
Ceramics-Silikáty 63 (4), 365-373 (2019)
www.ceramics-silikaty.cz	 doi: 10.13168/cs.2019.0032

Ceramics – Silikáty  63 (4) 365-373 (2019)	 365

THERMAL CONDUCTIVITY OF REINFORCED
GEOPOLYMER FOAMS

#VAN SU LE*, PAVLÍNA HÁJKOVÁ*, **, VLADIMIR KOVACIC*, TOTKA BAKALOVA*, VOLESKÝ LUKÁŠ*,
CHI HIEP LE*, KEVIN CECCON SEIFERT*,***,  AMANDA PEREIRA PERES*,***, PETR LOUDA*

*Faculty of Mechanical Engineering, Department of Material Science, Technical University of Liberec,
Studentská 2, 461 17 Liberec, Czech Republic

**Unipetrol Centre for Research and Education,
Revoluční 84, 400 01 Ústí nad Labem, Czech Republic

*** Department of Mechanical Engineering, Federal University of Rio Grande do Sul,
Rua Sarmento Leite, no 425 – centro, Porto Alegre, RS, Cep 90050 – 170, Brazil

#E-mail: longsuvp90@gmail.com

Submitted March 28, 2019; accepted May 27, 2019

Keywords: Geopolymer, porosity, Aluminium Powder, Basalt Fibres. Metakaolin, Silica Fume

Reinforced geopolymer foams were studied in this work as potential building materials. It has been widely assumed that for a 
given thermal conductivity λ [W∙m-1∙K-1], geopolymer foams can have a lighter density than other materials. The study sought 
to test this assumption by comparing the thermal conductivity between geopolymer foams. The thermal conductivity λ was 
measured using an ISOMET 2014 device. In all the experiments, the geopolymer foams were obtained by adding aluminium 
powder and several combinations: silica fume and fine sand reinforced by short basalt fibres. Curing was carried out at 
room temperature and then in a furnace at 70 °C. After the curing process, the properties of the samples were tested at 7 and 
28 days. The results show that the thermal conductivity, porosity, compressive strength, flexural strength and density for all of 
the tests ranged in the following values: 0.13 - 0.359 W∙m-1∙K-1; 41.8 - 62.5 %; 1.94 - 9 MPa; 0.96 - 2.93 MPa; 546 - 1028 kg∙m-3, 
respectively. It was proven that the filler in the geopolymer foams has a significant influence on the mechanical and physical 
properties of the tested samples.

INTRODUCTION

	 Geopolymer foams (GFs) have been widely inves-
tigated because of their unique properties, such as low 
thermal conductivity (TC), good mechanical properties, 
excellent high temperature stability [1], environmen-
tally friendly, simple fabrication and lower sintering tem-
perature [2-5]. Geopolymers were specified by Joseph 
Davidovits in the 1970s as a new class of 3-dimensional 
aluminosilicate materials. [6] Geopolymer materials 
have a number of advantages, such as excellent mecha-
nical properties, good fire resistance and thermal 
stability, and they are resistant to acid attacks. A low 
density geopolymer can be considered as a potential 
material for applications in many fields. They have been 
used as thermal insulation, building materials [3, 7, 8], 
membranes and membrane supports [9, 10], adsorbents 
and fillers [11-14] or catalysts [15, 16]. Due to its low TC, 
geopolymers are designed for fire-resistance, which can 
be exposed to high temperature for an extended period 
of time [6, 17].
	 Nowadays, cement is very popular in the construc-
tion industry. The global cement production is expected 
to increase from 3.27 billion metric tonnes in 2010 to 
4.83 billion metric tonnes in 2030 [18]. One of the 

