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Abstract

The effects of chemical oxides and the surface area (SA) of slags on the initial reactivity of alkali-activated materials (AAMs) are coupled. It is well known
that the reactivity of slag in AAMs is impacted by the SA, however, a quantitative measure of this effect was not provided in previous studies. For a proper
understanding of the effect of slag chemistry on the reaction kinetics of AAMs, a quantitative description of the slags SA's effect is required. The reaction
kinetics in the activated slags were monitored using isothermal calorimetry. The SAs of the pulverised slags were linked to the time-to-reach-the-main-
peak (TTRP) of the reaction, the slope of the acceleration part of the main peak, and the total heat at one, three, and seven days. A 100% relative increase
in SA caused a ~51%-75% relative decrease in TTRP. The slope of the acceleration stage also considerably increased with the SA of the slags. However, the
effect of the SAs on the total heat was only distinct up to three days and then considerably reduced at seven days. The result of this study indicates that
the effect of SA on the initial reactivity of AAMs cannot be simply considered using the proportional contribution. The outcome of this study can provide a
promising measure to decouple the effects of SAs and the chemical compositions of slags on the reaction kinetics of AAMs by providing quantitative results
for the effect SAs.

Keywords: Surface Area; Alkali-Activated Materials; Reaction Kinetics; Slag; Reactivity

1 Introduction understand the effects of such oxides on the reactivity of
AAMs, fundamental studies were carried out using industrial
samples [12-14,16-19] as well as simplified synthetic glasses
consisting only of the four main oxides [15]. A recent study
[23] provided a method to synthesise chemically controlled
cementitious materials. In addition to the four main oxides,
minor quantities of Fe,0s, SOs, TiO,, Na,O, and others may
present in industrial slags. Synthetic glasses containing
controlled quantities of minor oxides were also prepared to
investigate the impact of such oxides on the reactivity of
sodium silicate-activated materials [20]. However, despite the
precise chemical composition and the similar range of surface
area, it was difficult to precisely control the surface areas of
glasses after grinding [23].

The cement industry is responsible for nearly 8% of
anthropogenic CO, [1] due to the decarbonisation of
limestone and the energy-intensive process of clinker
manufacturing. One of the solutions to curb such high CO,
emissions is to promote the use of alternative low-CO,
cements to replace ordinary Portland cement in many
applications [2,3]. Alkali-activated materials (AAMs) are
proposed as a promising alternative for sustainable
cementitious materials production, owing to their lower CO,
emissions and enhanced mechanical and durability
characteristics [4,5]. The activator’s chemistry [6—11] and the
chemical and mineralogical characteristics of the precursors
[12-20] used in AAMs manufacturing are among the most
influential factors that control the reactivity and mechanical
properties of the resulting binders. Many precursors like
granulated blast furnace slag (GBFS) and fly ash were
recognised as suitable candidates for AAMs manufacturing
[21]. However, such industrial by-products exhibit variable
chemical compositions and physical properties, rendering the
prediction of their behaviour upon alkali-activation complex.
For example, the oxide composition variation of the GBFS,
which is often described using the quaternary CaO-MgO-
Al,05-Si0O, system, was estimated to be 30-50% for CaO, 1-
18% for MgO, 8-24% for Al,O3 and 28-38% for SiO, [22]. To

