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A B S T R A C T   

Super thermal insulation materials with low thermal conductivities, such as aerogels and vacuum insulation 
panels, are increasingly pushing conventional thermal insulations out of the market. Super insulation materials 
such as aerogels can be used easily on both vehicles and buildings. Nowadays, their usage by pipes transporting 
hot medium is also widespread. In these environments where elevated temperatures (100–250 ◦C) are applied, it 
is a basic requirement that they should keep their excellent thermal insulating capability. In this study, a 
comprehensive examination performed on two new silica-aerogel type insulations is presented. We investigated 
the change in the thermal performance of different types of aerogel insulations (Slentex and Pyrogel) after 
thermal annealing, ageing them at 150 and 250 ◦C temperatures for 1 day. After these thermal treatments, their 
thermal parameters such as thermal conductivities and specific heat capacities were measured. We revealed that 
both the thermal conductivity and the specific heat capacity for the Pyrogel changed considerably after 
annealing, while for Slentex the thermal conductivity remained constant and the specific heat capacity changed. 
To understand these changes we executed calorimetry tests and microscopic inspections with different methods. 
These experiments were completed with X-ray diffractometry to analyze the possible structural changes in the 
samples. From an application point of view, we consider the importance of these results, since they predict the 
lifetime of the used insulating material during their industrial use.   

1. Introduction 

The high energy use and the emission of greenhouse gases have a 
negative effect on the climate. Most of the energy used comes from 
buildings and another huge part of the energy consumption originates 
from transport [1,2]. It is reported that urban overheating is detected in 
more than 400 major cities [3]. Most buildings are uninsulated or not 
insulated perfectly [4–7]. Moreover, insulation is important not only for 
the buildings but for the building service systems as well, like pipes 
transporting hot fluid for example in power plants or for district heating 
channels [8–9]. The thermal insulation of pipings is also very important 
both to increase thermal efficiency and to prevent energy loss. It is best 
to use high-temperature thermal insulations such as mineral wools, 
fiberglass or nowadays aerogels. These insulations should stand elevated 
temperatures of at least up to 300 ◦C, however, these heat treatments 
can also be understood from the point of view of the aging of the ma
terial to predict the life-time of the insulation. In most power plants, 

