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This study focuses on the influence of microwave irradiation dosimetry on alkali-activated slurry in its early
stages. The impact on the chemistry and mineralogy along with the mechanical properties were evaluated by
changing the power of microwaves and their duration of exposure. This influenced the dissolution of amorphous
content, diffusion, and self-assembly into an aluminosilicate network. The precursors used in this study were
metakaolin, a non-waste material commonly used in geopolymerisation technology, and local fly ash and ladle
furnace slag as secondary materials. Furthermore, they were chemically and mineralogically analysed, and their
mixtures with NaOH and Na-water glass provided the optimal ratio of the amount of elements obtained using the
pre-calculation approach. However, the potential extra addition of water was experimentally determined to
allow complete wetting of the material and solid workability during moulding. Using Fourier-transform infrared
spectroscopy, the influence of water was further investigated in alkali-activated slag and fly ash irradiated with
microwaves, which resulted in the highest values of mechanical strength in the dosimetry-mapping part of the
analysis. In addition to the time dependence of the expected mechanical strength on the ageing of the alkali-
activated material, the synthesised material exhibited a significant dependence on the dose of microwave irra-

diation, which was different for every precursor as well as every mixture with different chemistries.

1. Introduction

Alkali-activated materials (AAMs) are considered promising alter-
natives to conventional building materials (cement, concrete, and ce-
ramics) because of the reduced energy requirements for AAM
production, that is, the preparation time and temperature are low,
resulting in a low carbon footprint [1,2]. Materials being used as pre-
cursors must contain a sufficient amount of Si and Al in the amorphous
content and as few elements of the first group of the periodic system as
possible, which are added later with the alkali activator considering the
final ideal molar ratio of the amount of elements M:Al:Si (M is the ele-
ments of first group) of all the ingredients together is 1:1:1.9 [3].

The most used precursor is metakaolin, which is considered the
standard in alkali activation [4]. However, the most used alkalis in
alkali-activators are NaOH, KOH, Na-water glass, and K-water glass.

In the first phase of the reaction in an alkaline medium, dissolution of
the precursor occurs, followed by the transport of the elements, alumi-
nosilicate monomer formation (binding of Al and Si with O into tetra-
hedra), and finally, polycondensation (and dehydration) into the
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aluminosilicate network, which is mostly amorphous [5].

Curing is performed either at room temperature or in drying cham-
bers, where heating is superficial [6] and takes a certain amount of time
to reach the inner parts of the moulded alkali-activated slurry even if the
heating chamber is at the desired temperature at the beginning of
curing. Conversely, implementing (dielectric) heat with microwave
irradiation is volumetric [6] only if the material’s electrical and mag-
netic properties classify it as an absorbent, that is, the material absorbs
microwaves and exchanges electromagnetic energy. Other types are
classified as transparent materials (insulators), where microwaves travel
through the material without energy transfer, and opaque materials,
where microwaves fully reflect on their surface without energy transfer.
Real-life materials (waste materials) usually comprise different phases
that interact with microwaves selectively, that is, some phases absorb
microwave energy, some reflect microwaves, and some are invisible to
them [7]. Molecules with permanent dipole moments “interact” with
microwaves well [8], i.e., there is at least one component in the mixture
that will be efficiently irradiated (water). This mixed absorption results
in the material being heated non-uniformly throughout the material’s
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volume, which can be solved with a microwave oven that generates
microwaves of variable frequencies simultaneously [9]. Additionally,
the frequency spectra of kitchen microwave ovens are not mono-
chromatic (considering microwaves can interfere with neighbouring
frequencies, it was chosen that kitchen microwave ovens operate at
approximately 2.45 GHz whereas industrial microwaves operate at
approximately 0.915 GHz with few MHz of space of “not-used” fre-
quencies) and range from 2.40 to 2.50 GHz with several broader peaks
[10].

In recent years, only a few articles have studied the influence of
microwave heating on AAMs.

- Microwave heating of alkali-activated coal bottom ash allowed AAM
to develop its microstructure faster, and the mechanical properties
were enhanced in a short time; however, if microwave heating was
conducted for too long, the structure deteriorated and the strength
decreased [11]. The alkali-activated slurry was cured at 75 °C for 48
h and then irradiated in a microwave oven at 700 W.

- Already demoulded alkali-activated coal bottom ash that had been

cured at low temperatures for less than 36 h was irradiated in a

microwave oven for 3 min, which rapidly increased its compressive

strength [12].

Alkali-activated coal bottom ash was pre-dry-oven cured for 12/24/

36 h at 75 °C, and post-microwave oven heated for up to 7 min at

700 W. The specimens cured for 36 h showed a high improvement in

compressive strength just after being irradiated with microwaves for

3 min (from 13 MPa to 40 MPa) [13].

Alkali-activated coal bottom ash was pre-cured in a dry oven at 75 °C

and irradiated with microwaves of different power for different du-

rations. It was noticed that the compressive strength depended on the
moisture content, i.e., the highest compressive strength was achieved
if the moisture was between 4 and 6% (average surface temperature
between 120 and 130 °C). If lowered with further microwave irra-
diation, the compressive strength decreased owing to the loss of

chemically bonded water (internal stress became high) in the AAM. A

higher compressive strength was achieved after 1 d of conventional

curing followed by short microwave irradiation compared to when

the samples were cured at 75 °C for 7 and 21 d [14].

Malaysian researchers investigated the influence of microwave

curing of samples cured from 60 °C to 120 °C for 24 h, demoulded,

and cured further at 60 °C for 48 h in a steam oven after 1 h at room
temperature, or with microwave heating from 20 to 140 min. The
density of samples prepared with microwave heating was higher
than that of samples prepared with surface heating for all mixtures.

The compressive strength increased as the temperature increased

when conventional heating was used, and with time under micro-

wave irradiation. The highest compressive strength was achieved

using microwave heating [15].

Alkali-activated mortar from pond fly ash containing heavy metals

was prepared at 80 °C for 4, 8, and 12 h, and with microwave heating

for 10-60 min in steps of 10 min. It was observed that 60 min of
microwave irradiation resulted in a much higher compressive
strength than that of the samples cured at 80 °C for 12 h. Further-

more, the choice of proper alkali and alkali glass is important [16].