weaknesses of cement is its low fire-resistance com-
pared to some other materials, and it causes a global 
warming effect. The production of one tonne of cement 
generates one tonne of carbon-dioxide. That is a reason 
why a substitute for cement should be developed. Geo-
polymers are a good candidate for this, because they 
offer great properties, such as green materials, low cost 
and durability, low global warming potential (GWP), 
and excellent fire-resistance [20].
	 Concrete accounts for a large proportion of weight 
on a structure. The use of lower density GFs is benefi-
cial in term of reduced structural load bearing with 
the further benefits of acoustic and thermal insulation 
[21-23]. However, the mechanical strength is strongly 
related to the density and low-density geopolymers can 
exhibit acceptably low strength. Sufficient mechanical 
strengths can be achieved with the controlled addition of 
foaming agents in order to achieve an optimum density 
and pore structure. Different foaming agents can be 
used to synthesise low-density geopolymers. Metallic 
aluminium powder is commonly used, which is very 
reactive in alkaline environments [22, 24, 25].
	 Fibre reinforcement has been used in various har-
dened binders to improve the mechanical properties 
[26-30]. Basalt fibres are inorganic and as such have 
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a much higher melting point (1450  °C) than organic 
fibres, making them a suitable candidate for high tem-
perature resistant geopolymer composites [31-34]. Com-
posite materials based on geopolymer matrices can 
be produced for various applications requiring good 
performances at elevated temperatures, but also for 
applications where thermal insulation at room tempe-
rature is necessary.
	 Foaming methods to reduce the density of the 
geopolymer have been investigated, as low density geo-
polymers are increasingly being reported in literature 
as effective in improving the insulating properties [35]. 
It was found that the addition of more metal powders to 
the foamed geopolymer resulted in a lower TC, which is 
caused by the higher porosity [36]. The macrospores are 
developed thanks to the release of gaseous hydrogen as 
a result of the aluminium reaction in the strong alkaline 
environment [24]. Meanwhile, two criteria were consi-
dered in selecting the mixtures for the TC testing:
●	Mixtures with a compressive strength higher than 

2 MPa;
●	Mixtures with a bulk density lower than 1100 kg∙m-3.
	 The lowest TC performance (0.132 W∙m-1∙K-1) was 
recorded for the one-part geopolymer mortars and 1.2 % 
Al. Furthermore, a close value of the TC was measured 
for the same mixture with the 1.5 % aluminium powder 
[37]. The aluminium powder was used to create bubbles 
in the porous structure and provide information for the 
porous geopolymer production. It was introduced by 
adding the 0.05 - 1 % aluminium powder as a reactive 
material in the geopolymers to react with the water 
inside those materials and generate hydrogen gas inside 
the specimens [38, 39]. The TC diminished from 1.65 to 
0.47 W∙m-1∙K-1 for the density from 1800 to 600 kg∙m-3 

[40]. The addition of silica fume as a pore forming agent 
with an optimum at 5 - 10  wt.  % [24] was used. The 
compressive strength of the geopolymer matrix without 
the basalt fibre added samples aged 28 days was 35 MPa 
which increased significantly by 37 percent when only 

the weight increase of 10  wt.  % of basalt fibres were 
added [41]. As such, the thermal and fire resistance 
properties of the foamed geopolymers containing the 
fibre reinforcement were also investigated [33]. The TC 
measurements should be made at a certain moisture and 
humidity level for the same batch, as the moisture in the 
samples has a significant influence on the measurement 
[33].
	 This study has been undertaken to investigate 
the thermal, physical and mechanical properties of 
geopolymer foamed materials with and without fillers. 
Evaluating these properties is important for better 
manufacturing processes and adequate applications.

EXPERIMENTAL

Materials

	 The industrially supplied material BAUCIS LK 
(České Lupkové Závody, a.s, Czech Republic) was a two-
component aluminosilicate binder based on metakaolin 
and activated by potassium alkaline [19]. An aluminium 
powder (pkchemie Inc., Czech Republic) was used to 
create pores inside the geopolymer. It had an alumi-
nium content of 99 % and the average grain size was 
65 µm [42]. The silica fume (produced by Kema Morava 
– sanační centrum a. s., Republic of Slovenia) contained 
90 % SiO2 and the average grain size was 1 mm [43]. 
A sand (produced by Sklopísek Střeleč a.s., type ST 
03-08) was used with a grain size from 0.3 to 0.8 mm 
[44]. Two types of basalt fibre (Figure 1), a chopped 
basalt fibre and a waste ground basalt fibre from recycled 
mate-rial produced by Basaltex a.s. were used. The 
basalt fibre had a density of 2900  kg∙m-3, and thermal 
conductivity of 0.027 ÷ 0.033 W∙m-1∙K-1 [45].
	 This work evaluates the impact of the component 
addition on the binder of the GFs, when one of them 
was changed and the other components remaining un-
changed. 

