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Volumetric heating provided by microwave curing results in faster property development as compared to
conventional heat curing that relies on heat conduction from the skin to the core. This paper discusses the
compressive strength and microstructure development of microwave cured NaOH activated fly ash mortars,
and relates them to the microwave energy absorption by the material which is a function of its dielectric
properties. Microwave curing parameters are chosen so as to eliminate the effects of thermal runaway.
Strengths that are comparable to or greater than those of mortars heat cured for 48 h at 75 °C are obtained in
less than 120 min of microwave curing. The rate of energy absorption by the mortars is found to be relatively
constant for a considerable fraction of the microwave curing duration, attributable to the compensation for
the drop in dielectric loss factor as a result of moisture loss by the increase in internal electric field.
Compressive strength is shown to be related to the microwave energy absorbed by the specimens, especially
during the time when free water is present in the system.
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1. Introduction

Alkali activation of aluminosilicate materials as binder systems for
concretes are being extensively studied because of the several
advantages they offer in terms of enhanced material properties as
well as sustainability [1–4]. Fly ash or ground granulated blast furnace
slag are the aluminosilicate materials commonly used because of the
presence of soluble silica and alumina species in these materials that
undergo dissolution, polymerization with the alkali, condensation on
particle surfaces, and solidification that is responsible for the strength
and stability of these binders. The influence of the source material and
activator chemistry on the reactionmechanisms, reaction product and
pore solution composition, and the microstructure of such systems
have received considerable attention [5–12]. Activation of alumino-
silicates with alkaline solutions generally requires the supply of
external energy as heat for the formation of alkali aluminosilicates,
especially when the activating solution does not contain soluble silica.
A wide range of temperatures ranging from 40 °C to 90 °C have been
reported in order to produce alkali activated binders with appreciable
mechanical properties [5,6,11]. The influence of thermal curing
conditions on the reaction mechanisms, carbonation of reaction
products, and mechanical and microstructure development of alkali
activated fly ash binders has been extensively reported [13–15].

Conventional heat curing techniques deliver thermal energy to the
surface of the material by radiant or convective heating, which is
transferred to the bulk through conduction. This creates thermal
gradients in the material and thus non-uniform heating that might
result in less than desirable properties. An alternative is microwave
curing, where microwave energy is delivered directly to the material
through the interactions at the molecular level with the electromag-
netic field. Microwaves penetrate the material and provide energy,
resulting in volumetric heating. The electromagnetic energy is
converted to thermal energy which in turn is used to enhance the
reaction kinetics and accelerate the strength gain. Hence microwave
curing relies on energy conversion rather than heat transfer [16,17].
Since the energy transfer does not rely on diffusion of heat from the
surfaces, rapid and uniform heating is possible [18]. A few studies on
microwave curing of concretes have been reported, mostly dealing
with the strength development of concretes under microwave curing
[19–22]. Microwave assisted zeolite synthesis has also been studied
[23–25], with the conclusion that the activation time was drastically
reduced when compared to conventional hydrothermal synthesis.
This paper attempts to provide information on the response of alkali
activated fly ash mortars to microwave curing. In the quest for
sustainable binders for concretes, it is essential to consider the energy
implications of concrete production, and hence it is believed that an
understanding of the mechanisms and efficiency of microwave curing
of such binders would be greatly beneficial. Microwave energy
absorption and its rates in activated fly ash mortars, and the influence
of dielectric properties are also provided.

1.1. Material properties of significance when subjected to an
electromagnetic field

The interaction of the electromagnetic field with the material
structure results in energy transfer, and the mechanisms are
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Fig. 1. Temperature development as a function of microwave curing time and incident
power for 8 M NaOH activated mortars. Specimens disintegrated between 5 and 10 min
at 600 W power and between 60 and 120 min at 360 W power.
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described in detail elsewhere [18,26–28]. Microwave-material inter-
actions result in translational motions of the free or bound charges
and the rotation of dipoles. The inertial, elastic, and frictional forces
that resist these motions causes volumetric heating of the material.
The effect of the electromagnetic field on the material is primarily
dependent on the complex dielectric permittivity (ε) of the material,
given as:

ε = ε′−iε″ ð1Þ

where ε′ is the dielectric constant, and ε″ is the dielectric loss factor. ε′
describes the ease with which a material is polarized by the electric
field, and ε″ measures the efficiency with which the electromagnetic
radiation is converted to heat. The ratio of dielectric loss factor to the
dielectric constant is the loss tangent (tan δ). This parameter depends
on the frequency of the microwave radiation and the temperature.
The effectiveness of heating a material using microwave energy
depends on the amount and rate of energy absorption by the material.
The rate of energy absorption, expressed as the power per unit
volume (P) is one of the important parameters for microwave
processing of materials, and is given as:

