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Abstract

One-part alkali-activated materials prepared with solid-form alkali activator are gaining attention in the construction industry,
as they are an easier and safer approach for cast-in-situ applications in comparison with two-part approach (i.e., involving
the use of alkali-activator solutions). The present study compares the one-part and conventional two-part mixing methods
with two aluminosilicate precursors, metakaolin and ground granulated blast-furnace slag, using identical mix designs (in
terms of molar ratios of SiO,, Al,O5, and Na,O) with both preparation methods. The results revealed that using one-part
mix delays the setting time, increases the heat of reaction, decreases the shrinkage, and reaches between 80 and 85% of the
compressive strength of the two-part mix. In addition, scanning electron microscopy, thermogravimetric analysis, and X-ray
diffraction analysis showed no major differences between one- and two-part. However, energy-dispersive X-ray spectroscopy
and magic angle spinning nuclear magnetic resonance experiments indicated that the extent of reaction in two-part alkali-
activated mixes is higher than for one-part.
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Introduction

Manufacturing of Ordinary Portland cement (OPC) con-
tributes significantly to the global warming process,
accounting approximately 7 to 8% of the global anthro-
pogenic CO, emissions [1-3]. Moreover, it has been esti-
mated that it could contribute up to 20% by 2050 due to
the increasing cement demand [4]. The cement industry
is working with different alternatives to lower the CO,
emissions, such as energy efficiency, alternative binders
and fuels, and carbon capture [5]. However, more than
50% of the OPC emissions are related to the decomposi-
tion of limestone (CaCO;) into lime (CaO) and CO, [6].
Thus, the development of low-carbon binders is increas-
ingly gaining attention. One of the promising binders are
alkali-activated materials (AAMs), which include also
the so-called geopolymers that are based on low-calcium
precursors. AAMs are synthesized from either alumino-
silicate or calcium aluminosilicate precursors in highly
alkaline conditions [7]. The most common precursors are
metakaolin, coal fly ash, and ground granulated blast fur-
nace slag (GGBFS). Metakaolin derives from the calci-
nation of naturally occurring kaolin clay at around 750
°C, while coal fly ash and GGBFS are by-products of the
energy and steel production industries, respectively [3].
It has to be noted that the availability of the latter precur-
sors is expected to decrease in the following years due to
green transition changes taking place in the energy and
steel production sectors [4]. However, GGBFS is a well-
known AAMSs precursor, and thus, it will be considered as
a model system in the present study.

Alkali activation of metakaolin and class F fly ash
(low-calcium) leads mainly to a reaction product known
as sodium-aluminum-silicate-hydrate (N-A-S—-H) gel.
In contrast, when GGBEFS and class C fly ash (high cal-
cium) react with the alkalis, the reaction product primarily
formed is calcium-aluminum-silicate-hydrate (C-A-S—H)
gel [7, 8], often accompanied by Mg—Al and Ca-Al layered
double hydroxides as secondary reaction products [9].

Thereafter, two main pathways are used for the synthe-
sis of AAMs [6, 10]: two-part and one-part mix. Most of
the current research and applications of AAMs are pro-
duced by a two-part mix, which is comprised by the reac-
tion of a concentrated alkali aqueous solution and a solid
precursor. However, their large-scale utilization can be
limited by the handling of the alkali solutions. Meanwhile,
one-part mix is formed by mixing dry-form alkali activa-
tors with the solid precursor and water. The precursor and
solid activator can be ground separately and combined
after, or they can be co-ground. The one-part approach
has been seen to lower the mechanical performance; how-
ever, it has gained attention in the last decade from both

academia and industrial sectors as it provides safer and
easier-to-handle approach for cast-in-situ applications,
for instance, than the two-part approach [10]. Neverthe-
less, it should be noted that the very first publications on
AAMs more than 120 years ago were based on the one-
part approach [11, 12].

Even though there is a significant amount of research
published on the mechanical properties and different mix
design options of one-part synthesis [13—16], there is a lack
of documentation on the difference between one- and two-
part alkali-activated binders using identical mix designs
in terms of molar ratios of SiO,, Al,05, and Na,O in both
cases. A recent study from Ren et al. [10] compared one-part
and two-part synthesis of alkali-activated GGBFS mortars
with a water-to-solids ratio of 0.4 and using anhydrous meta-
silicate as solid activator. They observed an increase of tem-
perature during the mixing procedure and a slower setting
time for one-part when compared to two-part. However, the
obtained materials exhibited similar workability and reached
compressive strengths after 28 days of 60 MPa as one-part,
and 67 MPa as two-part [10]. A prior study from Nematol-
lahi et al. [17] synthesized one-part mixes using a mixture
of class F fly ash, GGBFS, calcium hydroxide with different
grades of sodium hydroxides and sodium silicates as the
alkali activators. Thereafter, a conventional two-part alkali-
activated mix with the commonly used activator solution
was made for comparison. The highest compressive strength
reached at 28 days was 37 MPa for a heat cured one-part
mix, and it was 5 MPa lower than the two-part reference
mix. No other studies have been found in the literature com-
paring systematically one-part and two-part synthesis using
similar mix proportions, and both of them investigated only
high-calcium precursors. Prior comparisons of one-part and
two-part synthesis in low-calcium systems such as metakao-
lin have not been previously published.