fiberglass or rock wool insulation is currently used to insulate these 
pipes. The properties of these materials deteriorate significantly over the 
years, for example, by crumbling with a decrease in thickness, therefore 
they can suffer changes in their thermal insulation capability [10]. It is 
reported that silica-aerogel materials behave as excellent thermal in
sulators even at high temperatures [11,12]. The role of thermal insu
lations for pipes is not only heat loss reduction, but physical and fire 
protection and preventing condensation. To make the requirements for 
insulating coatings clearer, let us take a closer look at the functions they 
perform [13–15]: a) reduction of heat loss, the higher the thermal 
conductivity of the pipe material, the greater the heat loss b) prevention 
of water condensation, therefore prevention from corrosion c) protec
tion against thermal burns in direct contact with a heat conductor. As it 
is mentioned above, new-generation aerogels with metallic contami
nants which stand high temperatures, such as Slentex and Pyrogel can be 
well applied for insulating district heating systems as well as can be used 
by power plants and the industry. Silica aerogel is a silicon dioxide- 
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based material, which is a loose, dendritic network of silicon atoms. The 
aerogel thermal insulation blanket is a flexible composite material, 
which is aerogel embedded in a glass fiber network. They have high 
porosity (80–99.8%), very low density (4–220 kg/m3) and excellent 
thermal conductivity (0.013–0.023 W/mK). These new-generation aer
ogels used for higher temperatures contain a significant amount of 
metals such as alumina, iron, calcium, titanium and magnesium as well 
as the bulk amorphous SiO2 or they can also contain carbon. The addi
tion of metals can enhance their thermal stability significantly [15–18]. 
Aerogels have much better thermal insulation capability than conven
tional insulations, such as glass wool used for pipes [19–22]. Aerogels 
can also be efficiently used for windows, historical buildings, as well as 
for plasters [23–25]. Moreover, In Ref. [26] a paper presents another 
possible application of aerogels, as an addition to plasters. With the 
mixture a high performance thermal insulation render can be reached. A 
similar investigation and research are presented by Ganobjak, showing a 
possible use of the aerogel render for historical buildings, see Ref. [27]. 
This case study also supports the applicability of the aerogel thermal 
insulations. Additionally, researchers present the key findings of EFFE
SUS project. This EU project presents the possible application of aerogels 
as a blown-in insulation [28]. Firstly, in contrast to the before- 
mentioned papers where the thermal insulation capability was tested 
at common temperature ranges, we went further and examined the 
possible application of these aerogel materials at elevated temperatures. 
Generally, the production of the aerogel insulation blankets is expensive 
and hard. Furthermore, in this, paper comprehensive and gap-filling 
investigations are presented that were executed on two different types 
of aerogel thermal insulations containing metal additives such as Slentex 
and Pyrogel. These materials are said to be proper insulators for pipes 
transporting hot steam for district heating systems or power plants. 
Under these circumstances, they can meet a temperature range up to 
250 ◦C. These temperatures can cause changes in the thermal properties 
of the insulations, such as their thermal conductivity and specific heat 
capacity. These changes may occur from the surface and the structural 
modifications of the materials. To reveal them firstly we annealed the 
samples at 150 and 250 ◦C for one day separately and after this their 
thermal conductivities and specific heat capacities were measured. To 
visualize the possible changes in the surface morphology optical mi
croscope (OM) as well as scanning electron microscopy (SEM) images 
were taken. These photos were completed with hydrophobic experi
ments. To see the possible changes in the structure differentiated scan
ning calorimetry (DSC) and x-ray diffractometry (XRD) measurements 
were executed. The thermal conductivities and specific heat capacities 
were measured with Netzcsch HFM 446 small instrument. The key hy
potheses of the article are as follows: a) After visual inspection, does the 
look of the material change as a result of heat treatment in air envi
ronment? b) Does the surface morphology of the material change as a 
result of heat treatment? c) Is there a change in the structure of the 
material and how does this affect the thermal parameters of the mate
rial, such as the thermal conductivity and specific heat? d) Are these 
materials suitable for use in raised-temperature environments? The 
novelty of the paper should be found in the following. The tested Slentex 
and Pyrogel aerogel insulations are relatively new, and can be widely 
used also in the industry because their production is well known. 
Thermal annealing serves also as the thermal ageing of the samples, it is 
very important because it can predict the life-time and the applicability 
limit of the insulation. We investigated and treated them in the same 
environment and we revealed their different behaviour. Another novelty 
of the research can be found in its interdisciplinarity. In the paper beside 
the general building physical investigations (thermal conductivity and 
specific heat) very deep solid state physical examinations were also 
executed, to reveal the background of both the changes and processes 
which are related to each other. 

2. Materials and methods 

2.1. The materials 

In our laboratory we investigated two metallic added aerogels such 
as slentex and Pyrogel. Slentex is the second generation of conventional 
type Spaceloft aerogel. It has white color, A2-s1, d0 fire classification 
and approximately 190 kg/m3 density. Pyrogel has a greenish-grey 
color, and contains a significant amount of carbon, enables its use as 
pipe insulation. Its density and fire safety category is similar to the 
above-mentioned one. Both of them are high-performance and efficient 
thermal insulations, slim and non-combustible [29]. 

2.2. Microscopic investigations with an optical microscope and scanning 
electron microscope 

To visualize the surface morphology of the samples microscopic 
images were taken with both optical and scanning electron microscopes. 
To reveal the structure of both the as-received and annealed samples 
microscopy images were taken. Images from the bulk samples were 
taken with a camera with 20x magnification. A scanning electron mi
croscope (SEM) was applied to study the morphology of the fibers and 
the blankets in more detail. A dual beam microscope type Thermo Fisher 
Scientific-Scios 2 (FIB-SEM, Waltham, MA, USA) was used to examine 
the samples. To study the composition of the samples the microscope 
was equipped with Bruker type detector for energy dispersive X-ray 
spectroscopy (EDS) analysis. Since the samples were electrically insu
lating, the microscope was operated at low voltage. The advantage of 
using a low accelerating voltage (1–2 keV) is that the secondary elec
trons generated near the surface can easily escape and in this way we can 
increase the yield. The increased yield increases the probability of col
lecting the electrons needed for imaging, thereby providing the oppor
tunity to examine insulating samples without the application of gold 
coating, which may modify the surface morphology [30,31]. With an 
optical microscope, the surface of the samples was also analysed through 
hydrophobicity experiments [24,31]. 

