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This paper presents an experimental study at microscopic level of the interface between geopolymer coating and concrete. 
Seven varieties of prepared geopolymer-based materials (GbM) have been applied to industrially prepared concrete 
bodies. The differences in the composition of the layers as well as in the application type (dry/wet surface) can cause ion 
migration from the viscose GbM to the solid concrete and reversely from the concrete to the formatted netting of the hardened 
geopolymer. The interlayer between the geopolymer coating layers and the hardened concrete has been investigated by two 
microscopic methods: optical and scanning electronic microscope equipped with SEM/EDAX analyses. The results have 
shown that the coating layers considerably reduce calcium ion penetration into the GbM chained structures.

INTRODUCTION

 The protection of the concrete surface against ne-
gative environmental conditions has been the focus of 
many laboratories all over the world in the last years 
[1-4]. The long exposure to environmental conditions 
(NOx, SO3

2-, CO2 and Cl–) together with temperature 
changes and humidity cause slow but constant degra-
dation of concrete [5-6]. Precipitation, evaporation and 
water penetration into concrete pores attack, along with 
the gasses, the superficial calcium hydroxide (Ca(OH)2). 
In marine environment, there is also a danger of chloride 
diffusion or penetration causing concrete degradation 
[4]. The surface of concrete constructions is gradually 
damaged by fissures, cracks and sometimes even the 
breaking off of entire pieces of concrete.
 For this reason, the improvement of the concrete 
surface by layers formed by various types of geopolymers 
using clay-based materials has been searched [7-11]. 
Some experiments have been aimed at forming alkali-
activated coating from fly ash [12-14]. Surface coatings 
utilizing geopolymer-based materials (GbM) offer a new, 
quick and safe option for the repair of damaged concrete 
as verified by a previous experiment [11]. One of the 
advantages of geopolymer materials is the possibility of 
layering a fresh geopolymer material on the old and hard 
one, with both layers being perfectly joined [11, 15].
 The study discusses the interaction phases of the 
two different types of material. The concrete based on 
PC is formed by calcium silicate hydrate (C–S–H) gel, 
whereas geopolymer is formed by the 3D netting of 

aluminum and silicon ions joint by oxygen. This paper 
describes the preparation of geopolymer-based coating 
layers to be applied onto the already hardened concrete 
samples.
 The differences in the properties of the materials as 
well as the application type can cause ion migration from 
the viscous GbM to the solid concrete and reversely from 
the concrete to the formatted netting of the condensed 
and hardened state of the geopolymer. The interface 
between the coating layers of GbM and the hardened 
concrete as well as the potential migration of ions have 
been investigated by scan electron microscopy (SEM).

Geopolymer background

 Geopolymers are well-known materials formed by 
a reaction of an alumino-silicate precursor (metakaolin, 
blast-furnace slag, fly ash, etc.) with an alkaline acti-
vator based on a solution of sodium, potassium or 
calcium silicates [16, 17]. The resulting solid matter is 
an amorphous three-dimensional inorganic net compri-
sed of aluminum and silicon tetrahedrons joined by 
bridging oxygen ions [18, 19]. Since the 1970s, when 
geopolymer materials were first investigated by J. 
Davidovits [18], there has been a great boom in this 
field of science and many laboratories have focused on 
geopolymers from different viewpoints, e.g. synthesis, 
possible source materials of precursors or fillers, the 
resulting material properties, etc. [20-22]. The main 
advantage of geopolymer material is its adaptability 
to different user requirements, e.g. color, setting time, 
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porosity, structure and properties [11, 23, 24]. All of 
these qualities depend on a suitable choice of additives 
and fillers and their content. Previous works have shown 
various compositions of geopolymers and the possibility 
to modify them based on the different types of materials 
used [25, 26]. A common type of a valuable additive 
is blast-furnace slag [7-9, 11, 23, 27].  The type and 
quantity of the chosen filler are responsible for the sur-
face hardness, shrinkage and bulk changes in general. 
Moreover, the heat resistance of geopolymers makes it 
possible to increase the resistance of concrete structures 
at high temperatures. 

