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Alkali-activated matrices can attain compressive strengths of the order of 30–120 MPa, primarily depend-
ing on the mix formulation. The objective of this study is to evaluate compressive strength development
by testing, at different ages, fly-ash-based mortars alkali-activated with activating solutions containing
varying proportions of a combination of NaOH and Ca(OH)2. The NaO/SiO2 ratio was constant for all sam-
ples (N/S = 0.3). Three different CaO/SiO2 molar ratios of the total quantity of CaO to the total quantity of
SiO2 present in the mix were studied; specifically: 0.05 (C/N = 0.033) – M5; 0.15 (C/N = 0.370) – M15; and
0.25 (C/N = 0.700) – M25. The M25 mix attained compressive strength of 30 MPa at 7 days. However, after
periods of 28 and 91 days, M25 compressive strength had decreased to 22 MPa and 16 MPa respectively.
The M15 matrices exhibited similar compressive strength results. In contrast, the M5 mix exhibited
increasing compressive strength over time. The SEM micrographs of M5 and M25 matrices showed the
presence of two different aluminosilicate gels: the M5 sample developed a massive aluminosilicate gel
over time, while the M25 sample began to exhibit a spongy gel at 28 days, resulting in a weaker material.
Therefore, the reduction in compressive strength appears to be related to increasing amounts of CaO
(higher C/S and C/N) for the alkali-activated matrices tested in this study.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Feret [1] and Purdon [2] were the first to study alkali-activation,
during the 1940s, using ground granulated blast furnace slag
(GGBFS) as precursor material. Their first attempt utilized cement
as alkali activator and the second employed an NaOH solution. Pur-
don [2] found that mortars based on alkali-activated GGBFS
attained compressive strength levels of 27 MPa and 72 MPa, after
1 day and 5 years, respectively. Garcia et al. [3] state that the final
product of alkali-activation of GGBFS is primarily made up of struc-
tures based on calcium silicate hydrate. However, Bakharev et al.
[4] reported that the C–S–H structure formed in the presence of
high concentrations of NaOH was less dense than the normal
C–S–H structure resulting from hydration of Portland cement. It
is also possible to form structures in which the sodium is incorpo-
rated into the structure of the hydrated silicate gel (N–C–S–H), as
has been described by Malolepszy [5].

Following these first studies, Glukhosvky began to study alkali
activation from 1957 onwards, as reported by Krivenko [6], with
the objective of manufacturing special binders from materials con-
taining low concentrations of calcium and high concentrations of
silicon (Si) and aluminum (Al). These aluminum silicates that had
been exposed to solutions containing alkaline metal compounds
(Li, Na, K, Rb, Cs – elements in the first group of the periodic table)
exhibited similar hydraulic binding properties to those produced
when using compounds of alkaline earth metals (Mg, Ca, Sr, Ba –
elements in the second group). In this case, the matrix formed by
alkali-activation of aluminosilicates using the alkaline solution is
formed by M–A–S–H gel, where M is the element of the first group
of the periodic table (Na+ and K+ are the most commonly used).
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Table 1
Chemical composition of FA determined by XRF analysis (wt.%).

SiO2 Al2O3 CaO Fe2O3 Na2O TiO2 MgO K2O SO4 L.I.

70.79 14.65 2.65 5.90 0.13 2.19 0.74 2.35 0.60 0.03

L.I. Loss on ignition at 950 �C.
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According to Shi et al. [7], alkali-activation techniques can be
subdivided as follows:

(1) alkali-activated cements, classified into five categories, on
the basis of the composition of their cementitious compo-
nent(s): (a) alkali-activated slag-based cements; (b) alkali-
activated pozzolan cements; (c) alkali-activated lime–poz-
zolan/slag cements; (d) alkali-activated calcium aluminate
blended cements; and (e) alkali-activated Portland blended
cements (hybrid cements).

(2) Alkaline activation of aluminosilicates, based on three main
stages (a) first stage: ‘‘destruction–coagulation’’; (b) second
stage: ‘‘coagulation–condensation’’; and third stage:
‘‘condensation–crystallization’’.

Palomo et al. [8] also found that alkali-activation of waste mate-
rials is a chemical process that makes it possible to transform
glassy structures (partially or totally amorphous and/or metasta-
ble) into very compact well-cemented composites. Van Jaarsveld
et al. [9] notes that for polymerization to occur, a highly-alkaline
medium is necessary to make it possible to dissolve a certain quan-
tity of silicon and aluminum and to hydrolyze the surfaces of the
particles of the raw materials. This medium can be created using
alkaline solutions known as activators, alone or in combination,
(NaOH, KOH, Na2SiO3, Ca(OH)2, and others).

