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Abstract
The impedance spectroscopy technique has been used to study the microstructure of the binder resulting from the alkaline
activation of SiMn slag. Two alkaline activators were used: waterglass and NaOH. Three different concentrations were
analysed for both activators: 3.0, 3.5 and 4.0% Na2O for NaOH; and 4.0, 4.5 and 5.0% Na2O for waterglass with a constant
SiO2/Na2O ratio of 1.0. The time evolution of the microstructure has been followed up using the non-destructive technique
of impedance spectroscopy. This technique has been proved to be effective describing the microstructural changes in alkali
activated pastes, and also can help predicting the mechanical behavior of mortars. The use of the resistivity itself seems to be
deficient, but the analysis of the electrical parameters calculated from the impedance spectra measured gives a complete idea
of the evolution in the material.
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1 Introduction

It is a fact well known that the microstructure of materials
in general, including cement based materials, is related to
the service properties of the material [1, 2]. The understand-
ing of the microstructure is essential to be able to modify
the properties of the materials and select the most accurate
cement or concrete for each use and environmental condi-
tion [3]. Cement based materials have a porous structure,
that is mainly characterized by different techniques, such
as mercury porosimetry, nitrogen absorption, water absorp-
tion and differential calorimetry [4]. All of these classical
techniques are destructive and local. It means that a small
sample of cement-based material is tested, and that sample
must be discarded. Impedance spectroscopy has been proved
to be an efficient non-destructive technique for following the
development of the microstructure of porous materials such
as the cement-based ones. It was initially used in the 1990s
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[5–7], but the results in the dielectric constant measuredwere
not satisfactory. This fact was solved using the differential
impedance analysis by Stoynov [8]. This tool showed the
presence of two time constants in the high frequency arc,
as it had been stated by some authors [9] without using the
tool. The use of this technique allowed to understand the rela-
tion among electrical parameters from the equivalent circuit
and elements of the microstructure for Portland cement [10],
cements with additions [11–14], changes on the microstruc-
ture due to mechanical loading [15], cracking during service
[16], chloridemigration [17] or high temperatures [18, 19]. In
the last years the technique has also been used on alkali acti-
vatedmaterials. One of the first attempts tried to calculate the
dielectric properties measuring in the frequency range from
1.0 MHz to 1.0 GHz, and studying the influence of the liq-
uid content in the samples [20], but the aim of the work was
not the characterization of the microstructure of the mate-
rial. The same application of the impedance spectroscopy
can be found in the study by Hanjitsuwan et al. [21]. Some
other authors have used the electrochemical impedance spec-
troscopy to study the corrosion of reinforcements in alkali
activatedmaterials [22–25].Other authors haveused the tech-
nique in materials that include carbon additions [26, 27], and
even it has been used for the following of mechanical load-
ing and damage sensing [28]. After an exhaustive search in
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the literature, only one recent paper has been found about
the use of impedance spectroscopy to study the evolution of
the microstructure of alkali activated slag [29]. This paper
studies up to 28 days of age the evolution of the electrical
parameters in the range from 40 Hz to 35 MHz. The equiva-
lent circuit used for the fitting is very similar to one proposed
previously, that will be used in this work as well [10]. In the
paper by Hu [29] there is also a very interesting study of the
concentrations of different ions in the interstitial solution,
and the evolution of these concentrations with time, and a
deep study of the evolution of the resistances and charac-
teristic frequencies of the impedance spectra, showing the
capacity of the technique for following the evolution of the
microstructure of alkali activated slags.

In this paper the development of the microstructure of an
alkali-activatedmaterial has been studied.Theprecursor used
is SiMg slag and two different activating dissolutions have
been used, sodium hydroxide and waterglass. For this partic-
ular system some previous researches have been conducted
in which the optimization of the mixtures was done [30],
the mechanical properties of mortars using different types of
fine aggregate were tested [31], and the microsctructure was
studied using different classical destructive techniques (X-
ray diffraction, thermogravimetry, and SEM [32]. The results
obtained with these techniques do not allow to predict the
mechanical behavior of the material presented in [31]. In the
present research impedance spectroscopy has been used as
the main technique for the study of the microstructure of the
different alkali-activatedmaterials. Since the techniquemon-
itors the bulk material (covers a big portion of the material),
and non-destructive, the time of study has been extended up
to 6 months from the preparation of the samples, so the evo-
lution of microstructure is better analyzed in comparison to
destructive techniques. Mercury porosimetry has been used
as a contrast technique. In the present research, the activated
material (ground granulated SiMn slag) is different to the
slag studied in [29], where a blast furnace slag was used. The
capacitances, which have been proved very important for the
study of the microstructure of porous materials [18, 33, 34],
are included in this paper as well, for a better understanding
of the evolution of the microstructure of these materials, as
a function of the activator, and sodium oxide content.

