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HIGHLIGHTS

e Temperature and external load can cause significant change in thermal conductivity of aerogel, while thickness should not.
e Changes in Cp, A and p indicates changes in thermal properties, a temperature conversion coefficient was presented.

e Limited contribution in fire of aerogel was showed, with about 7.5 MJ/kg gross heat of combustion.

o SEM images indicate shrinkage after burning with a residue.

e Raman spectroscopy shows the evaporation of organic compounds while inorganics remain in the residue.

ARTICLE INFO ABSTRACT
Keywords: Decreasing the energy loss both by buildings and by vehicles perhaps one of the most important
Aerogel efforts to protect our environment and energy resources. An option to achieve this is to apply

Thermal conductivity
Specific heat capacity
Thermal diffusivity

thermal insulations moreover, of super insulation materials (such as aerogel) are becoming
increasingly justified. However, these are relatively new materials. The main aim of this paper is
to present research results based on case studies of a spaceloft type aerogel once to see the
temperature, load and thickness effects in the thermal conductivity, secondly to present results of
the measurements regarding the two most important calorific parameters as the specific heat and
the combustion heat. These results should be very useful for both designers and researchers.
Measurements were executed by Netzschh 446 heat flow meter and Cal2 Eco bomb calorimeter.
Moreover, calculation results executed on the thermal properties reached from the measured
values will be reported. From the measurements, we showed that temperature and external load
should affect a significant change in the thermal conductivity of materials, while the thickness
should cause only a slight change. Moreover, the gross combustion heat of the aerogel was
measured. Changes in the aerogel before and after combustion was investigated by Scanning
Electron Microscopy, as well as with Raman microscopy.
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Nomenclature

A Thermal conductivity W/mK
Q Heat G

P Heat flow W

t Time s

A Area m?

d Thickness cm

T Temperature °C

Cp Specific heat capacity J/kgK
GCH Gross Combustion Heat MJ/kg
p Density kg/m?>

m Mass g

Coefr Volumetric heat capacity J/ Km?
o Diffusivity m%/s

e Effusivity [J/m?Ks'?]

R Thermal resistance m?K/W

I Inertia [1/s'?]