In general, all of these cementitious materials are obtained
through the use of an alkaline medium, with or without clinker
(precursor). However, they differ in terms of the raw materials,
the types and concentrations of the activators, the kinetics of the
reactions, the chemical reactions and, primarily, in terms of the
structural arrangement of the chains that make up the matrix
(N–A–S–H has a three-dimensional structure and C–A–S–H has a
linear structure).

Depending on the precursor materials and the alkaline activa-
tors used, both N–A–S–H and C–A–S–H gels can be present in the
same alkali-activated matrix [10–13].

However, although it has been shown that these cementitious
materials offer good mechanical properties, [14–17] good durabil-
ity [18–20] and good environmental properties [21–23] it has been
found that, depending on the mixture of raw materials and activa-
tors employed, the resulting alkali-activated material may suffer
mechanical instability over the long term, exhibiting compressive
strength reduction over time [24–26].

Therefore, the primary objective of this study is to evaluate the
development over time of the compressive strength of alkali-acti-
vated fly ash (AAFA) mortars using solutions based on a combina-
tion of NaOH and Ca(OH)2 activators. The mineralogical and
microstructural characteristics of the alkali-activated fly ash (FA)
pastes were studied by X-ray diffraction (XRD), Fourier transform
infrared spectrometer (FTIR) and energy dispersive X-ray micro-
analysis (SEM/EDS), as supplementary techniques to aid under-
standing of the development of compressive strength.
2. Experiments

2.1. Materials

The FA utilized for this study was obtained from a coal-fired
thermoelectric power plant located in the South region of Brazil.
This FA is classified as Class F [27] – which is for ashes with low
calcium oxide content – predominantly in the vitreous phase,
including a certain quantity of crystalline mullite, hematite and
quartz, according to an analysis of the XRD spectra. The chemical
composition of the FA employed was determined using an X-ray
fluorescence spectroscope and is shown in Table 1.
Quartz natural sand with four different standardized granular
dimensions (1.2, 0.6, 0.30 and 0.15 mm) and a density of 2.6 g/
cm3 was used as aggregate for the production of alkali-activated
mortars.

Alkaline solutions were produced using both NaOH and
Ca(OH)2. The NaOH was at 97% purity and the Ca(OH)2 was at
99% purity.

2.2. Methods

The research method consisted of studying the process of com-
pressive strength development at different ages for different C/S
molar ratios of the total quantity of CaO and SiO2 present in the
mix, i.e. C (total CaO) is calculated as the sum of CaO content in
the FA plus CaO content added in the form of Ca(OH)2 and S is
the total SiO2 present in the FA. Three different C/S ratios were
investigated: 0.05 (C/N = 0.033), 0.15 (C/N = 0.370) and 0.25 (C/
N = 0.700). The value between parentheses refers to the CaO/NaO
molar ratio, where N is the total Na2O present in the NaOH alkaline
solution. Therefore, according to these ratios, for each 100 g of FA,
0.87 g, 9.69 g and 18.51 g of Ca(OH)2 activator were added to the
mixture, to prepare matrices that were identified as M5, M15
and M25 respectively. Compressive mechanical strength tests were
carried out on alkali-activated fly ash mortars at ages of 1, 7, 28
and 91 days. Microstructural characteristics were analyzed for
alkali-activated pastes at ages of 1, 28 and 91 days, using XRD, FTIR
and SEM/EDS. The XRD and FTIR analyses were conducted on
finely-ground powder (passed through a 200-lm sieve) obtained
by crushing and milling alkali-activated mortar samples. The
SEM/EDS study was conducted with gold-coated crushed speci-
mens obtained from alkali-activated samples. X-ray diffractograms
of powder samples were obtained with a Philips diffractometer
X́Pert, 40 kV, 40 mA, using Cu Ka radiation. Specimens were
step-scanned at a rate of 0.05�/s, in the 2h range of 5–60�. The FTIR
spectra were obtained using a Bomem MB series spectrometer
within the range of 400–4000 cm�1 and at a resolution of 1 cm�1.
Pellets for FTIR were prepared from specimens homogenized in
KBr (dried in an oven at 105 �C). The specimens were prepared
with 1% dried and ground KBr. Microstructural characterization
was carried out using a scanning electron microscope (Model
JSM-6510LV) equipped with an energy dispersive analyzer (EDX;
Thermo Scientific – Ultra Dry Model No: 6742A).

The following constants were adopted for all mixes produced:

(a) Na2O/SiO2 (N/S) molar ratio of 0.3, where N is the total quan-
tity of Na2O present in the NaOH alkaline solution and S is
the total quantity of SiO2 present in the FA. In order to
achieve this ratio, 26.37 g of NaOH were added for every
100 g of FA.

(b) A curing temperature of 80 �C was applied for the first 24 h,
after which the samples were kept in a temperature-con-
trolled room at 24 ± 1 �C and at a relative humidity of 50%.