Thus, the aim of this study is to investigate and compare
fresh and hardened state properties, reaction kinetics and
phase evolution of alkali-activated metakaolin and GGBFS
paste when prepared as one-part and as two-part. The aim
is to understand how the properties are influenced by the
production method in the case of low- and high- calcium
systems (i.e., using metakaolin and GGBFS, respectively).

Materials and Methods

Raw Materials

Metakaolin (MetaMax) was supplied by BASF Chemicals
(Ludwigshafen, Germany) and GGBFS was provided by
Finnsementti (Raahe, Finland). The median particle sizes

(D50) of metakaolin and GGBFS were around 4.6 and
9.4 pm, respectively. The chemical oxide composition of
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Table 1 Chemical oxide composition of BASF’s metakaolin and Finnsementti’s GGBFS

Chemical oxide composition of metakaolin (wt%)

Si02 Al203 Na20 K20 TiO2 Fe203 CaO MgO P205 SO3 LOI
53.0% 43.8% 0.23% 0.19% 1.70% 0.43% 0.02% 0.03% 0.03% 0.03% 0.46%
Chemical oxide composition of GGBFS (wt%)

CaO Si02 Al203 Na20 K20 TiO2 Fe203 MgO P205 SO3 LOI
38.51% 32.33% 9.58% 0.51% 0.53% 1.70% 1.23% 10.24% 0.01% 4% 0.00%

each precursor is shown in Table 1. SiO2 and Al203 are the
main components of metakaolin, with contents of 53.0 wt%
and 43.8 wt%, respectively. Meanwhile, the main compo-
nents of GGBFS are CaO and SiO, with contents of 38.51
wt% and 32.33 wt%, respectively. In addition, other minerals
have also significant percentages such as 10.24 wt% MgO
and 9.58 wt% AlL,O;.

The employed alkali activators, sodium hydroxide
(NaOH) reagent grade powder with a 97% purity and anhy-
drous sodium metasilicate (Na,SiO;) powder with 50-53%
SiO, and 50-47% Na,O, were purchased from Sigma
Aldrich.

Sample Preparation

The sample preparation of two-part AAMs mixes consisted
of preparing in advance the alkali solutions. The NaOH is
dissolved in half the total amount of distilled water and the
Na,SiOj in the other half. Each solution are then left to cool
down to room, temperature for 2 h, while continuous stir-
ring. Thereafter, the solid precursor and the solutions of
NaOH and Na,SiO; were mixed in a Hobart mixer at high
speed for 4 min. Once a homogenous mixture was obtained,
the properties of the paste were ready to be tested.

Meanwhile, the sample preparation for one-part AAMs
mixes consisted of mixing the dry activators (NaOH and
Na,Si05) with the solid precursor in a Hobart mixer for
2 min at low speed. Then, distilled water was added to the
bowl and mixing was continued at high speed for another
4 min.

As aforementioned, a metakaolin and a GGBFS AAMs
system have been studied when produced as one-part and as
two-part. A mix formulation has been selected for each pre-
cursor based on previously reported optimum molar oxide

ratios (such as SiO,/Al,0;=1.8-3.0 for metakaolin, and
3.0-6.0 for GGBFS) [18, 19], while ensuring the workability
of the pastes (Appendix S1). Table 2 shows the mix designs
for the metakaolin and the GGBFS alkali-activated pastes.
The water-to-solids (w/s) ratio of the metakaolin paste was
set quite high when compared to the previously reported
optimal values (w/s =0.4-0.5) [19, 20], due to the poor
workability of one-part metakaolin at lower water contents.
Other studies [21] have also reported metakaolin alkali-
activated binders using w/s of 0.8. The high water demand
of one-part alkali-activated paste could be a combination of
the higher mixing temperature originated from the dissolu-
tion of the solid alkali activators, the low-packing density
of metakaolin particles, and their shape, which results in an
increased water absorption (Blaine fineness of metakaolin
is around 19,000 mzlkg) [22].

Meanwhile, in the mix design for the GGBFS alkali-
activated paste, the SiO,/Al,0; is set higher than for alkali-
activated metakaolin, as GGBFS contains less Al,O5. On the
other hand, the water-to-solids ratio can be much lower, as
GGBEFS has a higher density of particles and lower Blaine
fineness (400 mZ/kg) than metakaolin [22].

Test Procedures
Setting Time and Isothermal Calorimetry

The setting time was tested using an automatic Vicat appa-
ratus with continuous penetration at ambient conditions
(E044-03N), following the EN196-3 standard [23]. Isother-
mal calorimetry experiments were then conducted using a
TAM Air isothermal calorimeter at a base temperature of
22 °C. The fresh pastes were weighed into an ampoule and
immediately placed in the calorimeter to record heat flow.