In the recently published paper [32] no significant differ-
ences were found among the use of any of the two activators,
but the mechanical resistance reported in [31] showed higher
resistancewith time, and also as the%Na2O increased. It was
also proven that the best results for the compressive and flex-
ural strength were obtained with waterglass as activator. So
the origin of the different behavior due to the sodium oxide
content and activator selected cannot be justified with the
techniques used in [32], even though a good microstructural
characterization was done. In this paper mercury intrusion
porosimetry (MIP) and impedance spectroscopy have been

used to complete the characterization of the microstructure.
MIP shows some behaviors, like increasing tendencies with
time for some cases (especially with waterglass as activator),
while the compressive strength always increases. The use
of impedance spectroscopy has two main advantages: first
one is the big advantage of being non-destructive, fact that
allows a continuous following of the same specimens. The
second one is that it gives a global measurement of the mate-
rial, since the measured area is a circle of 10 cm diameter,
including all that volume of material in the measurement.
As the results of this paper show, it can be used to predict
the mechanical properties of the alkali activated slag. The
values of the resistance show a continuous increasing ten-
dency, even though the porosity decreases, and that is due to
the continuous formation of solid products. The formation of
solids is confirmed by the tendency found for the capacitance
C2. In addition to that result, the evolution of the electrical
parameters has allowed the authors to propose a mechanism
of development of the solid structure, that is coincident with
a mechanism proposed for other alkali -activated materials.

2 Experimental

2.1 RawMaterials

A Spanish SiMn granulated slag supplied by Ferroatlán-
tica plant placed at Boo-de-Guarnizo (Cantabria, Spain) was
used. SiMn slag has a vitreous content of 96.0 ± 1.5% [30].

The determination of reactive silica (33.80%) and insolu-
ble residue (3.35%) of the SiMn slag was made according to
standards UNE 80225-2012 and UNE-EN 196-2-2014 [35,
36]. The original SiMn granulated slag was ground prior to
use. The resulting slag has a fineness of 5512 cm2/g [30].
The particle size range of slag was 0.32–113.58 µm, with a
DV,50 = 9.2 µm and a D4,3 = 15.2 µm. The density of this
SiMn slag is 2.916 g/cm3 [37].

Alkaline solutions used to activate the SiMn slag were
waterglass (WG) prepared with a commercial sodium sili-
cate (Na2SiO3 (neutral solution QP, Panreac): SiO2/Na2O
molar ratio= 3.28) and sodiumhydroxide (NaOH) (technical
grade, Panreac). Two different types of activators and three
different activator concentrations have been tested: NaOH
solution with a 3.0%, 3.5% and 4.0% of Na2O; and a water-
glass solution with a 4.0%, 4.5% and 5.0% of Na2O. NaOH
activating solutions was prepared by solving the required
amount of sodium hydroxide in distilled water. WG solution
was fabricated bymixing sodium silicate and sodiumhydrox-
ide in the appropriate quantities and the subsequent dilution
of the mix with distilled water. The SiO2/Na2O ratio of the
WG solution was set to 1.00. For the WG activator and the
NaOH activator, a solution/slag ratio of 0.375 and 0.35 were
used, respectively. These activating solutions were selected
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according to the particular findings of a previous research
[30, 31, 38].

2.2 Preparation of Slag Pastes

All pastes were prepared by the mixing of 1800 g of ground
granulated SiMn slag and the calculated quantity of alkaline
solutions, in a mixer Controls Automix (model 65-L0006/A)
according to the standardUNEEN196–3 [39].All specimens
have been cured in a humid chamber with a 100% of relative
humidity (RH) and 20± 2 °C for all the duration of the study.

2.3 Analysis Techniques

2.3.1 Mercury Intrusion Porosimetry

The pore size distribution was obtained on paste by mer-
cury intrusion porosimetry (MIP). Porosity measurements
were conducted using an Autopore IV 9500 Micromeritics
mercury porosimeter. Prior to analysis, the sampleswere con-
ditioned at 60 °C for 12 h. Themercury pressure range for the
equipment is 0.1 psi to 60,000 psi (0.0007–414 MPa), which
implies that the equipment is capable of detecting pore diam-
eter from 300 to 0.004 µm.

2.3.2 Impedance Spectroscopy

To perform this test, cylindrical moulds with a diameter of
10 cm were used and were filled with each of the analysed
pastes. The samples were cured in a 100% RH environment
for all the duration of the study, at 20± 2 °C. After demould-
ing the specimens, they were cut for obtaining cylinders 1 cm
thick. The equipment used to perform the impedance test was
an Agilent 4294 Impedance Gain/Phase analyser. The equip-
ment has a maximum resolution of 10−15 F, and can measure
from 10−14 to 0.1 F. The spectra were taken in the 100 Hz to
100MHz range. Each pastewasmeasured using twodifferent
settings that have already been used [10]. In the first config-
uration, the sample is in contact with two electrodes, and in
the second configuration, the sample is not in contact with
the electrodes and a polymer sheet is placed between them.
The test conditions for both measurements were the same. In
measurements where there is no direct contact between the
sample and the two electrodes, to minimize fringing effects,
the impedance value corresponding to the insulating poly-
mer is subtracted from the value of the overall impedance by
simple subtraction of complex numbers.

