https://doi.org/10.1016/j.cemconcomp.2022.104856 This is the Pre-Published Version.

A multiscale study on gel composition of hybrid alkali-activated materials
partially utilizing air pollution control residue as an activator

Muhammad Riaz Ahmad?, Lan-Ping Qian?, Yi Fang?, Jian-Guo Dai'*
Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University,

Hung Hom, Kowloon, Hong Kong
Email: cejgdai@polyu.edu.hk (corresponding author)

1

© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/


mailto:cejgdai@polyu.edu.hk
https://doi.org/10.1016/j.cemconcomp.2022.104856

A multiscale study on gel composition of hybrid alkali-activated materials
partially utilizing air pollution control residue as an activator

Abstract

This paper provides a detailed underlying mechanism of gel composition of hybrid alkali-activated fly
ash/slag (AAFS) pastes prepared by utilizing the air pollution control residue (APCr, a highly alkaline waste
containing 38.3% of Na;O content by mass) as a partial replacement (8%, 16% and 24% replacement by
mass) of energy-intensive commercial sodium silicate (CSS) activator. AAFS pastes containing APCr as a
partial replacement of CSS showed the strength, micromechanical and microstructure properties equivalent
to the reference AAFS paste without APCr (R-0). SEM-EDS, FTIR spectral subtraction, and
nanoindentation results showed that reaction products in AAFS pastes were composed of geopolymer gel
(N-A-S-H), cross-linked gel (C-N-A-S-H) and alkali-activated gel (C-A-S-H) contributing to 60-66% of
paste volume. Reaction products were more dominated by calcium-rich gels (C-A-S-H or C-(N)-A-S-H) as
compared to N-A-S-H gel in all AAFS pastes. The heat of hydration and thermogravimetric results
confirmed the slow rate of reaction of APCr-AAFS pastes at the early age but a higher rate of reaction at

the silater stage which contributed to achieve a similar strength as control paste (R-0).
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1 Introduction

AAMs are regarded as a viable alternative cementitious binder to OPC owing to their sustainable nature
during the production and superior engineering properties [1-3]. AAMs are produced by the reaction
between an aluminosilicate source (precursors) and alkaline activators. Among the precursors, fly ash (FA)
and blast furnace slag (GGBS) are intensively used due to their wide availability and fairly stable chemical
composition [4-10]. The hybrid alkali-activated fly ash/slag (AAFS) binder provides the calcium source in
the form of GGBS, which not only produces C-(A)-S-H gel but also contributes to the formation of (C)-

(N)-A-S-H hybrid gel by partially replacing the sodium from the N-A-S-H gel, showing the higher extent
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of cross-linking between the hydration products [11-14]. Among the activators, alkali hydroxides in
combination with alkali silicates have been extensively studied as they produce the AAMs with the high
compressive strength [5,7,15,16]. Alkaline activators particularly sodium silicate, which is produced by
melting the silicon dioxide and sodium carbonate through an energy-intensive process at elevated
temperatures (between 1200 and 1400°C), emits a large amount of CO,, leading to negative environmental
impact and mainly contributes to the high production cost of AAM [17]. Despite this, prior studies on
AAMs have shown that carbon emissions from AAM-based concrete are 44-64% lower than that of OPC
concrete for the comparable strength performance. According to the previous studies, alkali hydroxide and

silicate in AAMs combined are responsible for nearly 60% of total greenhouse gases emission [2,18].

In the past few years, several studies have reported the preparation of waste-derived sodium silicate
activators and hybrid activators [19-22]. AASA produced through the hydrothermal method requires
elevated temperature between 150°C and 250°C for a higher rate of silica dissolution from glass cullets in
the pressure reactor vessel [24]. AASA produced through the thermochemical method requires mixing
NaOH and waste glass at very high temperatures ranging from 500° to 1300 C°. This method has a high
rate of silica dissolution but still needs reheating of AASA at 175°C for an hour due to its partial solubility
at ambient temperature [27-29]. Compared to the above processes, producing AASA from the reaction of
sand/waste glass and NaOH is considered more feasible as it requires mixing and heating at 320°C for one
hour [30]. Several other studies have also reported the preparation of AASA using NaOH with the
combination of cleaning solution (CS) waste from the alumina industry [31], rice husk ash and silica fume
[21], waste glass [28,30,32], sugar cane straw ash [33] and bottom ash [34]. This study, however,
investigates the possible use of alkali-rich industrial waste “Air Pollution Control Residue (APCr)” as a

partial replacement for commercial alkali silicate activator owing to its high content of Na,O (38.3%).

APCr is a type of industrial waste generated during the treatment of dewatered sewage sludge (SS) from
the waste-to-energy (W-t-E) plants and it is often transferred to landfills [35]. The treatment process of SS

in the Hong Kong T-Park W-t-E plant and production of APCr is shown in Fig. 1 [36]. APCr consists of



fly ashes and solids collected downstream of gas treatment during the flue-gas cleaning process. It is
composed of pollutants and soluble ions. It is highly corrosive, alkaline and classified as hazardous
materials in several standards [37,38]. Hong Kong faces significant challenges not only with the
recovery/recycling of resources but also with the disposal of wastes (e.g., incineration sludge ash, APCr)
generated from these W-t-E plants. In this regard, incineration technology can significantly reduce the SS
and municipal solid waste (MSW) volume by 85-90%. As APCr yield is estimated to be 2-6% of total waste
burned [37], incineration of SS and MSW can produce APCr in a considerably higher amount and finding

an alternative way to recover/recycle such kind of waste is very important.
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Fig.1. Sludge treatment process and production of APCr from W-t-E plant [36]

A few studies are available on the use of APCr in civil engineering [40-42]. Kourti et al. used glass-forming
additives and DC plasma technology for the treatment of APCr to produce the precursors for AAMs [43,44].
A low-strength AAM (<10 MPa) was formed by mixing the APCr and co-fired fuel ash [45] through alkali-
activation. After a careful review of available literature, authors have found that the use of APCr as an
alkali-activator is not reported due to the absence of enough amount of alkali metals (Na or K) in its
chemical composition. However, APCr produced in the Hong Kong W-t-E plant possesses a high content

of alkaline oxides that are needed for the chemical activation of aluminosilicate precursors and slags. As



alkali-activators are a major source of carbon emission in AAMs and their production process is costly and
energy-intensive, finding an alternative source of alkali-activators with minimal processing, low

environmental impact and cost is an appealing alternative to the research community.

APCr being the source of alkali metals required for the activation of aluminosilicate precursor can be used
as a potential alternative alkaline-activator (AAA). In this regard, this research aims to investigate the
potential use of APCr as an AAA in the preparation of one-part AAMs. Before using the APCr to produce
AAFS pastes, its heavy metal concentration and leaching characteristics were examined and it was
classified as non-hazardous material. APCr was first dried in an oven at 105°C and then finely ground to
powder in a ball mill machine. Later on, APCr was partially replaced with the commercial sodium silicate
activator by 8%, 16%, and 24% by mass to prepare hybridly activated AAFS pastes. Besides introducing
the APCr as an AAA to CSS, this study also provides significant insight into the gel composition of hybrid
AAFS pastes through investigating the mechanical and microstructural (chemistry and mineralogy)
properties by advanced material characterization techniques including calorimeter analysis, selective

dissolution, image analysis, mercury intrusion porosimeter, nanoindentation, and SEM-EDS analysis.