P = ωε0ε″jEintj2 = ωε0ε′ tan δjEintj2 ð2Þ

where ω is the angular frequency, ε0 is the permittivity of free space
(8.854×10−12 F/m), and Eint is the intensity of the internal electric
field. As can be observed from Eq. (2), the dielectric properties (ε′ and
ε″) exert a significant influence on the absorbed power, and thus the
volumetric heating in the material. A significant portion of the
absorbed power is converted to heat within the material as [28]:

ΔT
Δt

=
P

ρCp
=

ωε0ε″jEintj2
ρCp

ð3Þ

where T is the temperature, t is the time, ρ is the density and Cp is the
heat capacity. The dielectric parameters also influence the depth to
which microwaves penetrate into the material, defined as either the
depth at which the incident power is reduced by half [28], or the
depth at which the power density drops to e−1 of the surface value
[19,29]. The latter definition is used in this paper.

2. Experimental program

2.1. Materials, mixtures, and specimen preparation

The alkali activated mortars used for this study were prepared
using a Class F fly ash that conforms to ASTM C 618 as the binding
material. The chemical composition of fly ash is as follows: SiO2 —

50.2%, Al2O3 — 28.7%, Fe2O3 — 5.72%, CaO — 5.86%, MgO — 1.74%,
Na2Oe — 0.96%, SO3 — 0.51%, and LOI — 2.80%. Fly ash is rich in the
aluminosilicate phases, which can undergo dissolution–polymeriza-
tion–condensation reactions in the presence of alkalis to form the
binding gel. Analytic reagent grade sodium hydroxide was used to
prepare the alkaline activating solutions having concentrations of 4 M,
6 M, 8 M, and 10 M. River sand (d50 of 0.6 mm) was used as the fine
aggregate. The mortar mixtures were proportioned to contain a paste
volume of approximately 50%. Activating solution-to-bindingmaterial
ratio of 0.40 was used for all the mixtures. Fly ash and the fine
aggregates were mixed thoroughly in a laboratory mortar mixer.
Requisite amount of the alkaline activator solution of the chosen
concentration was gradually added while mixing until the compo-
nents were homogenized. The mortar was filled in cubical acrylic
molds of 50 mm size, and compacted using a table vibrator. The
specimens were cured for 12±1 h in the molds at 23±2 °C,
demolded, and then subjected to either the microwave curing or
heat curing regime. Heat curingwas carried out in a laboratory oven at
75 °C for either 24 or 48 h after the initial 12 h at ambient conditions,
based on a previous study [5].
2.2. Determination of microwave curing parameters

As stated earlier, microwave curing was started only after 12 h of
ambient curing, primarily due to difficulties in subjecting the mold
material to microwave radiations for extended periods of time. The
average incidentmicrowave power of the oven usedwas tunable from
0 to 1200 W, at increments of 10%, and themicrowave frequency used
was 2.45 GHz (this is the most commonly used frequency). Three
50 mm cubical specimens corresponding to a particular mixture were
kept in the microwave cavity (37.5 cm×37.5 cm×25 cm) for curing.
A few initial experiments carried out at higher incident power levels
such as 1200 W and 600 W led to severe cracking and deterioration of
the specimens within a few minutes. At higher incident powers, in a
dielectrically inhomogeneous material, the electromagnetic waves
encounter a variety of boundary conditions, resulting in extreme local
variations in the electric field intensity. As shown in Eq. (2), absorbed
power is proportional to the square of the electric field intensity, and
hence local variations in the field results in local temperature
fluctuations within the material. It is possible that the temperature
of a local area increases rapidly under non-uniform fields, resulting in
“thermal runaway” [16], leading to very high internal stresses and
material fracture. With rapid increase in temperature, ε″ also rises
rapidly, consequently increasing the absorbed power also.

