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Abstract: Alkali-activated slag has been noted as one of potential alternatives to the ordinary Portland
cement due to its properties including high early strength performance and capability of ambient curing.
However, there is still limited studies available on elucidating the reaction processes towards producing
the excellent properties. This study aims to elucidate the mechanism of alkali activation of slag under
different molarities of sodium hydroxide, which is one of the most influential factors on the properties of
alkali-activated slag. Heat evolution of alkali-activated slag was used as a real-time monitoring technique.
For mix designation, the molarity of sodium hydroxide was varied from 6M to 14M, with solid-to-liquid
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ratios of 0.6 and alkali activator ratios of 2.0 remaining constant. The calorimetric data obtained was further
used for determination of degree of reaction, nucleation and growth rate mechanism using Johnson–Mehl
Avrami Kolmogrov model. According to the findings, it was found that regardless of various molarity of
sodium hydroxide applied, the nucleation mechanism and growth is governed by instantaneous heterogeneous
nucleation with rod-like growth as the n value is approaching 1 in which is observed from the morphology
of the alkali-activated slag at lowest molarity applied (6M). Furthermore, increasing in molarity of sodium
hydroxide was found to decrease the total heat evolved and the lowest was obtained when using 14M.

Keywords: alkali-activated slag, heat evolution, Johnson–Mehl Avrami Kolmogrov model, molarity of
sodium hydroxide, and nucleation and growth rate

1. Introduction

Alkali-activated slag has been introduced in alkali-activated materials (AAMs) research as
one of promising materials as alternative to the Portland cement (OPC). There are different
types of slag depending on the manufacturing wastes including ground granulated blast furnace
slag (GGBFS) [1], coal-gangue slag [2] and magnesia-ferriferous slag [3]. GGBFS has been
widely used in the construction industry as an additive to improve the properties of mortar and
concrete. It is widely accepted that the use of GGBFS can improve the properties of the binder
produced, particularly its strength performance during the early stages of development [4].
Furthermore, GGBFS has a chemical composition that closely resembles that of OPC. As
a result, GGBFS has been identified as a promising aluminosilicate material for the production
of alkali-activated materials that possess similar properties to OPC. Therefore, researches
on evaluating the alkali-activated slag derived from GGBFS has been widely carried out
in alkali-activated materials field. However, there is still lack of information available on
the insight mechanism of alkali activation of AAS that led to the comparable properties
reported where most of the studies emphasized the addition effect of GGBFS on improving
the AAMs produced. For this purpose, a real-time technique is necessary for monitoring the
reaction process occurred during alkali activation process. There have been numerous real-time
techniques introduced for monitoring the alkali activation process. These techniques include
monitoring on the relative humidity evolution by Hu et al. [5], structural and chemical bonding
evolution by Liu et al. [6] and ultrasonic evolution Cao et al. [7] and Li et al. [8]. Apart from
these methods of monitoring, heat evolution in which is widely used for monitoring OPC
hydration is also denoted as a reliable method for monitoring the reaction process occurred
during alkali activation of AAMs.

In heat evolution, The significant changes occurred throughout alkali activation process
will be detected in term of heat flow thus led to formation of several peaks on the calorimetric
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data. The calorimetric data obtained can be further used for elucidation of reaction kinetics
on alkali activation process including activation energy, nucleation mechanism and growth
rate. In addition, it is well known that the changes in reaction rate during alkali activation are
primarily influenced by the variation in influence factors, such as solid precursors used for
alkali activation, molarity of alkali solution used, solid-to-liquid ratios, alkali activator ratio,
and curing temperature.

The effect of curing temperature on the heat evolution of alkali-activatedmaterials, including
geopolymer, where the reaction kinetics were visibly notable with increasing temperature
application has been extensively reported included by Nath et al. [9], and Zhang et al. [10].
Due to the fact that it is already known that additional heat enhances the reaction process, it
has been difficult to evaluate the effect of other influence factors applied during the reaction
process, necessitating additional research for the ambient temperature. In addition to the curing
temperature, the molarity of the alkali solution is known to play a significant role during
the dissolution of solid precursors. It is believed that increasing the alkalinity improves the
dissolution rates for the formation of AAS monomers significantly. In AAMs research, sodium
hydroxide (NaOH) is typically employed as a liquid precursor for the alkali activation process,
and is typically combined with sodium silicate (Na2SiO3). Increasing in molarity of NaOH
increases the hydroxide ions (OH–) which is crucial for dissolution with more silicon and
aluminum ions dissolving due to the weaker strengths of Si–O and Al–O bonds in the alkaline
environment.

