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Abstract: Nowadays, the usage of thermal insulation materials is widespread not only in the building
sector but also in the vehicle industry. The application of fibrous or loose-fill insulation materials
like glass wool or mineral wool as well as aerogel is well known. Aerogel-based materials are
among the best solid materials for thermal insulation available today; they are prepared through
a sol–gel process. For building walls, the glass-fiber-enhanced types are the frequently used ones.
They are prepared by adding the liquid–solid solution to the fibrous batting, which is called a sol–gel
process. In the present paper, the changes in the most important building physical properties of
aerogel blankets after thermal annealing are presented. The samples were subjected to isochronal
heat treatments from 70 to 210 ◦C for 24 h. The changes in the thermal conductivity were followed by
Holometrix Lambda heat flow meter, and differential scanning calorimetry results were also recorded.
From the measured values, together with the densities, the most important thermal properties were
calculated, such as thermal resistance, diffusivity, effusivity (heat absorption), and thermal inertia.
In this paper, we attempt to clarify the role played by thermal annealing in the transient thermal
properties of aerogel materials. Besides presenting the measurement results, a theoretical background
is given. The investigations of not only the steady-state but also the transient thermal parameters of
the materials are momentous at the design stage.
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1. Introduction

Nowadays, the importance of using thermal insulation materials is well known. The application of
thermal insulation materials in order to reduce the energy loss as well as to reduce energy consumption
is important both in the building and in the industrial sectors. The commonly used insulation materials
are the foamy ones (mainly plastic) with their limited use where higher temperatures can occur,
and the fibrous materials where the appearance of moisture causes problems. Furthermore, the use of
super insulation materials (SIM), e.g., aerogel and vacuum insulation panels, is also widespread [1–9].
Thermal insulating materials are exposed to different temperatures and humidity environments,
where their insulation performance might change. Solid aerogel is an open-cell (porous) material with
low density and nano-structured cells. It is prefabricated by supercritical drying of various types of
gels, but it is most commonly made from silica gel [10–13]. It is reported by several authors that aerogel
is one of the most important super-insulation materials, having a lower thermal conductivity of the air
under normal circumstances as well as having lower thermal conductivity than 0.018 W/(m K). In the
literature, it was presented several times that moisture and humid environments have a significant
effect on the thermal insulation capability of this material [14–19]. It was further shown that thermal
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annealing has an effect on both the structure and the chemical composition of the aerogel [20–22].
Thermal annealing can be an adequate method to simulate the passing of the time [20]. It can be
thought of as an artificial ageing process of the materials. A further finding of this paper is the
conclusion that the physical properties of insulation materials as well as their lasting can be simulated
in laboratories within a relatively short time period. Jelle, in another paper [21], also presented a
comprehensive comparison of the insulation materials with possible applications. There, it was further
emphasized that thermal ageing durability with different climatic exposures executed in laboratories is
highly significant. Miros [22] gives an overall presentation about the possible thermal ageing processes
executed on mineral wool fibrous batts. He executed measurements from 100 to 600 ◦C with 100 ◦C
steps. Siligardi and colleagues reported that the fiber-reinforced aerogel is a state-of-the-art solution
for refurbishing historic buildings [23]. Furthermore, they reported that the investigations of the effects
of thermal treatments are very important. Therefore, they treated the sample at high temperatures
(up to 1400 ◦C) since the examinations of the transient thermal parameters of the insulation materials
are also very important.

Besides thermal conductivity and mass density measurements, specific heat capacity test results
gained by differential scanning calorimetry were used for calculating changes in the transient building
physical properties of the materials. The changes and results after the heat treatment are highlighted in
brief. The influence of the rise in the temperature of the surroundings, as in aging, can be simulated with
thermal annealing at unusual temperature ranges. The thermal treatment of the samples for modeling
the elapsing time (aging) is usually carried out at around 70 ◦C. A method for modeling the aging effects
of materials can be executed by thermal annealing. In our latest paper [2], we showed that the samples
treated at 70 ◦C for 6 weeks did not suffer any physical changes. After isothermal heat treatments
at 70 ◦C, the thermal conductivity remained constant. We went further with the experiments and
tested the samples at elevated temperatures from 100 to 210 ◦C for 24 h. The mentioned temperature
ranges can appear in building service systems, pipes transporting hot fluids or steams, which may be
combustion products; therefore, they should be insulated. Moreover, they can also happen in industrial
or power-generating settings.

