;_"'Elj_ applied sciences

Special Issue Reprint

Alkali-Activated Materials

Advances and Novel Applications

Edited by
Guilherme Ascensao and Sandra Lucas

mdpi.com/journal/applsci

WVI\DPI

F




Alkali-Activated Materials: Advances
and Novel Applications






Alkali-Activated Materials: Advances
and Novel Applications

Guest Editors

Guilherme Ascensio
Sandra Lucas

F
rM\D\Py Basel o Beijing ¢ Wuhan e Barcelona e Belgrade e Novi Sad e Cluj e Manchester
/



Guest Editors

Guilherme Ascensao Sandra Lucas
Department of Civil Department of the Built
Engineering Environment
University of Aveiro Eindhoven University of
Aveiro Technology
Portugal Eindhoven

The Netherlands
Editorial Office
MDPI AG

Grosspeteranlage 5
4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Applied Sciences (ISSN
2076-3417), freely accessible at: https://www.mdpi.com/journal/applsci/special_issues/Alkali_
Activated_Materials_Advances_Applications.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-5761-6 (Hbk)
ISBN 978-3-7258-5762-3 (PDF)
https://doi.org/10.3390/books978-3-7258-5762-3

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https:/ /creativecommons.org/licenses/by-nc-nd /4.0/).



Contents

Aboutthe Editors . . . . . . . . . . .

Guilherme Ascensio, Enrico Bernardo and Victor M. Ferreira
An Investigation on the Synthesis of Alkali Activated Materials from Thermally Modified Clays
Reprinted from: Appl. Sci. 2022, 12, 9085, https:/ /doi.org/10.3390/app12189085 . . . . ... ..

Mohammad Ali Hossain and Khandaker M. A. Hossain

Physical, Compressive Strength, and Microstructural Characteristics of Alkali-Activated
Engineered Composites Incorporating MgO, MWCNTs, and rGO

Reprinted from: Appl. Sci. 2025, 15, 1712, https:/ /doi.org/10.3390/app15041712 . . . . . . . ..

Dany Kassim, Ghandy Lamaa, Rui Vasco Silva and Jorge de Brito

Performance Enhancement of Alkali-Activated Electric Arc Furnace Slag Mortars through an
Accelerated CO, Curing Process

Reprinted from: Appl. Sci. 2022, 12, 1662, https:/ /doi.org/10.3390/app12031662 . . . . .. . ..

Xiaoming Liu, Erping Liu and Yongtong Fu

Reduction in Drying Shrinkage and Efflorescence of Recycled Brick and Concrete Fine
Powder-Slag-Based Geopolymer

Reprinted from: Appl. Sci. 2023, 13,2997, https:/ /doi.org/10.3390/app13052997 . . . . ... ..

Siti Humairah Abd Rahman, Syed Ahmad Farhan, Yon Azwa Sazali, Lugmanul Hakim
Shafiee, Nadzhratul Husna, Afif Izwan Abd Hamid, et al.

Effect of Elastomeric Expandable Additive on Compressive Strength and Linear Expansion
of Fly-Ash-Based Strength-Enhanced Geopolymer Cement for Shrinkage-Resistant Oil-Well
Cementing

Reprinted from: Appl. Sci. 2022, 12, 1897, https:/ /doi.org/10.3390/app12041897 . . . . ... ..

Patrick Ninla Lemougna, Guillermo Meza Hernandez, Nicole Dilissen, Felicite Kingne, Jun
Gu and Hubert Rahier

Alkali-Activated Copper Slag with Carbon Reinforcement: Effects of Metakaolinite, OPC and
Surfactants

Reprinted from: Appl. Sci. 2024, 14, 2081, https://doi.org/10.3390/app14052081 . . . ... ...

Edwin Gudiel, Jordi Paya, Maria Victoria Borrachero and José Maria Monzé
Physico-Mechanical Properties of Alkali-Activated Based Composites Using Recycled Tire
Fibers

Reprinted from: Appl. Sci. 2025, 15, 1346, https:/ /doi.org/10.3390/app15031346 . . . . . .. ..

Arman Hatami Shirkouh, Farshad Meftahi, Ahmed Soliman, Stéphane Godbout and Joahnn
Palacios

Performance of Eco-Friendly Zero-Cement Particle Board under Harsh Environment

Reprinted from: Appl. Sci. 2024, 14, 3118, https:/ /doi.org/10.3390/app14073118 . . . . .. . ..

Guilherme Ascensao, Flora Faleschini, Maurizio Marchi, Monica Segata, Jorn Van De Sande,
Hubert Rahier, et al.

High-Temperature Behavior of CaO-FeOy-Al,03-5i0,-Rich Alkali Activated Materials
Reprinted from: Appl. Sci. 2022, 12, 2572, https:/ /doi.org/10.3390/app12052572 . . . . . . . ..

Patrick F. Keane, Rhys Jacob, Martin Belusko and Frank Bruno

Self-Healing Glass/Metakaolin-Based Geopolymer Composite Exposed to Molten Sodium
Chloride and Potassium Chloride

Reprinted from: Appl. Sci. 2023, 13, 2615, https:/ /doi.org/10.3390/app13042615 . . . . .. . ..






About the Editors

Guilherme Ascensio

Guilherme Ascensdo is a Researcher in sustainable building materials and circular construction
in the CERIS research unit, Department of Civil Engineering, at the University of Aveiro. His expertise
includes the development and characterization of low-clinker cements, clay-based materials, and
geopolymers for construction and building heritage rehabilitation. Guilherme Ascensio obtained a
BEng in Civil Engineering in 2012, and an MSc in Civil Engineering in 2015 from the University of
Aveiro (Portugal). He then joined the CICECO Aveiro Institute of Materials as a junior researcher.
In 2016, he became a Marie Curie Doctoral researcher within the NEW-MINE project, working
with the Heidelberg Cement Group (Bergamo, Italy), the University of Padova, Italy, and KU
Leuven (Belgium). In 2021, Guilherme Ascensdo joined the CECOLAB Association—Collaborative
Laboratory Towards Circular Economy. In 2022, he joined the CERIS research group, Civil
Engineering Research and Innovation for Sustainability, at the Department of Civil Engineering,
University of Aveiro. With both international and industry experience, Ascensao’s research has been

dedicated to developing sustainable building materials and innovative construction solutions.

Sandra Lucas

Sandra Lucas is an Associate Professor in autonomous manufacturing of construction materials
in the research group Concrete Structures at the TU/e Department of the Built Environment (unit
Structural Design). Sandra’s research goal is to understand how machine learning and data
science accelerate the discovery and development of new construction materials that are functionally
advanced and environmentally sustainable. This involves synthesizing materials with embedded
functionalities that adapt to environmental conditions or mitigate impacts. She is the project leader
of two NWO projects to develop smart and sustainable 3D-printed concrete. Sandra Lucas obtained
a BEng in ceramic and glass engineering, an MSc in environmental management and materials and,
in 2011, a PhD in Civil Engineering from the University of Aveiro (Portugal). She then became a
Marie Curie Postdoctoral researcher at the Fraunhofer Institute UMSICHT (Oberhausen, Germany)
for the SHeMat project. As part of this project, she was a visiting researcher at EPSI ParisTech (Paris,
France) and Delft University of Technology (The Netherlands). In 2014, she joined the University
of Greenwich (London, UK) as a senior lecturer in construction materials and sustainability. In
2018, Sandra Lucas joined the research group Concrete Structures at the Department of the Built

Environment of the Eindhoven University of Technology (TU/e, the Netherlands).

vii






Firied applied
e sciences

Article
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Abstract: The sustainability and economic competitiveness of alkali activation technology greatly
depends on expanding the raw materials database with locally available resources. Therefore,
a notable trend has been witnessed toward the exploitation of common clays as alternatives to
well-established solid aluminosilicate precursors due to their availability and wide geographical
distribution. However, common clays are complex and dedicated research is needed to tailor synthesis
procedures and mix designs for different clay resources. This paper describes the outcomes of a study
conducted to investigate the influence of several synthesis parameters (solid-to-liquid ratio, NaOH
molarity, Si availability, and curing conditions) on the properties of alkali activated binders produced
from different thermally modified clays. Optimal synthesis conditions for benchmark metakaolin
systems have been identified and binders were produced with progressive dosages of metakaolin
replacement by common local clays. Fundamental physical and mechanical properties such as
apparent density, open porosity, water absorption, and compressive strength were examined at
different curing ages, and X-ray diffraction (XRD) was used to provide complementary mineralogical
insights. By combining the effects of the parameters studied, mortar specimens were produced
with the developed binders, reaching compressive strength values exceeding 28.2 £ 0.1 MPa, a
bulk density as low as 1.78 + 0.0 g/cm?, and open porosity and water absorption values lower
than 15% and 8%, respectively. These properties are comparable to those of conventional hydraulic
products, which presents them as interesting candidates for construction. Ultimately, this work aims
to contribute with valuable insights toward the valorization of a large group of unexploited clay
precursors by demonstrating the feasibility of producing technologically competitive alkali activated
materials with little or no use of the prime precursors, thus adding to the extant knowledge and
contributing to future scientific and industrial developments in this field.

Keywords: alternative binders; alkali activated materials; secondary resources; valorization of
common clays

1. Introduction

In the coming decades, global tensions and conflicts over natural resources, social in-
equality, forced migration, and global economic instability will be exacerbated by rampant
climate changes if profound actions are not immediately taken to modify our current devel-
opment models. Global warming is among the most pressing environmental problems that
should be prioritized when tackling climate change, and anthropologic greenhouse gas
(GHG) emissions must be drastically reduced. GHGs are mostly driven by CO, emissions,
which account for approximately 80% of the total GHG [1]. Carbon capture and storage
technologies are expected to deliver massive CO, uptakes [2,3], but these technologies
still require massive capital investments and elevated operating costs that throttle their
economic feasibility and prevent their worldwide spread with meaningful global impacts.
Therefore, redefining our current industrial and manufacturing technologies has become
urgent to reduce GHG emissions, limit the rate of climate change progression, and meet the

Appl. Sci. 2022, 12, 9085. https:/ /doi.org/10.3390/app12189085 1 https://www.mdpi.com/journal /applsci



Appl. Sci. 2022, 12, 9085

UN Sustainable Development Goals. The importance of the built environment in this matter
can be gleaned from the numbers: the construction and operation of buildings consumes ap-
proximately 36% of all energy produced worldwide, and accounts for about 39% of global
CO; emissions [4]. The world’s growing population will drive further urbanization needs
and concomitant increases in the consumption of building materials. Steel and cement
are the most significant building materials and their manufacturing jointly accounts for
12-15% of the global annual CO; emissions [5]. Cement production alone represents 20% of
industrial CO, emissions [2] and global consumption patterns forecast a significant soar in
cement demand until 2050 [6]. Therefore, the development of low carbon binders able of re-
place ordinary Portland cement (OPC) is crucial to address the growing housing needs and
decouple social development and well-being from climate change. Emergent binders with
environmentally favorable profiles that are being intensely investigated include, among
others, belite-rich Portland and belite ye’elimite-ferrite cements [7-11], magnesium-based
cements [7], carbonation-hardening cements [7,12], calcined clay limestone cements [13-16],
geopolymers, and alkali-activated materials [17-19].

Alkali-activated materials (AAMs) are one of most promising candidates to replace
OPC-based products. Initial research on AAMs have been driven by the economic benefits
delivered by using industrial by-products as alternative feedstock raw materials, but AAMs
have proven to offer excellent technical and environmental performances if some conditions
and predicates are safeguarded in the mixture design stage (i.e., thoughtful definition of
precursors and alkaline solutions) [17,19-24]. AAMs have also shown enhanced resistance
to chemical attack and harsh environments, which can reduce the maintenance costs and re-
current environmental impacts, further increasing the body of arguments supporting AAMs
as alternative green binders suitable for the construction sector. In addition, as AAMs are
the product of the reaction between an alkali metal source and amorphous or semi-vitreous
aluminosilicate precursors, virtually any powdered material with sufficient alumina and
silica in a reactive form—meaning sufficiently soluble in alkaline environments—can be
used as a precursor, if adequate synthesis conditions are provided. This allows for resilient
industrial manufacturing processes and extreme design versatility that allows for the use
of locally available resources to address the specific needs and opportunities of regional
markets while by-passing the external constraints of global value chains.

Natural and artificial pozzolans (e.g., volcanic ashes [25], pumice [26], and metakaolin [27])
and industrial by-products such as waste glass [28], bauxite residues [29,30], non-ferrous
metallurgical slags [17,31,32], and coal and biomass fly ashes [33-36] have been examined
as potential precursors, while silicates, hydroxides, carbonates, sulfates, and mixtures
thereof can be used as activators. Metakaolin is the most well-established and technolog-
ically mature precursor used for AAM production. Metakaolin has attracted attention
as a precursor due to its purity and consistent composition as well as its outstanding
mechanical properties and the thermal stability of metakaolin-based binders. Technical
challenges include the high specific surface area of metakaolin, which often results in poor
workability and demand for high water dosages that later result in considerable shrinkage
and cracking [37]. Several shrinkage mitigation strategies have been recently described
(e.g., heat curing, shrinkage reducing admixtures) and can be used to counteract such
deleterious phenomena [32,38].