- High-strength alkali-activated fly ash was obtained with microwave
irradiation in a shorter time compared to samples prepared by sur-
face heating. Specimens were demoulded after 24 h and then treated
in ambient air (23 °C and 50% humidity) and water (23 °C). The
samples that were not demoulded were treated in a conventional
oven for 1-2 h at 60 °C and 90 °C, whereas the demoulded samples
were treated at 90 °C and 120 °C, or in a microwave oven for 5-105
min. The result showed that if the curing temperature was higher,
higher compressive strength was achieved faster, the influence of
dehydration had a minor effect on strength development, and the
compressive strength increased with time at high temperatures. This
confirmed that the temperature of the samples depended on the
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microwave power and time under microwaves, that is, the higher the
power and longer the time, the higher the temperature of the sample.
The highest compressive strength with microwave irradiation for 15
min was achieved with microwaves of 300 W; no cracks were
observed at 200 W, whereas higher microwave powers resulted in
specimen deterioration and a decrease in mechanical strength. The
compressive strength increased with the microwave curing time
(curing at 200 W). The mechanical strengths of the samples prepared
by microwave heating were higher than those of the samples cured at
90 °C. It was also observed that the compressive strength of smaller
samples is higher at shorter curing times than that of larger samples
considering the temperature of the core of the smaller sample
evolved faster at a higher temperature, that is, microwaves were
absorbed in the material and reach a certain depth (depending on
their power), while surface heating required significantly more
amount of time to reach the core. It was concluded that AAMs with
high strength can be achieved in a short time by controlling the
microwave power, temperature, and specimen size [17].
- Porous alkali-activated fly ash-based material was synthesised by
microwave irradiation of the slurry for 1 min after mixing all re-
agents for 1 min, where the microwave power was the only variable
[18].
Precursor rice husk ash was incinerated by microwave heating and
used with fly ash for alkali-activated (geopolymer) concrete; how-
ever, there was no comparison with the use of non-microwave-
incinerated rice husk ash [19].
In addition to the treatment of precursors and AAMs, microwave
technology was used for synthesising silica fume-based solid acti-
vators for fly ash geopolymerisation, one part precursor by dehy-
dration of used-prepared alkalis varying the kitchen microwave
oven’s power and irradiation time [20].

In this study, microwaves of different powers and durations were
used on moulded slurries of alkali-activated metakaolin, ladle furnace
slag, and fly ash to influence the early stages of alkali activation. After
microwave irradiation material was cured at room temperature and 55%
moisture (the majority of other studies did not use microwave irradia-
tion instantly and cured their materials first using conventional
methods). The results were compared with their not irradiated coun-
terparts cured solely at room temperature and 55% moisture. Alkali-
activated slag and fly ash was further prepared with different amounts
of water and irradiated with microwaves of power and duration that
resulted in the highest compressive strength for each material.

2. Materials and methods
2.1. Characterisation of precursors and their alkali-activated counterparts

Fly ash (FA), ladle furnace slag (SR), and metakaolin (MK) were
dried (70 °C for 24 h in a heating chamber WTB Binder), ground (with a
vibrating disk mill Siebtechnik), and sieved below 125 pm for X-ray
powder diffraction (XRD) and X-ray fluorescence (XRF) analysis.

The XRD (Empyrean PANalytical X-ray Diffractometer, Cu X-ray
source) pattern was obtained using X'Pert Highscore plus 4.1. The
amount of amorphous content and minerals was estimated by Rietveld
refinement using an external standard (pure corundum, Al;O3).

For XRF, the dried precursors were first ignited at 550 °C (removal of
organic material), then at 950 °C (removal of carbonates), and then
melted into discs (the precursor was mixed with Fluxanag) FX-X50-2,
that is, a mixture of lithium tetraborate and lithium metaborate (mass
ratio 1:1), to lower the melting point, in a mass ratio of 1:10 for Fluxana;
LiBr(y (prepared from 50 ml H,O and 7.5 g of LiBr() from Acros Or-
ganics) was added to the mixture of precursor and fluxana to avoid
glueing the melt onto the platinum vessel). XRF was performed on discs
(Thermo Scientific ARL Perform’X Sequential XRF) from fluorine to
americium, and the measured data were analysed using UniQuant 5.
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The bending and compressive strengths of the AAMs were measured
using a compressive and bending strength testing machine (ToniTechnik
ToniNORM) at 7, 14, 21, and 28 d after moulding. Experiments with
additional water were performed on 1, 3, and 7 d. The age of the sample
when its mechanical strength was measured was denoted as t.

Fourier-transform infrared spectroscopy (FTIR; PerkinElmer Spec-
trum Two) was performed in ATR mode on samples with additional
water after mechanical strength measurements.

The geometrical densities of the alkali-activated materials were
determined by weighing the alkali-activated prisms and dividing their
mass by their volume.

2.2. Preparation of precursors and their characterisation results used for
determination of mixture designs of alkali-activated samples activated by
Na-based alkalis

The FA and MK precursors were used as received without further
treatment. On the other hand, SR was ground (with the vibrating disk
mill Siebtechnik) and sieved below 125 pm. Their true densities were
determined with a pycnometer according to SIST EN 1097-7:2008 using
petroleum (density of FA, SR and MK are 2.4 kg/dm?, 2.8 kg/dm?, and
2.5 kg/dm? respectively).

From the XRF and XRD results of all precursors, the amount of
amorphous content was determined for each chemical element accord-
ing to our previous work [21] and is presented in Table 1. The loss on
ignition (LOI) was measured at 550 °C and 950 °C.