EXPERIMENTAL 

Sample preparation

 The geopolymer material was prepared by the follo-
wing procedure: The thermally activated clay material 
L05 (750 °C, 4 hours) was mixed with a potassium al-
kaline solution (molar rates of the geopolymer mixture: 
SiO2/Al2O3 = 2.96; K2O/Al2O3 = 0.73; H2O/K2O = 15.53) 

by an overhead stirrer (at 800 revolutions per minute) 
for 20 minutes and then, after the addition of selected 
substances (see Table 1), for another 5 minutes.
 Solid concrete samples comprised fragments of in- 
dustrially prepared window parapets (the company Lieb-
scher s.r.o., Czech Republic) made from the concrete 
M-250 (usually used for casting boards and platforms) 
and mixed with a corresponding addition of three 

fractions of sand, one of which was gravel sized. These 
samples had two different concrete surfaces – the facial 
one was smooth, prepared by extremely fine sand, while 
the opposite side contained the common distribution of 
quartz sand grains. The surfaces of concrete samples 
were slightly brushed to clean off the powder produced by 
cutting the samples to sizes acceptable under laboratory 
conditions. Each application of the GbM was performed 
in two modes: 
● on a dry surface; 
● on a surface wetted by dousing just before geopolymer 

application.
 The hardened samples were left for 14 days in closed 
plastic boxes to prevent quick water evaporation from the 
geopolymer surface and for the next 7 days uncovered 
in a laboratory (at normal temperature and pressure). 
Polished sections of the samples were prepared. They 
were observed by optic microscopy and subsequently 
studied and analyzed by SEM/EDAX methods.
 The main reason for dousing is to remove the 
powder from the surface and to eliminate fast desiccation 
of alkaline solution from the geopolymer mixture. 
The geopolymer mixtures applied to the concrete sur-
face are summarized in Table 1. In all cases, a clay-
based geopolymer was used as a matrix. The content 
of additives/fillers was selected based on previous 
experience [11, 15, 23, 26, 27] and with respect to the 
viscosity and workability of the geopolymer mixture.

Materials

 The materials employed in the experiments are men-
tioned below. The chemical compositions are shown in 
Table 2 (L.O.I. – loss on ignition).
● The clay material L05, used for geopolymer-matrix 

preparation, has been supplied by ČLUZ (Nové 
Strašecí, Czech Republic). The parameters of the 
product (the chemical composition, particle size, etc.) 
are guaranteed by the producer (a particle size of 
0 - 25 µm, d50 = 3 µm). Mineralogical composition of 
clay material is following: the majority of roentgen-
amorphous phase, quartz (SiO2), anatase (TiO2), minor 
amount of muscovite (KAl2(Si3Al)O10(OH)2) and he-
matite (Fe2O3) in traces.

● Micro-milled quartz sand (brand name: ST 2) and 
quartz sand (brand name: ST 10/40) have been supplied 
by Sklopísek Střeleč, a.s. (Střeleč, Czech Republic). 
The granularity ranges of ST 2 and ST 10/40 are 
0 - 0.090 mm (d50 = 27 µm) and 1.00 - 4.00 mm (d50 = 
= 1.99 mm), respectively.

● The blast-furnace slag originating from the 19th-century 
iron production was applied into the GbM according 
to previous work [11, 23, 26, 27]. The uniformity 
and chemical stability of the slag stored in damps 
close to the town of Kladno (Czech Republic) have 

Table 1.  Experiment summary.

 Sample Additives / fillers Content Application
 label  (%) to a dry/wet
    surface
 1                     – – dry
 1M                     – – wet 
 2 blast-furnace slag 41 dry 
 2M blast-furnace slag 41 wet 
 3 micro-milled quartz sand 75 dry 
 3M micro-milled quartz sand 75 wet
 4 shale 67 dry
 4M shale 67 wet 
 5 quartz sand 86 dry 
 5M quartz sand 86 wet 

 6
 micro-milled quartz sand  40  

dry 
  quartz sand 40 

 6M
 micro-milled quartz sand 40  

wet
  quartz sand 40 

 7
 micro-milled quartz sand  19 

dry 
  blast-furnace slag 54 

 7M
 micro-milled quartz sand  19 

wet 
  blast-furnace slag 54
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been demonstrated by previous sampling and testing  
(a particle size of 0 - 180 µm, d50 = 32 µm). The XRD 
analyses have shown the major content of gehlenite 
Ca2.(Mg0.25Al0.75).(Si1.25Al0.75O7), the minority of cal-
cite (CaCO3), merwinite (Ca3Mg(SiO4)2), ettringite 
(Ca6Al2(SO4)3(OH)12∙25H2O) and quartz (SiO2) and 
trace amounts of gypsum (CaSO4∙2H2O), vaterite 
(CaCO3), thaumasite (Ca3Si(OH)6(CO3)(SO4)∙12H2O), 
hematite (Fe2O3), and tridymite (SiO2). These results 
have clarified high L.O.I value (Table 2) caused by the 
presence of carbonates, sulfates and hydrates.