2.3. Thermal conductivity and specific heat capacity measurements with 
NETZSCH 446 heat flow meter 

With Netzsch Heat Flow Meter 446 small equipment we analysed the 
two most important thermal parameters of thermal insulation materials 
such as specific heat capacity and thermal conductivity. With this 
equipment, we analysed both the as-prepared and heat-treated samples. 
Three samples, each with a 20 cm × 20 cm base area were tested. The 
thermal conductivities were characterized between mean temperatures 
of 10 and 40 ◦C with 10 ◦C steps and under 20 ◦C temperature difference 
each. After the calibration of the equipment, the accuracy can be lower 
than 2%. Furthermore, the thermal conductivities were also measured at 
20 ◦C mean temperature after applying 1, 4, 8 and 15 kPa load. The 
importance of testing the thermal conductivities of the fibrous samples 
under loads is the following. During the application of flexible insu
lations for pipes they were firmly fixed with a net which can compress 
them. The specific heat capacities were evaluated at 10, 24 and 40 ◦C. 
Specific heat tests can also be named as Cp measurements. The specific 
heat capacity of the samples can be determined with the step heat 
method. This measurement is much more accurate than the Cp mea
surement of the DSC because the whole blanket with realistic sizes is 
tested, while in DSC only small ground samples with about 10–20 mg are 
examined. The measurements were executed through the roles of ASTM 
C518 and ISO 8301 standards. After the measurement rows the average 
values of both the thermal conductivities and the specific heat capacities 
were calculated [24,31], in the figures the estimated deviances are also 
represented. 

For the thermal conductivity measurements, the following equation 
is used (Eq. (1)): 
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l = N × V × (Dx/DT) (1)  

where λ is the thermal conductivity, V is the voltage output, N is the 
calibration factor, Δx is the specimen thickness and ΔT is the tempera
ture step. 

During a specific heat test, the HFM measures “steps” instead of 
“setpoints” (setpoints are common for thermal conductivity test mea
surements). To define the specific heat capacity the following formula is 
used (Eq. (2)): 

Cp = N × A × (Q − QE)/m × ΔT (2)  

where m is the specimen mass, Q is the total energy absorbed by the 
plates, QE is the total energy absorbed by the plates and the specimen 
and A is the specimen area. The Cp value (specific heat capacity) of 
thermal insulation materials can be measured with Netzsch HFM 446. 
The heat flux signs are collected and integrated. It is recommended to 
increase specimen mass and the temperature step to try to get a high 
total energy absorbed by the plates and the specimen. The bigger this is 
compared to the total energy incorporated by the plates (empty stack 
correction) the better is the reproducibility and accuracy of the method. 
This means masses below 20 g are hard to measure in general. For an 
overall Cp validation a step size of 10 to 20 K is used. An empty stack 
correction was performed prior to a specific heat test (Cp measurement). 

2.4. Differentiated scanning calorimetry 

Differentiated scanning calorimetry is a well-known method to 
analyse both the contaminants and the possible changes in the samples 
after heat supply. Therefore we tested ground samples from the whole 
blankets with about 10–20 mg mass. The measurement order was the 
following: In a nitrogen atmosphere with 40 and 60 ml/min flow 
(ambient and protective) the samples were heated from 30 to 350 ◦C 
with a 10 ◦C/min heating rate in a concave Al pierce lid and then the 
DSC sign (in MW/mg) was registered in the function of the temperature. 
From the DSC grams the possible energetic and structural changes were 
evaluated [31]. The equipment works according to ISO 11357, ASTM 

E793, ASTM D3895, ASTM D3418 and DIN 51004 standards. 