The impedance spectra measured were validated using
Kramers–Kronig relationships to ensure the linearity, causal-
ity, and stability of the measurement [40]. Figure 1 shows
the validity of measurements of samples prepared with 3.0%
NaOH as activator at the age of 95 days, using both the

configurations of contact and insulation among sample and
electrode.

After validation of the measured data, and prior to the
proposal of an electric circuit, the differential impedance
analysis (DIA) [41, 42]was performed on themeasured spec-
tra, to determine the number of time constants. The number of
time constants present determines the structure of the equiv-
alent circuit. The results for the same data presented on Fig. 1
are depicted on Fig. 2.

As it can be seen on Fig. 2 with independence of the con-
figuration, the number of time constants is 2 for the material.
This means that the circuit that has already been proposed
for cement-based materials, and widely used, can be initially
used for the fitting of the spectra measured. These results are
independent of the activator used, the concentration and the
curing age.

The electrical data are calculated by fitting the experimen-
tal results to the proposed equivalent circuit. The use of this
circuit is justified by the presence of two time constants on
the impedance spectra of the materials. Both electrical cir-
cuits proposed for each of the configurations used, as well as
the obtaining of the different electrical parameters were pre-
viously described [10] and used for different materials and
conditions of the material [13, 17, 43].

2.3.3 Thermogravimetric Analysis

TGA was performed between 25 and 1100 °C at a heating
rate of 10 °C/min inN2 atmosphere (100ml/min) in aMettler
Toledo TGA/DSC2.

3 Results and Discussion

3.1 Evolution of Microstructure Based
on Porosimetry Analysis

As it is well known, the paste is the main responsible for
the microstructure of the construction material. In previous
works [30, 31] the porosity ofmortars had been tested, but the
porosity of the paste without aggregate has not been tested
yet. Since the impedance spectroscopy has been done on
paste samples, due to the reason above mentioned, it is nec-
essary to obtain the mercury porosimetry of the materials.

Not only the total porosity and the pore size distributions
have been measured. The mercury retained in the samples,
after the test is finished, is representative of the development
of the pore network, and of the tortuosity of the network as
well, that is related to the pore network structure.

The data of total porosity are shown on Fig. 3, including
the contribution of the different sizes of pore diameter, by
decade, and the data of mercury retained after the tests are
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Fig. 1 Measured data andKramers–Kronig calculation for a sample pre-
pared with 3.0% of NaOH as activator and cured for 95 days in a humid
chamber. The left figure depicts the validation of the data with contact

electrode-material, while the right-side figure shows the validation of
the data obtained with insulation on the interface

Fig. 2 DIA analysis of a sample
activated with 3.0% NaOH cured
for 95 days, with contact
electrode-samples (left) and with
insulation (right)
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Table 1 Percentage of mercury
retained in the samples as a
function of the activator used and
of the sodium oxide content in
the solution, and age

Activator NaOH Waterglass

% Na2O 3.0 3.5 4.0 4.0 4.5 5.0

7 days 64.00 71.70 69.65 73.68 79.75 83.87

28 days 63.93 68.08 73.25 68.04 77.64 82.24

90 days 54.44 69.61 75.31 81.07 74.01 76.42

shown on Table 1, as a function of the activator used and of
the sodium oxide content in the solution.

As it could be expected from the results of the mortars
already published, the value of the porosity generated using
NaOH is always higher than the porosity obtained activating
the slag with waterglass [31]. The value of the total porosity
also decreases with time, as could be expected from previous
results [31] and the results obtained using other alkali acti-
vated materials [29]. The samples activated with waterglass,
show an increase at the age of 28 days, and the final porosity
is similar to the value at 7 days, excepting for the activating
solution with 5.0% of Na2O, for which the value of the total
porosity increases with time. This fact might have to do with
the important expansion observed in samples that created vis-
ible cracks, bigger for the highest Na2O concentrations, as
it was reported in [30], and for a different precursor in [44].
The possibility of cracking by expansion is also confirmed
by the lower mercury retained which decreases with time, a
fact that might be due to the crack opening that makes easier
the exit of mercury from the pores after intrusion. Usually,
the increase of small pores with time causes a reduction of
big diameter pores. That behaviour has been widely reported
[3, 12, 13]. In this work the behavior is quite different. In
this case, the fraction of big pores increases even though
the total porosity decreases, as it can be seen on Fig. 3. For
example, the case of using NaOH as activator, with a Na2O