● The shale, overburden extracted during coal mining, 
originates from the Zbůch region, Czech Republic  
(a particle size of 0 - 280 µm, d50 = 13 µm). The XRD 
results have proved the presence of quartz (SiO2) as 
a major phase, magnetite (Fe2O3), cristobalite (SiO2) 
and mullite (3Al2O3∙2SiO2) as minor phases and  
a certain proportion of the roentgen-amorphous phase 
and hematite (Fe2O3).

Methods

 Non-destructive X-ray fluorescence (XRF) spect-
rometry (Spectro IQ, Kleve, Germany) was used, with 
the target material being palladium and the target angle 
from the central ray being 90°. The focal point was 
a 1 × 1 mm square, with the maximum anode dissipation 
of 50 watts and 10 cfm forced-air cooling. The instrument 
was equipped with a HOPG Barkla crystal. The tested 
samples were prepared by the pressed-pellet method: 
4.0 g of the material (a particle size of 15 - 20 µm) were 
mixed for 10 minutes with 0.9 g of a binding additive 
(HWC Hoechst wax, Germany). The pressing power was 
80 kN. All of the results were automatically recalculated 
to the oxide form.
 X-ray diffraction patterns were recorded on a Bruker 
D8 Advance X-ray diffractometer using Cu Kα radiation 
and a Lynx Exe XE detector. Recordings were made with 
an automatic divergence iris diaphragm (ADS, 10 mm) 
in the range of 4 - 80°, in steps of 0.015° and 0.8 sec 
reading time per step. The records were qualitatively 
evaluated using Diffrac EVA 2015 software, HighScore 
3.0 and PDF 2 (2002).
 Image analyses of polished cross sections were per-
formed by a Nikon Optishot 100S (Nikon) microscope 
supplemented with a ProgRes (JENOPTIK) color digital 
microscope camera and an AR system (Nikon) NIS-
element.

 The sample surface was studied by Scanning Elec-
tronic Microscopy (SEM) on a Quanta 450 scanning 
electron microscope (FEI, USA). The high-vacuum 
mode was used, and images were taken on an Everhart-
Thornley detector (ETD) in the secondary electron 
mode. On the same microscope, the X-ray microanalysis 
of chemical elements was performed with an energy 
dispersive spectrometer (EDS) with a silicon drift Si(Li) 
Apollo detector (SDD) with a FET preamplifier. The 
data acquisition was done using the EDAX TSL OIM 
software with ZAF corrections.

RESULTS AND DISCUSSION

 The hardened samples were cut with a diamond 
wheel saw, which was a preparative step before the 
polished sections were studied by an optic microscope 
followed by SEM/EDAX analyses. 
 The fast diamond wheel rotation cracked both 
sides of the materials and the GbM (layer thickness of 
3 - 4 mm) was chipped off, especially in the case of 
samples 1, 1M (pure matrix), 2 and 2M (41 wt. % blast-
furnace slag). For this reason, these samples (1, 1M,  
2 and 2M) were excluded from subsequent microscopic 
analyses. Photographs of the samples selected for further 
microscopic examination are summarized in Figure 1. In 
all images, the geopolymer coating layer is in the upper 
part of the figure and the concrete at the bottom.
 Samples 4 and 4M are brownish due to the shale 
clay used, which contains a higher amount of iron oxide 
(7.07 wt. %). The rest of the samples have a pinkish 
color, ranging from a light color for geopolymer with 
micro-milled sand (samples 3 and 3M) to a darker one 
for a matrix containing blast-furnace slag (samples 7 and 
7M). The structure of the geopolymer matrix in samples 
of 5 and 5M is dominated by quartz sand, whose size 
corresponds to the size of the sand used in the production 
of concrete. This sand is also evident in samples 6 and 
6M, where it is combined with micro-milled sand. 
The last GbM combinations applied (7 and 7M) have 
resulted from previous experience [11, 23]. The addition 
of micro-milled sand has improved the viscosity of the 
mixture. The blast-furnace slag accelerates setting and 
hardening. Moreover, it improves the surface hardening 
and resistance. For these reasons, it is often used in 
laboratories all over the world [7-9, 23]. 

Table 2.  The chemical compositions of the materials used (the main oxides in wt. %).