The physical properties like the surface area and the particle
size distribution (PSD) of GBFS affect the reaction kinetics and
mechanical properties of the resulting binders upon alkali-
activation [24-28]. For example, Gjorv [24] observed that
increasing the fineness of slags significantly accelerated the
early-age strength of the activated slags, where the one-day
strength increased from 4.7 to 22.6 MPa as the Blaine
fineness increased from 420 to 640 m2/kg. Moreover,
adiabatic calorimetry results demonstrated that the rate of
heat development increased as the fineness increased [24].
The influence of slag and fly ash fineness on the strength
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development of sodium hydroxide-activated slags/fly ash
blends was investigated by Bijen and Waltje [25]. Slag and fly
ash samples were ground by dry and wet (using water)
grinding processes. Increasing the Blaine fineness of slag from
500 to 1000 m?/kg resulted in a considerable increase in
strength [25]. In addition, dry grinding showed better
strength results than water grinding. However, the strength
was not affected by the fineness of the fly ash [25]. Wang et
al. [27] observed that at a constant w/s ratio, increasing the
fineness of slag caused an increase in the strength of sodium
silicate-activated samples up to a specific limit. The optimum
fineness range for achieving higher strength was 4000-5000
cm?/g for the acidic and neutral slags and 4000-5500 cm?/g
for the basic slags [27]. The influence of the slag
characteristics on the reaction kinetics and mechanical
properties of the sodium carbonate-activated slags was
evaluated by Yuan et al. [28]. It was concluded that slag Blaine
fineness (436-461 m?/kg) significantly influenced the
reactivity of Na,COs-activated slags. Moreover, the initial
precipitation of the CaCO; increased as slag particles became
finer [28].

As previously summarised, the effects of the fineness or the
surface area of precursors on the strength developments of
slag/fly ash have been considered in past studies. However,
the effects of the surface area on the reaction kinetics have
not been systematically studied while it is well known that
increasing the surface area of a precursor increases its
reactivity. Although many fundamental studies have been
conducted to investigate the effect of the chemistry of slags
in alkali-activated materials, the effect of surface areas on the
reaction kinetics has not been properly considered in or
decoupled from the measures of reaction kinetics, in
particular, the heat release obtained by the isothermal
calorimetry measurements. Many researchers simply assume
that the difference between surface areas of synthetic glasses
is negligible or that the effect of the surface area on the
dormant period or TTRP is proportional.

Furthermore, a quantitative description of the influence of
the surface areas of slags on the reaction kinetics upon alkali
activation has not been previously reported. For example,
doubling the surface area of a precursor would not ensure
that the dormant period (DP) and the time to reach the main
reaction peak (TTRP) are going to proportionally decrease
upon alkali activation. Therefore, the quantitative
information on the effect of SA on the reaction kinetics is
essential, to decouple the effect of the surface area and oxide
composition of precursors, which is necessary to properly
understand and interpret the influence of a specific oxide on
the reaction kinetics of AAMs.

The gas adsorption technique is being increasingly used to
determine the precursors’ surface areas. However, most
research on the role of slag fineness or surface area was
carried out by determining the Blaine fineness. Therefore, this
study was undertaken to quantify the influence of surface
areas of slags on the reaction kinetics in AAMs using
Brunauer, Emmett and Teller (BET) surface area. For this
purpose, two industrial GBFSs were used in this study and
their chemical compositions were measured using X-ray

fluorescence (XRF). The industrial GBFS samples were milled
for different times to increase their surface areas. Then, X-ray
diffraction (XRD) was employed to detect any changes in the
mineralogical/amorphous composition after grinding. Also,
total attenuated reflection Fourier transformation infrared
(ATR-FTIR) spectroscopy was used to study the impact of the
grinding on the glassy phase of slags. The Particle size
distributions (PSDs) of the slags were measured using laser
diffraction (LD). Moreover, the surface area was determined
using nitrogen gas adsorption (NGA). The heat release of the
sodium silicate-activated slags was measured using
isothermal calorimetry.

2 Materials and methods

The two industrial slags used in this study were claimed to be
obtained from the same plant but with different batches.
Also, the two slags were milled at the manufacturing plants
where the BET surface area of slagl and slag2 were 0.98 and
1.36 m?/g, respectively. The PANalytical AXIOS spectrometer
was used to measure the chemical oxide compositions of the
two types of slag by wavelength-dispersive X-ray fluorescence
(WD-XRF). The two slags with similar chemical compositions
as shown in Table 1 were ground in a dry condition for
different times i.e., 3-, 15-, 30- and 45-minutes using Fritsch
Pulverisette 6 Planetary Mono Mill at a speed of 400
rev/minute. Thereby, the samples were given names based
on the grinding time. For example, the Slagl_15minG
indicates that the slag sample belongs to the first type and
was ground for 15 minutes. A constant sample weight of
~40 g was milled each time. Four balls (each has a diameter
of 30 mm) made of tungsten carbide (density is 14.9 g/cm?)
were used to grind the 40 grams of each raw slag in a 250 ml
tungsten carbide bowl. The total mass of the four balls was
~ 843 grams and thus the balls’ mass to the slag sample mass
was ~ 21. It should be noted that milling for extended times
may generate excessive heat. Therefore, milling the samples
for 30 and 45 minutes was done in stages (each ~ 15 minutes)
where the bowel was allowed to cool down to prevent
extreme temperatures rise.

