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ABSTRACT

Purpose: Geopolymers are modern, inorganic aluminosilicate materials that, through their 
high mechanical properties, are used in many industries and can be an excellent alternative to 
Portland cement-based concrete. The study aims to determine the effect of adding microsilica 
on the properties of geopolymer composites.
Design/methodology/approach: Reference samples were made by mixing pozzolanic 
material such as fly ash (50 wt.%) with sand (50% wt.%). The effect of the additive was 
analysed by introducing microsilica (T180) into the material in shares of 5%, 10% and 15% 
by weight, each time replacing part of the fly ash with microsilica. The samples were activated 
with a 10 M sodium hydroxide solution mixed with an aqueous sodium silicate solution. Laser 
particle size analysis, mineralogical analysis and SEM observations were carried out on the 
raw materials. Phase identification analysis, SEM observations, density tests, compressive and 
flexural strength tests, water absorption and thermal conductivity tests were carried out on the 
produced geopolymer composites.
Findings: The results obtained based on the compressive strength test showed that the 
strength of the material decreases with the increase of the silica content in the material. 
Increasing the silica addition by each subsequent 5% resulted in a decrease in strength of about 
20-30%—addition of silica at 5 wt.% resulted in a decrease in flexural strength compared to the 
reference sample of over 15%. However, adding 10% and 15% causes a decrease in flexural 
strength by more than 50% compared to the value for the reference sample. The thermal 
conductivity coefficient decreases with increasing silica content in the composite, which means 
introducing this additive improves the thermal insulation properties of geopolymer composites.
Practical implications: Adding microsilica introduced into the geopolymer matrix in 10% 
ensures a good correlation between thermal conductivity and strength. The compressive 
strength of this composite is over 25 MPa, which makes it a construction material with improved 
thermal insulation by approximately 15% compared to the reference material. The investigated 
materials are dedicated to application in the construction industry.
Originality/value: The article provides a new voice in a discussion connected with the role of 
microsilica in geopolymers because microsilica was not previously investigated as an additive 
for the fly ash used by the authors.
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MATERIALS

 
 
 
 
 
 
 
 
1. Introduction 

 
The term geopolymer was introduced into scientific 

terminology in the 1970s by Professor Joseph Davidovits 
and was used to describe inorganic aluminosilicate polymers 
with an amorphous structure having certain properties [1,2]. 
Internally, geopolymers can be divided into groups 
depending on the synthesis process that is used for their 
receipt: alkaline environment (NaOH, Na2Si2O3, KOH, 
K2Si2O3, rice husk (RSH), etc.) and acid environment 
(aluminium phosphate or phosphoric acid) [3,4]. 
Geopolymers as materials are solids, most often hard and 
with high mechanical resistance, which makes them 
comparable to materials such as concrete or stone [5]. 

Geopolymers originally gained importance due to their 
refractory properties. They were used to create composites 
with a wooden core in order to ensure the fire resistance of 
the materials [2,6]. Due to further research, geopolymers 
were used in construction because of their similarity in 
properties to concretes. They began to compare the 
materials, and they noticed ecological advantages. Unlike 
cement-based concretes, which require much less energy in 
production and emit less greenhouse gases, including CO2 
[7,8]. Moreover, using fly ashes, a by-product of the 
incineration process of coal power plants or other industrial 
by-products in geopolymerisation, brings additional 
environmental benefits [3,9]. 

Various raw materials can be used to produce 
geopolymers based on aluminosilicates, including 
metakaolin, volcanic turf, fly ash, mine tailings, blast 
furnace slags, etc. [1,10,11]. Among the materials, 
especially fly ashes, are of interest due to the lack of 
necessity of pretreatment, the good strength properties of 
geopolymers obtained on their base and the ecological 
aspect of using it as a feedstock [8,10,12]. The production of 
geopolymers also uses aggregates, reinforcement materials, 
and fillers, whose role is similar to that of traditional 
concrete. There are different goals for applying such a type 
of additive, including manipulating the density of the 
material, obtaining or improving its other properties or 
reducing the price of the obtained composite [10,13]. 

One of the additives for geopolymer materials can be 
microsilica. The material, which is microsilica, is formed as 
a by-product. As a result, the treatment of silicon or 

aluminium alloys in arc furnaces [14]. It consists mainly of 
SiO2. Structurally, the material should contain spherical 
particles with a diameter of the order of 150 nm. It has 
pozzolanic and cementing (binding) properties. The addition 
of microsilica caused the properties and the strength of 
concrete for compression to increase [14,15]. 

