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Abstract. Concrete is a major construction material that produces high
levels of carbon dioxide in its manufacturing process. Hence the
construction sector is responsible for relevant environmental impacts. This
justifies the need to find materials as green and ecological alternatives to
common Portland cement. Geopolymers represent the most promising
alternative due to its proven durability, mechanical and thermal properties.
This study investigates the effects of solid-to-liquid and alkali activator
ratios on the synthesis of slag-based pure geopolymer and their relation to
the geopolymerization process. Two activating solutions were used: a) a
mixture of sodium hydroxide, sodium silicate, and water; and b) a mixture
of potassium hydroxide solution, potassium silicate, and water. As
precursor material, ground blast furnace slag was used. Precursors and
activators were mixed with solid-to-liquid ratios in range of 1.5 to 2.2. In
the first stage of the study, the mechanical properties were evaluated for
each activating solution. In the following stage, different formulations,
with variations in the water percentage and solid-to-liquid ratio were tested
for mechanical properties and SEM observations. Test results indicate that
the resulting geopolymer has the potential for high compressive strength
and is directly affected by the composition of the activating solution. It can
also be observed that compressive strength was affected by solid-to-liquid
ratio and % of water added to the mixture, and strength increased with
ageing day.

1 Introduction

In construction, concrete is one of the most widely used substances in the world and
requires large amounts of Portland cement, which produces large amounts of carbon
dioxide (COy). Thus, with this very significant detriment to the environment, comes the
importance of innovative and alternative ways of substituting this material [1].
Geopolymers appear as an alternative option that not only offers less risk to the
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environment, but also has good mechanical properties that make them a building material
of great need for future study and projection [2].

Geopolymer is a mixture based on polysiloxosialate, which is an aluminosilicate (Al-Si-
0), sodium, potassium and calcium (Na, K, Ca-PSS) compound and has high mechanical
strength, durability and surface hardness [3]. Geopolymers exhibit a wide variety of
properties and characteristics depending on precursor material selection and mixture
conditions [4]. Based on the composition used, it is able to acquire other properties such as
higher initial resistance [5], chemical resistance and refractoriness [6]. Although they
behave similarly to organic polymers, i.e. the ability to stabilize at low temperatures and in
a short time, geopolymers are harder, inorganic, stable and non-flammable at temperatures
up to 1250 °C [7].

Several researches have been carried out to investigate the physical properties,
mechanical properties, characterization and the durability of the geopolymers by using the
source materials such as fly ash [8, 9], slag [10, 11] and metakaolin [12, 13]. Benefits of
these materials may include long term durability [14], low shrinkage [15], adhesive
application [16], higher mechanical strength [17], high acid resistance [18-20], low thermal
conductivity [21], among others.

Regarding the effect of the alkaline activator, Duxson et. al [22] associated the
mechanical properties of geopolymer to the alkali cation (Na+ or K+) and the Si/Al molar
ratio. Activating solutions can be sodium silicate, sodium hydroxide, potassium silicate,
potassium hydroxide and other alkaline salts [23-29]. Hardjito and Rangan [30] reported
that compressive strength increased when both S/L ratio and NaSiO3/NaOH ratios
increased, thus the ratios influenced the workability of geopolymers.

This study aims to investigate the possibility of using slag-based geopolymer as an
alternative construction material. Based on the type of activating solution used and the
geopolymerization process for different formulations, the mechanical strengths in flexion
and compression and the curing conditions are assessed. The first phase of the research
investigated the macrostructure of the different mixtures, in order to select the best
formulation for the geopolymer. Following, different percentages of the activating solution
were tested, in relation to the flexural and compressive strength, shrinkage and Young
modulus, to test the silicate-to-aluminium (Si/Al) ratio on geopolymer synthesis. Duxson et.
al [31, 32] observed that the strength increased as the Si/Al molar ratio increased for
metakaolin geopolymer, from 1.15 to 1.90. In this study, for slag-based geopolymer, the
Si/Al ratio was fixed at 2.6.