(c) Alkali-activated mortars were prepared to a flow-table con-
sistence of 160 ± 20 mm diameter. The water/fly ash ratio
was therefore different for each of the mixes, as shown in
Table 2. This consistence was chosen as the standard for this
study since mortars at this consistency do not suffer from
excessive water exudation when preparing cylinder
samples.



Table 2
Composition of the alkali-activated FA mixes containing different quantities of NaOH and Ca(OH)2.

Matrix Pastes and mortarsa Pastesb Mortarsc Flow table consistence (mm)

C/S N/S C/N water/FA water/FA meanØ

M5 0.05 0.30 0.033 0.23 0.378 165
M15 0.15 0.370 0.25 0.393 175
M25 0.25 0.700 0.30 0.405 172

C = CaO; N = Na2O; S = SiO2.
a Molar ratio.
b Ratios needed to obtain normal consistence paste water.
c Ratios needed to achieve mortar consistence within the limits defined in the study design (160 mm ± 20 mm).
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(d) Additional water was added to the alkali-activated pastes in
order to obtain paste consistency in accordance with ASTM
C187 [28]. The water/fly ash ratio was therefore different
for each of the mixtures.

The calculations for C/S and N/S molar ratios took account of the
amounts of CaO, SiO2 and Na2O oxides present in the Ca(OH)2, in
the FA and in the NaOH activator.

The mortars were prepared at 1:3 (fly ash:sand; four different
granulations), and poured into cylindrical molds with diameters
of 5 cm and heights of 10 cm. At each of the test ages, five cylinders
from each sample were submitted to compressive testing and the
results averaged for analysis. Similarly, alkali-activated pastes
were put into cylindrical molds with diameters of 3 cm and heights
of 5 cm. For both pastes and mortars, molds were filled in four
layers and rodded with 30 manual strokes per layer using a metal
tamping rod, as described in Brazilian standard NBR 7215 [29].

Table 2 summarizes the composition of each mixture.

3. Results and discussion

3.1. Compressive strength of alkali-activated mortar

Fig. 1 illustrates the results showing development over time of
the compressive strength of the alkali-activated mortars.

The averaged compressive strength results illustrated in Fig. 1
show that the M15 and M25 mixes produced using combined
NaOH and Ca(OH)2 activators achieved 18 and 28 MPa after 1
and 7 days respectively, demonstrating excellent strength gain at
young ages. Furthermore, during this earlier period it can be
observed that higher Ca(OH)2 contents, corresponding to higher
C/S and C/N molar ratios, resulted in higher strength mixtures, in
Fig. 1. Development over time of the compressive mechanical strength of alkali-
activated mortars.
comparison with the mixture with a lower Ca(OH)2 content. It
can also be observed that the strength of these mixtures increased
from 1 to 7 days. However, at 28 days, both M15 and M25 mixtures
exhibited a reduction in compressive strength in relation to the
strength measured at 7 days. The reduction in strength was also
observed for both the M15 and M25 mixtures at 91 days.

In contrast, M5 mixtures exhibited increasing strength through-
out the study period, up to 91 days.

On the basis of these results, it can be stated that mixes with
higher Ca(OH)2 contents may exhibit high compressive strength
at earlier ages, but a reduction in strength will occur over time.
This mechanical behavior is probably related to changes to the
internal structure of the alkali-activated matrix, resulting in reduc-
tion of strength. This process of change occurs between 7 and
28 days.

Shi [26] also found that AAFA-based matrices made using a
combination solution of Ca(OH)2 and Na2SiO4 exhibited reductions
in compressive strength, between 90 and 180 days. However, Shi
[26] did not suggest any mechanism that could have triggered
the decrease in strength. Similarly, Yip et al. [24] observed a reduc-
tion in the strength of alkali-activated matrices based on Metaka-
olin (MK) and GGBFS. In that case the reduction was dependent
on the MK/GGBFS ratio and on the modulus of silicon (Ms)
between the activators (Ms = SiO2/Na2O). Strength reduction was
observed in mixes made using a high alkaline medium (Ms = 1.2)
and containing 40% GGBFS, whereas in mixes with Ms = 2 (lower
Na2O content), strength reduction was only observed for GGBFS
contents greater than 60%.

Yip et al. [24] suggested that the matrix formed is composed of
coexisting aluminosilicate gel and C–S–H gel, with greater or lesser
quantities of each compound depending on the amount of each
constituent (raw material and activators). The C–S–H gel formed
in the system exhibited considerably lower Ca/Si ratios than those
normally found in the C–S–H gel formed in hydrated Portland
cement. Since the authors identified Ca2+ precipitates along the
interface between these gels, Yip et al. [24] suggested that the reac-
tivity of the precipitates along this interface region is what deter-
mines the material’s durability. Buckwald et al. [30] also detected
the products of both reactions coexisting (C–S–H and aluminosili-
cates) in the matrix formed by alkali-activation of MK and GGBFS.
However, since those authors only reported strength results for
28 days, it is not possible to determine whether or not there had
been a reduction in the compressive strength of these matrices.
Similarly, Palomo et al. [31] detected C–S–H and N–A–S–H in
matrices based on OPC and FA made using two different activators
– NaOH and waterglass (Na2SiO4) – combined with NaOH.
Strengths of the order of 36 MPa were attained at 28 days and,
up to that point, no reduction in strength was detected. These
two gels have also been observed coexisting in alkali-activated
mixtures in other studies [32–34].

