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This article summarizes the results from the fire resistance test of geopolymer suspensions in the form 
of coatings on non-metallic substrates. Their heat resistance was evaluated based on the burn-through 
time compared to the uncoated substrate. Non-metallic substrate materials, extruded polystyrene (XPS) 
and chipboard (DTD) were chosen as the underlying substrates for GP suspension research. Parameters 
from the fire resistance test as fire test duration of geopolymer coatings and percentage increase in burn 
time of geopolymer coatings on an XPS and DTD substrates compared to an uncoated substrate were 
evaluated. One of the discussed point was also the addition of CaCO3 and Al(OH)3 for studding flame 
retardancy effect. 
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 Introduction 

Fire-resistant coatings are one of the solutions to 
protect materials structures from a fire. The loss of me-
chanical properties during a fire can cause catastrophic 
consequences [1, 2]. At present, fire events that are 
caused by the ignition or explosion of hydrocarbon 
based fuels in the built environment are common. 
These events induce a rapid rise in temperature from 
the flashover state to more than 1100 °C within a few 
minutes [3]. This can be helped by geopolymer coatings 
based on alkaline silicates, which create a protective bar-
rier and thus increase the protective time for building 
evacuations [4]. The great potential of geopolymer as 
fire-resistant and thermal insulators captures the in-
creased researcher’s interest. Geopolymers can be ap-
plied in constructions, automotive industry as bulk ma-
terial, and as coatings. The chemical composition of the 
designed geopolymers depends on the desired applica-
tion [5]. Geopolymer coatings can be applied to various 
surfaces, such as wood, polymers, metals or concrete 
[6-9]. Their main advantages of using alkaline silicate 
coatings as passive fire protection are less environmen-
tal concerns, resistance to microorganisms and UV ra-
diation. Geopolymer based coatings have inherently 
better fire resistance compared to Portland cement and 
organic polymer-based systems. The fire resistance of 
cement coatings is controlled by a number of factors. 
Geopolymer coatings are essentially inorganic based 
and are considered non-flammable and do not emit any 
toxic fumes when exposed to fire [10]. To ensure the 
good structural performance of geopolymers subject to 
high-temperature heating, geopolymer must perform 

well at micro-scale (i.e., the stability of chemical struc-
ture), at meso-scale (i.e., resistance to deformation) and 
macro-scale (i.e., strength endurance and spalling re-
sistance) [11]. Other publications state that physical ex-
aminations of the degree of cracking, spalling, brittle-
ness, and loss of strength of geopolymers upon expo-
sure to high temperatures and during fires provide an 
indicator of their resilience to such conditions [12]. 
Compared to Portland cement-based coatings, geopol-
ymers retain a significant level of structural stability af-
ter fire exposure and show little spalling, which is at-
tributed to an interconnected pore system that allows 
the easy passage of volatiles, mainly water, through the 
geopolymer structure when a temperature gradient is 
applied [10]. These coatings can be used both outdoors 
and indoors, but due to their sensitivity to carbon diox-
ide and moisture, indoor applications are more com-
mon [7]. When heated, silicate coatings swell due to the 
release of water vapor and form a porous layer that can 
prevent the spread of fire [10]. As a very interesting part 
of the fire resistance geopolymer suspensions research 
is the creating mixtures of geopolymer suspensions 
with CaCO3 and Al(OH)3 solutions as an active compo-
nent for flame retardancy. Al(OH)3 is more expensive 
than CaCO3, but due to its good workability Al(OH)3 
finds more applications e.g. additive to plastic rubber in 
wire, cable, insulators, copper clad laminate, or acrylic 
boards [13]. 