However, the commercial exploitation of metakaolin-based AAMs can be limited by
local shortages and the excessive cost of high-grade kaolinitic clays. The sustainability
profiles and green credentials of building materials will be compromised if long transport
distances are considered, and the use of endogenous materials as precursors should be
favored to further future-proof alkali activation as a scalable, environmentally friendly, and
cost-competitive technology. In this view, the interest in using low- and medium-grade
clays (kaolinitic and otherwise) abundant in many locations around the globe as metakaolin
surrogates is increasing [39-43].

Portugal has plenteous clay resources including kaolinitic clays. Kaolin deposits
are distributed mostly in Portugal’s northwest region comprising the Lusitanian Meso-
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Cenozoic basin and a narrow northwest strip located between Viana do Castelo and Aveiro
districts [44]. In 2016, Portugal ranked 12th in kaolin production in Europe [45], and
although abundant, most kaolin resources are consumed by the local ceramic industry
and other high-end markets such as paper, paint, rubber, and agrochemical production.
Therefore, highly pure kaolinic clays (i.e., without significant levels of “industrial con-
taminants” such as quartz, mica, montmorillonite, iron, and titanium oxides) are highly
disputed resources that are unlikely to be available for the construction market. Affordable
alternatives for AAM manufacturing are needed, and several common clays might have
the potential to be used in (partial) lieu of metakaolin. Many of these clays contain kaolinite
minerals, but not in the desired quantities for metakaolin commercialization. High iron
contents can also be allowed in AAM production and will not constitute a limiting factor as
previously demonstrated [17,46,47]. Common clays are considerably cheaper, are available
in significant volumes in Portugal, and are even often discharged as industrial waste in
activities such as dredging, sand-washing, and kaolin extraction. Therefore, this research
focused on the use of a common clay found in central Portugal as precursors, taken as a
representative case study of a broad group of currently underutilized clay resources that
could potentially be valorized via alkali activation. The influence of various synthesis fac-
tors on the fundamental properties of metakaolin systems was examined and taken as the
baseline to describe the effects of replacing metakaolin by calcined common clays. Mortar
specimens were also produced with progressive contents of common clay to investigate
the key fresh and hardened-state properties.

The aim of this groundwork research was to establish the first principles of design
for this novel valorization pathway and contribute to the development of innovative
building materials that minimize the environmental impacts of construction while enforcing
upcycling practices and sustainable development models in Portugal and elsewhere.

2. Experimental Conditions
2.1. Materials

A commercial metakaolin (hereafter MK) was purchased under the name of ArgicalTM
from AGS-mineraux®, Clérac, France. According to the producer, MK is mostly amorphous
and almost exclusively composed of SiO; and Al,Os3 at 55.0 and 40.0 wt.%, respectively.
A common local red clay (hereafter RC) was provided by a local supplier, Mota Ceramic
Solutions®, Oia, Portugal. RC was calcinated in a laboratory oven at 800 °C with an
isothermal step of 2 h (heating rate of 3 °C/min up to 500 °C, and 10 °C/min up to 800 °C)
followed by natural cooling. Similar thermal activation procedures have been adopted
elsewhere [40,43]. The calcined clay (hereafter CRC) was used to gradually replace MK
in the alkali activated binders and mortars (the mix proportions are further detailed in
Section 2.2). Densified silica fume (hereafter SF; Elkem Microsilica® Grade 940, ELKEM,
Norway) was used as a secondary source of reactive SiO,. SF has been characterized in
previous works and determined to be composed of 95.0 wt.% SiO; with minor elements
such as CaO, Fe;O3, and Al,O3 being considered negligible (<0.5 wt.%). The BET specific
surface area was determined to be approximately 22,200 m?/kg [17,48].

Activating solutions were prepared by mixing sodium hydroxide and sodium silicate
solutions. Sodium hydroxide solutions (8, 10 and 12 M) were prepared in the laboratory
by dissolving sodium hydroxide beads (M = 40.00 g/mol, 97% pure NaOH pellets, CAS
[1310-73-2], Scharlab, Sentmenat, Spain) in distilled water. A commercial sodium silicate
solution (CAS [338443-3L], 10.6 wt.% NayO, 26.5 wt.% SiO,, and 62.9 wt.% H,O, Sigma
Aldrich, Burlington, EUA) was employed without further elaboration. River sand (<2 mm)
was used as the fine aggregate to prepare the mortar formulations.

2.2. Binder and Mortar Preparation

MK was used as the benchmark precursor to first examine the influence of several
compositional factors and establish adequate synthesis conditions for the baseline system.
To evaluate the feasibility of using CRC as an alternative precursor and identify optimal
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MK replacement dosages, different binder compositions were produced with CRC steps of
25.0% up to total MK substitution. The details of the mixture proportions and synthesis
factors examined are presented in Table 1. All binder formulations were designed to respect
the following molar ratios: (i) SiO2/(Al,O3 + FepO3) = [3.75-5.15]; (ii) (NaO + K,0)/ (AL, O3
+ Fep03) = [1.00-1.30]; (iii) (NaO + K,0)/SiO, = [0.20-0.30]; and (iv) H,O/(NayO + K,0)
= [10.0-15.0] and SiO,/(NayO + K,0) = [0.50-0.80] in the solution; calculated assuming
the precursors complete dissolution and participation in the polymerization reactions.
The binder specimens were produced following the procedure described elsewhere by
Ascensao et al. [17,29]. In short, it involved: (a) homogenization of sodium silicate and
sodium hydroxide solutions at 60 rpm for 300 s; (b) manually mixing the powdered
precursors in a plastic container; and (c) mixing the binders’ solid components and the
alkaline solutions at 60 rpm for 600 s in a mortar mixer. Then, the resulting slurries were
transferred to plastic molds (J ~ 20 mm; height ~ 40 mm), placed inside sealed plastic
containers, and left to cure in the mold for 24 h according to the conditions described in
Table 2. Alkali activated mortars were prepared following the same procedure but with
two additional mixing steps: (i) 30 s mixing step at 60 rpm for introduce the aggregates;
and (ii) 60 s mixing step at 95 rpm to further guarantee a proper homogenization. Mortar
specimens (4 x 4 x 16 cm®) were produced with a binder-to-aggregate ratio of 1.0 and cast
as prescribed by EN 1015-11 [49]. Mortars were coded after their parent binder using M to
mark the difference between them (e.g., R50 represents a binder produced as per Table 1,
while MR50 will be used to refer to mortar specimens produced with R50 binders).

Table 1. Experimental plan: Binders” mix design and variables assessed.

Mixture Proportion (wt.%) S/L * C/S * SH/SS * NaOH Curing .
actor
MK SF CRC NaOH NaySiO; wt.% wt. % wt.% mol/dm®  Cond.
SL0.90  37.8 95 0.0 31.7 21.1 0.9 4.0 1.50 10.0 C1
SL1.00  40.0 10.0 0.0 30.0 20.0 1.0 4.0 1.50 10.0 C1 S/L ratio
SL1.10 420 10.5 0.0 285 19.0 1.1 4.0 1.50 10.0 C1
CS4.00 400 10.0 0.0 30.0 20.0 1.0 4.0 1.50 10.0 C1
CS350 389 11.1 0.0 30.0 20.0 1.0 3.5 1.50 10.0 C1 C/S ratio
CS3.00 375 12.5 0.0 30.0 20.0 1.0 3.0 1.50 10.0 C1
HS1.50  40.0 10.0 0.0 30.0 20.0 1.0 4.0 1.50 10.0 C1 SH/SS
HS1.25  40.0 10.0 0.0 27.8 222 1.0 4.0 1.25 10.0 C1 /
HS1.00  40.0 10.0 0.0 25.0 25.0 1.0 4.0 1.00 10.0 C1 ratio
M8 40.0 10.0 0.0 30.0 20.0 1.0 4.0 1.50 8.0 C1
M10 40.0 10.0 0.0 30.0 20.0 1.0 4.0 1.50 10.0 C1 NaOH M
M12 40.0 10.0 0.0 30.0 20.0 1.0 4.0 1.50 12.0 C1
C1 40.0 10.0 0.0 30.0 20.0 1.0 4.0 1.50 10.0 C1 Curi
2 400 10.0 0.0 30.0 20.0 1.0 4.0 1.50 10.0 C2 u“gg
c3 40.0 10.0 0.0 30.0 20.0 1.0 4.0 1.50 10.0 3 cond.
RO 37.5 12.5 0.0 25.0 25.0 1.0 3.0 1.00 12.0 C3
R25 28.1 12.5 9.4 25.0 25.0 1.0 3.0 1.00 12.0 C3 CRe
R50 18.8 12.5 18.8 25.0 25.0 1.0 3.0 1.00 12.0 c3 dosase
R75 9.4 12.5 28.1 25.0 25.0 1.0 3.0 1.00 12.0 C3 8
R100 0.0 12.5 37.5 25.0 25.0 1.0 3.0 1.00 12.0 C3

* Mass ratios are abbreviated as: S/L—solid to liquid ratio; C/S—calcined clay (MK, CRC, or MK + CRC) to silica
fume ratio; SH/SS—sodium hydroxide to sodium silicate ratio.

2.3. Characterization Methods

The precursors’ particle size distribution was determined by laser diffraction (Coulter
LS230 analyzer) combining the laser diffraction technique and polarization intensity differ-
ential scattering (PIDS). The chemical composition of the precursors was obtained using
X-ray fluorescence (Philips X'Pert PRO MPD spectrometer), with loss on ignition (LOI)
at 1000 °C also determined. The crystallinity of the starting precursors and binders was
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assessed by X-ray diffraction (XRD). Experiments were carried out on a Bruker D8 Advance
(Bruker AXS, Karlsruhe, Germany) (CuKa radiation, 5-70°, 0.05° step, and 1 s/step, with
the support of a position sensitive detector) and on a Rigaku Geigerflex D/max-Series
instrument (Rgaku Corporation, Tokyo, Japan) (CuKa radiation, 10-80°, 0.02° step and
10 s/step). The phase identification was performed by means of the Match! program pack-
age (Crystal Impact GbR, Bonn, Germany), supported by the database ICDD-PDE-2. Binder
samples were collected from the mechanical tests after 28 day of curing, ground, sieved
(<63 um), and kept sealed prior to testing. The bulk density of the binders and mortars was
determined by the relation between the weight and volume of each sample. The weight
(0.1 g accuracy) and dimensions (0.01 mm accuracy) of each individual specimen were mea-
sured after 7 and 28 days of curing. The Archimedes method (using water as the immersion
fluid) was employed to evaluate the water absorption and open porosity after 28 days of
curing. The compressive strength of the binders was determined using a Universal Testing
Machine (Shimadzu model AG-25 TA) running at a displacement rate of 0.5 mm min 1.
A minimum of four cylindrical specimens were tested per formulation and curing age
(7 and 28 days), and the average strength values are reported here after computing the
correction factors for cylindrical specimens as prescribed by ASTM C42/C42M [50]. The
compressive strength of the mortar specimens was determined as per EN 1015-11 [49]. To
further complement the characterization of the CRC mortars, consistence (flow table test),
fresh density, dynamic elasticity modulus, and capillary index were determined as per
EN1015-3 [51], EN 1015-6 [52], EN 12504-4 [53], and EN 1015-18 [54], respectively.

Table 2. The examined curing conditions.

c1 40°C+£95RH 20°C £95% RH 20°C £ 65 RH
1 day 6 days 21 days

o 20°C+95RH 40°C+95RH 20°C+£95RH 20°C £ 65RH
1 day 1 day 5 days 21 days

C3 20°C+£95RH 40°C+95RH 20°C+95RH 20°C £ 65RH
1 day 5 days 1 day 21 days

»

Time (days)

3. Results and Discussion
3.1. Precursor Characterization

Figure 1a reports the diffraction analysis of the local common clay, before and after
calcination at 800 °C. Considering the intensity of the characteristic diffraction maxima,
the content of quartz (PDF#87-0743) appears to be substantial. Accessory mineral phases
consisted of feldspar (microcline, PDF#77-0135) and mica (muscovite, PDF#80-0743). Sig-
nals consistent with clay minerals such as kaolinite (Al,Si,O5(OH)4, PDF#89-6538) were
visible only in the as-received clays, in good agreement with dehydroxylation and trans-
formation into amorphous metakaolin upon calcination. The formation of metakaolin
provided initial evidence in favor of the CRC potential as an alternative precursor in al-
kali activated systems. The enhanced peak at 20~23° is consistent with the formation of
anhydrous aluminum silicate (Al 55i9 750725, PDF#37-1480), likely formed by the same
dehydroxylation process. Increases in the intensity of the quartz-related peaks are most
likely attributed to the ‘concentration” mechanisms, as hydrated minerals undergo obvious
mass reductions with dehydroxylation. Thermal decomposition probably did not solely
involve clay minerals, but also (partially) muscovite. Similar observations were made by
Merabtene et al. [55], who examined the decomposition of muscovite and reported the
formation of additional quartz and leucite. The formation of leucite cannot be proved here
considering the overlap with signals from microcline.
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Figure 1. Diffraction analysis of the starting raw materials used to synthesize AAM binders:
(a) comparison between the local red clay before and after calcination; (b) comparison between the
commercial metakaolin (MK), local common clay calcined at 800 °C (CRC), and fumed silica (SF).