Table 2 Mix design for one-

. Metakaolin (g) GGBFS (g) Sodium Solid Water (g) SiO,/Al,O; Na,O/SiO, wis (g/g)
and two—Part r.neta.ke}ohn anfi hydroxide sodium (mol/mol)  (mol/mol)
GGBFS alkali-activated paste (© silicate (g)
400 0 22 46 325 2.3 0.2 0.69
0 400 12 28 165 6.3 0.2 0.40
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All results were normalized by the total mass of the paste.
An equal amount of water as present in the paste samples
was used as a reference sample for each measurement. The
calorimetric data were recorded for a period of 72 h. The
heat release rate and total reaction heat were normalized by
the total mass of precursors.

Mass Loss, Shrinkage, Density, and Mechanical Strength

The fresh homogenous mixtures were cast into 40 mm
cubes and placed for 30 s on a vibration table to remove any
trapped air bubbles. The samples were then inserted in a
curing chamber at 21 °C + 2 °C and 80% relative humidity
(RH). They were unmoulded after 24 h, and they were left in
the curing chamber until testing. The mass loss, shrinkage,,
and density were measured after 1, 3, 7, 14, 21, and 28 days.
The shrinkage was determined by measuring the change in
length of 40 mm cubes using a micrometer with 0.01 mm
accuracy. The length change (LC) was then calculated as
LC = % X 100, where Li is the length at each tested day.
The weight of each cube was recorded before each length
measurement. The density (p) was then back-calculated,
knowing the volume (V) of the sample and the weight (m),
p= % Compressive strength tests were performed on the
40 mm cubic samples using a Digitec E160-01D compres-
sion machine with a constant loading rate of 0.750 MPa/s.
Tests were performed after 3, 7, and 28 days. Each reported
value “Mass Loss, Shrinkage and Density” and “Compres-
sive Strength” corresponds to the average of six measure-
ments (standard deviation has been illustrated).

Thermal, Morphological, Elemental, and Mineralogical
Analysis

The formulations were further characterized by thermo-
gravimetric analysis/differential scanning calorimetry (TGA/
DSC), scanning electron microscopy (SEM), energy-disper-
sive X-ray spectroscopy (EDS), X-ray diffraction (XRD),
and solid-state magic angle spinning nuclear magnetic reso-
nance (MAS NMR). The wet alkali-activated pastes were
cast in 10 mm cubes, vibrated for 30 s and placed in the
curing chamber (21 °C = 2 °C and 80% RH) until testing.
The samples had to be powdered in a ball mill at 350 rpm for
3 min before testing them on TGA-DSC, XRD, and MAS
NMR, while hardened dry cubes were used in SEM—EDS.

TGA/DSC was used to measure the thermal stability and
phase composition when exposed at high temperatures of
the different formulations at 28 days. The analyses were per-
formed using a Netzsch STA 449 in the temperature range
between 0 and 1100 °C, with a heating rate of 10 °C/min
and with an atmosphere of 10% O, and 90% N,.

The morphological and elemental composition were stud-
ied after 28 days by SEM-EDS. A Thermo Scientific Prisma

E with a 20 kV acceleration voltage was used. The samples
were non-polished to study the morphology with secondary
electron images and they were embedded in epoxy and then
polished for EDS analysis.

Thereafter, the mineralogical and phase composition
of the raw materials and the alkali-activated samples were
investigated at 28 days by using a Huber G670 X-ray powder
diffractometer with CuKa (4 = 0.154 nm). The scans were
performed within the range of 26 = 5°-~100° at 40 kV and
scanning times of 10 min. Phase identification was done by
the MATCH database.

Finally, the solid-state MAS NMR experiments were per-
formed at 1 and 28 days, with the help of a Bruker Avance
IIT 300 spectrometer. The samples were introduced to
7 mm zirconia rotors and the spinning frequency employed
was 7 kHz. The frequency of the 2Al experiments was
78.24 MHz, and 2048 scans were collected with a repeti-
tion time of 2 s. The excitation pulse length and angle were
1.0 ps and 30°, respectively. Chemical shift referencing was
performed using Al (NO;); as an external standard. In case
of 2°Si experiments, the frequency was 59.65 MHz. During
the experiment, 8192 scans were collected with a repeti-
tion time of 3 s. The excitation pulse length and angle were
5.5 ps and 90°, respectively. For chemical shift referencing,
tetramethylsilane was used as an external standard.

Results and Discussion
Setting Times

The initial and final setting times were measured for each
alkali-activated system to investigate the effect of two-part
and one-part on the stiffening of the paste. The initial setting
indicates the time that the paste starts to gain consistency,
while the final setting indicates the time that the paste has
completely stiffen and can sustain some load. This means
that the initial setting time provides the time frame that the
alkali-activated paste is workable and that can be casted/
shaped. The EN 196-3 [23] prescribes that the initial setting
time of a cement paste should not be shorter than 45 min
and the final setting should not be longer than 10 h. Table 3

Table 3 Initial and final setting time of the different alkali-activated
formulations

Sample Initial setting time Final setting
(min) time (min)
GGBFS two-part 73+3 135+3
GGBFS one-part 119+2 226+ 6
MK two-part 47+ 1 105+2
MK one-part 74 +5 121 +4
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shows the setting time results obtained for the different
pastes, as an average of 3 samples including the standard
deviation. It can be observed that all samples comply with
the standards.