Additionally, the reinforcement mechanism can be 
achieved by improving material microstructure. The very 
small specific surface area particles oscillate in the range of 
13,000 to 20,000 m2/kg, allowing them to fill the gaps 
created in the structure of concrete [15]. The two phenomena 
caused microsilica to be widely used as an additive to 
producing ultra-high-performance concretes. However, the 
solution also has disadvantages; the most important is that 
micro silica additives decrease the workability of the 
concrete paste, especially [14,15].  

Considering the influence of microsilica on the 
properties of concretes, it is expected to have a similar 
influence on geopolymer materials. However, the research 
shows that this mechanism is not so obvious in the case of 
geopolymers, and different scientific results have been 
reported [16,17]. Besides, the amount of microsilica that has 
a positive influence is unclear, and the values between a few 
per cent to dozens per cent were investigated [16,18,19]. 
Most of the research also shows that with the addition of 
microsilica, material properties increase to a certain value. 
Usually about 10% (sometimes 20%), and then they 
decrease [16, 20-22]. On the other side, Wang et al. [23] 
proved that the influence of microsilica is dependent on the 
used matrix [23]. For this research, adding up to 20% silica 
fume caused an increase in the strength of geopolymers 
based on low-calcium fly ash but decreased the properties of 
the matrix based on calcium aluminosilicate cement [23]. 
The same research also showed that a small amount of silica 
fume – up to 10%, caused an increase in flowability [23]. 
The topic analysis shows that such a kind of investigation 
can give very different results depending on the feedstock 
used for geopolymer production.  

It is worth noticing that if the micro silica increases the 
mechanical strength, this effect is also in extreme 
environments, including acid environments [20,24,25] and 
elevated temperatures [26]. Another positive influence of 
microsilica was observed by Zhang et al. [27]. They show 
that micro silica can prevent the drying shrinkage behaviour 
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of geopolymer composite by up to 50% by reducing the 
relative content of pores inside the material [27]. The 
changes in morphology and the more compacting structure 
of geopolymer can also influence material durability in 
changeable conditions [28,29]. Wang et al. [29] proved in 
the research higher material resistance on freeze–thawing 
cycles when the 10% addition of silica fume was applied 
[29]. It also should be mentioned that in recent times some 
investigation with microsilica has been conducted by using 
it in geopolymers in a slightly different form, as a silica 
source for alkali solution, in the same way as previously used 
rice husk [30-32]. Such an approach can be especially 
valuable from the environmental point of view because the 
environmental analysis shows that this element has the 
highest environmental burden in the case of geopolymer 
materials [33-35]. 

Discrepancies in the existing literature data, particularly 
concerning determining the influence of microsilica on the 
properties and structure of geopolymers, were the main 
motivation to undertake research in the given field. The 
presented research works were cognitive and sought to 
define reasons for such behaviour of the material by 
determining changes in the microstructure material. The 
article presents work to investigate the influence of 
microsilica on the properties and structure of geopolymers, 
depending on the percentage of silica, including physical and 
mechanical properties, microstructure, water adsorption, and 
thermal conductivity. The articles provide a new voice in 
discussion connected with the role of microsilica in 
geopolymers. The provided research partly confirms the 
previous experiments, but they also show contrary 
conclusions to some previously described in the literature. 
However, the microsilica was tested for some kinds of fly-
ashes; it is also worth stressing that the microsilica was not 
previously investigated as an additive for the fly-ash used by 
the authors. The results of the work have potential 
applications in the construction industry. They can be used 
as an aid in determining the suitability of the use of 
microsilica additives to improve the material's properties to 
potentially enhance the advantages of geopolymers as 
alternatives to concrete based on Portland cement. 

 
 

2. Materials and methods 
 

2.1. Materials 
 

The fly ash used to make the geopolymer comes from the 
Skawina power plant (Skawina, Poland). Such fly ash has an 
oxygen composition that is coherent with class F 
requirements [33,36]. It has a large amount of silica and 

aluminium, which is an advantage in the polymerisation 
process. 

River sand was used to produce the geopolymer. The 
sand plays the role of fine aggregate in the geopolymer 
composition, allowing it to obtain better mechanical 
properties. 