Therefore, this study intends to observe the effect of varying molarity of sodium hydroxide
from 6M until 14M on alkali activation of slag using ground granulated blast furnace slag
as solid precursor via heat evolution. Moreover, since there are still limited studies available
on utilizing the Johnson Mehl Avrami Kolmogrov model (JMAK) for evaluating the insight
mechanism of alkali activation process, this study will use JMAK model for elucidation on
the nucleation and growth rate mechanism of alkali activation of slag. JMAK model has been
established for a very long time in which helps to define and explain the allotropic phase change
in solidification where the nucleation and growth processes are the foundation of the model thus
making it reliable for specification on the nucleation and growth of alkali activation process.
This model have been applied in many applications including crystallization explanation of
polymers [11], crystal dissolution kinetics [12], crystallization of metallic glasses [13] and
reaction kinetics of geopolymerization [14]. The general equation for Avrami’s Theory is
written as in Eq. (1.1) [15].

(1.1) ln[− ln(1 − Xc)] = ln k + n ln t

where Xc or sometimes denoted as Xt is degree of crystallinity, n, is the phenomenological
index of crystallization, which can be used to discern between different mechanisms of
crystallization and k represents crystallization kinetic constant (growth rate) for nucleation and
growth. Thus, from this model, the nucleation and growth mechanism of alkali activation of
slag with different molarity of NaOH will be determined in this study using the calorimetric
data from the heat evolution. In addition, the morphology of AAS will be observed at 1 day of
age in order to monitor the development of AAS during nucleation and growth.
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2. Methodology

2.1. Materials and mixing design

In this work, ground granulated blast furnace slag (GGBFS) which was supplied by Macro
Dimension Concrete, MDC at Chuping Plant was used as a solid precursor for the formation
of alkali-activated materials and will be referred to as slag throughout, as no other slag was
employed. The characterization for slag was carried out including chemical composition and
morphology. The chemical composition of slag was determined using X-Ray fluorescence
(XRF) and the morphology of the slag particles was observed by using scanning electron
microscope (SEM) with magnification of 5000×. According to the XRF result obtained, in
term of percentage of weight, it was found that the slag used in this study is mainly composed
of 54.20% of calcium oxide (CaO), followed by 25.60% of silicon dioxide (SiO2) and 10.90%
of aluminum oxide (Al2O3). Furthermore, the slag used in this work also contains 0.76% iron
oxide (Fe2O3), 3.10% magnesium oxide (MgO), 1.52% titanium dioxide (TiO2), and 1.95%
sulphur trioxide (SO3), with themajority of them being less than 5% composition.Meanwhile as
depicted by Fig. 1, it was observed that the slag particles were irregular in shapeswith sharp edge,
where the surface area availability of the nucleation site will be different for each of the particles.

Fig. 1. Morphology of slag particles used in this study

For liquid precursors, a combination of sodium hydroxide (NaOH) and sodium silicate was
utilized. Prior mixing of these two, the pellet-form NaOH of 97% purity had to be diluted to
the desired molarity to be applied. Meanwhile, the employed Na2SiO3 was already in solution
form. The details of mixing designation for this study can be summarized as in Table 1. Alkali-
activated slag (denoted as AAS throughout this study) was synthesized by mixing both of solid
and liquid precursors at a fixed mixing time (within five minutes) for each of the ratios applied.
Once mixing was done, the sample was directly used for determination of heat evolution.
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Table 1. Mixing Design and process