Based on the results shown in Fig. 1, together with those
reported by Yip et al. [24], the mechanical behavior of alkali-
activated matrices containing both Ca2+ (originating from the alkali
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activator – Ca(OH)2 for example – or from the raw material,
whether GGBFS, Portland cement, FA with a high CaO content or
others) and alkaline ions (Na+ or K+ – originating from the alkali
activator) appears to be determined by the relative quantity of
each of these elements contained in the alkali-activated matrix.
Specifically, the M5 mixes (with low Ca2+ content) exhibited stable
mechanical behavior (increasing strength) up to an age of 91 days,
while those matrices with higher Ca2+ contents (M15 and M25)
exhibited reducing strength over time.

Therefore, care should be taken when using combined alkaline
solutions containing both NaOH and Ca(OH)2 for alkali-activation
of FA, since, depending on the relative quantities of these elements,
the mechanical stability of alkali-activated materials may be com-
promised, as was observed in the M15 and M25 mixes. In this case,
the molar C/N ratios utilized for preparing these mortars were 0.37
and 0.70, respectively. The M5 samples had a C/N molar ratio of
0.033 and no decrease in strength over time was observed. There-
fore, the C/N ratio is an important variable for the mechanical sta-
bility of alkali-activated fly ash matrices using combined NaOH and
Ca(OH)2 activators.

3.2. Reaction products

In order to identify the nature of the reaction products formed
in the alkali-activated pastes, M5 and M25 matrices were selected
at 1, 28 and 91 days for examination by XRD, FTIR and SEM/EDS, in
an attempt to understand the causes for the compressive strength
reduction. These samples were chosen because of the mechanical
behavior observed (Fig. 1), since, whereas the compressive
mechanical strength of the M5 samples increased with age, the
strength of M25 samples decreased after 28 days.

3.2.1. X-ray diffraction
Fig. 2 shows the XRD spectra of the FA, the calcium hydroxide

(Ca(OH)2) and the alkali-activated pastes at 1, 28 and 91 days.
Comparing the diffractogram for calcium hydroxide (spectra 2a)

with the diffractograms for the alkali-activated pastes, it can be
observed that the characteristic peaks of Ca(OH)2 are not present
in the pastes. This may be related to the influence of Ca2+ in the
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Fig. 2. X-ray diffraction spectra for: (a) calcium hydroxide; (b) fly ash; and M5 alkali-
activated pastes at ages of (f) 1 day; (g) 28 days and (h) 91 days.
N–A–S–H gel structure, as reported by Garcia-Lodeiro et al. [11].
In the present study it was also found that although the 3D struc-
tures of N–A–S–H gels appear to be preserved, the orientation or
distribution of aluminate and silicate tetrahedra appears to be
affected by the introduction of Ca. Additionally, although the
polarizing influence of Ca2+ is different to that of Na+, the direct
association of Ca with Si–O to form Si–O–Ca may well compete
with Si–O–Al. The possibility of a pozzolanic reaction between
Ca(OH)2 and potential reactive silica present in the FA cannot be
excluded, meaning that C–S–H gel can possibly be formed. How-
ever, crystalline phases of C–S–H peaks were not identified in the
alkali-activated matrices. This is in agreement with results
obtained by others, such as Garcia-Lodeiro et al. [10], who did
not find C–S–H phases in the XRD spectra of N–C–A–S–H gels, for
samples with low Ca content (CaO/SiO2 = 0.24). In other words, it
is not possible to determine whether these phases are present or
are absent in alkali-activated matrices on the basis of XRD spectra
alone, since they may be present in concentrations below the
detection limit of the equipment, or they may be present only in
their amorphous form.

The XRD spectra plotted in this study illustrate a reduction in
the intensity of the diffraction peaks corresponding to the original
crystalline phases of the FA – quartz and mullite (spectra 2b) – in
relation to the peaks of these phases in the alkali-activated pastes,
especially for M25 samples at 91 days (spectra 2h). This behavior
was not observed with the characteristic peaks of hematite when
comparing the spectra of fly ash (before activation) and of alkali-
activated binders, regardless of their age. The same behavior was
detected in XDR spectra from the alkali-activated matrices studied
by Criado et al. [35].

