during the ISO 834-1 standard thermal program (a) and the HCM thermal

program (b) for (mm, —) K6MS, (===) K®MSA and (...-) K>MSA composition.
important to determine the properties of the material, starting with
characterizing the samples at the laboratory scale.

To validate the results observed in the laboratory, large-scale tests of
thermal resistance are performed on different geopolymer compositions
(K6MS, K®MSA and K°MSA) to simulate various fire conditions, and two
types of tests with different temperature ramps are performed. Fig. 8
shows the visual aspects of the samples before and during the large-scale
heat treatment in steps 1 and 2 of the test. At the beginning of the tests,
the samples are placed horizontally on the furnace with a fire exposure
distance of 1000 mm. During step 1, between 100 and 200 °C, color
modification of the samples induced by the departure of water is
observed, which agrees with the work of Jiang et al. [38]. Longitudinal
cracks appear on the samples, which show creep over time. After 180
min, all samples show excellent thermal resistance. In step 2, the sam-
ples undergo significant thermal shocks that induce creep after 47 min of
exposure. The evolution characteristics of temperature and deformation
over time are plotted in Fig. 9 for clarification. During step 1, a gradual
increase in furnace temperature to 1000 °C is observed. For all samples,
a temperature plateau below 200 °C is observed for 60 min; then, an
increase occurs before the temperature stabilizes below 400 °C. The
increase in the ramp speed (step 2) reduces the duration of the first step
to 30 min, but a limitation of heat transfer is observed and maintained at
a maximum of 400 °C when the oven temperature exceeds 1200 °C. For
compositions K’MSA and K°MSA, a peak in temperature is observed at
1000 °C because the samples break and the thermocouples are directly
exposed to the heat of the oven. These results affirm that geopolymers
are comparable to refractories due to their fire protection (low thermal
conduction) and fire resistance (low deformation) properties [23]. In
addition, two compositions are tested (K®MS and K®MSA) during step 1.

1.5

1.4 §

1.2

A (Wim.K)

1.1+

1.0 T T
5.0 5.5 6.0

6.5
nSi/nK

7.0 7.5 8.0

Fig. 10. Thermal conductivity as a function of the Si/K molar ratio for ()
K®M5S, () K°MSA, (@) K°MS, and (-~ )K°MSA samples.

Among the samples, two K°MS samples with different ages (40 and 28
days) are tested to evaluate the influences on the resistance and defor-
mation. The sample has a high and repeatable deformation, differing
from the sample with mullite the aluminosilicate additive (K°MSA).
During thermal shock (step 2), three compositions are tested: KoM,
K®MSA and K°MSA. The behaviors of the samples are different; the
sample containing mullite K°MSA shows a strong deformation in a very
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Fig. 11. SEM micrographs of (A) K®MS, (B) K°MSA, (C) K°MS and (D) K°MSA samples treated at 1000 °C in a laboratory furnace and (A" K®MS and (B)) K°MSA

samples treated at Efectis according to ISO 834-1 standard thermal program.

short time, contrary to the reference sample. However, during this test, a
problem occurs. The creep monitoring gauges prevent the measurement
of deformation on sample K’MSA. The good performance with the fast
temperature increase is an opportunity to use these specific materials for
their excellent fire resistance and thermal protection abilities.

To verify this behavior, the evolution characteristics of the thermal
conductivity values of the laboratory samples are plotted as functions of
the Si/K molar ratios in the mixtures (Fig. 10). The thermal conductivity
increases with the molar ratio Si/K. For the K® samples, the thermal
conductivities are comprised between 1.23 and 1.26 W m* K~!. The
change of solution leads to an increase the conductivity of 1.39 and 1.44
W m~L KL, and the Si/K molar ratios are 6.35 and 6.66 for the K°MS
and K’MSA samples, respectively. The increases in thermal conductivity
values can be explained by the composition, which may vary between K>
and K®, and by the decrease in porosity, as previously observed [39]. The
porosity values are 33% and 29% for the K® and K° samples, respec-
tively. Moreover, different works have shown that the addition of silicon
promotes an increase in the thermal conductivity [40] and that the
chemical composition governs the thermal conductivity. Several works
[41] have reported that the highest coefficient of thermal conductivity
for metakaolin-based geopolymer paste is 0.76 W/m. K; based on

analytical models, the thermal conductivity value of the solid skeleton of
the geopolymer samples evolves between 0.95 and 1.45 W/m. K [42].
Using this material for thermal insulation and fire resistance building
applications may be of interest. In addition to the thermal conductivity
measurements, the heat capacity (Cp) estimates, based on the rule of
mixtures using data from Richet [43], are performed on the K® and K®
solution-based samples. To compare the compositions, the value of
molar heat capacity is determined at 20 °C. Samples with K® have higher
values (322 J mol~!. K™!) than those with K® (313 J mol™! K™1). This
slight difference is due to the ratio of Si/K in the solution, which is
greater for K°. The addition of mullite, the aluminosilicate additive
decreases the value of the molar heat capacity. This change is induced by
the composition and, in particular, the contributions of Si and Al to the
mixture. Even if a difference is observed between the molar heat ca-
pacities of K> and K®, the values calculated in units of mass are very close
0.750J g1 k™).

The SEM micrographs of different samples treated at 1000 °C in the
laboratory and according to the ISO 834-1 standard program are pre-
sented in Fig. 11. The K°MS laboratory sample (A) presents a micro-
structure characteristic of the presence of viscous flow due to the
melting of the amorphous phase surrounding the different crystalized
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particles. The K°MS (C) sample presents the same microstructure with a
low viscous flow that is relatively more diffuse. The use of a solution
concentrated in [K] favors the formation of viscous flow and an amor-
phous phase. The addition of the aluminosilicate additive (K°MSA (B)
and K°MSA (D)) produces a heterogeneous microstructure without
changes. The formation of high-temperature phases, such as leucite and
anorthite, and the formation of a viscous flow favors temperature
resistance and improves the mechanical properties of the samples. For
the K®MS and K®MSA samples, a similar structure is observed between
the samples treated in the laboratory and in the standardized thermal
program. The scale-up and thermal treatment do not influence the
sample microstructure. As previously observed in the laboratory, the
reference sample (K®MS) presents significant viscous flow formation. In
contrast, the aluminosilicate additive KMSA delays the densification of
the material and limits the formation of viscous flow.

4. Conclusion

In this study, the effects of two potassium silicate solutions on the
strength and thermal resistance are evaluated. Moreover, the effects of
the change in scale on the geopolymer formulations and the validation
of the thermal resistance at large scales are established for the samples.

- The type of alkali silicate solution used results in different mechan-
ical behaviors during the various treatments. However, approxi-
mately the same phases are observed. However, the presence of
kalsilite between 1000 and 1100 °C is only observed for the K®
solution.

The mechanical behaviors depend on the formation of both high-
temperature phases, such as leucite and anorthite, and a viscous
flow-favored temperature resistance. Moreover, the differences in
the reactivities of the solutions can influence the properties of the
geopolymer. The more alkaline the condensed solution is, the higher
the compressive strength.

Validation by an industrial standardized test shows that when the
temperature reaches 1200 °C in the furnace, the sample external
surface is 400 °C, providing the best insulating properties. This result
is confirmed by thermal conductivity measurements, which are
governed by the chemical composition, especially the Si/K molar
ratio.

No changes in properties are observed by scale transfer. The tests
validated in the laboratory are good compromises to validate fire pro-
tection and flame-retardant materials.
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