Material/Oxide SiO2 Al2O3 CaO MgO Fe2O3 K2O SO3 L.O.I.
L-05 50.28 41.99 0.14 < 0.02 1.03 0.59 0.21 3.65
Blast-furnace slag 22.38 8.09 37.44 3.51 2.31 1.26 7.46 14.70
Shale clay 54.69 28.63 0.59 0.62 7.07 3.72 0.73 1.60
Quartz sand ST 2 98.97 0.45 < 0.001 0.08 0.04 < 0.001 < 0.001 0.1
Quartz sand ST 10/40 98.43 0.41 < 0.001 0.09 0.04 < 0.001 < 0.001 0.1
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Figure 2.  An overview of the polished cross sections investigated (interlayers marked by arrows).

Figure 1.  Photographs of the samples.
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 All samples have a visible interlayer at the inter- 
face between the concrete and the geopolymer coating 
materials, which will be the subject of further inves-
tigation. The cutting immediately divided the samples 
into two different groups. The majority of the chosen 
combinations did not withstand the sawing of a thin 
section (3 mm) in the cases when the GbM mixture had 
been applied to a dry concrete surface. The explication is 
in the fast suction of the GbM liquid before the chained 
structure is created. The porous structure draws off the 
liquid from the GbM, which leads to the formation of 
visible hair-like fissures.
 The polished cross sections of the samples docu-
mented in Figure 1 were further examined under a digital 
microscope. The overview is presented in Figure 2. 
 The higher resolution has revealed that the inter-
layers (marked by arrows), which appeared to be com-
pact in the photos, are cracked – especially for dry-con- 
crete applications (3, 4, 5, 6 and 7). Fine cracks are 
also visible in sample 4M. However, the interlayers of 
samples 3M, 5M, 6M and 7M are compact and very 
well interconnected with both the concrete and the 
geopolymer layer.
 Detailed SEM/EDAX studies have only been per-
formed on the 3M sample, containing the standard ma-
terial (micro-milled quartz sand). The main reasons are as 
follows: (i) Quartz sand is the most widely used additive 
in the preparation of geopolymer materials, which will 
make it possible to compare the obtained results with 
the international ones; (ii) the large quartz grains in 
5M and 6M samples can misrepresent the EDAX mea-
surement results; (iii) the study of the interlayer and 
the potential migration of ions from the concrete to the 
geopolymer can be affected by calcium ions contained in 
the slag (7M). Moreover, the blast-furnace slag (Kladno, 
Central Bohemian region) and naturally burned slate 
clay (heaped coal-mining waste) may be considered as 
specific regional materials from the Czech Republic, 
which would complicate the comparison with other 
international research.   
 Figure 3 presents a concrete surface with an applied 
geopolymer/sand admixture (3M). There are two very 
different areas and a compact line of an intermediate 
layer. The upper part is the GbM with visible small sand 
grains and the bottom part is concrete. The observed 
fine cracks in the GbM are the result of fast dewatering 
(the upper right-hand corner). The most important part 
is an interlayer (area 3), discernible in the middle of 

the picture between the two materials. It is possible 
to observe the segregated (light in color) geopolymer 
matrix. All the cracks observed at the joint may have a 
mechanical cause – the cutting of very thin sections has 
slightly damaged the transition zone, but the stability 
of the joined materials is good enough to hold both 
materials together. The chemical compositions of the 
different areas selected have been determined by EDAX 
and are summarized in Table 3.
 The complete overview (1) is the average compo-
sition of the whole sample studied. Even the area (2) is 
directly connected to the lower intermediate layer (3); 
their chemical compositions are very different, espe-
cially in Al and Ca contents. The intermediate (3) is a 
layer containing calcium and its composition is similar 
to that of the concrete studied separately in the area (5). 
The calcium content is lower in the areas (2) and (4) – 
the GbM and chemical compositions of both areas are 
similar.
 The confirmation of the ions migration on the surfa-
ce could be demonstrated by the lowering ratio CaO/SiO2 
at area (5) and (3) calculated as 1.378 and 1.08, respec-
tively. However more important is the potassium ion 
migration in opposite site when ratio of K2O/SiO2 shows 
values 0.35 and 0.28 for the area (3) and concrete area 
(5), respectively. Complementing ratio Al2O3/SiO2 in 

Figure 3.  SEM analysis of the 3M sample, magnitude: 5000× 
(1 – the whole surface, 2 – gray layer, 3 – interlayer, 4 – GbM, 
5 – concrete).