The microsilica used to produce the geopolymer has the 
designation T180. (HRT Polska, Kołobrzeg, Poland). 

 
2.2. Sample preparation 

 
The sample preparation process began with the 

preparation of solution 10 molar alkaline base, consisting of 
water glass (Avantor Performance Materials, Gliwice, Po-
land)  hydroxide sodium (R-145, a molar module of 2.5, 
ChemiKam, Będzin, Poland) was and tap water, which was 
used as an activator in the geopolymerisation process. The 
ratio of sodium hydroxide solution to sodium water glass 
was 1:2.5. The resulting solution was then equilibrated 
overnight. After 24 hours, the preparation of the paste began. 
The dry ingredients (fly ash, sand and microsilica) were first 
mixed in a GEOLAB mixer (Geolab, Warsaw, Poland) for 
about 5 min. Microsilica was applied in 5, 10 and 15% as a 
replacement for fly ash. The amount of alkali activator was 
selected experimentally to obtain the paste that was possible 
to process. Next, the activator was applied, and mixing was 
continued (about 10 min.) to obtain adequate consistency 
that allowed pouring into moulds. The proportion of the 
prepared samples is presented in Table 1. 

 
Table 1. 
Samples designation 

Designation Sand, 
kg 

Fly ash, 
kg 

Microsilica, 
kg 

Alkali 
activator, dm3 

GP0 2.5 2.5 0 1 
GP1 2.5 2.375 0.125 1 
GP2 2.5 2.250 0.250 1.61 
GP3 2.5 2.125 0.375 2.1 

 
Then, the samples were placed in a SLW 750 STD oven 

(Pol-Eko-Aparatura, Wodzisław Śląski, Poland) and held at 
75°C for 24 hours. The samples were then taken out of the 
oven and demoulded. Before the testing, they were matured 
for 28 days after the tests were carried out. 

Samples for bending were then tested with dimensions 
of 5×5×20 cm in the amount of 3 samples. Prepared 8 
samples measuring 5×5×5 cm; 5 samples were used, and the 
remaining 3 were used in water adsorption studies. The last 
prepared samples had dimensions of 15×15×2 cm; one for 
each geopolymer was made and used for testing thermal 
insulation properties. 

2.	�Materials and methods

2.1.	�Materials

2.2.	�Sample preparation
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2.3. Methods 
 
Particle size analysis in the work case was performed by 

an analyser called Anton Paar PSA 1190 LD (AntonPaar 
GmbH, Graz, Austria). Laser diffraction analysis for size 
study particles uses the phenomenon of diffraction. Using a 
bundled laser, the analyser can make more accurate 
measurements for the particles in a large range, from 0.1 to 
3000 μm.  

X-ray diffraction (XRD) analysis was performed using 
PANalytical AERIS (PAN-alytical, Almelo, The 
Netherlands). Materials in the form of powder were used for 
the tests. The copper lamp was used for the test, and a nickel 
filter was placed on the lamp. Samples were scanned in the 
range from 10° to 100° (2θ) at 0.003° (2θ) step size and a 
time per step of 340 s. After the measurements were 
completed, the data were then analysed using the HighScore 
Plus software, which uses a database ICDD (International 
Center for Diffraction Data, PDF4+) and crystallographic 
database (Newtown Square, PA, USA). 

Scanning electron microscopy was made on a JEOL 
JSM-IT200 scanning electron microscope (JEOL, Tokyo, 
Japan). The study was carried out on raw materials and 
samples of materials after testing strength. The prepared test 
samples were placed on a stand carbon pot and covered with 
a layer of gold (DII-29030SCTR Smart Coater, JEOL, Tokyo, 
Japan) to ensure proper conduction, which is necessary to 
make proper conductivity during SEM observations. 

A geometric method was used to test the density of 
geopolymer samples by calculating it from laboratory 
measurements made on prepared samples. For measuring the 
dimensions of the tested samples geopolymers, a calliper 
and the average value for at least three were used, excluding 
statistically insignificant results. Measurement weights of 
geopolymer samples were made with an electric balance 
with an accuracy of 1 order 0.01 g. The final density result 
is given by dividing mass by volume. 