 Materials and methods 

The fire resistance of geopolymer suspensions for 
non-metallic substrates was analyzed on extruded poly-
styrene (XPS) and  chipboard  (DTD)  substrates.  The 
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test was carried out using a propane-butane burner, 
where the inlet pressure was appropriately chosen to 
achieve the ideal burner performance according to the 
used underlying substrate. The flame was directed per-
pendicular to the substrate to the center of the sample. 
The mouth of the burner was placed at a certain con-
stant distance from the surface of the substrate. After 
igniting and placing the sample in the rack, the time it 
took for the sample to burn completely and for the 
flame to penetrate through the sample was measured. 
Due to the different properties of the underlying sub-
strates, different input conditions were chosen for the 
ideal test procedure. For both analyzes (XPS and 
DTD substrate), the same burner with a diameter of 
14 mm and a maximum power of 1.7 kW was kept. 
The initial conditions that affect the course of the test 
depending on the selected underlying substrate were 
changed by changing the distance of the burner from 
the surface of the substrate and by changing the gas 
inlet pressure. 

 XPS underlying substrate 

Extruded polystyrene FIBRAN XPS ETICS GF-I 
(EN 13164) [14] with a thickness of 50 mm was cho-
sen for the fire resistance analyses. FIBRAN XPS 
ETICS GF-I is a thermal insulation board made of ex-
truded polystyrene with a roughened surface (waffle) 
for good application of mortar and adhesives. The 
board has straight edges. Thermal insulation provides 
perfect protection in humid environments and under 
higher mechanical loads. Mainly used as protection of 
exterior walls, insulation of facade plinths, window 
and door sashes, corners or as interior thermal insula-
tion of wall surfaces. 

 DTD underlying substrate 

Raw chipboard (DTD) with a thickness of 10 mm 
comply with the ČSN EN 312 (P2) [15]. DTD sub-
strate was chosen as another non-metallic underlying 
substrate for fire resistance analyses. Raw chipboards 
are non-load-bearing boards designed for use in dry 
interior conditions with high dimensional and shape 
stability. They show a low degree of swelling in thick-
ness and are easy to work with common woodworking 
tools. The surface is smooth, suitable for further sur-
face treatment (lamination, veneering, etc.) The same 
degree of strength in all directions. The boards are 
pressed from the wood material of coniferous and de-
ciduous trees, which are connected with a high-quality 

and harmless to health urea-formaldehyde resin. They 
are natural boards, where the fine drawing of wood 
chips is visible. The wood chips are thermally pressed 
and the chips are stored in three layers in all directions. 
Chipboards are only used in dry areas (indoors). The 
chipboard is sanded and has a low amount of releasa-
ble formaldehyde (E1). 

 Geopolymer suspensions 

Two types of geopolymers (GP) suspensions were 
selected for the non-metallic underlying substrates. 
Due to the nature and use of this material, the research 
on the non-metallic substrate will be focused on the 
fire protection of polystyrene and chipboard using GP 
suspensions. Geopolymers B and E have the same 
basic composition, as do geopolymers C and F. Sus-
pensions E and F also contain CaCO3 and Al(OH)3 as 
an active component for flame retardancy shown in 
the table 1. Thus, B and C serve as comparative sam-
ples to compare the flame retardancy effects of the ac-
tive ingredients. Furthermore, by mixing suspensions 
E and F in a 1:1 weight ratio, suspension E+F was 
created to verify the functionality of the suspension, 
which contains both active components, where one 
component is activated at a temperature above 200 °C 
and the other is activated at a temperature above 
700 °C. 

Tab. 1 GP suspensions for non-metallic underlying substrates 
Designation GP 

suspension 
Active folder 

B - 

C - 

E CaCO3 

F Al(OH)3 

E+F (1:1) CaCO3 + Al(OH)3 

 Results 

 Fire test of XPS substrate 

Since the XPS material is very flammable and its 
burning occurs after only a few seconds, a larger dis-
tance of the burner from the surface was chosen and 
at the same time the inlet pressure was reduced, to re-
duce the burner performance and flame temperature. 

Tab. 2 The following input conditions were chosen for the fire analysis of geopolymer coatings on the underlying XPS substrate. 