concentration of 3%. This increase of the pores of diameter
above 10µmcannot be attributed to the reactions in the alkali
activated material, because it is solid after 1 day. The only
reason could be the formation of cracks, due to expansion or
shrinkage. The fraction of pores with diameter smaller than
100 nm increases with time significantly, indicating progress
in the reaction and microstructure development. In the case
of using waterglass as activator, paying attention to Fig. 3
it can be seen that, for example the case of using a 5% of
Na2O, the volume of small pores increases in an important
way, but the volume occupied by bigger pores increases from
7 to 28 days, and remains more or less constant from 28 to
90 days. It clearly means that the small pores come from
the formation of solid products within the bigger pores, but
also new pores of big size are being formed, to increase the
volume of bigger pores, or maintain it constant, and it can
only be due to the formation of cracks. The expansive behav-
ior in early ages was already described in recent works in
the field [45, 46]. With independence of the activator the
formation of cracks, that increase the volume of pores with
diameter higher than 10 µm is confirmed by the decrease of
the retained mercury fraction within the pores, because the
cracking increases the accessibility of mercury to pores.

Figure 4 shows the appearance of samples activated
with different concentrations of NaOH and WG activators.
Samples with waterglass and 5.0% Na2O showed visible
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Fig. 4 Aspect of the samples as a function of activator and sodium oxide content. The picture on the right is an enlargement of the sample activated
with WG and 5.0% of Na2O

macrocracks due to expansion. The value ofmercury retained
does not show a clear tendency, but in most cases, it seems
to decrease.

The analysis of the pores by size is shown in Fig. 5. As it
can be easily observed, there is a clear evolution with time
that makes decrease the fraction of coarse pores and a clear
increase of the pores with size smaller than 10 nm. It has to
be pointed out that the equipment used has a lower limit of
detection of 4 nm, and the curves of pore size distributions
suggest the presence of more pores in the region where pores
cannot be measured. This fact will imply almost no change
in total porosity, because pores are very small, but they will
affect the electrical factors in a very important way.

It is clear the decrease of the pore dimensions, and the last
family of pores cannot bemeasured due to the equipment lim-
itations, especially for samples where waterglass was used
as activator.

3.2 Evolution of Microstructure Based on Impedance
Spectroscopy Analysis

As it was stated in the experimental section, due to the pres-
ence of two time constants and the nature of the pastes
prepared, the equivalent circuits, shown on Fig. 6, used for
the fitting of the impedance spectra obtained can be those
reported in [10]. The association of the parameters present
in the different circuits was widely described in [33]. As it is
described there, an proven by experimental results and simu-
lation the capacitance C1 represents the solid fraction of the
porous material, and the higher is the value of C1 the lower is
the porosity of the sample. C2 represents the interface solid-
electrolyte in porousmaterials. So, somehow this capacitance

is a measurement of the internal surface of the pores, since
the cement based materials are so hydrophilic that they keep
a thin layer of contact solid-electrolyte even in extremely dry
cement based materials [18].The resistances R1 and R2 rep-
resent the resistance of the pores. R1 represents the resistance
of the pores that electrically connect both sides of the sam-
ple studied, while R2 represents the pores that do not allow
electrical connection among both sides of the sample. In case
of non-contacting measurements R2 represents all the pores
connected in parallel. The value of the resistance R1, associ-
ated to the connecting pores, can only be obtained from the
measurements where sample and electrodes are in contact,
while the rest of the parameters be obtained both from the
contacting and non-contacting measurements. The results of
the resistance R1 were obtained from the first configuration,
and the values of the resistance are shown on Fig. 7.

As it has already been said, this resistance is associated to
the crossing pores. As it can be clearly seen, and as it could
be expected from the mercury porosimetry results, the value
of the resistance has an increasing tendency with time, as
the porosity decreased. The value of the resistance depends
not only on the total porosity, but on the pore size distribu-
tion. Samples where sodium hydroxide was used as activator
show a continuous increasing tendency on the resistance, and
even though the values of the porosity are smaller for sam-
ples with 4.0% Na2O, the bigger percentage of big pores,
mainly in the range from 10,000 to 100,000 nm of the sam-
ples with higher sodium oxide contents, compensate the total
porosity. The other aspects that influence the behavior of the
resistances in cement-based materials are the conductivity of
the electrolyte and the saturation degree. A recent paper, that
activates another type of slag using waterglass, has proved
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Fig. 5 Pore size distribution in the samples as a function of the activator used, the sodium oxide content in the solution, and age

Fig. 6 Equivalent circuits used
for the fitting of the measured
impedance spectra using the
non-contacting method (left) or
contacting method (right) (from
[10])

that the concentration of themain ions in the solution remains
approximately constant after 10 days, with independence of
the Na2O concentration, and that it is influenced by the ini-
tial concentration of each ion in the activating solution [29].
According to this result, the conductivity of the pore elec-
trolyte should be proportional to the initial solutions used
for the activation of the precursor. The conductivity of the
activating solutions is shown in Table 2. The value of the
conductivity is higher for the samples that were activated
with NaOH, but they show the higher resistance, that could
be due to a higher ionic consumption during the activation
reactions or only to the difference in pore dimensions.