Despite one-part and two-part systems having the same
mix design, a clear difference in setting times can be
observed. One-part mixtures have a slower initial and final
setting time with respect to two-part mixtures. One-part
GGBEFS has a 67% slower final setting time when compared
to two-part, and one-part metakaolin has a delay of 15%
when compared to two-part. This could be due to the fact
that the alkali activator powders were mixed with the dry
precursors before they were dissolved in water, thus this
delayed the dissolution of the precursors, as well as the fol-
lowing gelation and condensation reactions. This slower
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hardening rate for one-part alkali-activated binder in com-
parison with similar two-part system has also been observed
by [10] and [24]. Another observation is that metakaolin
binders set faster than GGBFS binders. This could be
explained by the higher water absorption of metakaolin and
the higher content of NaOH in the mix design.

Isothermal Calorimetry

The normalized heat flow and cumulative normalized heat of
the one-part and two-part alkali-activated pastes are shown
in Fig. 1 (Appendix S2). For each heat flow curve (Fig. 1a),
there is a first exothermic peak that arises in the first half
an hour after the test started. This peak is termed as the
pre-induction period and is attributed to the wetting and

GGBFS one-part

GGBFS two-part
----- MK one-part
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chemical dissolution of the solid precursors [21, 25]. This
initial dissolution peak is then followed by a peak valley or
dormant period, which has a lower heat release rate, and
is known as the induction period. Subsequently, a second
exothermic peak is observed [21, 26]. This peak is generally
associated with the nucleation, growth, and precipitation of
the reaction products [21, 27]. From the heat flow curves, it
can be seen that there is no difference in the reaction kinet-
ics between one-part and two-part systems, when using the
same precursor in both. However, one-part seems to display
a shorter induction period. This is probably due to the faster
precipitation of certain reaction products under a raised mix-
ing temperature due to the dissolution of the solid alkalis,
observation that corresponds well with other literature [10,
28, 29].

The alkali-activated metakaolin binder presents a dor-
mant period with a high heat release but for an extremely
short period and then it has a broadened second peak. In
fact, the induction period can be barely detected because of
the overlapping between the initial and acceleration peak
stages. Previously reported work [21] showed similar heat
flow curves, and they observed that the higher the activa-
tor concentration the larger the broadening of the second
peak. Conversely, the alkali-activated GGBFS binder has
an induction period with a lower heat release and at around
10 h, the second peak arises reaching higher heat flows than
for the metakaolin system. According to prior studies [21],
the induction period increases its magnitude at higher alkali
concentration. In addition, the heat flow reaction process in
GGBEFS is similar to what is observed in the cement hydra-
tion process [21, 25].

The cumulative heat release of the different alkali acti-
vated binders at 72 h can be seen in Fig. 1b. The cumulative
heat increases rapidly up to 48 h, thereafter the growth in
the cumulative curves is much slower. The GGBFS cumula-
tive heat curve is higher than for the metakaolin paste, and
one-part mix seems to lead to a higher cumulative reaction
heat for both precursors, being a 3.6% increase for one-part
GGBFS and 11.5% higher for metakaolin one-part system.
However, it can be observed that metakaolin pastes have a
higher heat of reaction than GGBFS pastes for the first 6 h
of reaction. This could also be correlated with their faster
setting time observed in Table 3.

Mass Loss, Shrinkage, and Density

The mass loss, shrinkage and density of the synthesized
alkali-activated binders were tested over a period of 28 days.
Those parameters are largely influenced by the porosity,
composition, and curing conditions of the specimens [30].
Generally, the decrease of sample weight during the curing
process of AAMs is caused by the evaporation of moisture
from the pores. Water tends to be first removed from larger

pores (macropores) and then from smaller pores (meso- and
micropores) during the drying process. After the water has
evaporated from the macropores, water in the mesoscale
pores tends to evaporate, which can then generate large cap-
illary stresses that increase the shrinkage of the pastes [31].

The results of mass loss are presented in Fig. 2. It can be
seen that alkali-activated metakaolin mixes have an abrupt
mass loss during the first 7 days, and then they stabilize.
This is probably due to the evaporation of water from the
macropores which tends to be rapid on the early ages of cur-
ing. Moreover, one-part metakaolin seems to lower the mass
loss when compared to two-part. This could be related with
a lower content of macropores and lower moisture evapora-
tion. Regarding alkali-activated GGBFS pastes, they do not
appear to have a change in weight over time nor difference
between one-part or two-part mix. This could be explained
by the lower water-to-solids ratio and by a better compaction
of the fresh alkali-activated GGBFS, which minimizes the
presence of macropores.

