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Abstract

The aim of many current studies regarding building envelopes is the improvement of their
thermal resistance. In particular, many attempts have been taken to develop highly insulating
materials for advanced building envelopes. The present research investigates the possibility to
include aerogels in plaster and mortar products. Several samples of Aerogel Incorporated
Plaster and Aerogel Incorporated Mortar were prepared by adding granules of aerogel to
different types of plasters and mortars. The thermal conductivity of each sample was then
measured by means of a heat flow meter apparatus. In the case of the samples of Aerogel
Incorporated Mortar, the mechanical strength and the permeability were tested as well. The
results showed that the thermal conductivity and the mechanical strength linearly decreased
by increasing the quantity of aerogel added to the mixes. For example, while the control
mixture of mortar had a thermal conductivity of 0.28 W/mK and a compressive strength of
50.3 MPa, the mixture of mortar with an addition of 36 vol.% of aerogel halved the thermal
conductivity to 0.14 W/mK and reduced the compressive strength to 4.1 MPa.
Finally, an Aerogel Incorporated Mortar precast panel was designed and the hygrothermal
analysis of the panel was carried out by using WUFI Pro software. Results showed that the
thermal transmittance of the panel was reduced by 25% compared to traditional precast panels,
which suggested that energy savings and reduced costs during the lifetime of the building

could be achieved.



L’obiettivo di molte ricerche attuali riguardanti nuove soluzioni costruttive ¢ il miglioramento
della loro resistenza termica. In particolare, molti sforzi sono stati fatti per sviluppare materiali
altamente isolanti con I’ obiettivo di ottenere pacchetti di tamponamento ad elevate prestazioni.
La presente tesi si propone di studiare la possibilita di includere particelle di aerogel in intonaci
e malte. Campioni di diverse miscele di Aerogel Incorporated Plaster e Aerogel Incorporated
Mortar sono stati preparati aggiungendo granuli di aerogel a diversi tipi di intonaci e malte. La
conducibilita termica di ogni campione € stata misurata utilizzando un termoflussimetro. Nel
caso della miscela di Aerogel Incorporated Mortar ¢ stata testata anche la resistenza meccanica
e la permeabilita al vapore acqueo dei campioni. I risultati hanno mostrato che la conducibilita
termica e la resistenza meccanica a compressione diminuiscono linearmente all’aumentare
della quantita di aerogel aggiunta alle miscele. Per esempio, mentre i campioni di controllo di
malta avevano una conduttivita termica di 0.28 W/mK e una resistenza meccanica di
50.3 MPa, i campioni di malta con I’aggiunta del 36 vol.% di aerogel hanno dimezzato la
conducibilita termica ad un valore di 0.14 W/mK e ridotto la resistenza meccanica a 4.1 MPa.
Infine, un pannello prefabbricato di Aerogel Incorporated Mortar € stato progettato e ne ¢ stata
fata un’analisi igrotermica utilizzando il programma WUFI Pro. I risultati hanno mostrato che
la resistenza termica del pannello ¢ stata ridotta del 25% rispetto ad i tradizionali pannelli
prefabbricati, il che suggerisce che possano essere ottenuti risparmi energetici e conseguenti

riduzioni dei costi durante la vita dell’ edificio.
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Introduction

1.1 Global necessity of energy savings

Global warming is a huge issue nowadays. The global surface temperature has increased in
the last three decades by roughly 0.5 °C due to the concentration of greenhouse gasses in the
atmosphere produced by human activities. Moreover, total global emissions grew 12.7%
between 2000 and 2005, with an average of 2.4% a year [1]. According to the lowest emission
scenario, the global surface temperature will increase by 1.1 to 2.9 °C during the 21%
century [2]. The International Energy Agency (IEA) foresees that by 2050 the emissions of
CO; will double [3]. Models of global energy systems recommend to maintain the stable
atmospheric CO; concentrations and below 500 ppm [4] to stop the increase of global surface
temperature. The global emission growth varies from sector to sector and is dramatically
different between developed and developing countries. Moreover, in the last three decades,
the world’s primary energy demand increased and population growth due to industrial
development. Fossil fuels still dominate the market and there are limited energy reserves of

not renewable resources.

It is fundamental to undertake appropriate measures to stop this CO; emission. Energy saving
is the most relevant measure to reach this goal and could be achieved through sustainable
technologies and materials. It is necessary that developed countries think about their energy
strategy and policy. According to the Kyoto protocol', the greenhouse emissions should be
reduced by 20% before 2020 compared to the emission levels of 1990. Therefore, an
improvement in energy management and optimization of energy consumption might be

achieved.

The building industry has a huge impact on energy consumption and greenhouse gas
emissions [5]. In 1999, the residential sector’s energy consumption in Europe was equivalent
to 623 million tons of oil, which was 35% of the overall consumption of energy [2]. Also, in

2005, buildings released more than 30% of the total greenhouse gas emissions in several

'Kyoto Protocol to the UNFCCC United Nations Framework Convention on Climate Change adopted at COP3 in Kyoto (Japan),
on December 11", 1997.
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developed countries [6]. For these reasons, savings and improvements within the building

sector are being investigated to achieve passive houses and zero emission buildings.

1.2 Traditional and superinsulation thermal envelopes

As stated in section 1.1, the reduction of the energy consumption of buildings is necessary in
order to reduce the CO, emissions. This goal can be achieved by decreasing the thermal losses
in buildings and by improving the use of renewable energy. Recent studies have pointed out
that insulation improvement measures are more cost-effective than the use of renewable
energy solutions, such as solar photovoltaic, solar panels, wind energy, and geothermal
energy [7]. Hence, new high performing materials are being developed in order to reduce the
heat losses through the envelope of buildings and thus, reducing the size and the energy
consumption for heating and cooling. Moreover, a performing thermal insulation in buildings
permits to extend the periods of thermal comfort without dependence on heating and cooling
systems. Also, insulation is important in terms of the retrofitting of old buildings in order to

achieve lower servicing costs during the building lifetime.

The main property of building thermal insulation materials is the thermal conductivity. The
cost of the materials is an important parameter to be considered in thermal insulation
applications. However, many other properties are very important, e.g. perforation
vulnerability, building site adaptability and cuttability, mechanical strength, fire protection,
fume emission during a fire, robustness, climate change durability, resistance towards
freezing/thawing cycles, water resistance, costs, embodied energy, and environmental impacts.
Obviously, a material that fulfills all these properties does not exist. Nevertheless, the main
goal is to reach the lowest thermal conductivity with the lowest cost in order to achieve thin

and high-performance building envelopes.

Insulation materials for buildings can be classified according to their physical or chemical
structure. Examples of common thermal insulation materials for buildings are mineral wool,
glass wool, expanded polystyrene (EPS), extruded polystyrene (XPS), cellulose, cork, and
polyurethane (PUR). A classification of traditional materials for insulation purposes is given
in Fig. 1 and their market share is presented in Fig. 2. Inorganic fibrous materials, such as glass
wool and organic foam materials, such as EPS and XPS dominate the market. However,
according to current forecasts, by 2020 these traditional materials will start to lose their

dominance as a result of superinsulation materials growth. Expanded polystyrene (EPS),
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extruded polystyrene (XPS), and polyurethane (PUR) have values of thermal conductivity of
about 0.033 W/mK, 0.040 W/mK, and 0.020+0.030 W/mK [8], respectively. Nevertheless,
some of them have low fire resistance or release toxic gasses during fire; for example,
polyurethane causes serious health concerns in cases of fire. Furthermore, these traditional
materials are used in thicker and multiple layers in order to achieve the required insulation
performance. Hence, the application of these materials takes up more space, involves complex
building details as well as heavier loads for the building’s structure, and implies more

architectural restrictions, material usage, and transport volumes.

Conventional insulation materials

Inorganic . . Combined Novel
. Organic materials . .
materials materials materials
s N\ N aYa a
Expanded Cork Sheep wool Siliconated
Glass polystyrene . Cotton .
Melamine calcium
Foam wool Extruded wool Transparent
foam Gypsum .
glass Stone polystyrene Coconut Dynamic
Phenole foam
wool Polyurethane fibres
foam foam Cellulose Wood wool
\ J\o J AN J

Fig. 1. Classification of traditional buildings insulation materials [2].

Extruded
polystyrene
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Fig. 2. Market share of traditional buildings insulation materials [2].

The aim of many current research studies is to improve building insulation materials and

solutions, which is a crucial need for the insulation market of the future. For this reason, many

17



attempts have been done in order to develop superinsulation materials and high-performance

solutions to optimize building envelopes.

Vacuum insulation panels (VIPs), phase-change materials (PCMs), and aerogel-based
materials are the new promising superinsulation materials and solution for building
applications. The aim of the studies on these materials is to achieve an improved thermal,
sound, and hygrothermal performance as well as a good behavior in case of a fire, a long
durability period, and a competitive price. However, these new materials are slowly introduced
in the building sector due to the high production costs and traditional materials still offer the
best performance per unit cost [7]. Hence, one of the aims of contemporary research studies

on superinsulation materials is to improve the performance per unit cost.

1.3  Aerogels in buildings industry

Aerogels are synthetic and highly porous nanostructured materials created by Steven Kistler
in 1931 [2]. The term “Aerogel” comes from the fact that they are produced from gels in which
the liquid component of the gel is replaced with a gas. However, despite their name, aerogels
are solid, rigid and dry materials. There are three types of aerogels that are obtained by using

silica, carbon e alumina. However, silica aerogels are the most common and investigated ones.

Silica aerogels are formed by a cross-linked internal structure of SiO, with many small air-
filled pores with varying diameters, between 5 nm and 70 nm. They have the highest porosity
and specific surface area, as well as the lowest density compared to other known materials.
Moreover, they have a translucent structure and a low refraction. Aerogels’ most interesting
property is their low thermal conductivity [2], attributable to the high porosity and the nano-
dimensional size of the pores. On the other hand, they are very brittle due to their low tensile
strength and expensive due to the low production volume as well as the high costs of materials
involved in the synthesis process. Properties of silica aerogels are deeper discussed in

Chapter 2.2.