The mass of each sample was measured during the pro-
cess, and the average mass gains for each sample are shown
on Fig. 8. As it can be observed, there is an increase in the
mass for every set of samples, but the value of mass gained is
higher for the samples activated with waterglass. The behav-
ior of mass gain has already been described [44], and in that
case the increase of mass was lower for the samples with
higher sodium oxide content. This means that all the pores in
the sample would possibly be water saturated. This could be
expected since the samples were kept in a hermetic container
with distilled water in the bottom, avoiding contact with the
samples. The higher increase was measured in the samples
hydrated with waterglass, in coincidence with the big pores
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Table 2 Solution conductivity as a function of activator and sodium
oxide content

Activator NaOH Activator waterglass

% Na2O Conductivity (mS) % Na2O Conductivity (mS)

3.0 363 4.0 129.6

3.5 382 4.5 121.1

4.0 396 5.0 110.4

detected, that in case of no saturation would be the first ones
to dry. So, after all this analysis it seems clear that the lower
value of the resistances measured in the samples is due to the
presence of pores with size among 10,000 and 100,000 nm.
These big pores would not be interconnected through small
pores, fact that will cause an increase in the resistance, but
they seem to be in parallel with those small pores, being the
dominant ones in the measured resistance. The increasing
tendency of the resistance would be due to the decrease in
the fraction of big pores that, due to the continuous reaction,
shows an evolution towards smaller pores.

If the samples activated with the same activator type and
different sodium oxide contents are compared, it can be seen
that all of them show similar values. For the case of NaOH
as activator, the highest value is shown by the samples with

lower Na2O content, mainly in the long term. This sample
shows the lowest percentage of pores below 10 nm, and sim-
ilar percentages of pores among 10 and 1000 nm, and the
highest porosity. However, this could be compensated by the
lowest conductivity of the interstitial solution, since the acti-
vating solution was the one with the lowest conductivity. For
the case of waterglass as activator, the highest value of the
resistance R1 is presented by the samples with 4.0% Na2O.
It must be pointed out here that these samples did not show
visible cracks, and this could be one of the determining facts
in the resistive behavior of the material. Moreover, samples
with 4.0% of sodium oxide presented similar porosity val-
ues after 90 days than the rest of the samples and always the
highest content of pores with size smaller than 10 nm, and
similar or smaller percentages of pores above 10,000 nm.
Similar results were reported on [29], with an increasing ten-
dency of the resistance with time and a decreasing tendency
with the percentage of Na2O, also in coincidence with the
porosimetry results, but not in deep discussion was made
about this fact. Some other papers study the resistivity of the
alkali activated materials for self-sensing, but not evolution
or dependence on activator is presented [27].

So, it can be concluded, that even though many authors
use the resistivity of the samples to measure microstructure-
related properties of the samples the different contributions of
the different facts (porosity and pore size distribution, water
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Fig. 8 Average mass variation for
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saturation, conductivity, and shrinkage) make this parameter
itself not suitable for following the microstructure evolution
in alkali-activated materials.

Regarding the resistance R2, it is obtained from the non-
contacting measurements due to the higher precision in
determining this parameter as has been widely reported [15,
43]. The behavior of this resistance is very similar to the
evolution exhibited by the resistance R1, and the explanation
could be the same for every parameter, since this parameter
is also associated to the pores resistivity and the factors that
influence the resistivity of the pores do not change with the
impedance spectra measurement setup. The evolution of the
values of resistance R2 is show on Fig. 9.

The values of the capacitance C2 are associated to the sur-
face in contact solid-electrolyte so, they have been shown to
be a good parameter to follow the development of the reac-
tions [11, 12, 47], whatever the origin of the changes in the
microstructure is. The values for the capacitance C2 obtained
from the fitting of the measurements obtained avoiding con-
tact among alkali-activated material and electrode are shown
on Fig. 10. These measurements have the highest precision
for the calculation of the value of this parameter.