The main aims of our paper are the following:

1. Thermal conductivity measurement tests executed on glass-fiber-reinforced aerogel insulation
after isochronal (t = 24 h) heat treatments at 70, 100, 130, 150, 180, and 210 ◦C.

2. Measurement of the change in the mass density of the samples after heat treatments.
3. Differential scanning calorimetry measurements on the sample.
4. From the measured values we calculated the most important transient building physical

parameters of the samples, such as (a) diffusivity, (b) effusivity, and (c) inertia. As a result,
we concluded the changes due to the heat treatments, and we defined the effective heat capacity.

2. Materials and Methods

2.1. Theory

The two most important thermal properties belonging to heat transfer are thermal conductivity
(λ) and thermal diffusivity (a). The definition of thermal conductivity is well known; however, in the
understanding of diffusivity, some contradictions might happen.

Thermal Conductivity

It is well known, that thermal conductivity λ—usually called lambda or formerly known as
the k value of homogenous solid materials—can be characterized easily by the measurement of the
steady-state heat flow passing through the material resulted by the dT/dx temperature gradient:

q = −λ
dT
dx

, (1)
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where q is thermal heat flow. With respect to the above equation, it is observable that the movement of
the heat is randomized (stochastic). It means that the way of the heat through the material is not linear,
but it diffuses through the sample and it suffers collisions [17].

2.2. Heat Treatments of the Samples

The thermal annealing of the unpacked probes was executed in the VentiCell 111 equipment
(drying oven) at 70, 100, 130, 150, 180, and 210 ◦C for 24 h on the same sample consecutively. With the
above equipment, solid samples can be dried at up to 250 ◦C. It works with hot air circulation using
an inbuilt ventilator [5,17]. For measuring the thermal conductivity of the heat-treated samples,
the Lambda 2000 heat flow meter (HFM) was used. The measurement order and the equipment are
presented in the following papers [5,17]. The thermal conductivities are presented by Lakatos and
Trník [1]. For the measurements, glass-fiber-reinforced aerogel was used with the following declared
properties (Table 1). The mass densities of the samples were measured with a milligram preciseness
balance. The results were used both as input data for the thermal conductivity measurements and for
the calculations.

Table 1. The material properties [1].

λ Via Holometrix Apparatus [W/(m K)] 0.017 at 17 ◦C

cp [J/(kg K)] 1000 at 40 ◦C

ρ [kg/m3] 150

2.3. Differential Scanning Calorimetry Measurements

The measurement to determine the specific heat capacity cp was executed by differential scanning
calorimetry, namely apparatus DSC 822e from Mettler Toledo, together with a Julabo FT 900 cooling
device. The temperature interval was from 25 to 300 ◦C with a heating rate of 10 ◦C/min and with a
5 min isothermal regime before and after linear heating. The measurement order was clearly described
in [1,2].

2.4. Calculated Material Properties

In thermodynamics and building physics, the two most important parameters to evaluate the
thermal insulation capability of the materials are the thermal conductivity and the thermal diffusivity.
The most significant difference between them is their application. Thermal conductivity is mainly used
for steady state cases to reach the overall thermal transmittance of a structure, while diffusivity is used
for transient cases, before the steady stage.