Nowadays, aerogels have a striking number of applications, including sectors such as building,
automotive, electronic, and clothes; for example, they are used as catalysts, thermal insulation
materials, particle detectors, supercapacitors, electrodes for capacitive deionization,
pesticides, cosmic dust capture, and insulation materials in buildings. The global market of

aerogels grew exponentially as well as the number of companies producing aerogels and
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patents involving them. In particular, silica aerogels are considered the most promising
insulation materials for building applications. In fact, they are a great energy-efficient
opportunity as a consequence of their high thermal performance. Thus, they can provide a very
good indoor thermal comfort with slimmer envelopes. Furthermore, they have a very low

embodied energy compared to traditional materials.

Aerogel-based renders represent one of the most promising solutions to reduce energy losses
through envelopes. Moreover, they can be can be a good way to avoid thermal bridges in the
building envelopes. In Italy, more than 90% of buildings are not in compliance with the code
and need refurbishment. Aerogels represent a possible solution because they can also be a
useful tool for the refurbishment and restoration of historical buildings that have to fulfill the
new energy codes. Aerogels for building applications have a density between 70 kg/m® and
150 kg/m® and a very low thermal conductivity. Many efforts are being carried out in order to
develop new products based on aerogels and many products have emerged in the market.
Opaque aerogel panels and blankets have been developed as insulation layers for building
walls and in order to decrease the thermal transmittance of components made of wood and
steel. Also, glazing windows which incorporate aerogels are being developed thanks to
aerogels’ high optical transparency in the range of visible. More recently, some studies
employed granular aerogels to develop aerogel-based materials, such as Aerogel Incorporated
Plaster (AIP), Aerogel Incorporated Mortar (AIM), and Aerogel Incorporated Concrete (AIC)
in order to achieve low density and low thermal conductivity [9]. Fig. 3 summarizes the most

relevant aerogel-based products so far.

¢ Y e N
Aerogel blankets . .
Insulation as a different layer
Aerogel panels
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Aerogel in glazing windows I::> Insulation incorporated in the element
- J N J
¢ Y e z
AIP, AIM, AIC |:> Insulation incorporated in the material
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Fig. 3. Most relevant aerogel-based products.

Aerogel-based products already have many applications in roofs, facades, and windows due

to their low thermal conductivity and optical transparency. Moreover, they are used as sound
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insulation, fire retardant, and permit to achieve transpiration and insulation features as well as
space saving [10]. However, aerogels are still expensive compared to traditional insulation
materials and their effects for public use will not completely take place until the manufacture
costs will be reduced. As a result, aerogels manufacturers have been focusing not only on

performance improvements but also on cost reductions.

1.4 Aim of the research

The aim of the study is to develop renders based on aerogel and study their possible
applications. Samples of Aerogel Incorporated Plaster and Aerogel Incorporated Mortar were
prepared and tested. The thermal conductivity of the samples of Aerogel Incorporated Plaster
was evaluated. The same was done for the samples of Aerogel Incorporated Mortar. Moreover,
their mechanical strength was tested. Control samples of plaster and mortar were prepared in
order to have a point of reference against which the samples of Aerogel Incorporated Plaster
and Aerogel Incorporated Mortar were compared. Once characterized the mixtures, a case
study of precast panels was developed to test the performance of the materials in a real

application.

The following chapter presents the literature review on aerogel and renders based on aerogel.
Chapter 3 illustrates the materials, the experimental apparatus, and the procedures used to
prepare the samples of Aerogel Incorporated Plaster and Aerogel Incorporated Mortar.
Afterward, chapters 4 and 5 present and discuss the results of the tests carried out on the
samples of plaster and mortar. Finally, chapters 6 and 7 illustrate the case study of precast

panels and complete the research with the conclusions.
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Literature review

2.1 Synthesis of the aerogel

Aerogels can be prepared by using different materials such as alumina, chromium, tin oxide,
carbon, and silica. However, aerogels based on silica are more common and used for insulation

purposes because their production is easier and more cost-effective [11].

Silica aerogels are synthesized by low-temperature sol-gel chemistry. The main chemical
compounds for the production of silica aerogels are silicon alkoxides. The synthesis of silica
aerogels is generally carried out in three phases which are: gel preparation, aging of the gel

and drying of the gel [2].

The first step consists of hydrolyzing and condensing alkoxides. Afterward, successive steps
remove the alcohol to form aerogels by using methods which permit to preserve the porous

texture of the wet phase [6].

The production of aerogels always involves these three general steps. Nevertheless, extra
procedures can also be carried out in order to modify the final network; e.g. aerogels are often
reinforced with some mechanically stronger material, such as glass fiber, mineral fiber, and
carbon fiber. Also, they can be cross-linked with polymers. On the other hand, these extra
procedures may increase their thermal conductivity and density [12]. Dorcheh and Abbasi

have presented a detailed review on the synthesis of silica aerogels [13].

2.1.1 Gel preparation

The gel is obtained through the sol-gel process. This procedure permits to obtain a solid
material, the alcogel, by using nanoparticles, which are dispersed in a solution, the alcosol.
The solution acts as the precursor that leads to an integrated product structure [2]. Gels are
classified according to the solution used: hydrogel for water, alcogel for alcohol and aerogel

for air [12].
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The sol becomes a gel when the nanoparticles dispersed in it stick together and form a
continuous three-dimensional structure throughout the liquid. As stated before, the mechanical
rigidity of the gel is improved by increasing the number of cross-linking [12]. Gel preparation
ends when the sol reaches the gel point. Brinker and Scherer [2] thoroughly described this

process.

The main precursors utilized to produce aerogels are silicon alkoxides. Waterglass or sodium
silicate, i.e. Na»SiOs, could be used in place of silicon alkoxides as cheaper raw materials in
order to produce silica aerogels [6]. The most used silicon alkoxides, as shown in Table 1, are
Si (OCHj3)s (tetraethoxysilane, or TMOS), Si(OC,Hs)s (tetraethoxysilane or TEOS) and
Si0,(OC2Hs)s.20 (polyethoxydisiloxane or PEDS-Py). Alkoxides are expensive and dangerous
materials, therefore, commercialization is not allowed [13]. PEDS and TMOS lead to uniform
pores and higher surface area than TEOS [13]. Hence, the thermal conductivity of aerogels
obtained by using PEDS and TMOS are lower compared to the thermal conductivity of
aerogels obtained by using TEOS. On the other hand, TEOS are used in order to obtain a
higher transmittance of radiation within the range of visible light [6]. The PEDS-P; is obtained

as follows:

Si(OC2H5)4 +nH,0 < SiOn(OC2H5)4.2n + 2nC,Hs0H, forn<?2 (1)

Table 1. Main precursors used to synthesize silica aerogels.

Constituent Chemical formula Abbreviation
Tetraethoxysilane Si (OCH3)4 TMOS
Tetraethoxysilane Si(OC:Hs)4 TEOS
Polyethoxydisiloxane SiOn(OC2Hs)4-20 PEDS-Px

Hydrolysis is performed with a catalyst. There are three types of catalysis: acid catalysis, base
catalysis and two-step catalysis [13]. They lead to a wider distribution of larger pores and a
lower thermal conductivity [2]. Acid hydrolysis usually comports long times. The time interval

before the catalyst addition may vary from O to 72 h [9].

As stated before, the solid nanoparticles dispersed in the solvent have to stick together in order
to withstand the stress caused by the supercritical drying process [9]. This might require the

use of an additive to make them stick together.

Silica alcogels based on TEOS are prepared by hydrolysis and condensation of C;HsOH
(ethanol or EtOH) diluted TEOS, in the presence of water and two catalysts, which are C:H2O4
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(oxalic acid) and NH4OH (ammoniumhydroxide) [14]. Different quantities of alkoxides and

water yield to different products [13].

Table 2. Chemicals involved in hydrolysis and condensation of alcogels based on TEOS.

Constituent Formula Abbreviation
Oxalic acid C,H,04

Ethanol C,Hs0OH EtOH
Ammoniumhydroxide NH,OH

Water H,O

The chemical reaction which uses TEOS/EtOH-based polymeric silica sol to produce common

silica aerogels used for insulation purposes is as follows [9]:

Hydrolysis:
Si(OC,Hs)4 + 4H,0 (+ C,H,04) — Si(OH)4 + 4C,HsOH 2)
Condensation:
(3)
Si(OH)4 + (OH)4Si (+ NH4OH) - (OH)3Si—O-Si(OH); + H,O
Si(OH)4 + (OH)4Si (+ NH,OH) - (OH)3Si—0-Si(OC,Hs)3 + C,HsOH (@)
Tetraethyl
orthosilicate

" “Tmmiscible

area 40 10 %
Miscibility .
line  N20. . 5% %,
10, 10 Si02
01 | | | | 0
100 90 80 70 60 50 40 30 20 10 0
Alcohol —— Water

Fig. 4. Phase diagram of the solution TEOS—ethanol-water at 25° C [13].
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2.1.2 Aging of the gel

Once a sol reaches the gel point, it may still contain unreacted alkoxide groups and hydrolysis
may continue. For this reason, the gel is aged in its mother solution at the ambient temperature

in order to complete hydrolysis and prevent the gel shrink during the drying process [6],[13].

The aging procedure often requires adding ethanol-siloxane to the gel, in order to increase its
stiffness and strength [6]. The mechanical and permeability properties of the gel depend on
the aging time, the temperature and the pH [13]. The aging time is a function of two aging
mechanisms. The first one is the reprecipitation of silica dissolved from the particle surfaces
onto the necks between particles. The second one is the reprecipitation of small dissolved silica
particles onto larger ones. The time required to conclude this process is proportional to the
thickness of the gel and can be reduced by using aging vessels [12]. In 2004, Reichenauer [13]

presented that aging of silica gels in water reduces the shrinkage of the gel during the drying.

After the aging of the gel, all the water inside the pores must be removed before the drying
process. This could be achieved by washing the gel with ethanol and heptane [2]. The water
that is not removed from the gel, will not be removed through the supercritical drying and will

make the gel much more opaque and dense [15].

2.1.3 Drying of the gel

Aerogels are essentially the three-dimensional networks of the gel isolated from the
solution [6]. Drying of the gel is a critical step. The gel mother liquid is removed from the
network by using a liquid-to-gas phase change process. Possible shrinkage of the gel during
drying is determined by the capillary pressure which may reach 100-200 MPa [13]. Three
different methods for drying the aerogels are used: supercritical drying (SCD), ambient

pressure drying (APD) and the freezing drying.