Thereafter, Fig. 3 illustrates the uniaxial length change of
all the pastes in the course of 28 days of curing. From these
results, it is observed that the uniaxial length change of all
the specimens was more pronounced during the first 21 days.
Alkali-activated metakaolin binder seems to have a lower
shrinkage when compared to GGBFS, and only a 0.16%
length difference between one- and two-part was observed
at 28 days. The shrinkage in metakaolin binders is probably
related to evaporated water and from an inadequate compac-
tion of unreacted metakaolin particles in the slurry system
during the early ages. Meanwhile, GGBFS two-part seems
to have a higher shrinkage, as it has a 0.58% length differ-
ence with GGBFS one-part at 28 days. Shrinkage in GGBFS
seems to be greatly influenced by the internal capillary stress
generated due to the loss of water in the mesoscale pores.
This is supported by the fact that no major mass loss was

-0.05 GGBFS two-part
GGBFS one-part
-0.1 \ —a— MK two-part

‘| - -& - MK one-part

Mass loss (%)

W

10 15 20 25 30

Time (days)

Fig.2 Mass loss (%) of the specimens for a period of 28 days
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observed. Thus, the total content of lost water is lower in
alkali-activated GGBFS than in metakaolin, but the capil-
lary stress of the mesopores is higher and it results in an
increased length change. This means that the alkali-activated
GGBEFS undergoes an autogenous shrinkage, in which the
water is consumed by the reaction products, whereas the
alkali-activated metakaolin undergoes mostly drying shrink-
age due to water evaporation.

In addition, the ambient curing conditions of the pastes
could be greatly affecting the shrinkage, especially for
alkali-activated GGBES. Other studies [31] have determined
that higher curing temperatures can accelerate the reaction
process, reduce the unreacted precursor, and decrease the
shrinkage of the paste.

The density was calculated after a curing period of
28 days. The average density of alkali-activated GGBFS was
higher than for metakaolin. Comparing the average density
of metakaolin (1.6 g/cm3) and GGBFS paste (2.1 g/cm3)
after 28 days with a Portland cement paste (2.3 g/cm®), it can
be seen that the metakaolin pastes have a lower density. This
is mainly due to the higher porosity of metakaolin pastes and
the low-packing density of metakaolin when compared to
GGBES or Portland cement. No differences were observed
between one-part mix and two-part mix.

Compressive Strength

The average compressive strength development tested at
3, 7, and 28 days for the different alkali-activated mixes is
shown in Fig. 4. From the figure, it is seen that at 7 days,
all the specimens have gained 80 to 90% of the compressive
strength obtained at 28 days. It can also be observed that
alkali-activated GGBFS reaches strengths above the 32.5
strength class prescribed in the EN197-1 standard [32],
whereas alkali-activated metakaolin has lower strengths

@ Springer
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than the required by EN standards. Nevertheless, it has to
be noted that the EN standard is based on mortars and con-
cretes and it has been reported that the compressive strength
of cement pastes increases 30-35% when fine and coarse
aggregates are added [33]. Thereafter, one-part and two-
part mixes present similar strength development up to 3 days
of curing in both systems, and then two-part mix seems to
reach higher compressive strengths. At 28 days of curing,
one-part metakaolin is about 82% the strength of two-part
and one-part GGBEFS is 85% the strength of two-part.

The similar compressive strength development between
one-part and two-part could be explained by considering
that one-part mix has counteracting effects. On the one hand,
the dissolution of the precursor into the alkaline activator
is delayed, to which some extent hinders the nucleation,
growth, and precipitation of reaction products. On the other
hand, there is a significantly increased temperature due to
the contact of sodium metasilicate powder with water, which
increases the heat of reaction and partially improves the sol-
ubility and diffusivity [34].

Another observation is that the alkali-activated GGBFS
leads to a higher average compressive strength at 28 days
(45.5 MPa two-part and 38.4 MPa one-part) when compared
to metakaolin pastes (21.1 MPa two-part and 17.2 MPa one-
part). This could be explained by the lower porosity and
denser microstructure that GGBFS pastes exhibit. Moreover,
the reduced compressive strength of alkali-activated metaka-
olin with respect to GGBFS might be associated with the
higher water demand, higher water evaporation, and some
internal defects caused by the rapid formation of hard shells
around the unreacted metakaolin particles because of the
increased heat of reaction in the first hours after mixing.
Moreover, a study [35] suggests that the addition of solid
NaOH in one-part GGBFS systems, dissolves solid sodium
silicate (with high SiO,/Na,0O ratio), newly formed alumi-
nosilicate gels and the precursor. This means a decrease
of compressive strength in the one-part GGBFS systems
when solid sodium silicate activators with a low SiO,/Na,O
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ratio are used. This is in agreement with the slower setting
time observed in Table 3, and with their lower compressive
strength when compared to two-part (Fig. 4).