Table 1. The chemical compositions of the two types of GBFSs used in
this study. The LOI is the loss of ignition at 1050 °C.

Oxide Slagl Slag2
Ca0 41.22 41.19
MgO 4.62 5.51
Al,O3 13.67 13.18
Si02 34.82 35.33
Na:0 0.23 0.28
SO3 1.12 1.29
K20 0.32 0.32
TiO2 0.71 0.99
Fe,03 0.61 0.4
LOI 0.59 0.9
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The XRD patterns of the raw slags and the samples ground for
30 and 45 minutes were recorded using a PANalytical
Empyrean instrument fitted with a copper tube system
operated at 45 kV and 40 mA. The XRD patterns were
recorded from 10 to 70° 20 range with a step size of 0.026°
and a scan speed of 0.0677 °/second. FTIR spectra of the raw
slags were recorded using total attenuated reflection Fourier
transformation infrared (ATR-FTIR) spectroscopy by
PerkinElmer FT-IR spectrometer fitted with diamond/ZnSe
universal ATR accessory. The average of four scans was taken
for each spectrum that was recorded between 650 and 4000
cm? wavenumbers with a resolution of 4 cm™.

The particle size distribution (PSD) was measured using
Malvern Mastersizer2000 from Malvern Instruments based
on the laser diffraction (LD) method. Isopropyl alcohol which
has a refractive index of 1.39 was used as a dispersant
medium for the PSD measurement. The slag refractive index
and absorption factor were chosen to be 1.56 and 0.1,
respectively. The obscuration level was ~10% and the
sonication time and the stirring rate were selected to be 2
minutes and 1700 rpm, respectively. These parameters were
chosen based on the recommendation of Arvaniti et al. [29].
The surface areas were determined by the nitrogen gas
adsorption method carried out at 77 K (maintained by liquid
nitrogen) using the NOVAtouch™LX* gas sorption analyser
from Anton Paar. The Brunauer, Emmett and Teller (BET)
theory [30] was used to calculate the surface area of each
sample based on an 11-point adsorption isotherm for a
relative partial pressure range between 0.05 and 0.3. Before
measurements, each sample was degassed and heated at
150°C for ~10 hours to remove gasses and moisture
physically adsorbed on the surface of the particles. Two
measurements were done per sample, and the average was
recorded as the BET surface area.

All samples were then activated using a mixture of sodium
hydroxide and sodium silicate. The silica modulus in the
activator, i.e., M (SiO,/Na,O by weight) was 1.0, and the
sodium content defined as Na,O/binder ratio was 0.045. The
water-to-solid (w/s) ratio in the mix was 0.40. The TAM Air
calorimeter (TA instrument) was used to record the heat flow
at 23 °C for 7 days. Quartz which had a specific heat capacity
of 0.71 J/(K.g), was chosen to be the reference. The reactants
(resulting in a paste of ~ 6.1 g) were mixed by hand inside the
ampoule for ~2 minutes, shaken using a vortex mixer for
another ~ 30 seconds for further homogenisation and then
inserted into the TAM channel. The heat flow values were
recorded after 45 minutes to avoid the effect of thermal
disturbance caused by the insertion of the ampoule inside the
TAM channel. The total accumulated heat curves were
determined based on heat flow recorded after 45 minutes
from the addition of the activator to the slags. Therefore, the
recorded heat flow values are expected to be a function of the
exothermic reactions between the slags and the activators
and no considerable effect of the thermal disturbance on the
recorded heat was expected.