Figure 1b shows a comparison between the mineralogical assemblage of precursors.
MK presents muscovite and quartz as predominant minerals, accompanied by traces of
anatase (TiO2, PDF#84-1286). As can be seen, the most significant differences between MK
and CRC concern the contents of quartz (much reduced in MK) and amorphous material
(much enhanced in MK considering the broad convexity located at 260~18-32°). SF was
found to be completely amorphous, as already reported in previous works [17,48]. The
high content of highly amorphous Si and the absence of major crystalline peaks justify the
selection of SF as a secondary source of reactive silica in activated alkaline systems.

The chemical bulk compositions of MK, SE, and CRC are shown in Table 3. The most
abundant oxides observed in the MK composition were silicon and aluminum oxides,
related to the metakaolin content. These results agreed well with the product data sheet,
albeit with a slightly lower content of Al;O3. Some variability in chemical composition
can be easily attributed to the MK geological origin, and similar Al,O3 contents have
been previously reported elsewhere for this commercial MK [56]. CRC was composed of
similar SiO; and Al,O3 contents whereas major differences were found in alkaline oxides
(NapO + Ky0), TiOy, and Fe,O3. Such differences are in good agreement with the presence
of alkali feldspars and anatase in the CRC mineralogical assemblage. The loss of ignition
values in both calcined clays was inferior to 2.0 wt.%, which in part can be attributed to the
thermal decomposition of muscovite.

Table 3. The chemical composition of the raw materials (% by mass).

LOI * Si0, AL, O3 CaO Fe, 03 MgO TiO, K,O Na,0  Others
MK 1.9 57.0 345 02 12 02 1.8 0.4 nd * 29
CRC 12 56.0 33.9 0.2 42 05 0.4 34 0.1 0.3
SF 13 97.4 0.5 02 nd * 0.1 nd * 02 02 0.2

* LOL: loss on ignition, nd: less than quantification limit.
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The particle size distribution of the precursors is provided in Figure 2. It can be
seen that SF showed a coarser particle size distribution when compared with the remnant
precursors. The calcined clays presented finer grain size distributions, with a smaller
d10, d50, and d90 being found in CRC (Table 4). Among other factors, the precursors’
particle size distribution determines the surface exposed to the alkaline medium, and thus
influences the precursors’ reactivity, the reaction kinetics, and the products formed. The
finer particles of CRC precursors can possibly compensate to some extent for the lower
degree of structural disorder and amorphous phases present in CRC when compared to MK
(Figure 1b), thus resulting in precursors with potential akin to alkali activation technology.
This mechanism seems to be corroborated by the strength and porosity results discussed
in Section 3.2.6. In Figure 2 and Table 4, it can also be seen that the RC and CRC data
points largely overlap with no significant differences being observed in the particle size
distribution. Such similarity between the CRC and RC samples shows that the calcination
process occurred without significant agglomeration of the clay particles, and thus without
showing signs of sintering. It should be mentioned here that no grinding process was
conducted after calcination to avoid mechanically imposed changes in the particle size
distribution and reactivity, which would be intermingled in the interpretation of results.
Overall, and despite the chemical, mineralogical, and physical differences regarding the
benchmark precursor (MK), the results showed auspicious characteristics for the alkali
activation of the examined local clays after calcification.

— 7 1 1 1

b 1] #MK

o 81| -sF

g 5 {| +RC

= || «cre

S 4

S 3

"E J

23

E 1

Q -
0 i
0.01 0.1 100

Diameter (um)

Figure 2. Particle size distribution of the precursors used to manufacture alkali activated binders and
mortars: MK—commercial metakaolin; SF—silica fume; RC—as-received clay; CRC—calcined clay.

Table 4. The physical characteristics of the precursors.

Material Mean Particle Size (um) D10 (um) D50 (um) D90 (um)
MK 7.73 1.41 6.22 16.92
SF 18.11 2.70 17.77 35.16
RC 5.43 0.94 4.37 11.74
CRC 5.33 0.88 4.25 11.66

3.2. Alkali Activated Binders Characterization
3.2.1. Influence of Solid-to-Liquid Ratio

Compressive strength is among the most important properties of building materials
as a measure of their load-bearing capacity, while density and porosity can be used as a
proxy for durability. Figure 3 shows the apparent density (AD) and compressive strength
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(CS) of MK-binders produced with varying solid-to-liquid ratios (S/L ratio) while keeping
other synthesis parameters constant (Table 1). After 7 days of curing, the SL0.90 samples
recorded the highest CS values (9.8 & 0.7 MPa) whereas SL1.00 showed the lowest CS
(7.1 &£ 1.2 MPa). The SL1.10 binders showed intermediate CS values of 9.2 4 2.0 MPa but
considerable standard deviations were recorded in all binders, which can be attributed to
the specimens’ early stage of maturation and ongoing polymerization reactions [17]. Later
strength gains were observed in all binders, with SL1.00 being the most performant in
terms of CS at 28 days. AP showed the opposite trend, with significant reductions being
observed as curing progressed. Such reductions in AD can be mostly related to free water
egress, as suggested by the linear relationship between solution load and AD at 28 days.
Conversely, CS cannot be described as a linear function of the S/L ratio (nor of AD), as
an inflection point appears to exist around a S/L ratio of 1.0. At a higher S/L ratio, AAM
pastes presented a less workable consistency and increases in viscosity that could result in
air entrapment within the structure in the samples. In fact, some air bubbles and minor
voids were visible on the surface of the SL1.10 specimens, along with increases in the
open porosity (OP) and water absorption (WA) values (Table 5). Increases in porosity can
compromise SL1.10 stability and partially explain the reduced CS values observed. In
addition, alkaline hydrolysis occurs at the interface between the alkaline media and solid
particles (kaolinite minerals), and high S/L ratios can reduce diffusion, limit the degree of
reaction, and ultimately reduce the binder formation. Reductions in CS were not, however,
accompanied by reductions in AD, which were increased by the higher solid load existing
in the SL1.10 systems. Conversely, lowering the S/L ratio to 0.90 yielded more workable
pastes but resulted in less dense and mechanically resistant binders. In addition to the
higher amount of free water in these systems, increased dosages of activating solution and
Na* content that assist in dissolution may also hinder the polycondensation rate as the
solid load available for reaction is limited and dispersed in a very fluid medium. The SL0.90
binders displayed limited CS increments from 7 to 28 days, not being able to outperform
the SL1.0 samples. Therefore, the CS results suggest that SL1.00 binders allow for higher
dissolution rates of the starting precursors while not hindering the polymerization reactions.
Overall, all binders displayed sufficient CS for civil engineering applications and low AD
values at 28 days that ranged from 1.28 4 0.03 g/cm? to 1.36 = 0.01 g/cm?, whereas OPC
pastes typically had AD greater than 1.80 g/cm3. Considering these results, 1.00 was
selected as the S/L ratio for further examination of the MK and CRC binders.
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Figure 3. The apparent density and compressive strength of the alkali activated MK-binders at 7 and
28 days of curing as a function of the solid-to-liquid mass ratio.
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Table 5. The water absorption and open porosity of the alkali activated binders after 28 days of curing.

Water Absorption (WA) Open Porosity (OP)
% %
SL0.90 15.68 £ 0.16 2418 £ 0.17
SL1.00 14.34 + 0.07 2248 +0.15
SL1.10 14.96 + 0.66 2423 +£1.09
CS4.00 14.34 £+ 0.07 2248 +0.15
(CS3.50 14.35 £ 0.20 22.23 +£0.37
(CS3.00 14.45 + 0.73 22.09 £ 091
HS1.50 14.34 £+ 0.07 2248 £ 0.15
HS1.25 15.47 + 0.12 2438 + 0.16
HS1.00 1551 £0.17 24.50 £+ 0.38
M8 19.02 £ 0.27 29.36 £ 0.47
M10 14.34 + 0.07 2248 +0.15
M12 11.82 +£0.28 18.56 + 0.61
C1 14.34 + 0.07 2248 +0.15
C2 16.98 + 0.22 27.90 + 0.45
C3 15.16 £ 0.07 24.78 +0.24
RO 13.58 £ 0.72 21.81 £ 1.79
R25 14.27 + 0.14 23.90 £ 0.15
R50 14.71 £ 0.82 24.08 4+ 1.39
R75 13.00 £ 0.11 21.07 £ 0.20
R100 10.77 £ 0.16 17.54 + 0.27

3.2.2. Influence of SF Incorporation

Given the insulfficient availability of Si in the composition of some clay precursors, the
addition of secondary sources of silica is often reported as necessary to deliver competent
alkali-activated materials. The provision of extra silicon can be delivered by modifying
the concentration and dosage of silicate solutions (discussed in Section 3.2.3) and/or by
introducing amorphous Si-rich powdered materials (e.g., silica fume) in partial lieu of clay
precursors. However, optimal replacement levels vary according to the characteristics of
the systems examined, thus requiring dedicated investigations as performed here.

Figure 4 shows the effects of MK replacement by SF on CS and AD. The results show
that all binder formulations increased in CS and reduced in AD with curing, regardless of
the MK to SF mass ratio (CC/SF ratio). After 28 days of curing, binders with the lowest
CC/SF ratio (CS3.00) recorded the lowest CS values (10.1 & 0.9 MPa), whereas the CS4.00
formulations showed the highest CS (12.5 &+ 1.1 MPa). Oshani et al. [57] reported increases
in CS up to 18 wt.% SF, but decreases for higher dosages. Previous studies have shown that
excessive SF can be deleterious for CS development due to its volume expansion [58,59].
The authors reported that SF contents over 10 wt.% led to the formation of large voids
and concomitant reductions in CS. However, residual modifications on AD, OP, and WA
were imposed by the CC/SF ratio (Table 5), suggesting similar porous structures being
formed in all binders. The highest early strength of the CS3.00 samples (8.2 £ 1.5 MPa;
(CS3.50 = 5.8 &= 0.7 MPa; CS4.00 = 7.1 & 1.1 MPa) may indicate that SF promotes early age
polymerization but hinders the later dissolution of clay precursors and/or the diffusion
of dissolved species. However, increases in early CS can be an interesting technological
feature if one is prepared to partially sacrifice strength development at later ages. Economic
and environmental benefits can also accrue from the partial replacement of calcined clay by
other Si-rich waste-based materials such as among others, rice husk ash, and the versatility
and resilience introduced into the manufacturing process should also not be neglected here.
Therefore, 3.00 was selected as the CC/SF ratio for the further examination of the MK and
CRC binders.
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Figure 4. The apparent density and compressive strength of the alkali activated binders at 7 and
28 days of curing as a function of the calcined clay-to-silica fume mass ratio (CC/SF ratio).

3.2.3. Influence of NaOH-to-Na,SiO3 Ratio

Figure 5 shows the AD and CS of the binders produced with various NaOH-to-
Na;SiO3 ratios by mass (SH/SS ratio), as per Table 1. The results showed that CS increased
in all formulations with curing. AD showed the opposite trend but no noticeable differences
were observed after 28 days of curing (=~1.32 g/cm?). Differences in WA and OP were
also found to be residual, particularly between HS1.00 and HS1.25 binders (Table 5).
However, the SH/SS ratio showed a considerable influence on strength development. After
7 days of curing, H51.00 and HS1.25 recorded similar CS (~10 MPa), whereas HS1.50
showed significantly lower values (7.1 4= 1.2 MPa). At later ages, CS was maximized at
the SH/SS ratio of 1.00 (14.3 & 1.6 MPa), with HS1.25 showing a CS similar to those of
HS1.50 of 12.5 4= 2.0 MPa and 12.5 & 1.0 MPa, respectively. These findings are in agreement
with previous results reported by, among others, Albidah et al. [60], Supit et al. [61],
and Zhao et al. [62], who found increases in CS when reducing the SH/SS ratio. The
authors also suggested the existence of the optimum SH/SS ratio below which further
reductions will not deliver increases in strength. However, the existence of such a threshold
limit cannot be inferred from the results discussed here. Increasing Na,;SiO3 promoted
the formation of more Si-rich structures, which contributed to the development of the
highest CS in HS1.0. In addition, reducing the SH/SS ratio also decreased the activating
solution pH, leading to more progressive dissolution and polycondensation, but ultimately
allowing for higher reaction degrees [20]. It is interesting to point out the differences in the
effects of introducing soluble silicates in the activating solution rather than as secondary
powdered precursors (Section 3.2.2). In previous works [17], the authors demonstrated
that using soluble silicates (K,SiOs3) resulted in more densified structures and enhanced
the mechanical performances. Although these effects can be largely determined by the
precursor’s composition and granulometric distribution, and by the concentration and
nature of the silicate solutions (Na* vs. K¥), the results in Figure 5 recommend an SH/SS
ratio of 1.00 to achieve the maximum CS values when synthesizing AAMs from CRC.