To gain further insight, the microstructure was then observed by Scanning Electron
Microscopy (SEM). The results confirm that the activating solution has a significant effect
on the resulting geopolymer. It can also be observed that the different percentages of water
and solid-to-liquid ratio directly affect the compressive strength. These results make
possible to anticipate the mechanical performance levels and physical characteristics
depending on the formulation of the slag-based geopolymer to evaluate possible
applications.

2 Materials and methods

2.1 Precursor material

Ground blast furnace slag (GBFS) was used as precursor material, source of silica and
alumina, for the fabrication of geopolymers. The chemical compositions can be found in
Table 1. Blast furnace slag is produced by drying and grinding granulated blast furnace
slag. It was provided by ECOCEM from France. The degree of depolymerisation (DP) is an



MATEC Web of Conferences 322, 01039 (2020)
MATBUD’2020

https://doi.org/10.1051/matecconf/202032201039

indicator of slag activity, where a good DP ranges from 1.3 to 1.5 [33]. An important
characteristic is Dso, a typical feature used to represent the average particle size in the
production and application of powder materials. According to Lateef et. al (2016) [34] a
large surface area leads to a higher polymerization rate and a difference in the number of
voids, that can affect the durability of the geopolymer. For the slag used, DP was found
1.44 and Dsp = 11.8 pum.

Table 1. Chemical composition of precursors.
Fe203 | MgO | K20 | Na2O | SOs | TiO2 | MnO
0.6 7 - 0.6 0.1 0.5 0.3

CaO
43.2

SiO2
37.2

Al2Os3
10.5

LOI
0.7

2.2 Activating solutions

The alkaline activating solution employed in the mixtures, in its proper proportions, were
prepared by mixing an alkali hydroxide (MOH) solution with an alkali silicate (M»Si0O3)
solution, M being sodium (Na) or potassium (K). Three parameters control the molarity of
produced activator oxides, the concentration of MOH solution, M>,0/SiO» molar ratio, and
(M0 + SiO,) percentage by mass in used M»SiOs3 solution and ratio of M»SiO3/MOH by
mass. After preparing the solutions, both were kept for at least 24 hours in ambient
conditions. The chemical composition for alkali-silicate products can be observed in Table

2.
Table 2. Composition of alkali-silicate products (percentage by mass).
Oxides K:SiO3 NazSiO3
M0 28.6 8.0
SiO2 71.4 27.0
H0 - 65.0

Potassium silicate activator (K-Si) is prepared by mixing 10M potassium hydroxide

solution (KOH) and potassium silicate solution (K»SiO3), with 2 K»SiO3/KOH mass ratio.
Sodium silicate activator (Na-Si) was prepared by mixing 10M sodium hydroxide solution
(NaOH) and sodium silicate (NaSiOs) solution, with 2 Na,SiO3;/NaOH mass ratio, as
described in 35. The produced Na-silicate activator contained 66.7% water with 0.7
Na,O/SiO; molar ratio. K-silicate activator contained 53.5% water with 0.76 K,O/SiO,
molar ratio. These are user-friendly activator solutions, with M>O/Si0, molar ratio less than
0.78 36.
KOH and NaOH were purchased from ALFA-AESAR in the form of pellets, white
coloured with 85% and 98% purity, respectively. Potassium silicate (K;SiO3) was
purchased from Fisher Scientific in the form of white powder, with 2.5 SiO»/K>O mass
ratio. Sodium silicate (Na,SiO3) was purchased from VWR in soluble form, of pH between
11-11.5 and density 1.35 g/cm at 20°C.

2.3 Casting and curing

Geopolymerisation process can be described as chemical reactions between
aluminosilicates with soluble silicates under high alkalinity, which yield Si—-O-Al-O bonds.
As described earlier, the first stage of the study was to investigate the effect of the
activating solution type in the geopolymerization process. As the first step, the test matrix
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contained four different sets of replicates, as show in Table 3. The water percentage (H,O
summed with water in the activating solution) was tested empirically, following
recommendations from different researches, to obtain desired workability. Solid-to-liquid
ratio ranged from 2.0 to 2.2, as done by 35.