X, Y, Z coordinates

Fr Temperature conversion factor

fr Temperature conversion coefficient

1. Introduction

Over the years, the structures of the buildings had to comply with the current energy regulations, which limited the amount of heat
transfer coefficient of each structural element. In the beginning, these values were higher, so the heat transfer capacity of the structures
was higher, thus more energy input was needed to maintain the energy balance of the building [1]. Thermal insulation of buildings in a
general sense is the inhibition of heat transfer between two spaces having different temperatures (e.g. outdoor and indoor), typically
with a structure with high thermal resistance. Thus, for example, in the climatic conditions of the central European region, in winter, it
is required to prevent the outflow of heat to outside from inside; to reduce the heat loss of heated rooms [2]. In the absence of adequate
thermal insulation, the heat loss of a building can be very high. This means that heat flows from the higher temperature medium to the
lower temperature medium. The heat loss of buildings can be quite different depending on the presence or condition of the insulation
[3]. The value of heat loss is usually as follows: a) 30-40% through the walls, b) 20-30% through the roof, c) 15-25% through the
windows, d) 10-15% through the floor and ceiling. Thermal insulation of the house would not be such an important task if we did not
have to save on our primary energy sources or pay more attention to our pollutant emissions, especially carbon dioxide. Thermal
insulation is one of the conditions for creating a healthy living environment, as a pleasant climate of the living space cannot be created
without it. Increased carbon emissions pose a serious threat to the Earth’s climatic conditions, so proper thermal insulation is of great
importance. Benefits of thermal insulation: significantly reduce heating costs, external insulation of the facade significantly reduces
thermal fluctuations in the walls, which increases the service life of masonry and reduces the negative impact of thermal bridges in wall
structures. Moreover, their application by refrigerator cars as well as electric vehicles is also significant [4]. The most applied insu-
lation materials are the: 1. expanded polystyrene foam sheet (EPS), 2. graphite polystyrene foam sheet (graphite EPS), 3. extruded
polystyrene foam sheet (XPS), 4. rock wool (mineral wool), 5. glass wool, 6. polyurethane foam (PUR foam), 7. wood wool board and
some not typical as cork, cotton, coconut, hemp, wood fiber, cellulose-based materials. It has become increasingly necessary to develop
thermal insulations with the lowest possible thermal conductivity and in a relatively thin layer. To achieve these goals, the use of
nanostructured materials became widespread [5]. Nowadays they have become the so-called super thermal insulation materials, by
which one means vacuum panel thermal insulation and modern porous materials such as aerogels. Their market presence justified the
launch in 2013 of the IEA-EBC Annex 65 (EBC = Energy in Buildings and Community) program [6]. The primary goal of the program
was to investigate only super thermal insulation materials. So, the annex summarizes the most important physical and chemical
properties of the materials. Thermal insulations can be grouped according to their thermal conductivity. The thermal conductivity
(Symbol: A; Unit: W/m * K) is one of the most important characteristics of thermal insulation materials, which determines the thermal
conductivity of a given material [7,8]. The lower this value, the more advantageous it is for us because the thermal conductivity
coefficient shows the amount of thermal energy dissipated per unit of insulation per unit time. These days are causing tremendous
technological and economic growth in many industrial sectors [9]. Nanomaterials are expected to become a cornerstone in, for
example, microelectronics, textiles, energy, healthcare, pharmacy and cosmetics. Nano-technological applications result in cleaner
energy production, lighter and more durable materials and lead to medical applications such as smart medicines and diagnostics. Over
the past decade, nano-ceramics have revolutionized the design of conventional materials in many applications by customizing the
properties of the atomic scale through structural control. The most commercially significant nano-ceramic constituents are simple
metal oxides such as silica and alumina oxides. Thermal insulation materials based on nanotechnology generally have better thermal
insulation properties than the above-mentioned conventional materials. In a conservative thermal insulation material, three types of
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heat transfer are possible: heat conduction (vibration of molecules within cell walls and air particles), heat convection (between air
particles enclosed in cells), and heat radiation. In nanotechnology-based thermal insulation materials, one or more modes of heat
transfer are obstructed and inconvenient. As the porosity of the material increases, the heat conduction through the solid skeleton
decreases because a large amount of pores limits the propagation of the phonons in the aerogel backbone [10-14]. Many thermal
insulation materials contain nanoparticles e.g.: aerogel is used for either opaque or transparent insulation of building structures as well
as nanoparticle-based vacuum insulation panels [15,16]. In recent papers, it was reported that the laboratory tests of both individual
and multi-layered wall structures are very significant for the correct design of the buildings [17-22]. We will present experimental
results executed once with Netzsch 446 Heat flow meter and Cal2 Eco bomb calorimeter on a fibrous silica aerogel insulation.
Moreover, we present the results of calculations executed on the thermal properties reached from the measured values. The possible
morphological changes in the samples after the calorific measurements (burning) were followed by Scanning Electron Microscope
(SEM) measurements. Afterward, changes in both the structural and physical properties were revealed by Raman spectroscopy [23].
Besides the investigation of thermal conductivity and specific heat capacity, the measurement of the heat combustion of building
materials is also significant. To test the combustibility or non-combustibility of building materials is very significant from a fire-safety
point of view. However, some of the building and insulation materials cannot be burned entirely, but harmful or toxic fumes or gases
(e.g.: Volatile Organic Compounds) can be released during the burning. Since the analysis of the residue is very important. Aerogel thin
layers can be applied in places where only a few thicknesses are available and should be placed between two layers, e.g. by an external
shell of airplanes or as insulating the roof s of electric vehicles. For this, it is necessary to know how the thermal performance changes
of the sample if we press them with unconventional forces. Moreover, another aim of this paper is to investigate the thermal con-
ductivity of aerogel during compressing it. Based on the measurement results we can state that the outcome of our results is gap filling.
We will present new and novel results once in the variation of thermal conductivity by the density and the temperature. Secondly, we
will present a new temperature conversion coefficient for the thermal conductivity of the aerogel, moreover, we will also reveal the fire
safety properties of this material.

1.1. Heat transfer

However, one of the main topics of the paper is to present laboratory measurement results of thermal properties of aerogel
insulation, we have to make a theoretical bypass by analyzing the heat transfer. Generally, heat is transferred in three basic forms as
conduction, convection and radiation. Authors, in Ref. [12and18] presents the thermal conductivity of the insulation materials. They
presented, that the thermal conductivity of the porous materials arises from, the conduction of both the solid skeleton and the gas, the
radiation and heat conduction. Authors in Ref. [24] present a method for an inverse boundary design problem of combined natural
convection-radiation. They also presented a step-like enclosure with a gray wall and transparent media. Moreover, Mosavati with
colleagues presented a modeling method for reaching the specular reflectivity insulated surfaces [25]. It should be mentioned that
Monte-Carlo based simulation is an efficient method to also necessary and needed for solving the above-mentioned problem [26].

Solvent + colloid particle

Gel (network)

Sol

Place in fiber bed

| Aerogel _ Super critical dyring
Xerogel _ Ambientdrying

P

"

Organic

Inorgani 7
NOLgaN’c Cryogel _ Freeze and sulimate

Carbon
|

Fig. 1. The preparation methods of the different aerogels and the analyzed sample.
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2. Materials and methods
2.1. The tested material

The selected thermal super insulation material (SIMs) we would like to present is the aerogel belonging to the advanced porous
materials (APM) group of SIMs presented in Fig. 1 (bottom left corner). Before turning to aerogel materials, in particular, it is important
to first describe exactly what APM is. In fact, by this abbreviation, we mean materials that are nano-sized and consist of open-pore
structures. Their porosity can be as high as 97%, but most often, this ratio is between 90 and 94%. Their average density is
50-250 kg/m>. Consequently, since aerogels are also such materials, they also have these properties. The aerogel is known by several
names, inspired primarily by its special appearance. The best known of these are the names of frozen smoke, solid smoke, and last but
not least, blue smoke [27].