Solid-to-liquid
ratio

Alkali activator
ratio Molarity of NaOH

0.6 2.0 6M

0.6 2.0 8M

0.6 2.0 10M

0.6 2.0 12M

0.6 2.0 14M

3. Testing procedure

3.1. Determination of heat evolution

A heat flow calorimeter supplied by “ToniCAL, Toni Technik” was used to measure the
heat evolution of alkali-activated slag (AAS) under isothermal conditions at a temperature
of 26°C. The test was conducted as per description of ASTM C1679-14 [16] and ASTM
C1702 [17]. External mixing was applied in this study and mixing procedure was conducted
for a duration of five minutes for each of the mix designation in order to standardize the mixing
time, considering the sensitivity of the properties of AAS. The heat evolution was monitored
for 72 hours, equivalent to the duration of time used by previous researchers to monitor the
heat of OPC hydration. The collected data were interpreted as the rate of heat evolution (dQ/dt
in J/gh) and the total cumulative amount of heat evolved (Q(t) in J/g).

3.2. Determination of degree of reaction

The degree of the reaction, α was determined by using Schutter method [18] by using the
following Eq. (3.1).

(3.1)
Q(t)
Qmax

where Q(t) is the cumulative heat evolved at time t, and Qmax is the total or the maximum heat
evolved to complete the reaction. Qmax can be obtained from experimental data of calorimetry.

3.3. Determination of nucleation mechanism

The Johnson–Mehl-Avrami-Kolmogrov (JMAK) Model, also known as Avrami’s theory,
was used to determine the nucleation and growth process of AAS. The JMAK’s exponent (n)
and k (growth rate) can be calculated using Eq. (3.1). Since, the degree of reaction, α was
calculated, the Xc in the equation which represent rate of crystallinity was replaced with α
thus the equation would be written as in Eq. (3.2).

(3.2) ln [− ln (1 − α)] = ln k + n ln t
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Equation (3.2) was used to plot a linear graph of y = mx + c, where y = ln[− ln(1 − α)],
x = ln t. The slope of the straight line represents the JMAK’s exponent(n) and the y-intercept
of the straight-line (c) yields JMAK’s growth rate, k. The value of n enables us to quantify the
crystallization behaviour of the alkali-activated slag during heat evolution.

3.4. Morphology characterization of alkali-activated slag

Surface morphology of alkali-activated slag pastes was observed by using Scanning
Electron Microscope JSM-6460LA model (JEOL). The magnification required was up to
5000× magnification in order to observe possible nucleation development occurred. A cross-
sectioned sample was required in order to observe the surface morphology of the AAS and the
sample was required to coat with palladium (Pd) prior testing.

4. Results and Discussions

4.1. Heat evolution analysis

The heat evolution of alkali-activated slag (AAS) with different molarity of sodium
hydroxide is depicted as in Fig. 2(a). The total cumulative heat evolved determined from the
calorimetric data was also illustrated as in Fig. 2(b).

From Fig. 2, it was found that there is only one notable peak observed for all molarity
applied. Generally, increasing in molarity led to significant changes to the appearance of the
peak. Increasing in molarity of sodium hydroxide (NaOH) from 6M to 10M led to increase
in intensity of the peak and the highest was at 10M (99.15 J/gh). This is in line with past
researches that claimed increasing in molarity of NaOH causes increasing in heat flow due
to the rapid reaction process in which is usually denoted as wetting and dissolution of alkali
activation [19, 20]. However, it is believed that the reaction processes during alkali activation
occurred simultaneously. Therefore, alongside with wetting, dissolution process which led to
the formation of monomers of AASwill directly undergo nucleation and polymerization to form
AASgels. Increasing inOH− ions led tomoremonomer’s formation including [SiO4]−/[SiO4]2−,
[AlO4]− for alkali activation processes. Since the reaction processes occurred during hydration
and alkali activation are generally overlapped, therefore it was found that the total cumulative
heat evolved increased with increasing molarity of sodium hydroxide from 6M (346.92 J/g) to
10M (370.97 J/g) which suggesting the rapid reaction with increasing molarity. In addition,
the high chemical composition of calcium in the AAS system is believed to contribute to
hardening process of alkali-activated slag with the rapid hydration process occurred with
increasing hydroxide ions thus causing the increasing total cumulative heat evolved.