2.4.1. Thermal Diffusivity

In heat transfer analysis, thermal diffusivity (a) is thermal conductivity (λ) divided by density (ρ)
and specific heat capacity (cp) at constant pressure, where the product of the density and the specific
heat is known as the effective heat capacity Ceff. It measures the rate of transfer of heat in the material
from the hot end to the cold end [24].

a =
λ
ρcp

=
λ

Ce f f
. (2)

In a material with high diffusivity, heat passes through quickly due to its thermal bulk. The physical
meaning behind thermal diffusivity is associated with the speed of the propagation of heat during the
changes in temperature over time [1,24].

dT
dt

= a∇2T. (3)
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In another interpretation, thermal diffusivity is the amount that gives the change in temperature
closed in a unit volume of the material by the quantity of heat energy that passes through under unit
time and a unit area of a layer of unit thickness with a unit temperature difference between its sides.
The exact meaning of heat diffusion is the transmission of the temperature difference in the function of
time. For instance, in a pure metal sheet (e.g., Al, Cu), having many free electrons, the heat diffuses
through faster than in a fibrous insulation blanket such as aerogel [25–27].

2.4.2. Thermal Effusivity or Heat Absorption

The second thermal property needed in time-varying problems is thermal effusivity (e) defined as:

e =
√
ρλcp =

λ
√

a
= ρcp

√
a = Ce f f

√
a, (4)

Heat absorption can be calculated as the square root of the multiplication of thermal conductivity,
density, and specific heat capacity. Thermal effusivity of a material is a measure of its ability to exchange
thermal energy with its surroundings [11]. In other words, thermal effusivity is a property of a material
for describing the ability of a material for storing and discharging heat. A material having high thermal
effusivity provides to be thermally activated quickly; in this context, it allows more thermal load to be
stored inside the material.

2.4.3. Thermal Inertia

In a sense, thermal diffusivity is the measure of thermal inertia [3]. The thermal inertia of a
material is the multiplication of its thermal resistance and heat absorption coefficient (effusivity),
where d is the thickness of the sample (in this case d = 0.01 m). Thermal inertia is also used in transient
cases. In heat transfer and building physics, a higher value means higher resistance or effusivity.

I = R e =
d
λ

e, (5)

3. Results

Changes in the Thermal Properties

The results of the measured thermal conductivities are as follows. In a recent paper it was
presented that for the thermal conductivity after heat treatment at 70 ◦C a constant value was reached:
0.0171 ± 0.002 W/(m K) [2]. For this case, we executed isochronal heat treatments from 70 to 210 ◦C for
24 h, and we measured the thermal conductivities. Furthermore, it has to be mentioned that after these
isochronal investigations, where the temperature was set at 100, 130, 150, 180, and 210 ◦C, significant
changes were found both in the thermal conductivity and in the density of the material (see Table 2).
The change both in the density and in the thermal conductivity can be identified as the dehydration
process of the samples and the crystallization process [28]. It was also stated in Ref. [28]

Table 2. The thermal conductivity, density, and specific heat capacity of the studied aerogel sample [1].

70 ◦C 100 ◦C 130 ◦C 150 ◦C 180 ◦C 210 ◦C

λ [W/(m K)] 0.0171 0.0171 0.0162 0.0181 0.0180 0.0200

ρ [kg/m3] 150.17 150.24 150.24 148.68 147.96 147.48

cp [J/(kg K)] 1795 1853 1962 2128 2369 2656

Thermal conductivities can be found in the function of thermal diffusivities (Figure 1) calculated
from the above-mentioned equations, as suggested by Salazar [24]. Salazar [24] highlights the necessity
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to plot thermal conductivity as a function of density. We can observe that due to the heat treatment the
diffusivity stayed in the same order of magnitude; however, the specific heat capacity strongly increased.
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Figure 1. Thermal diffusivity versus thermal conductivity.