2.5. X-ray diffractometry investigations 

To obtain crystallographic information from the un-annealed and 
annealed samples the X-ray diffraction (XRD) measurements were per
formed by Rigaku SmartLab diffractometer using CuK-alpha irradiation 
with wavelength of α = 0.154 nm. Bragg–Brentano focusing geometry 
was applied to scan the samples in 10-80◦ theta–2theta range to identify 
the possible changes of crystalline phase in the samples. The X-Ray tube 
was operated at 45 kV with 200 mA current. [31]. 

3. Results and discussion 

3.1. Thermal annealing of the samples 

We heat-treated, thermally aged three pieces of both Slentex and 
Pyrogel samples for 150 and 250 ◦C temperatures for one day in a 
Venticell 111 drying equipment in air. This equipment gives the op
portunity to dry, desiccate or heat treat samples up to 300 ◦C. After the 
heat treatments, the following examinations were executed. 

3.2. Analysis of the surface morphology 

The change in the surface morphology of the samples after heat 
treatments was followed by microscopic methods. The general surface 
morphology of fiber reinforced aerogels can be imagined as a random
ized network of fibers covered with the aerogel granules with different 
sizes. Due to thermal annealing the surface morphology can be changed. 
The modification can be resulted by the surface oxidation, chemical 
reactions, coalescence or disintegration of grains [32]. To reveal these 
we executed the following tests. 

3.2.1. Optical microscopic investigations of the samples 
Firstly, by visual inspection, we determined that the color of the 

samples belonging to Slentex got darker after thermal annealing (see 
Fig. 1a bottom part), which can be the result of the surface oxidation of 

Fig. 1a. Optical microscope and a photo image of the as-received and heat-treated samples – Slentex.  
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the sample. After thermal annealing, the samples became less flexible 
and more rigid. With an optical microscope with about 20x magnifica
tion we detected that the fibers were covered with aerogels for both the 
un-annealed and annealed ones at 150 ◦C (Slentex 0 and 150), while for 

the sample annealed at 250 ◦C for 1 day we noticed both the separation 
of the aerogel particles from the fibers and their integration, it is visible 
in the right top image of Fig. 1a. 

From the visual inspection of the Pyrogel samples, we detected only a 

Fig. 1b. Optical microscope and a photo image of the as-received and heat-treated samples – Pyrogel.  

Fig. 2a. Scanning electron microscope image of the as-received and heat treated samples – Slentex.  
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color change after annealing the samples at 250 ◦C for 1 day, it was 
possibly arising from the oxidation. It is interesting that by magnifying 
the surface with 20x a slight crushing of the grains can be noticed (see 

Fig. 1b). 

Fig. 2b. Scanning electron microscope image of the as-received and heat-treated samples – Pyrogel.  

Fig. 3a. Results of the composition analysis measurements – Slentex.  

Fig. 3b. Results of the composition analysis measurements – Pyrogel.  
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3.2.2. Scanning electron microscope investigations 
With the above-mentioned SEM equipment, we examined the surface 

morphology of the samples deeper in three steps. We present the results 
with three different magnifications (150, 450 and 1400x). SEM imaging 
is an excellent method to analyse the surface morphology of aerogel 
samples [33–36]. From Fig. 2a we can further confirm the above- 
mentioned process which was the detachment of grains from the fibers 
and their coalescence. A similar effect was also detected earlier on a 
different fiber reinforced aerogel presented in Ref. [32]. 

From Fig. 2b we can also observe some separation of the grains. 
Based on the scanning electron microscopic examination results of the 
morphology of the insulating materials, it can be established that in
ternal structural changes occur on the surface of the insulating layers 
containing aerogel (Slentex, Pyrogel) due to the heat load caused by the 
heat treatment. During the modification, the aerogel particles attached 
to the glass fibers flake off, and an increase in particle size could be 
observed, which might have caused a change in both the specific heat 
capacity and the thermal conductivity of the materials. 

From Figs. 3a and b we can state that the main components of both 
the Slentex and the Pyrogel samples are silicon and oxygen (possibly 
SiO2), while Slentex further contains Na, K, Ca, Mg and Alumina. 
Moreover, for Pyrogel the further contaminants are C, Fe, Ti, Na, Al, Mg 
and Ca (see Figs. 3a and b). Metal contaminants can lead to the high 
thermal stability of these kinds of aerogels. 