2 Experimental Program

2.1 Raw materials

Alkali-activated fly ash/slag (AAFS) pastes were prepared by mixing the FA, GGBS, anhydrous
commercial sodium silicate (CSS), and APCr. FA was obtained from the CLP power plant, Hong Kong
while GGBS and sodium silicate were purchased from mainland China. APCr was obtained from the T-
park incinerator facility in Hong Kong. APCr was dried in an oven at 105°C to remove any moisture content
and then ground to a fine powder in a ball mill for 4 hours. Particle size distribution of FA, GGBS, and
APCr was measured by the laser diffraction technique using Malvern Mastersizer 3000 and is presented in
Fig. Al (see Appendix). The average particle sizes of GGBS, FA and APCr were 14.1, 20.1 and 7.0 pm

respectively. The chemical analysis of raw materials was performed by Rigaku Supermini200 through X-



ray fluorescence emission (XRF) technigue and results are given in Table 1. The chemical composition of
APCr indicates that it contains a high amount of alkali metals which can be helpful to chemical activate the
aluminosilicate precursor. Moreover, the presence of Na,O and SOs indicates the high amount of Na;SO4

in APCr, which has been reported as an alkaline activator in literature [46].

Table 1. Chemical analysis of GGBS, FA, APCr and CSS (%)

Oxides Fly ash GGBS APCr CSS
SiO; 49.7 32.6 6.19 46.3
Al,03 25.1 14.7 3.57 -
Fe20s3 9.58 0.35 4.65 -
Ca0o 7.84 42.4 3.27 -
MgO 2.8 6.53 1.71 -
Na2O - - 38.3 50.7
K20 1.53 0.41 0.57 -
TiO. 1.15 0.61 0.19 -
P20s 0.84 0.18 3.02 -
SOs 0.96 1.82 31.9 -
Others 0.5 0.4 6.64 3.0

XRD patterns of raw materials are provided in Fig. A2. A broad hump was found in XRD diagram of GGBS
in the range of 25-35° 26 which proves its high amorphous nature. FA mainly consists of mullite and quartz.
Whereas, presence of thenardite (Na2SO4), trisodium phosphate (NasPOa), and monosodium phosphate

(NaH,PO.) was observed in APCr.

2.2 Preparation of AAFS pastes

Four AAFS pastes were prepared by mixing the GGBS, FA, CSS, and APCr. The ratio of FA and GGBS
(0.8:0.2) was kept constant for all mixtures. The control mixture (named as R-0 paste or CSS-AAFS paste
later in paper) was prepared by mixing the CSS with FA and GGBS. The CSS/precursor ratio for the R-0
was 0.12 (Na O/binder = 6.1%). For the other mixture, CSS was replaced 8%, 16%, and 24% with APCr
(named as R-8, R-16, and R-24 pastes or APCr-AAFS pastes later in paper) by mass. APCr was introduced
into the mixtures such that alkali content to binder ratio was same for all the mixtures (Na.O/binder = 6.1%).
Detailed mix proportions of AAFS pastes are shown in Table 2. CSS also contains some silica which is

readily dissolved and contributes to improvement in the performance of AAFS at an early stage, however,
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no extra silica source is introduced into mixtures containing APCr as AAA. Hence, the modulus ratio of
activator was slight reduced due to the addition of APCr. To prepare the AAFS pastes, all raw materials
were dry mixed in a Hobart mixer for 5 minutes. After that, water was added to the dry mixtures, and mixing
was carried out at low speed for 2 minutes. Finally, the mixing was continued for another 3 minutes at high
speed so that a uniform slurry was achieved. Fresh AAFS pastes were transferred to cubic molds of
40x40x40 mm? dimensions, vibrated on the vibration table for 1 min, and wrapped into plastic sheets to
prevent moisture loss. Samples were taken out of molds after 24 hours, wrapped into plastic sheets, and

then stored in the laboratory at room temperature.

Table 2. Formulations of AAFS paste expressed in terms of molar ratio

Mix The overall molar ratio of Binder (B) Activator

Code SiOy/ CaO/ Na.O/ Na,O/ Na.O/B Na.O/B Na,O  SiOy/
A|203 SIO?_I A|203 SiOz (CSS) (APCI') /B Na,O

R-0 2.07 0.30 0.34 0.16 6.08 0 6.1 0.91

R-8 2.05 0.30 0.33 0.16 5.61 0.463 6.1 0.86

R-16 2.03 0.30 0.33 0.16 5.13 0.932 6.1 0.80

R-24 2.01 0.31 0.33 0.16 4.66 1.39 6.1 0.74

2.3 Testing methods

The influence of APCr as AAA on the mechanical and microstructure properties of AAFS paste was
studied. Compressive strength of AAFS was determined at the 7, 14, 28, and 56 days using a compression
testing machine, MATEST 3000 kN at a loading rate of 0.6 MPa/s. The compressive strength was calculated

by taking the average of three samples.

When precursors and activator are brought into contact with water, an exothermic reaction occurs liberating
a considerable amount of heat. The heat of hydration of AAFS pastes was measured by an Isothermal
Calorimeter (Calmetrix 1-Cal 4000) at a constant temperature of 20+0.1°C throughout the test. The weight
of raw materials was 70 g for each AAFS paste and measured to a precision level of 0.001 g. AAFS paste

slurry was prepared in a plastic container for 2 min outside the calorimeter and then placed inside the



chamber to record the heat flow and cumulative heat of hydration. The calorimeter test was performed for

14 days to study the rate of reaction at the early age (first 7 days) and later age after 7 days.

It is important to mention that age of tested specimens for all microstructural characterization techniques
(SEM-EDS, nano-indentation, TGA, FTIR, MIP) was 28 days. Hydration reaction was stopped by
immersing the samples in absolute ethanol for 7 days following the 28 days of ambient curing. After that
samples were dried in a vacuum oven at 40°C for 24 h. A scanning electron microscope (SEM, Tescan
Vega 3 XMU) equipped with EDS was used to study the hydration products. An epoxy resin was used to
embed the AAFS paste samples under the vacuum condition. Samples were taken out of epoxy molds and
were polished by Buehler (AutoMet 300) polisher. The surface of embedded samples was ground flat with
the Grit 600 (5 mins) using water as a lubricant. After that, a smooth surface was obtained by polishing the
samples with 9 um, 5 um, and 0.05 pum diamond/alumina grits (5 mins of polishing for each grit) using the
MetaDi diamond suspension. Finally, samples were immersed in ethanol and put in an ultrasonic bath to
remove any particles attached to samples. After polishing, samples were dried in a vacuum oven for 24 h,
coated with a thin layer of carbon, and tested for SEM-EDS analysis. SEM analysis was performed at an
accelerating voltage of 25 keV and a working distance of 15.0 mm in high vacuum conditions using back-
scattered electron (BSE) imaging. The chemical composition of hydration products was quantitively studied
by collecting 90 points for each AAFS paste through EDS point analysis. The point analysis was only
performed in the gel regions and unreacted precursors were not included to study the gel composition. SEM-
EDS mapping of AAFS pastes was also performed to investigate the distribution of different elements in

the gel paste area.

Images analysis was performed on BSE images obtained from the SEM-EDS analysis using ImageJ
software. The color threshold function of software was used to separate the different reacted and unreacted
phases in AAFS pastes and a different color was assigned to each phase. Segmented images were then

combined to produce the composite mapping of AAFS pastes and the percentage of each phase was



determined by the software based on the defined scale. It is to be noted that 4-5 different sites were chosen

for the image analysis of each sample and then the average value was reported.

AAFS pastes were tested for nanoindentation which is regarded as an effective technique to measure the
nano/micromechanical performance of hardened cement materials. Nanoindentation on AAFS pastes was
performed by Bruker’s TI1 950 TriboIndenter. The samples for nanoindentation test were prepared according
to a similar procedure as described for SEM-EDS analysis, however, polishing of samples was carried out
for 30 min for each step to obtain a highly smooth surface. After polishing the sample, the surface roughness
of each sample was determined by scanning probe microscopy (SPM) on the 50 um x 50 um area. The
average RM roughness for R-0, R-8, R-16, and R-24 was 125.3 nm, 115.5 nm, 165.2 nm, and 153.7 nm
respectively and SPM images are presented in Fig. 2. A square grid of 121 points (11 x 11) was chosen
with a grid gap of 5 um for indentation purposes. A trapezoidal loading and unloading program was
selected. Loading was applied at a rate of 400 uN/s with a maximum load of 2000 uN/s. The maximum

load was kept for 2 s and then unloading was completed in 5 s.