In Figure 2, one can see the effects of thermal annealing (temperature) on diffusivity and effusivity
(heat absorption).
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In Figure 2, the role of temperature in the change of thermal diffusivity and effusivity can be
found. The results show only a slight change in diffusivity. In another paper, the authors reported
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thermal diffusivity of conventional fibrous insulation materials (mineral or glass wools) to be about
10−7 m2/s. Wei et al. [25] presented diffusivity results on the bio-based insulation materials with a
density greater than 300 kg/m3 and with thermal conductivity of 0.1–0.3 W/(m K). In their case, the
thermal diffusivities ranged from 1 to 2 × 10−7 m2/s, evaluated from experimentally characterized cp.
In order to go deeper into the background of the changes both in the thermal diffusivity and in the
thermal effusivity, Figure 2 and Table 2 were created. The changes in the thermal diffusion values
are mostly forced by the rapid increase of the cp function. The calculated 10−8 m2/s value has a good
correlation with the above-mentioned ones presented in the literature. From Figure 2, one can conclude
increasing thermal effusivity. This is caused by the monotonous increase in the specific heat capacity
and the decrease in the density, as well as the increase in the thermal conductivity, for annealing above
150 ◦C.

The change in the calculated thermal inertia as a function of temperature is presented in Figure 3.
One can see that thermal inertia increased with about 20% after thermal annealing above 200 ◦C.
The graph shows a strong and monotonous increase between 100 and 180 ◦C. Let us mention that the
point belonging to 150 ◦C has a deviant behavior caused by a decrease in the density and an increase in
the specific heat capacity.
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In order to understand all the above changes, Figure 4 and Table 3 were created.

Table 3. The material test results.

Microscope (M = 20×) growth of SiO2 grains

Scanning Electron microscopy (M = 100×) growth of SiO2 grains

X-ray diffraction—2Θ Twin peaks 22.5–27◦, maybe crystallization

Raman spectroscopy
• a-SiO2 peak decreases and the c-SiO2 appears

and increasing.
• The sign of both the organic groups and the OH

roots is decreasing
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Figure 4. Effective heat capacity in the function of temperature.

The effective heat capacity was calculated using Equation (3), which is the most important
thermal parameter of heterogeneous materials. It shows an exponential increase in the function of
the temperature presented in Figure 4. The background of this is the rapid increase in the specific
heat capacity. Material test results were presented in order to see the causes of the changes in thermal
annealing. Moreover, in our previous study [28], both physical (structural) and chemical investigations
were executed on the samples (Table 3).

From the material tests, one can conclude that the samples after thermal annealing go through
crystallization processes on one hand and grain separation on the other hand. Lakatos and Csarnovics [28]
presented that the number and intensity of the OH roots are decreasing. This means dehydration.
Crystallization, grain separation, and dehydration cause the rapid change in the specific heat capacity
and a slight decrease in the density. Moreover, the growth of aerogel grains leads to an increase in
thermal conductivity. All of these factors together are responsible for the changes in the diffusivity,
effusivity, and inertia.

4. Conclusions

The current article presents laboratory tests and calculations introduced and carried out on
glass-fiber-reinforced aerogel after heat treating. Calculations were executed in order to see the
changes in thermal diffusivity, effusivity, and thermal inertia. These calculations were based on
measured thermal conductivities, densities, and specific heat capacities after thermal treatments
of the samples. Moreover, the role played by thermal diffusivity as the quantity that governs the
speed of heat propagation in transient problems, was also analyzed in this study. Furthermore,
the relationship between thermal conductivity and thermal diffusivity was explained from a new
perspective. From the results, we show that in the isochronal heat-treating case, significant changes
were found in the material properties over 150 ◦C. The varying elevated temperatures might cause
unwanted (decreasing) thermal insulation capability. Furthermore, these results were compared with
other results in order to understand the changes caused by thermal annealing. It is further shown that
the changes in the building’s physical parameters are caused by material changes. In reality, the thermal
conductivities can be measured by steady-state methods, while the diffusivities can be found through
transient methods. The investigations of the thermal performance of materials are very important,
for instance, to define the transient thermal behavior of the building materials. The overall thermal
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transmittance (U-value) was calculated for steady-state conditions, but this cannot give exact solutions
when the thermal parameters are rapidly changing. For these cases, the exact characterization of the
abovementioned transient thermal properties are necessary. Investigations carried out at unusual but
not high temperatures (up to 250 ◦C) should also be important for industrial cases. We also showed
changes in the effective heat capacity.
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