It is therefore possible that the alkaline medium of the activated
matrix caused disruption of the structure of these crystalline
phases over time, which would explain the reduction in the inten-
sity of the peaks. It should be emphasized that the reduction in the
intensity of the diffraction peaks identified in M25 mixes, particu-
larly at 91 days (spectra 2h), was more accentuated than the reduc-
tion observed in the M5 sample spectra. This indicates that making
alkali-activated matrices with combined NaOH and Ca(OH)2 acti-
vators using a high relative proportion of Ca(OH)2 increases the
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process of dissolution of the FA particles, including the crystalline
‘‘nanoparticles’’. It is worthy of note that even though this ‘‘amor-
phization’’ was more accentuated in the M25 samples, the com-
pressive strength of these samples decreased over time, as
illustrated in Fig. 1.

Characteristic peaks of trona (Na3H(CO3)2�2H2O – between
33.84� (100%) and 29.05� (80%)) were identified in the spectra of
the M25 matrix at the ages of 1, 28 and 91 days (spectra 2f, 2g
and 2h). In the M5 matrix, the characteristic peaks of trona were
only identified in the spectra for 91-day-old samples. No new
crystalline phases were identified in the alkali-activated samples
during the analysis period (91 days).

Therefore, in general, the X-ray diffraction spectra for the M5
and M25 alkali-activated matrices did not exhibit significant differ-
ences in samples of the same age. In other words, the decrease in
compressive strength seen in the M25 matrix is not related to
the growth of expansive crystalline compounds.

3.2.2. Infrared spectroscopy analysis
Fig. 3 shows the FTIR spectra for un-reacted FA and the alkali-

activated pastes at 1, 28 and 91 days. Table 3 gives the vibration
frequencies and assignments for all of the samples studied.

The vibration band in the original FA was at 1090 cm�1 (Si–O–Si)
and was displaced to lower frequencies in the alkali-activated
matrices (� 1000 cm�1 (tas T–O (T: Si or Al)) at all ages analyzed.
These results are in agreement with results observed by other
authors [37,38] in AAFA matrices. This change is related to the
20024002800320036004000
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Fig. 3. IR spectra – (1) 4000–400 cm�1; (2) 1600–600 cm�1: (a) fly ash; alkali-activated-
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effect the alkali-activator has on the structure of the original mate-
rial (FA), which leads to formation of an alkaline aluminosilicate of
an amorphous nature with three-dimensional structural chains.
Garcia-Lodeiro et al. [10] have showed that a band close to
1000 cm�1 is more typical of the main band in N–A–S–H gels.

When the 1090 cm�1 and 1000 cm�1 bands of the spectra for
the M5 sample are analyzed, it can be observed that between
1 day (3b) and 91 days (3d) there is a slight narrowing of the spec-
trum valley in the region of 1000 cm�1. It can also be observed that
the vertical distance (% transmittance) between this region and the
shoulder at 1090 cm�1 (Si–O–Si), related to non-solubilized ash
particles, increases as the M5 sample ages from 1 to 91 days. This
shows that the aluminosilicate polycondensation reactions are
occurring over time, resulting in growth of N–A–S–H gel, which
contributes to the increase in compressive strength, as seen in
Fig. 1.

The behavior of the M25 matrix spectrum at 1090 cm�1 and
1000 cm�1 over time was different to that seen with the M5
matrix.

After 1 day (3e), the spectrum of the M25 sample has an intense
narrow band at 1000 cm�1 and a small shoulder at 1090 cm�1. This
indicates that polycondensation of the aluminosilicate was more
efficient in the M25 sample than in the M5 sample within 1 day
(Fig. 3b). This is related to the larger amount of Ca in the M25 sam-
ple, which contributed to higher solubilization of fly ash particles
and, therefore, higher compressive strength (28 MPa) at 1 day than
the compressive strength of M5 (9 MPa). However, at 28 days (3f)
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Table 3
FA, M5 and M25 pastes band assignments.

Band FA M5 – Age (days) M25 – Age (days) Assigned to

1 28 91 1 28 91
a b c d e f g

Wavenumber (cm�1)

1 3436 3441 3432 3441 3446 3441 3455 m O–H (H2O)
2 1624 1639 1643 1658 1652 1652 1659 d O–H (H2O)
3 1459 1458 1460 1451 1459 1451 ma C–O (CO3

2�)
4 1413 1412 1412 1412 1412 1412 m C–O (CO3

2�)
5 1094 d Si–O–Si
6 1013 1019 1012 1000 1002 1007 m Si–O–Al
7 867 867 867 867 867 867 d C–O (CO3

2�)
8 795 797 797 797 798 798 797 m Si–O
9 779 777 778 777 778 778 777 d Si–O–Al

10 692 694 693 694 694 694 694 d Si–O–Si
11 464 460 460 460 459 460 458 d Si–O (SiO4 Td)

m: Stretching vibrations; d: deformation vibrations.
Adapted of Garcia-Lodeiro [36].
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and 91 days (3g) there is a subtle enlargement at the base of the
valley of the 1000 cm�1 band and a small vertical approach
(% transmittance) of the shoulder at the 1090 cm�1 band.