The mechanical properties were investigated using a 
MATEST 3000 kN test machine (Matest, Treviolo, Italy). 
Two types of tests were carried out: 
 Compressive strength: PN-EN 12390-3:2019-07 ‒ 

Testing Hardened Concrete ‒ Part 3: Compressive 
Strength of Test Specimens. 

 Flexural strength: PN-EN 12390-5:2019-08 ‒ Testing 
Hardened Concrete ‒ Part 5: Flexural Strength of Test 
Specimens. 
The sample setup for compressive and flexural strength 

tests is shown in Figure 1. 
Water adsorption tests are aimed at checking the 

behaviour of the sample in a wet environment. For the test 
purpose, adsorption was observed and measured by the 

percentage of adsorbed substance to the starting mass of the 
tested material, including the case of geopolymer in 
atmospheric humidity conditions. Measurement was made 
by determining the increase in sample weight over time. 

 

 
 

Fig. 1. Schematic of the sample setup for (a) compressive 
and (b) flexural strength tests 

 
The study examined thermal conductivity, i.e. the ability 

to transport energy in the form of heat through the test mass 
of the sample as a result of external difference temperatures, 
geopolymers, was provided by using HZM 446 Lambda 
Smal plate apparatus (NEZTSCH, Selb, Germany). 
Thermocouples were centrally attached to the prepared 
sample to collect temperature readings. The sample was then 
placed in a device between the hot and cold plates, 
separating the geopolymer from the plates at heat flow 
conductors. After placing the sample and running the device, 
heating the geopolymer through the hot plate begins until 
temperature equilibrium is reached, which ends the test. 

 
 

3. Results and discussion 
 
3.1. Raw materials 
 
Fly ash 

Firstly, the fly ash was tested for mineralogical 
composition, as shown in Figure 2 and Table 2. 

According to the above analysis of the diffractogram, it 
was possible to determine that the fly ash used in the 
geopolymer consisted mainly of quartz (54.6%) and mullite 
(40.9%). The results of fly ash analysis in the given respect 
coincide with other tests, where the content of quartz and 
mullite is over 90% of the composition of the fly ash 
[12,37,38]. Such a kind of fly ash can be used in 
geopolymerisation. 

2.3.	�Methods

3.	�Results and discussion

3.1.	�Raw materials
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Fig. 2. Mineralogical phase identification in fly ash by using 
XRD 
 
Table 2. 
Mineralogical composition of fly ash 

Phase Percentage, 
% Name Chemical composition 

Quartz SiO2 54.6 
Mullite Al6Si2O13 40.9 
Hematite Fe2O3 1.5 
Magnetite Fe3O4 0.9 
Anhydrite CaSO4 2.1 

 
In the next step, particle size analysis was conducted – 

Table 3 and Figure 3. 
 

 

 
 

Fig. 3. Particle size analysis of fly ash: a) distribution 
(volume); b) Cumulative distribution (volume) – undersize 

Table 3. 
Particle size distribution of fly ash.  
Name D10,  

µm 
D50,  
µm 

D90,  
µm 

Mean 
size, µm 

Span 

Sample 1 2.554 15.273 48.747 22.220 3.042 
Sample 2 2.604 15.379 48.534 22.265 2.987 
Sample 3 2.600 15.383 48.339 22.225 2.973 
Mean  2.586 15.345 48.539 22.237 2.995 

 
The particles of fly have a relatively small size mean 

value of 22.237 µm. The grain size is quite favourable for 
geopolymer production [33]. 

Also, the microstructure analysis was provided using 
scanning electron microscopy (SEM) – Figure 4.  
 

 

 
 

Fig. 4. SEM images of fly ash: (a) magnification 5 500×; 
(b) magnification 2 000× 

 
The morphology of ash particles, where the occurrence 

of particles with regularly spherical shapes, improves 
workability and rheological properties [12,36]. 
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Sand 
Firstly, sand was tested for mineral composition – Figure 

5 and Table 4. 
According to the diffraction pattern analysis, it was 

possible to determine that the sand used in the geopolymer 
consisted entirely of quartz, according to expectations. 

 

 
 

Fig. 5. Mineralogical phase identification in sand by using 
XRD 

 
Table 4. 
Mineralogical composition of sand 

Phase Percentage, 
% Name Chemical composition 

Quartz SiO2 100 
 

 

 
 

Fig. 6. Particle size analysis of sand a) distribution (volume); 
b) Cumulative distribution (volume) – undersize 

In the next step, the particle size analysis was performed, 
as shown in Figure 6 and Table 5. 