Substrate XPS 

Burner diameter, mm 14 

Propane butane inlet pressure, bar 1.5 

Distance of the burner from the substrate, mm 100 
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Fig. 1 XPS (R) underlying substrate at the 5th second of the 
test and at the time of burnout 

 

Fig. 2 GP substance B at the 5th second of the test and at 
the time of burnout on XPS substrate 

 

Fig. 3 GP substance C at the 5th second of the test and at 
the time of burnout on XPS substrate 

From the course of the individual tests, the course 
of the burning and the extent of damage can be seen 
for the XPS substrate without coating and individual 
GP coatings. In the case of a substrate without a coat-
ing, there is an almost immediate ignition both in the 
volume and, above all, in the area where the flame of 
the torch falls and a large destruction of the sample 
occurs. For samples with GP coatings, a small circular 

area of the GP coating always collapses after a certain 
time, where the flame falls, and only then does the fire 
spread in the volume of the sample. However, there is 
no spread of fire over the surface of the substrate and 
the extent of damage is always lower for samples with 
GP coatings. 

 

Fig. 4 GP substance E at the 5th second of the test and at 
the time of burnout on XPS substrate 

 

Fig. 5 GP substance F at the 5th second of the test and at 
the time of burnout on XPS substrate 

 

Fig. 6 GP substance E+F at the 5th second of the test and 
at the time of burnout on XPS substrate
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Tab. 3 Fire test duration of GP coatings (burn-through) on XPS substrate and percentage increase compared to uncoated substrate (R) 

Substrate 
XPS 

Designation of geopolymer suspension  

n R B C E F E+F units 

1 12.6 13.5 13.2 19.0 14.7 15.8 s 

2 13.0 14.1 13.0 17.3 16.6 14.9 s 

3 11.4 14.3 14.2 15.7 15.6 15.1 s 

 

Time average 12.3 14.0 13.5 17.3 15.6 15.3 s 

Standard deviation 0.7 0.3 0.5 1.3 0.8 0.4 s 

Percentage increase 0 13 9 41 27 24 % 

 

Graph 1 Fire test duration of GP coatings (burn-through) on 
XPS substrate and uncoated substrate (R) 

 

Graph 2 Percentage increase in burn time of GP coatings on 
an XPS substrate compared to an uncoated substrate 
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The fire test duration graphs show the times when 
the XPS substrate will burn out and the percentage in-
crease in burn time compared to the uncoated sub-
strate. The sample without GP coating burned in 12.3 
s. Higher fire resistance was achieved by suspensions 
B (14.0 s) and C (13.5 s) without active ingredient, an 
increase of 13 and 9%, i.e. very similar results. The 
best result was achieved by suspension E (17.3 s) with 
the active component CaCO3 (activation above 700 
°C), and that is an increase in burn-in time by 41%. 
This was followed by suspension F (15.6 s) with the 
active component Al(OH)3 (activation above 200 °C) 
with an increase in burn-in time by 27%. By mixing 
suspensions E and F, an improvement of 24% (15.3 s) 
was achieved. It is evident from the results that in the 
case of XPS coatings, the most appropriate use is GP 
suspension with CaCO3 admixture. The suspension 

with Al(OH)3 admixture also achieved an improve-
ment in fire resistance, but to a lesser extent. The pro-
gress of the test is recorded in the images below. Due 
to the great damage to the XPS substrate after burnout 
and the continuation of burning after the end of the 
test, I recorded the progress of the test every 5 sec-
onds from the start of the test (first image) and the 
moment when burnout occurred (2nd image). 

 Fire test of DTD substrate 

DTD material is not as flammable as XPS and 
burn-through occurs only after a few minutes. In this 
case, the power of the burner was increased by in-
creasing the gas inlet pressure and at the same time the 
distance of the burner from the surface of the sub-
strate was reduced. 

Tab. 4 The following input conditions were chosen for the fire analysis of geopolymer coatings on the DTD underlying substrate. 
Substrate DTD 

Burner diameter, mm 14 
Propane butane inlet pressure, bar 2.0 

Distance of the burner from the substrate, mm 60 

 

Fig. 7 Details of DTD substrate in the burn trough moment of samples a) DTD without GP coating, b) DTD with coating of 
GP substance B, c) DTD with coating of GP substance C, d) DTD with coating of GP substance E, e) DTD with coating of GP 

substance F, f) DTD with coating of GP substance E+F 
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From the course of the individual tests, the course 
of burning and the extent of damage can be seen for 
the uncoated DTD substrate and individual GP coat-
ings. On the uncoated substrate, visible surface dam-
age occurs over a larger area than on samples with GP 
coatings that protect the surrounding surface. Here 
too, similarly to the XPS substrate, the circular surface 
of the GP coating is first destroyed, where the flame 

falls, and then the flame penetrates the substrate. The 
circular area after burning through the flame is always 
smaller for the substrate with GP coatings, and espe-
cially in the area on the surface of the sample that is 
protected by the GP coating, there will be lower dam-
age caused by the flame and the prevention of fire 
spread on the surface. The total damage to the sample 
with GP coatings is thus always lower.