The required addition of alkalis (NaOH (Donau Chemie Atznatron
Schuppen, EINECS 215-785-5, Vienna, Austria) and Na-water glass
(Geosil, 344/7, Woelner, Ludwigshafen, Germany, with a mass per-
centage of NayO 16.9%, and mass percentage of SiO, 27.5%)) was
calculated to achieve the molar amount of elements M:AlL:Si of all in-
gredients together 1:1:1.9. First, the amount of Si was fixed at an Al: Si
ratio of 1:1.9 to achieve the highest compressive strength [3]. Then, the
first group of the periodic system was considered to avoid efflorescence,
that is, keeping the ratio M:Al<1. Furthermore, it was taken into ac-
count, that elements from the second group of the periodic system did
not participate in the reaction (“a” black rows in Table 2); however, in
case they do get involved in the reaction, the addition of NaOH was
eliminated. This was possible only in the case of FA (mixture “FAb” in
Table 2), considering optimal mixtures from MK and SR had enough
elements from the first group of the periodic system owing to the
addition of Na-water glass while fixing the ratio Al:Si = 1:1.9 (as pre-
sented in Table 3). For all chemically optimal mixtures (FAa, SRa, MKa)
that needed extra liquid to gain solid workability (sufficient wetting of
the pulverised material and easy enough moulding of the slurry), a
minimal amount of distilled water was added (determined by trial and
error). The added distilled water was replaced by Na-water glass (the
mass of the liquid was kept constant) only as a room temperature early
“liquid” reference (no microwave irradiation), grey rows in Table 2; FAc,
SRb, MKb. The goal of this experiment was to increase the viscosity of
the slurry to increase the final compressive strength (slurries with higher

Table 1
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Table 2

AAM mixtures prepared from FA, SR and MK: optimal mixtures FAa, SRa, and
MKa, mixture with the inclusion of the second group influence from the pre-
cursor and the exclusion of additional Na from alkali (FAb), “liquid” reference
mixtures (FAc, SRb, MKb, grey rows). The mixtures with additional amounts of
water content (FAd, FAe, SRc, SRd, blue rows). The amount of water content is
fully deducted from water added to the mixture (my20), whole water present in
the mixture (My20 whole) and its mass percentage in the slurry (Mo, p2o whole)-

Mixture Mprecursor MNaOH MNa-water Mpy20 My20 Mo, H20
[g] [g] glass [8] [g] whole [g] whole [%0]
FAa 50 3 15 2.5 10.8 15.4
FAb 50 0 15 2.5 10.8 16.1
FAc 50 0 17.5 0 9.7 14.4
FAd 50 3 15 5 13.3 18.3
FAe 50 3 15 7.5 15.8 21.0
SRa 50 0 18 5 15.0 20.6
SRb 50 0 23 0 12.8 17.5
SRc 50 0 18 10 20 25.7
SRd 50 0 18 15 25 30.1
MKa 50 2.5 28 5 20.6 24.1
MKb 50 0 33 0 18.3 22.1

viscosity liquids usually dry slower, dehydration leaves material less
damaged, but the limit value of mechanical strength is reached after a
long time) [21]. With mixtures FAa and SRa, the influence of the amount
of water on the irradiation of the AAM slurry was tested by adding
higher amounts of distilled water (mixtures FAd, FAe, SRb, SRc; blue
rows in Table 2). All prepared mixtures in mass ratios are presented in
Table 2 with the total amount of water (my20 whole), Which is the added
amount of distilled water (mpy0) and water present in Na-water glass,
and with the mass percentage of water (mo, g20 whole), Which is calcu-
lated on the mass of all ingredients.

In alkali-activated reactions, useful chemical elements in precursors
are elements from the first group of the periodic system (Li, Na, K, Rb,
Cs), second group (Be, Mg, Ca, Sr, Ba), and as the main building blocks Si
and Al, connected with/through oxygen in the aluminosilicate network
(ASN) [5]. These elements have to be part of the amorphous content to
dissolve in alkali media (Table 1) [5,21] and be well pulverised for the
liquid to have access to the inner parts of the powders [22]. In addition
to the precursor elements participating in ASN formation, building
blocks also come from alkalis (Si from water glasses, first and second
group elements from alkalis). The sum of the amorphous elements (from
precursors and used alkalis) potentially available for ASN formation in
AAM mixtures are presented in Table 3 as molar ratios normalized to Al.
“Usefulness” of precursors regarding alkali activation is presented also
in Table 2 as mass percentages of the sum of elements that can
contribute to ASN, once with and once without the second group (if
amorphous elements from the second group dissolve completely, or do
not dissolve at all), but always dissolve with oxygen included (but only
the amount needed for Al and Si in the ASN). The theoretical differences
in the amounts of ASN between mixtures of the same precursor can vary
only owing to the slightly different amounts of alkali (Si and Na atoms),
which was neglected in the first approximation.

The LOIs and mass percentage of elements from fluorine to americium (measured with XRF, 1st row), of elements in the crystalline phase (determined with Rietveld
refinement from XRD, 2nd row), and of elements in the amorphous content (3rd row).

Precursor Elements [m%] Na K Cs Mg Ca Sr Ba Al Si LOI LOI
550 °C 950 °C
FA XRF 0.89 1.83 0 1.69 8.85 0.05 0.07 12.16 20.92 0.85 0.89
XRD 0 0 0 0.37 1.64 0 0 1.74 4.32
XRF-XRD 0.89 1.83 0 1.32 7.21 0.05 0.07 10.42 16.60
SR XRF 0.27 0.16 0 17.94 25.48 0.05 0.02 3.53 8.18 4.53 17.40
XRD 0 0 0 6.97 13.82 0 0.02 0.75 7.41
XRF-XRD 0.27 0.16 0 10.97 11.66 0.05 0 2.78 0.77
MK XRF 0.21 0.15 0 0.10 0.35 0.005 0.04 13.54 32.41 1.36 2.03
XRD 0 0 0 0 0 0 0 1.58 16.20
XRF-XRD 0.21 0.15 0 0.10 0.35 0.005 0.04 11.96 16.21
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Table 3

Molar amount of the elements useful in alkali activation normalized to Al for
AAM mixtures and mass percentage of useful elements with (mo, ys) and without
(m, us/2nd) the second group present only in precursors (oxygen included).