Thermal Analysis (TGA/DSC)

The TGA-DSC analysis was performed for all the alkali-
activated formulations investigated (Appendix S3). In Fig. 5,
the TGA-DSC curves of the alkali-activated metakaolin
(one-part and two-part) are shown, and they are compared
to the TGA curve of the precursor metakaolin before alkali
activation. The first observation from the TGA curves is
that there is a mass loss of 10% up to 200 °C for both alkali-
activated mixes. Accordingly, an endothermic peak is visible
in their DSC curves. This is in agreement with the litera-
ture that associates this mass loss with loss of free water
or slightly bound water in the alkali-activated metakaolin
structure [36]. Thereafter, a further mass reduction of about
2% is observed between 200 and 600 °C. This is attributed to
chemical bound water that could result from the condensa-
tion of silanol and aluminol groups [36, 37]. The metakao-
lin before being alkali-activated seems to be thermally sta-
ble when heated up to 1000 °C, and no phase changes are
observed.

In Fig. 6, the TGA-DSC curves of the alkali-activated
GGBFS and the TGA curve of the precursor GGBFS can

be seen. For both one-part and two-part, there is a great
mass loss up to 300 °C of 16 and 14%, respectively. This
mass loss is associated with loss of free bound water from
the calcium aluminosilicate hydrate (C—A—S—H) gel and is
supported by a high intensity endothermic peak in the DSC
curve. Subsequently, there is another 4% mass loss between
300 and 720 °C in each alkali-activated mix. This is attrib-
uted to the loss of chemically bound water and dehydroxyla-
tion of hydrotalcite-like phases [10, 13]. Thereafter, between
720 and 760 °C, a further 1% mass loss is observed and is
probably due to the decomposition of calcium hydrates and
decarbonation of calcite. This is also attributed to an endo-
thermic phase in their DSC curves. An exothermic peak can
also be seen around 1000 °C and that could be associated
with some crystalline phase formation. The TGA curve of
precursor GGBFS shows that it is also thermally stable up
to 1000 °C, as it was observed for metakaolin. However, the
influence of alkali activation in each precursor is different.
The mass loss due to high temperature exposure is more pro-
nounced for alkali-activated GGBFS binders (with approxi-
mately 20% mass loss) than for alkali-activated metakaolin
binders (with a 12% mass loss).
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Fig.5 TGA-DSC of the precursor metakaolin, alkali-activated one- and two-part metakaolin at 28 days
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SEM-EDS Analysis

The morphological analysis performed by SEM on the
surfaces of both alkali-activated metakaolin and GGBFS
is shown in Fig. 7. In Fig. 7a, b, it can be observed that
one- and two-part metakaolins are characterized by having
amorphous particles with rough and uneven edges. The more
layered, needle-like, or plate-like particulates have been pre-
viously related to unreacted metakaolin [38]. It can also be
seen that the matrix is not a homogenous blend of well-dis-
solved particulates, instead is the combination of amorphous
and needle-like particulates embedded in a matrix. This
greatly affects the compressive strength and durability of
the alkali-activated metakaolin pastes [38]. In Fig. 7c, d, the
secondary electron images for one-part and two-part GGBFS
show that the matrix presents some micro-cracks, pores, and
particulates. Other studies have associated those particulates
as unreacted slag grains or anhydrous slag grains [39, 40].
Thereafter, an EDS analysis of each specimen has been
performed to analyze the elemental composition of polished
samples (Appendix S4). Point analysis has been the method
used to analyze the composition of the matrix, and an aver-
age of 3 points have been performed per sample. Table 4
compares the EDS analysis of the two-part and one-part
alkali-activated metakaolin paste. Both pastes are mainly
composed by silica (Si), aluminum (Al), oxygen (O), and
sodium (Na). However, it can be seen that two-part mix

@ Springer

presents higher content of dissolved Si and Al (%) with
respect to one-part. This could be indicating an increased
formation of N-A-S—H gel. Meanwhile, Table 5 compares
the EDS analysis of two-part and one-part GGBFS, show-
ing that they are both constituted primarily by calcium (Ca),
silica (Si), aluminum (Al), oxygen (O), sodium (Na), and
magnesium (Mg). Similarly as with the metakaolin system,
two-part GGBFS shows a slightly higher content of Ca, Si,
and Al (%) than one-part, which could be explained by a
higher formation of C—A—S—H gel.