It should be mentioned that silicate solutions entail significant production costs and
environmental burdens [20,21,63] and restrictions in the NaySiO3 dosage should be consid-
ered in the following optimization studies, if technologically possible.

3.2.4. Influence of NaOH Molarity

Figure 6 presents the CS and AD of the MK-binders activated with the Na,;SiO3 and
NaOH solutions, in which the molarity of the latter was 8 M, 10 M, or 12 M (Table 1).
The influence of NaOH molarity on CS development is notorious. Yearly age CS ranged
between 2.7 £ 0.7 MPa (M8) and 12.2 £ 1.5 MPa (M12), being greatly proportional to the
NaOH molarity. At 28 days, NaOH 8 M solutions delivering binders with CS did not
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exceed 3.4 £ 0.7 MPa, whereas the M10 and M12 binders displayed CS values around
12.5 MPa. The results suggest that in these systems, the optimal alkali environment for MK
activation requires NaOH solutions with a minimum molarity of 10 M, if CS values higher
than 10 MPa are to be attained. If sufficient alkalinity is not provided, MK dissolution
may be partially impaired and the degree of polymerization of the final products may be
weakened. Conversely to what was previously suggested [60-62], no inflection point was
observed in CS when increasing the Na* availability. An excess of hydroxide ions and the
deleterious formation of NayCO3 did not seem to exist to a large extent as no efflorescence
was visible on the surfaces of the M10 and M12 samples. AD was reduced in all binders
with curing, but after 28 days, the M12 binders were slightly denser. It is also interesting
to note that the WA and OP values increased as the NaOH molarity decreased, even at
similar AD values (Table 5). This may suggest modifications in the pore connectivity and
tortuosity favored by higher Na* availability. For better understanding of the morphology,
distribution, and connectivity of pores, microstructural analysis and BET analysis can
be suggested and will pursued in future works. Reducing the NaOH molarity, and thus
the (NayO + K;0)/SiO; molar ratio, also slightly enhanced the binders’ viscosity and
workability, but 12 M solutions were selected for further experimentation to maximize the
yearly CS in the CRC binders.

1.8 1 [ ==
—~ 16 - 16 g
= (-9
E 14 | a2
oo 24 =
z 12 12 ? EmCS_7 days
5 £
§ 1.0 | 10 5 EmCS_28 days
g 0.8 - [ 8 § &-AD_7 days
§ 0.6 - ¢ £ --AD_28 days
o i L €
< 0.4 *

S
0.2 1 £
0.0 A -4
1.25 1.50
NaOH/Na,SiOs (g/g)

Figure 5. The apparent density and compressive strength of the alkali activated binders at 7 and
28 days of curing as a function of the sodium hydroxide-to-sodium silicate mass ratio.
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Figure 6. The apparent density and compressive strength of the alkali activated binders at 7 and
28 days of curing as a function of sodium hydroxide molarity.
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3.2.5. Effect of Curing Conditions

Different curing conditions were evaluated and their effects on the binder properties
were examined to define the optimum mix designs. At curing conditions 1 and 2, the
specimens were cured at slightly elevated temperatures (40 °C) for a 24 h period, albeit
starting immediately after mixing or 24 h later, C1 and C2, respectively. When employing
curing condition 3 (C3), heat curing was initiated as in C2, but maintained for a 5 day
period. In short, C1-C2 served to investigate the effects associated with heat curing
location in time, while C2-C3 determined its most adequate duration for the systems
examined here. Figure 7 describes the AD and CS of the binders cured with different
curing regimes. After 28 days, the C3 samples recorded the highest AD (1.39 4 0.02 g/cm?)
and CS values (13.6 = 1.2 MPa). C1 and C2 showed a CS within the experimental error
range (12.5 & 1.1 MPa and 12.1 4 1.9 MPa, respectively), and a slightly higher AD was
observed in the C2 samples of 1.35 & 0.02 g/cm? (C1 = 1.33 £ 0.03 g/cm?). In addition,
the yearly age CS was considerably ameliorated with the increment of the curing period
(C2-C3) and benefitted from a dormant period in the initial stage of the reaction (C1-C2).
Increases in AD and CS indicate highly polymerized and resistant structures being formed
in C3, which, however, cannot be related to the densification and reduction in porosity
(Table 5). Similar findings have previously been reported on slag-based systems where the
benefits of curing at a slightly elevated temperature with an initial dormant period were
demonstrated [17,32,38]. The volumetric stability of the specimens was not determined, but
pronounced shrinkage phenomena able to provoke visible cracks and severely compromise
CS did not seem to exist. The higher CS and AD values found in the C3 binders justify the
selection of the C3 conditions for further experimentation when replacing MK with the

CRC precursors.
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Figure 7. The apparent density and compressive strength of the alkali activated binders at 7 and
28 days of curing as a function of the curing conditions used as per Table 2.

3.2.6. Influence of CRC Incorporation

In Sections 3.2.1-3.2.5, the baseline MK system was investigated and the optimal
synthesis conditions were selected. A binder synthesized with the S/L =1.0, C/S=3.0,
SH/SS = 1.0, NaOH molarity = 12 M, and cured in C3 conditions (Table 1) was defined
as the reference binder (R0; 0.0 wt.% CRC) to investigate the effects of MK replacement
by CRC. Figure 8 presents the representative photographs of the alkali activated binders
produced with the progressive replacement of MK by CRC (0, 25, 50, 75, and 100 wt.%).
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T

Figure 8. Representative photographs of the alkali activated binders produced with the progressive
replacement of MK by CRC. From left to right: (i) 0.0%, (ii) 25.0%, (iii) 50.0%, (iv) 75.0%, and (v) 100.0%
MK replacement.

Figure 9 shows the AD and CS of the binders with varying CRC dosages after 7
and 28 days of curing. Residual increases in AD could be seen as the CRC content rose
(AD2gdmin, RO = 1.37 4 0.02 g/cm3; ADjggmax, R100 = 1.45 + 0.01 g/cm?), which can be
attributed to the presence of iron in the CRC composition. CRC incorporation levels up
to 75 wt.% resulted in slight increases in the yearly age CS. An optimal replacement level
seemed to exist around 50 wt.% CRC, where the R50 samples recorded the highest CS
values after 7 days of curing (12.5 & 0.7 MPa), representing a 32.6% increase in comparison
to the pure MK-binders (Figure 9). MK total replacement by CRC seemed to have no
deleterious effects on early CS, but considerably increased the mechanical performance
after 28 days of curing. Curiously, as the CRC content rises, the theoretical SiO,/(Al,O3 +
Fe;O3) molar ratio of the mixtures decreases, thus less polymerized structures would be
expected. Differences in the reaction rates arising from the CRC particle size distribution
and composition (as discussed in Section 3.1) can explain to some extent the late strength
developments in the R100 binders, but do not provide a general definition for the trends
observed in the CS nor the WA and OP results.
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Figure 9. The apparent density and compressive strength of the alkali activated binders at 7 and
28 days of curing as a function of metakaolin replacement by calcined common clay.

Therefore, the mineralogical differences were investigated by means of XRD and the
diffraction analysis of the binders prepared with the progressive replacement of MK by
CRC (0, 50 and 100%) is shown in Figure 10. Amorphous material (broad convexity located
at 20~22-35°) could be appreciated in all cases, which confirmed polymerization, even
when totally replacing MK with CRC. The differences in the intensity of the quartz peaks
found in the starting materials remained after alkali activation, but they appeared as much
less remarkable. The dissolution of quartz from CRC is consistent with the increase in
the relative intensity between the main peaks of microcline (PDF#77-0135) and quartz
(PDF#87-0743). However, some crystalline quartz persisted, showing that some Si units did
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not partake in the reactions. Muscovite (PDF#80-0743) was detected in both the MK and
CRC-containing binders, and anhydrous aluminum silicate phases (Al 55i0 7503 25, PDF#37-
1480) identified in CRC precursors could not be detected, suggesting their dissolution and
participation in polymerization reactions. The contribution of these phases can explain the
porosity values and CS increases to some extent, but dedicated studies are still needed to
better understand the composition and morphology of the reaction products that formed
to provide a discretionary explanation of the reaction mechanisms involved.
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Anatase PDF#84-1286
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Figure 10. A comparison between the XRD patterns of the binders synthesized with progressive
replacement (0, 50, and 100%) of metakaolin by local calcined clay after 28 days of curing.

3.3. Alkali Activated Mortars

Mortar samples were produced and characterized to preliminarily assess the practical
interest and industrial feasibility of the developed CRC binders. Fundamental properties
evaluated in a fresh state included fresh density and workability. The workability of
the mortars was investigated by the flow table test. The spread values were slightly
reduced with the increment in the CRC content in the mix design (Table 6). However, all
of the results are in line with the spread values used in regular hydraulic mortars (non-
self-leveling/self-compacting) that typically lie in the range of 150-180 mm. Therefore,
all mortars demonstrated adequate workability levels without the use of any additional
additives and could meet the standard flowability requirements. The fresh density values
were nearly constant, albeit slightly higher values were observed in the MR100 mortars.
This effect was even more pronounced in the AD values at 28 days. The polymerization
reaction seems to dictate the unit weight with progressive increases in fresh density and
AD as the CRC dose rises (MR100, AD 5g4max = 1.99 &= 0.01 MPa).

Table 6. The fresh and hardened properties of mortars produced with different dosages of local
calcined clays at 28 days.

Code SV (mm) * FD (g/cm®) *  AD (g/cm®) * EM (GPa) * WA (%) * CI*
MRO 180 £5 2.01 1.78 £ 0.00 154 £ 0.0 6.7 £0.0 0.118 £ 0.002
MR25 175+5 1.99 1.85 £ 0.02 16.8 0.2 7.0+0.3 0.138 4 0.002
MR50 175+ 10 2.01 1.88 £ 0.07 16.3 £0.5 75£03 0.120 £ 0.007
MR?75 175+5 2.00 1.91 £+ 0.01 16.8 £ 0.1 41+07 0.128 4 0.006
MR100 170 £5 2.05 1.99 £+ 0.01 147 £ 0.1 3.0+£02 0.101 4 0.000

* Properties abbreviate as: SV—spread value; FD—fresh density; EM—elastic modulus; WA—water absorption;
CP—capillarity index.
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As with the binders, CS and OP were the utmost important properties that must be
investigated in AAM mortars. Figure 11 describes the relationship between the CS and
OP levels in mortars produced with progressive dosages of CRC. The CS values decreased
almost linearly as the CRC increased. Interestingly, a similar trend was not observed
in the CRC binders (Figure 8), suggesting aggregate interference in the polymerization
reactions/products and/or structural weaknesses located in the interfacial transition zones.
The OP increased slightly with an increasing CRC up to 50 wt.%, but beyond this threshold,
considerable decreases were observed. The values for the WA and elastic modulus were
greatly affected by pores and voids, following, in general, a pattern similar to that observed
for OP (Table 6). The capillarity index values were found to be inconsistent and without
any visible correlation to other properties. Therefore, the relationships between the density,
porosity, CRC content, and strength development in the CRC mortars seem much more
intricate with respect to the binders only, and effectively rely on a larger number of complex
reactions and confounding variables. In Figure 11, the existence of three distinct zones is
enunciated based on the MK replacement level. In zone 1, the increases in porosity seemed
to be partially mitigated by the formation of slightly more resistant binders, while in zone
2, the exact opposite seemed to happen, but to a lesser extent. In zone 3, the motifs that led
to mortars with denser structures and produced from binders more resistant to develop
poorer mechanical performances are still unclear at this point and will be the subject of
research in future works. However, all mortars produced presented low OP and WA (below
15% and 8%, respectively) and CS values above 28 MPa, which provide good performance
indicators regarding their mechanical behavior and durability and well illustrates their
potential for applications in construction.
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Figure 11. A comparison of the open porosity and compressive strength values of mortars produced
with the progressive replacement of metakaolin by local calcined clays after 28 days of curing. I, II
and III indicate ranges of MK replacement levels with different relationships between open porosity
and compressive strength.

4. Conclusions

In this work, the factors affecting the properties of the alkali activated binders and
mortars produced from different thermally modified clays were investigated. Commercial
metakaolin was taken as the benchmark clay precursor and an endogenous common
clay was explored as a representative example of potential local alternatives for greater
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environmental and economic benefits. The resulting MK binders showed compressive
strengths above 10 MPa, low density (AD > 1.40 g/cm?), and low OP and WA values
(80% and 20%, respectively) after 28 days of curing. Replacing MK with locally available
clays was found to be feasible as the key fundamental properties were maintained at levels
comparable to those of the reference system, thus making the mortars produced thereof
(spread >170 mm; CS >28 MPa; 1.78 g/cm3 > AD > 1.99 g/cm3; OP >15%; WA >8%)
potentially viable candidates for various applications in construction, rehabilitation, and
architectural works. The results obtained in this study also showed that clay-based AAMs
exhibit adaptable properties and that resilient manufacturing processes can be designed
by proper control of the mix design, for example, MK and CRC can be alternated as the
main aluminosilicate source, whereas additional Si can be delivered either by the addition
of Na,SiO; or silica fume without major deleterious effects. A prolonged curing period at
slightly elevated temperatures is recommended for yielding the maximum strength results.