3 Results and discussion

The XRD patterns of the unground slags and their
corresponding pulverised samples (for 30 and 45 minutes) are
shown in Figs. 1 (a) and (b) for types 1 and 2, respectively. All
samples are characterised by a scattering diffuse hump
centred at 260 = 31°, indicating the presence of an amorphous
content related to the glassy phase presented in the slags. The
absence of Bragg reflections indicates that no considerable
crystalline phases were presented in the samples.

(a) —>Slagl_00 minG
——Slagl_30 minG
——Slagl_45 minG

I T T T T T 1

10 20 30 40 50 60 70
20°

(b) ——>Slag2_00 minG
——Slag2_30 minG
——Slag2_45 minG

I T T T T T 1

10 20 30 40 50 60 70
20°

Figure 1. The XRD patterns of type 1 and type 2 slags.

The XRD patterns of the slags ground for 30 and 45 minutes
also have the same characteristics where the scattering
diffuse maximum was positioned at 26 = 31° without Bragg
reflections. This indicates that grinding has not caused
considerable changes to the slag's glassy phase. This was
evident as neither a new Bragg reflection was formed nor a
shift in the position of the diffuse maxima was observed.

Fig. 2 shows the ATR-FTIR spectra of the slag samples before
and after grinding. All samples have a broad spectrum centred
at a ~ 910 cm™ wavenumber. The broad resonance is related
to silicate species in different polymerisation forms ranging
from Q! to Q*[31]. Since the spectra are centred at~ 910 cm’?,
a considerable part of the silicate specie is present in Q' form
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[31], [32] where one oxygen atom in the silicon tetrahedra is
connected to the silicon or aluminium atom in the
neighbouring tetrahedra. As shown in Figs. 1 and 2, no
obvious changes or shifts in the XRD and the FTIR spectra of
the raw slags are noticed after different grinding times.
Therefore, the observed changes in the reactivity among each
slag type should be primarily a function of the surface area.

The PSDs of all samples are presented in Fig. 3. Generally, as
the grinding time increased, the fineness of GBFS samples
increased as expected (especially within the range from 0.1
pm to 10 um). The Dip and Dso values for each GBFS also
decreased with the grinding time indicating a decrease in the
particle size. Above ~ 10 um size, the agglomeration of small
particles of type 1 slag and the air bubbles produced during
the sonication may cause experimental errors. Table 2

(a) Slagl

45minG

30minG

15minG

presents the Dig, Dso, Doy, and LD surface area of the slags.
Also, the LD surface area which is calculated based on an
equivalent spherical particle shape increased for the two
types of slag as the grinding time increased.

The surface areas of the ground samples calculated by BET
theory based on the gas adsorption measurements are
presented in Table 3. The BET surface areas of unground
samples, i.e., Slag1-00minG and Slag2-00minG, were 0.98 and
1.36 m?%/g, respectively. It should be noted that the BET
surface area of slags is larger than the LD one as the gas
adsorption considers the accessible particle's pore while the
laser diffraction method considers only the equivalent
spherical shape of the particles.

(a) Slag2

30minG

15minG

03minG 03minG
00minG 00minG
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Figure 2. The ATR-FTIR spectra of type 1 and type 2 slags.
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Figure 3. Cumulative particle size distributions by laser diffraction for (a) slagl and (b) slag2.
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Table 2. The Do, Dso, Dgo and LD surface areas of type 1 and type 2 slags.

Sample D1o Dso Dgo I;I?eZu(:;azjz)
Slagl_00minG 1.92 11.10 24.75 0.53
Slagl_03minG 1.22 8.70 18.91 0.69
Slagl_15minG 0.88 7.16 23.63 0.85
Slagl_30minG 0.80 5.88 35.63 0.98
Slagl_45minG 0.75 4.67 23.97 1.08
Slag2_00minG 191 12.46 32.06 0.51
Slag2_03minG 1.40 10.53 28.45 0.61
Slag2_15minG 0.96 6.47 25.63 0.85
Slag2_30minG 0.93 6.57 25.29 0.85
Slag2_45minG 0.83 5.86 21.82 0.94

Table 3. The BET surface areas of the samples used in this study.