However, further increases in molarity for 12M and 14M were found to reduce the heat
flow of alkali-activated slag, with the maximum intensity peak observed at 14M (41.41 J/gh)
being the lowest in comparison to the maximum peak intensity for other molarity of NaOH
applied. In addition, the 12M and 14M peak formations are broader than those of 6M, 8M,
and 10M. With an increase in the availability of OH− ions in the alkali-activated slag system,
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Fig. 2. Heat evolution and total cumulative heat evolved of alkali-activated slag

more monomers formed, leading to an increase in hydration and polymerization, which in
turn led to the formation of more AAS gels, thus hindering the heat flow in the system. This
accounted for the broad development of the 12M and 14M peaks and slightly shift to the
right. Similar observation was found for the total cumulative heat evolved, where the total
cumulative heat evolved started to reduce at 12M and 14M (324 J/g and 320 J/g respectively)
in which confirmed the hindering with increasing in formation of AAS gels.

4.2. Degree of reaction analysis

The Schutter equation was used to compute the degree of reaction of alkali activation slag
with different molarities of sodium hydroxide used in this investigation, and the results are
illustrated in Fig. 3. Due to the fact that small increment of molarity (2M) was applied in this
study, the pattern for the reaction was essentially identical to each other.

Within 10 hours of the reaction process, increasing the molarity up to 10M was found to
cause a rapid degree of reaction, with the greatest degree of reaction at 10M (0.58) and the least
degree of reaction at 6M (0.42). Another significant finding was that, despite the low heat flow
during the first 10 hours of the reaction, the degree of reaction for molarities of 12M and 14M
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was still higher than 6M (0.48 and 0.55, respectively). This occurrence proved that increasing
the molarity of sodium hydroxide leads to increase the reaction rate, especially during the
early reaction phases of alkali activation, which comprise wetting, dissolution, and hydration.

Fig. 3. Degree of reaction analysis of alkali-activated slag

Furthermore, the high calcium content in the slag particles can be corresponding to the
rapid increase in reaction degree. Calcium hydration contributes significantly to the hardening
of AAS, resulting in calcium hydrated products such as calcium silicate hydrates (CSH)
and calcium aluminate silicate hydrates (CASH) [4]. The increase in degree of reaction rate
followed a similar trend until 40 hours into the reaction process. However, after 40 hours of
reaction, the degree of reaction began to be almost same in reaction rate regardless of molarity
applied, implying that minimal heat evolved during this period. This occurence also shown
that the heat evolved mostly during the early stages of the reaction (0–40 hours).

4.3. Nucleation and growth mechanism analysis

The degree of reaction determined were applied for further analysis on nucleation and
growth mechanism of alkali-activated slag (AAS) with different molarity of NaOH applied
using Johnson–Mehl Avrami Kolmogrov model. Eq. (3.2) was used and the plot for JMAK
with different molarity of sodium hydroxide was depicted as in Fig. 4. The slope of the plot
represents the n value (JMAK exponent) and the intercept of the plot represent lnk (growth rate)
of the alkali activation process. The extraction from the plot can be summarized as in Table 2.

Based on Fig. 4 and Table 2, the values of n that represent the JMAK exponent range
between 0.8348 and 0.8992, whereas the values of k that were calculated from the intercept
of the graphs range between 0.0779 and 0.1043. From the n values which are more than 0.5
and approaching n = 1, it can be deduced that the nucleation growth mechanism of AAS
is same regardless of different molarity of sodium hydroxide applied. In addition, as the n
values is approaching 1, it can be surmised that the nucleation mechanism of alkali activation
of slag in this study is governed by instantaneous nucleation mechanism (one dimensional)
with a rod-like growth or sometimes denoted as needle-like growth. In term of the n values
which is less than 1 obtained, it can be attributed to a decrease in the growth rate of radial
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Fig. 4. Johnson–Mehl Avrami Kolmogrov plot of alkali-activated slag

Table 2. Extraction from JMAK Model of AAS with different molarity of sodium hydroxide applied

Molarity of sodium
hydroxide

Avrami exponent
(n)

Growth rate (k)
min−1

6 0.8426 0.0914
8 0.8844 0.0779
10 0.8992 0.1254
12 0.8460 0.1034
14 0.8348 0.1043

nuclei as a result of the inhibition of previously formed nuclei and a decrease in molecular
mobility [14]. Meanwhile, contradict to n value, growth rate (k) is inversely proportional to
n value. The increasing values of k which represent the growth rate of the alkali activation,
it concluded that increasing in molarity of sodium hydroxide led to increasing growth rate
with more availability of OH− ions for dissolution process thus forming more monomers for
nucleation and polymerization.