Mixture First Second Al Si my, ys Mo, s,
group group [mol] [mol] [mol] [%] 2nd [%]
[mol]
FAa/ 1.03 0.61 1 1.89 70.0 61.0
FAd/
FAe
FAb 0.64 0.61 1 1.89
FAc 0.71 0.61 1 1.95
SRa/ 2.06 7.21 1 1.87 30.8 8.2
SRe/
SRd
SRb 2.59 7.21 1 2.31
MKa 1 0.03 1 1.89 61.8 61.3
MKb 0.84 0.03 1 1.99

Slurry mixtures were placed into silicon moulds of size (80 x 20 x 20) mm?® and
cured at room temperature with 55% moisture (no irradiation; all mixtures), or
immediately irradiated in a microwave oven (Gorenje Microwave oven MO
17DV, Slovenia, Velenje, maximal power 700 W, frequency 2.45 GHz) with
microwaves with power (Pmicrowaves) from 20%, 40%, 60%, 80%, and 100% of
700 W for 5s,10s,15s, 20 s, 25 S (tmicrowaves; Mixtures FAa, FAb, SRa, MKa).
Then, it was cured at room temperature and 55% moisture to determine me-
chanical strength dependence on the irradiation dose. The theoretical energy
emitted from the microwave oven to the sample is shown in Fig. 1 (black dots
indicate the performed experiments, including the (0,0) point), where we
considered that microwaves were present throughout the selected time (starting
without any delay) of the irradiation at the chosen power (cyclic operation of the
microwave oven was neglected). During each irradiation with microwaves, the
entire mould (six prisms filled with the AAM slurry to the top; always only one
mould) was positioned centrally in the oven to gain the best possible uniformity
of irradiation, and the dose of irradiation was split into all prisms as equal as
possible every time.

Mixtures FAa, FAd, FAe, SA,, SRc, SRd were irradiated for 15 s and
20 s at 40% and 60% microwave power before being further cured at
room temperature with 55% moisture to determine the influence of the
amount of water. All samples were cured (after irradiation) under the
same conditions until mechanical strength measurement.

AAMs were demoulded when hardened, that is, SR and MK were
demoulded 1 d after moulding their alkali-activated slurries, while FA
was demoulded after 3 d.

The bending and compressive strengths, as well as geometrical
density contour plots, were calculated with the statistical software JMP
16.0.0, using the Delaunay triangulation of a discrete point set as an
algorithm. The points used for the calculation are presented as black
dots in Fig. 1 (including point (0,0)).

3. Results and discussion
3.1. Analysis of precursor and alkali-activated slurry design

The LOI measured at 550 °C (Table 1) was negligible for MK and FA,
whereas, for SR, it was close to 5 m%. This loss can be attributed to
water, organic compounds, and/or materials that require less energy to
break chemical bonds, such as portlandite [23]. If these materials do not
dissolve in alkali, they can dissolve in a high-power curing regime: high
temperature, which is not needed when performing conventional tem-
perature curing of AAMs, or energy transfer from the microwaves
through the vibration of molecules with permanent dipole moments,
that is, from the surrounding water molecules or organic materials
themselves. The LOI measured at 950 °C showed that SR contained a
significantly higher amount of carbonates than FA and MK. In short
periods of irradiation and low microwave powers, the bonds in car-
bonates most likely cannot be broken, which indicates that carbonates
present in the precursor were not available during alkali activation and
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Fig. 1. The energy emitted from the microwave source to the moulded alkali-
activated slurry. Black dots label performed experiments.

did not influence the chemistry of the ASN.

The XRF and XRD data of precursors are presented in section 2 (XRD
patterns of precursors are presented in the supplement in Fig. S1, Riet-
veld refinement in the supplement in Fig. S2, labelled peaks in the
supplement in Fig. S3) alongside the determination and explanation of
mixtures prepared for this study. The highest and lowest amount of
water calculated for all ingredients in alkali activation was 30.1% (SRd)
and 14.4% (FAc), respectively. A higher amount of water means that
more molecules absorb microwaves, but simultaneously, the dose of
irradiation is spread to more points in the alkali-activated slurry, heating
it more uniformly but slower, and not at the same temperature (the ef-
fect of dissolution is therefore lower). The negative effect of an excessive
amount of water decreased the penetration depth of the microwaves
[24,25], leading to non-uniform heating throughout the volume of the
moulded alkali-activated slurry. In addition, too much water can lead to
lower compressive strength in AAMs cured in a conventional way [21],
making it difficult to distinguish between the positive and negative ef-
fect(s) of the different amounts of water.

Mixtures closest to the optimal molar ratio of elements 1:1:1.9 for M:
Al:Si is MKa and FAa/FAd/FAe, where MKa has almost no element of the
second group in the amorphous content that would participate in the
alkali-activated reaction and cause a surplus of elements from the first
group added into the mixture with alkalis, which causes efflorescence.
To avoid potential efflorescence when FA was used as a precursor, a
mixture of FAb was prepared without the addition of NaOH. Conversely,
mixtures with SR had too large amounts of elements from the first and
second groups, regardless of whether they participated in the alkali-
activated reaction.

The mass percentage of all useful elements in the alkali activation
present in the precursor was the largest in FA (70%), followed by MK
(62%), whereas SR only had 31% of material potentially useful in alkali
activation (the rest can be considered only as aggregates if they do not
dissolve in alkali media). If the second group is considered, the largest
mass percentage of useful elements was in MK and FA (61%); this
amount was less than 10% for SR.

3.2. Preliminary analysis of alkali-activated mixtures

The compressive (CS) and bending (BS) strengths of non-irradiated
mixtures of FA, SR, and MK measured 7 d after moulding are shown
in Fig. 2.

Mechanical strengths are highly dependent on the precursor used,
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Fig. 2. (a) CS and (b) BS coloured according to the geometrical density measured 7 d after moulding of non-irradiated alkali-activated slurries cured solely at room

conditions and 55% moisture from all mixtures presented in this paper.

especially on the time needed for hardening of the alkali-activated
slurry, that is alkali-activated FA could be demoulded not prior to 3
d after mixing ingredients regardless of the curing procedure used,
whereas alkali-activated SR and MK could have been demoulded after a
few hours (but were demoulded after 1 d). Previous research [21] shows
that AAMs require a certain amount of time to gain final mechanical
strength, which indicates that the mechanical strength results after 7
d might not be final for all precursors and their mixtures.