3.2.3. Examination of the hydrophobic properties 
Another method through microscopy to analyse the surface of the 

materials is the hydrophobic test. We call a surface hydrophobe if the 
contact angle between the solid surface and the water droplet is greater 
than 90◦ [37]. For this, in Fig. 4 we collected the contact angle test re
sults of the samples for both un-annealed and annealed ones, belonging 
to Slentex as well as to Pyrogel. One can see that the contact angle is 
increasing in both cases after heat treatments. It also depicts modifica
tions in the surface morphology of the samples. From the contact angles, 
we can estimate an approximate 5% and 8 % increase in both cases after 

Fig. 4. The hydrophobic experiments of the samples.  

Fig. 5a. Measurement mean temperature vs. thermal conductivities of the 
Slentex samples. 

Fig. 5b. Measurement mean temperature vs. thermal conductivities of the 
Pyrogel samples. 

Z. Kovács et al.                                                                                                                                                                                                                                  



Thermal Science and Engineering Progress 42 (2023) 101906

7

thermal annealing at 150 ◦C and 250 ◦C respectively. It can also predict 
an increasing specific surface area caused by the union and fragmenta
tion of aerogel particles for the Slentex and the Pyrogel respectively. 
Moreover, we can also explain the increase in the contact angle with 
both the oxidation of the surface and the microstructural changes 
(justified by microscopes), making the surface more hydrophobic. 
Figs. 5a and b. 

3.3. Results of thermal conductivity measurements 

3.3.1. Thermal conductivity versus temperature 
With t Netzsch 446 HFM thermal conductivities at different mean 

temperatures from 0 to 40 ◦C with 10 ◦C steps and 20 ◦C temperature 
difference were characterized. We measured both the un-annealed and 
the annealed samples. From the measurements we can state that the 
Slentex aerogel is a stable thermal insulation from the heat-treatment (at 
150 and 250 ◦C) point of view because its thermal conductivity remains 
constant, and the change is within the accuracy of the equipment (<2%). 

Fig. 6a. The fitted temperature conversion coefficients (fT) for Slentex.  

Fig. 6b. The fitted temperature conversion coefficients (fT) for Pyrogel.  
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But it is worth mentioning that the thermal conductivity is sensitive to 
the mean temperature because between 0 and 40 ◦C it changes by about 
9% independently from the thermal annealing. Furthermore, by ana
lysing the thermal conductivity profiles of Pyrogel we can state that after 
thermal annealing the samples at 150 ◦C the thermal conductivity 
changed by about 5%, and the same change was found for the samples 
annealed at 250 ◦C. From the temperature sensitivity test, we can 
conclude that for both the un-annealed and the annealed samples the 
thermal conductivity between 0 and 40 ◦C changes by about 7%. To 
understand the results we should go further and we have to investigate 
other thermal and structural parameters. Compared to sources from the 

literature, we can state that these thermal conductivity values 
(0.016–0.023) are within the range of the thermal conductivities 
belonging to fibrous aerogels [11,21,23,27]. 

From Figs. 6a and b by using the rules of ISO 10456 standard the 
temperature’s effect on the thermal conductivity of the samples can be 
reached and it is named as the temperature conversion coefficient (fT). 
The standard gives the calculation method (Eq. (3) to (5) for reaching 
the interrelation between the thermal conductivity at an arbitrary mean 
temperature and the value of the thermal conductivity measured at 0 ◦C 
temperature. Between two temperatures (Tj and T0) one can estimate the 
temperature conversion coefficient representing the sensitivity of the 

Fig. 7a. Applied load versus thermal conductivities of the Slentex.  

Fig. 7b. Applied load versus thermal conductivities of the Pyrogel samples.  
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thermal conductivity to the temperature by using FT conversion factor. 
Figs. 7a and b. 