b) raw brine immersiona) air curing

Figure 1.  The waste ground basalt fibres (a), the chopped basalt fibre (b).
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	 The “Note” shown in Table 1:
I:	 A change in the content of the waste ground basalt 

fibres and chopped basalt fibres without changing 
the binder

II:	 The component of the GFs with a different concen-
tration of the sand and constant other components 
(binder, silica fume, aluminium powder and chopper 
basalt fibres)

III:	The component of the GFs with a different concen-
tration of the aluminium powder and other constant 
components (binder, silica fume, sand and chopped 
basalt fibres)

IV:	The component of the GFs with a different concen-
tration of the chopped basalt fibres and other constant 
components (binder, silica fume, aluminium powder 
and sand)

Sample preparation

	 The preparation of the GF samples was made as 
follows: first, the geopolymer binder was prepared by 
mixing a potassium activator, which was recommended 
by the suppliers of the BAUCIS LK, and the mixture 
was stirred for 5 minutes at room temperature until the 
solution homogenised. Next, the geopolymer was mixed 
with different fibres, sand, silica fume content and the 
mixture were homogenised for a further 5 minutes. The 
aluminium powder was then added at the end of the 
mixture preparation for about one minute at high speed. 
Directly after mixing, the fresh GFs were cast into 
moulds. The geopolymer foam formation was allowed to 
stabilise after 2h to 4 h (depending on the composition). 
The samples were then covered by plastic sheets, cured 
at 70 °C for 24 h, aged for 27 days at room temperature, 
and then demoulded for testing and characterisation.

Characterisation of the test methods 
and the samples for measuring

	 The flexural strength was measured three times for 
each mixture, using prims with a size of 40 × 40 × 160 mm3 
after 28 days at room temperature, and three cubes of 

40 mm3 were cut from the tested prims and used to test 
the compressive strength. The test was carried out on the 
Universal Testing Machine INSTRON Model 4202 (the 
maximum load of the sensor is 10 KN) at a loading speed 
of 1  mm∙min-1. The weight, height, width, and length 
of each sample was measured to calculate the volume 
density. For the strength and density measurements, the 
mean values of three samples for each mixture were 
used.
	 The TC λ was measured using an ISOMET 2014 
device. The measurement was based on the analysis of 
the temperature response of the analysed material to 
the heat flow impulses. It was equipped with various 
planar or probes and a planar probe with a range of 
0.015 to 6 W∙m-1∙K-1. The specimens were cast in moulds 
of 160×160×40 mm3. The samples were covered with a 
plastic film during setting in a furnace at 70 °C for 24 h. 
After de-moulding they were cured at room temperature 
for 6 days before the test.
	 The pore size distributions of two series of GFs 
were determined using an AutoPore IV  9510 mercury 
intrusion porosimeter, which operates at pressures from 
0.01 to 414 MPa. All the samples of the tests were used 
on a 40 × 40 × 10 mm3 plate.

RESULTS AND DISCUSSION

Effect of the fillers and the basalt 
waste fibre reinforcement

	 The compressive strength of the GFs without 
the addition of the waste basalt fibre (sample S1) was 
1.94 MPa which significantly increased by 36 %, 87.6 % 
and 97.4 % when 5, 15.6, 26.3  % of the waste basalt 
fibre was added, respectively, while on the other hand, 
the flexural strength of the GFs without the addition of 
the waste basalt fibre (sample S1), was 1.04 MPa which 
significantly increased by 32.7  %, 50.9  % when 15.6, 
26.3 % of the waste basalt fibre was added, respectively 
(Figure 2.) Furthermore, group I has a lower volume 
density and thermal conductivity compared to the other 
group (Figure 3). However, their strength is the lowest. 

Table 1.  The composition of the mixtures (all in the ratio of mass).