The first one permits to avoid capillary tension but comports higher costs. On the other hand,
the second one is more cost-effective but involves capillary tension which can lead to shrinking
and possible fractures [2]. However, high pressure is always required and leads to high costs.

At the moment, SCD is generally used for silica aerogels [6].

2.1.3.1 Supercritical drying

Supercritical drying is the most used drying process for aerogels [2]. The liquid comes out of

the pores above the critical temperature T and the critical pressure P... When the liquid
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reaches the critical point, it is transformed into a gas without two phases have been present at
the same time and the molecules are able to move freely. For this reason, SCD method consents

to avoid capillary tension [2],[16].

Two applications of SCD process exist, the high-temperature supercritical drying (HTSCD)
and low-temperature supercritical drying (LTSCD) [6]. In 1931, Kistler [2] has presented a
detailed review of HTSCD whereas LTSCD was presented in 1985 by Tewari et al. In HTSCD,
methanol reacts with OH groups on the surface to form CH3O making the silica aerogel
partially hydrophobic. LTSCD is used for building applications. During the LTSCD, the
solvent is replaced by a liquid that has a critical point close to ambient temperature, such as

carbon dioxide (Ter = 304.2 K, P, = 72.786 atm). Fig. 5 shows the process of the LTSCD.

The process may be divided into three steps. Firstly, the aged gel is placed in an autoclave
filled with non-flammable liquid dioxide at 4+10° C until the pressure reaches approximately
100 bar to replace the solvent in the pores of the gel with the liquid dioxide. Afterward, the
temperature is raised above the critical temperature, which is about to 40° C, while the pressure
is kept constant [13]. Secondly, the pressure of the autoclave is isothermally depressurized
until it reaches atmospheric pressure. Finally, the autoclave is cooled at ambient pressure to

the room temperature [6].
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Fig. 5. Representation of the low-temperature supercritical drying cycle [12].

2.1.3.2 Ambient pressure drying

The elevated costs of production due to the great amounts of energy consumed by SCD to
create high pressures is limiting the usage of aerogels as a thermal insulation material in
buildings. An alternative to the supercritical drying is the ambient pressure drying (APD). This
is the most cost effective procedure, compared to supercritical drying. Nevertheless, APD

comports capillary tension on the surface of the pores and can cause fractures. The stress
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pressure is proportional to the viscosity of the liquid and inversely proportional to the
permeability of the wet gel. Fractures are likely to occur especially when the pores are

small [13].

APD may be divided into two steps. Firstly, the solvent in the pores is chemically altered
through substituting hydrophobic functional groups of H from hydroxyl groups in order to
obtain hydrophobic aerogels. Secondly, drying is carried out by ambient pressure evaporation

allowing the liquid to exit slowly to the exterior. This is the most complex step.

2.1.3.3  Freeze drying

Freeze drying is another possibility to dry gels. The solvent is replaced with a chemical that
has a low expansion coefficient and a high sublimation pressure. Subsequently, the liquid in
the pores is frozen and then sublimed in a vacuum. This method has many disadvantages: the
aging period to stabilize the gel network requires a long time and the expansion coefficient of
the liquid must be lower than the solvent one whereas its sublimation pressure must be

higher [2].

2.2 Properties of the aerogel

Silica aerogels have uncommon solid properties. For this reason, many researchers and
companies are interested in improving the high potential of these materials. Table 3, illustrates
a summary of the most important properties of silica aerogels that will be examined in the next

few chapters. Next sections provide an overview of these properties.

Table 3. Properties of silica aerogels.

Property Value
Primary particle diameter [nm] 2+5

Pore diameter span [nm] 2+100
Mean pore diameter [nm] 20+40
Percentage of porosity [dimensionless] 85+99.9
Internal surface area [m?] 6001000
Bulk density [kg/m’] 3+350
Bulk density for building purposes [kg/m’] 70+150
Volume shrinkage [dimensionless] <10

Water resistance up to 250°C of superhydrophobic silica aerogel [in air] ~ Good
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Compressive strength [kPa] 300

Tensile strength [kPa] 16

Thermal conductivity [W/mK] 0.004
Thermal conductivity for building purposes [W/mK] 0.013+0.014
Normal-hemispherical transmittance of radiation [dimensionless] 0.80+0.93
Longitudinal sound speed [m/s] 100
Temperature stability [°C] Up to 600
Not-flammable Yes
Not-reactive Yes
Not-release toxic gasses during fire Yes

2.2.1 Pore structure

As stated in the previous chapter, silica aerogels are porous. They consist of a cross-linked
internal structure of SiO chains, with many small pores filled with air. Pore network is an
open-pore structure where pores are interconnected. Hence, fluids can move from pore to pore
and flow through the material. This property makes the aerogels excellent catalysts and

catalyst supports [13].

The pores volume occupies from the 85% up to the 99.9% of the total volume of the aerogels.
Hence, high porosity and small pores lead to unique physical, thermal, optical and acoustic

properties. Nevertheless, they comport low mechanical properties too [6].

Aerogels have a pore diameter of 2+100 nm and an average pore diameter of 2040 nm.
IUPAC classification for porous materials defines “micropores” the pores smaller than 2 nm
in diameter, “mesopores” the pores with a diameter of 2+50 nm, and “macropores” those ones
with diameters bigger than 50 nm. According to this classification, the majority of the pores

are mesopores. However, silica aerogels have pores of all the three sizes [13].

Scanning electron microscopes (SEMs) and transmission electron microscopes (TEMs) are
techniques used to investigate the microstructure of the aerogels. However, they comport
difficulties correlated to the sample preparation. Moreover, they produce a two-dimensional
image which makes harder the information processing, especially in the case of high porous
materials such as aerogels. SEMs and TEMs permit to evaluate the pore size as well [13].
Examples of SEMs and TEMs pictures are shown in Fig. 6. Other non-destructive techniques

have been used in order to investigate the aerogels, such as the positron annihilation
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spectroscopy (PAS), the small angle X-ray scattering (SAXS), the atomic force microscopy
(AFM), and the nuclear magnetic resonance (NMR) [13].

The percentage of porosity (¢p) depends on the bulk density (p») and the skeletal density (ps),
physical quantities defined in the next section. Cuce et al. [2] reported the value of the
percentage of porosity from 85% up to 99.9%. According to the ASTM [17], the percentage
of porosity is “the ratio of the volumes of the pores in the particles to the volumes enclosed by

their envelopes” and is defined by the following formula:

(p:(l——jxmo (5)

Aerogels have got a high surface area. The BET' internal surface area is 6001000 m?. Just to
give an idea, one gram of aerogel flattened out on a surface would cover an area of the size of

a football field [18].

Fig. 6. Pictures of the pores of silica aerogel [13].

2.2.2 Density

As stated earlier, the air-filled pores take from 85% to 99.8% of the total aerogel volume. For
this reason, aerogels are the lightest solid materials ever known. They are used to produce
catalysts, absorbers, sensors, fuel storage, ion exchange targets for ICF, X-ray lasers, subsea
pipelines, space suits, and dust collector in NASA missions due to their porosity and
density [19]. The texture of the solid part of the aerogels is composed of ultrafine particles.

Silica aerogels have a small fraction of solid silica which value falls between 1% to 10% [13].

! Brunauer, Emmett and Teller (BET) method based on nitrogen-adsorption technique in order to measure the specific surface
area of a material.
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Two different physical characteristics are used to define silica aerogels in terms of density:
bulk density (p») and skeletal density (ps). ASTM D3766 [17] gives the definitions of skeletal
and bulk densities. Skeletal density is “the ratio of the mass of discrete pieces of solid material
to the sum of the volumes of the solid material in the pieces and closed (or blind) pores within
the pieces” [17]. Bulk density is “the ratio of the mass of a collection of discrete pieces of solid
material to the sum of the volumes of the solids in each piece, the voids within the pieces, and

the voids among the pieces of the particular collection” [17].

In the case of aerogels, where the pore network is an open-pore structure, the skeletal density
of the pores in the particles must to be close to that of the bulk solid. The density depends on
the procedure used to synthesize the aerogel [20] and is often determined by using helium
pycnometer. The density of the aerogel (Pacrogel) 18 related to the porosity (¢) and the density of

the air (Pair) through this formula:
Paerogel = Psio2 —(PX (pSioz - pmr) (0 < P < 1) (6)

Woignier and Phalippou [20] have presented a value of the skeletal density around 2200 kg/m’
by using a helium pycnometer. Skeletal densities of 200700 kg/m’ have been reached
afterward. More recently, different studies have found values of skeletal density of
3+350 kg/m® [13]. To have an idea of how lightweight aerogels are, the air has a density of
1.2 kg/m®>. However, aerogel currently used for buildings have an average density of

70+150 kg/m?’ [6].

2.2.3  Volume shrinkage

The percentage of volume shrinkage (V%) is calculated from the volume of the aerogel (V.)

and the change in the volume of the alcogel (V,) by using the formula:

V% =[I—EJX10O (7

g

Venkateswara and Bhagat [9] have investigated aerogels based on TEOS and managed to find

a value of volume shrinkage smaller than 10%.
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2.2.4 Hydrophobicity

Silica aerogels can be either hydrophobic or hydrophilic due to the process used during the
synthesis. The silanol polar group in the aerogel network (Si-OH) causes the absorption of
water and leads to a hydrophilic behavior [13]. Contact with water could demolish aerogels
due to the surface tension in the pores. Moreover, the presence of water inside the pores
worsens other proprieties and deteriorates the material with time. For these reasons, in many

applications, aerogels should be hydrophobized in order not to absorb water and water vapor.

The hydrophobic property can be improved adding to the pore surface nonpolar side function,
such as a silylating agent. The nonpolar side function can be introduced by two different
methods illustrated in the next paragraph. Usually, aerogels dried by HTSCD are hydrophobic
and those dried through LTSCD by using CO; are hydrophilic [13]. In fact, HTSCD results in
methoxy groups (-OCHs)x on the surface which are hydrophobic, whereas LTSCD forms
hydroxyl groups (-OH) on the surface, which are hydrophilic. The surface modification of the
aerogels due to the improvement of the hydrophobic property increases mechanical properties
as well. Therefore, cracks growth can be significantly reduced in hydrophobic aerogels. On

the other hand, it reduces optical transmittance and porosity [21].