The mean value for the sand is definitively different than 
for fly ash. It is about 318.55 µm compared to 22.237 µm for 
the fly ash. 
 
Table 5. 
Particle size distribution of sand 
Name D10, µm D50, µm D90, µm Mean 

size, µm 
Span 

Sample 1 124.560 329.125 470.765 331.958 1.052 
Sample 2 127.513 318.439 467.049 318.571 1.066 
Sample 3 132.486 303.183 462.886 305.143 1.090 
Mean  128.186 316.916 466.900 318.557 1.069 
 

 

 
 

Fig. 7. SEM images of sand: (a) magnification 180×;  
(b) magnification 100× 

 
Moreover, the SEM observation was conducted for the 

sand – Figure 7. SEM analysis of sand shows that it has a 
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structure in the form of irregularly shaped particles with 
smooth edges and a rough structure on grains of sand. It is 
also worth paying attention to the size of the images, which 
confirms the grain size analysis results and shows significant 
differences in size between the tested materials – sand and 
fly ash. 
 
Microsilica 

Similarly, as other raw materials, microsilica was tested 
for mineral composition – Table 6 and Figure 8. 

 
Table 6. 
Mineralogical composition of misrosilica 

Phase Percentage, 
% Name Chemical composition 

Silica oxide SiO2 99.9 
Rutile TiO2 0.1 

 
According to the diffraction pattern analysis above, it 

was possible to establish that microsilica consisted of 99.9% 
oxide cream and only 0.1% of rutile, which may be an 
impurity coming from the manufacturing process of the 
material. 

 

 
 
Fig. 8. Mineralogical phase identification in microsilica by 
using XRD 

 
In the next step, particle size analysis was conducted – 

Figure 9 and Table 7. 
 

Table 7. 
Particle size distribution of microsilica 
Name D10, 

µm 
D50, µm D90, µm Mean 

size, µm 
Span 

Sample 1 7.057 20.300 41.863 23.784 1.715 
Sample 2 6.956 20.219 41.539 23.627 1.710 
Sample 3 6.934 20.138 41.155 23.481 1.699 
Mean  6.982 20.219 41.519 23.631 1.708 

 

 
 

Fig. 9. Particle size analysis of microsilica a) distribution 
(volume); b) Cumulative distribution (volume) – undersize 
 

The particle size analysis shows a lack of significant 
difference between the particle size of fly ash and applied 
microsilica. They are both similar sizes. Meanwhile, the 
sand is much larger. 

Also, the SEM analysis for microsilica was conducted – 
Figure 10. The shape of microsilica was not coherent with 
previous expectations based on literature data [15]. The 
shape of the particles was irregular, with sharp edges. 

Given the research of all three raw materials in which 
each possesses a different size of grains, they should form a 
“tight” structure (well packed), increasing both density and 
properties strength. However, it must also be considered that 
the particles possess different shapes, which may interfere 
with obtaining the desired properties of the material. 

 
3.2. Geopolymer composites 
 
Mineralogical analysis 

The diffractograms for four types of prepared materials 
are presented in Figure 11, and the information about 
mineralogical composition is presented in Table 8. 

A large amount of quartz is present in the produced 
geopolymers, which should ensure good mechanical 
properties of the materials, in particular compressive 
strength [36]. The other phases present are mullite and 
albite, typical of geopolymer materials. The obtained results 
do not correlate with the addition of microsilica due to the 
qualitative nature of the research. 

3.2.	�Geopolymer composites
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Fig. 10. SEM images of microsilica: (a) magnification 2 000×; (b) magnification 1 500×. 
 

  

  
 

Fig. 11. X-ray diffractogram for geopolymers: (a) GP0; (b) GP1; (c) GP2; (d) GP3 
 

Table 8. 
Comparison of mineralogical composition for geopolymer samples 

Name Chemical formula GP0  GP1 GP2 GP3 
Quartz SiO2 94.6 67.7 71.5 66.3 
Mullite Al6Si2O13 1.6 15.4 12 13.4 
Albite NaAlSi3O8 3.7 16.9 16.5 20.3 
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Density 
The measurements of density are presented in Figure 12. 