However, from CS of optimal mixtures from different precursors
(FAa, SRa, MKa) shown in Fig. 2, it could be falsely concluded that a
higher density of AAM indicates lower mechanical strength (alkali-
activated MK has a geometrical density of approximately 1.8 kg/dm>, FA
1.9 kg/dm®, and SR 2.1 kg/dm®), but the higher density of alkali-
activated SR comes from a higher density of precursor SR itself (pre-
cursor MK has a true density of approximately 2.5 kg/dm?, FA 2.4 kg/
dm3, and SR 2.8 kg/dm3) that also has the smallest amount of alkali-
activated reaction useful elements (see Table 3), the lowest mass per-
centage of amorphous Al and Si, and the highest percentage of amor-
phous elements from the second group (see Table 1) that might play a
role in the alkali-activated reaction; therefore the lower values of
compressive strength of SR compared to FA and MK. However, besides
geometrical density, which is connected mainly to the porosity (higher
porosity, lower geometrical density, usually means lower mechanical
strengths [21]) and not just to the precursor used, it is important to
determine which material does not react, how it is distributed and
connected with ASN, and how it contributes to the skeletal density. A
dependence on the change in the amount of Na along with water on the
CS was noticed for all precursors used in this study (observations from
Fig. 2, Table 2, and Table 3):

e FAa, the initial mixture (the assumption was that amorphous ele-
ments from the second group, which are present in the precursor, do
not react in alkali activation) has a lower 7 d old CS value compared
to mixture FAb, which has a low amount of added Na but a high
amount of water (leading to the conclusion that dissolution was
slightly lower owing to the water/binder ratio or/and that elements
from the second group from the precursor do react at least to a
certain degree in alkali media, and that FAa might show efflores-
cence). Decreasing the amount of water led to an even higher 7 d old
CS, that is, FAc had a higher CS than FAb.

e MKa as the initial mixture showed a slightly lower CS compared to
MKb, which has a slightly lower amount of Na and water, which is in
agreement with our previous work (less water, better CS [21]. A
slightly less Na than the theoretically determined from XRF and XRD
can also be beneficial if not all Al in the amorphous content dissolves
(to avoid efflorescence).

e SRa as the initial mixture shows a higher CS compared to SRb which
has a higher amount of Na and a lower amount of water, thereby
indicating that the amount of Na is exceeded in the case of SRb (if the
same assumption as for FAa for the second group is also valid for SRa;
else, the amount of Na also exceeds in mixture SRa).

As shown in Fig. 2, a higher amount of water decreases the me-
chanical strength: FAe has lower mechanical strengths than FAd, which
has lower mechanical strengths than FAa (the amount of water increases
in the mixtures). The same conclusion can be drawn from the SR mix-
tures, that is, SRd has lower mechanical strengths compared to SRc
mixtures, which have lower mechanical strengths compared to SRa
mixtures, where the amount of water decreases.

3.3. Preliminary analysis of irradiation of alkali-activated samples

CS and BS along with the density of alkali-activated mixture FAa (1st
row), FAb (2nd row), SRa (3rd row), and MKa (4th row) irradiated with
microwaves of different powers and durations, 28 d after moulding, as
shown in Fig. 3(a—c), respectively.

The absorbed dose of irradiation depends on the duration and power
of the microwaves and the properties of the material that allow (or not)
“interaction” with the microwaves. The mass of the irradiated material
was approximately constant for each individual mixture (all prisms in
the mould were filled equally) but differed slightly among mixtures
(different amounts of solid and liquid parts) and precursors (their den-
sities were different). Additionally, the position of the mould in the
microwave was always centred so that the only influence on the final
properties of the alkali-activated material would be from the used pre-
cursor and alkali liquid part of the mixture.

The contour plots of mixture FAa in Fig. 3 (1st row) show that the
absorbed dose of irradiation has a unique impact on the mixture FAa. CS,
BS, and density without irradiation (point (0,0) on the 2-dimensional
plots) were lower than their maximal average value that was reached
with irradiation.

If the absorbed dose is too high, the slurry inside starts to deteriorate
and the AAM cracks [13]; the deterioration is visible when AAM is ready
for demoulding (when it is hardened enough) and not in the slurry.
These large-scale cracks severely influence the bending strength; that is,
AAM cannot withstand higher dosages of microwaves that influences the
rate of dehydration. Changes in the density range from 1.8 to 2.1 kg/dm?>
and show peaks at different levels of emitted microwave energy that
indicate different phenomena taking place in the alkali-activated slurry.
Optimal values for irradiation with microwaves in a used microwave
oven with filled mould and FAa slurry, according to all three plots in
Fig. 3, is 40% (280 W) of full microwave power for 15 s, i.e., the energy
emitted to the material is 4.2 kJ.
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Fig. 3. (A) CS, (b) BS, and (c) density of 28 d old alkali-activated mixture FAa, FAb, SRa and MKa showing unique dosimetric dependence on duration and power of

irradiation with microwaves.

From Figs. 3 and 1, it can be concluded that other than the amount of
absorbed dosage, the time the dosage is absorbed is also important,
which can be attributed to the rise in the temperature inside the slurry
during microwave irradiation (although not measured, our experi-
mental concludes that not all materials can withstand irradiation of
AAM, i.e., the temperature of AAM irradiated with 700 W microwaves
for a long time can raise its temperature to “sintering” temperature or
above - randomly distributed glowing lines on AAM’s surface were seen)
and potential water evaporation that changes its mass percentage in the
slurry leading to its potential deficit needed in the reaction.

CS, BS, and the density of the alkali-activated mixture FAb (which is

like FAa without NaOH, ending with a slightly higher mass percentage of
water, both leading to lowering pH) irradiated with microwaves of
different powers and durations, 28 d after moulding, as shown in the
second row of Fig. 3(a-c), respectively.

From the contour plots for mixture FAb it is clear that the influence of
microwaves is different for mixtures FAa and FAb, showing peaks of
higher density, CS, and BS at 420 W and 10 s of microwave irradiation.
After 28 d, the CS and BS of the mixture FAa ended with much higher
values than the CS and BS of the mixture FAb, which could be due to the
slightly larger amount of initial overall water in the mixture FAb
(Table 2), and/or due to the more optimal mixture regarding amounts of
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alkali elements and Al (Table 3).

Densification (pre-sintering) of irradiated FAb might start increasing
above a microwave power of 700 W (an increase in BS), which is the
maximum value of the microwave oven used. Therefore, investigation
with higher-power microwaves for short times was not possible.

CS, BS, and the density of alkali-activated mixture SRa irradiated
with microwaves of different powers and durations, 28 d after moulding,
are shown in the third row of Fig. 3(a-c), respectively.

From the contour plots, it can be seen that the highest CS and density
of mixture SRa were achieved with microwave irradiation of 420 W for
20 s, whereas the highest BS was measured after irradiation at 560 W for
10-20 s. The sharp decrease in CS and BS began after the microwave
power of 600 W, that is, samples irradiated with 700 W for different
times showed large vertical cracks through the entire volume of the
AAM (microwave irradiation is volumetric heating) owing to early water
evaporation (all 2-dimensional cracks were vertical, i.e. perpendicular
to the direction of moulding) or deterioration of the calcium-silicate-
hydrate (CSH; which is the hydration product of portlandite [26] that
can be present in ladle slags [27]) at “elevated” temperatures [28].