Fig. 1 further, presents the preparation methods of the aerogel, xerogel and cryogel. The most important difference among the three
types are arises from different drying (supercritical, ambient, or freeze-dried) methods. As a first step, the preparation of the silica sol
will be required for the solvent-containing gel. Initially, the gels fill the cavities of the three-dimensional dendritic network instead of
air [5,28-31]. Two basic processes of gelation are distinguished: hydrolysis and condensation. During these processes, nanoparticles
are formed by the formation of Si-O-Si bonds. The structure of elementary particles is primarily determined by pH. In an acidic
medium, the process of hydrolysis is faster and the process of condensation is slower, but in a basic medium, the reverse takes place, if
we embed the sol-gel to a fiber net can reach an aerogel blanket. Aerogel insulation blankets are one of the most common types of
thermal insulation in the construction industry. The quilts are mechanically flexible and have a very low thermal conductivity (1) of
such as 15 mW/m K. Table 1 reports the declared contaminants of the tested material.

2.2. Thermal conductivity and specific heat capacity measurements

Both thermal conductivity and specific heat capacity measurements were executed in a Netzcsh 446 small equipment after
desiccating the test specimens in a Venticell 111 type drying equipment to constant weight. In a heat flow meter (HFM), the sample is
positioned between two heated plates to reveal the amount of heat flowing through the probe. The sample thickness corresponds to the
actual sample dimension or matches the preferred thickness of a sample may be after compression. The heat flow through the sample is
measured by two calibrated heat flux transducers covering a base area (20 cm x 20 cm) (see Table 2). For reaching the thermal
conductivity the average heat flux and the thermal resistance is used, following Fourier’s Law (Eq. (1)).

A=Q x d/A x AT x t (Eq. 1)

The dual heat flux transducers monitor the heat flow to and from the specimen [18]. Signals from the transducers are electronically
coupled to account for most edge losses from the specimen. For the determination of the specific heat capacity, the hardware and
software of the equipment are allowed to measure and determine the specific heat capacity. This apparatus measures specific heat
capacity by heating the sample on a step-by-step basis while the two plates are maintained precisely at the same temperature. At each
step, the total heat entering or leaving the specimen is portrayed as the integral of the heat-flux sensor signal. Thereby, the specific heat
capacity of the plates also affects; its contribution is of course also taken into consideration. By using this equipment we can declare
that the uncertainty of the measurements is about 5% due to the user manual. The instrument was calibrated with a calibration
standard. The uncertainty result of each measurement covers the relative standard uncertainty of the thermal conductivity, the relative
standard uncertainty of the thermal resistance, the estimated relative uncertainty of the calibration factor, the estimated relative
uncertainty of the heat flux meter, the estimated relative uncertainty of the thickness transducer and the estimated relative uncertainty
of the temperature difference across the specimen. For each thermal conductivity and specific heat capacity measurements three
individual samples were used as the ISO 10456 standard (Building materials and products; Hygrothermal properties; Tabulated design
values and procedures for determining declared and design thermal values) requires.

2.3. Measuring the combustion heat of the sample with Cal2 ECO bomb calorimeter

Bomb calorimetry is a technique to determine the heat of the burning of materials that are combusted. It has relevance because
insulation materials should be fire retardant, and must stand high temperatures. The Gross Combustion Heat (GCH) of a substance is
measured by burning it in a well-ordered high purity oxygen gas (30 bars). The pure oxygen and high pressure guarantee the complete

Table 1

The contaminants of the spaceloft aerogel insulation.
Chemical name Percent
Synthetic Amorphous Silica 40-50%
Methylsilylated Silica 10-20%
Polyethylene Terephthalate (PET) 10-20%
Fibrous Glass (textile grade) 10-20%
Magnesium Oxide 0-5%
Synthetic Graphite 0-5%
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Table 2

The geometrical parameters of the tested sample.
As received density, p (kg/m>) 131.0 Mass (g) 54.00
Thickness (entered) (cm) 1.0000
Width (cm) 20.3 Depth (cm) 20.3

burning of the organic content of the material. Measurement of the burning heat of insulation materials is from the fire safety point of
view. For these measurements, five individual samples were used. The results were averaged and both the absolute deviances and the
standard deviances from the mean values were calculated. With this equipment, the GCH value with about +6% uncertainty can be
reached.