The values for the capacitance C2 for samples activated
with NaOH show a clear decreasing tendency among 10 and
50 days, and then they show a slightly increasing tendency,
that continues with time. The values of the capacity for all
sodium oxide contents are very similar, showing samples
with 4.0% Na2O a clearer increasing tendency from 60 days
to the end of the measurement campaign. Both resistances,
R1 and R2 showed an almost constant increasing tendency.
Taking both data, resistances and capacitance C2, the way

the microstructure evolves with time could be the following:
the initial microstructure of the materials was quite irregular
in the first days. The irregular surface will mean a big con-
tact surface solid-electrolyte, and therefore, a high value for
C2. Due to the reaction progress, higher solid amount will
be formed, and the pore surface could adopt a more regular
shape due to the deposition of the new solids over the pore
walls. This could cause a decrease of the surface of contact
electrolyte-solid, between 10 and 50 days. This decrease of
the contact surface will imply a decrease of the value of the
capacitance C2. After 50 days the continuous formation of
solids will continue, as suggested by the continuous grow-
ing tendency of the resistances. The solids formed after that
age, will be formed on a quite smooth surface (formed up to
50 days) and the new solids will again increase the surface
of contact, and therefore the value of C2, but the increase is
slighter than the decrease, possibly due to the lower amount
of solids formed at this ages. A schematic representation of
the growing process, according to these results is depicted
on Fig. 11. A two-step mechanism similar to the described
here has been reported in [48]. This behavior could not have
been predicted from the resistance measurements, possibly
due to the coexistence of pores that are being closed while
others have not started the filling yet, and that could be the
reason why the values of the resistance show a continuous
increase. This result is in coincidencewith the time-evolution
of the porosity for samples with 3.0% of NaOH, that shows
a more important decrease among 7 and 28 days, and then
the porosity does not decrease that fast, but for the rest of the
samples the behavior has nothing to do with that. The refine-
ment of the pores is also more important between 28 and
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Fig. 10 Time evolution of the capacitance C2 as a function of activator and sodium oxide content
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Fig. 11 Time evolution of the
pore network according to the
results of the capacitance C2

90 days than from 7 to 28, possibly due to a mixed behavior
according to the capacity C2. The values of the compressive
strength determined onmortars, but using the same activating
solutions and precursor [31] showed an important increase
of compressive strength from 7 to 28 days, and the increase
from 28 to 90 days was much lower.

Regarding the samples activated with waterglass, it has to
be pointed out initially that the values obtained for the sam-
ple with 4.0% Na2O showed similar values to those of the
samples activated with NaOH. They show the lowest value of
capacitance C2, and an initial decrease up to 20 days approx-
imately and then the value remained almost constant. On the
other hand, samples with 4.5 and 5.0% of sodium oxide that
show a slight but constant increase, being the sample with
5.0% of Na2O the one that has a higher value for this capac-
itance. It must be reminded that these two samples showed
also the lowest resistance, and that they showed shrinkage
macro-cracks. All these facts are in good agreement. It had
also been shown that even in case of low relative humid-
ity [49] as well as in the case of fire events [18] the water
was distributed occupying all the binder inner surface, even
in the presence of shrinkage cracks [50]. The low values of
the resistances, especially resistance R1, and the visual evi-
dence, allow us to confirm that the low resistance values are
due to the presence of cracks from very early ages, almost
after demolding and before cutting. The increase in the value
of the capacitance C2 means that there has been continuous
formation of new solid phases in contact with the electrolyte,
as it was also confirmed by the low pore sizes present in the
samples that could not be measured due to the detection limit
of the porosimeter available. This result is also in agreement
with the evolution of the compressive strength of the samples
already reported in [31], where the resistance of the samples
increased constantly up to 90 days, and the samples with
5.0% Na2O presented the highest values for the measured
mechanical properties. This is just a matter of the fitting of
the impedance spectra.

The solid phase is proportional to the value of the capac-
itance C1, assuming that the compounds that form that solid
phase are of similar nature, as it is the case. This parameter is
usually determined using the non-contacting measurements,
when it is possible, due not only to a higher sensitivity of these
measurements for the determination of the capacitance, but
because it avoids the electrode-sample interface [51] avoid-
ing the so-called dielectric amplification factor [52, 53]. The
values obtained from the measurements without contact are
shown on Fig. 12.

As it can see, most of the values obtained, especially
for the case of the samples activated using waterglass, are
very low. It is clearly seen on Fig. 13 that for 141 days,
the impedance spectra of the sample activated with sodium
hydroxide has a final loop, that is closed in the high fre-
quency region, and that makes easy the calculation of the
capacitance C1; while for the sample activated with water-
glass the final loop is not closed at all in the high frequency
region, and the value obtained for the fitting of the capaci-
tance C1 could be whichever. Due to this fact the values for
the capacitanceC1 have been obtained fromcontactmeasure-
ments. It is true that the values obtained are not coincident
with those obtained avoiding contact sample-electrode, but
the tendency is similar, as it has been already proved [10], and
for study of the tendencies it is a good approximation. Even
though values may differ, due to the use of different configu-
rations, the tendenciesmust be similar if the parameters really
represent the evolution of the microstructure [10]. Since no
impedance spectroscopy analysis has been published on this
particular alkali activated material, the time evolution of the
parameterC2 is compared using contacting configuration and
non-contacting setup on Fig. 14, and as it can be seen on that
figure the time evolution of the capacitance has equivalent
tendencies.