Mix.	 A/B	 SF\B	 S/B	 F1/B	 F3/B	 Note	 Mix.	 A/B	 SF\B	 S/B	 F3/B	 Note

S1	 0.008						      S5	 0.008	 0.026	 0.066	 0.018	
S2	 0.008			   0.053		

I
	 S6	 0.008	 0.026	 0.263	 0.018	

II
S3	 0.008			   0.158			   S7	 0.008	 0.026	 0.526	 0.018	
S4	 0.008			   0.263			   S8	 0.008	 0.026	 1.05	 0.018	
S9	 0.00053	 0.026	 0.526		  0,018		  S14	 0.008	 0.026	 0.526	 0.0026	
S10	 0.0026	 0.026	 0.526		  0,018		  S15	 0.008	 0.026	 0.526	 0.008	
S11	 0.0053	 0.026	 0.526		  0,018	 III	 S16	 0.008	 0.026	 0.526	 0.013	 IV
S12	 0.008	 0.026	 0.526		  0,018		  S17	 0.008	 0.026	 0.526	 0.018	
S13	 0.016	 0.026	 0.526		  0,018		  S18	 0.008	 0.026	 0.526	 0.026	
*A – Aluminium Powder Agent, B – Activator LK/Baucis = 0.9 (ratio according to manufacturer), SF – Silica Fume, S – Sand, F1 – Waste Ground 
Basalt Fibres, F3 – Chopped Basalt Fibres.
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Sample S4 is stronger than group I, while the same 
thermal conductivity can be found on samples S1 and S4. 
In group II, the results showed a significant increase in 
the compressive strength, and the same thing happened 
when comparing the GFs with the flexural strength. 
After the samples of the GFs were made with a sand 

aggregate as a filler, the result of sample S8 showed 
an increase in the compressive strength of 60 % com-
pared to S5, and 300 % compared to S1 without the sand. 
Samples S6 and S7 had nearly the same strength value, but 
the volume density of S7 is larger than S6, while having 
a lower thermal conductivity. The typical compressive 
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Figure 2.  The compressive and flexural strength of the GFs with the reference samples.

Figure 3.  The thermal conductivity and volume density of the GFs with the reference samples.

Table 2.  The values of the thermo-physical characteristics of the GFs from this work and literature.

RM	 FAT	 Density	 Flexural Strength	 Compressive strength	 Thermal conductivity	 Ref.
		  (g∙cm-3)	 (MPa)	 (MPa)	 (W∙m-1∙K-1)

MK	 AL	 0.58 – 1.1	 0.96 – 2.9	 2 – 9	 0.13 – 0.359	 This work
MK	 AL, Zn	 0.7 – 1.2	 –	 1 – 7	 0.17 – 0.55	 [46]
MK	 H2O2	 0.37 – 0.74	 –	 0.3 – 11.6	 0.11 – 0.17	 [47]
MK	 H2O2	 0.3 – 0.58	 –	 0.3 – 4.4	 0.09 – 0.16	 [1]
MK	 Al	 0.36 – 0.59	 –	 –	 0.12 – 0.17	 [48]
MK	 H2O2	 0.3 – 0.6	 –	 1.8 – 5.2	 0.15 – 0.17	 [3]
MK	 SI	 0.3 – 1.1	 –	 –	 0.08 – 0.12	 [49]
MK	 Al	 0.8 – 1.1	 –	 4.4 – 9.5	 0.3 – 0.65	 [50]
Mk, FA	 H2O2	 0.44 – 0.84	 –	 0.3 – 6	 0.08 – 0.17	 [51]
MK, Glass	 H2O2	 0.5 – 1.45	 –	 3.1 – 24	 0.42 – 0.75	 [52]
MK, RHA, VA	 Si	 0.36 – 0.47	 –	 –	 0.12 – 0.17	 [8]
FA	 AL	 0.671	 1	 6	 0.145	 [5]
FA	 Al	 0.89 – 0.93	 –	 5.5 – 10.9	 0.25 – 0.39	 [53]
FA	 H2O2	 0.6 – 1.2	 –	 1.2 – 7	 0.1 – 0.4	 [4]
FA	 Al	 0.55 – 0.97	 –	 2 – 8	 0.1 – 0.25	 [24]
FA, Slag	 SAC	 0.6 – 1.2	 –	 2 – 30	 0.1 – 0.5	 [7]
RW – Raw Materials, FAT – Foam Agent Type, FA – Fly Ash, RHA – Rice Hush Ash, VA – Volcanic Ash, SAC – Surface-Active Concentrate, 
Ref. – Reference Literature
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strength for the GFs with densities of 680 - 1028 kg∙m-3 is 
5 - 8 MPa. The presence of these minerals and aggrega-
tes may have provided a better strength. However, 
our results were high on the thermal conductivity of 
0.16 - 0.36  W∙m-1∙K-1 in group III, when the different 
foaming aluminium powder agent amounts of 0.053, 
0.26, 0.53, 0.8 and 1.6 % of mass were added to a binder 
geopolymer matrix. The compressive strength, volume 
density and thermal conductivity of the GFs decreased 
from 10 to 45 %. Sample S8 with a high compressive 
strength of 9  MPa was achieved within the samples 
containing 0.053 % aluminium powder. The use of the 
sand aggregate had a positive effect on the strength 
for the GFs. Samples S9 to S13 were added at a Baucis 
ratio: sand 1:1 due to these values, the volume density 
was around 850 - 950  kg∙m-3. The average strength 
for samples S10, S11 and S12 was around 7 MPa. The 
addition of aluminium in the GFs had a bigger effect 
on the porosity, thermal conductivity and volume 
density. Because sample S13 has used a high amount 
of aluminium powder, an important decrease in the 
strength, due to the lack of time to create pores in the 
GFs, and faster hardening was observed. In group IV, 
the compressive strength was around 7 MPa except for 
sample S14, which was determined to be 4.04  MPa. 
The thermal conductivity and volume density were 
significantly reduced from 0.36 to 0.2  W∙m-1∙K-1 and 
from 1028 to 808  kg∙m-3, respectively. The values of 
the thermal conductivity of samples S16 and S17 were 
the same at around 0.25 W∙m-1∙K-1. On the other hand, 
sample S17 had the highest flexural strength of all of the 
samples in group IV.