Overall, the results shown here demonstrate that novel building materials can be
produced from an as yet unexplored myriad of common clay resources, thus making an
initial contribution to the development of more sustainable manufacturing practices. This
work also aimed to shed light on emergent clay binders to stimulate further new scientific
developments and industrial advances in clay activation technology with the meaningful
co-creation of economic and environmental added value in the region.
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Featured Application: The developed different classes of AAECs with smart functional
properties can be used as self-healing, self-sensing, piezoresistive, conductive, and
3D-prining materials, especially in bridge and building infrastructures.

Abstract: Thirty-two ambient cured alkali-activated engineered composites (AAECs) were
developed by incorporating MgO, multi-walled carbon nanotubes (MWCNTs), reduced
graphene oxide (rGO), and polyvinyl alcohol (PVA) fiber with a one-part dry mix tech-
nique using powder-based activators/reagents. The effects of material variables, namely
binary or ternary combination source materials (fly ash C or F and ground granulated blast
furnace slag ‘GGBFS’), two types of reagents with varying chemical ratios and dosages of
additives (from 0 to 5% MgO and from 0 to 6% MWCNT/rGO), on the physical (slump
flow, flow time, flow velocity, and density), hardness (compressive strength from 0 to
180 days and 28-day ultrasonic pulse velocity ‘UPV’), and micro-structural (SEM/EDS,
XRD and FTIR) properties were evaluated. All these variables, individually or combined,
influenced the properties and microstructural aspects of AAECs. Problems associated with
the dispersion and agglomeration of nanomaterials, which could disrupt the microstructure
and weaken its mechanical/physical properties, were avoided through the use of defined
ultra-sonication with a high-shear mixing protocol. All AAECs achieved a 28-day compres-
sive strength ranging from 26.0 MPa to 48.5 MPa and a slump flow > 800 mm, satisfying
the criteria for flowable structural concrete. The addition of 5% MgO and up to 0.3%
MWCNT/rGO increased the compressive strength/UPV of AAECs with MgO-MWCNT
or rGO combination provided an improved strength at a higher dosage of 0.6%. A linear
correlation between compressive strength and UPV was derived. As per SEM/EDS and
XRD analyses, besides common C-A-S-H/N-C-A-S-H or C-A-S-H/C-5S-H gels, the addi-
tion of MgO led to the formation of magnesium-aluminum hydrotalcite (Ht) and M-S-H
(demonstrating self-healing potential), while the incorporation of rGO produced zeolites
which densified the matrix and increased the compressive strength/UPV of the AAECs.
Fourier transform infrared spectrometer (FTIR) analysis also suggested the formation of an
aluminosilicate network in the AAECs, indicating a more stable structure. The increased
UPV of MWCNT /rGO-incorporated AAECs indicated their better conductivity and ability
of self-sensing. The developed AAECs, incorporating carbon-nano materials and MgO
additive, have satisfactory properties with self-healing /-sensing potentials.

Keywords: alkali-activated engineered composites; MgO; MWCNT; rGO; slump flow;
workability; compressive strength; ultrasonic pulse velocity; microstructure
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1. Introduction

The high population growth and new global standards of modern construction require
more demanding and sustainable infrastructures. Statistical trends estimate an increase
in global cement production from 4.3 in 2015 to nearly 6.1 billion metric tons in 2050 [1,2],
which would involve demolishing reserves of limestone, increasing global CO, emissions
by around 7%, and conducting an energy-consuming process with an energy intensity of
about 4.8 GJ [3]. Geopolymers, also named “alkali-activated (AA) binders”, have been
introduced as a promising alternative to Portland cement with a lower environmental im-
pact, producing 60% less energy and approximately 80-90% less greenhouse gas [4-6]. The
mechanism of producing geopolymers is a polymerization process that involves the chemi-
cal reaction of alumina-silicate materials (such as fly ash (FA), volcanic materials, ground
granulated blast furnace slag (GGBFS), metakaolin (MK), etc.) in the presence of alkaline
activators (such as sodium sulphate, calcium hydroxide, sodium silicate, etc.), resulting in
three-dimensional Si-O-Al chains/bonds: poly sialate (-Si-O-Al-O-), poly sialate-siloxo (Si-
0-Al-O-5i-O), and poly sialate-disiloxo (5i-O-Al-O-5i-OSi-O) [1,2,7-10]. Geopolymers/AA
binders provide high mechanical strength, better resistance to corrosion/fire, and lower
creep/shrinkage [11]. However, one major constraint associated with the use of geopolymer
mortars on a commercial scale is their low-strength development at ambient temperature
curing and the need for heat curing [12]. To overcome this problem, additives such as slag,
lime, and ultrafine fly ash are being added during their geo-polymerization [13,14].

Research has been conducted on the fresh state and hardened properties of AA/
geopolymer materials and, to improve such properties, nanomaterials and other additives
have been added [15-18]. The shrinkage deformation and cracking are more significant
in geopolymer paste than in cement due to its lower porosity/pore diameter and quick
curing/hardening. This elucidates the importance of improving the volume stability and
durability of this material by adding shrinkage compensation compounds such as calcium
oxide, calcium sulphoaluminate, and MgO [19-22]. Calcium oxide and calcium sulphoa-
luminate react violently in a high alkali environment and cannot achieve an excellent
compensating shrinkage effect in geopolymers, suggesting the use of MgO, which can
induce a self-healing ability [22-24].

More recently, cement-free alkali-activated engineered composites (AAECs) using
polyvinyl alcohol (PVA) and other fibers that exhibit strain hardening and micro-cracking
characteristics with satisfactory fresh state, strength, durability, and shrinkage characteris-
tics have been developed as more green, sustainable alternatives to traditional engineered
cementitious composites (ECCs) [1,4,25-30]. The total substitution of cement with in-
dustrial by-products in AAECs decreases the energy investment, pollution, and use of
virgin materials, which facilitates infrastructure sustainability through the simultaneous
enhancement of durability and material greenness [1,31]. One-part ambient-cured AAECs
produced using binary combinations of fly ash class C (FA-C) and ground-granulated blast
furnace slag (GGBFS) with powder-form alkaline reagents and PVA fiber exhibited higher
compressive strengths and ultrasonic pulse velocities, due to the formation of a combi-
nation of reaction products (C-S-H/C-A-5-H), compared to the mixture of amorphous
(N-C-A-S-H/N-A-5-H) and crystalline (C-A-S-H/C-5-H) binding phases in their ternary
(FA-C + FA class F 'FA-F’ + GGBFS) counterparts [1]. An investigation on engineered
geopolymer composites (EGCs) made of fly ash, GGBEFS, fine silica sand, and a 2% volume
fraction of two fiber types showed a significant increase in the tensile strength with the use
of steel compared to polyethylene fibers [32].

In recent years, there has been a significant increase in the use of nanomaterials in con-
crete to achieve enhanced properties. Nanomaterials are specifically incorporated into AA
mortars and composites to improve their mechanical and durability characteristics [33-35].
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Most of the prior studies have shown that increasing the proportion of nano-additives
improves mechanical properties such as the compressive and flexural strength [18,36,37].
The addition of multi-wall 0.1 wt% carbon nanotubes (CNTs), pre-sonicated in water
with a polycarboxylate-based superplasticizer, increased the compressive strength of AA
slag mortars, and X-ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIS) showed that CNTs enhanced the amorphous geopolymer structure [38]. However, a
higher CNT ratio resulted in its agglomeration and limited the propagation of the geopoly-
merization reaction, causing a negative effect on the material’s physical and mechanical
properties. An increase of approximately 32% for the 28-day compressive test was observed
for 0.5% multi-walled CNTs (MWCNTs) incorporated into metakaolin (MK) that was based
on AA composites that had NaOH and Na,SiOj as activators [35]. Li et al. [39] investi-
gated the effect of adding 0.05-0.15 wt% of functionalized MWCNTs grafted by carboxyl
groups, 0.5-0.25% PVA fibers, and 10-30 wt% of GGBFS on the mechanical properties of
FA-based AAC. Among the three variable precursors, changes in the GGBFS followed
by the MWCNTs and PVA fibers have the greatest effect on changes in the compressive
strength. They also stated that the optimal value of MWCNTs was 0.1%, which resulted in
a denser microstructure; however, adding more than that reduced the compressive strength
significantly. Rovnanik et al. [40] declared that the addition of from 0.05 to 0.5% MWCNTs
increased the compressive strength while 1% showed about a 13% decrease. XRD analysis
demonstrated an increase in the amorphous phase and geopolymerization after the addi-
tion of MWCNTs to the FA-incorporated geopolymer paste, showing a dense matrix and a
lower content of unreacted fly ash [41]. No noticeable influence of MWCNTs on the reaction
products has been observed via XRD or Fourier transform infrared spectrometer (FTIR)
analysis, even though that MWCNTs can act as nucleation sites and accelerate polymer-
ization [35,38,42]. The effective dispersion of CNTs is crucial for maximizing their benefits
in AA concrete composites, as strong attractive forces between CNT particles cause rapid
clumping (agglomeration), which disrupts the microstructure and weakens the mechanical
and physical properties [43]. Ultra-sonication with high-shear mixing (mechanical) [44] or
the functionalization approach (chemical) of modifying the CNT surface with compatible
chemicals [45] are proposed to reduce attraction and promote better dispersion.

Revathi and Jeyalakshmi [46] observed an increase in the compressive strength of
two types (one hardened with phosphoric acid and the other with sodium silicate) of
MK-based geopolymers with 2% reduced graphene oxide (rGO). Zhou et al. [47] added
0.7% large and small GO to MK-based geopolymers and indicated that large GO has a
smaller increasing effect on the compressive and tensile strength of geopolymer due to
blocking chemical reactions between geopolymer particles. Ranjbar et al. [48] reported
that, when increasing the graphene nanoplatelets (GNPs) content from 0.1 to 1 wt% in
FA-based geopolymer, the compressive strength steadily increased, showing the highest
enhancement of 144% at 1% GNPs. On the other hand, Dong et al. [49] revealed that
the compressive strength decreased steadily when the GO content was increased from
0 to 0.12% in alkali-activated slag with an alkaline activator consisting of 6 wt% NaOH.
Matalkah and Soroushian [50] used from 0 to 0.3 vol% GNPs in AA concrete based on a
ternary blend of FA, GGBEFS, and albite, and found that the compressive strength decreased
with the addition of GNPs at 0.1 and 0.3 vol and slightly increased at 0.2%. The 28-day
compressive strength of fly ash geopolymer was improved by 23% with the addition of GO
admixed at 0.02% by mass of fly ash, where a nuclear magnetic resonance (NMR) study
showed that the GO improved the polymerization degree by increasing the total Q3 and Q4
Si-tetrahedrons, suggesting potential for improving the immobilization of heavy metals in
fly ash [51]. Saafi et al. [17] investigated the mechanical properties, morphological changes,
and chemical functional group changes of fly ash geopolymer composites by incorporating
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rGO and GO in fly ash geopolymer composites and found an increase of 134% in flexural
strength, 376% in the Young’s modulus, and 56% in toughness due to the restacking of rGO
as a nano filler.

The use of MgO as a shrinkage-reducing mineral additive dates back to the mid-
1970s [52]. The chemical, autogenous, and drying shrinkage decrease with the addition
of reactive MgO in the presence of water, as it reacts to form fine Mg(OH), crystals in
geopolymer paste to produce uniform expansion, refine the pore size, and increase the
compressive strength [53]. An increase in compressive strength of 26% at an early age
was observed for AA slag (AAS) pastes with 5% MgO [54]. The effect of MgO in AAS
systems has been investigated, both in terms of its varying natural content in different
slag compositions [55] and its use as an additive [56]. Studies on this topic revealed that,
although the main hydration product is still C-S-H gel, MgO reacts with the slag to form
hydrotalcite “"Ht" (Mg Al,(OH)16CO3-4H,0)-like phases whose content increases with
increases in the MgO content. The formation of low-density Ht/M-S-H phase (compared
to CSH) was also confirmed by X-ray diffraction (XRD), thermogravimetric analysis (TGA),
and scanning electron microscopy (SEM) analyses, and was shown to cause healing for
cracks resulting from the shrinkage of AAS [55,57].