This may be related to a change in the N–A–S–H matrix over
time, which could explain the decrease in the compressive strength
of this sample from the age of 28 days (Fig. 1).

This finding confirms the observation from 28 days onwards of
two distinct morphologies in the M25 matrix, which will be
discussed in Section 3.2.3 below.

According to Garcia-Lodeiro et al. [10] bands at 952 cm�1

(mas Si–O) and 960 cm�1 (mas Si–O–Si) are characteristic of the gels
C–(A)–S–H and C–S–H, respectively. However, these bands were
not identified in the spectra of any of the alkali-activated matrices
shown in Fig. 3. This may indicate that if these compounds are
present in the alkali-activated matrices, they are only present in
low concentrations. These results are in line with the absence of
crystalline C–(A)–S–H and C–S–H peaks in the XRD spectra of
alkali-activated pastes (Fig. 2).

The band close to 3450 cm�1 is related to symmetrical and
asymmetrical stretching vibrations of H–O–H water molecules,
while the band around 1650 cm�1 is related to angular deforma-
tions of H–O–H bonds [39].

Bands at 797 cm�1, 778 cm�1, 694 cm�1 and 460 cm�1 were
identified in FA samples before and after alkali-activation. The
band at 796 cm�1 is attributed to a-quartz, with reference to a pre-
vious study [37]. Bakharev [39] related the band close to 800 cm�1

to AlO4 vibrations and the band close to 688 cm�1 to symmetrical
stretching vibrations of Si–O–Si in FA matrices. Regions close to
460 cm�1 are attributed to angular deformations of SiO4 tetrahe-
drons (O–Si–O), probably associated with quartz [39]. These results
are similar to those obtained by Palomo et al., [8] who identified
the same bands in FA before and after alkali-activation. These
results are in agreement with the XRD spectra, in which crystalline
mullite and quartz peaks were identified both before and after
alkali-activation of the FA (Fig. 2). This demonstrates the chemical
stability of the crystalline compounds in the presence of the
strongly alkaline medium, irrespective of the C/S molar ratio and
of the age of the alkali-activated pastes.

The appearance of bands in the regions of 1412 cm�1 (m C–O),
1450 cm�1 (m C–O) and 867 cm�1 (d C–O) are typical of CO3

2� vibra-
tional groups, present in inorganic carbonates [36]. These results
are in agreement with the identification of trona in the XDR spectra
of the alkali-activated matrices (Fig. 2).

Therefore, small changes at 1000 cm�1 in the spectra of the M25
sample between 1 and 91 days indicate that reactions could be
leading to changes in the microstructure of the aluminosilicate
gel (m Si–O–Al) resulting in the decrease observed in the compres-
sive strength of these samples over time.
3.2.3. SEM/EDS analysis
Fig. 4 shows the surface fracture characteristics of M5 and M25,

as observed by scanning electron microscopy at 1, 28 and 91 days.
Table 4 presents the results of the semi-quantitative elemental

chemical analysis by EDS of specific regions of M5 and M25
samples. The regions analyzed are shown in Fig. 4.

Fig. 4(a) shows the typical microstructure of the M5 paste after
1 day. This matrix exhibits dense morphology, characteristic of
efficient dissolution and alkali-activation of the FA. Nevertheless,
particles of FA (arrowed in picture) are visible inside some microp-
ores, indicating that these particles have not been dissolved by the
activating solution (NaOH + Ca(OH)2). At 28 days, the paste also
exhibits a dense structure, as seen in Fig. 4(c), exhibiting small
micropores. At this stage, undissolved FA particles can no longer
be detected, demonstrating that the alkali-activation process is
well-developed at this point. As can be seen in Fig. 4(c) and (e),
no significant changes in the morphology of the M5 matrix can
be observed from 28 to 91 days. What appear to be some FA parti-
cles covered by aluminosilicate gel can be seen, which demon-
strates that FA grains do not dissolve completely during the
process. It is interesting to note that most FA particles were solubi-
lized in 24 h at 80 �C, as shown in Fig. 4(a). This is related to the
molar concentration of the NaOH solution used (14.8 M). Raviku-
mar et al. [40] also found that the solubilization of FA increased
with increasing molar concentration of NaOH solution (4, 6 and
8 M). However, he also observed that several FA particles did not
solubilize in 8 M NaOH matrixes. Criado et al. [17] also found
non-solubilized particles of fly ash in alkali-activated binders at
8 M NaOH, cured at 85 �C for 20 h.

With relation to the EDS results shown in Table 4, and analyzing
the ratios investigated (Na/Al; Ca/Si; Na/Si; Na/Ca), no significant
changes can be detected during the period between 1 and 28 days.
During the same period, the mechanical compressive strength of
the M5 samples increased by 83% (Fig. 1).