Fig. 2. Topography of polished samples measured through SPM imaging

Gel composition and reaction extent of precursors and activator was investigated through the selective
dissolution process. Salicylic Acid/Methanol (SAM) extraction of AAFS paste was performed by
dissolving 2 g of each AAFS paste powder (passed through a 75 pm sieve) and raw materials to SAM
solution containing 120 ml of methanol and 8 g of salicylic acid. The mixture was stirred for 3 h using a
magnetic stirrer and the suspension was vacuum filtered by Buchner funnel and a Whatman filter (0.2 um
pore size). Insoluble residues were washed with methanol, dried in an oven, weighed, and then stored in a

vacuum desiccator. SAM extraction of AAFS pastes only dissolves the C-(A)-S-H gel and any unreacted



precursor (GGBS and FA) and geopolymer gel (N-A-S-H) were not dissolved [14]. HCI extraction was
performed to dissolve the geopolymer gel (N-A-S-H gel and zeolite). Unreacted FA and silica gel were left
as insoluble residues during this process [14]. However, HCI extraction also decomposes C-S-H by
removing the Ca*2 and leaving the silica gel behind. Slag is completely dissolved in this process. HCI
extraction was performed by adding 1 g of AAFS paste into 250 ml of HCI (1:20). The reactivity of alkaline
activator was studied by dissolving the AAFS pastes (2 g) into distilled water (200 g) for 3 hours at 25°C
in an ultrasonic bath. After the dissolution, solutions were centrifuged at 10000 rpm for 10 minutes to
separate the residues from the liquid. Fourier-transform infrared (FTIR) analysis was performed on original
AAFS pastes powders, water residues, HCI residues and SAM residues by using the instrument
PerkinElmer UATR-two. The analysis was performed in an absorption mode at 2 cm resolutions. Spectral
subtraction technique was used to study the dissolution of reaction products in AAFS pastes. The HCI and
SAM residues spectra were subtracted by the original AAFS powder spectra to obtain the spectra for the
dissolved reaction products due to HCI and SAM selective dissolutions. Spectral subtraction was performed

using the OMNIC software.

Thermogravimetric analysis (TGA) on AAFS paste powder samples was conducted by Rigaku Thermo
Plus EVO2 equipment. The mass for each paste powder sample was around 10 mg. The temperature was
increased from 30°C to 1000°C for all powder samples at a heating interval of 10°C/min. Mercury intrusion
porosimeter (MIP, AutoPore 1V 9500) was used to study the pore structure of AAFS pastes. AAFS pastes
were broken into particle sizes of 2.36-5.0 mm and were dried using a freeze dryer for 48 hours at a
temperature of -85°C and vacuum pressure of 0.133 mBar. After that samples were placed in a vacuum

oven at 20°C until tested for MIP analysis.
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3 Results and Discussion

3.1 Compressive Strength

The development of compressive strength of AAFS pastes with the age is shown in Fig. 3. At the early age
of 7 days, the compressive strength of control AAFS paste (R-0) was 50.5 MPa and higher than the other
APCr-AAFS pastes in which CSS was replaced by 8%, 16%, and 24% APCr. However, the strength of R-
8, R-16, and R-24 pastes at 28 days was 63.2, 61.5, and 63.5 MPa and comparable to the strength of control
paste (R-0) of 62.2 MPa. At 56 days, the strength of R-0, R-8, R-16, and R-24 was 68.5, 69.2. 68.5 and
73.6 MPa and therefore, the rate of increase in strength from 7 days to 56 days was 35.6%, 41.3%, 66.5%,
and 73.2% respectively. Although, the dissolution of APCr in AAFS pastes at an early age was slower as
compared to CSS, its contribution to the development of strength was more obvious at 28 days and 56 days.
APCr could successfully replace the CSS partially while producing the AAFS pastes with a similar or
slightly higher strength up to a replacement level of 24% given that alkali content (Na.O/binder) in paste is
kept the same. As compared to APCr based AAA, alkali metal and silica in the CSS (SiO2/ Na.O = 0.91)
could quickly dissolve into the water due to its amorphous nature and react with the precursors to form the
hydration products which can increase the strength of control AAM paste (R-0) at an early age. AAFS
pastes containing APCr closed the strength gap with the control AAFS paste (R-0) with the increase in
curing age as a result of continuous reaction at a later stage. It was also observed that the APCr-AAFS
pastes showed comparable performance to the pastes prepared with CSS. Hence, the influence of silica
modulus (SiO2/ Na,O, between 0.91-0.74) was more pronounced on the early age properties of pastes but
diminished at a later age. However, previous studies have shown that a more significant change in silica
modulus (e.g. 0.5, 1.0, 1.5, 2.0) can significantly influence the mechanical properties [15,16,47]. Alnahhal
et al. [21] used the NaOH and rice husk ash to prepare AASA and compared its strength with AAFS pastes
prepared with CSS while keeping the Na,O/binder the same. The results concluded that rice husk ash based
AASA could provide comparable strength to the CSS activator given the content of alkalis and silicates of

activators were kept in similar proportions.
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3.2 Reaction kinetics of AAFS pastes
Reaction kinetics of AAFS pastes were studied by the calorimetric analysis. Results of heat evolution and

cumulative heat flow starting from the mixing time (2 min) to 14 days are shown in Fig. 4. An initial peak
with the massive heat flow in all AAFS pastes was observed during the first few hours (Fig. 4a). The second
major and acceleration peak started appearing around 14 h and reached the peak at 24 h after mixing
although with significantly low intensity as compared to the initial peak (Fig. 4b). The third peak appears
after 36.7 hours of mixing but this peak was dominated by the AAFS pastes containing R-24 (as shown in
magnified images at Top middle of Fig. 4b). The first peak is primarily associated with the wetting and
dissolution of precursors (mainly T-O and Me-O bonds of slag particles at the early stage) in the first few
minutes and partly with the formation of early reaction products due to dissolved units of Ca, Na, and Si in
solution. The heat evolution was highest for the control AAFS paste (R-0) showing a higher amount of
dissolution of precursors at the early stage [4,48]. The second peak shows that a higher amount of hydration
heat was released for R-0 paste during the first 24 hours (hence, the first and second peaks are dominated
by R-0 paste). Sodium silicate which is a highly amorphous material quickly dissolves (releasing Na and

Si) into the water and helps to form the reaction products at an early age. The emergence of second and
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third peaks was associated with the formation of hydration products C-A-S-H and C-(N)-A-S-H during the
condensation process. The start of second peak also corresponds to the setting time of AAFS pastes. After
these major peaks, the heat of hydration decreases to a large extent for all pastes due to a slow reaction rate
at a later stage. The heat flow rate was higher for the R-24 paste, followed by R-8, R-16 and R-0
respectively, suggesting that more reaction products were formed in the APCr based AAFS pastes at a later
stage as compared to control paste R-0 (as shown in magnified images at bottom right corner of Fig. 4b).
These findings are also in line with the compressive strength results of AAFS pastes, i.e., gain in
compressive strength was slower at an early age for APCr activator based pastes however they achieved a
similar compressive strength to control paste with the increase in time which is attributed to higher rate of

reaction of APCr at a later stage.
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Fig. 4. Calorimetric analysis of AAFS pastes (a) Hydration heat flow during the first 120 mins, (b)
hydration heat flow from 2 h to 14 days, and (c) Cumulative heat flow

The influence of APCr as a partial replacement of CSS on the cumulative heat of AAFS paste is shown in
Fig. 4c. The sharp increase during the early stage is due to wetting and dissolution of precursors (mainly
slag) in an alkaline environment. Control paste (R-0) showed the highest cumulative heat curve starting
from the mixing to the first few days. At a high silicate modulus of 0.91, more dissolved Si is available
from the CSS and also a higher amount of Ca, Si and Al from slag which can form higher amount of reaction
products at an early stage. When CSS is replaced by APCr, silicate modulus is slightly decreased to 0.74,
which in turn increases the alkalinity of the mixture. The higher alkalinity can increase the reaction rate of
both fly ash and slag thus increasing the dissolution of alumina and silica in mixtures having lower silicate
modulus at a later age. Gao et al. [49] have reported that for the fixed FA/GGBS, a decrease in silicate
modulus resulted in higher total heat. However, change in cumulative heat among the different AAFS pastes
was not significant in this study as silicate modulus among the different pastes did not vary to a large extent.
Cumulative heat after 14 days of heat of hydration test was 109.75, 111.4, 108.32, and 112.94 for the R-0,
R-8, R-16, and R-24 respectively, it shows that APCr based AAFS pastes produced equivalent or slightly
higher amount of reaction products as compared to control paste. It is also worth mentioning that the results

of calorimeter test corroborated the strength results of AAFS pastes.