The literature contains previous research on the fresh state and mechanical properties
of AA/geopolymer binders but limited research on AAECs incorporating CNTs/MWCNTs,
with no significant studies using rGO, MgO, or a combination of MgO-MWCNTs/rGO.
Moreover, the current literature does not provide specific directives to assess changes in the
complicated fresh state, mechanical, or micro-structural properties of AAECs containing
nanomaterials (such as MWCNTs or rGO), self-healing agents like MgO, or their com-
binations. In addition, most of the currently available literature is concentrated on the
performance of heat-cured AAECs using the two-part (wet mix) rather than the one-part
(dry mix) technique with solution-based reagents (which are corrosive and difficult to
handle) and low calcium-based systems.

This paper focuses on the development and evolution of the fresh state and mechanical
properties of PVA-fiber-reinforced ambient-cured AAECs containing healing agents (such
as MgO) and nanomaterials (MWCNT and rGO). The novel aspects of this study address-
ing the current research gaps are the use of binary and ternary combinations of FA and
GGBFS as precursors, two combinations of reagents (type 1 and type 2), high-calcium-based
activators/regents rather than traditional Na-based ones, and a one-part dry mix technique
with ambient curing as well as a comparative performance study considering variable
mix design parameters and materials. The influences of the mix ingredients, such as the
combinations of reagents, binary/ternary blends, fundamental chemical ratios present in
the precursors/reagents, and the MWCNT/rGO/MgO dosages, on the physical properties
in terms of workability (slump flow, flow time, flow velocity, and setting times) and me-
chanical properties (compressive strength and ultrasonic pulse velocity “UPV’) of AAECs
have been described with reference to micro-structural characterization using SEM/EDS,
XRD, and FTIR analyses. Moreover, correlations among the fresh state and mechanical
properties (compressive strength-UPV) of the studied materials are developed. The results
of this study will benefit engineers and scientists in developing and characterizing green
low-carbon AAECs with additional smart functional properties (such as self-healing, self-
sensing, electrical conductivity, piezoresistivity, and usability in 3D-printing) compared
to traditional cementitious ECC for structural applications in bridge and building infras-
tructures [58]. The use of MgO, MWCNTs, and rGO at small doses will increase the cost of
AAECs but the induced multifunctional properties will provide cost-compensation with
aided benefits during their entire life cycle.
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2. Experimental Program, Materials, Mix Designs, Mix Preparation, and
Test Methods

This research was conducted to develop ambient-cured AAECs with multi-functional
properties based on four basic mixes developed in previous research studies [1,59] by
incorporating binary/ternary blends of source materials activated with two different types
(type 1 and type 2)—high-calcium powdered reagent combinations and various combi-
nations of MgO expensive agent (for self-healing) and carbon nanomaterials (MWCNTs
and rGO)—for inducing conductive and self-sensing properties. The rationale for choosing
these base alkali-activated mixes is to maintain continuity with the previous research study
conducted at Toronto Metropolitan University that aimed to develop alkali-activated mixes
using powder reagent and ambient curing, where the chosen combinations performed
better than controls. A one-part dry mix technique using powder-based reagent under
ambient conditions was chosen considering its benefits of easy handling, cost-effectiveness,
and environment-friendliness. A total of 32 AAECs were produced and their workability or
fresh state (slump flow, slump flow with time, fresh density), hardened state (compressive
strength, UPV and dry density), and microstructural characteristics were evaluated using
scanning electron microscopy (SEM) coupled with energy-dispersive Spectrometer EDS,
X-ray diffraction (XRD) and Fourier transform Infrared Spectroscopy (FTIR) analysis.

2.1. Materials

The AAEC mixes were prepared using two combinations of FA and GGBFS as source
materials. The binary (designated as B) AAEC mixes were prepared by mixing high-calcium
FA type C (FA-C) and GGBFS, whereas the ternary ones (designated as T) were developed
by mixing high-calcium FA type C (FA-C), low-calcium FA type F (FA-F), and GGBFS.
The rationales for selecting these industrial waste-based source materials are a reduction
in CO; emissions and an improvement in the properties of AAEC (particularly strength)
due to the resulting high calcium and considerable amount of silicate contents. A high-
range water reducer admixture (HRWRA) was required to ensure flowable AAM mixes. A
polycarboxylate ether-based HRWRA with a solid content of 40%, pH of 6, and specific
gravity of 1.06 g/cm® was used. Silica sand with a maximum particle size of 600u was
used as the fine aggregate. The MgO used in this study was prepared by burning MgCO3
for two hours at 900 °C, and was classified as lightly burnt [22]. The AAEC mixes were
prepared by reinforcement with 1.2% oil-coated polyvinyl alcohol (PVA) fibers. The PVA
fibers were approximately 8 mm in length and 39 um in diameter and could impart strain-
hardening characteristics with multiple micro crack formations. The physical properties
and chemical compositions (as per the X-ray fluorescence spectrometer “XRF” analysis) of
the FAs, GGBFS, silica sand, and MgO are presented in Table 1, with gradations shown
in Figure 1.

As per the dry mix technique [60,61], two combinations of different alkaline reagents
(obtained from Westlab Canada) were used in powder form to prepare two types of high-
calcium-based activators to activate the source materials. Activator type 1 was prepared
by mixing calcium hydroxide (CaOH, with specific gravity = 2.24 and pH = 12.4-12.6)
with sodium meta silicate (NaySiO3-5H,O with modular ratio, SiO, /NayO = 1, specific
gravity = 0.7, pH = 11.3) in a ratio of 1:2.5 (Ca(OH);:Nay5iO3-5H,O = 1:2.5), and the
modular ratio (5i0;/NajO) of this mixture was 3.22. Activator type 2 was prepared by
combining calcium hydroxide (Ca(OH);) and sodium sulfate (Na,SO4 with specific gravity
=2.70 and pH =7) beads/powder in a ratio of 2.5:1 (Ca(OH);:NaySOy). The physical and
chemical properties of both activator combinations are listed in Table 1 [59-61].
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Table 1. Chemical compositions and physical characteristics of materials.

Chemical Fly Ash Fly Ash Ground Granulated Silica Magnesium
Composition Type C Type F Blast Furnace Slag Sand HRWRA Oxide
(%) (FA-C) (FA-P) (GGBFS) (MgO)
5i0; 36.53 55.66 35.97 99.70 2.02
AlLO3 18.26 22.09 9.18 0.14 6.124
Fe,O5 5.66 4.26 0.50 0.016 0.94
CaO 20.97 7.97 38.61 0.01 2.40
MgO 5.08 1.16 10.99 0.01 92.26
K,O 0.68 1.49 0.36 0.04 -
Na,O 4.04 4.10 0.28 0.01 -
MnO 0.03 0.03 0.25 0.00 -
TiO, 1.26 0.61 0.39 0.00 -
P,05 0.96 0.43 0.01 0.00 -
LO.L 2.18 1.05 0.74 0.00 1.14
pH 6.00
Density (g/cm?) 261 2.02 2.87 2.65 1.06 3.58
Retained on 45y, % - 18.00 - 3.00
Blai(rrfzf/ii;less 315.00 306.00 489.30 -
100
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80
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g 50
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Figure 1. Grain size distributions of SCMs and silica sand.

Two different carbon-based nanomaterials (MWCNTs and rGO) were incorporated at
different dosages within the AAEC mixes as conductive and self-sensing agents. MWCNTs

are hollow and cylindrically shaped carbon allotropes with high aspect ratios. They usually

consist of layers of rolled concentric nanotubes and walls of multiple one-atom-thick sheets
of carbon. The MWCNTs had a diameter of 20-30 nm, length of 10-30 um, Blaine fineness
of 110 m?/g, density of 1.2 g/cm?, electrical conductivity greater than 1072 s/cm, and
purity of 95% or more, containing less than 1.5% ash by weight per the supplier Cheaptubes
Inc. (Grafton, VT, USA) [62]. rGO usually undergoes a reduction process, following the

microwave technique, after its production. This process aids in removing functional groups,

which promotes dispersion and restores the carbon structure. rGO consists of randomly
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aggregated sheets, corrugations, and scrolling because its 2D membrane structure becomes
thermodynamically stable via blending [63,64]. rGO (black powder form with a purity of
99% or more) with 8-10 layers, a length of 1-10 um, a thickness of 3-6 um, a diameter of
0.5 um, a density of 0.03 g/cm?, an electrical conductivity around 560 s/cm, and a Blaine
fineness of 130 m2/ g was used. The elements contained in the rGO are 91% C, <8% O,
<1%S, 2% H, and 0.4% N. Images of all aforementioned raw materials used for this study
are presented in Figure 2.

Fly Ash -F

MgO

\r Yy \

N d K 4 4

Silica sand Ca(OH), NaSiO;

PVA fiber

| N

Na;SO, MWCNT rGO HRWRA

Figure 2. Source, sand, activator, additive, fiber, and admixture materials.

2.2. Mix Proportions

The experimental study consisted of a total of 32 AAEC mixes with two types of muti-
component activators (Type 1 and Type 2) and three different fillers/additive materials
(MgO, MWCNT, and rGO). All AAEC mixes were prepared following either the “one part”
or “dry mix” technique. The mix proportions for all 32 one-part AAEC mixes are presented
in Table 2, along with their mix designations. Four control mixes (B1, B2, T1, T2) without
additions of MgO, MWCNT, or rGO were produced based on previous studies [1,65-68], in
addition to the other 24 AAEC mixes that contained MgO, MWCNT, and rGO. The binary
(B) mixes contained the combinations of FA-C and GGBFS, whereas the ternary (T) mixes
were prepared with FA-C, FA-F, and GGBFS. The FA and GGBFS contents were varied
from 52% to 60% and from 38% to 45%, respectively, and the silica sand content was kept
constant at 30% by mass of the total binder content. The water-to-binder ratio was varied
from 0.35 to 0.4 to achieve a minimum slump flow diameter of 500 mm. The dosage of
HRWRA was kept constant (0.02 wt% of binder) due to its acidic nature and to prevent the
effect of its alkalinity on the varying mix proportions. The PVA fiber was used at 2% by
volume for all mixes to induce strain hardening and multiple-microcracking characteristics.
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Table 2. Mix proportions of 32 AAEC mixes.

Chemical Ratios

a0 e i ot R (SCMs + Reagend
*  (Binder®) rGO FA-C FA-F GGBFS Ratio :112002; 1\;21‘20?/ (Sjia(?zl 1121322(?3/
Four basic AAEC mixes (with 0% MgO/MWCNT/rGO)
Bl 1 0 0.55 0 0.45 1:2.5 0.09 2.62 0.09 0.84 0.23
B2 1 0 0.55 0 0.45 2.5:1 0.12 2.56 0.14 1.02 0.35
T1 1 0 0.25 0.35 0.40 1:2.5 0.09 2.75 0.08 0.59 0.22
T2 1 0 0.25 0.35 0.40 2.5:1 0.12 2.69 0.12 0.73 0.32
Four AAEC mixes with 5% MgO
BIM5 1 0.05 0.52 0 0.43 1:2.5 0.09 2.58 0.09 0.85 0.23
B2M5 1 0.05 0.52 0 0.43 2.5:1 0.12 2.51 0.14 1.03 0.35
TIM5 1 0.05 0.24 0.33 0.38 1:2.5 0.09 297 0.05 0.54 0.14
T2M5 1 0.05 0.24 0.33 0.38 2.5:1 0.12 2.97 0.05 0.54 0.14
Eight AAEC mixes with 0.3% and 0.6% MWCNT
B1C3 1 0.003 0.55 0 0.45 1:2.5 0.09 2.62 0.09 0.84 0.23
B2C3 1 0.003 0.55 0 0.45 2.5:1 0.12 2.56 0.14 1.02 0.35
T1C3 1 0.003 0.25 0.35 0.40 1:2.5 0.09 2.75 0.08 0.59 0.22
T2C3 1 0.003 0.25 0.35 0.40 2.5:1 0.12 2.69 0.12 0.73 0.32
B1Ce6 1 0.006 0.55 0 0.45 1:2.5 0.09 2.62 0.09 0.84 0.23
B2C6 1 0.006 0.55 0 0.45 2.5:1 0.12 2.56 0.14 1.02 0.35
T1Ce6 1 0.006 0.25 0.35 0.40 1:2.5 0.09 2.75 0.08 0.59 0.22
T2C6 1 0.006 0.25 0.35 0.40 2.5:1 0.12 2.69 0.12 0.73 0.32
Eight AAEC mixes with 0.3% and 0.6% rGO
BIR3 1 0.003 0.55 0 0.45 1:2.5 0.09 2.62 0.09 0.84 0.23
B2R3 1 0.003 0.55 0 0.45 2.5:1 0.12 2.56 0.14 1.02 0.35
T1R3 1 0.003 0.25 0.35 0.40 1:2.5 0.09 2.75 0.08 0.59 0.22
T2R3 1 0.003 0.25 0.35 0.40 2.5:1 0.12 2.69 0.12 0.73 0.32
B1R6 1 0.006 0.55 0 0.45 1:2.5 0.09 2.62 0.09 0.84 0.23
B2R6 1 0.006 0.55 0 0.45 2.5:1 0.12 2.56 0.14 1.02 0.35
TIR6 1 0.006 0.25 0.35 0.40 1:2.5 0.09 2.75 0.08 0.59 0.22
T2R6 1 0.006 0.25 0.35 0.40 2.5:1 0.12 2.69 0.12 0.73 0.32
Eight AAEC with 5%MgO and MWCNT or rGO (0.3% or 0.6%))

B2M5C3 1 0.05/0.003 0.52 0 0.43 2.5:1 0.12 2.56 0.14 1.02 0.35
T2M5C3 1 0.05/0.003 0.24 0.33 0.38 2.5:1 0.12 297 0.05 0.54 0.14
B2M5C6 1 0.05/0.003 0.52 0 0.43 2.5:1 0.12 2.56 0.14 1.02 0.35
T2M5C6 1 0.05/0.003 0.24 0.33 0.38 2.5:1 0.12 297 0.05 0.54 0.14
B2M5R3 1 0.05/0.006 0.52 0 0.43 2.5:1 0.12 2.56 0.14 1.02 0.35
T2M5R3 1 0.05/0.006 0.24 0.33 0.38 2.5:1 0.12 297 0.05 0.54 0.14
B2M5R6 1 0.05/0.006 0.52 0 0.43 2.5:1 0.12 2.56 0.14 1.02 0.35
T2M5R6 1 0.05/0.006 0.24 0.33 0.38 2.5:1 0.12 297 0.05 0.54 0.14

* All numbers are mass ratios of binder; binder denotes source materials (SMs): supplementary cementitious
materials (SCMs) such as FA-C, FA-F, GGBFS, and activator; MgO: magnesium oxide; MWCNT: multi-wall carbon
nano tube; rGO: reduced graphene oxide; B1, B2: binary AAEC with activator type 1 and type 2, respectively; T1,
T2: ternary AAEC with activator type 1 and type 2, respectively; M5: AAEC mixes with 5% MgO by wt. of binder,
C3/C6: AAEC mixes with MWCNT content of 0.3% and 0.6% wt. of binder, R3/R6: AAEC mixes with rGO of
0.3% and 0.6% wt. of the binder.