CS, BS, and the density of the alkali-activated mixture MKa irradi-
ated with microwaves of different powers and durations, 28 d after
moulding, are shown in the fourth row in Fig. 3(a—c), respectively.

The contour plots of the irradiated MKa, density, CS, and BS showed
the highest values when irradiated with 700 W microwaves for a shorter
time. However, the mixture MKa should be irradiated with microwaves
of higher power for a shorter time to obtain the optimal irradiation
parameters.

3.4. Compressive strength’s time development of irradiated and not
irradiated alkali-activated slurries

Fig. 4s a, b, ¢, and d show the 4-week time dependence of the CS of
mixtures FAa, FAb, SRa and MKa irradiated with microwaves with a
power of 700 W (P100, 100% of power of microwave) for 5-25s (in 5 s

Ceramics International 49 (2023) 24246-24258

steps, the number of seconds of irradiation is labelled as tx, where x is
the time of irradiation in seconds) compared to the non-irradiated (PO,
0% of the power of microwave) sample, respectively.

As shown in Fig. 4, besides solidification and drying after the initial
alkali-activated chemical reaction, different chemical reactions took
place a few weeks after moulding (which had positive and negative
impacts on the development of CS), and the long-term limit of me-
chanical strengths may not be achieved after 1 month.

The alkali-activated mixture FAa (Fig. 4 a) overall shows the overall
growth of CS with time. Although the CS of the non-irradiated sample
was higher on day 7 than that of the irradiated samples, the majority of
irradiated samples developed higher CS after a longer period. Only the
samples irradiated for 5 and 15 s showed a decline in CS at 28 days, with
a maximum on day 21 (CS should be followed until the limit is reached).
All other samples had already reached the CS limit value of CS already in
21 days.

The CS of the irradiated alkali-activated mixture FAb (Fig. 4 b)
showed a unique time dependence, that is, CS is concave with time, with
a minimum value between 14 and 21 days, which is due to the positive/
negative chemical reactions constantly taking place in the material, that
is, mixture design is crucial and was reported in our previous work [21].
The weakest decline in CS occurred in the sample that was irradiated for
only 5 s, while the CS of the sample that was not irradiated declined with
time and probably reached the limit on day 28, as shown in Fig. 4 b.

In contrast, the CS of irradiated alkali-activated mixture SRa (Fig. 4
¢) shows convex behaviour over 4 weeks with the maximal value 21
d after moulding (due to the formation of CSH, which is influenced by
temperature [29] and moisture [30]), where the sample irradiated for
10 s showed the highest difference in CS values and reached the highest
peak compared to all samples prepared from SRa (this experiment was
repeated to exclude human error; however, as mentioned above, the
material is “alive” and changes properties until the chemical reactions
can occur [21]). The non-irradiated sample had the highest compressive
strength on the 7th and 28th d and had slow growth over time after the
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7th d, i.e., its CS was close to its limit value at 14 d (meaning that the
majority of reactive ingredients in SR had already reacted in just a few
days).

The time dependence of CS of alkali-activated mixture MKa is
concave for the majority of samples except for the sample irradiated for
10 s (CS started to decrease after 14 d without being able to predict its
future development) and 25 s (CS increases from the 7th to 14th d, after
which the value decreases and shows concave behaviour to the 28th
d without being able to predict its future behaviour). The CS of the
sample irradiated for 15 s exhibited approximately constant time
behaviour (fluctuations of approximately 50 MPa).

From all the experiments in this section, we can conclude that
mixture design according to the amounts of elements in the amorphous
phase is the most important step considering it influences further
chemical development on the local scale with time regardless of the
curing method used. The curing method can allow or hinder dissolution/
diffusion and self-assembly (if there is only sufficient liquid for wetting,
loss of liquid until the reaction can take place is not desirable; if there is
enough liquid and sufficiently high energy transfer to the material,
additional (non-desirable) elements can dissolve) and enhance/hinder
the rate of material development/ageing.

3.5. Compressive strength’s time development of optimally irradiated and
not irradiated alkali-activated mixtures FAa and SRa with additional
water

The short-term development of the CS of the non-irradiated and
optimally irradiated slurries of mixtures FAa, FAd, FAe, and SRa, SRc,
SRd is shown in Fig. 5, where the main focus is how additional water
influences CS and how microwave irradiation influences CS when an
excessive amount of water is present.

From Fig. 5, it is clear that the additional water decreases the CS
values no matter the precursor or tested mixture or if the slurry was
irradiated or not. In addition to excess water in general, as well as the
potential hindering into the material, increasing non-uniformity of the
temperature inside the material, FA requires more time to develop CS
above 10 MPa, especially if there is more water in the mixture. In
contrast, SR reached a CS of over 20 MPa in 7 d if there was not too much
water added (SRd reached a CS value above 10 MPa in 28 d). The density
increased with time until the maximum value for each mixture was
reached. Irradiated samples’ density and CS are generally slightly higher
or comparable to their non-irradiated counterparts. This indicates that
the addition of water did not hinder the penetration depth of micro-
waves in the prisms of dimensions (2 x 2 x 8) cm?® (at least not signif-
icantly) while irradiating with the selected power and for the selected
time. The temperature most likely did not increase to the point where
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dehydration would be accelerated and cause damage to the material by a
decrease in the dissolution/diffusion ability (amount of water
decreased) and the creation of dehydration cracks.