Hydrophobic silica aerogels are produced by using two methods: the co-precursor method and
the derivatization method. In the co-precursor method, a hydrophobic reagent containing the
organic group is added to the sol during the sol-gel step and afterward, the gel is high-
temperature supercritically dried from methanol. This method is used in APD methods as
well [2]. In the derivatization method, the gel is immersed in a chemical bath containing the
hydrophobic reagent and a solvent. Then, the gel is supercritically dried from methanol.
Organic groups used either as co-precursors or derivatizing reagents along with the TMOS and
the TEOS are organosilane compounds such as  methyltrimethoxysilane,
phenyltriethoxysilane, dimethylchlorosilane, trimethylchlorosilane, trimethylethoxysilane,

and hexamethyldisilazane. Methyltrimethoxysilane can be used as a precursor as well [21].

The hydrophobicity of the aerogels is tested evaluating several parameters. The contact angle

of the water droplet on the aerogel surface (0) is calculated by using the formula:

6=2tan™" [&j (8)

w

where h is the high and w is the width of the water droplet touching the aerogel surface.
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Traveling microscopes are used in order to evaluate the high and the width of the droplet, as
shown in Fig. 7. The velocity of a water droplet (v) is evaluated on an inclined hydrophobic
surface. The co-precursor method leads to aerogels with higher contact angle but which are
opaque. On the other hand, the derivatization method results in aerogel transparent but with

lower contact angle [21].

Fig. 7. Picture of a water droplet on silica aerogel [13].

Superhydrophobic and flexible aerogels have been obtained by Venkateswara Rao et al. [21].
Aerogel synthesized by using methyltrimethoxysilane as a precursor led to a value for the
contact angle around 175°, which is the highest value ever recorded. The bulk density of this
aerogel was around 200 kg/m® and the optical transmittance was around 5%. The value of the
water droplet velocity is calculated as a function of the angle of inclination of the
superhydrophobic aerogel surface. The droplet velocity increases from 0.4 m/s to 1.44 m/s as

the angle of inclination increases from 8° to 52°.

One important issue is that the hydrophobic aerogels show hydrophobicity just for a definite
period of time. Due to the exposition to air over a long time, they start to absorb water. This is

an uncommon property for hydrophobic materials [13].

2.2.5 Mechanical properties

Silica aerogels have a relatively high compressive strength (f.). The measured values are up
to 300 kPa, which is considered a good load bearing. On the other hand, they have very low
tensile strength (f;), around 16 kPa. For this reason, aerogels are very fragile. The challenging
issue is to improve their tensile strength by incorporating in the aerogels a fiber matrix [6].
The correlation between tensile strength and compressive strength of Aerogel Incorporated
Concrete (AIC), which will be discussed in later chapters, is expressed by the following

formula [18]:
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iz AXE )
where A and B are constants material-dependent. Examples of values of A and B constants are

reported in section 2.4.

2.2.6 Thermal properties

Before talking about the thermal properties of aerogels, it is necessary to define the thermal
properties. Table 4 shows an overview of the thermal properties. Thermal conductivity (A) is
the ability of a substance to conduct heat. It is measured in W/mK. Thermal transmittance (U),
also known as U-value, defines the rate of transfer of heat through one square meter of a
structure. It is measured in W/m*K. Thermal resistance (R), also known as R-value, is the
opposition to the heat flow due to the elimination of the heat transfer mechanism. It is

measured in m*K/W.

Table 4. Overview of the thermal properties.

Thermal dimension Symbol Unit of measure
Thermal conductivity A W/mK

Thermal transmittance U W/m’K
Thermal resistance R m’K/W

Thermal conductivity and thermal resistance are related by the following formula:

A= (10)

where s is the thickness of the material.

Thermal resistance and thermal transmittance are related by the following formula:

R = (11)

1

U
Thermal insulation materials have low thermal conductivity and thus, retard heat flow. The
thermal transmittance is the most used property to evaluate the thermal flow through a partition

or a structure. A low thermal conductivity permits the use thin building envelopes with low

thermal transmittance.

The heat transport is driven by the difference in temperature between the surfaces of the

material. Thermal conductivity is made up of six parts: solid state thermal conductivity (Asorid),
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gas state thermal conductivity (Ags), radiation infrared thermal conductivity (Awd), gas state
convection thermal conductivity (Aconv), second order thermal conductivity (Acoupling), and
leakage thermal conductivity (Aieak) [7]. These properties are added in order to calculate the

thermal conductivity, as shown in the following formula:
)\(T) = Asulid(T) + )\gas(T) + )\rad(T) + )\cunv (T) + Acuupling(T) + Aleak(T) (12)

Each of the components must be minimized in order to obtain a low overall thermal
conductivity. Fig. 8 shows an example which takes into account just solid state thermal
conductivity, gas state thermal conductivity, and radiation conductivity. The optimal point

from insulation perspective is achieved where the sum of the contributions is at a minimum [2].
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Fig. 8. Thermal conductivity of a porous insulation material [2].

2.2.6.1 Solid state thermal conductivity

The solid state thermal conductivity has a massive impact on the overall thermal conductivity.
It is strongly related to the thermophysical properties of the material and increases with the
bulk density of the material. It involves the heat transfer between atoms due to the lattice
vibrations, that is through chemical bonds between atoms. The equation to calculate the solid

state thermal conductivity is [2]:
Asuhd = Aféz (13)

where A is the material thermal conductivity factor and d is the ratio of insulation material

density to the material density.
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2.2.6.2  Gas state thermal conductivity

The gas state thermal conductivity is linked to the collision of the molecules which transfer
the energy from one to the other. The thermal conductivity of the air is about 0.025 W/mK. It
does not depend on the density and leads to a minimum total thermal conductivity around
0.030 W/mK [2]. The gas state thermal conductivity is also related to the pressure [18]. In
order to decrease the gas state thermal conductivity, the gas can be substituted with a different
one which has lower thermal conductivity. Moreover, another way to reduce the gas state
thermal conductivity is to reduce the pore size of the material. This leads to the so-called
Knudsen effect, which is a typical behavior of aerogels. Knudsen effect correlates the gas
thermal conductivity to the characteristic pore diameter and the gas pressure in the pores. It is

more comprehensively explained in the paragraph 2.2.6.7.

2.2.6.3  Radiation infrared thermal conductivity

The radiation infrared thermal conductivity is related to the emittance of electromagnetic
radiation from the material. It takes place even though two bodies are separated by a medium
that is colder. The net radiation is the difference between the body radiation emitted and
received. The radiation effect is relevant for insulation materials with a small amount of solid
thus, with a low bulk density [2], and can be neglected at room temperature [18]. A simplified

equation to define the radiation thermal conductivity is:

Aoa =—T° (14)

where o is Stefan-Boltzmann constant (5.67x10*W/m?K*), T is the temperature in Kelvin and

fs is the extinction coefficient that is calculated as follows:

Bs =pe (15)

where p is the material density and e is the specific extinction coefficient.

2.2.6.4 Convection thermal conductivity of the gas phase

The convection thermal conductivity of the gas phase involves the movement of air and
moisture in two different ways: the air that fills the micropores provides convection inside the
pores cells and through the material on a macro scale. Microscale convection does not occur
within closed pores, but this is not the case of aerogels which have open-pore structure.
Convection in porous materials is defined by the Nusselt number (Nu). This must be greater

than one to have natural convection. The Nusselt number is defined by the formula:
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Nu = Qw.c (16)
(Qwo.c

where quw. is the heat flux with convection and quwo. is the heat flux with conduction.

2.2.6.5 Leakage thermal conductivity

The leakage thermal conductivity represents an air and wetness leakage driven by a pressure
difference. Moisture in nanometer pores has to be avoided otherwise overall thermal
conductivity increases considerably. It is normally neglected because the materials are

supposed to be dry and without any holes.

2.2.6.6  Second order thermal conductivity

The second order thermal conductivity is the term that takes into account the second order
effects between the various thermal conductivities. It is complex to calculate and is normally

neglected.

2.2.6.7 Silica aerogels overall thermal conductivity

Air as insulation material has reached its limit and it is necessary to develop new high-
performance insulation materials. For this reason, thermal superinsulation materials such as
aerogels have being developed in order to meet current requirements [2]. Aerogels are used to
develop portable coolers, transport vehicles, pipes, cryogenic, skylights, space vehicles and

probes, casting molds, and building insulation materials due to the thermal properties [19].

Silica aerogels are extraordinarily highly insulating materials. Their thermal conductivity is
smaller than of the still air and is about 0.004 W/mK [7] when carbon black is used to defeat
the radiation thermal conductivity. However, commercial aerogels currently used have a
thermal conductivity at an ambient pressure of 0.013+0.014 W/mK [7]. The reasons why they
are such a good insulation materials are low solid state thermal conductivity, low gas state

thermal conductivity, and low radiation infrared thermal conductivity.

The low solid state thermal conductivity of silica aerogels is due to the fact that, although the
intrinsic solid thermal conductivity of silica is relatively high, aerogels have a small fraction
of solid silica. Moreover, the skeleton structure has many ‘dead-ends’ which lead to an

ineffective and long tortuous path of heat flow.
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The low gas state thermal conductivity of aerogels due to their nanometer open-pore size has
great influence on their overall thermal conductivity [6]. Aerogels grid structure does not need
to prevent air in order to achieve very low thermal conductivity [8]. In fact, when pores are
smaller than 40 nm, the gas thermal conductivity of the air located in the pores becomes very
low. Thus, if the solid thermal conductivity of the material is small, the overall thermal
conductivity decreases. Moreover, if they are perforated, local thermal bridges are not induced
except the ones caused by the perforating agents [8]. To be more detailed, they achieve such a
low gas thermal conductivity thanks to the Knudsen effect [7]. It occurs when the mean free
path of the gas molecules is bigger than the pore diameter. Therefore, it is more likely that a
gas molecule placed inside the pore hits the pore wall than other gas molecules. In order to
define the gas thermal conductivity, it is necessary to introduce the Knudsen number (K,) by

using this formula [8]:

K, = keT _ Omean
\/ETﬂzpﬁ 3 (17)

where kg is the Boltzmann’s constant (1.38x107>J/K), T is the temperature in Kelvin, d is the

gas molecule collision diameter in meters, p is the gas pressure in pores in Pa, 6 is the
characteristic pore diameter in meters, and Omean 1S the mean free path of gas molecules in

meters.