Analysis of the micro porosity using 
an Hg intrusion porosimeter

	 The pore size distribution in the range of 0.003 - 
- 300 µm, significantly influence the volume of porosity 
of the GFs when considering the reinforcing fibre, 
fillers, such as sand, the foaming agent. In Figure 4, it 
was shown that the volume of the porosity decreases 
when the basalt waste fibre percentage increases. When 
it was increased by up to 26.3 % via the weight of the 
binder (Table  1), it also increased. In Figure  5, it was 
clearly shown that when the amount of sand decreased, 
the volume of the porosity also decreased. In Figure 6, 
the percentage of the aluminium powder on the GFs 
increased, and, therefore, the volume of the porosity of 
the GFs also increased.

Analysis of the macro porosity
by imaging

	 In Figure 7, the photographs of the porous samples 
S1-S4, S5-S8, S9-S13, and S14-S18 are shown. The pores 
seem irregular in the all of the samples. The reactivity 
of the foaming agent, the viscosity and homogeneity of 

the slurry influence the morphology of the pores (shape 
and diameter) and their distribution [48]. In Figure 7a, 
the degree of the pore generation and its size when the 
percentage of basalt waste fibre was increased can be 
visually observed. It appears that the size of the largest 
pores is one cm (Figure 7a). When the percentage of the 
fillers, such as the sand, increase in the GFs, the pore 
size is reduced, and the pores become more uniform 
in diameter (Figure 7b). An increase in the percentage 
of the aluminium powder or chopped basalt fibre 
significantly increases the size of the pores, as seen in 
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Figure 5.  The average pore sizes of the different samples S5-S8.

Figure 6.  The average pore sizes of the different samples S9-S13.

Figure 4.  The average pore sizes of the different samples S1-S4.
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Figure 7c and Figure 7d, respectively. Several works can 
be mentioned to provide an explanation. Larger pores 
are created in the GFs based on a potassium activator 
[20]. The low viscosity and the high alkalinity of the 
slurry help in the creation and coalescence of the H2 
bubbles; however, this leads to the fast consolidation 
of the mixture, thereby, causing the wide statistical 
distribution of the pore size probability [51]. The circular 
shape and uniformity of the pore distribution improve 
the insulating properties of the foams [8, 54]. The broad 
and heterogeneous distribution of the pores are formed 
by the intricate network between the porous cavities, 
which in sum contain a large amount of air This leads to 
the significant dissipation of the sound waves within the 
porous matrix [8, 55]. The amount of irregularly formed 
therein increases the pores considerably. The smaller 
the formed air voids are, the more regular their shape 
and homogenous distribution increases the comparable 
thermal conductivity of the volume density.