XRD Analysis

The X-ray diffraction patterns of the two alkali-activated
systems are shown in Figs. 8 and 9. The alkali-activated
one- and two-part metakaolin present the amorphous broad
peak characteristic from metakaolin; however, it can be
observed that the center of the broad band is shifted to larger
20 angles. This indicates that the metakaolin amorphous
phase has been dissolved and a new phase has formed [41].
Some studies have associated this peak with the presence of
N-A-S—H gel, and the size of it depends on the amount of
gel produced [42, 43]. From the phase analysis, quartz (Pdf
number: 010-80-2147) has been identified in both the alkali-
activated metakaolin and in the precursor. Nevertheless,
another crystalline phase, aluminum oxide, has been identi-
fied in the two-part metakaolin (Pdf number: 010-78-5519).
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% & .‘\\ﬁ
Unreacted
GGBFS

Fig.7 Secondary electron images showing the surface morphology of a alkali-activated metakaolin one-part and b two-part at 20 kV and
%2000; and ¢ alkali-activated GGBFS one-part and d two-part at 20 kV and X500

Table 4 EDS analysis of 28 day cured polished two-part and one-part
metakaolin paste at 20 kV and 500x

Element Two-part metakaolin One-part metakaolin
Spectrum Spectrum Spectrum Spectrum
weight (%) atom (%) weight (%) atom (%)

o 33.58 46.14 43.31 57.94

Si 31.09 24.33 24.27 17.68

Na 6.34 6.07 7.04 6.26

Al 26.00 21.19 20.93 15.87

Others 2.99 227 445 2.25

Regarding alkali-activated one- and two-part GGBFS,
an amorphous hump is also observed, which is also
present in the precursor GGBFS. From the XRD pat-
terns, it can be seen that GGBFS precursor is mainly
composed of amorphous phases, and one- and two-part
have a sharper peak at 30° 26 than for GGBFS, which
is generally attributed to C—(N)-A-S—H gel [9, 25]. For

Table 5 EDS analysis of 28 day cured polished two-part and one-part
GGBFS at 20 kV and x500

Element Two-part GGBFS One-part GGBFS
Spectrum Spectrum Spectrum Spectrum
weight (%) atom (%) weight (%) atom (%)

o 39.95 56.23 41.47 57.05

Ca 27.46 15.43 24.08 13.22

Si 18.47 14.81 16.34 12.81

Na 5.73 5.61 7.11 6.81

Al 3.47 3.01 3.57 291

Mg 1.84 1.7 322 2.92

Others 3.08 321 4.21 4.3

the alkali-activated GGBFS, the identified phases have
been quartz (Pdf number: 010-80-2147) and Mg—Al-OH
hydrotalcite (MggAl,(OH),53-4.5H,0, Pdf number: 000-
35-0965), which are also in agreement with previous
observations [9].
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Fig. 10 a 2?A1 MAS NMR and b ?Si MAS NMR of one-part and
two-part metakaolin-based AAMs

Solid-State MAS NMR

The results of the 2’A1 MAS NMR analysis of the one-part
and two-part metakaolin-based AAMs are shown in Fig. 10a.
The one-part metakaolin-based sample after 1 day (1p MK
1d) has a strong tetrahedral signal centered around 60 ppm,
which corresponds to the tetrahedral aluminum present in

the N-A-S—H gel [44]. This is in agreement with XRD
analysis which indicated the presence of N-A—S—H gel in
the same sample. The sample 1p MK 1d also shows a weak
octahedral signal spanning from 0 to 20 ppm. This signal
belongs to the unreacted metakaolin [44]. The ratio (/;y/Iy;)
of intensity of the tetrahedral signal (which corresponds to
product phase) to that of the octahedral signal (which corre-
sponds to the reactant) could be used to represent the extent
of reaction. I1y/Iy; for 1p MK 1d is around 3.994. The sam-
ple 1p MK 28d also shows the prominent tetrahedral signal
around 60 ppm. I}y/Iy; for this sample is 6.523, which is
higher than the corresponding value for 1p MK 1d, there by
indicating the progress of the reaction as the sample is cured
from 1 to 28 day. The two-part metakaolin-based AAMs
(2p MK 1d & 2p MK 28d) shows similar trend as has been
observed in case of one-part metakaolin-based AAMs (1p
MK 1d & 1p MK 28d). Note that I/l for 2p MK 28d is
higher than that of 1p MK 28d. This means that extent of
reaction in two-part mix is higher than that of one-part mix.
This is in agreement with the compressive strength measure-
ment which observed higher strength for the two-part mix
when compared to one-part mix after 28 days of curing.

Figure 10b shows the results of the Si MAS NMR
analysis of the one-part and two-part metakaolin-based
AAMs. The sample 1p MK 1d shows two characteristic sig-
nals: One signal centered around — 102 ppm and another
signal centered around — 85 ppm. The signal centered
around — 102 ppm can be attributed to the Q* species of the
N—A—-S—H gel [45]. This is in agreement with the 2’A1 MAS
NMR and XRD analyses which indicated the presence of
N-A-S-H gel. The signal around the — 85 ppm corresponds
to a silicate gel which predominantly consists of Q* and Q*
species. In short, the observations indicate that 1p MK 1d
consists of N-A—S—H gel as well as a depolymerized silicate
gel richer in Q° and Q? species. The features observed in
case of 1p MK 1d are also found in 1p MK 28d, 2p MK 1d,
and 2p MK 28d.