Surface area (m?/g)
Sample

00minG 03minG 15minG 30minG 45minG
Slagl 0.98 1.64 1.84 2.17 2.45
Slag2 1.36 2.00 2.26 2.45 2.62

Each sample’s BET surface area was also increased as the
grinding time increased, compatible with the increase in the
fineness measured by the PSD. After 45 minutes of grinding,
the relative increase in the BET surface area of type 1 and type
2 was ~ 150% and ~ 93%, respectively. The differences in the
recorded relative surface areas’ increase between the two
types of slags could probably be the result of the variability of
the grinding efficiency and the differences in mechanical
characteristics of the slag particles.

The normalised heat flow and the total normalised heat (by
the mass of paste) of the activated slags for each type are
presented in Fig. 4. The isothermal calorimetry technique is a
widely used method to monitor the reaction kinetics of
cementitious systems. The occurrence of an initial dissolution
peak followed by an obvious dormant period and then, an
acceleration/deceleration peak for the liquid sodium silicate-
activated slags was demonstrated in many previous studies
[12,14,17,33-35]. The calorimetry results shown in Fig. 4 of
the current study were comparable to the characteristics of
the heat released from the typical sodium silicate-activated
slags [12,14,17,33-35].

As shown in Fig. 4 (a) and (c), each heat flow curve is
characterised by two peaks. The first peak was caused by the
heat of wetting and the fast dissolution of the small slag grains
[33]. This pre-induction peak was followed by a dormant
period (DP) of variable length depending on the sample i.e.,
the surface area. This dormant period observed in the sodium
silicate-activated slags seems to be the result of the hindrance
of the dissolution of Si from the slag due to the abundant
soluble Si in the alkaline activator [34]. As the surface area of
each slag type increased, the DP was considerably shortened.
Afterwards, a second (main) peak was shown, caused by the
exothermal reaction due to the precipitation of reaction
products. The time to reach the main peak (TTRP) is defined

as the time from the start of the reaction till reaching the
maximum heat flow of the second peak.

Although slagl and slag2 samples had very similar chemical
compositions and were composed of an amorphous phase,
slagl consistently reacted faster upon alkali activation despite
its lower surface area compared to slag2. The different
reactivity of the two slags (despite the comparable oxide
composition and amorphous content) could be the result of
the different glassy molecular structures. The different
thermal history due to variations in the operation parameters
such as the molten temperature and different cooling rates of
the slags can affect the glassy structures and their reactivity in
cementitious systems [36,37]. For example, Ehrenberg et al.
[36] found that annealed slags with higher fictive
temperatures exhibited an increased reactivity in blended
cement compared to annealed slags with lower fictive
temperatures. The higher fictive temperature corresponds to
fast-cooled samples [36,38]. This indicates that the different
cooling rate has a significant effect on the reactivity of slags in
cementitious systems [36]. Further research is required to
find the fundamental reason for the different reactivity
observed for the slags that had practically identical chemical
compositions and XRD patterns.

The TTRP and the slope of the acceleration part of the main
peak are an indication of the reaction speed. TTRP
corresponds to the time taken from the start of the reaction
until the onset of the deceleration period. The slope of the
reaction curve is related to how fast reaction products i.e.,
C-(A)-S-H are formed because the acceleration part is related
to the formation of the main reaction product. Therefore, the
increase in the reaction rate would shorten the TTRP and
increase the slope of the acceleration part of the main peak.
The total accumulated heat is an indirect indication of the
degree of reaction. If the total heat increased, then more
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reaction products are assumed to be formed. As the surface
of the raw slags increased in the current study, the TTRP
decreased, the slope of the acceleration part of the heat
release curve increased, and the total accumulated heat
increased (as shown in Fig. 4), which indicates a fast reaction
and a higher degree of reaction.

Increasing the surface area of the slags considerably changed
the reaction kinetics by affecting the DP, the TTRP, and the
shape of the second main reaction peak upon alkali-
activation. Heat release curves shown in Fig. 4 (a) and (c)
demonstrated that TTRP decreased significantly due to the
increase in the surface area of slags. However, the decrease
in the TTRP was not proportional to the increase in surface
area for the two types of activated slags. The activated slags
with low surface areas had a broad main peak with low heat
flow values. As the surface areas of slags increased, the
activated slags exhibited higher heat flow values with
narrower heat flow peaks. Moreover, the slope of the
acceleration part of the second main peak considerably
increased by increasing the surface area. This indicates the
fast precipitation of reaction products from the slags of high
surface areas. Also, the total accumulated heat increased as
fineness increased for the two types of slag, as shown in Fig.
4 (b) and (d).