 

 
 

Fig. 12. Comparison of density of geopolymers 
 

The density of geopolymers increases with the addition 
of microsilica. According to data from the manufacturer, 
microsilica should have a specific gravity of approximately 
2.1 g/cm3 and low bulk density – about 0.2 g/cm3. In the case 
of mixture preparation, geopolymer’s specific gravity plays 
an important role. The higher liquid requirement, which is 
visible during the process of geopolymer preparation and a 
mechanism where microsilica is placed between the sand 
grains (which is included in empty spaces not occupied by 
fly ash), caused the increasing material density. However, 
the differences in density between particular compositions 
are not huge. 
 
Mechanical properties – compressive and flexural strength 

The results of the mechanical properties test are 
presented in Table 9. 
 
Table 9. 
Mechanical properties for geopolymer samples 

Name Compressive strength, 
MPa 

Flexural strength, 
MPa 

GP0 42.29 7.23 
GP1 30.53 6.02 
GP2 25.43 3.53 
GP3 18.75 2.35 

 
In the case of compressive and flexural strength, their 

decrease is visible along with the addition of microsilica. It 
is not a standard behaviour of materials because mechanical 

properties tend to increase with density [9,41]. However, in 
the presented investigation, a reverse tendency has been 
noted. Such anomaly can be caused by the microstructure of 
microsilica that has sharp edges and can cause a decrease in 
mechanical properties by creating the cumulation of stress in 
certain points of the material and causing the tendency for 
microcracking propagation under the forces. Despite the 
weakness of the material, it is worth noticing that the 
material with 5 and 10% microsilica addition still fulfils the 
requirements for their application to many construction 
purposes, including bricks or pavements [41]. 

Jaradat et al. [40] compared geopolymers' compressive 
strength with different microsilica shares. The authors noted 
that adding microsilica in amounts of 5% and 10% by weight 
increased the strength of composites cured at room 
temperature. When an elevated temperature was used, 
adding micro-silica decreased the compressive strength. 

The decrease in compressive strength may be due to an 
increase in silica to alumina ratio. Both the properties and 
microstructure of geopolymers are highly dependent on the 
silica and alumina content [40]. The authors obtained 
optimal mechanical properties for composites with Si/Al 
ratios in the range of 3.0-3.8. Raising the Si/Al ratio beyond 
this range lowers the compressive strength. Curing 
geopolymers at elevated temperatures increases the 
solubility of Si from microsilica, causing the formation of 
silicates in the pores. Increasing the proportion of 
microsilica leads to an increase in the number of unreacted 
silicate oligomers in the geopolymer matrix, decreasing 
mechanical properties [41]. Therefore, sample GP3 obtained 
the lowest strength values because its composition contained 
the highest share of micro-silica among all the analysed 
variants. 

Figure 13 illustrates the reasons for the decrease in the 
strength of the geopolymer after the introduction of 
microsilica. 

 

 
 

Fig. 13. Possible reasons for the decrease in geopolymer 
mechanical properties after the introduction of microsilica 
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Fig. 14. Water absorption 
 
 

Water absorption  
The results of the measurement of water absorption at the 

time are presented in Figure 14. 
The behaviour of all samples is quite similar according 

to the water absorption. The most intensive absorption is 
noted in the first 24 hours, and the weight stays at the same 
level the next. The small deviations from this stage can be 
caused by inaccuracy of the measurements. 

The final values obtained for the absorption test are 
presented in Table 10. 
 
Table 10. 
Water absorption 

Name Water absorption, % 
GP0 10.758 
GP1 9.949 
GP2 12.166 
GP3 11.990 

 
Table 10 shows that the adsorption of geopolymers 

increases, as a general tendency, with the addition of 
microsilica. However, some exceptions were noted for the 
values. In the case of 5% addition, the adsorption is lower 
than for reference samples and lower values were noted for 
15% microsilica addition compared to 10%. It is also worth 
noting that the increase in sorption usually decreases with 
increasing material density [38]. No such correlation was 
obtained in the conducted studies. The phenomena can be 
caused by some voids inside the materials caused by 
irregular distribution of microsilica, which can confirm 

some incoherences with material behaviour. According to 
the literature [42], amorphous silica particles tend to 
aggregate and agglomerate during production processes. It 
is worth noting that the differences between the tested 
materials are small, which may also be caused by a 
measurement error. 