Table 3. Different set of test mixtures.

Mixture Na-Si  |K-Si Grs  |HRO | Solia/
(kg/m®) | (kg/m®) | (kg/m?) | (ke/m) Liquid
GBFS_Na-Si_2.2 |338.5 - 1,432.3 260.4 23.7 22
GBFS_NaOH_2.0 |335.3 - 1,458.3 208.3 21.3 2.0
GBFS_KOH_2.0 |- 335.3 1,458.3 208.3 10.4 2.0
GBFS_K-Si_2.2 |- 338.5 1,432.3 260.4 12.8 22

The precursor material was mixed for three minutes in order to have a more
homogeneous mixture. Following, the activating solution mixed with the water was added
to the dry mixture and blended for three minutes more. The samples were cured at 20 °C
and 50% humidity, sealed with a plastic film. Three prismatic specimens of 40 x 40 x 160
mm were fabricated for testing for each activating solution, in the desired age, according to
EN 196-1. First, the 3-point-bending test was performed, and with each half prism,
compression strength was measured to verify the feasibility for the following stages with
early age mechanical tests.

The second phase consisted of investigating the effects of variations of water percentage
and solid-to-liquid ratios. Si0»/Al,SOs3 ratio was fixed at 2.6, Na,O/A1,SOs3 ratio at 0.8 and
H>O/ Na,O ratio was kept between 9.2 and 9.7. Three specimens of each type of
formulation proposed, presented in Table 4, were casted following standard 40x40x160 mm
dimensions, to test for compression and flexural strength at 7, 14, 28, 90 and 120 days. The
same mixture procedure explained was followed for this stage. The effect of the different
parameters is discussed in the next section, along with the results of the essays.

Table 4. Mixtures for second phase.

Mixture Na-Si K-Si GBFS H0 s % water | SO/
(kgm’) | kgmd) | (kgmd) | kemr) Liquid
GBFS_Na-Si_2.2 |338.5 - 1,432.3 260.4 23.7 22
GBFS_Na-Si_2.0 |335.3 - 1,458.3 208.3 21.3 2.0
GBFS_Na-Si_1.5 |488.3 - 1,464.8 244.1 25.6 L5

3 Results and discussion

3.1 Effect of activating solution type on mechanical properties

To investigate the effect of the type of activating solution, specimens were fabricated with
NaOH, KOH, Na-Si and K-Si activators, following the same mixture procedure described
earlier. The results for compressive strength can be observed in Figure 1 and the results for
flexural strength in Figure 2.
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Fig. 1. Maximum stress for compressive strength (MPa) results for different activating solutions.
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Fig. 2. Maximum stress (MPa) for flexural strength results for different activating solutions.

The effect of different activating solutions types is apparent by comparing one day
results. It can be observed that for one day, the mixture with Na-Si activating solution had
results for compressive strength 86.5% higher than the mixture with K-Si activating
solution, 31.1% higher than the KOH solution and 37.5% higher than the NaOH solution.
As for flexural strength results, it can be observed for one day curing a difference of 82.2%
between the two types of silica activating solution. Comparing Na-Si with KOH, the
reduction was 1.9% for flexural strength, and comparing with NaOH, 54.4%.

When analyzing 7 days compressive strength results, the difference between the two
silica activating solutions is much lower, reaching 30.1%. When comparing results for
KOH and NaOH with Na-Si, a reduction of 17.0% and 26.6% can be observed,
respectively. As for the flexural strength essays, the difference is 61.8% for the silica
activating solutions. And comparing KOH and NaOH with Na-Si, the reduction presented
is 10.4% and 30.3%.

The results between one and seven days for the Na-Si solution had a variation of 9.2%,
while for K-Si it was 82.4%, for KOH 24.7% and 22.7% for NaOH. Therefore, it can be
deduced that the geopolymerization of the K-Si mixture is slower than when using the other
solutions proposed in this study. By analyzing the results on the effect of activating
solution, Na-Si solution was chosen to study different formulations, due to its higher
mechanical properties and faster geopolymerization process.

https://doi.org/10.1051/matecconf/202032201039
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According Duxson et. al 22, the compressive strengths of potassium-based geopolymer
are usually higher than sodium-based geopolymer, contrary to this study. Therefore, it can
be deduced that different sources of GBFS have an impact on the compressive strength and
geopolymerization process.