3.3 Pore structure of AAFS pastes
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Fig. 5. MIP analysis of AAFS pastes (a) Cumulative pore volume distribution and (b) differential pore
size distribution

The pore structure of AAFS pastes determined by MIP analysis is given in Fig. 5. The relationship between
the cumulative intrusion volume and pore diameter is plotted in Fig. 5a. Cumulative intrusion values of R-
0, R-8, R-16 and R-24 were 0.0474, 0.0516, 0.0514 and 0.0462 mL/g, which corresponds to porosity value
of 8.88%, 9.44%, 9.26% and 8.31% respectively (Table 3). The porosity and average pore diameter of R-
24 paste were the lowest among all pastes which confirms that R-24 paste showed slightly denser
microstructure as compared to other AAFS pastes. The pore structure (Fig. 5b) of pastes showed that the
size of most of the pores is below 100 nm. Pore size distribution of pastes determined by MIP analysis is
plotted in Fig. 6. In cement-based materials, pores are generally classified into four types, gel pores (pore
size < 10 nm), transitional pores (pore size, 10-100 nm), capillary pores (100-1000 nm), and macropores
(>1000 nm). Capillary pores can influence the strength and permeability of the matrix whereas transitional
and gel pores influence the durability, strength, and shrinkage [50]. The pore size distribution is studied by
dividing them into small size pores (<100 nm) and large size pores (>100 nm). The small size pores can be
related to the reaction products of paste. The volume of small size pores in the R-0, R-8, and R-16 were
about 81.1, 80.2, and 80.6% respectively. The volume of gel pores slightly increased from 14.9% (in R-0)
to 15.6% (in R-8) and 24.3% (R-16). For the R-24 paste, the volume of small pores was decreased to 72%
but, a further increase in gel pores (31.4%) was observed. Although R-24 contains a higher volume of larger
size pores (> 100 nm), its strength at 28 days was similar to other pastes. The negative effect of higher
volume of large size pores was balanced by the higher volume of gel pores. The higher volume of gel pores
points that the higher amount of gel phases (C-A-S-H, N-A-S-H or C-N-A-S-G gels) were formed in the

paste containing APCr and contributed to strength [5].

Table 3. Pore structure characteristics of AAFS pastes determined by MIP

Sample R-0 R-8 R-16 R-24
Total Intrusion Volume (mL/g) 0.0474 0.0516  0.0514 0.0462
Porosity (%) 8.88 9.44 9.26 8.31
Average Pore Diameter (nm) 23.4 23.6 175 16.5
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Fig. 6. Pore size distribution of AAFS pastes

3.4 SEM-EDS Analysis
3.4.1 Gel chemical composition by SEM-EDS analysis

Reacted and unreacted phases were studied by SEM-EDS technique in detail. First of all, reaction products
were identified by different grey scale levels and then their chemical compositions were studied by the EDS
point analysis and ternary diagram. The grouping of different atomic ratios of AAFS pastes was further
studied by the statistical analysis. Finally, the SEM-EDS mapping of AAFS pastes was conducted to

examine the dispersion of major elements and homogeneity of reaction products.

Different phases (reaction products and unreacted phases) are identified by back scattered electron (BSE)
imaging as shown in Fig. 7. Area 1 shows the reaction products (gel phases) and predominantly consisted

of N-A-S-H/C-A-S-H gels in all pastes. Unreacted FA, GGBS, and Fe particles are highlighted by areas 2,
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3, and 4 respectively. The reaction of FA particles (complete and partial dissolution of FA) is highlighted

by area 5.
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Fig. 7. BSE images of AAFS pastes

The chemical composition of gels pastes (reaction products), raw precursors (raw FA and GGBS) and
unreacted FA and GGBS in paste samples via SEM-EDS analysis is given in Table 4. For the raw FA, the
starting Si/Al ratio was 1.75, which was slightly reduced to 1.67 for the unreacted FA particles in the pastes,
whereas the Ca/Si ratio (0.24-0.25) both in raw and unreacted FA was nearly the same. Hence, the unreacted
FA particles in paste did not dissolve or show leaching of any major element to form reaction products and

it shows that some of the FA particles are inert by nature which can have physical effect by filling the
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micropores. For the apparently unreacted GGBS particles, the Ca/Si ratio decreased from 1.99 to 1.21 as
compared to raw GGBS. This shows that some of the Ca from the GGBS had reacted or leached in the paste
system to form the reaction products, however morphology of particles did not change significantly. The
Si/Al ratio was slightly increased from 1.96 to 2.09 showing the interaction of Al phases from FA with the

GGBS particles in the presence of an activator.

The results of each AAFS paste are reported by taking the average of at least 90 points on the gel pastes.
For the control paste (R-0), the average Ca/Si ratio of gels was 0.37, which was slightly higher as compared
to R-8 (Ca/Si = 0.33) while lower as compared to R-16 (0.44) and R-24 (0.39). However, the Si/Al ratio in
the control paste (R-0, Si/Al = 2.52) was higher as compared to R-8, R-16, and R-24 (Si/Al = 1.95-2.28).
The Na/Si (0.27) and Na/Al (0.65) ratios in the control paste were also higher than the pastes containing
APCr (Na/Si = 0.24-0.27 and Na/Al = 0.50-0.58). These findings indicate that the chemical composition
of gels or reaction products for the different pastes did not vary significantly and were of similar nature.
Either both types of gels (C-A-S-H and N-A-S-H) were present in all AAFS pastes or they were highly
cross-linked (C-N-S-A-H) with each other. However, quantification of different gels is not possible due to
the same grey scale level for all types of gels. The formation of N-A-S-H gel along with the C-A-S-H gel
for geopolymer containing 20% GGBS content has also been reported in the literature [48]. As SEM-EDS
was conducted on point level, it is suggested cross-linked gel was formed in significant amount due to the
presence of all major elements participating in the gel composition (Na, Ca, Si, and Al). Due to the higher
Ca/Si ratio in R-16 and R-24, both of these pastes show the presence of a slightly higher amount of Ca-rich

C-A-S-H gel as compared to R-0 and R-8.

Table 4. The average elemental ratio of AAFS pastes determined from the SEM-EDS analysis

Sample name Ca/Si Si/Al Na/Si Na/Al
Raw FA 0.24 1.75 - -
Unreacted FA in pastes 0.25 1.67 0.08 -
Raw GGBS 1.99 1.96 - -
Unreacted GGBS in pastes 1.21 2.09 0.03 -
R-0 0.37 2.52 0.27 0.65
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R-8 0.33 1.95 0.27 0.55
R-16 0.44 2.28 0.26 0.58
R-24 0.39 2.21 0.24 0.50

A ternary diagram of the ratio of Na, Al Ca normalized by the Si quantity is plotted in Fig. 8 for the
unreacted fly ash and GGBS particles and gel in the paste. The ternary diagram has been used in many
studies to quickly identify the gel composition of alkali-activated materials. The presence of different kinds
of alkali-activated gel (C-A-S-H), low and high calcium geopolymer gels (N-(C)-A-S-H), and cross-linked
gels (C-N-A-S-H) has been highlighted in the diagram [13,48,51,52]. In total, 348 points (almost 90 from
each paste) from the gel were selected to plot the ternary diagram. Unreacted GGBS and FA particles are
also included in the diagram. It can be noticed that some GGBS particles have similar composition reaching
to that of the gel indicating that they had undergone partial reaction to form the C-A-S-H gel. Two main
types of gels can be identified in all AAFS pastes: (a) High calcium gel/ alkali-activated gel (C-A-S-H) and
(b) Co-existence of both C-A-S-H and N-A-S-H gels dominated by both Na and Ca phases (Cross-linked

gel, C-N-A-S-H).