Fig. 4(b) shows a micrograph of a fracture surface from an M25
sample after 1 day. It can be observed that the matrix is dense and
massive, consisting mainly of a single phase, and that microfissures
are present. These microfissures are common in this type of mate-
rial, and do not necessarily indicate expansion reactions (they
might be due to mechanical damage during sample preparation
for SEM observation or to the thermal treatment carried out during
the activation process). In the massive matrix (analysis points 9, 10
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Fig. 4. SEM micrographs of the M5 and M25 pastes, respectively, at: (a) and (b) 1 day; (c) and (d) 28 days; and (e) and (f) 91 days. The numbers on the images refer to the EDS
analyses.
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and 11), the mean Si/Al and Na/Ca ratios are 2.74 and 0.26
respectively.

By comparing the micrograph of the M25 sample after 1 day, as
shown in Fig. 4(b), with the micrograph of the M25 paste at
28 days, shown in Fig. 4(d), a change in the morphology can be
observed to have occurred during the period, since, in addition to
the matrix comprising a dense gel, (similar to that seen in the paste
after 1 day), there is also spongy morphology, forming in dispersed
regions of the matrix. Apparently, microfissures are formed by
starting in these spongy locations, extending in the direction of
the massive region of the matrix. According to the semi-quantita-
tive chemical analysis shown in Table 4, there was a reduction in
the Ca2+ content in these spongy regions, when compared with
the massive region, both at 28 days (points 14, 15 and 16) and at
91 days (points 19 and 20). However, the Na+ content in these
regions is different at different ages: at 28 days it is close to the
level determined in the massive matrix (around 7%); and, at
91 days the spongy region has a higher Na+ content (around 17%)
than the rest of the matrix (about 6%). Referring to work by Yip
et al. [32], it is of note that these authors found two very different
morphologies in their matrices based on alkali-activated MK/
GGBFS (similar to the morphologies found here): one region was
dense, made up of aluminosilicate gel while the other had a lower
density (spongy region) and was made up of the C–S–H gel. In the
spongy region, the Ca2+ content (11.6%) was greater than the con-
tent found in the aluminosilicate gel (1.12%), whereas the Na+ con-
tent was much lower in the C–S–H gel (4.48%) than in the
aluminosilicate gel (8.55%). In other words, totally different behav-
ior to that observed in the present study: in the spongy regions the
Ca2+ and Na+ concentrations were respectively lower and higher
than in the massive regions (aluminosilicate gel). Another interest-
ing aspect that can be observed in results of Table 4 is the change in
the Al content in the spongy regions of the M25 matrix from
28 days (12.55%) to 91 days (19.18%), corresponding to an increase
of 61.7%. During the same period, in the same region, the relative
increase in Na+ content was 113% (mean values at 28 and 91 days
were 8.14% and 17.39%, respectively). In other words, between 28
and 91 days the Na/Al ratio increased from 0.66 to 0.94. These
results suggest that destabilization is taking place in the alumino-
silicate N–A–S–H gel, since points 12 and 13 of the M25 matrix at
28 days, as shown in Fig. 4(d), and points 17 and 18 at 91 days,
shown in Fig. 4(f), indicate an increase in the Si/Al ratio. Thus, in



Table 4
Elemental composition of the M5 and M25 pastes determined by EDS. The points analyzed are indicated in Fig. 4.

Pastes Days P O Na Al Si Ca Si/Al Na/Al Ca/Si Na/Si Na/Ca

(C/S) (%) in mass Mean ratios

0.05 1 1 42.37 5.20 6.56 44.84 1.03 6.44 0.98 0.05 0.17 3.47
2 38.02 6.29 6.82 46.52 2.36
3 37.47 9.26 7.49 42.34 3.44

28 4 40.89 8.25 9.20 40.57 1.09 5.32 0.78 0.05 0.15 3.74
5 39.37 8.20 8.19 41.15 2.50
6 41.63 7.27 9.71 40.53 0.86
7 49.04 7.68 5.82 36.09 1.36
8 51.73 3.20 6.02 36.43 2.62

0.25 1 9 32.35 7.02 6.69 20.14 33.57 2.74 1.1 1.61 0.40 0.26
10 35.63 10.38 8.12 18.13 27.73
11 32.39 7.06 6.73 20.18 33.61

28 12 33.74 7.02 15.86 34.86 8.52 2.91 0.59 0.20 0.20 0.99
13 38.24 7.69 10.24 37.22 6.60
14 42.58 7.27 12.08 35.95 2.12 2.52 0.66 0.05 0.25 5.17
15 46.70 7.58 13.94 30.65 1.13
16 49.15 9.57 11.64 27.86 1.78