Therefore, according to the Knudsen formula, the gas thermal conductivity (Aes) is calculated

as follows [8]:

)\gm, 0
gas =

T 1+2BKa (1%

where Agas0 1S the thermal conductivity in the pores at standard temperature and pressure, fc is

the coefficient characterizing the molecule-wall collision energy transfer efficiency (which is

between 1.5 and 2.0), and K|, is the Knudsen number.

Low gas state thermal conductivity could be improved by filling the aerogels with a low
conductive gas, by decreasing the pores size and by applying vacuum on the aerogel. Biesmans
et al. [22] proved that density, pressure, and physical shape affect the thermal performance of
the aerogels, as shown in Fig. 9. As it can be observed, gaseous conductivity strongly increases

at ambient pressure due to the Knudsen effect. Lee et al. [23] analyzed the temperature
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dependence of thermal conductivity of polyurea aerogels. They demonstrated, as presented in

Fig. 10, that aerogels have improved thermal performance at low operating temperatures.

Low radiation infrared thermal conductivity is due to the low temperature where aerogels are
normally employed. However, it has a dominant impact on the overall thermal conductivity at
high temperatures. The radiation thermal conductivity lowers with decreasing of pore diameter
as the gas state thermal conductivity and the emissivity of the inner pores [8]. The radiation

thermal conductivity can be inhibited by adding carbon black to the aerogel.
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Fig. 9. Thermal conductivity of aerogel as a function of density, pressure, and shape [2].
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Fig. 10. Thermal conductivity of aerogel as a function of temperature [2].

Finally, to give an idea and compare aerogels with other materials, Table 5 presents an

overview of the materials used for insulation purposes sorted by their thermal conductivity [2].

Table 5. Thermal conductivity of traditional materials used for insulation purpose [7].

Material Thermal conductivity [W/mK]
Cork 0.040+0.050
Loose-fill cellulose 0.039+0.042
Foam glass 0.038+0.05
Mineral wool 0.034+0.045
Glass wool 0.031+0.043
Expanded polystyrene (EPS) 0.029+0.055
Extruded polystyrene (XPS) 0.029+0.048
Phenolic resin foam 0.021+0.025
Polyurethane foam (PUR) 0.020+0.029
Silica aerogels 0.012+0.020
Organic aerogels 0.012+0.020
Vacuum insulation panels (VIP) 0.003+0.011
Vacuum glazing 0.003+0.008
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2.2.7 Optical properties

Aerogels are used to produce Cherenkov detectors, lightweight optics, light guides, special
effect optics, and glazing windows due to their optical properties [19]. Optical properties
concern the characteristics of a material within the range of visible considering the relative
response of the visual system. However, in chapter 2.2.7.2, energetic properties in the infrared

spectrum will be considered as well.

The light transmittance (1)) is the ratio of the total energy transmitted through a sample to the
total energy incident on the surface from a defined direction. The normal-hemispherical
reflectance (pi) is the ratio of the total energy reflected from a sample into the subtending
hemisphere to the total energy incident on the surface from a defined direction. The light
absorptance (0) is the ratio of the energy absorbed by a sample to the total energy incident on
the surface from a defined direction. These physical quantities are related by the following

formula:

o+pi+u=1 (19)

Silica aerogels have interesting optical properties, as they can reach a good transparency and
visible light transmittance, which is uncommon for porous materials. Hence, they can be
produced as opaque, translucent or transparent materials. The transparency depends on their
microstructure that has a scale smaller than the wavelength of light and increases with a
decrease in the pore and particle size [9]. However, they tend to scatter the transmitted light.
Therefore, a slight effect of scattering occurs in the visible with isotropic angular distribution
and the quality of the visible light transmitted is reduced. This behavior is described by the
Rayleigh Scattering theory, that is more comprehensively explained in the paragraph

below [13].

2.2.7.1 Optical and scattering properties of aerogels in the visible range

The wavelength of visible range, or visible spectrum, varies between 380 nm and 780 nm.
Silica aerogels have high transmittance of radiation in the visible range (t.is), as Fig. 11
shows [2]. Reim at al. [24] found a value of solar transmittance about 0.88 for a monolith
translucent silica aerogel in a 10 mm thick packed bed [24]. Venkateswara Rao et al. [9]
presented values of solar transmittance of silica aerogels between 0.80 and 0.90. Moreover,
Pierre et al. [25] showed that aerogels made from TMOS in methanol can reach an optical
transmittance up to 93% [25]. Cuce at al. [2] proved that monolithic aerogels perform better

than granular aerogels due to their higher light transmittance. Adachi et al. [26] synthetized
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aerogels with a refractive index greater than 1.03 at a wavelength of 633 nm by using di-

methyl-formamide as a solvent in the sol-gel process.
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Fig. 11. Transmittance of a silica aerogel in the ultraviolet and visible spectrum [2].

Many parameters can influence the solar transmittance of radiation in the visible length. Water
desorption and burning of organic components obtained by heating the aerogels can increase
the solar transmittance up to 6% [6]. Also, the parameters of the synthesis process affect the
solar transmittance. In glazing applications, a specific treatment of the glass can improve the
visible quality. On the other hand, by adding a few vol.% isopropanol or other opacifiers, the

transmittance within the visible range can be reduced [6].

Scattering properties of silica aerogel have been considered as well. The scattering is caused
by heterogeneities in the nanoporous structure which leads to the so-called Rayleigh Scattering
[25]. The Rayleigh scattering effect is described by using geometrical optics and consists of
an isotropic scattering of vertically polarized incident light, an anisotropic scattering of
horizontally polarized incident light according to the cos’d formula and a wavelength
dependence of scattered light that varies as 1/A*. It occurs when dust particles in the pore, with
a size similar to the wavelength of the incident light, interacts with the solid parts [6]. The size
of the pores effects the efficiency of scattering. However, aerogels exhibit a wavelength
independent component of scattering that may not be isotropic and some samples can diverge
from Rayleigh angular distribution. As a result, silica aerogels reflect bluish light when
observed against a dark background and transmit slightly reddish light, if exposed to direct
sunlight [2].
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The refractive index (n) is a dimensionless number that defines how the light transmits through

a material. It is calculated with the simplified formula of Clausius-Mosotti:

n=1+0.19p (20)

where p is the density of the silica aerogel.

2.2.7.2 Infrared range

The wavelength of the infrared spectrum varies between 780 nm and 1 mm. Silica aerogels
have high transmittance of radiation in the infrared range (ti;) as well. As stated in chapter
2.2.6.3, the transmittance in the infrared range increases the thermal conductivity, particularly

at high temperatures. The transmittance of a silica aerogel in the infrared spectrum is shown

in Fig. 12.
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Fig. 12. Transmittance of a silica aerogel in the infrared spectrum [2].

2.2.8 Acoustic properties

Aerogels are good acoustic insulators [25]. Moreover, granular aerogels are great reflectors
and have also been proposed as a shock absorbing materials [19]. The acoustic propagation in
aerogels depends on their structure, density, and texture. However, the use of aerogel in
acoustic comfort is still marginal [27]. The longitudinal sound velocity in monolith aerogels
is smaller than 40 m/s, whereas in non-monolith aerogels is about 100 m/s. It decreases to
60 m/s with a particle size of 80 um [27]. Furthermore, an attenuation of 60 dB can be obtained
by combining layers with diverse granular sizes and an overall thickness of 70 mm.
M. Schmidt et al. [28] measured the sound absorption coefficient (0) of aerogel particles by

using the Kundt’s tube. The maximum values of sound absorption are reached at high
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frequencies [28]. The maximum value of sound absorption coefficient decreases and moves to
lower frequencies with increasing the thickness of the particles layer. Measurements of the
acoustical impedance of samples showed that it depends strongly on the geometry and the
boundary condition imposed to the samples [2]. Traditional materials at low frequencies show
a substantial decrease in sound absorption. However, in the case of aerogel particles, it is not
that marked. For these reasons, aerogels can be used to produce architectural and appliance
insulation, impedance matchers for transducers, range finders, speakers, and glazing
windows [19]. Jérome Lefebvre et al. [27] developed a hybrid acoustic absorber combining
cellulose foam and silica aerogel. According to their research, cellulose permits to improve
mechanical and acoustic properties. Moreover, results show remarkable absorption properties,

especially at low frequencies.

2.2.9 Health hazards

Aerogel insulation products suffer from dust production. The exposure to crystalline silica dust
leads to diseases such as silicosis, chronic obstructive pulmonary, chronic bronchitis,
tuberculosis, and lung cancer. However, silica aerogels are amorphous silica, that is almost
0% crystalline. Hence, according to the International Agency for Research on Cancer (IARC),
the exposure to silica aerogels is not associated with a risk for lung cancer to humans. US
Occupational Safety and Health Administration declared that the exposure limit for the
respirable dust of this material is of 5 mg/m’ [6]. Animal studies in long-term inhalation of
high concentrations of amorphous silica showed partially reversible inflammation,
emphysema, and granuloma formation, but no progressive fibrosis of the lungs. Moreover,
they revealed that amorphous silica can be completely cleared from the lungs. Epidemiological
studies of workers with high occupational exposure to synthetic silica confirmed that it does
not cause silicosis and fibrosis. However, the available data are limited and a risk of chronic
bronchitis, chronic obstructive pulmonary disease or emphysema cannot be excluded with
certainty [29]. However, further researches are necessary. The main problem related to the

assessment of health effects of amorphous silica is its contamination with crystalline silica.