FT = exp(fT ×
(
Tj − T0

))
(3)  

lT = l0 × FT (4) 

By using the logarithm natural the downer equation can be reached: 

ln(lT/l0) = fT × DT (5) 

It is interesting that, while the thermal conductivity factors changed 
little or not at all, the fT values did with about 10% by annealing the 
samples at 250 ◦C. 

It was presented earlier, that load applied on fibrous insulation 
materials during the thermal conductivity measurements can change the 
density, therefore the thermal conductivity, too, because the equipment 
squeezes the excess air out of the fibers of the sample [38,39]. For this 
purpose we used the heat flow meter, which allows measuring the 

thermal conductivity after applying forces/loads on the samples. At 
20 ◦C mean temperature loads with 1, 2, 4, 8, and 15 kPa were applied to 
the samples and their thermal conductivities were registered. In general, 
the measured thermal conductivities decreased with the applied load for 
both types of aerogels in all cases (un-annealed/annealed). We have to 
mention that the values belonging to Slentex due to the heat treatments 
did not change while for the Pyrogel a 4% change was deduced after 
annealing at 150 and 250 ◦C. 

The limitation of the measurements can be defined by the uncer
tainty. This can be given as: 

(U TC)
2
= (δλ/λ)2

=(δN/N)
2
+(δE/E)2

S +(δE/E)2
C +(δL/L)2

S

+(δL/L)2
C +(δΔT/ΔT)2

S +(δΔT/ΔT)2
C

(6)  

where δλ⁄λ is the relative standard uncertainty of the thermal conduc
tivity, δR⁄R is the relative standard uncertainty of the thermal resistance, 
δN⁄N is the estimated relative uncertainty of the calibration factor, δE⁄E 
is the estimated relative uncertainty of the heat flux meter, δL⁄L is the 
estimated relative uncertainty of the thickness transducer, δΔT⁄ΔT is the 
estimated relative uncertainty of the temperature difference across the 
specimen, S is the sample measurement, C is the calibration 
measurement. 

3.4. Specific heat capacity measurement results and theoretical models 

The specific heat capacities for all the samples were measured at 10, 
24 and 40 ◦C. From the measurements belonging to the Slentex aerogel, 
we can state that with increasing temperature the specific heat capacity 
of the samples is increasing. However, at 40 ◦C one can deduce a 10% 
change in the Cp value after thermal annealing at 150 and also for 
250 ◦C. Figs. 8a and 8b represent the results. For the Pyrogel insulation, 
we found a significant change in the specific heat capacity at both 24 and 
40 ◦C after thermal annealing. The Cp value at 24 ◦C goes up by 5 and 
8% after thermal treatments at 150 and 250 ◦C, while at 40 ◦C the Cp 
value jumps up by about 11% after the heat treatment of samples at 
250 ◦C. The specific heat capacity of the samples also reflects the crystal 
structure of the samples (oxidation, amorphous or crystalline). So to 
understand these results we had to expand our research with the 

Fig. 8a. The Cp measurement results of Slentex.  

Fig. 8b. The Cp measurements results of Pyrogel.  
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examinations of the material’s structure. 
For all specific heat capacity investigations at least three samples 

were tested, and from the test results the averages with the estimated 
deviances are plotted. 

3.5. Differentiated scanning calorimetry 

Thermal insulation materials generally have an amorphous struc
ture, containing significant amount of oxides, such as silicon-oxide or 
amorphous silica nanoparticles. Due to the temperature rise the amor
phous structure can be restructured or crystallized, recrystallized 
[11,12]. With the crystallization process the thermal conductivity and 
the specific heat capacity of the materials can increase and deteriorate 
their thermal insulation capability. By using Netzsch Sirius 3500 
differentiated scanning calorimeter we have analysed the thermal 
response of the powder of both samples after grinding. A small amount 
(10 mg) from the samples (Slentex, Pyrogel) was inspected between 30 
and 350 ◦C with 10 K/min heating rate in nitrogen gas. For the Slentex 
aerogel, we found that the profile has an initial part until 70 ◦C, where 
one can possibly deduce the region of the glass transition or residual 
water. After this a valley can be found with the deepest point at 93 ◦C 
which can be attributed with a crystallization of the amorphous struc
ture with an enthalpy of − 3.2 J/g, see Fig. 9a. Over this, 
dehumidification-decomposition can be expected [40]. One can deduce 
here a change in the specific heat capacity with about 527 J/kgK value. 