Evaluate the relationship between the thermal 
conductivity and volume density

	 The exponential trend line with numeric values of 
R2  =  0.88 shows that the congruent transformation is 
consistent with the individual measured values. In other 
words, the increase in the thermal conductivity depends 
on the volume density. The thermal conductivity also 
increases with the rising volume density. The values 
measured in this work are also in accordance with these 
rules. (Orange curve in Figure 8) 
 	 According to the description in Timakulov’s work 
[41], the compressive strength of fly-ash geopolymer 
was reduced when a 15 - 30 wt. % basalt fibre addition 
was used. Nonetheless, the results of this work indicate 
the opposite trend. The concrete’s density ranges from 
2100 to 2415  kg∙m-3 [28, 56], while the GFs have a 
volume density under 1200 kg∙m-3 (see Table 2 and 
Figure 8). The thermal conductivity mostly depends on 
the composition, fillers and testing conditions [57, 58]. 
This reduction in the strength is due to the fact that the 
GF needs more aluminium powder in order to achieve 
large porosity, which decreases the volume density 
and thermal conductivity. GFs with a wide range of 
thermal conductivity were successfully synthesised 
by adding an aluminium powder. Compared to other 
works [46, 50], where a similar volume density and the 
same foaming method are shown, the strength and the 
thermal conductivity indexes do not achieve results as 
good as those in this work (Table 2). It is evident from 
the analysis of References 5 and 25 in Table 2 that the 
result is similar in this work; however, the description 
in Reference  35 is not in accordance with this work. 
Furthermore, many heavy metals are contained in the 
used fly-ash, and these may be hazardous substances 
that cause health risks [59]. This article shows the 
possibility to obtain a lower thermal conductivity or a 
low volume density from a potassium and Baucis (LK) 
alkaline environment and/or fumed silica and/or fillers 

b) S5 – S8

d) S14 – S18

a) S1 – S4

c) S9 – S13

Figure 7.  Photos of the different types of GFs with dimension 40 × 40 mm2.
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and/or reinforced fibre through the aluminium powder 
foaming method. The conclusion derived from this work 
and other literature summarises the dependence on the 
investigated parameters, such as fibres for reinforcement, 
fillers and a foaming agent.
	 The use of a fibre basalt waste as a by-product for 
reinforcing the GFs combined with the ambient tempe-
rature significantly improves the physical, thermal and 
mechanical properties of the GFs, enabling a reduction 
in the cost of the GFs and to create an environmentally 
friendly material. The lowest thermal conductivity of 
the GFs is 0.13 W∙m-1∙K-1.
	 Fillers such as sand, fibres and silica fume as an 
agent supporting the foaming properties, which improve 
the properties, were used in the GFs for the reinforcement. 
This is primarily manifested in the compressive and 
flexural strengths, whose measured values are around 
5 - 9 MPa and 2 - 3 MPa, respectively. The use of silica 
fume as a waste by-product as an additional ingredient 
used to obtain the GFs is catalogued according to the 
risks to the health or the environment as a green material 
within the current description of the supplier and for 
concentrated product.
	 The results of this work allow for the design of the 
ratio of a proportional mixture (see Table 3).
	 With the growing demand for housing and of the 

construction industries in developed and developing 
countries, the demand for sustainable and friendly 
materials is increasing, as well as the growing popularity 
of geopolymers. These materials must be light and be 
able to withstand heat, have good sound absorption and 
be durable. Let us look at the common values in Table 2, 
where the values are shown as the results of this work. 
It is clear that they allow for the use of the investigated 
material as a thermal insulation and relative sound 
insulation.

CONCLUSIONS

	 The GF characterisation shows that a basalt waste 
fibre has a significant effect on the mechanical properties 
of the GFs and the necessary fillers’ content.

It has been shown that a higher addition of basalt waste 
fibres reduces the thermal conductivity of the GFs due to 
small, homogenised and regular pore distribution.
The results also show that the thermal conductivity is 
increased after adding fillers with a larger proportion of 
chopped basalt fibres.
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