Aerogels may cause health problems during installation. Table 6 shows a report presented by
Aspen Aerogels [30] about the potential health problems caused by aerogels. For this reason,
precautions should be taken and health & safety guidelines have to been followed. Aerogels
should be kept in rubber, plastic or aluminum covers to avoid direct contact with hands. Special
breath mask should be used in order to avoid inhalation during installation that may cause
irritation of the respiratory tract. Moreover, eyewear and gloves should be used in order to

prevent eye and skin damage. Finally, airborne dust during installation may cause allergic
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reactions. Hence, people with an allergy should not stay in the installation environment for a

long time [2].

Table 6. Potential hazardous effects of aerogel on human health [30].

Incident

Effects

Inhalation

Eye contact

Skin contact

Skin absorption

Ingestion

Acute health hazards

Chronic health
hazards

Medical conditions
aggravated by
exposure

Inhalation of airborne dust may cause mechanical irritation of the
upper respiratory tract.

Exposure to material’s dust can produce a drying sensation and
mechanical irritation of the eyes.

Skin contact with dust from this product can produce a drying
sensation and mechanical irritation of the skin and mucous
membranes.

The material is not absorbed through the skin.

If the material is ingested in large quantity, it may produce
mechanical irritation and blockage.

Dust from this product is a physical irritant and may cause
temporary irritation or scratchiness of the throat or itching and
redness of the eyes and skin.

The exposure to silica aerogels is not associated with a risk for
lung cancer to humans.

Excessive inhalation of dust may aggravate pre-existing chronic
lung conditions including bronchitis, emphysema, and asthma;
dermal contact may aggravate existing dermatitis.

2.2.10 Fire behaviour

During a fire, some traditional materials cause serious health hazards problems; for example,
PUR release hydrogen cyanide and isocyanates, which is very toxic [7]. An important feature
of silica aerogels is that they have a very high melting point, which is around 1200°C. Also,
they are non-flammable and non-reactive due to their chemical structure. Moreover, they do
not release toxic gasses during a fire. For these reasons, they can also be used in buildings as
fire-protecting and fire-retarding materials in order to avoid spreading of fire from one place

to another [2].
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2.2.11 Cost performance

The production cost of aerogels is still very expensive for the cost-sensitive building industry
and hinders their use as insulation materials in building applications. According to the analysis
presented by Koebel et al. [31], there is a relevant difference between the cost of traditional
materials and the cost of superinsulation materials. In fact, the cost for aerogel insulation is
twenty times higher than that of traditional insulation and thus, it has to be lowered
substantially [31]. Researchers and producers are trying to improve aerogels performance and
decrease their production cost. Also, ongoing studies aim to develop new kinds of aerogels.
The cost of aerogels is very irregular in the current market but it has been decreasing with
time. According to Koebel et al. [31], the price of aerogel could drop below 1500 US$/m* by
2020. However, in the case of aerogels, the costs-thermal performance ratio is still not enough
competitive. Hence, traditional insulation materials still dominate the insulation market due to
their lower cost of production. Nowadays, the main explanation for the use of aerogel
insulation systems is related to the space saving, longevity, chemical resistance, and thermal
properties [31]. However, as the energy demand and the energy cost are increasing, aerogel
products used in building sector are expected to increase in the future. Moreover, the aerogel
cost will probably decrease due to improvements in aerogel production and large-scale

production [32].

The high price of aerogels is due to the low production volume and the high costs involved in
the synthesis process. However, the cost of aerogels is gradually decreasing. In fact, the global
market of aerogels is almost tenfold increased since 2003. Moreover, according to the ongoing
studies, the cost of a meter cube of aerogel will achieve 50% cost reduction in production
within the next few years and will decrease to US$660 by 2050 [2]. Shukla et al. [12] proposed
some expedients to reduce the cost of production of aerogels. Firstly, the expenses can be
reduced by using cheaper raw materials such as rice husk, clay, oil shale ash, and recycling
process materials and by using cheaper processing solvents; for example, water glass as a
cheaper silica source is used to reduce the cost of raw materials and synthesis of TEOS is five
times cheaper than synthesis of TMOS [9], [13]. Secondly, the price can be decreased by using
low-vapour-pressure solvents that do not evaporate during the aging process such as an ionic
liquid. Thirdly, the cost of aerogels can be cut down by using APD method instead of SCD, in
which the gel is dried at atmospheric pressure. Finally, the price can be lowered by using fewer

fiber reinforcements.

Koebel et al. highlighted the importance to consider a life-cycle-cost analysis (LCCA) in order

to compare aerogel with traditional materials. In fact, it is necessary to consider both the initial
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cost of the insulation material and the energy savings over the life cycle of the building; for
example, space and energy savings due to the use of aerogels can compensate some of the
added costs of production. Excessive insulation leads to high initial investments whereas low
insulation comports high energy consumptions. Hence, it is necessary to find the optimum
insulation levels that correspond to the value that minimizes the overall life cycle cost. The
optimal value depends also on the cost of the aerogel. In fact, as the price of aerogel decrease,
the optimal value increases. Cuce et al. [2] compared a brick wall insulated by using glass
wool with a brick wall insulated by using aerogel. They carried out an LCCA considering a
lifetime of 10 years. The results showed that the required thickness of glass wool to achieve
the U-value of 0.3 W/m’K for modern buildings in the UK, was about of 104 mm. On the other
hand, in order to achieve the same insulation performance by using aerogel, only 37 mm of
thickness were necessary. As a consequence, the payback period of aerogel was calculated to
be about 1 year. Ibrahim et al. [32] carried out a comparison between an aerogel-based mortar
with an EPS-based mortar. The estimated payback period in the case of aerogel was about
3.5 years whereas was only about 0.2 years in the case of EPS. Shukla et al. [12] evaluated
both aerogel and traditional insulation applications, by referring to the current costs of the
materials. They demonstrated that aerogel, for a target U-value of 0.7 m’K/W, saves
about 35% of the costs compared to the fiberglass blanket solution. Moreover, for a target U-
value of 1.41 m*’K/W, the aerogel method is more cost-effective compared to traditional
insulation methods, excluding the fiberglass. Finally, for a target U-value of 2.11 m*K/W, the

aerogel method cost is much higher than for fiber and foam insulation.

Energy savings and payback depend also on the climate. In fact, the thickness or the percentage
of aerogel should be optimized for different climates by doing a cost analysis over the lifetime
of the building. As the climate gets colder, the thickness or the percentage of aerogel in a

mixture increase. For the hottest climates, the payback period can be more than 10 years [3].

2.2.12 Embodied energy

The embodied energy is the overall energy required to produce a material and is measured in
MJ/kg. In order to assess the overall energy used throughout the manufacturing process of a
material, it is necessary to consider its entire life energy cycle analysis. In order to compare
the different material, Cuce et al. [2] considered the thickness necessary to reach a U-value of
0.3 W/m’K, which is the required U-value for modern buildings in the UK. The embodied
energy of aerogel is around 200 MJ/kg, which is in general low compared to traditional

materials; for example, the embodied energy of EPS is around 300 MJ/kg, of cork and foam
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glass is around 400 MJ/kg, and of XPS and PUR is about 200 MJ/kg. Only the embodied
energy of glass wool is 20 MJ/kg lower than the aerogel embodied energy.

2.3 Aerogel Incorporated Plaster (AIP)

Materials currently used in buildings can be grouped into four general categories. The first one
consists of materials that have low bulk density and thus, low compressive strength as well as
low thermal conductivity. They are used for thermal and sound insulating purposes. Rock
wool, glass wool, expanded polystyrene, extruded polystyrene, and mineral fiber belong to
this category. On the other hand, the second group includes materials that have high bulk
density and thus, high compressive strength as well as high thermal conductivity due to the
high solid state density. These materials are used for structural purposes in order to bear loads.
Mortar, concrete, and steel belong to this category. The third group consists of those materials
which have to bear some loads as well as to have an adequately low density and low thermal
conductivity. Lightweight concretes belong to this category and are examined in section 2.4.
Finally, the last group includes materials used as finishing layer, such as plaster. They usually

are lightweight materials.

Nano insulation materials (NIMs) represent an opportunity to develop new high performing
materials in the field of render composites due to their economic, ecologic, mechanical, and
thermal features. Producing, handling, and processing cement-based materials are responsible
for 5% to 8% of worldwide CO. emissions [1]. Hence, it is necessary to investigate new
materials which permit to combine good mechanical and thermal-igrometric
performance [33]. Aerogels renders represent a possible alternative due to their low density,
low overall thermal conductivity, and high hydrophobicity. For example, replacing normal
aggregates in the concrete by aerogel particles or adding aerogel to standard plasters, improves
the thermal resistance and leads to lightweight materials as well as good fire and acoustic

resistances.
The AIP has been investigated by Kim et al. [10], in 2013, and Buratti et al. [34], in 2016. The

literature review on AIP is presented in the following sections. Table 7 summarizes the

properties of the most suitable mixtures of AIP presented in the literature so far.
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Table 7. Properties of the most suitable mixtures of Aerogel Incorporated Plaster.

Reference Kim et al. [10] Buratti et al. [34]
Parameter Value

Density [kg/m’] Undefined 125

Thermal conductivity [W/mK] 0.13 0.16
Compressive strength [MPa] 5.9 Undefined

2.3.1 Kim et al. research on AIP, 2013

In 2013, Kim et al. [35] studied the insulation properties of AIP as a non-structural component.
They prepared various samples of aerogel cement by using aerogel powder and cement and
also by using aerogel, cement, and pozzolan. Different percentages of aggregates with respect
to the mixture were considered. Pozzolan (SiO»- Al,O3 or more simply SA, according to the
Berzelius nomenclature) is composed of silicon(Il) oxide (SiO,) and aluminum(III) oxide
(AlxO3). Pozzolan reacts with the calcium(Il) hydroxide (Ca(OH), or more simply CH,
according to the Berzelius nomenclature) formed during the hydration of the cement. The
result of this reaction, as shown in formula (21), is calcium silicate hydrate (CASH, according
to the Berzelius nomenclature). The CH has a solid crystalline structure whereas the SA has
to be amorphous and finely ground in order to make the reaction sufficiently rapid. This
reaction permits to replace the CH, which is not water resistance, with the CASH, which is
water resistance. Moreover, it is a non-exothermic reaction and, hence, it reduces the hydration

heat that is important in order to reduce the detrimental expansion of the cement.