The importance of the frequency of the maximum of the
imaginary part of the impedance (characteristic frequency)
is a key value, as it is already well known, and has been used

123



8 Page 12 of 18 Journal of Nondestructive Evaluation (2023) 42 :8

0
100
200
300
400

0

100

200

300

400

0
100
200
300
400

0

100

200

300

400

0 20 40 60 80 100 120 140 160 180
0

100
200
300
400

0 20 40 60 80 100 120 140 160 180
0

100

200

300

400

3.0% Na2O 4.0% Na2O

3.5% Na2O

Activator WaterglassActivator NaOH

C
1, 

pF
 (i

so
la

tio
n) 4.5% Na2O

4.0% Na2O

Age, days

5.0% Na2O

Age, days

Fig. 12 Time evolution of the capacitanceC1 as a function of activator and sodiumoxide content formeasurements avoiding contact sample-electrode

0 100 200 300 40
0

100

200

300

10 MHz

1 MHz
100 kHz 10 kHz

1 kHz

- I
m

ag
in

ar
y 

Pa
rt 

 Real Part, pF

Activator NaOH

0 100 200 300 40
0

100

200

300
Activator waterglass

10 MHz

1 MHz 100 kHz

10 kHz

- I
m

ag
in

ar
y 

Pa
rt 

 Real Part, pF

Fig. 13 Cole–Cole plot obtained at 141 days for samples activated with sodium hydroxide (left) and waterglass (right) with the maximum content
of sodium oxide

for the study of the microstructural evolution of alkali acti-
vated materials [48]. In that case the loops were complete,
and the value of the characteristic frequency was far from
the end of the frequency range, even though the geometri-
cal conditions were much farther from the plane condenser
ideal situation than in our case. This result could be expected

due to the different nature of the slag, and consequently the
differences in the solids formed and their properties. The
change in the characteristic frequency is the same as it was
observed in [29], that is coincident with the behavior of ordi-
nary Portland cement [33] and other cement-based materials
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[54], the characteristic frequency decreases with time, clos-
ing the loop, and making more accurate the fitting of every
parameter of the equivalent circuit.

As it is shown on Fig. 14 the time evolution of the electri-
cal parameters that can be determined using both equivalent
circuits is very similar. It had also been proved in the case of
change in the sample thickness [10]. So, the capacitance C1

will be studied using the contacting measurements.
The results of the capacitance C1 obtained from the con-

tacting setup are depicted on Fig. 15.
As it can be seen on Fig. 15, the value of the capaci-

tance is not very different from one sample to another. This
fact is coincident with the results of the thermogravimetric
analysis [32], that as a general fact it can be said that the long-
term value of the capacitance is higher for samples activated
with waterglass. For this activator, the higher percentage of
sodium oxide also causes a higher value of the capacitance.

The value of the capacitance C1 slightly increases with
time or remains constant. This fact means an increase in
the solid fraction, and a decrease of the porosity as it was
shown on Fig. 3. The values of the porosity of the samples
obtained activating the slag with waterglass did not show this
behaviour. The porosity at 7 days for the samples with 4.5
and 5.0% of sodium oxide were the smallest of all the sam-
ples. The porosity increased with time, from 7 to 28 days for
both samples, while the value of the capacitance did not vary.
The change in the porosity should be due to the presence of
shrinkage cracks, that continue growing with time for the
case of samples with 5.0% of sodium oxide up to 90 days
(bare eye visible cracks, as shown on Fig. 10), but the capac-
itance shows a slightly increasing tendency, in coincidence
with the increase of the compressive strength [31]. For the

case of the samples activated with waterglass and a percent-
age of Na2O of 4.5%, the value of C1 shows a maintained
increasing tendency up to 120 days, and an approximately
constant value after that age. For these samples, the poros-
ity decreases from 28 to 90 days, but it does not reach the
porosity value measured at 7 days. In this case, the constant
formation of solid (increase of C1) can counteract the effect
of the cracking due to expansion and that could be the cause
of the similar values for the compressive strength obtained
for both materials [31]. The results are in agreement with
the evolution of the capacitance C2 that showed a constant
increase in the pore surface, followed by a smoothing of the
pore walls due to the formation of new solids, and then a
slight increase of the surface that could be either due to the
formation of new solids or to the opening of microcracks by
shrinkage. These microcracks might be responsible for not
having a clearly higher value of the capacitance C1 in sam-
ples activated with waterglass, since when cracks appear the
solid fraction decreases.