An example of temperature development in 8 M NaOH activated
mortar cubes subjected to 240 W, 360 W, and 600 W of average
incident power are shown in Fig. 1. Temperatures were measured
using an infrared thermal scanner with its emissivity set to 0.95,
which is the optimum to read concrete temperatures as suggested in
standard emissivity charts (0.94–0.96 for cement and concrete). With
increasing incident power, the specimen temperature is seen to
increase. At an average incident power level of 600 W, the specimens
fractured between 5 and 10 min of microwave curing while at 360 W,
the fracture occurred after 60 min and before 120 min. No specimen
cracking was observed when the specimens were subjected to a
power level of 240 W. Hence an average incident power level of
240 W (corresponding to 20% of themaximum rated power)was used
for the remaining experiments. A maximum microwave curing
duration of 120 min was chosen because the compressive strengths
of the specimens did not increase significantly beyond this curing
duration, and random surface cracking began to be observed after this
time.
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Fig. 2. Compressive strength as a function of microwave curing time for fly ash mortars
activated using NaOH solutions of varying concentrations. The specimens were cured at
an average incident power of 240 W. Error bars indicate one standard deviation from
the mean compressive strength of three companion specimens.
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2.3. Test methods for strength, microstructure, and dielectric properties

The compressive strength of the mortar cubes were determined as
per ASTM C 109 after they were taken out of the microwave and
returned to ambient conditions by storing in a desiccator for a few
hours. To understand themorphology of the reaction products formed
as a result of exposure to microwave energy, scanning electron
microscopy (SEM) was used on activated paste specimens. The paste
specimens were prepared and cured in a manner similar to those of
the mortar specimens. X-ray diffraction (XRD) was used to determine
the phase composition of the reaction products. The XRD patterns of
selected paste samples were recorded using a Bruker DX-8 diffrac-
tometer. Cu-Kα radiation (λ=1.504 Å) was used and the tests were
carried out in the 2θ range of 5–40°, with a step size of 0.02° and step
time of 2 s.

The dielectric parameters of the material significantly influence
its response to electromagnetic radiation. The very high frequency
(in the GHz range) response of concretes are typically difficult to
measure, but can be accomplished using network analyzers.
However, in this study electrical impedance spectroscopy was
used to determine the dielectric parameters of the system in the
frequency range of 1 Hz to 10 MHz. A Solartron 1260™ impedance-
gain phase analyzer was used to determine the impedance response
at different microwave curing durations. The specimen was kept in
between two stainless steel plate electrodes (in a parallel plate
configuration) with a layer of moist porous foam in between the
sample and the electrode for better electrical contact. The frequency
dependent impedance, Z(ω), is represented in a Nyquist plot as:

Z ωð Þ = Z′ ωð Þ−iZ″ ωð Þ ð4Þ

where Z′(ω) is the resistive (real) and Z″(ω) is the reactive
(imaginary) component of the impedance. The complex impedance,
Z(ω), of a lossy dielectric material placed between two parallel plates
can be related to its complex dielectric permittivity, ε(ω), as:

Z ωð Þ = iωε0ε ωð Þ Aeð Þ
l

� �−1
ð5Þ

where Ae and l are the area of cross section and the distance between
the electrodes respectively. The complex dielectric permittivity, ε(ω),
can be resolved into its real and imaginary components, i.e., the
dielectric constant and the dielectric loss factor, using Eq. (1).

2.4. Methodology to calculate the microwave energy absorption by the
specimens

Microwave curing relies on the absorption of microwave energy by
the specimens and its conversion to heat so as to activate the chemical
processes. The entire incident energy (product of incident power and
time) is not utilized in heating the specimen because of the losses
occurring in the process. Therefore it is imperative to quantify the
amount of energy that is absorbed by the mortar specimens so that it
can be related to the development of material properties. Based on
Eq. (2), the rate of energy absorption can be determined from the
dielectric properties of the material and the intensity of the internal
electric field. However, accurate measurements of these parameters
are difficult and they are also dependent on several other factors.
Hence this paper uses an experimental approach reported in [30]
where the specimens were microwaved along with a known quantity
of water for a short time. The energy absorbed by the water in this
time interval along with a quantification of the microwave losses is
used to determine the energy absorbed by the specimens as explained
below.