91 17 36.95 5.80 5.15 40.90 11.21 6.11 0.97 0.28 0.16 0.58
18 36.12 7.17 8.64 37.01 11.06
19 33.02 15.56 22.30 27.06 2.07 1.54 0.94 0.07 0.60 8.14
20 33.49 19.21 16.06 30.05 2.19

P: Analysis point.
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this period, the relative Al content has reduced in the massive
region (aluminosilicate gel). These changes in the aluminosilicate
gel might cause destabilization of the structure, which could
explain the 20.2% reduction in compressive strength observed from
28 to 91 days, as shown in Fig. 1. Furthermore, the Na/Al ratio in
this region exhibited an increase of 64.4% from 28 days (0.59) to
91 days (0.97), which indicates a combined mobility of Al3+ and
Na+ in the spongy region during this period. These findings are in
agreement with Garcia-Lodeiro et al. [11]. According to these
authors, the presence of calcium in an N–A–S–H matrix may result
in the following result: (a) Si–O–Al linkages are disrupted by the
polarizing influence of Ca2+ to form Si–O–Ca, or; (b) Al is lost from
the 3D structure to produce secondary phases with Ca. Further-
more, Garcia et al. [11] showed that the alkaline cations bound
to N–A–S–H gel surfaces offset the charge imbalance generated
by the replacement of Si4+ with Al3+. Thus, the increase in Na+ from
28 to 91 days that occurred in the M25 matrix was the result of
N–A–S–H matrix destabilization caused by Ca2+. Therefore, based
on SEM/EDS study, it appears that there was no formation of
C–S–H gel in the M25 matrix sample. This observation agrees with
the fact that the band characteristic of C–S–H (960 cm�1) was not
identified in the FTIR spectra for this sample (Fig. 3). However, in
the micrographs the formation of two different aluminosilicate
gels with different morphologies can be observed, one of which
is dense and massive and the other of which is spongy.

It can be observed that the morphology of the M25 matrix at
both ages (28 and 91 days) is extremely similar, which indicates
that there were no significant microstructural changes during this
period. It should be pointed out that changes to the matrix did
occur between 1 and 28 days since the spongy regions were first
observed in the alkali-activated matrix at 28 days.

The compressive strength test results for mortars produced
using combined NaOH/Ca(OH)2 activators with M25 M ratios show
that strength increased from 1 to 7 days, from about 27.9 MPa to
29.8 MPa. However, there was a change in mechanical behavior
between 7 and 28 days, at which point a reduction in compressive
strength had occurred, from 29.8 MPa to 19.3 MPa. Furthermore,
this deleterious process continues over time, since the strength
continued to reduce from 28 days (19.3 MPa) to 91 days
(15.8 MPa). It should be emphasized that it was not possible to
identify significant morphological changes in the activated matrix
between 28 and 91 days. However, an increase was identified in
relative content of Na and Al in the spongy regions during this per-
iod, confirming the formation of two different aluminosilicate gels.
This spongy gel results in a weaker material which is the reason
why the compressive strength of the entire system decreased.

4. Conclusions

The use of combined NaOH and Ca(OH)2 alkaline activators in
alkali-activation processes with fly ash should be adopted with
caution. M5 matrices (C/S = 0.05 and C/N = 0.033) containing small
amounts of Ca(OH)2 exhibited increasing compressive strength as
age increased. However, M15 (C/S = 0.15 and C/N = 0.37) and
M25 (C/S = 0.25 and C/N = 0.70) matrices, containing higher pro-
portions of Ca(OH)2, exhibited a decrease in compressive strength
over time, from 28 days of age. The C/S and C/N ratios are therefore
important variables for the mechanical stability of alkali-activated
fly ash matrices using combined NaOH and Ca(OH)2 activators.

Quartz, mullite and hematite are crystalline phases that are com-
mon in fly ash and these were also identified in the alkali-activated
matrices. However, there were apparently significant reductions in
the characteristic peaks of these compounds, as identified by their
XRD spectra, especially in M25 samples at 91 days.

Crystalline phases of trona (Na3H(CO3)2�2H2O) were identified
in M5 and M25 samples. Nevertheless, trona phases were identi-
fied only at 91 days in M5 samples, while in M25 samples they
were identified at 1, 28 and 91 days, which shows the C/S ratio’s
influence on formation of this phase. However, the presence of
these compounds in the hardened matrix did not have a deleteri-
ous effect on its compressive strength over time.

The FTIR analysis revealed small changes in the 1000 cm�1 band
of the M25 sample spectra between 1 and 91 days. This indicates
the occurrence of reactions that could be leading to changes in
the microstructure of the aluminosilicate gel (m Si–O–Al), with
the consequence that the compressive strength of these samples
reduces over time.

The SEM micrograph of the M5 and M25 matrices showed the
presence of two different aluminosilicate gels: the M5 sample
developed a massive aluminosilicate gel over time, while the
M25 sample exhibited a spongy gel from 28 days onwards, result-
ing in a weaker material.
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