The EDS data was further used to statistically analyze the influence of elemental ratio on the composition
of gels by Tukey test [53]. A comparison of the atomic ratios of gel composition was made to determine if
there were significant differences among the atomic ratio of different gels with a confidence interval of
95% [54]. Summary of the statistical analysis is presented in Table 5. The ratio of Ca/Si clustered between
the 0.07 to 0.44 for the control paste (R-0), which was between 0.14 to 0.49 and 0.04 to 0.48 for R-16 and
R-24 respectively (max values were ignored as they were quite far from 3rd quartile). However, the ratios
of Si/Al and Na/Al from the minimum ratio to the 3rd quartile for the R-0 were slightly higher as compared
to the pastes containing APCr. The Na/Si atomic ratio from the minimum to 3rd quartile for all the pastes
showed very minor variation. Based on the atomic ratio of gel elements, the grouping of different atomic
ratios is shown in Table 5. Results show that both R-0 and R-24 belong to the same groups in terms of the
Ca/Si (group B) and Si/Al (group A) ratios, suggesting the presence of similar nature of cross-linked gel
was dominated by Ca-rich phases (C-(N)-A-S-H). The molar ratio of Na/Si and Na/Al was higher in R-0,
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R-8 and R-16 AAFS pastes as compared to R-24 paste and all of them fell in group B. However, the
presence of geopolymer gel (N-A-S-H) in all pastes was dominated by calcium-rich phases. This confirms
that cross-linked gel (C-N-A-S-H) was infact present in the all AAFS pastes as also shown by
nanoindentation results. A visible difference between the atomic ratios can be seen with the wide dispersion
(higher difference between the min and max values) and overlapping. However, the 1st and 3rd quartiles
along with the median can be used to examine if the data have wide dispersion. In principle, no big
difference was observed in the gel composition of AAFS pastes due to the replacement of CSS by APCr by
8%, 16%, and 24%. This shows the efficacy of APCr to partially replace the CSS in the preparation of

AAM s to achieve the same mechanical performance.

R-0 0.00 1.00 Geopolymer
R-8 ' gel (N-A-S-H)
R-16
R-24

High Calciom /{7

Co-existence of
4 N-A-S-H and
% -~ C-A-S-H gels

gel (C-A-S-H)

Unreacted Slag
In paste Low calcium

/gel (N-A-S-H)

0.25

Unreacted FA
in paste

Ca/Si1

Fig. 8. Ternary diagram of AAFS pastes showing the molar ratios of Ca/Si, Na/Si and Al/Si

Table 5. Statistical analysis of AAFS pastes for the grouping of atomic ratios

E'e’.“e”t Paste ID Mean Min 1St. Median 3rd_ Max Tukey
Ratio quartile quartile Test
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(Grouping)

R-0 037  0.07 0.32 0.39 0.44 053 B C

Ca/Si R-8 033 0.04 0.29 0.33 039 0.75 C
R-16 044 0.14 0.37 0.43 049 112 A
R-24 0.39 0.04 0.33 0.39 048  0.65 B
R-0 027 011 0.23 0.27 030 046 A

Na/Si R-8 0.27  0.06 0.22 0.28 032 046 A
R-16 0.26  0.10 0.23 0.26 030 036 A B
R-24 0.24 0.06 0.20 0.24 0.28 0.38 B
R-0 252 1.08 2.09 241 269 692 A

Si/Al R-8 195 0.23 1.67 2.06 235 3.95 B
R-16 228 147 1.98 2.21 237 527 A
R-24 221 040 1.82 211 236 882 A B
R-0 0.65 0.22 0.57 0.66 076 1.04 A

Na/Al R-8 055 0.03 0.43 0.58 0.72  0.93 B C
R-16 058 0.21 0.50 0.59 0.67 0.84 B
R-24 0.50 0.05 0.42 0.51 0.60 0.84 C

3.4.2 SEM-EDS mapping of AAFS pastes

SEM-EDS mapping technique was used to further investigate the homogeneity of reaction products and
distribution of major elements (Na, Ca, Al and Si). The results of mapping for the control paste (R-0) and
the paste containing APCr as a 24% replacement of CSS are shown in Fig. 9 and Fig. 10 respectively. It
can be observed that unreacted GGBS particles in the control paste R-0 were present in a higher amount
than that of R-24. This supports the findings of SEM-EDS point analysis performed on the gel (section
3.4.1), where the Ca/Si ratio of gel in R-0 was lower (or unreacted GGBS was higher) than that of R-24,
which means a lower amount of GGBS had reacted in the control AAFS paste (R-0) as compared to R-24
paste. The higher reaction degree of GGBS in R-24 can leads to the formation of a higher amount of alkali-
activated gel (C-A-S-H) and calcium-rich cross-linked gel (C-(N)-A-S-H gel). The formation of cross-
linked gel (C-N-A-S-H) was confirmed in the ternary diagram in all AAFS pastes and further validated by
the homogenous distribution of gel elements Ca, Na, Si, and Al. The EDS mapping of R-8 and R-16, EDS
spectrum, and elemental ratio of mapping images of all AAFS pastes are provided in the supplementary
information (see Fig. A3-A7 and Table Al). Some unreacted phases of Mg, Fe (see Fig. A3-Fig. A7) and

fly ash particles (observed from the correlation between Si and Al) are also observed in the mapping.
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3.5 FTIR analysis of AAFS pastes and study of dissolved gel products through spectral
subtraction

3.5.1 FTIR analysis of raw materials and their residues

FTIR spectra of raw FA and residues of FA after water, HCI and SAM dissolution are plotted in Fig. 11a.
The main band in raw FA appeared at 1027 cm, which remained nearly the same at 1026 cm™ after the
SAM dissolution. The main band at the 1027 cm™ was attributed to the asymmetric stretching vibration of
Si-O-T (T = Si or Al) bond. After the HCI dissolution, the position of main band was (1027 cm™) shifted
to slightly higher wavenumber of 1038 cm™, this is because HCI solution can change the surface area and
microstructure of FA, which can cause dissolution of some of Al-rich phases and shift of band to slightly
higher position. This implies that certain phases from the FA were dissolved after HCI treatment. The
amount of FA dissolved after the SAM and HCI treatment was 13.5% and 26.7% respectively. The
dissolution of FA due to the SAM and HCI treatment was higher as compared to the studies reported in the
literature [14,55], this could be due to the different chemical composition and reactivity of FA from different
sources. The influence of HCI dissolution was considered to be higher as compared to the SAM dissolution
due to the higher amount of FA dissolution. The shift of main band in W-FA was due to the dissolution of
alkaline phases into water. The influence of water dissolution was considered minimal and only 5% of FA
was dissolved into the water. The presence of bands around 791, 775 and 756 cm™ was associated with the
quartz in FA [56]. The band around 446 cm™ was due to presence of symmetric vibration frequencies of

the Si—O bond [57].
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Fig. 11. FTIR spectra for (a) raw FA and its residues (b) raw slag and its residues after water, HCI and
SAM dissolution

FTIR spectra of slag residues after water and SAM dissolution are shown in Fig 11b. Water dissolution did
not change the band positions of slag residues and its effect was considered negligible. The main band in
raw slag powder was located at peaks wavenumber of 917 and 876 cm™ which was attributed to the
asymmetric stretching vibration of Si—O-T [14]. The main band of slag appeared at a lower wavenumber
as compared to FA, which was linked to the different natures of aluminosilicate phases in the two materials.
The vibration spectrum of amorphous materials like slag was broad as compared to crystalline materials
like FA. SAM-GGBS residues showed the appearance of some weak peaks (1398-1485 cm™*) which were
not observed in raw slag powder. The absorption bands in range of 1398-1485 belonged to anti-symmetric
stretching vibration of O-C-O bond of CO%~[58]. The band in raw slag powder at 496 cm™ was due to
bending vibration of Al-O bond [59]. The bands in the range of 672-756 cm™ were associated with the
presence and symmetric stretching vibration of Si-O-Si(Al) bonds [60]. Slag powder was completely
dissolved in HCI solution which agreed with the previous studies. Hence, unreacted slag particles in alkali-

activated paste would respond in a similar way to raw slag powder during HCI dissolution.