Similar results can be found presented in Fig. 9b for Pyrogel between 
30 and 70 ◦C which belongs to the glass transition region, then a slight 
peak is observable possibly representing a light crystallization (143 ◦C). 
It is also visible from Fig. 8b that first a small melting peak by 185 ◦C, 
then a strong melting peak from 220 to 270 ◦C can be found. Possibly it 
can be attributed to the melting of a polymeric compound with about 
12.6 J/g melting enthalpy. During the calorimetric examination of 
partially crystalline polymers, after the crystallization transition, a first- 
order phase transformation takes place in the higher temperature range, 
during which the formed crystal structure becomes completely amor
phous again. This transformation is the melting of the polymers, which 
appears as an endothermic peak on the DSC curve. When evaluating the 
curve, the area under the peak is proportional to the enthalpy change 
that occurred during the melting of the sample. The temperature value 
corresponding to the highest point of the peak gives information about 
the melting temperature of the polymer, but it is not the same as the 
equilibrium melting point, since its value depends greatly on the test 
conditions and the history of the sample. It has to be mentioned that 
after this melting a significant amorphous part must remain inside the 
structure. A similar effect is presented in Ref. [41]. For the DSC 

Fig. 9a. DSC profile of Slentex.  

Fig. 9b. DSC profile of Pyrogel.  

Fig. 10a. XRD profile of Slentex.  

Fig. 10b. XRD profile of Pyrogel.  
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measurements two rows were executed on both sample pairs and their 
average was plotted. 

3.6. Results of the XRD tests 

From the X-ray diffraction measurements, we can conclude that the 
samples went through structural modifications after thermal annealing. 
Fig. 10a represents the XRD patterns of Slentex aerogel. The profile can 
be grouped into three regions. The first region belongs to the amorphous 
(oxid) region at about 15-22◦ [32,42]. One can observe from this part 
that due to thermal annealing, this plateau decreases, which means the 
restructuration of the sample. In the second region, 22-35◦ degree 
crystalline peaks can be observed belonging to the different orientations 
of the silicon oxide. After thermal annealing, the intensity of these 
crystalline peaks are decreasing. A similar change can be found in the 
third region. Regarding Pyrogel we can see two regions in Fig. 10b. The 
first region also belongs to the degrees of 15-25◦. It is interesting that a 
broad peak belonging to the amorphous nano-silica (at 22◦) becomes 
more observable after thermal annealing the samples with a possible 
interconnection with the melting of the polymer contaminant presented 
in Fig. 9b at 250 ◦C. While it is also noticeable that a doubled peak at 
about 17◦ grows out after thermal annealing at 150 ◦C and disappears 
after thermal annealing at 250 ◦C. It can be a crystalline peak that dis
appears due to the melting (burning). In the second region of the XRD 
pattern of Pyrogel, recrystallization can be observed. These peaks belong 
to SiO peaks with different crystal orientations [32,43–47]. 

3.7. The relationship between the results, the applicability limits 

From the above-mentioned consequences, we created Table 1 to 
understand and generalize the key findings of the paper and to see the 
correlations among the results. This table could be very useful for re
searchers, designers, planners and decision makers. 

It is also reported by Authors in Ref. [48] that the investigation of the 
thermal stability of elastic ceramic aerogels is very important from an 
applicability point of view. In Ref. [49] it is also presented that the use of 
aerogel blankets for high-temperature insulation is indispensable. These 
temperatures make changes in both the material and the thermal 
properties of the samples that must be followed experimentally [50], 
similarly as it is presented in this paper. 