3.2 Effect of different formulations

3.2.1 Mechanical properties

For the evaluation of mechanical properties, new mixtures for three different formulations
were tried, following suggestions from Al-Majidi et. al (2016) 37. According to the results
on the previous section, Na-Si solution was chosen to evaluate the effect of the different
formulations. The new formulations had solid-to-liquid ratios of 1.5, 2.0 and 2.2, obtained
by dividing the total of precursor material, in mass, by the sum of water and activating
solution. The formulations used were presented in Table 4. Three specimens of each
formulation were tested for compressive strength and flexural strength at 7, 14, 28 and 90
days. Results can be observed in Figure 3 and Figure 4, respectively.

Compressive strength

Mau. Stress (MPa)
\
\

Fig. 3. Maximum stress for compressive strength results for different formulations at 7, 14, 28 and 90
days.

Flexural strength
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¥ 28 90
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Slag Nasi 2.2 . 86 1 83 844
=8="5lag Nas 12 ( D48

Fig. 4. Maximum stress for flexural strength results for different formulations at 7, 14, 28 and 90
days.
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It is important to notice that the percentages of precursor where around 70% for each
formulation, the variations where restrained to water and activating solution. The
comparison shows that the compressive strength and flexural strength is 9% lower when
comparing the solution 2.2 (S/L) with the 2.0 (S/L). This is attributed to the higher volume
of solids in the formulation, which increased the number of voids in the sample. Therefore,
it can be deduced that the higher S/L ratio not only affects the reaction between activating
solution and precursor, which may reduce the compressive strength, but it can also affect
the durability 38 due to high apparent voids.

The comparison between the solution 1.5 (S/L) and solution 2.0 (S/L) shows and
reduction of 65% in the compressive strength and 86% in the flexural strength. A more
fragile material can be caused because of a lower polymerization rate. It can be deduced
that, at 7 days, not all the GBFS had been activated. This will be showed by the SEM
observations on the next section. Kamalloo et. al 38 also observed that increasing HO/M>O
ratios, corresponding to increasing the amount of water, lowers mechanical performance.

For investigating the physical properties, three rectangular specimens with dimensions
40x40x160 mm were casted of each of the formulations presented in Table 4, according to
the procedures explained in the materials section above. The variation in length of the
specimen was measured for 28 days to determine the shrinkage for ambient temperature
curing. The mass and elastic properties were also measured for 28 days to observe the
stabilization of their value. The results for these measurements after 28 days can be

observed in Table 5.
Table 5. Physical properties for geopolymer samples.
H0 Length Mass | Density p Young Dynamic Poisson
S/L 3 s Modulus Modulus .
(kg/m°) (cm) (g (g/cm?) (MPa) (MPa) ratio
22 2604  |1599 49845 |[1.95 18.95 7.87 0.20
20 [2083 11595 393.12 | 1.54 6.00 2.86 0.10
1.5 |244.1 15.98 52041 |2.04 15.92 6.41 0.23

The differences obtained in the Poisson ratio are due to the difference of elasticity
between the different formulations. A higher Young modulus means a material requires
higher stress to stretch a material the same distance as a material with a lower Young
modulus 39. According to the volume of water added to the mixture, workability properties
of the materials can vary 40, observed in density and elastic properties functions of the
mixtures tested. According to Autef et. al, 41, the rate of trapped water on the geopolymer
network can reduce mechanical properties due to higher porosity.

3.2.2 Scanning Electron Microscopy (SEM) observations

The Scanning Electron Microscopy (SEM) observations were conducted to observe the
microstructure and geopolymerization process of the three formulations subjected to 7 days
compressive strength essay for investigating the effect of different formulations, reported in
section 3.2.2.