2.4. Visualization with scanning electron microscope

To obtain surface morphology information of the as-prepared and combusted samples a Scanning Electron Microscope (LV-SEM,
JEOL IT500HR) has been used. Applying such low acceleration voltage the charging effect can be avoided in a high manner, the beam
penetration depth typically in the range from tens to hundreds of nm achieved depending on the type of the material. In the case of SiO,
this depth is typically in the range of 100 nm. Relatively low penetration depth allowed us to collect more information regarding the
surface of the sample. Topographic contrast imaging of the samples was performed by secondary electron (SE) detection with
nanometer lateral resolution. To avoid charge accumulation, the microscope was operated at 3 kV acceleration voltage. Composition
analysis was also performed by applying a JEOL Energy Dispersive X-ray (EDS) system with a detection threshold of 0.1 at.%. During
the EDS measurements, the acceleration voltage has been increased up to 15 kV.

2.5. Raman spectroscopy

Structural changes were further followed by Horiba Labram Nano Microscope, with a green laser diode, which operation wave-
length was 532 nm, with a cooled CCD detector and a grating with 1800 lines/mm. For taking the spectra about 20X was fixed to the
objective, and it results on the surface in a focused laser spot. Moreover, the laser power was about 1.5 mW/cm?2. The measurement was
performed with a 200 pm slit width, the acquisition time was 15 s. For the better signal-to-noise ratio, the number of accumulation was
5. The calibration and other settings of the measurements are presented in Ref. [32]. The measured spectra were analyzed and baseline
corrected using the LabSpec 6. The accuracy of the peak positions is estimated to be at least +1.5 cm-1.

3. Results and discussion
3.1. Measurement results of the thermal conductivity with Netzsch 446 equipment
3.1.1. Temperature dependency of the thermal conductivity between 0 and 65 °C
Firstly, thermal conductivity measurements were executed on an aerogel sample with a heat flow meter. For measuring the

temperature dependency of the thermal conductivity, the mean temperatures were fixed to 0, 10, 20, 25, 30, 40, 50, and 65 °C. Fig. 2
reports the linear correlation between thermal conductivity and temperature.
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3.2. The temperature conversion coefficient

ISO 10456 standard gives a method to estimate the temperature conversion of the thermal conductivity of insulation materials
between two temperatures (Tp and T;) by using the downer equations (Eq. (2)):

7\,’[‘ = )\,() X FT (Eq 2)
Fr = exp(ft x (T-Tp)) (Eq. 3)

where Fr a conversion factor, while fr is conversion coefficient.

If one divides the thermal conductivities measured at different temperatures by the value measured at 0 °C (in this case Ty =
0.01821+4E-4) reaches a linear. Moreover, if one takes the natural logarithm of these values, a temperature conversion coefficient can
be reached. In this case, it was found to 0.0027, in the function of the temperature. We have to emphasize that this temperature
conversion coefficient is a very useful and gap-filling value because neither in the standard nor in the literature can be found such a
value for aerogel.

3.2.1. Measurement results of the specific heat capacity with Netzsch 446 equipment

Table 3. reports both settings and results of the ¢, value executed with the HFM’s in-built ¢}, kit.

A temperature range from 0 to 65 °C was chosen for evaluating the specific heat capacity. This value is a key parameter of the
materials from the selection point of view of the insulation materials. The tested material is fibrous insulation, made from nano-porous
aerogel having a significant amount (about 99%) of air since its specific heat capacity is in the same order of magnitude as the c,, value
of the air at the same temperature (~1010 J/kg k). But, it is worthy to emphasize that an increase in the specific heat capacity was
deduced, while at 50 °C the cp value slightly falls back.

3.3. Evaluation of the calculated thermal properties

We have used the above-presented measurement results as the basis of calculation and examination of other key thermal pa-
rameters, as diffusivity, effusivity, and thermal inertia. These thermal properties are well known in heat transfer, but now we would
like to introduce them in brief.

3.3.1. Fourier 2nd law for the heat conduction and the diffusivity

If the volume heat source inside a specimen (solid body) is taken as zero (Qg = 0), Fourier II. equation (or diffusion equation Eq. (4))
is obtained, which takes the following form on a homogeneous, isotropic medium, furthermore as the multiplication of the density and
the specific heat capacity one can reach the so-called volumetric heat capacity [23,30].

OT/ot = M(p X ¢p) X AT = a x (*T/0x*+0°T/dy*+0°T/dz%) (Eq. 4)
o = Mccff (Eq 5)

Besides the thermal conductivity in transient cases diffusivity, effusivity or inertia are also key thermal parameters either for in-
dividual or for multi-layered wall systems. The thermal diffusivity is the determining factor for the temporal and spatial changes of the
temperature and the speed of temperature equalization. Thermal diffusivity is transient, while thermal conductivity characterizes
steady heat transfer processes. The thermal diffusion factor, commonly known as temperature conductivity factor (also known as
thermal diffusivity) is a material constant that results from inequality in the spatial and temporal distribution of temperature and affect
the value of heat flux density. In the case of high thermal diffusivity, the temperature change occurs slowly [23].