The values of the capacitance C1 can also be correlated
to the different hydrated phases that were found by ther-
mogravimetry [32]. The gel percentages were higher for
the samples activated with waterglass, and the higher is the
sodium oxide content the higher is the value of the mass loss
associated to the gel (50–200 °C) (as shown on Table 3).
The values of the capacitance C1 are as in general slightly
higher for the samples activated with water glass too. The
time increase of the capacity C1 can also be associated to the
increase of the mass loss due to the dehydration of the gel.

The mass loss associate to the brucite, among 200 and
400 °C, does not show an important influence of the activa-
tor, only exhibits an increase with time of the percentage of
this phase, and the results are shown on Table 4, where the
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Table 3 Mass loss (%) associated
to the gel in the
thermogravimetric analysis from
50 to 200 °C

Activator NaOH Waterglass

% Na2O 3.0 3.5 4.0 4.0 4.5 5.0

7 days 4.49 5.05 5.44 5.63 5.82 6.28

28 days 5.51 6.42 6.19 6.70 8.58 8.05

90 days 6.41 6.39 8.63 10.95 10.68 11.32

Table 4 Mass loss (%) associated
to the brucite in the
thermogravimetric analysis from
200 to 400 °C

Activator NaOH Waterglass

% Na2O 3.0 3.5 4.0 4.0 4.5 5.0

7 days 2.44 2.65 2.86 2.35 2.58 2.43

28 days 2.76 3.09 3.14 2.85 4.38 3.11

90 days 2.50 2.81 3.44 2.54 2.62 3.12

Table 5 Mass loss (%) associated
to the dehydration of the spinel in
the thermogravimetric analysis
from 400 to 600 °C

Activator NaOH Waterglass

% Na2O 3.0 3.5 4.0 4.0 4.5 5.0

7 days 1.84 1.60 1.73 1.25 1.31 1.11

28 days 2.35 1.64 1.97 2.46 2.34 2.03

90 days 3.47 3.36 1.82 1.68 2.16 2.29
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Table 6 Mass loss (%) associated
to the decarbonation in the
thermogravimetric analysis from
600 to 700 °C

Activator NaOH Waterglass

% Na2O 3.0 3.5 4.0 4.0 4.5 5.0

7 days 0.56 0.60 0.65 0.27 0.42 0.50

28 days 0.65 0.58 0.63 0.70 0.56 0.27

90 days 0.67 0.73 0.51 0.25 0.25 0.25

percentage of mass lost in the range from 200 to 400 °C is
shown. The same conclusion can be obtained for the dehy-
dration of the spinel (400–600 °C), as shown on Table 5 The
decarbonation that takes place among 600 and 700 °C has a
behavior different from the showed for the gel, the samples
activated with NaOH show a higher content of carbonates,
but the differences are much smaller than for the dehydration
among 50 and 200 °C and it cannot compensate those differ-
ences. The results of the mass loss during the decarbonation
of the samples are shown on Table 6.

The chemical composition seems to be too similar among
samples as to cause an effect on the dielectrical properties
of the solids [32]. The properties have not been analysed in
the other paper that uses impedance spectroscopy to analyse
the microstructure of another alkali activated material [29],
but from the point of view of the authors the analysis of
this element is essential for understanding the development
of the microstructure of porous materials [1–3], or in more
recent works including supplementary cementing materials
[13, 54].

4 Conclusions

According to the materials studied and the results presented
the following conclusions can be reached:

• Impedance spectroscopy can be used for the microstruc-
tural characterization of alkali activated SiMn slag, using
the same equivalent circuits as for standard cement based
materials due to the number of time constants in each spec-
trum.

• The resistivity of the samples has been proved not to be
suitable as a single parameter to identify the evolution of
the microstructure and the mechanical properties of the
materials used on this paper. The presence of shrinkage
causes an important disagreement among electrical resis-
tivity and compressive strength.

• Shrinkage causes a displacement of the frequency of the
maximum of the high frequency loop, especially using
non-contacting measurements, and as a consequence the
capacitance associated to the solid phase has to be calcu-
lated from contacting measurements

• The capacitances show a continuous formation of solid
phases, with a higher amount of solids in the case of
using waterglass as activator, in agreement with other
microstructural tests, and the mechanical behavior of the
alkali activated SiMn slags.

• The combination of capacitances and resistances calcu-
lated from the equivalent circuit used for the fitting of
the impedance spectroscopy measurements can be used to
understand the mechanical behavior of the slags activated
either with NaOH or waterglass. The mercury porosime-
try, or the SEM analysis could not predict the mechanical
behaviour, even taking the shrinkage into account. This
phenomenon can also be predicted by the low resistance
values obtained in the samples activated with water-
glass, while the capacitance values show a continuous
increase, both of the solid-solution interphase, and the
solids formed.
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