Three 50 mm sized cubes of 8 M NaOH activated mortars were
placed in the microwave cavity after 12 h of casting and microwaved
at an average incident power of 240 W for durations of 30, 45, 60, 75,
90, and 120 min. At the end of the respective curing durations, 100 g
of water in a microwave transparent container was introduced into
the cavity and the entire system (water and the three mortar cubes)
was subjected to microwave radiation for another 2 min. In this
period, the total energy supplied by the microwave generator into the
cavity (ETotal) can be expressed as:

ETotal = Eabs�specimen + Eabs�water + Eloss ð6Þ

where Eabs-specimen is the energy absorbed by all the three cubes
together, Eabs-water is the energy absorbed by the water, and Eloss is the
energy loss that incorporates all the losses including the energy
absorbed in the cavity, and the energy lost in the transmission process
from the generator to the cavity. Since the total loss is a fraction of the
energy generated,

Eloss = kETotal: ð7Þ

The constant k is termed the microwave loss factor. If the
microwave cavity contains only 100 g of water (Eabs-specimen=0),
which is microwaved at the chosen power for 2 min, the energy
absorbed by water can be expressed as:

Eabs�water = mwatercwater ΔTð Þ ð8Þ

wheremwater is themass of water, cwater is the specific heat capacity of
water (4.18 kJ/kg °C), and ΔT is the temperature increase of the water
when subjected to microwave radiation for 2 min. Using the
calculated value of Eabs-water in Eq. (6), the microwave loss factor k
can be determined. The loss factor can be assumed to be a constant
irrespective of the curing duration. From the known values of k and
Eabs-water during the 2 min of microwave curing of the system that
contains water in the container along with the specimens after the
respective curing duration of the specimens alone, Eabs-specimen (of the
three cubes together) at different microwave curing times can be
determined.
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3. Results, analysis, and discussions

3.1. Compressive strengths of microwave cured activated fly ash
mortars: Influence of activator concentration and curing duration

Fig. 2 shows the compressive strengths as a function of microwave
curing duration for fly ash mortars activated using NaOH solutions of
different molar concentrations and cured using microwave radiation.
In general, an increase in microwave curing duration increases the
compressive strengths. Microwave curing provides volumetric heat-
ing to the specimen, which enhances the reaction kinetics. The
formation of sodium aluminosilicate gel, which is the product of alkali
activation of fly ash, results in strength development. A longer
microwave curing duration facilitates the formation of increased
amounts of the reaction product, and consequently strength en-
hancement. The evidence is presented in Fig. 3 where themicrographs
Clarkson LEI 15.0kV X2,000 WD6.7mmμ10  m

Clarkson LEI 15.0kV X2,000 WD6.7mmμ10  m

a

b

Clarkson LEI 15.0kV X2,000 WD6.7mmμ10  m

c

Fig. 3. Microstructure of 8 M NaOH activated fly ash pastes microwave cured for:
(a) 30 min, (b) 75 min, and (c) 120 min. The scale bars correspond to 10 μm.
of 8 M NaOH activated fly ash pastes at 30, 75, and 120 min of
microwave curing are shown. Dissolution of fly ash particles by the
activating agent, and some amount of reaction gel formation can be
observed after 30 min of microwave curing, shown in Fig. 3(a). The
reaction product formation increases with curing duration, as can be
observed in Fig. 3(b) and (c). After 120 min of microwave curing,
most of the fly ash particles are engulfed by the reaction gel as seen
in Fig. 3(c).

Fig. 2 also provides indications of the influence of the activator
concentration on the compressive strengths of microwave cured
activated fly ash mortars. The compressive strengths are observed to
be higher for themortars activated using a higher concentration of the
activator, irrespective of the curing duration. This is in line with the
observations on strength development of heat cured Class F fly ash
activated concretes [5]. For the mortars activated using lower
concentrations of NaOH, there is no appreciable strength difference
between mixtures activated using different NaOH concentrations at
early periods of microwave curing (at 30 min), but there is strength
enhancement with increasing activator concentration after that time.
At short microwave curing durations and lower activator concentra-
tions, the dissolution of fly ash particles and their poly-condensation
to form a significant amount of aluminosilicate gel would not have
happened due to the lack of activation energy. Increased dissolution
rates under higher activator concentrationsmight have resulted in the
formation of somewhat higher amounts of aluminosilicate gel even at
shorter curing durations, and thereby higher strengths for such
mixtures.