The SEM images can be observed in Figure 5 and Figure 6, along with the respective
EDS results for the 1.5 (S/L) formulation. By analyzing the EDS results and the
composition for each point studied, the blast furnace slag, which has not yet reacted, can be
observed in Figure 5, with major concentrations of Calcium (Ca), Silicon (Si) and
Aluminum (Al). Figure 6 presents the activating solution Na-Si, with higher concentrations
of Sodium (Na) and Silicon (Si) showed by the EDS. Thus, the GBFS has not been yet
activated by the Na-Si solution after 7 days, as reported in the previous section.

7
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Fig. 5. SEM observation for early stage geopolymerization - formulation 1,5 (S/L) (blast furnace
slag).
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Fig. 6. SEM observation for early stage geopolymerization - formulation 1,5 (S/L) (activating
solution Na-Si).

As concluded by Gruskovnjak et. al 42, Wang et. al 43 and van Deventer et. al 14,
alkali activated GBFS produces calcium silicate hydrate (CSH), hydrotalcite
(MgsALL,CO3(OH)16.4H,0), calcite (CaCOs3) and AFm ettringite of general formula

8



MATEC Web of Conferences 322, 01039 (2020) https://doi.org/10.1051/matecconf/202032201039
MATBUD’2020

[Cas.(Al,Fe)(OH)6)].X.nH>O (X being a singly charged anion). In Figure 7 the point
selected presents a high concentration of Calcium (Ca), Silicon (Si), Aluminum (Al),
Carbon (C), Magnesium (Mg) and Sulfur (S). According to the products observed by the
EDS, it can be deduced that the point evaluated corresponds to alkali activated GBFS.
Thus, for the same age, the geopolymerization of the formulation 2.0 has a better
geopolymerization process than the formulation 1.5.

cps/eV

2.0

1.8

1.6

1.4

1.2

=
WD=160mm  Grand.= 901X

1.0

0.8

0.6

0.4

0.2

0.0 L e A

0 1 2 3 5 6
keV

Fig. 7. SEM observation for early stage geopolymerization — formulation 2.0 (S/L).

In Figure 8 the mixture 2.2 (S/L) is presented, and the same pattern of products is
observed, but with a higher concentration of Calcium (Ca). Also in Figure 8 the voids can
be observed as part of the curing process and the elevated portion of GBFS not reacted can
support the conclusion of the previous section that higher S/L ratio affects the reaction
between activating solution and precursor and the durability due to high apparent
voids
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Fig. 8. SEM observation for early stage geopolymerization — formulation 2.2 (S/L).

4 Concluding remarks

The experimental studies performed aimed to study the effect of activating solution and
different formulations on the geopolymerization process for GBFS alkali-activated
geopolymers. For this purpose, different activating solutions were tested for compressive
strength in one and seven days. Analyzing the results for the effect of activation solution
type, it was concluded that the solution that presented the best geopolymerization process
was Na-Si. A compressive strength of 71.492 kN was reached after 7 days, at least 17%
higher than the other activating solutions studied. The second stage of this research was to
analyze the effect of the different formulations on the geopolymerization process. As the
activating solution that had the best results in the first stage, Na-Si activating solution was
used on this stage, with variations on % of water and solid-to-liquid ratios. There are direct
relationships between the parameters evaluated, durability and the geopolymerization
process, observed on the mechanical, physical. The formulation that presented the best
compressive strength results had an S/L ratio of 2.0, reaching 84.882 kN. Finally, the
microscopic structure of the different formulations was studied to relate with the
compressive strength results.

The authors acknowledge the Brazilian institutions CAPES (Coordenacdo de Aperfeicoamento de
pessoal de nivel superior - Coordination of Improvement of senior staff), CNPq (Conselho Nacional
de Desenvolvimento Cientifico e Tecnol6gico - National Council for Scientific and Technological
Development) and Institut de Recherche en Génie Civil et Mécanique — Research Institute on Civil
and Mechanical Engineering for the financial support and their support in conducting experiments.
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