 
Microstructure  

The SEM study allowed us to determine the appearance 
of geopolymer microstructures and determination of the 
permeable effect of microsilica on changes in the structure 
material. Some exemplary structures are presented in  
Figure 15. 

The observed structure is typical for fly ash based 
geopolymers [36,39]. In the presented figures, some 
microsilica inclusion was not retrieved in the 
geopolimerisation process (Figure 15 a-c). Also, in the 
material structure, some grain coming from undissolved 
elements of fly ash can be observed (Figure 15b). However, 
the microscope investigation does not show any significant 
discontinuity in the matrix; existing cracks were connected 
with the sample preparation process, and it is worth 
observing that most of them seem to be connected with 
cracks connected with microsilica grains. Microsilica is 
probably the weakest part of the material structure, 
confirming the mechanical properties of the research results. 
 
Thermal properties  

The results of the measurement for thermal conductivity 
are presented in Table 11.
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Fig. 15. SEM images of geopolymers: (a) GP0 in magnification 1 400×; (b) GP1 in magnification 1 800×; (c) GP2 in 
magnification 2 000×; (d) GP3 in magnification 2 000× 

 
Table 11. 
Mechanical properties for geopolymer samples 

Name Density ρ,  
g/cm3 

Thermal conductivity λ, 
W/m*K 

GP0 1.13 0.99207 
GP1 1.19 0.97513 
GP2 1.22 0.83020 
GP3 1.26 0.78797 

 
The thermal conductivity of geopolymers systematically 

decreases with an increasing percentage of microsilica, 
which means that the thermal insulation values grow. 
Notably, the measurements also have an inverse correlation 
with density measurements, which increased with the 

addition of microsilica. It is not a typical phenomenon 
because materials with a lower density are usually 
characterized by better-insulating properties [9,43,44]. 
Considering the specificity of building materials, the 
obtained thermal conductivity values are close to those of 
ceramic bricks. The results align with the other research in 
the given area [6,45]. 
 
4. Conclusions 
 

The addition of microsilica to geopolymer influenced its 
characteristics to a large degree. Mechanical durability was 
greatly reduced; with a 15% addition of microsilica, it 
dropped by over 50%. Characteristics such as thermal 
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conductivity were also lowered in contrast to density and 
sorption properties that both increased. As a result of the 
research carried out, it was established that microsilica 
additions to geo-polymers have the following influence.    
 Increasing the amount of micro silica in paste requires a 

larger amount of alkali activator to obtain the proper 
liquid of paste, which is possible to process. 

 XRD tests showed the presence of quartz, albite and 
mullite in the structure of the obtained geopolymer. They 
are typical phases present in geopolymers. 

 The addition of microsilica causes an increase in the 
density of geopolymers. 

 Strength properties significantly decrease with the 
addition of microsilica. For the 15% of microsilica 
addition, both compressive and flexural strength drops 
more than 50%. However, the obtained values still allow 
application in the building industry for materials with 5 
and 10% of microsilica additives. 

 Geopolymers with microsilica absorb more water, which 
is a disadvantage when considering their application in 
civil engineering. 

 The microstructure of the composite is typical for 
geopolymers, with visible microsilica inclusions. 

 The value of the thermal conductivity of geopolymers 
decreases with the addition of microsilica, which means 
that adding silica improves the properties of thermal 
insulation geopolymers. It is an advantage in application 
in many building products. It may contribute to reducing 
energy consumption and increasing the energy efficiency 
of buildings. 
According to the PN-EN 206+A1:2016-12 standard, 

concrete for structural applications should have a minimum 
compressive strength of 20 MPa. Therefore, adding silica in 
the amount of 15% reduces the compressive strength of the 
geopolymer to a value suggesting non-structural applications. 
Introducing microsilica in the share of 10% into the 
geopolymer matrix raises the strength to about 25 MPa while 
increasing the thermal insulation properties by approximately 
15%. It makes the composite a construction material with 
better thermal insulation, which ultimately increases the 
energy efficiency of the building. 

It is worth stressing that adding silica is not the only 
factor that influences the properties of the final geopolymer 
composition. The strong influence on the material properties 
could have many other factors, such as molarity, alkaline 
liquid/binder ratio, and sodium hydroxide/sodium silicate 
ratio. The article did not investigate the factors which focused 
on microsilica influence with other parameters unchanged. 
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