Fig. 5 (a) shows the relation between the % relative increase
in the surface area and the % relative decrease in the TTRP for
each sample. A 100% increase in the surface area for slagl
and slag2 caused ~ 51% and ~ 75 % relative decrease in TTRP,
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respectively. Anincrease in the surface area should be related
to the relative decrease in the TTRP. This study indicates the
relation between the relative increase in surface area and the
relative decrease in TTRP could reasonably be described as a
linear (but not proportional) relation regardless of GBFS type
[red fitted line in Fig. 5 (a)]. The red line represents the %
relative decrease in the TTRP for the two activated slag types,
i.e., slagl and slag2. A 100% relative increase in the surface
area of slag caused a ~ 58% decrease in the TTRP with R? of
~0.93.

Despite the limited data in this study, the results indicate that
the effect of the surface area on the reaction kinetics can be
reasonably decoupled from the effect of the chemical
composition using a single linear relationship shown in Fig. 5
(a) regardless of the slag source. However, more data would
be required to validate the application of a single linear
relationship between TTRP and surface area in activated
materials.

The increased reactivity of the slags with the higher surface
area was also expressed in terms of the slope of the
acceleration part of the heat rate curve as shown in Fig. 5 (b).
The fast precipitation of reaction products caused a higher
slope of the acceleration stage. As the surface area increased,
the acceleration slope exponentially increased, which reflects
the influential role of surface areas in speeding up the
reaction.
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Figure 4. Isothermal calorimetry results of the activated samples: (a) and (c) are heat flow curves of the activated slagl and slag2 samples,
respectively, and (b) and (d) are the total heat of the activated slagl and slag2 samples, respectively. All results are normalised per gram of paste.



A. Hamdan et al., RILEM Technical Letters (2022) 7: 150-158 156
80 1§
o (a) - 25 - (b)
E Slag2 (circles) < A g A
2 o | y =0.75x ’ S ? 2 | Slagl (tl_'iangles)
s R2=0.98 £ 5 Slag2 (circles)
£ g © O A
2 ® £ 15
g Ri=003 . 40 Slag1 (triangles) & ¢ | A
o ¥ y =0.51x 35§
2 ) S 3 ®
& 20 R*=0.95 Sz [ ]
o S35 05 A
o U S A
R Q [ ]
# 2 L4
0 & — T T T : . 0 . . .
0 25 50 75 100 125 150 0 1 2 3
% Relative increase in the surface area BET surface area (m?/g)
Figure 5. (a) The relative % decrease in the TTRP with the relative % increase in the surface area of each slag type (b) the slope of the
acceleration part of the heat flow curve with the BET surface area. Slagl and slag2 are represented in triangles and circles, respectively.
> - - - - -
] 123 (a) slag2 (circles) 3 24 (b) = 18 (c) N
v 7 _ GJ c
=0.95x v i Vs ]
S5 80 A };:_098 o £ Slag2 (circles) /A % 2 Slag2 (circles)
£ % =0. § c £ 18 { y=0.16x ’ = 9 - 0.09x
g = 701 @ o ® R2=098 @ ,%. o ® 124 Y7 A
m ; o A b R2=0.97 :
Q 60 4 o © R © . o
o < o 9@ o, - o o
e ® 5 < 12 ] Average : : 5 < [
£ 5 A £ y=0.13x 2= o
[T A o O R?=0.94 'a 5 R
27T P >+ > 2 g [ 4 A
© & ;o A-§jag1 (triangles) = © ; 7 |
T 2 2% 6 Slag1 (triangles) % @ Slagl (triangles)
< g y=0.31x s y=0.12x S5 o y =0.09x
S A R?=0.97 ° g & R?=0.95 S E R A oo
-—— € o6 +——+ 2 oo
0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175 0 25 50 75 100 125 150

% relative increase in the surface area

% relative increase in the surface area

% relative increase in the surface area

Figure 6. % relative increase in the total heat recorded at (a) one day, (b) three days and (c) seven days with the % relative increase in the
surface area of the activated slagl (triangles) and slag2 (circles) samples.