Tab. 5 Fire test duration of GP coatings (burn-through) on DTD substrate and percentage increase compared to uncoated substrate (R) 
Substrate 

DTD 
Designation of geopolymer suspension  

n R B C E F E+F units 

1 311 356 356 402 359 323 with 

2 318 348 341 400 349 320 with 

3 305 346 346 391 357 322 with 

 

Time average 311 350 348 398 355 322 with 

Standard deviation 5 4 6 5 4 1 with 

Percentage increase 0 12 12 28 14 3 % 

 

Graph 3 Fire test duration of GP coatings (burn-through) on 
DTD substrate and uncoated substrate (R) 

 

Graph 4 Percentage increase in burn time of GP coatings on 
DTD substrate compared to uncoated substrate 
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The fire test duration graphs show the times when 
the DTD substrate will burn through and the percent-
age increase in burn time compared to the uncoated 
substrate. The trend of increasing the fire resistance of 
GP suspensions on the DTD substrate almost copies 
the trend observed on the XPS substrate. The sample 
without GP coating burned out in 311 s. Suspensions 
B and C show an identical increase in burn-out time, 
an improvement of 12% (350 and 348 s). The best fire 
protection was again achieved by suspension E (398 s) 
with CaCO3 with an increase of 28%. Suspension F 
with Al(OH)3 also achieved an increase in burn-in 
time (355 s), i.e. an increase of 14%, but the increase 
is not as striking compared to the basic suspension C 
without active ingredient, as in the case of the XPS 
substrate. The lowest increase in burn-in time was 
achieved by the E+F suspension mixture (322 s), an 
improvement of only 3%. This result does not corre-
late with the result obtained with the XPS substrate 
and more thorough testing of this mixture would be 
required. Here, too, it is evident from the results that 
the most suitable admixture of GP suspensions for 
fire-fighting purposes is CaCO3, followed by the ad-
mixture Al(OH)3, which is also apparently suitable for 
protection at lower temperatures (apparently the layer 
will be quickly destroyed by high temperatures and the 
protective function will be lost). The progress of the 
test is recorded in the images below. The progress of 
the test was recorded at the 2nd minute (1st picture), 
4th minute (2nd picture) and at the moment of burn-
out (3rd picture). Furthermore, an image of the 
burned-out sample after the end of the test to com-
pare the damage (4th image). 

 Conclusions 

Used geopolymer suspensions is covered by the 
patent [16]. Thys suspensions is usable for insoluble 
heat and corrosion resistant coatings. Our previous re-
search also shown that the selected geopolymer sus-
pensions adhesion was at a very high level [17]. The 
fire resistance of geopolymer suspensions for non-me-
tallic substrates was analyzed on XPS and DTD sub-
strates. The resistance of substrates without coatings 
and with coatings with the active component CaCO3 
(activation above 700 °C) and Al(OH)3 (activation 
above 200 °C) was investigated. The results show that 
geopolymer coatings with an active component signif-
icantly protect the underlying substrate against burn-
out. Suspension E with the active component CaCO3 
achieved the best result on the underlying XPS sub-
strate, where the burnout time increased by 41%. Sus-
pension F with the active ingredient Al(OH)3 showed 
an increase of burnout time by 27%. The trend of in-
creasing the fire resistance of GP suspensions on the 
DTD substrate almost copies the trend observed for 
the XPS substrate. The best fire protection was again 

achieved by suspension E with CaCO3, with an in-
crease in burnout time by 28%. Suspension F with 
Al(OH)3 achieved an increase in burnout time by 14%, 
but the increase is not as significant compared to basic 
suspension C without active ingredient. 
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