The AAEC mixes incorporating MgO were prepared using 5% MgO, while those with
MWCNT and rGO were prepared by incorporating 0.3% and 0.6% MWCNT and rGO by wt
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of binder contents. The activator/reagent components and the initial chemical ratios in the
mix compositions of all AAECs are also presented in Table 2. Activator type 1 has a reagent
component ratio (calcium hydroxide to sodium metasilicate) of 1:2.5, while activator type 2
has a reagent component ratio (calcium hydroxide to sodium sulfate) of 2.5:1. These ratios
were chosen based on previous research studies on AABs [60,61,65]. The fundamental
chemical ratios in terms of silicon oxide/aluminum oxide, sodium oxide/silicon oxide,
calcium oxide/silicon oxide, and sodium oxide/aluminum oxide were evaluated based
on their chemical compositions of reagents and source materials. These chemical ratios
were all found to be within the acceptable range as per research studies on fly ash- and
slag-based mortars [60,61,65].

2.3. Mixing, Dispersion of MWCNT/rGO, Casting, and Curing of Specimens

The powdered reagent components were first mixed thoroughly and then added to
the rigorously blended source materials (and MgO, if needed). The complete binder system
was then dry mixed for about 5 min in a shear mixer before two-thirds of the required water
was gradually added to the mix while mixing continued for 3-4 min. Then, HRWRA mixed
with the remaining amount of water was gradually added for 4-5 min to make a flowable
paste. After that, silica sand was added slowly for 3-4 min as per the proportions given in
Table 2, then PVA fibers were added slowly for 3-4 min and mixed for an additional one
minute to make control and MgO AAECs.

For AAEC mixes with MWCNT and rGO, two-thirds water and 50% HRWRA were
mixed for 1-2 min by hand stirring in the beaker, after which MWCNT/rGO was added
and hand stirred for 2-3 min. The beaker was then placed inside the sonicator, a probe
was inserted into the beaker, and sonication was performed for 30—40 min. The amount
of sonication energy was 50 J/mL~75 J/mL to effectively disperse MWCNT /rGO to the
water [35,38,69]. The reason behind using this range of sonication energy is the shortening
effect in MWCNTs for energy amounts over 75 J/mL [65]. Suave et al. [70] reported
that a lower sonication energy with a longer sonication time provides better conditions
than a higher sonication energy with a shorter sonication time in terms of preparing
MWCNTs functionalized with carboxylic groups. However, the optimal level of sonication
energy for dispersion is related to the CNT concentration. Still, when the concentration
reaches a certain level, it cannot be well dispersed, requiring different technologies with
different degrees of dispersion and a different optimal sonication energy. The mixture of
sonicated MWCNT/rGO with water and HRWRA was then slowly added into the already-
made dry mix (as explained previously in control mix preparation) for 4-5 min while
mixing continued in shear mixer, after which silica sand was gradually added to prepare
MWCNT/rGO-incorporated AAECs. Figure 3 shows MWCNTs before, during, and after
sonication and the sonication device. The use of the dry-mixing method allowed us to
avoid the handling of solution-based corrosive alkaline reagents and used less powder-
based reagent (0.35 of total binder content) than the solution-based one [4,60,61]. Thus, it
demonstrated its enhanced sustainability, user-friendliness, and commercial viability in
developing AAECs on a large scale compared to the conventional two-part method.

The total mixing procedure lasted about 20-25 min. At least 15 cube specimens
with dimensions of 50 mm x 50 mm x 50 mm were prepared for each AAEC mix. The
molds/specimens were kept in the curing room at 23 £ 3 °C and 95 & 5% relative humidity
(RH). The molds were de-molded after 24 h of casting and were kept in the curing chamber
until the day of testing.
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Figure 3. MWCNT at three stages: (a) before sonication (dry), (b) during sonication, and
(c) after sonication.

2.4. Test Methods

The physical workability properties in terms of the slump flow, flow time (T50), and
fresh density of AAECs with MgO and MWCNTs/rGO and MgO-MWCNTs/rGO were
evaluated immediately after mixing. The slump flow and fresh density of AAECs were
measured as per the ASTM C1611 [71] and ASTM C138 [72] standards, respectively. The
hardened density of the AAECs was evaluated following the conventional weight and
volume measurement methods. The slump flow spread characteristics of the mixes, of
which a typical one is presented in Figure 4a, were assessed through a slump cone test
in compliance with ASTM C1437 [73]. Additionally, the slump flow time (T50) to reach
500 mm slump flow was recorded to calculate the slump flow velocity. A compressive
strength test using cube specimens (Figure 4b) at 7, 14, 28, 56, and 180 days was conducted
according to ASTM C109/C109M [74] by applying a loading rate of 1 kN/s. An ultrasonic
pulse velocity (UPV) test was conducted on the same cube specimens using a Portable
Ultrasonic Non-Destructive Digital Indicating Tester as per ASTM C597 [75]. At least three
specimens were tested at each age for the compressive and UPV tests.

Figure 4. (a) Slump flow test, (b) compressive strength test.

SEM and EDS analyses were performed on the AAECs to determine the reaction
products by taking chip specimens (approximately 10 mm x 5 mm x 5 mm) from the core
of the failed compression test cubes at 180 days followed by coating them gold to make
the surface conductive. The fracture surface was studied using secondary electrons (SEs)
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and backscattered electron (BSE) microscopy at 20 kV. The specimens’ morphologies were
studied at 100x (100 pm), and the assessment of the reaction products was performed at
2000x (10 um).

The specimen preparation for the XRD analysis consisted of grinding the specimen
taken from the core of the 180-day failed compression cubes. The ground specimen was
passed through a 200-mesh sieve. A Bruker D8 Endeavor diffractometer equipped with
a Cu X-ray source and operating at 40 kV and 40 mA; a range of 5-70 deg 6; a step size
of 0.02 deg 2°; a time per step of 0.5 s; a fixed divergence slit, an angle of 0.30; a sample
rotation of one rev/s was used to identify the mineral phases using the PDF4/Minerals
ICDD database.

Like the XRD analysis, the powder from the AAEC specimens was subjected to Fourier
transform infrared spectroscopy (FTIR) analysis. The FTIR spectra were recorded with the
Perkin Elmer Spectrum 400 spectrometer in mid-IR mode. Before beginning the analysis,
rubbing alcohol was used to clean the sample platform. Approximately 5 mg of the powder
specimen was decanted onto the platform for further analysis. The spectrum was obtained
over a range from 4000 to 400 cm~!. FTIR measurements were performed on a Fourier
transform infrared spectrophotometer (Jasco 4200 Type A, Jasco, Easton, MD, USA). The
FTIR spectra were obtained within a wavenumber range from 400 to 4000 cm~! at a
resolution of 4 cm~!. The KBr pellet was used to carry out the FTIR measurements and the
pellets were prepared by pressing a mixture of the sample in a die set. In FTIR analysis,
the sample was irradiated with infrared light over a range of frequencies. The interaction
between the infrared light and the material caused the absorption or transmission of
specific wavelengths, which was detected and analyzed to identify the functional groups
and chemical bonds within the material.

3. Results and Discussion

Table 3 summarizes the workability (slump flow /flow time (T50)/flow velocity/fresh
density) and hardness (28-day compressive strength/density/UPV) properties of all
32 AAECs. The following subsections present the influence of the MgO, nanomateri-
als (MWCNT/rGO), and reagent types on the workability, compressive strength, UPV, and
microstructural characteristics of the AAECs.

Table 3. Physical workability and hardened properties of AAECs.

* 28-Day
*
AAECMix Fres!1 Slump Flow  Slump Flow Slump lflow Hard{Dry * 28-Day Compressive
Density . Velocity Density
ID 3 (mm) Time (s) 3 UPV (m/s) Strength
(kg/m?) (mm/s) kg/m
(MPa)
Bl 1921 700 4 175.0 2000 3432 38.5
B2 1924 705 5 141.0 2032 3067 40.8
T1 1930 710 3 236.7 2120 3231 30.5
T2 1914 750 3 250.0 2064 3717 33.4
BIM5 1924 690 5 138.0 2016 3845 46.2
B2M5 1923 685 5 137.0 2072 3896 48.5
TIM5 1927 700 4 175.0 1984 3762 38.2
T2M5 1933 705 4 176.3 2056 3954 41.1
B1C3 1930 720 4 180.0 2008 3566 41.5
B2C3 1930 660 4 165.0 2080 3436 44.6
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Table 3. Cont.

* 08
AAECMix Fres.h Slump Flow  Slump Flow Slump l.zlow " Hard/.Dry * 28-Day Conf}S)r]eDsas}i’ve
ID De“S‘gy (mm) Time (s) Velocity De““?’ UPV (m/s) Strength
(kg/m>) (mm/s) kg/m (MP2)
T1C3 1903 710 3 236.7 2016 3605 33.2
T2C3 1928 725 3 241.7 2096 4068 36.4
B1C6 1950 700 5 140.0 2044 3582 35.5
B2Co6 1950 670 5 134.0 2036 3659 36.4
T1C6 1935 630 4 157.5 1960 3634 26.0
T2C6 1938 710 4 177.5 2168 3785 28.6
BIR3 1939 650 4 162.5 2032 3738 43.0
B2R3 1978 620 4 155.0 2152 3582 45.3
TIR3 1882 625 3 200.0 2060 3450 35.0
T2R3 1911 720 3 240.0 2096 3943 37.9
B1R6 1945 620 4 155.0 2060 3282 40.5
B2R6 1954 660 4 165.0 2060 3122 42.8
TIR6 1953 735 3 245.0 2068 3278 32.5
T2R6 1953 780 2 260.0 2176 3823 35.4

* mean value of at least three specimens; deviation from mean: density ~+ 5 kg/ m3, UPV ~+ 10 m/s; compressive
strength ~+ 0.5 MPa.

3.1. Physical Characteristics: Slump Flow, Flow Time, Flow Velocity and Density

The intent of this investigation was to find stable AAEC mixes with good workability
considering the raw materials, curing conditions, and activator types used, as well as
the optimum mix proportions [76]. Visual inspections were also conducted to observe
segregation characteristics in terms of the separation between solid and liquid components
of the mix. All the mixes showed stable performance with no segregation, as can be seen
from the slump flow shown in Figure 4a. The fresh density of the AAECs ranged from
1911 kg/m? to 1954 kg/m3 while the dry (hardened) density ranged from 1984 kg/m3 to
2176 kg/m?3 (Table 3).

Figure 5 shows the influence of the MWCNT, rGO, and MgO content on the slump
flow of the AAEC mixes. The slump flow value of the AAEC mixes decreased with an
increase in MWCNT content (Figure 5a) from 0 to 0.6%, except for the binary mixes with
reagent 2 (B2). The slump flow (Figure 5b) decreased with the increase in rGO content from
0 to 0.3% and then showed an increasing trend up to 0.6%, except for the binary mixes with
reagent type 1 (B1). The binary and ternary mixes with 0.3% rGO content generated the
minimum slump flow as compared to their control mixes (with 0% rGO or MWCNTs) and,
mostly, those with 0.6% rGO content. However, for the binary and ternary mixes, the MgO
content had an insignificant influence on the slump flow of the AAEC mixes, although a
slight decrease in the slump flow with the addition of 5% MgO was observed (Figure 5c).
Among all the mixes (Table 3), a ternary mix with 0.6% rGO (T2R6) showed the highest
800 mm slump flow while the lowest slump flow of 620 mm was recorded for the binary
rGO mix (B2R6).