4. Conclusions 

Slentex and Pyrogel insulations were heat-treated (aged) at 150 and 
250 ◦C for 1 day, and their thermal, as well as physical properties, were 
measured. From the measurements, we revealed the modifications in 
both structures and thermal properties furthermore we explored the 
possible relations between them. As a novelty, we present measurement 
methods supporting each other to completely reveal the temperature- 
caused changes of the tested samples. As a result, we pointed out the 

visible and measurable surface and structural modifications for Slentex 
insulation. Microscope images proved the oxidation of the surface and 
the coalescence of the grains, while the DSC measurements denoted 
crystallizations and dehydration. The crystallization process was further 
justified by XRD experiments showing a decreasing amorphous peak as 
well as by the Cp measurements where we deduced about 10% change 
after annealing at 250 ◦C for 1 day. Despite all these, the thermal con
ductivities of the samples after thermal annealing remained constant. 
But it is worth mentioning that as a side result, we showed a strong 
temperature sensitivity of the thermal conductivity of the samples, with 
about a 9% increase between 0 and 40 ◦C mean temperatures for all 
three cases. For the Pyrogel, after both visual and microscopic in
vestigations we found surface modifications in the samples after 
annealing at 250 ◦C. It was confirmed with scanning electron micro
scopy that the surface of the samples after heat treatment at 250 ◦C and 
for 1 day changed: the grains of the samples crumbled. It has to be 
mentioned that the hydrophobic experiments showed increasing contact 
angles for both Slentex and Pyrogel insulations due to surface oxidation. 
The specific heat capacities of the Pyrogel insulations changed strongly. 
But it was also mentioned that the DSC curve showed a strong melting 
peak at about 250 ◦C which can predict an amorphous residue in the 
structure and it was also found in XRD graphs. We showed about a 5% 
change in the thermal conductivity of the Pyrogel, after heat-treating the 
samples at 150 ◦C, while the change stopped and remained the same as 
the mentioned one due to the melting. Between 0 and 40 ◦C mean 
temperature the thermal conductivity increase by about 7%. Moreover, 
we showed that the temperature conversion coefficients changed with 
about 10% for the Slentex and with about 4 and 10% for the Pyrogel 
after annealing them at 150 and 250 ◦C respectively. 
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Z. Kovács et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S2451-9049(23)00259-7/h0005
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0005
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0010
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0010
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0010
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0015
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0015
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0015
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0025
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0025
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0025
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0030
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0030
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0030
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0030
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0035
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0035
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0035
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0040
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0040
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0040
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0045
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0045
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0050
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0050
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0050
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0060
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0060
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0060
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0065
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0065
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0070
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0070
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0070
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0075
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0075
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0075
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0075
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0080
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0080
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0080
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0080
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0080
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0090
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0090
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0095
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0095
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0095
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0100
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0100
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0100
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0105
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0105
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0110
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0110
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0110
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0115
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0115
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0120
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0120
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0120
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0125
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0125
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0130
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0130
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0130
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0135
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0135
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0135
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0140
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0140
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0140
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0140
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0155
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0155
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0160
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0160
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0165
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0165
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0165
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0175
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0175
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0175
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0180
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0180
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0180
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0185
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0185
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0185
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0190
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0190
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0190
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0190
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0200
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0200
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0200
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0200
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0215
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0215
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0215
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0220
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0220
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0225
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0225
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0230
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0230
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0230
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0235
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0235
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0235
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0240
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0240
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0240
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0245
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0245
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0245
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0250
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0250
http://refhub.elsevier.com/S2451-9049(23)00259-7/h0250

	Thermal stability investigations of different aerogel insulation materials at elevated temperature
	1 Introduction
	2 Materials and methods
	2.1 The materials
	2.2 Microscopic investigations with an optical microscope and scanning electron microscope
	2.3 Thermal conductivity and specific heat capacity measurements with NETZSCH 446 heat flow meter
	2.4 Differentiated scanning calorimetry
	2.5 X-ray diffractometry investigations

	3 Results and discussion
	3.1 Thermal annealing of the samples
	3.2 Analysis of the surface morphology
	3.2.1 Optical microscopic investigations of the samples
	3.2.2 Scanning electron microscope investigations
	3.2.3 Examination of the hydrophobic properties

	3.3 Results of thermal conductivity measurements
	3.3.1 Thermal conductivity versus temperature

	3.4 Specific heat capacity measurement results and theoretical models
	3.5 Differentiated scanning calorimetry
	3.6 Results of the XRD tests
	3.7 The relationship between the results, the applicability limits

	4 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