It is also seen from Fig. 2 that there is no appreciable strength
increase with microwave curing for the mortars activated using a
lower concentration of NaOH (4 M). The lower alkalinity of the
activator is likely not very effective in solubilizing the silica and
alumina species from fly ash and hence lower amounts of reaction
Clarkson SEI 15.0kV X2,000 WD8.0mmμ10  m

a

b

Clarkson LEI 15.0kV X2,000 WD8.0mmμ10  m

Fig. 4. Microstructure of: (a) 4 M NaOH activated, and (b) 10 M NaOH activated fly ash
pastes, microwave cured for 120 min. The scale bars correspond to 10 μm.
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microwave cured activated mortars. Error bars indicate one standard deviation from
the mean compressive strength of three companion specimens.
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products are formed. Fig. 4(a) and (b) provides a comparison of the
microstructures of fly ash pastes activated using 4 M and 10 M NaOH
respectively, microwave cured for 120 min. The influence of activator
concentration on the amount of reaction products formed is evident
from these figures. X-ray diffraction (XRD) patterns for unreacted fly
ash, and 4 M and 10 M NaOH activated fly ash pastes after 120 min of
microwave curing are shown in Fig. 5. No indication of the formation
of new crystalline reaction products are observed for the 4 M NaOH
activated fly ash paste whereas in the paste activated with 10 M
NaOH, crystalline peaks of hydroxy sodalite are observed. In both
cases of activation, the presence of quartz and mullite phases from fly
ash in the XRD spectra points to the low reactivity of these phases in
alkaline conditions. Quartz andmullite have dielectric loss factors (ε″)
of 0.01 and 0.0001 respectively, rendering the microwave frequencies
inefficient in heating them [31].

3.2. Comparison of the strengths of microwave cured and heat cured
activated mortars

Fig. 6 shows the compressive strengths of 4 M, 6 M, 8 M and 10 M
NaOH activated fly ash mortars that were heat cured for 48 h at 75 °C
or microwave cured for 120 min at an average incident power of
240 W. In general, microwave curing at 240 W incident power for
120 min provides compressive strengths that are comparable to or
higher than those for the mortars heat cured at 75 °C for 48 h. For the
4 M NaOH activated mortars, heat curing is found to result in slightly
higher compressive strengths. This could be attributed to the longer
duration of heat curing (48 h) that contributes to the better
dissolution of the Al and Si species and gel formation in the case of
lower activator concentration mortars. The better compressive
strengths of microwave cured activated mortars can be attributed to
two plausible reasons. First, microwave curing provides volumetric
heating to the specimen that results in a uniform microstructure.
Using the expression for penetration depth of microwave radiation
given in [29], and approximate values of ε′ and ε″ for concretes (taken
as 5.69 and 0.62 respectively, which falls in the range of these values
for concrete [32]), the penetration depth is obtained as 0.15 m, which
is larger than the specimen size, confirming that volumetric heating
takes place under microwave curing conditions. For heat cured
specimens, the specimen surface (skin) is heated first and, and heat
transfer takes place from the skin to the core owing to the
temperature differential. This could potentially lead to non-uniform
microstructures and stresses due to thermal gradients, and thus
reduced strength as compared to the microwave cured specimens.
However issues with thermal runway or increased microcracking
5 10 20 30 4015 25 35

2θ, Degrees

Fly Ash

4 M NaOH
activated paste
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Fig. 5. XRD patterns of fly ash, and 4 M and 10 M NaOH activated fly ash pastes after
120 min of microwave curing.
when non-optimal microwave curing parameters such as incident
power and duration are chosen need to be considered.

The second reason for the increased compressive strengths of
microwave cured mortars can be attributed to the non-thermal
“microwave effects”. On exposure to microwave radiation, enhance-
ments in the rates of activated processes in solids involving material
transport have been reported [18,31], which are generally considered
to be microwave effects because a reduction in activation energy is
required. These effects are reported not to require the conversion of
microwave energy into thermal energy. Though a universally agreed
scientific basis for microwave effects is not available, amodel based on
thermodynamic stability of pores in a matrix of grains can be used to
provide a reasonable explanation. The dielectric inhomogeneity of the
material results in very high electric field enhancements at the solid
phase-pore and particle–particle interfaces [33]. The local field
enhancements improve the material flux in the convex surfaces of
the pores [33] and results in non-isotropic pore closure [34], thus
influencing the local driving force for densification of the microstruc-
ture. It needs to be stated that the presence or absence of microwave
effects is intensely debated, with the critics pointing out that it is due
to temperature gradients.