CH + SA < CASH (according to the Berzelius nomenclature) on
calcium(II) hydroxide + pozzolan < calcium silicate hydrate

The materials used by Kim et al. to prepare the mixture were:
- ordinary Portland cement;
- powder-type hydrophobic silica aerogel with a density of 50 kg/m?, a porosity of 95%,
and thermal conductivity of 0.02 W/mK;
- methanol;
- water;

- pozzolan.

They prepared different samples according to ISO 679 with a percentage of aerogels ranging

from 0.5 wt.% to 2 wt.% and a water/cement ratio about 0.5. Also, in some samples, 20% of
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pozzolan was substituted for cement. The methanol was used to mix the hydrophobic aerogel
with cement paste, to reduce pores between hydration particles and thus, to maintain
compressive and flexural strength. The aerogel-methanol ratio adopted was 1.43. However, it
is important to highlight that the use of methanol for construction purposes should be
avoided [18]. Aerogels were directly mixed with cement paste. After the casting process,
molds were covered with polyethylene films and kept at 20°C and RH of 90% for 24 hours.

Finally, samples were cured in water at 20°C for 28 days.

Afterward, Kim et al. tested the properties of the samples. The thermogravimetry analysis
(TGA) was performed in order to check the thermal stability of the aerogel at high
temperatures. The Fourier transform infrared spectroscopy (FT-IR) and the scanning electron
microscope (SEM) analyses were executed in order to analyze the chemical and physical
stability of aerogel in the cured cement. Thermal conductivity tests were carried out by using
the TCI apparatus developed by C-Therm. The samples were tested for mechanical properties
by using a Universal Test Machine. Flow tests were carried out as well. Finally, the absorption

of water due to the porosity was calculated according to the following formula:

abS.O/O = (Wsat - Wdry) / Wdry (22)

where W, is the weight of the samples saturated in water, and Wayy is the weight of specimens

dried by heating to 120°C and later cooled into a chemical desiccator.

The TGA analysis showed that the aerogel is very stable up to 1150°C, thus it can be used as
a fire-resistance insulation material without emitting toxic gasses and deforming. The FT-IR
spectroscopy showed that the treatment with methanol reacted very well and helped to the
formation of cement composite. Moreover, no chemical molecule changes of aerogel on the
process were found. The SEM photographs showed that aerogel particles were stably settled
in the cured mix and no chemical and physical deformation occurred. The thermal conductivity
decreased with increasing the aerogel contents, especially in the case of the samples without
pozzolan. It decreased to 75% of regular concrete when 2 wt.% of aerogel was added. With an
addition of 0.5 wt.% of aerogel, a thermal conductivity about 0.32 W/mK was measured. Table
8 shows the thermal conductivities of the different mixtures. The compressive strength was
tested in function of the aerogel content and by adding 0.5, 1, and 2 wt.% of aerogel it
decreased from 26.3 MPa to 13.1 MPa, 8 MPa, and 5.9 MPa respectively. The flexural strength
was tested in function of the wt.% aerogel content as well. By adding 0.5, 1, and 2 wt.% of

aerogel, it decreased from 6.6 MPa to 4.4 MPa, 3.6 MPa, and 2 MPa respectively. Finally, they
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proved that aerogel does not have a substantial effect on flow tests. However, the flow of fresh

aerogel cement was sharply dropped due to the presence of methanol.

Table 8. Mixtures of Aerogel Incorporated Plaster produced by Kim et al. [35].

Aerogel cement paste

Aerogel content [%] 0 0.5 1 2
Thermal conductivity [W/mK] 0.51 0.32 0.27 0.13
Compressive strength [MPa] 23.6 13.1 8 59
Flexural strength [MPa] 6.6 4.4 3.6 2
Percentage of decrease [%] - 26 47 75

Aerogel cement paste with pozzolan

Aerogel content [%] 0 0.5 1 2
Thermal conductivity [W/mK] 0.56 0.45 0.33 0.10
Percentage of decrease [%] - 9 29 72

2.3.2 Buratti et al. research on AIP, 2016

In 2016, Buratti et al. [10] carried out a research on Aerogel Incorporated Plasters. Three
mixture were prepared by mixing natural calk with granular aerogel in different percentages.
The first mixture had a percentage of aerogel between 80% and 90% in volume, the second
one between 91% and 95%, and the last one between 96% and 99%. Moreover, a control
mixture without aerogel was prepared. Parallelepipeds with an edge length of 300 mm were
cast in order to test the thermal conductivity. Furthermore, cylindrical samples with diameters

of 29 mm and 100 mm were produced to test the acoustic properties of the mixtures.

The thermal properties were tested by using the heat flow meter Fox 314 HFM apparatus. The
parallelepipeds were placed between two flat plates controlled to a specified constant
temperature and the thermal conductivities of the samples were obtained. The acoustic
properties were preliminarily tested by using a Kund’s Tube. The normal incidence absorption

coefficient was measured with two microphones by using the transfer function method.

The density of the plasters was found to fall when aerogel particles were added to the mixtures.
Values between 115 kg/m® and 300 kg/m’ were found. Also, the thermal conductivity of the
samples decreased by adding aerogel particles. Values between 0.014 W/mK and 0.05 W/mK
were found. Table 9 summarizes the results of the tests. The acoustic tests showed that the

aerogel-based plaster layer moderately influences the absorption coefficient.
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Table 9. Test results on the samples of plaster produced by Buratti et al. [34].

Sample  Percentage of aerogel [%] Density [kg/m’]  Thermal conductivity [W/mK]

Mix1 - 2200 0.50

Mix2 80+90 300+275 0.050+0.045
Mix3 91+95 136+126 0.021+0.019
Mix4 9699 125+115 0.016+0.014

Buratti et al. carried out a comparison between AIP and traditional solutions for building
refurbishment. Traditional plasters usually have values of thermal conductivity that vary
between 0.29 W/mK and 0.70 W/mK. Different existing buildings were refurbished by using
the AIP in order to evaluate the in-situ performance. The aerogel coating was found to be very
effective for a stone wall with a thickness of 60 cm and both an internal and an external coating
of natural lime. The thermal resistance of the wall dropped from 2.14 W/m’K to 1.73 W/m’K

by applying 5 mm of aerogel based-plaster.

Finally, in-situ infrared thermography analysis was carried out on the northern fagcade of a
multi-family house located in Pordenone (Italy). A decrease of about 2 °C due to the
application of the aerogel-based plaster was measured. Moreover, they evaluated the
additional cost of the aerogel plaster compared to conventional materials. The price for the
natural plaster without aerogel was about 2 €/m”. The price for the AIP was about 10 €/m?,

considering a thickness the coat of just 1 mm.

2.4 Aerogel Incorporated Mortar (AIM) and Aerogel
Incorporated Concrete (AIC)

Lightweight concretes have many applications due to their porosity which leads to higher heat
insulation as well as to fewer loads on the bearing structure. Nowadays, they have many
applications due to their high strength-weight ratio and high heat insulation features. For
instance, they are used as a screed for floors and roof slabs, as covering for architectural
purposes, to realize partition walls, panel walls in framed structures, and precast elements.
Lightweight concrete is prepared by substituting partially or totally the aggregates of concrete
with lightweight materials. Traditional light aggregates are pumice, diatomite, volcanic
cinders, perlite, and light expanded clay. More advanced solutions use expanded polystyrene

(EPS). Is it important to select which aggregates are better to be used in order to avoid
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interactions with the binder phase [10]. Air-entraining admixtures are used to obtain light

concrete as well.

Concrete has a thermal conductivity of 1.7+2.5 W/mK [33], which is very high. Moreover,
concretes are often used along with rebars and thus, the thermal conductivity gets much higher.
As a consequence, concrete building envelopes have to include thermal insulation layers in
order to reach an adequate overall low thermal transmittance and get thicker.

As stated earlier, lightweight concrete permits to achieve both thermal insulation and load-
bearing properties. However, even when lightweight concrete is used, the application of
thermal insulation layers is often required to achieve the requisite of thermal conductivity.
Moreover, the lightweight materials with low thermal conductivity have usually a compressive
strength smaller than 4.7 MPa [36]. Hence, these materials are not available for multi-storey
building and others with high compressive strength combined with external thermal insulation
layers are preferred. Thermal insulation can be achieved with different materials. For example,
mineral wool has good thermal properties and adequate sound absorption performance at high

frequencies but shows a significant decrease at frequencies below 800 Hz.

Expanded polystyrene incorporated concrete has usually a density of 95750 kg/m’, a
compressive strength between 2.9 MPa and 5.8 MPa, and a thermal conductivity of 0.23-
0.26 W/mK, depending on the quantity of EPS employed. However, EPS incorporated
concrete has many cons: it is not fire-resistant and releases toxic gasses during the fire. Also,
it is likely to be damaged as a result of the external impacts, and its mechanical properties are
not enough for many structural requirements. Moreover, in presence of water or vapors, its
thermal properties worsen significantly. Therefore, traditional materials are often used in

multiple layers and lead to a thicker and more complex building details and less net floor area.

The purpose of the ongoing researches on aerogels-incorporated mortars and concretes is to
design new mixtures which guarantee both adequate compressive strength and thermal
insulating performance. As a consequence, their application is important when the thermal
building's insulation would be improved with a slight increase of the thickness of the walls.
That is, single leaf exterior walls of the multi-storey building without any other thermal
insulation layer can become a reality [10]. Moreover, hydrophobic aerogels are very stable
materials against water. This is important in order to keep their thermal insulation properties
and avoid water absorption that changes the volumetric composition and the properties of the
concrete mix [18]. Moreover, the improved thermal conductivity reduces the building energy
consumption by heating and cooling and improves the indoor environmental quality (IEQ) by

avoiding mold and condensation on the interior walls. Finally, aerogel-based renders are fire-
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resistant and do not release toxic gasses during the fire. Hence, the possibility to use aerogel-
based renders in buildings might be a way forward. Three possible applications of NIMs in
buildings’ envelopes are shown in Fig. 13. Table 10 proposes a comparison between the two

most used traditional materials, which are rockwool and EPS, and the aerogel.