The change in the surface area caused an increase in the total
accumulated heat, as presented in Fig. 6. The test results
demonstrated that a 100% increase in the surface area of
slagl caused, on average, a ~ 31%, ~ 12% and ~ 9% increase in
the total accumulated heat recorded at one, three and seven
days from the start of the reaction, respectively. The
corresponding values for slag2 were ~ 95%, ~ 16%, and ~ 9%.
Therefore, increasing the surface areas has significantly
increased the cumulative heat at a very early age (up to 1-3
days) and their effect on the accumulated heat was
significantly reduced at a later age (7 days).

The accumulated heat release can be correlated with the
quantity of the reaction products precipitated after the alkali-
activation reaction. This in turn is expected to increase the
strength of activated samples which was confirmed in past
studies [24-28]. Gjorv [24] demonstrated that the increase in
the Blaine fineness of slags caused an increase in the
temperature recorded for activated slags in adiabatic
calorimetry, indicating an increased reactivity. However,
Jimenez et al. [39] concluded that the effect of slag’s surface
area is the least influential factor on strength compared to
activator nature, curing temperature or activator
concentration. Moreover, the surface area factor was only
important for flexural strength and compressive strength up
to three days of curing [39]. This agrees well with results
shown in Fig. 6 (a), (b) and (c) where the % increase in the total
heat decreased from ~ 63% (the average of 95% and 31%) to
9% as the reaction progressed from one day to seven days.

Therefore, the % increase in the total heat due to differences
in the surface areas of slags decreased as the reaction
progressed. This indicates the effect of surface areas on the
accumulated heat (which is usually correlated with the
strength of AAM) becomes less important as the reaction
progresses, which was consistent with the results of the
previous study [39].

4 Conclusion

Although the surface area (SA) of a precursor is known to
influence its reactivity in alkali-activated materials, the
quantitative effect of the SA was not fully investigated.
Furthermore, variations of SAs among different precursors
were not given deserved attention in past studies. Such
information is critical to precisely investigate the reaction
kinetics of the precursors and to compare the reactivities of
different precursors in AAMs. This paper fills this gap by
providing potential ways to quantitatively decouple the
effects of SA when studying the influence of slag chemistry on
the reactivity in cementitious systems using calorimetry data.
The findings of the current research are novel as it was able
to quantitatively link the surface areas of slags to the
reactivity of the sodium silicate-activated slags, in particular,
the time to reach the second peak (TTRP), the slope of the
acceleration part of the heat rate curve, and the total
accumulated heat at seven days.

It was found that the 100% relative increase in the SA caused
a~51to~75%relative decrease in the time to reach the peak
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(TTRP). This indicates that the proper decoupling of the
effects of chemical oxide composition and the SA should be
considered to investigate the effect of the chemical
composition on the reactivity of alkali-activated materials. On
average, a ~ 58% relative decrease in TTRP due to a 100%
relative increase in the SA could be adapted to study the
reactivity of alkali-activated slags. The slope of the
acceleration stage exponentially increased with the increase
in the SA. The surface area of the slags significantly affected
the early age reaction kinetics, which may influence the
setting time and the very early age strength up to three days.
On the other hand, a 100% relative increase in the SA caused
only ~9% relative increase in the total heat accumulated
recorded at seven days, indicating that the effect of the SA on
the total accumulated heat at later ages was less significant
compared to its effect on the early age reactivity. With the
current results of this study, the extent of the SAs’ effects on
the reactivity of slags in sodium silicate systems could be
realised for a better interpretation of the precursor's
behaviour in alkali-activated systems. Finally, It was also
noted that, although the two slags used in this study had
practically identical chemical oxide compositions and similar
amorphous contents, slagl reacted faster than slag2 due to
possible differences in the thermal history.
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