3.3. Temperature development during microwave curing and the rate of
mass loss

3.3.1. Temperature development as a function of microwave curing time
The temperatures of the surface and the core of the microwave

cured fly ash mortars activated using 8 M NaOH are shown in Fig. 7(a)
as functions of microwave curing duration. The surface temperatures
of the cubes were recorded using an infrared thermal scanner soon
after the power to the cavity was shut down. The specimens were
immediately taken out of the cavity and split using an impact device
along the grooves on the surface, and the internal temperatures at
various depths from the surface were recorded. It can be noticed from
Fig. 7(a) that the surface temperatures are higher than the core
temperatures until about 30 min of microwaving. Afterwards, the core
temperatures are seen to be higher. The difference between the
surface and core temperatures at different curing durations are not
very high, indicating that the microwave input energy results in
relatively uniform heating of the 50 mm size cubical specimens. It can
also be seen from this figure that during the first 20 min of microwave
curing, the temperature rises at a faster rate. During this time the
energy absorbed by the specimen is utilized to increase the
temperature of the pore solution to the level of or above its boiling
point. The increased temperature enhances the reaction kinetics thus
forming more reaction products, filling the voids previously occupied
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by the pore solution, and consequently enhancing the strength with
microwave curing duration as observed in Fig. 2. The reaction product
contains reduced amounts of moisture, and the available moisture is
mostly bound. The frictional forces that generate heat are lower in the
absence of free or loosely bound water, leading to temperature rises
that are not very significant after this time.

Fig. 7(b) shows the temperature profile along the specimen depth
at different microwave curing durations. Relatively uniform temper-
ature across the specimen depth is observed in this case also. The
temperature difference between the core and the surface of the
specimens is found to increase with microwave curing duration. This
is because, as the specimen temperatures increase with increasing
curing duration, the temperature differential between the specimen
and the microwave cavity increases. This introduces convective and
radiative heat loss from the specimen surface to the cavity. Since the
heat loss is proportional to the temperature differential, there is
increased heat loss from the specimen surface with increasing
microwave curing duration, resulting in an increased measured
temperature of the core.

3.3.2. Mass loss during microwave curing and its impact on strength
The volumetric heating of the pore solution subjected to

microwave fields induces moisture loss from the specimens. Fig. 8
shows the percentage mass loss of the specimens during microwave
curing, expressed as the ratio of the difference between the mass of
the cubes before and after microwave curing for a particular duration
to the mass after microwave curing. As can be observed in this figure,
there is a relatively lower rate of mass loss from the specimens
during the initial 20 min or so of microwave curing. This is because
the water loss is low at temperatures less than 100 °C. Fig. 7(a) has
shown that the specimen temperature is rising during this time,
because of the absorption of microwave energy. During the time
interval between 20 and 90 min of microwave curing, the specimen
temperature is much higher than 100 °C, and the evaporation of
water (or pore solution) occurs at a higher rate which results in a
higher mass loss rate, as shown by the steeper portion of the curve.
Since water loss is occurring during this time, the temperature of the
specimens does not increase significantly, as can be seen in Fig. 7(a).
After about 75 to 90 min of microwave curing, most of the free water
as well as the loosely bound water in the specimens are lost
irrespective of the activator concentration. Therefore the mass loss
remains relatively constant after 90 min of microwave curing. The
microwave energy supplied is not very effective in heating a dry
solid, with the consequence that the energy transfer rates are very
low, and therefore negligible improvement in strength gain between
90 and 120 min is observed, as shown in Fig. 2.

For the most part of the microwave curing regime, it can be seen
in Fig. 8 that the mass loss at various curing durations for the 10 M
NaOH activated mortars are lower than those for the 8 M and 6 M
NaOH activated mortars. This could be attributed to the increased
reaction product formation and the consequent development of a
more compact microstructure in mortars activated using highly
alkaline activator, which hinders moisture transport. Also, the
boiling point of the pore solution increases with ionic strength (5
to 15 °C boiling point rise when the NaOH concentration increases
from 4 M to 10 M [35]), and hence moisture is less readily removed
from mortars activated with a higher concentration of the activator.
For the mortars activated using solutions of higher alkalinity, pore
volume creation because of loss of moisture (Fig. 8) is more than
compensated for by the faster reaction rates and increased gel
formation, resulting in better strength enhancement with curing
duration. However, this is not the case for mortars activated using
solutions of lower NaOH concentrations, where the increased
reaction product formation with microwave curing time is negated
by the increase in pore volume fraction because of moisture loss, as
can be seen from the strength results of 4 M NaOH activated
mortars.
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3.3.3. Implications of increased temperature and rapid moisture loss
The measured surface temperature of the specimens increases