3.6. X-ray diffraction analyses results of irradiated and not irradiated
alkali-activated mixtures

Fig. 6 shows the Rietveld refinement results of the XRD patterns of
the time development of non-irradiated and optimally irradiated slurries
for mixtures FAa, FAd, FAe, and SRa, SRc, SRd; non-irradiated and
irradiated slurries are labelled with 0 and 1, respectively (Rietveld
refinement and XRD patterns of precursors and 156 d old non-irradiated
and optimally irradiated optimally designed mixtures are presented in
Supplementary Figs. S2 and S3; goodness of fit (GOF) for precursors FA,
SR, and MK is 3.6, 6.5, and 8.3, respectively, and GOF’s range for their
alkali-activated counterparts is 3.6-4.4, 5.2-7.9, and 7.5-8.3, respec-
tively; mineral cards with chemical formulas for solving XRD of pre-
cursors and AAMs are shown in Supplementary Table S1). When
comparing precursors with their alkali-activated counterparts, there is a
difference in the proportions of phases owing to the addition of an
amorphous material (alkali) that is incorporated into the aluminosilicate
network (ASN) or forms salts in the worst-case scenario (if there is an
excess of alkali elements). The amounts of minerals that are present in
the precursor in lower amounts can “disappear” because of the limit of
XRD measurement (although they do not dissolve in alkali), and some
new minerals can form (mostly salts).

However, there was no significant difference in the early stages of
non-irradiated and irradiated AAMs in alkali-activated FA albite (con-
taining Al, Si, O, and Na) and calcite formed as new minerals, and there
was no difference between mixtures containing additional water (in the
Rietveld refinement “error”). The amount of calcite increased in the FAa
(and irradiated mixture FAe) samples after 156 d, which might also
happen to the rest in a longer period. Furthermore, the amount of
mineral mullite (containing Al, Si, O) increased, which could be chem-
ically incorporated in ASN (crystallisation of usually mostly amorphous
ASN) or present in ASN as a filler. The difference between the irradiated
and non-irradiated samples was not obvious, regardless of the age of the
samples. This indicates that the microwave power and irradiation time
did not transfer enough energy to the material to break bonds in crystals
(presented in Supplementary Fig. S3 on the long-term limit of optimally
irradiated and non-irradiated FAa, SRa, and MKa).

In the case of alkali-activated SR mixtures, the amount of amorphous
content increased owing to the addition of alkali used in the formation of
amorphous ASN (this did not occur in the case of alkali-activated FA).
One new mineral formed (brucite) equally in all samples (regardless of
the amount of water and irradiation, non-irradiation), but more of them
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disappeared in the XRD patterns: brownmillerite and chromite
completely (beyond the detection limit), and larnite partially. Larnite, as
a low-calcium mineral, can transform into well-crystalline calcite in
water and the presence of CO» under just 2 bar and at 24 °C [31], which
most likely occurred during alkali activation of SR, considering the
amount of calcite increased and the amount of larnite decreased. No
significant difference was observed between the irradiated and
non-irradiated alkali-activated SR slurries, as in FA-based AAMs,
thereby indicating that microwave irradiation of chosen power and time
did not (significantly enough) influence the crystal structure of any
mineral (presented also in supplement in Fig. S3 on the long-term limit
of optimally irradiated and non-irradiated SRa, and MKa).

3.7. FTIR analyses of irradiated and not irradiated alkali-activated

mixtures

The FTIR results for the two precursors (FA and SR) and the time

development of their non-irradiated and optimally irradiated alkali-
activated mixtures (FAa, FAd, FAe, and SRa, SRc, SRd) are shown in
Figs. 7-9. FA shows the main band centred at 999 cm ™! representing the
T-O-Si (T = Si or Al) asymmetric stretch, as shown in Fig. 7. A wide,
intense T-O bond asymmetric stretching vibration appears in the area
between 1250 and 850 cm™! where quartz, mullite, and the vitreous
phase of the ash overlap. The bands at 775 and 794 cm ™! correspond to
the presence of crystalline quartz, whereas the main Si-O stretching
located at higher wavenumbers (e.g. at 1085 cm ! [32]) overlapped.
Similarly, the main band at approximately 1100 cm™! of the mullite
spectrum was barely observed owing to the overlapping. The bands at
lower wavenumbers (676, 592 cm ™) may correspond to quartz and/or
mullite. Unfortunately, unique vibrations that do not interfere with
other silicate minerals are distinctly observed in the infrared spectrum
[331.
The SR band at approximately 987 cm ™! representing the T-O-Si (T
= Si or Al) asymmetric stretch is shown in Fig. 7. A small peak at 3694
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Fig. 7. FTIR spectra of precursors used for alkali activation, FA and SR.
cm™! belonged to brucite, and an extended band at 3419 cm™! can be
attributed to the stretching vibration bands of the hydroxyl groups [34,
35]. The bands at 712, 874, 1088, and 1795 cm ™ belong to calcite [36,
37], whereas the most intense band at 1417 cm! overlaps both calcite
and dolomite. However, the bands for calcite and dolomite partially
overlapping [38,39]. The weak doublets at 778 and 798 cm™! corre-
spond to quartz. Additionally, the band at 1088 may be attributed to
quartz [40]. The proportion of crystallites present in smaller amounts,
according to XRD, cannot be observed in the FTIR spectrum. The dif-
ference in the bands belongs to the T-O-Si (T = Si or Al) asymmetric
stretch, which is attributed to the different amorphous contents of the
precursors [41].

In addition to FA having over twice as much of all potentially useful
amorphous elements (Table 3, mass percentage of all useful elements) as
the SR precursor, it is clear from the FTIR measurement (Fig. 7) that FA
contains a higher amount of useful building blocks (T-O-Si, where T =
Si or Al) in the ASN, as has a stronger and wider peak at 999 cm 2,
making FA a more reactive precursor than SR for alkali activation.

The main band formed during the alkali activation of FA was
assigned to dissolved species liberated from FA by dissolution into the
alkaline activating solution [42]. After the alkali activation of FA,
similar locations of absorption bands were observed in the first 7 d (the
middle of the peak at approximately 930 cm™!), regardless of whether
microwaves were used (Fig. 8). The wide absorption band at 3310 and
narrower band at 1647 cm™! correspond to the vibrations of hydroxyl
groups [43]. The barely visible band at 1100 cm ™! can be attributed to
the mullite present in the FA that did not dissolve during alkali activa-
tion [44-47]. After 7 d, bands due to chemically bound water within the
hydration products at approximately 3310 and 1647 cm™! decreased
within the samples prepared using microwaves. However, some water
remained in the samples. The main band centred at 930 cm™! was
assigned to the T-O-Si (T = Si or Al) asymmetric stretch of TO4 tetra-
hedra, which was typical of amorphous aluminosilicate glass [33].
However, after alkali activation, double bands were seen in the FA
samples associated with terminal Si-O~ bonds and -Si-O (Si) bridge
bonds, and both were located in the 1100-900 cm ™! range where the
bridging vibration occurred at higher wavenumbers [48,49]. The band
characteristic of 6-membered silicooxygen rings occurred at 617 cm™?
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and the appearance of additional bands in the spectra resulted from the
lowering of the hexagonal symmetry of the rings. However, this band
was observed after 156 d and not 1, 3, or 7 d (Fig. 8).