The 2’Al MAS NMR analysis of the one-part and two-
part GGBFS-based AAMs is shown in Fig. 11a. The one-
part mix after 1 day of curing (1p SL 1d) shows two char-
acteristic signals: A tetrahedral signal centered around
70 ppm and an octahedral signal centered around 8 ppm.
The signal at 70 ppm could be attributed to two components:
(1) tetrahedrally coordinated aluminum incorporated in the
C-A-S-H phase and (2) tetrahedrally coordinated aluminum
present in the unreacted GGBFS [9]. This is in agreement
with the identification of C—A—S—H phase according to XRD
analysis. The sharper tetrahedral signal at 8 ppm could be
attributed to aluminum present in the hydrotalcite [9, 46],
which also has been identified by the XRD analysis. The
ratio (Iy/Iy) of intensity of the octahedral signal to that of
the tetrahedral signal could be roughly considered to repre-
sent the reactivity of GGBFS. This is due to the following
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reasons: (1) The spectrum of the unreacted GGBFS shows
prominent tetrahedral signal, while octahedral signal is
considerably less prominent [9]; (2) Reaction of GGBFS
leads to emergence of tetrahedral signal corresponding to
C-A-S-H phase and octahedral signal corresponding to
hydrotalcite. I;y/Iy; for 1p SL 1d is 1.300. The sample 1p

@ Springer

SL 28d also exhibits the tetrahedral signal and octahedral
signal similar to 1p SL 1d. I;y/Iy; for 1p SL 28d is 1.716,
which is higher than the corresponding value for 1p SL 1d,
there by revealing the progress of the GGBFS reaction as
the sample is cured from 1 to 28 day. The two-part GGBFS-
based AAMs (2p SL 1d & 2p SL 28d) exhibits similar trend
as has been found in case of one-part GGBFS-based AAMs
(1p SL 1d & 1p SL 28d). The I}y/Iy; for 2p SL 28d is higher
than that of 1p SL 28d. This means that extent of GGBFS
reaction in two-part mix is higher than that of one-part mix.
This corroborates the higher compressive strength observed
in case of two-part mix when compared to one-part mix after
28 days of curing.

The 2°Si MAS NMR analysis of the one-part and two-part
GGBFS-based AAMs is shown in Fig. 11b. The sample 1p
SL 1d exhibits a signal around — 80 ppm. This signal can
be attributed to the Q!, Q2, and Q’ species belonging to the
C-A-S-H phase whose presence has been also confirmed
by XRD and 2’Al MAS NMR analysis. This signal is also
visible in samples 1p SL 28d, 2p SL 1d, and 2p SL 28d.

Conclusions

Metakaolin and GGBFS were investigated as precursors on
the production of one- and two-part alkali-activated bind-
ers, using identical mix designs with both preparation meth-
ods. From their mix formulations, it was seen that one-part
alkali-activated metakaolin demanded having higher water-
to-solids ratio than one-part alkali-activated GGBFS. This
combined with the fact that the precursors had different com-
positions, made each system behave differently.

One-part mix was seen to slow the setting time (67% for
GGBFS and 15% for metakaolin) and increase the total heat
of reaction (3.6% for GGBFS and 11.5% for metakaolin).
This was probably due to the delayed dissolution of the pre-
cursors and following alkali activation. The evaporation of
water during the curing period affected mostly the mass loss
of the alkali-activated metakaolin, indicating that they had a
larger concentration of macropores. However, the shrinkage
of the pastes was larger for GGBFS pastes, meaning that
the evaporation of water was occurring at the meso- and
microscale pores which created internal capillary stresses
and induced shrinkage. Two-part mixes led to the highest
compressive strengths of each system. Two-part GGBFS
pastes reached an average compressive strength of 45.5 MPa
after 28 days, while two-part metakaolin pastes reached an
average of 21.1 MPa. The one-part mixes were 85% and 83%
of the strength of their respective alkali-activated system,
being 38.4 MPa for one-part GGBFS and 17.2 MPa for one-
part metakaolin.

The TGA-DSC revealed that alkali-activated metakaolin
had a lower mass loss (12%) than alkali-activated GGBFS
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(20%) when submitted to high temperatures, for both one-
part and two-part mix. Similarly, the morphology of the
alkali-activated binders, as obtained by SEM analysis, had
no differences between one-part and two-part. However,
alkali-activated metakaolin presented a matrix formed of
grouped amorphous particulates, while alkali-activated
GGBEFS seemed to present a more homogenous matrix with
some undissolved GGBFS particles. Thereafter, the XRD
showed that the alkali-activated metakaolin had the charac-
teristic amorphous peak of metakaolin, and the main crys-
talline phase identified was quartz. Regarding GGBFS, the
XRD patterns showed that GGBFS was mostly amorphous,
and that the one- and two-part alkali-activated GGBFS
showed the same amorphous broad peak from GGBFS, as
well as quartz and Mg—AIl-OH hydrotalcite, as crystalline
phases. Lastly, the EDS analysis and the solid-state MAS
NMR indicated that metakaolin and GGBFS two-part mixes
presented more N-A—S—H and C—A-S-H phases, respec-
tively, than in the one-part mix.
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