4.4. Morphology analysis

Morphology analysis was performed to observe the development of the alkali-activated
slag (AAS), particularly the nucleation growth as the molarity of sodium hydroxide (NaOH)
applied increased. The morphology was observed at 1 day of age, which is after the period of
accelerated degree of reaction and depicted as in Fig. 5.

Fig. 5 reveals that the densification of AAS is positively correlated with increasing NaOH
concentration. In this study, alkali-activated slag with 14M had the densest morphology
compared to 6M, 8M, 10M, and 12M, all of which contained voids within their morphologies.
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Fig. 5. Morphology of 1-day age alkali activated slag; a) 6M, b) Enlarged EDX spot and spectrum of
nucleation and growth of AAS, c) 8M, d) 10M, e) 12M and f)14M

This observation proved that the reduction in total cumulative heat evolved for 12M and
14M was due to the hindering by the alkali-activated matrix and gels densification. In addition,
the nucleation development of the alkali-activated slag polymeric matrix consisting of Si–O–T
(T: Si, Al, Na, Ca) bonds was observed when 6M molarity was used. The development of
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nucleation growth was discovered to be consistent with the growth dimensionality proposed
by the JMAK model, which predicted that nucleation growth would occur instantaneously in
rod-like growth. In addition, Energy Dispersive X-ray (EDX) microanalysis was conducted
to ascertain the chemical composition of the observed nucleation growth. According to the
intensity of the peak counts of Si Al and Ca, it is possible to conclude that the observed
nucleation consisted of CASH, CSH, and NASH gels, which are the products of alkali activation.

5. Conclusions

In a nutshell, determination of heat evolution can be noted as significant indicator
for understanding the alkali activation process of alkali-activated slag. From the real-time
monitoring, it was found that increasing in molarity of sodium hydroxide (NaOH) generally
increases the total cumulative heat evolved alongside with increasing the maximum intensity of
the heat evolution peak. However, it was discovered that further increase in molarity decreases
both the total cumulative heat evolved and the maximum intensity of the heat evolution
peak, as a result of the densification of the alkali-activated slag system caused by the rapid
reaction, thereby hindering the heat flow in the system. The densification of the polymeric gels
was proven by the morphology observed specifically at 12M and 14M. On top of that, the
nucleation and growth mechanism analysis that was elucidated by using the calorimetric data
of heat evolution and the Johnson Mehl Avrami Kolmogrov model revealed that, regardless
of the difference in molarity of sodium hydroxide used, the nucleation mechanism of alkali
activation of slag was governed by an instantaneous nucleation mechanism (one dimensional)
with a rod-like growth or sometimes referred to as needle-like growth as the JMAK exponent
(n values) obtained is approaching 1.

In the meantime, the growth rate extracted from the JMAK plot proved that increasing
the molarity of sodium hydroxide significantly raised the growth rate of reaction during the
first 10 hours of the reaction process, as indicated by the degree of reaction results obtained.
The findings obtained from this work are considered significant for elucidating the effect of
the molarity of sodium hydroxide on the reaction process of alkali activation. This is due to
the fact that the molarity of the alkali solution used is one of the crucial influence factors to
be concerned with in terms of producing alkali-activated materials with superior properties
according to the desired applications. In addition, due to the various properties including
physical and mechanical properties reported by past researches, this work is worthwhile to be
further explored in order for better understanding on how the other influence factors such as the
effect of different aluminosilicate precursors utilized, the effect of different solid-to-liquid ratios,
and the effect of the alkali activator ratio used when dealing with the combination of sodium
silicate (Na2SiO3) and sodium hydroxide as alkali activator affecting the alkali-activated
materials in term of its reaction process. It is expected that each of these influence factors
will affect the chemical composition of the alkali-activated materials system, thus leading to
variations in heat evolution.
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