3.3.2. Thermal effusivity
This parameter describes the temperature at the interface of two (solid) media.

e=(p x cp x 1> (Eq. 6)
Table 3
The measurement results of the specific heat capacity tests.
Step Step Temperatures Point cp Abs. dev. +
Start End
(] (9] (9] (J/(kg-K)) (J/(kg-K))
1 17.5 22,5 20.0 943 26
2 22.5 27.5 25.0 948 38
3 27.5 32.5 30.0 1057 18
4 33.8 46.3 40.1 1120 29
5 46.3 58.8 52.6 1073 29
6 58.8 71.3 65.1 1304 63
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Thermal effusivity (e) or thermal reactivity are determined from a material such as the square root of the product of the material’s
thermal conductivity and volumetric heat capacity (Cef). The thermal inertia of a material is defined by Eq. (7). where d is the
thickness of the tested material in our calculations we fixed it to 1 cm [23,33-35].

I=R xe=(d/A) xe (Eq. 7)

By using equations (3)—(7) we have reached some calculated thermal properties. Table 4 reports both measurement and calculated
results. Once it is showed that with decreasing thermal conductivity and with decreasing temperature an increasing diffusivity can be
reached. Noteworthy that with increasing temperature an increasing effusivity was showed. Table 4 presents are further statements
that there was no remarkable increase for the thermal inertia in contrast to the important change of the effective heat capacity in the
function of the temperature.

3.4. Thickness dependency of the thermal conductivity between 1 and 5 cm

Fig. 3 reports the measured thermal conductivity at 30 °C mean temperature with 20 °C delta. Thermal conductivity in the function
of the thickness in cm. In this case to check the possible thermal size effect of the sample, moreover to reveal the possible measurement
limits of the equipment. Here the measurements were executed as follows: two, three, four, and five aerogel samples with approxi-
mately 1 cm (~0.95 cm) thickness of each, were placed on each other and their thermal conductivities were measured together, while
the density was fixed, and the thickness was measured by the in-built electronic caliper of the equipment. As one can see the thermal
conductivity between 1 and 4 cm is nearly the same their small difference fits in with the 5% accuracy of the Netzsch HFM equipment.
Noteworthy, which the average of measured values for five cm thickness is jumping out. It has to be also mentioned that the accuracy of
the HFM equipment is decreasing with the increasing resistance, in this case with the increasing thickness. As ISO 8301 declares, that
for the best accuracy the thickness of the samples should be no larger than the 1/8th part of the surface of the plates (here 20 cm).
Consequently, the change in measured thermal conductivity cannot be recognized as a real dependence on the thickness of the sample,
it should be an artificial effect caused by the measurement limit of the equipment. It should be a side effect of thickness on the
measurement method [36]. Even if in theory a change in the ) as a function of thickness should not be supposed, but a similar effect
was deduced not only by us but by Gnip for EPS and by Tang for aerogels, too [37,38]. In the literature it is called to gaseous diffusion
effect.

3.5. Load vs thermal conductivity

Thermal insulations might be used in cases where they are compressed or exposed to an external load. Since it is extremely
important to know how their thermal performance behaves in these situations. Netzsch HFM can vary the applied on the material from
0.7 to 15 kPa with the accuracy of -/+ 0.7 kPa, this value is about 1.9 to 2.4 as default. By increasing the applied load (plate pressure)
on the sample during the measurements, it can cause a change in both the thickness (decreases) and the density (increases), possibly
affect the thermal conductivity. Some real insulating cases where the samples are pressed between two layers might cause a change in
the thermal resistance. If one measures the thermal conductivity under different loads can yield a correlation between them and can
plan with better confidence. For this case, we have executed thermal conductivity measurements with varying loads from 1 to 15 kPa
and reached the following curves. Fig. 4a reports that the increasing applied load decreases the measured thermal conductivity of the
sample. It is further presented that the thickness of the sample is also decreasing. By applying about 15 kPa load on the sample,
compresses with about 17%.

Fig. 4b reports the thermal conductivity in the function of the compression resulted density change. In the graph, the applied load is
also presented.

We can further state that 15 kPa as applied load by the plates, results in about a 15% change in the density (from 130 kg/m® to 152
kg/m>). The explanation is the following: the tested aerogel sample is glass fiber reinforced one, containing a remarkable amount of air
among the fibers. By applying the load on the sample this air content is removed. The fibers get closer to each other resulting decrease
in the measured effective thermal conductivity. This result is very significant from the point of view of thermal insulation capability or
performance.