3.5.2 FTIR analysis of original AAFS pastes
The FTIR spectra of original AAFS pastes powders are provided in Fig. 12. The main band in case of all

mixtures was concentrated around the 968-970 cm™ and was associated with the asymmetric stretching
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vibration of Si-O-T bond (T = Si or Al). This band was shifted from higher wavenumber (1027 cm™, in raw
FA) to lower wavenumber (970 cm?, in AAFS pastes). The shifting of band occurred due to the reaction of
precursors to form the geopolymer/alkali-activated gels (M-A-S-H, M= Na or Ca). As the reaction
proceeded, substitution of Si with Al was increased due to lower bond force of Si-O-Al than that of Si-O-
Si, and original structure of the aluminosilicate precursors was significantly depolymerized. The Si/Al ratio
of tetrahedral Si sites was continuously decreased during the reaction process to form the alkali-activated
gels. These sites were initially surrounded by the Al atoms and after dissolution of Al from precursors
during the reaction process, M-A-S-H gel network was formed as a larger number of tetrahedrally linked
Al atoms and Si atoms were bridged by oxygen atoms [61,62]. This network structure of M-A-S-H resulted
in the shift of band (Si-O-T) to a lower wavenumber. The main band of all mixtures fell between the
shoulders at 1123 and 877 cm™ with peaks concentrated around 968-970 cm™. It is important to mention
that main bands were present in between the wavenumbers 1020 cm™ and 950 cm™ which are associated
with the N-A-S-H and C-A-S-H gels respectively. This means that reaction products at wavenumber 968-
970 cm* were comprised of cross-linked gels and were richer in Ca phases (C-(N)-A-S-H). The main band
for the control paste (R-0) was located at 970 cm™, which was slightly shifted to the lower wavenumber of
969 cm™ and 968 cm for R-8 and R-24 respectively. This indicates that a slightly higher amount of
polymerization of reaction products took place in R-8 and R-24 as compared to R-0. This could also explain
the slightly higher strength of R-8 and R-24 as compared to R-0 as discussed in section 3.1. Formation of
slightly higher amount of reaction products in the APCr-based pastes could be due to the higher alkalinity
of mixtures. The higher alkalinity could help to dissolve the precursors more easily and lead to formation
of higher amount of reaction products. At a high silicate modulus of 0.91 (R-0), more dissolved Si was
available from the sodium silicate and also a higher amount of Ca, Si and Al from slag which could form
more reaction products at an early stage. When sodium silicate was replaced by APCr, the silicate modulus
(Si/Al) was slightly decreased to 0.74 (R-24), which in turn increased the alkalinity of mixture. The higher
alkalinity could further increase the reaction of both fly ash and slag thus accelerating the dissolution of
alumina and silica in mixtures that had a slightly low silicate modulus. Gao et al., [49] also reported that
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for the fixed FA/GGBS, a decrease in silicate modulus resulted in a higher amount of reaction products.
However, variation in the amount and nature of reaction products was marginal due to insignificant
variation in the silicate modulus and alkalinity. The carbonation of AAFS pastes was revealed by the band

present at 1413 cm™ which occurred due to asymmetric stretching of O-C-O bond of CO3™.

R-0 968

R-8 970
—R-16 970
—R-24
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Fig. 12. FTIR spectra of original AAFS pastes powders

3.5.3 FTIR analysis of residues after HCI, SAM and water dissolution
Selective dissolution on all AAFS pastes powders was performed by HCI and SAM treatment. The

influence of water dissolution was also studied. The results are plotted in Fig. 13. The main band (Si-O-T
bond at 968-970 cm™?) in all AAFS pastes was shifted to a slightly higher wavenumber (978-983 cm™t) under
the water dissolution. The shifting of main band to higher wavenumber was the indication of leaching out
of alkalis from the non-bridging oxygen sites (Si-O-Na) and dissolution of Al(IV) sites in small quantities,

which resulted in the reduction of Si-O-Al bonds. The presence of Al in M-A-S-H network structure was
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observed via tetrahedral coordination and hence a negative net charge was present due to the substitution
of Si* with Al*® which was balanced by the Na* ions from the activator (sodium silicate or APCr) [63]. The
negative charge (on Al atoms) in M-A-S-H gel could also be neutralized by the extra-framework Al atoms
(e.g. Al(IV) species) when sufficient quantities of Al are present. Therefore, distortion in M-A-S-H gel
structure was induced and main band (Si-O-T) was shifted to a higher wavenumber. During this process,

some of the Al in tetrahedral were converted to non-tetrahedral bonding of Si [61,64].

After the HCI treatment of AAFS pastes, main band was shifted to significantly higher wavenumber (1050-
1056 cm™). When AAFS paste powder was treated with the HCI, geopolymer gel, zeolites and unreacted
slag particles were dissolved, however a significantly lower proportion of FA was dissolved. Calcium
carbonate was also dissolved and calcium silicate hydrates were also affected as HCI treatment can remove
the calcium by leaving the silica gel behind. Hence, HCI treated residues of AAFS pastes primarily were
composed of unreacted fly ash. It can be observed that carbonation band around 1413 cm disappeared in
all pastes after HCI treatment and bands around 777 and 793 cm™ appeared (associated with crystalline
guartz presence in FA). The FTIR spectra of AAFS pastes residues after HCI treatment matched with the

FTIR spectra of raw FA (Fig. 11a).

FTIR spectra of AAFS pastes residues after SAM treatment showed significant changes as compared to the
original spectra (Fig. 13). Main band in the original spectra moved to a higher wavenumber (1034 cm™)
after SAM treatment of AAFS pastes powders with a new shoulder appearing around 1140-1145 cm™*. SAM
solution could dissolve the calcium silicate, calcium hydroxide and calcium oxides however it did not
dissolve calcium carbonate. The presence of carbonation peaks (1394-1464 cm™) can be observed in the
AAFS pastes SAM residues spectra. A small proportion of FA and slag is dissolved in SAM solution. The
influence of SAM on FA and slag spectrum was negligible as observed in Fig. 11. It has been also reported
that geopolymer gel (N-A-S-H) is not dissolved by SAM treatment. Hence, a shift in the main band was
primarily associated with the dissolution of calcium-rich alkali-activated gel (C-A-S-H) [65,66].