from about 120 °C after 20 min to more than 160 °C after 60 min of
microwave curing as shown in the previous section. Such high
temperatures could be attributed in part to the small specimen size
used in this study (50 mm cubes). The theoretical maximum
specimen size of 150 mm, which will still ensure volumetric heating
for the conditions used in this study, might result in reduced specimen
temperatures. The moisture loss from the mortar cubes are acceler-
ated by the increased temperatures, even though these high
temperatures enhance the reaction product formation (Fig. 3) thus
resulting in better strength gain (Fig. 2). The high specimen
temperatures and the pronounced rate of moisture loss might
contribute to microcracking in the specimens, which is likely to result
in strength reduction (even though evidences of microcracking were
not observed in the micrographs in this study). Hence it is important
to adequately understand and quantify the influence of temperature
attained by the specimens in the microwave cavity (which depends
on power supplied (see Eq. (3)) and the specimen size), and the
associatedmoisture loss on the kinetics of activation, reaction product
formation, and potential microcracking that will influence the
resultant microstructure and hence the mechanical and transport
properties. In addition, microwave (non-thermal) effects might also
influence microstructure and property development. The optimiza-
tion of specimen sizes based on the power supplied by themicrowave,
curing method (permitting drying as done in this work, or restricting
drying by sealing the specimens), and curing duration are expected to
be important aspects that would need further consideration, but
beyond the scope of this paper.

3.4. Quantification of energy absorption by the mortars in the microwave

The efficiency of microwave curing depends on the amount and
rate of microwave energy absorbed by the specimens. The average
energy absorption rate (or the power absorbed) for a single 50 mm
cube of 8 M NaOH activated fly ash mortar is shown in Fig. 9 as a
function of the microwave curing duration. The energy absorbed by
the specimens is primarily due to the dielectric heating of the pore
solution. It can be noticed from Fig. 9 that the energy absorption rate
remains relatively constant until about 75 min of microwave curing,
and then drops significantly. Similar trends are reported for the power
absorbed by humidified cement powder [36]. The mass loss as a
function of microwave curing duration for this mortar mixture is also
plotted in Fig. 9 to establish the fact that the reduction in power
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Fig. 9. Energy absorption rate and percentage of mass loss of 8 M NaOH activated
mortars. Error bars indicate one standard deviation from the mean values for three
companion specimens.
absorbed by the specimen begins when no further mass loss occurs. In
other words, energy absorption rate drops to about half when most of
the free water in the system is removed.

3.4.1. Energy absorption rate (power) and dielectric parameters
The absorbed power is dependent on the dielectric loss factor and

the internal electric field intensity (Eq. (2)). The relatively constant
energy absorption rate during the initial 75 min or so shown in Fig. 9
even when the temperature has gone up can be explained by
considering the variation of both these parameters. Reduction in
moisture content reduces the dielectric loss factor (ε″). Since the ε″
values at 2.45 GHz frequencywere not obtained in this study, the ratio
of ε″ at various microwave curing durations to ε″ just before the start
of microwave curing (ε″t/ε″t=0) corresponding to a frequency of
10 MHz is shown as a function of the microwave curing duration in
Fig. 10. The normalized loss factors can reasonably be assumed to be
frequency independent within a few decades of frequency. It can be
seen that the normalized ε″ values decreases for the initial 75 min and
then remains relatively constant, indicating the influence of moisture
content on themeasured dielectric loss factor. A similar trend, but less
pronounced in magnitude, is also noticed for the normalized loss
tangent at 10 MHz frequency, showing that ε″ drops at a much rapid
rate than ε′ with increasing microwave curing time (and decreasing
moisture content).

If the power absorbed has to remain relatively constant, a
reduction in dielectric loss factor with microwave curing time
necessitates an increase in the internal electric field intensity during
this time. The internal electric field is controlled by the dielectric
constant (ε′) and is a fraction of the external electric field, depending
on the depolarization factor (N). The depolarization factor has to be
considered because the surface charges produce a depolarization field
opposing the applied electric field [27]. The external electric field can
be considered to be fairly uniform if the cavity size is larger than the
wavelength of microwaves. The ratio of internal to external electric
fields is given as [27]:

Eint
Eext

= 1− N ε′−1ð Þ
1 + N ε′−1ð Þ : ð9Þ

Using a value of 1 for the depolarization factor (corresponding to a
thin slab normal to the applied field), electric field ratios were
calculated and plotted as a function of microwave curing duration in
Fig. 10. The dielectric constant values at 10 MHzwere used in this case
also. If the external electric field is considered not to be time
dependent, it can be seen that Eint increases until about 75 min of
microwave curing and then starts to decrease. The increase in Eint is
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possibly a non-thermal microwave effect (the reasons for which were
explained in an earlier section) because the temperatures are not
found to change much between, say 30 and 75 min of microwave
curing, and the temperature gradients are also low as seen in Fig. 7(b).
The absorbed energy remains relatively constant until 75 min because
the reduction in ε″ is compensated by an increase in Eint. The
reduction in absorbed power after this time even when ε″ stays
relatively constant can be attributed to the drop in the internal electric
field. It has been reported that the microwave effect diminishes at
lower values of dielectric loss factors [37], resulting in a reduction in
Eint as can be observed in Fig. 10. All these processes can be related to
the presence or absence of free water in the system that creates
dissimilarities in the dielectric parameters between the pore and solid
phases. Microwave curing under sealed conditions (where moisture
loss from the specimen is prevented) would then be expected to lead
to very different electric field ratios and dielectric parameters, and
thus a different material behavior would ensue.

3.4.2. Cumulative energy absorbed and compressive strength
The cumulative energy absorbed by the specimens is obtained by

integrating the power absorbed–time curve which was shown in
Fig. 9. The relationship between compressive strength and the
cumulative energy absorbed by a single 50 mm cubical specimen of
8 M NaOH activated fly ash mortar at several microwaving durations
is shown in Fig. 11. In general, the compressive strength increases
with an increase in absorbed energy as expected. It is observed that
beyond an absorbed energy of about 60 kJ, there is no appreciable
increase in compressive strength. The time at which this amount of
energy is absorbed is related to the microwave curing duration at
which: (i) mass loss plateaus, (ii) dielectric loss factor stops
decreasing, and (iii) the internal electric field stops increasing. All of
these processes can be related to the free water content in the system
and the rate at which microwave energy provides volumetric heating
so as to heat the water and enhance the reaction kinetics.

The absorbed energy depends on the specimen size, its mass and
moisture content, in addition to the dielectric parameters of the
material. Within the parameters of this study, it is seen that the
energy required to achieve an average compressive strength of
30 MPa for a 50 mm cube of 8 M NaOH activated fly ash mortar is
approximately equal to the energy required to raise the temperature
of 1 kg of water by about 15 °C. Activation using higher alkali
concentrations would bring down the microwave energy required
to achieve the same compressive strength. Optimization of the
material parameters (water content, activator concentration, and
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Fig. 11. Relationship between cumulative energy absorbed and compressive strength
for 8 M NaOH activated mortars. Error bars indicate one standard deviation from the
mean values for three companion specimens.
additives that absorb microwave energy), specimen characteristics
(size and shape, and sealed or unsealed), and microwave curing
parameters (power level and time) can thus be accomplished using
the strength-to-energy ratiomaximization as one of the key targets. In
addition, considerations must also be given to the influence of
increased activator concentration on aspects such as efflorescence and
carbonation, as well as health and safety issues and cost.

4. Conclusions

The focus of this study was mainly on the compressive strength
and microstructure development of alkali activated fly ash mortars
under microwave curing, and their relationship to the dielectric
characteristics and internal electric field in the material. The following
conclusions, pertaining to the range of parameters considered, are
drawn from this study.

i) The compressive strengths of NaOH activated fly ash mortars
were found to increase with microwave curing duration and
activator concentration. It was found that 120 min of micro-
wave curing at the chosen power levels resulted in compressive
strengths that were similar to or higher than those of mortars
heat cured at 75 °C for 48 h. Volumetric heating and the
absence of thermal gradients that results in a uniform
microstructure, as well as potentially some non-thermal
microwave effects that facilitates microstructure densification
can be attributed to better strengths under microwave curing
conditions.

ii) A more compact microstructure that hinders moisture move-
ment, and the higher ionic strength of the pore solution in
mortars activated with a higher concentration of NaOH
resulted in reduced moisture loss from these specimens. Lack
of strength gain after about 90 min of microwave curing was
attributed to the loss of free water by this time, and the fact that
microwave energy is not very efficient in heating a dry solid
with a low loss factor.

iii) The energy absorption rate by the mortar specimens in the
microwave cavity stayed relatively constant until the time
when free water was available in the system. It was shown that
a reduction in dielectric loss factor (because of the loss of
water) was compensated by an increase in internal electric
field intensity (possibly attributed to microwave effects),
thereby resulting in constant energy absorption rates. The
loss of free water stabilizes the loss factor, but the electric field
intensity drops because the microwave effects cease to exist at
lower values of loss factor, causing the energy absorption rate
also to drop. The compressive strength was found to be well
related to the total energy absorbed by the specimens,
especially in the time period when free water was available
in the system.
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