For clarification and possible comparison of our results, we have calculated changes in the thermal conductivity caused by once the
temperature by the thickness and the applied load. For this Fig. 5 was created and it reports that 5 cm in the thickness results in about
4% change in the thermal conductivity while increasing the temperature up to 30 °C results in less than 10% change, at 65 °C it results

Table 4
The measured and calculated thermal properties.
Temperature [°C] Diffusivity [m?/s] Effusivity [J/m?Ks'/?] Effective heat capacity [J/Km®] Thermal inertia [1/5'/2]
20 1.54E-07 48.5 123489.3 25.5
25 1.55E-07 48.9 124122.5 25.4
30 1.41E-07 52.1 138423.3 26.6
40 1.38E-07 54.5 146720 26.9
50 1.48E-07 54.0 140563 26.0
65 1.26E-07 60.7 170780.3 28.1
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in about 18% change in the thermal conductivity. Fig. 5 reports another gap-filling result where it shows about 6% decrease in the
thermal conductivity if we compress the sample with about 15 kPa load.

3.6. Measurement results of the combustion heat experiments

Because aerogel samples are relatively new materials another gap-filling measurement row was executed. One part of building or
insulation materials are involved in combustion and play a role or contribute heat in a fire while other materials do not. Standard EN
13501-1 organizes materials into seven marks (A (A1, A2), B, C, D, E and F). Due to the declared fire-safety category (EN 13501-1) of
the tested sample, as C —s1 - d0, in detail: it has limited but visible participation in the fire, it emits a medium dense smoke and does not
drip during the combustion. It was also gap-filling to get to know the burning processes of this material. For testing the burning process
of the material an acceptable experiment was executed. A small amount (~0.5 g) from the aerogel sample was prepared for measuring
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the combustion heat of the material executed with the Cal2 ECO bomb calorimeter. Five measurements were executed on the aerogel
sample with the bomb calorimeter. The test results are reported in Table 5. Furthermore, the mean values, variances, and standard
deviation were estimated by box chart analysis of the origin software. This table is also showing the mean value of gross heat of
combustion of about 7.5 MJ/kg. It has to be mentioned that, in this case, we have determined the gross heat of combustion, which
might contain the heat of combustion of possible volatile contents, as well as might contain the latent heat of water, since it is a
maximal (higher) heating value. Fangrat in Ref. [39] reports about 15 MJ/kg gross heat of combustion for aerogel blanket, which is
double of the value reached by us. It is worthy to mention that there was not identified what type of aerogel was tested. In the market
several forms of aerogel blankets are available, having a better fire safety category than “C”. Moreover, it was reported that
plastic-based foams (graphite expanded polystyrene (EPS)) having about 35 MJ/kg calorific value after complete burning [40]. It can
be stated that more energy is released during the combustion of graphite EPS since its application is much more dangerous. It is further
mentionable that EPS materials are combustible and ignitable. In Ref. [41] Wakili et al. Presented a firing test on aerogel containing
ceramic fiber insulation, besides DSC and TGA measurements. They found aerogel to be suitable insulation from a fire exposure point
of view.

3.6.1. Scanning Electron Microscopy images before and after firing

Before and after the calorimetry tests morphological as well as composition analysis were executed on the samples with a scanning
electron microscope. From pair of images (see Fig. 6a and b), it is observable that, the initial form of the sample is a fibrous material
covered aerogel grains and particles. However, after burning them, the fibrous structure disappears and the material shrinks together,
leaving a solid residue. In recent papers was showed that Scanning Electron Microscope was a very good choice to reveal the micros-
structure as well as the structural changes of materials [42].

SEM analysis of as-prepared samples (see Fig. 6a) shows typical images of the fibrous thermal insulation covered with aerogel
particles. By the analysis of the burned sample’s image (see Fig. 6b) melted particles have been observed, with inside of a large number
of cavities. The composition analysis of the samples shows Ca, Mg, Si, Al and oxygen contents. Analyzing the outer part and the cross-
section of the molten particles, it can be stated that Ca, Al and Mg are mostly found on the surface of the particles, it has a good
correlation with the declared contaminants of the tested material, presented in Table 1.

3.6.2. Results by Raman spectroscopy

To reveal the possible structural changes that occurred in the sample after and before burning, Raman spectra were registered.
Fig. 7. reports the detailed Raman spectra of both samples. It is necessary to identify both spectra: the red dashed sign belongs to the
sample before burning, while the black continuous sign belongs to the sample after burning.

Table 5
Statistical analysis of the measured calorific values - gross heat of combustion.
m [g] Gross Combustion Heat [Mj/kg]
1 0.44 7.97
2 0.28 8.8
3 0.24 6.56
4 0.282 6.13
5 0.252 8.1
Mean 7.512
st. Dev. 1.12
Half of abs. dev.+ 0.5
Median 7.97
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Fig. 6a. SEM images and composition analysis before burning the sample.

During the measurement, counts were registered from 250 to 3600 1/cm wavenumbers. The changes of the main peaks, Raman
bands are shown in Table 6.