Table 3.  The EDAX results of the different areas of the cross section studied.

 Area    O Al Si K Ca Na Mg
 1  30.63 10.10 31.63 12.54 15.10 0.00 0.00
 2  22.43 11.87 37.43 16.04   4.88 0.22 0.13
 3  32.43   5.90 18.59 11.67 30.79 0.34 0.29
 4  29.31 13.43 36.71 15.45   5.10 0.00 0.00
 5  33.16   5.22 16.79   8.48 35.42 0.38 0.56
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both studied areas is similar. The minimal difference 
between values of areas (3) and (5) supports the idea of 
alumino-silicate joints which are hardly movable due to 
its dimensions.
 A comparison of these results in terms of the pro-
perties of both materials reveals that even the surface 
of the concrete is solid, and the interchanges of ions are 
possible when alkali aqueous solutions are applied to 
it. On the other hand, calcium affects the bonding layer 
on the side of a geopolymer composite. A precondition 
for the formatted bonding layer is the moistening of the 
concrete body. The dousing prevents the fast dewatering 
of the GbM through the porous concrete surface and 
secondly facilitates ion interchange on the concrete-geo-
polymer boundary. It is interesting to follow the content 
of aluminum ions, which are in the areas (4) and (2) close 
to their calculated value rate to silicon (GbM matrix 
SiO2 : Al2O3 = 3.31 : 1). The real state in the area (4) is 
2.73 : 1 and the area (2) shows the molar rate of 3.15 : 1, 
but in neither of the high-calcium zones (3) and (5) does 
the aluminum content exceed 6 wt. %. 
 In the area (2), the equilibrium to the four-fold 
coordinated aluminum ion is predominantly achieved 
through potassium ions, with the minimal influence of 
calcium ions. In the high-calcium zone (3), on the other 
hand, the calcium ions are blocked. The small amount 
of calcium ions (4.88 wt. %) in the upper zone (2) is 
enough to lower considerably the effect of environmental 
influences on concrete bodies, which is confirmed by the 
analyses of the zone (4) – GbM.  
 The resulting chemical composition of transition 
zones acquired by EDAX confirms that the GbM 
practically locks the calcium ions and then prevents 
the negative environmental influences on the concrete 
surface. The coating could reduce the formation of 
CaCO3 or CaSO4 (in all modifications) from the easily 
accessible superficial Ca2+. The elimination of the effects 
of humidity and temperature changes could effectively 
stop the degradation of concrete constructions, especially 
in coastal zones. 
 The application to a wet concrete surface was 
used for the final studies confirming the importance of 
water as the transport medium for electrical balance 
between the negative charge of alumina ions in four-fold 
coordination and the positive charge of alkalis. When 
water is sucked rapidly, which is the case of a dry surface, 
the forming geopolymer layer does not adhere perfectly 
to the surface, the oscillation of the fast diamond wheel 
rotation cracks both sides of the materials, and the GbM 
(layer thickness of 3–4 mm) is chipped off. 

CONCLUSION

 This study has investigated the application of the 
coating layers of a geopolymer-based material GbM) to 
hardened concrete. GbM of seven different compositions 

has been applied to a dry or wetted concrete surface. The 
application to the dry surface has caused fast desiccation 
of the liquid phase from the GbM, which has resulted 
in lower resistance to the vibrations of the cutting saw, 
causing fissures and cracks visible under the optical 
microscope. 
 Wetting the concrete surface before the application 
has improved the formation of a compact interlayer, 
and SEM analyses have revealed chemical linkage 
between the materials discussed. It has been found 
that the application of GbM to a wet concrete surface 
considerably lowers the amount of calcium ions in the 
coating layer. As mentioned above, the “free Ca2+” ions 
in hydrated form are the most attackable components 
on the concrete surface. The GbM coating layer could 
block the incorporation of these ions into the formed 
3D net and thus protect the concrete surface. The 
results of EDAX analyzes have confirmed that there is 
no migration of calcium ions into the geopolymer layer 
but the interlayer is formed by a new matter containing 
Ca2+ and K+ ions, originating from the concrete and 
geopolymer, respectively. 
 The concept of protective coating layers is to lock 
the calcium ions and keep them away from environmental 
influences. The possibility of material layering, verified 
by previous experiments [15], offers a new way of 
repairing damaged concrete structures, where GbM will 
serve as a “protective layer”.
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