Appearance of a weak band around 1140-1145 was associated with the stretching vibration of Si-OH bond
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present in geopolymer gel as it was insoluble in SAM solution. Another absorption band around 1087 cm-
Lwas due to plane vibration of Si-OH tetrahedron [67]. The band around 1123 cm appeared in R-24 and

was related to the asymmetric stretching vibration of Si-O bond (linked to Q3 sites).
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Fig. 13. FTIR spectra of insoluble AAFS paste residues after Water, HCI and SAM dissolution for (a) R-
0, (b) R-8, (c) R-16 and (d) R-24

3.5.4 FTIR spectra of dissolved phases determined through spectral subtraction

The spectral subtraction of all cement paste was performed to study the reaction products which were
dissolved due to HCI and SAM treatment. The subtracted spectra were obtained by subtracting the residue
spectra from original spectra of each paste using OMNIC software and are shown in Fig. 14. The spectra
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were plotted in the range of 700-1500 cm™ to study the dissolution of main reaction products. It is important
to mention that spectra of dissolved reaction products in all AAFS pastes showed the main band
concentrated around the 965-970 cm™, which is associated with the asymmetric vibration stretching
vibration of tetrahedral Si or Al bonds (Si-O-Si/Al). Position of the main band is slightly higher than the
main band of alkali-activated calcium-rich gel (C-A-S-H, 950 cm™) and lower than that of geopolymer gel
(N-A-S-H, 1020 cm™). This proves that reaction products in all pastes were mainly in the form of co-
existence of both types of gels (C-A-S-H and N-A-S-H gels), however, reaction products were more
dominant in calcium-rich phases (C-(N)-A-S-H) as wavenumber of reaction products is closely inclined to
main band of alkali-activated gel [68—71]. It can be observed that with the increase in replacement of sodium
silicate by APCr, the difference between the original and dissolved spectra was gradually increased and a
new peak starts to appear around the 1123 cm™ which became more evident in the pastes containing 16%
and 24% APCr. The weak peak around 1123 cm indicates the dissolution of silica-rich reaction products
containing some amount of calcium and alkali [14]. However, smaller intensity of band around 1123 cm™
as compared to the main band shows that quantity of silica-rich gel with calcium was low. Therefore, it is
postulated that as amount of APCr was increased to 16% and 24%, a slightly higher amount of calcium-
based silica-rich gel (C-A-S-H) was formed due to the appearance of band around 1123 cm™. The previous
study reported that blends of slag and fly ash can produce the C-A-S-H and N-A-S-H or cross-linked C-N-
A-S-H gel which can further improve the mechanical properties of pastes [71]. As HCI could also dissolve
calcium-based gel (C-S-H and C-A-S-H) along with the geopolymer gel, whereas SAM mainly dissolved
the C-A-S-H gel, the presence of geopolymer gel (N-A-S-H) was over-estimated from the HCI dissolved
spectra. Hence, it can be concluded that reaction products majorly consisted of calcium-rich alkali-activated
gel (C-A-S-H) phases. The peaks around 1412 cm™ and 877 cm™ which were present in original spectra but
not in residues spectra, appeared in the subtracted spectra showing that carbonation species can exhibit the

complete or very low solubility in the HCl and SAM solution respectively.
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Fig. 14. Subtraction spectra of dissolved phases for (a) control paste without APCr, R-0, (b) paste
containing 8% APCr, R-8, (c) paste containing 16% APCr, R-16 and (d) paste containing 24% APCr, R-
24

3.6 Quantification of reacted and unreacted phases in AAFS pastes

Several BSE images were captured from the polished specimen of each AAFS pastes after 28 days of curing
and processed for the image analysis. The use of image analysis to quantify the phases in hydrated cement
paste has been reported in the literature [72,73]. In this study, BSE image analysis was performed to
quantify the four major phases observed in reaction products namely gel phases (N-A-S-H, C-A-S-H, C-N-
A-S-H) and unreacted phases (FA, GGBS, and Fe). These four phases were separated due to their different

grey scale level via image segmentation of BSE images. For each AAFS paste, five BSE images were
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selected at different locations to determine the average of each phase. The image segmentation of different
phases for the AAFS paste (R-16) and a composite color image is shown in Fig. 15. The segmentation of
phases was further confirmed by the SEM-EDS points analysis. The quantitative analysis of each phase for
all AAFS pastes is provided in Fig. 16. The amount of gel phases did not show significant variation among
the different pastes. The amount of reaction products (gel phases) was 60.8%, 60.4%, 60.1% and 60.6% for
R-0, R-8, R-16 and R-24 respectively. This validates the efficacy of APCr as a replacement for CSS.
Moreover, these findings also confirmed the results of compressive strength of mixture at 28 days, where
all AAFS pastes showed equivalent compressive strength in the range of 61.5 to 63.5 MPa. The percentage
of unreacted phase of FA in control paste was 28.2% which was lower than that of R-8 (32%), R-16 (31.5%)
and R-24 (30.5%). Hence, it is postulated that reactivity of FA was slightly decreased due to addition of
APCr however a slightly higher amount of GGBS reacted in the presence of APCr. The amount of unreacted
GGBS was 10% in R-0 and was the highest among all pastes. A minor quantity of unreacted Fe phases in

range of 0.5-1.7% was also observed in AAFS pastes.
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Fig. 15. Phase segmentation of different phases of BSE images through image analysis for R-16

32



70

| R-0
R-8
60 —}‘}‘I‘_} R-16
1 R-24
50+
S
8
& 40
g
[9p]
IEL 30 %%_}—1—
g ]
@ 20 4
g |
% 104
0 . - Iﬁl =
T T T T
(C)-(N)-A-S-H FA GGBS Fe

Fig. 16. Quantification of phases through image analysis

3.7 Micromechanical study of AAFS pastes gel composition

The nanoindentation test can be used to characterize the mechanical properties of reaction products and can
provide the data for statistical analysis [74,75]. Both Alkali-activated gel (C-A-S-H) and geopolymer gel
(N-A-S-H) can contain some amounts of Na and Ca, which make its difficult to quantify them based on
SEM-EDS analysis [76]. However, their micromechanical properties (e.g. Elastic modulus and hardness)
are different and thus can be quantified using the nanoindentation. In this study, grid nanoindentation was
performed on all pastes. It has been reported that unreacted phases (FA, GGBS, Fe) have higher elastic
modulus as compared to reaction products. The micromechanical properties of AAFS pastes are converted
into mapping contours and are plotted in Fig. 17 on grid dimensions of 100 x 100 um. The contours maps
are separated into two main categories i.e., reaction products and unreacted particles. The unreacted
particles cover the contours with higher modulus and are shown with cyan and red colors (e.g. E > 50 GPa).
The unreacted GGBS falls in the range of 50-75 GPa. Some Al-rich FA particles also fall in this range.
Most of the FA particles (Si-rich FA, Fe-rich FA and Ca-rich FA) and unreacted Fe particles fall in the
range of E > 75 GPA [77]. The formation of different types of gel phases (N-A-S-H, C-N-A-S-H, and C-
A-S-H) are reported to have lower elastic modulus as compared to unreacted phases and mostly fall under

the elastic modulus of 50 GPa [74,75,77-80].
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Fig. 17. Contour map of Elastic modulus of AAFS pastes test at 28 days curing age

The existence of different mechanical states (different elastic moduli) of same type of gel has been reported
[75]. Studies have shown that for alkali-activated hybrid FA-GGBS pastes, there is a simultaneous presence
of N-A-S-H, C-N-A-S-H, and C-A-S-H. The elastic modulus of N-A-S-H geopolymer gel is reported to be
<20 GPa[78,80]. Cross-linked gel (C-N-A-S-H) shows a relatively higher elastic modulus as compared to
geopolymer gel and hence falls in the range of 20-30 GPa [77]. The highest elastics modulus among the
reaction products is observed in alkali-activated gel (C-A-S-H) whose modulus varies from 30 to 50 GPa