It was revealed that after burning the intensity of peaks of C-O-C, C-O, Si-O, O-Si-O, Mg-Si-O is increased, which is resulted by
the oxidation phenomenon of the samples due to their burning in high purity oxygen. We have identified, a few new peaks in the
Raman spectra, which belong to the fused silica gel bands, CO symmetric stretching band and SiO4 tetrahedral. The intensity of other
peaks is decreased or even disappeared, which is connected with the organic (methyl groups, CH, C-O, C-N, S-H, CH2, CH3,-CL, COOH
vibration bands), the OH groups. It is further mentionable that the intensity of some peaks remained the same or not essentially
changed, which are connected with the silica aerogel’s simple structural units. The peaks become broad, so the structure amorphized
due to the annealing process, while the methyl group’s bending vibration is disappeared. The peaks attributed to the stretching vi-
brations —OH also decreasing, even disappeared. Besides, the sharp 980 1/cm feature due to Si vs OH stretching is decreased, even
disappeared. The 1465 1/cm feature due to the CH3 deformation is also decreased, disappeared. The 478 1/cm feature has been
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Fig. 6b. SEM images and composition analysis after burning the sample.

weakened but is not absent. It might be assigned to eight-membered (4-SiO) surface rings, which are broken down upon burning, and a
possible higher energy ring could be formed we revealed that the height of this peak is decreased. At the same time, the intensity of the
peaks Si—0O-Si increases as well. The spectrum of the untreated silica aerogel shows a weak broad featureless OH-stretching contour at
3230 1/cm. The intensity of this peak is decreased after burning. Signs at 237, 845 and 980 1/cm belonging to OH bonds in the
structure, which weakened by the burning, possibly disappear. Moreover, it was also showed that soot was observed, during the
analysis of the residue. From the results, we further showed, that most of the organic compounds are disappear and these can be
harmful to health. It has to be emphasized that the results of the Raman measurements has also a good correlation with the declared
contaminants of the tested material, presented in Table 1.

3.7. Possible applications of the fibrous aerogel insulation
Before describing the results of the research in detail, we would present possible applications of the tested material. It should be
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Identification of the signs in Raman spectra.

Peak position, 1/cm

Vibration mode

After burning

210
237
249, 265, 286
278
288
320
330
373
474
490
571
606
632
700
730

792
845
850
858

980
990
1054

1095
1116

1187
1280
1290

1313

1370

1418

1440

1460

1518

1612

1725

2430

2523

2626

2815, 2910, 2968 and

3002

3080 and 3230

Chloroform (monomeric) in acetone [43]

Mg-OH, [44]

Mg-Si-O [45]

Dichloromethane (Cl bending) [46]

SiO4 tetrahedral’s vibration modes [47]

Amorphous silicon’s Longitudinal acoustic (LA) mode [48]
O=N-N-Cl - bending vibration [49]

C6H14 band [50]

4Si0 rings, eight-membered [51]

Fused silica gel defect band [52]

COOH bending mode [53]

Fused silica gel defect band [452]

peak of Si-C [54], vibration band of Si-H [55]

Si0,4 tetrahedral [56]

Methionine [57]

Si-N [58]

SiO quartz, Si-O [59]

MgOH’s OH deformation modes [60]

stretching of Si vs OCH3 [51]

sign of symmetric stretching vibration

of Si04 [61]

Si vs OH stretching vibration [62,63]

sequential stretching Si-O mode of SiO4 tetrahedral vibration [64,65]
CO symmetric stretching band [66]

SiO4 tetrahedral [67]

antisymmetric stretching mode of O-Si-O [47]

stretching of C-O-C and stretching mode of Si-O-Si [68]
[69]

vibration band of -Si-O-Si- [70]

twisting vibrations of CH2-CH2 [71]

C-0 bond’s vibration bands belonging to polyoxyethylene as well as symmetric twisting vibrations
[71]

CH2-CH2 twisting vibrations as well as vibration bands of polyoxyethylenes (symmetric) [71]
Bending of Aliphatic C-H [72]

Polyethylene’s CH2 bonds [73]

molten amorphous chains of CH2 bending methods [74]
fashions of amorphous chains of CH2 bending [75]
stretching vibration of C—=C [76]

stretching vibration of symmetric C=N-N—C [50]
carboxyl group C=O0 stretching vibration [77]

stretching vibrations of C-N groups [78]

vibration band of S-H [79]

symmetric stretching vibration of CH [79]

symmetric and anti-symmetric stretching vibrations of CH, CH, or CH3 groups [79]

stretching vibrations of (O-H) and (NHy) groups with [79]
stretching modes of OH [79]

Disappeared
Disappeared
Appeared, increased
Disappeared
Increased
Decreased
Decreased
Disappeared
Increased

Appeared
Disappeared and decreased
Appeared
Disappeared
Disappeared
Disappeared

Slightly changed
Disappeared
Disappeared
Disappeared

Decreased - not found
Increased
Appeared

Disappeared
Increased

Slightly changed
Decreased
Decreased

Not found
Disappeared
Disappeared
Disappeared
Decreased
Disappeared
Slightly changed
Disappeared
Disappeared
Disappeared
Disappeared
Disappeared