Both indoor and outdoor NIM
thermal insulation retrofitting Concrete
NIM
NIM in the mix of the concrete Concrete
NIM
Concrete
NIM mixed in the concrete
NIM and
e
concrete
mixture
Fig. 13. Application of nano insulation materials in envelopes.
Table 10. Comparison between the properties of rock wool, EPS, and aerogel.
Property Rockwool EPS Aerogel
Density [kg/m’] 40200 16+35 3+100
Thermal conductivity [W/mK] 0.037 0.037+0.038 0.012+0.020
Max service temperature [°C] -240+800 100 600
Acoustic properties High Low High
Fire resistance Good Poor Good
Cost Low Medium High

The preparation of AIC has been investigated by Ratke et al. [37], in 2008, Gao et al. [18], in
2014, Fickler et al [36], in 2015, and Serina et al. [33], in 2015. Those studies and the state-
of-the-art of AIC are presented in the next sections. A restricted number of studies are available
due to the high production cost of the aerogel and many properties of the aerogel-based renders
have not been investigated yet. Table 11 summarizes the properties of the most suitable

mixtures of AIM presented in the literature so far. The aim of many investigations is to
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combine thermal and insulation properties into a single building material to obtain a minimal
thickness. Serina et al. [33], envisioned that in the future it will be possible to use NanoCon
(Nano Concrete) as a new material with structural properties similar to the concrete, low
thermal conductivity, and low negative environmental impacts. For this purpose, they
proposed to join NIMs with CNTs (carbon nanotubes) in order to reach low thermal
conductivity due to the presence of NIMs and large tensile strength due to the presence of
CNTs. CNTs have very high thermal conductivity but, on the other hand, surpass the tensile
strength of steel rebars by two orders. In fact, the tensile strength was measured to be about
63000 MPa, even if the theoretical limit is 300000 MPa. For this reason, the impact of this
material may be huge compared with the steel rebars which have a typical tensile strength of
500 MPa or concrete without rebars which usually has a compressive strength of 30 MPa and
a tensile strength of only 3 MPa. Moreover, NanoCon within a foreseeable future may also be
imagined without steel rebars as well. That means that problems of corrosion of rebars in

concrete may be avoided. This scenario would have a huge impact on the buildings industry.

Table 11. Properties of the most suitable mixtures of Aerogel Incorporated Mortar.

Reference Gao et al. [18] Serina et al. [33]  Fickler et al. [36]
Parameter Value

Density [kg/m’] 1000 Undefined 860

Thermal conductivity [W/mK] 0.26 0.55 0.17
Compressive strength [MPa] 8.3 20 10

Flexural tensile strength [MPa] 1.2 4.5 2.7

Fire resistance Undefined Undefined Undefined
Manufacture cost High High High

2.4.1 Gao et al. research on AIM, 2014

In 2014, Gao et al. [18] prepared and tested lightweight and thermal insulating Aerogel
Incorporated Mortar. They investigated the influence of the vol.% of silica aerogel granules
embedded in the cement matrix by preparing different mixtures of mortar. A good balance
between the mechanical strength and the thermal performance has been considered during the
mixing design process. They highlighted the importance to improve the AIM manufacture
procedure as, for example, the alkali-silica reaction during the hydration of the cement may
destroy the aerogel particles. The procedure proposed by Gao et al. does not require pre-

treatment with methanol.
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They investigated samples of AIM prepared by using a standard Hobart 2-litre mixer and
containing cement, sand, silica fume, superplasticizer, hydrophobic aerogel particles, and
water. More specifically, the raw materials used to prepare the samples were:
- CEM1 52.5R with a density of 3140 kg/m’;
- natural sand from Finland, with a particle density of 2600 kg/m’, selected by using a
sieve with a size of 0.5+2 mm;
- silica fume Elkem Microsilica Grade 940 with a density of 2200 kg/m”;
- acrylic polymer superplasticizer Dynamon SP130;
- hydrophobic aerogel granules ISOGEL 800 with a density of 100 kg/m’ and a thermal
conductivity of 0.02 W/mK;

- distilled water with a water-binder ratio of 0.4.

Silica fume and superplasticizer were used in order to modify the characteristics of the mortar.
The binder was considered as the sum of cement and silica fume where the amount of silica
fume was 10.8 wt.% of the binder phase. The volume of aggregates and aerogel was 60 vol.%
of the mortar sample. The superplasticizer content was 1 wt.% of the binder phase. The air
void was set as 2 vol.% for all samples. Cement, sand, silica fume, superplasticizer,
hydrophobic aerogel particles were mixed before through a dry mixing process and afterward,
superplasticizer and water were added slowly. The resulting slurry was poured into in a prism-
shaped mold and an electric vibrator was used for about 3 seconds to avoid segregation.
Finally, the sample was held at a vapor saturated environment at room temperature for
24 hours, then de-molded and maintained in the same water saturated environment for 28 days.

Table 12 shows the mixtures of the AIM produced [18].

Table 12. Mixtures of Aerogel Incorporated Mortar produced by Gao et al. [18].

Sample Cement Sand Silica fume Super pl. Aerogel Water  Aerogel
[g] gl el lg] [g] [g] [vol.%]
2Ref 117.8 405 14.3 1.32 0 4976 0
2A10 117.8 338 14.3 1.32 3.07 50.10 10
2A20 117.8 271 14.3 1.32 6.14 5043 20
2A30 117.8 203 14.3 1.32 9.21 50.76 30
2A40 117.8 136 14.3 1.32 12.28 51.10 40
2A50 117.8 68 14.3 1.32 15.36 5143 50
2A60 117.8 0 14.3 1.32 18.47 51.76 60

The AIM samples were tested immediately after the curing process in order to reduce the

effects of hydration or moisture contents. As Fig. 14 shows, when the aerogel content
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increases, the resulting mortar density decreases. The values reported were a result of the
arithmetic mean of nine individual measurements. According to the formula (6), the difference
between the measured and the calculated values is due to the water absorption by aerogel
particles, the reaction of aerogel with hydroxides, the breakage of aerogel particles during the
mixing process, and the higher void-valued content than the assumed 2 vol.%. Considering a
density of compact silica about 2196 kg/m®, a density of air about 1.2 kg/m’, and a density of
aerogel about 100 kg/m’, the porosity calculated was about 95.5%. The density of the obtained
mortar samples with the aerogel content of 60 vol.% was about 1000 kg/m*. Hence, a reduction
of almost 50% compared to the density of the reference plain mortar of 1980 kg/m’ was

measured.

Calculated @ Measured
2500 4
2000 ¢ .
1500 r L 2

1000 r 2

Density [kg/m3]

500 r

0 1 1 1 1 1 1 »!

0 10 20 30 40 50 60 70
Aerogel [vol.%]

Fig. 14. Aerogel volume content vs. density in mortar, Gao et al. [18].

The values of thermal conductivity were found by using a hot-disk thermal constants analyzer
model TPS 25008 and a disk-type Kapton sensor 5465. Values around 0.26 W/mK for the
mortar sample with the aerogel content of 60 vol.% and of 1.86 W/mK of the reference plain
mortar were found. Results are reported in Fig. 15. Gao et al. also calculated the thermal
conductivity of the AIM (Aamm), according to the following equation obtained by using the two-

phase mixture model:

Aam :ix{(&m —1)Aa+(3xm =1) A + [((3XA —1)Aas (3xa=1)Aw) + 8)\A)\MT‘5} (23)

where A and Am are the thermal conductivities of the aerogel and the mortar matrix, and xa

and xy are the volume fractions of the aerogel and the mortar matrix.
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Fig. 15. Aerogel volume content vs. thermal conductivity in mortar, Gao et al. [18].
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The mechanical properties were found as a result of the arithmetic mean of three individual

measurements for the tensile strength and six individual measurements for the compressive

strength. As Fig. 16 shows, when the aerogel content increases, the resulting mortar

compressive strength decreases. A value of compressive strength around 8.3 MPa was found

with the aerogel content of 60 vol.%, while the compressive strength of the reference mortar

was about 55 MPa. Finally, according to equation (9), Gao et al. established the values of the

constant A and B as follows:
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Fig. 16. Aerogel volume content vs. compressive strength in mortar, Gao et al. [18].

F1=0277xf7 (24)
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The AIM samples had fewer air voids than the mortar samples of reference. In fact, the aerogel

particles affect the air flow by gas diffusion due to the microporous nature and the large surface
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area of aerogel particles. Moreover, the carbon dioxide (CO») absorbed by aerogel particles
had reacted with calcium(II) hydroxide to form calcium carbonate (CaCO3) which change the
microstructure of the mortar. Furthermore, they verified that aerogel particles are stable during
the hydration of the cement. Finally, after the mechanical tests, the resulting pieces were used
for morphology characterization by using a field emission scanning electron microscopy (FE-
SEM). The morphology characterization showed that aerogel particles are not destroyed by
the mixing and cure process as well as by the alkaline environment due to the hydration
process. Therefore, aerogels particles are stable during the hydration of cementitious materials
and are not degraded by the process of hydration. Finally, Gao et al. found the superior stability
of aerogel compared to silica fume particles, due to their hydrophobic nature and a silicate

layer produced through the reaction with surrounding cement that acts as protection.

As stated before, density, thermal conductivity, and mechanical strength depend on the aerogel
content. When the aerogel content increases, density, thermal conductivity, and compressive
strength decrease. Gao et al. found that density is an intrinsic and independent parameter to
characterize the properties of AIM. Consequently, they proposed two relations between
thermal conductivity (Aam) and density (p) and between compressive strength (f¢) and density

(p), expressed by the following equations:

Aam =0.038¢"*'%P (25)
fe=0.5¢"%%° (26)

2.4.2 Serina et al. research on AIM, 2015

In 2015, Serina et al. [33] presented an experimental investigation of ultra-high performance
concrete (UHPC) modified Aerogel Incorporated Mortar designed by using a UHPC recipe.
The aim was to improve the mechanical properties while maintaining constant the thermal
ones. Due to the weakness in mechanical properties of the AIM designed by Gao et al. [18],
they investigated new mixtures to achieve better properties. Normally, the mechanical
properties of concrete are improved by reducing the water/cement ratio or by using UHPC
mixtures which contain micro-fine aggregates and very low quantity of water, and high amount
of cement and silica fume. Cement and silica fume improve packing thanks to the nano size
dimension of its particles a