[75]. The hardness vs elastics modulus plots for the different pastes are plotted in Fig. 18. The elastics
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modulus of pastes can be related to the stiffness and the hardness can be related to the strength of paste.
The strength of N-A-S-H gel was lower as compared to cross-linked gel (C-N-A-S-H) and calcium-rich gel
(C-A-S-H) in all pastes (with H < 1 GPa). The cross-linked gel (C-N-A-S-H) had relatively higher strength
than the N-A-S-H (H < 2 GPa) but lower than that of C-A-S-H, which shows wide dispersion of hardness
values. The hardness of C-A-S-H gel was below 3 GPa in R-0 and R-16 pastes and <2.5 GPa in R-8 paste.
For the R-24 paste, a wide range of distribution of C-A-S-H was observed reaching the maximum hardness
of 5.5 GPa. These results support the high Ca/Si ratios for R-0, R-16, and R-24 pastes as compared to R-8

as observed in SEM-EDS analysis. Moreover, a significant amount of partially reacted GGBS was also

found in R-24 paste as it shows a similar hardness and elastic modulus.
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Fig. 18. Plots of Hardness vs Elastic modulus of AAFS pastes for (a) R-0, (b) R-8, (c) R-16 and (d) R-24

The contours of mapping areas were quantitively analyzed by the imaging analysis software to calculate
reaction products and unreacted phases. The results of quantitative analysis of contours plots performed by
image analysis are shown in Fig. 19. The total amount of reaction products were lowest in R-8 paste which
were 60%. The reaction products in the APCr-AAFS pastes R-0, R-16, and R-24 were in a similar range
and varied from 64.2 to 66.4% (Fig. 19a). Based on the elastic modulus (N-A-S-H < C-N-A-S-H < C-A-S-
H), the reaction products are further categorized into the N-A-S-H, C-N-A-S-H, and C-A-S-H as shown in
Fig. 19b. The amount of C-A-S-H gel was higher as compared to C-N-A-S-H and N-A-S-H in all AAFS
pastes. The amount of cross-linked gel (C-N-A-S-H) was gradually decreased with the replacement of CSS,
which showed that the presence of CSS can facilitate the cross-linked gel in hybrid FA-GGBS materials.
The highest amount of C-A-S-H gel (41.2%) was present in R-16 paste, followed by R-24 (33.8%), R-8
(33.2%), and R-0 (28.8%). SEM-EDS analysis also showed that R-16 had the highest amount of C-A-S-H
gel as compared to other pastes (Ca/Si ratio of 0.49 (3rd quartile) shown in Table 5). It is important to
mention that C-A-S-H gel in ACPr-AAFS pastes showed superior homogeneity and connectivity as

compared to control paste (see Fig. 17, green and orange contours).

On contrary to SEM-EDS analysis and selective dissolution, a lower amount of unreacted GGBS was
observed in control cement paste (R-0) as compared to APCr-AAFS pastes. This difference could be due
to the presence of some Fe-rich and Al-rich FA particles in the modulus range selected for GGBS (50-75
GPA\) as reported in the literature [77]. However, the total amount of unreacted phases (GGBS, FA, and
Fe) from the nanoindentation (Fig. 19a) and SEM-EDS image analysis (Fig.16) showed minor variation. A
slight difference in the reaction products and unreacted phases from the nanoindentation test can be

associated with the presence of different nature of phases at selected locations in AAFS pastes.
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3.8 Study of reaction products by thermogravimetric analysis (TGA)

TGA and DTG analysis was employed to characterize the reaction products of AAFS pastes. TGA analysis
of AAFS pastes at an early age of 7 days is shown in Fig. 20a. As identified from the SEM-EDS, selective
dissolution, and nanoindentation, primary products in the AAFS pastes are N-A-S-H, C-N-A-S-H, and C-
A-S-H gels, the loss of mass at different temperatures can be associated with the presence of these reaction
products. At the age of 7 days, the first but major mass loss peak occurred at 50°C, whereas the second
peak occurred around 760°C. The loss in mass at a lower temperature was attributed to dehydration of
physically bound water up to 150°C [48,81,82]. The rate of mass loss was slowed down beyond 150°C. At
an early age, a higher loss in mass up to 150°C was observed for the control paste (R-0), which was 9.1%
(Fig. 20e). The mass loss was gradually reduced when CSS was replaced by APCr. The water from the
geopolymer gel (N-A-S-H) was removed at 300°C, whereas calcium-rich gel (C-A-S-H) dehydrated
between 300-600°C. The mass loss due to reaction products normally occurs in the temperature range of
550-600°C, hence mass loss up to 600°C can be attributed to the total amount of reaction products. At the
age of 7 days, a higher mass loss was observed in the control paste upto 600°C as compared to APCr-based
pastes. This shows that a higher amount of reaction products were formed in the control paste at an early
age. The loss in mass beyond 600°C is primarily attributed to the decomposition of calcite (CaCQs) [48].

At the age of 28 days, TGA curves showed opposite behavior, and sample R-24 showed the highest mass

37



loss up to 600°C (Fig. 20c). The first major peak was also shifted to a higher temperature of 90°C. Another

broad peak appeared in the range of 250-400°C (Fig. 20d) associated with the dehydration of N-A-S-H

[48]. The increase in amount of N-A-S-H gel was observed at 28 days as compared to 7 days. The highest

mass loss in R-24 up to 600°C showed that more amount of reaction products was formed as compared to

control paste (R-0). Reaction products in R-8 and R-16 samples were also higher as compared to R-0. These

results validated that the reaction process was slow during an early age (up to 7 days) due to the low

reactivity of APCr. At a later age, reaction due to the inclusion of APCr slowly and gradually progressed,

which contributed to a higher strength gain rate as observed in the compressive strength section of AAFS

pastes.
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Figure 20. Thermogravimetric analysis of AAFS pastes at 7 days and 28 days

4 Conclusions
In this research, hybrid AAFS pastes were prepared by studying the feasibility of using APCr as a partial

replacement of CSS activator at different replacement levels of 8, 16, and 24% by mass. A comprehensive
study covering the wide range of mechanical, microstructure, heat evolution, and micromechanical
techniques were performed for the characterization of gels composition of AAFS pastes. Based on

experimental results, conclusions are presented below.

1. The rate of strength gain was highest for the control cement paste (R-0) as compared to APCr-
AAFS pastes during an early age due to the rapid dissolution of CSS activator. With the increase
in curing age, APCr-AAFS pastes closed the strength gap and achieved the compressive strength
equivalent to control cement paste.

2. The heat of hydration test validated the development of compressive strength results. The heat flow
rate was highest at an early age for control AAFS paste due to rapid dissolution of CSS, precursors,
and early precipitation of reaction products. However, APCr based activator reacted slowly with
the progress of time and heat of hydration of APCr-AAFS pastes was similar or slightly higher than

that of control AAFS paste at 14 days.
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3. TGA-DTG results also validated the strength results as higher mass loss in APCr-AAFS pastes was
observed at 28 days than the control paste, reflecting that a higher amount of reaction products were
formed in APCr-AAFS pastes.

4. MIP results concluded that the use of APCr could change the pore size distribution of AAFS pastes.
The amount of gel pores associated with the reaction products gradually increased from 14.9% to
31.4% as CSS was partially replaced by APCr, however, a slight increase in large size pores (>100
nm) was also observed.

5. SEM-EDS mapping revealed that major elements were homogeneously distributed in all AAFS
pastes. The pastes containing higher amount of APCr (16% and 24% APCr) also showed the
formation of higher amount of calcium-rich gel as compared to control cement paste. Ternary
diagram showed that reaction products mainly consisted of cross-linked gel (C-N-A-S-H) and
calcium-rich alkali-activated gel (C-A-S-H).

6. The image analysis, and nanoindentation micromechanical analysis showed a similar amount of
total reaction products (N-A-S-H, C-N-A-S-H, C-A-S-H) in all matrices, which were in the range
of 60-66% of total paste volume. The gel was mainly composed of cross-linked gel (C-N-A-S-H)
and calcium-rich gel (C-A-S-H) as observed from the micromechanical analysis.

7. The presence of cross-linked gel (C-N-A-S-H) was confirmed by the FTIR results as the main band
of reaction product (965-970 cm™) was present between the main band of geopolymer gel (1020
cm) and calcium-rich alkali-activated gel (950 cm™). The results of this study provide a useful
insight to determine the gel composition of alkali activator materials and are expected to contribute

in finding the alternative alkaline activator for the preparation of AAMs.
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