Decreased, partly
disappeared

emphasized the application of such materials as:

a) As floor insulation, a 10 mm layer eliminates the thermal bridge in the substrate. It must be laid directly on the subgrade concrete.
Also for wooden floors can be used with a suitable separating layer;
b) itisa good choice for internal insulation of walls, in a case where conventional insulation thicknesses would be taken away from the
valuable habitat. Finished surfaces are plasterboard but with gluing or dowel fastening, using fiberglass to the wall can also be

plastered.;

—

C

as external insulation of walls, it is worth choosing it even in the case of traditional outdoor insulation is not possible to apply the

thickness, vapor permeability ability. It can be lime-plastered, also with acrylic and mineral-based plasters. Traditional outdoor
insulation systems used in places where thin sections are also required, e.g. for window and doorcases, and where the overhang is

minimal;

d

=y

beams for trained thermal bridges, window and doorcases, etc. [27,30,31].

as insulation of thermal bridges, it could be the right choice, and it is perfect at the junctions of the steel structure, by the steel

Additionally, Authors in Ref. 15 present a case study of using aerogels in monuments and historical building protection, and they
stated that it is suitable for renovation projects. The thin spaceloft creates an opportunity for people specializing in monument pro-
tection to improve thermal insulation without the building character would be affected in any way. Moreover, the Authors in Ref. [80]
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presents results about EFFESUS project. The authors present, the experimental tests of an aerogel-based insulation material. The
material was blown-in insulation developed through the mentioned EU project, they presented their good and useable results through
real applications in Glasgow. Ganobjak et al., presents their research as a possible application of the new aerogel based renders for
possible refurbishment applications for cultural heritage buildings [81]. This paper further presents several heritage structures that are
possible buildings to be insulated with aerogel.

3.8. A case study for possible application

A possible application of aerogel is presented, too. The door and windows of a family house were changed, and shutter blinds were
installed outside. But, after a heating period mold formed under the shadings. So, two possibilities were found to solve the thermal
bridging effect. The complete change of the shades or the use of thermal insulation, however, the available place was only a few
centimeters under the shades (see Fig. 8). After comparing the specific prices of the complete change to the cost of the application of
supplementing insulation, the use of the aerogel was concluded. Moreover, the pillars were also covered with aerogel insulation to
reduce the thermal bridges. It can be seen in Fig. 8, aerogel as supplementary insulation.

4. Conclusions

Aerogel super insulation material has many application possibilities. Since continuous and better and better laboratory tests should
be executed on these materials, as they are relatively new. As a result of our research, the following main statements can be concluded:

e We have investigated the temperature dependency of the thermal conductivity of the aerogel samples between 0 and 65 °C, and we
found about 18% change.

e Besides, the thermal conductivity, the temperature affected alteration in the specific heat capacity from 0 to 65 °C was also
deduced. From the measured thermal conductivity and specific heat capacity we have calculated the thermal diffusivity, thermal
effusivity, and thermal inertia, moreover the effective heat capacity, too. It should be concluded that in this temperature range, only
the effective heat capacity has changed remarkably. The specific heat capacity presented an increasing trend in the function
temperature, while at 50 °C, it slightly decreased.

e As a result, it was also presented that the thickness might have only a slight (negligible) effect on the measured thermal con-
ductivity, which could be also artificial measurement results.

e Additionally, another gap-filling result was given, where we showed about a 6% decrease in the thermal conductivity if we
compress the sample with about 15 kPa load. Since the applicability limit of the material can be extended with these results.

e A very new temperature conversion coefficient (fr = 0.0027) was presented for aerogel insulation materials.

e Besides these ordinary building material tests, another measurement row was executed, focusing on the gross combustion heat of
the aerogel sample. From the measurement row, we found the gross heat of combustion of about 7.5 MJ/kg.

e The changes after burning the samples were followed by a Scanning Electron Microscope, where we deduced a shrinkage of the
material, while with Raman spectra we have shown some structural changes. With the scanning electron microscope equipment, we
have reached, that after analyzing the outer part and the cross-section of the molten particles, it can be stated that calcium,
aluminum, and magnesium are mostly found on the surface of the particles.

e Raman spectroscopy results indicate that the melted sample went through oxidation. At the same time, the intensity of the peaks of
Silicon-Oxygen-Silicon increases as well. Moreover, it was also showed that soot was observed, during the analysis of the residue.
From the results, we further showed, that most of the organic compounds are disappear and these can be harmful to health. These
fumes can contain Volatile Organic Compounds.

e A case study was also presented to show the possible application of the aerogel.

As further plans, we would continue with the research and would extend our measurements on other aerogel-type insulation
materials such as slentex and pyrogel. The use of aerogels in various fields of the industry so it is necessary to involve other materials in
the research. Slentex is a new type of spaceloft, while pyrogel is an aerogel-based material for high-temperature applications. We
would also test these materials with hot box method, too.
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Fig. 8. Insulation of the place of the shades and pillars. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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