The asymmetric stretching vibrations of the Si—-O-T band are sensi-
tive to the ASN structure, where other factors such as the length and
angle of Si—-O-T bonds and next-nearest neighbour effects decrease the
molecular vibrational force constant and shift the asymmetric stretch to
lower wavenumbers [50,51].

When the concentration of the alkali solution increased, the peak
positions for Si-O-Si and Si-O-Al asymmetric stretching shifted slightly
to lower wavenumbers [46]. However, the same amounts of NaOH and
Na-water glass solution were present in FAa, FAd, and FAe, and the only
difference between these samples was the amount of water (FAa < FAd
< FAe), and the positions of the bands (comprising two peaks) were
similar up to 7 d. Shifting to lower wavenumbers indicates depolymer-
isation of the original silicate and/or aluminosilicate structures in the FA
mixtures. Al causes depolymerisation of the structure owing to the
widening of the absorption band at 1300-850 cm'. The increased
content results in a band shift to a lower wavenumber due to the partial
substitution of Si—-O-Si by Si-O-Al bonds [52]. However, because of the
various amounts of water in the samples, the ratios of HyO/SiO, and
OH™/SiO; significantly implemented the “molecular” or “polymeric”
species present in the reaction mix composition and the rate at which
these species were incorporated into the three-dimensional structure
[44]. After 156 d, one band shifted to higher wavenumbers considering
the silica content of the product increased with reaction time [46].
Moreover, the shifts were positioned at the same wavenumber (956
em™Y) for all irradiated and non-irradiated samples, which indicated the
formation of similar ASN structures in all samples.

Figure 8(b) shows the results of the FTIR analyses for alkali-activated
SR samples with the same amount of Na-water glass and different
amounts of water (SRa < SRc < SRd). After alkali activation of SR, bands
at approximately 3340 and 1646 cm ! were related to O-H bending and
H50 stretching in the absorbed water [53]. The band at 1417 cm ! was
assigned to the asymmetric stretching vibrations of C-O-C bonds in
CO%’ [54]1, and the weak shoulder at approximately 872 cm ! owing to
out-of-plane bending. After 1 d of curing, alkali-activated SR samples
showed bands in the range of 958-964 cm™ for irradiated and 958-968
cm ™! for non-irradiated samples. However, in all samples, except for the
irradiated sample SRd, shifts to lower wavenumbers were observed after
7 d of curing. The increased wavenumber of the asymmetric stretching
band of the Si-O-T bonds was ascribed to the degree of polymerisation
[43]. The shifts to lower wavenumbers can be attributed to the avail-
ability of Ca from the slag precursor [55]. In addition, by incorporating
Al released from the SR to the ASN (or due to the decrease of network
connectivity), the Si:Al ratio decreased, which shifted the vibration band
to a lower wavenumber [56,57]. The observed shift of the Si—-O-Si (Al)
band to lower wavenumbers can be attributed to the change in the ASN
composition, where the substitution of Ca’" for Na' in the ASN
decreased the bridging O atom in the Si-O tetrahedral and the degree of
polymerisation of the hydration products [58]. However, after moni-
toring for longer curing times, the degree of polymerisation of the binder
may increase, and more Si from the slag particles can be incorporated
into the ASN [55], as observed after 156 d of curing sample SR while
shifting to higher wavenumbers. The irradiated mixture SRd was the
only sample wherein the wavenumbers shifted to a higher value after 7
d and not 156 d of curing. However, the non-irradiated mixture SRd
shifted to lower wavenumbers after 156 d. The SRd sample contained
the highest amount of water, and its ASN reorganisation process had not
yet ended.

Fig. 9 shows the shifts in the minima of the ASN peak for mixtures of
FA (a) and SR (b). In the case of FA-based AAMs, the behaviour of these
shifts showed no significant difference if there was more/less water or if
the material was irradiated. Conversely, SR-based AAMs showed com-
parable behaviour, except for SRd, which contained the largest amount
of water. The non-irradiated mixture SRd “FTIR-chemically” caught the
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ASN composition with other samples in 156 d, while the irradiated SRd
sample required more time or its behaviour is different owing to the
microwave irradiation. The correct amount of water and energy transfer
from microwaves to the slurry in its early stages enhanced the dissolu-
tion of elements (amorphous Si and Al) and influenced the time devel-
opment of ASN, but not at the same rate as for non-irradiated samples.

4. Conclusions

The compressive and bending strengths of AAMs showed a time
dependence on the age of the AAM, which was heavily influenced by the
dose of microwave irradiation (duration of irradiation and power of
microwaves), which in turn was heavily influenced by the material used
as a precursor. Therefore, conclusions from experiments on one pre-
cursor cannot be drawn from another precursor. Every single mixture
(precursor mixed with liquid alkali) was evaluated-mapped on P/t of
microwave irradiation before optimising the amount of water at P/t that
provides maximal mechanical strength values to keep enough water in
the slurry for the diffusion of dissolved elements and their rearrange-
ment in the ASN during alkali activation after irradiation when part of
the water evaporates due to higher temperatures (that helped with
dissolution).

Regardless of the precursor or mixture, an additional amount of
water decreased the compressive strength and density. Irradiating with
optimal microwave power and optimal time for the chosen mixture and
precursor usually results in a slightly higher compressive strength and
density compared to non-irradiated samples.

XRD and FTIR did not show obvious changes between the irradiated
and non-irradiated samples, that is, the irradiation only enhances the
dissolution of the amorphous content if the material receives sufficient
microwave energy (not so much to significantly affect dehydration).
Moreover, the addition of water did not noticeably influence the
mineralogy or the ASN. ASN and its properties, therefore, depend pri-
marily on the chemistry of the mixture (precursor and alkali) and the age
of the AAM (chemical reactions also occur after curing).

However, to obtain more detailed information about the structural
changes during the irradiation process and the influence of power and
time of irradiation on alkali activation and ASN formation, NMR anal-
ysis will be performed in future studies.
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