As per the EFNARC (2002) [75] guidelines, concrete and composites possess good
filling and self-consolidating ability if their slump flow ranges between 650 mm and
800 mm. Almost all the AAEC mixes satisfied the EFNARC [77] criteria by showing a
slump flow value of >600 mm.
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Figure 5. Influence of (a) MWCNT, (b) rGO, and (c) MgO contents on slump flow characteristics.

In the case of control AAECs, the ternary mixes (T1 or T2) exhibited higher slump flows
(Table 3) than their binary counterparts (B1 or B2) due to the replacement of FA-C by FA-F
with smooth round shape particles (associated with a decrease in FA-C and GGBFS contents
as per Table 2) that enhance flowability. As discussed earlier, activator type 2 results in
less viscous mixes owing to a lower silica ratio and low desolation rate, and, thus, can be
theorized to yield a higher slump diameter. This trend can be observed for the control mixes
made with activator type 2 (B2 and T2). However, the addition of MgO/MWCNTs/rGO,
in almost all cases (specifically binary mixes), showed less significant but lower or almost
similar slump values for the mixes with activator type 2 compared to the mixes with
activator type 1 (Table 3). The increase in the solid load, finer surface of fine particles,
water affinity, and agglomeration tendency of MgO, MWCNTs, and rGO can be theorized
to contribute to such variations and the reduced workability. In the case of the ternary
mixes, however, the mixes with activator type 2 have a slightly higher slump flow value
due to the presence of round fly ash combined with the lower colloidal formation of the
low-silica-based activator type 2. An increase in the MWCNT content induces a higher
solid ratio. Moreover, the agglomeration and high water affinity of MWCNT particles are
also essential contributing factors. There was about a 4-5% decrease in the slump flow
(or workability) for an increase in MWCNT content from 0.3% to 0.6% for the AAECs.
Such a decrease in workability with the proportional increase in the MWCNT additive was
reported in earlier studies [78].

During the slump flow diameter measurement, the flow time (T5p) was recorded for
the AAECs to spread up to a 500 mm diameter—a lesser Ts( time suggests good flowability,
as per EFNARC [77]. As per Table 3, the AAEC mixes achieved T5p values within a
time range from 2 s to 5 s, which is considered to satisfy the criteria for good-flowability
concrete [77]. A minimum slump flow time of 2 s was observed for the AAEC mix T2R6
(with activator type 2 and 0.6% rGO), whereas a maximum flow time of 5 s was observed
for the binary mixes with MWCNT and MgO (Table 3).

As for the control mixes, the binary variants took more time to reach a 500 mm diame-
ter than the ternary ones. This corresponded to their lower slump velocity compared to the
ternary ones (about 26% and 46% less for binary mixes with activator type 1 and 2, respec-
tively), due to the absence of smooth round fly ash F particles that can reduce interparticle
friction, which is described as being connected to the slump flow. The reduction in slump
velocity is more pronounced with the use of activator type 2 due to the presence of more
colloidal particles compared to type 1. The addition of 5% MgO increased the amount of
finer particles with a high water affinity and thus reduced the slump velocity by about
19~20% compared to the control mixes (Table 4). Similarly, the addition of MWCNTs/rGO
and increase in their content caused a reduction in the slump velocity due to inducing a
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higher solid ratio in the mixes. Moreover, the agglomeration and high water affinity of the

MWCNT particles were also important factors.

Table 4. Compressive strength changes over time of different mixes.

Strength Change with Respect to Control (%)

ABI}[E(C Compressive Strength (MPa) * (+ve: Increase, —ve: Decrease)
ID 7 Days 14 Days 28 Days 56 Days 180 Days 7 Days 14 Days 28 Days 56 Days 180 Days
Control AAECs
Bl 14.3 28.5 38.5 458 50.3 0 0 0 0 0
B2 15.6 30.8 40.8 48.1 52.6 0 0 0 0 0
T1 14.9 22.5 30.5 37.8 423 0 0 0 0 0
T2 15 254 334 40.7 452 0 0 0 0 0
5% MgO Incorporated AAECs
BIM5 20.1 35.5 46.2 52.6 56.8 40.4 24.6 20 14.8 12.9
B2M5 214 37.8 48.5 54.9 59.1 371 22.7 18.9 14.1 124
T1IM5 20.7 29.5 38.2 44.6 48.8 38.9 31.1 25.2 18 154
T2M5 20.7 324 411 47.5 51.7 38.6 27.6 23.1 16.7 144
MWCNT (0.3% and 0.6%) incorporated AAEC
B1C3 17.9 30.5 415 49.4 53.9 25.1 7 7.8 7.8 7.1
B2C3 19.4 34.6 44.6 51.9 56.4 24 12.2 9.2 7.8 7.1
T1C3 18.4 26 33.2 41.3 45.8 23.5 15.6 8.9 9.3 8.3
T2C3 18.5 28.9 36.4 442 48.7 234 13.8 9 8.6 7.7
B1C6 15.3 29.5 355 442 484 7 35 —7.8 —3.5 —3.8
B2C6 16.6 31.8 36.4 453 50.3 6.4 3.2 —-10.8 —5.8 —44
T1C6 15.9 20.2 26 36.2 40.4 6.7 —10.2 —14.8 —42 —45
T2C6 16 21.1 28.6 39.1 4.7 6.7 -16.9 —144 -39 —5.5
rGO (0.3% and 0.6%) incorporated AAEC
BIR3 18.8 33 43 50.3 54.8 315 15.8 11.7 9.8 8.9
B2R3 20.1 353 453 52.6 57.1 28.8 14.6 11 9.4 8.6
TIR3 194 27 35 423 46.8 30.3 20 14.8 11.9 10.6
T2R3 19.5 29.9 37.9 45.2 49.7 30.1 17.7 13.5 11.1 10
B1R6 16.3 30.5 40.5 47.8 52.3 14 7 52 44 4
B2R6 17.6 328 428 50.1 54.6 12.8 6.5 49 42 3.8
TIR6 16.9 24.5 325 39.8 443 134 8.9 6.6 5.3 47
T2R6 17 27.4 354 4.7 472 13.4 7.9 6 49 44
5% MgO and MWCNT or rGO (0.3% and 0.6%) incorporated AAECs
B2M5C3 238 40.2 50.9 57.3 61.5 52.4 30.5 24.8 19.1 16.9
T2M5C3 231 34.8 43.5 49.9 54.1 54.3 36.8 30.1 22.5 19.6
B2M5C6  21.6 38 48.9 55.1 59.3 38.6 23.5 20 14.6 12.8
T2M5C6 21 32.7 414 47.8 52 404 28.6 23.8 17.3 15
B2M5R3 25.18 41.6 52.3 58.7 62.9 61.4 35.1 28.2 22 19.6
T2M5R3  24.61 36.27 44.97 51.37 55.57 64.5 428 34.6 26.2 229
B2M5R6  22.18 38.6 49.3 55.7 59.9 422 25.3 20.8 15.8 13.9
T2M5R6 21.7 334 421 48.5 52.7 453 315 26 19.2 16.6

* mean value of at least three specimens (deviation from mean: £ 0.5 MPa).
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As can be seen, the flowability of all geopolymer binders increases with the increase
in the Nap,O/SiO; ratio [60,61]. This also means that a higher alkalinity provides a higher
flowability of the mixtures. The setting times of the representative mortar portions of all the
AAECs without PVA fiber were also studied, where an increase in the Na,O/SiO, ratio led
to quicker setting times, meaning that the higher the alkalinity, the faster the agglomeration
and poly-condensation. The same trend was observed by Gado et al. [79] and Allahverdi
and Kani [80]. The addition of MgO and MWCNTs yielded comparatively lower initial and
final setting times compared to the controls. The initial setting times ranged from 190 min
to 311 min while the final setting times ranged from 230 min to 369 min, depending on
the reagent type (type 1 and type 2) and the use of MgO/MWCNTs/rGO. Both MgO and
functionalized MWCNTs have a high water affinity due to an increased surface area, which
absorbs a significant quantity of water within the surface, resulting in a more viscous matrix
and producing lower setting times. The lower water affinity of the rGO particles ensured a
higher workability with a low viscosity, causing a lower variation in setting times.

3.2. Hardened Characteristics: Compressive Strength and UPV

This section describes the evolution of the compressive strength over the time periods
of 7, 14, 28, 56, and 180 days with strength enhancement at various ages with respect
to the control (summarized in Table 4) and the UPV characteristics, as well as to the
co-relation between the UPV and compressive strength at 28 days. The influences of
the MgO/MWCNTs/rGO and other various mix design parameters (reflecting binary
and ternary combinations of source materials, reagent types, and chemical ratios) on
the compressive strength and UPV are analyzed. These parameters are described to
illustrate the influence of various mix design parameters, reflecting the binary and ternary
combinations of SCMs as well as the types and proportions, of powder-based reagents and
chemical ratios.

3.2.1. Influence of MgO, MWCNT and rGO on Compressive Strength Development

All AAECs achieved a 28-day compressive strength ranging from 26.0 MPa to 48.5 MPa
> 18 MPa (as per Tables 3 and 4), which is the range specified for structural concrete as
per ACI 318 [81], and which is also comparable to other conventional two-part FA and
GGBFS-based geopolymers [4,61]. The binary AAECs (FA-C + GGBEFES designated as B)
that had higher CaO/SiO; ratios (as presented in Table 2) obtained higher compressive
strengths than their ternary (FA-C + FA-F + GGBFS designated as T) counterparts (Table 3)
due to the formation of additional CSH binding phases/gels with C-A-5-H/N-C-A-S-H,
as is evident from the microstructural analysis (discussed later). All the mixes exhibited a
ratio of NayO/Al,Oj3 of less than 1 (Table 2), which prevented efflorescence, as observed in
previous studies where NayO/Al,O3 < 1 resulted in sodium consumption in the reaction
process and, in turn, prevented efflorescence.

The evolution of the compressive strength with the age (0, 7,14, 28, 56, and 180 days)
of control AAEC mixes (B1, B2, T1, and T2) without any MWCNTs/rGO or MgO are
presented in Figure 6 and Table 4. The compressive strength increased with age, and
the rate of increase was higher than that of controls up to 56 days (due to a higher rate
of polymerization) and then slowed down, showing a steady increase up to 180 days
(Figure 6). The compressive strength was higher for the binary mixes (B1, B2) than their
ternary counterparts (T1 and T2) and, also, the reagent 1 mixes developed a lower strength
than their reagent 2 counterparts throughout the aging process. Binary mix B2 with
reagent 2 exhibited the highest compressive strength (with 40.8 MPa, 48.1 MPa, and
52.6 MPa at 28 days, 56 days, and 180 days, respectively) throughout the aging followed
by B1, T2, and T1. Reagent 2 (Ca(OH);:NaySOy4 = 2.5:1) performed better than reagent
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1 (Ca(OH);:NaySiO3-5H,0 = 1:2.5) in terms of its compressive strength development.
The reagent 2 component ratio of Ca(OH);:NaySOy4 = 2.5:1 was judged to be the optimal
composition based on the strength results (52.6 MPa at 180 days) of binder system B2. The
high alkalinity of sodium metasilicate (pH = 14) enhanced the dissolution of Si and Al
ions from the FA-F, which otherwise showed low reactivity. The high-calcium precursors
(GGBFS and FA-C) also formed C-A-S-H acute phases, which compacted the amorphous
N-A-S-H, resulting in a dense microstructure and high compressive strengths. However, for
reagent 2, a Ca(OH);/NapSO4 = 2.5:1 component ratio was determined to be superior, and
also outperformed reagent 1, as depicted in Figure 6. The additional C-S-H gel formation
from the composition with reagent 2 led to higher compressive strengths due to the high
calcium levels in the system. B2 exhibited a higher strength (28% higher at 28-days) than
its counterpart T2 due to its 30% higher fly ash C content. This can also be attributed to
the high CaZ* content in the matrix, coming from the FA-C, the GGBFS, and the activator
Ca(OH), component, which formed a denser microstructure.
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Figure 6. Evolution of compressive strength of AAECs (without MgO/MWCNTs/rGO) with age.

The MgO-incorporated AAEC mixes (B1M5, B2M5, TIM5, T2M5) exhibited higher
strength development with age (Figure 7) compared to their control counterparts (B1, B2,
T1, and T2). Adding 5% MgO in the AAEC mixes increased the compressive strength
(for example, 19~20% and 23.1~25.2% at 28 days for the binary and ternary mixes, respec-
tively, Table 4). Overall, compared to the control mixes, strength increases of 37.1~40.4%,
22.7~31.1%, 18.9~25.25%, 14.15~19.05%, and 12.45~15.4% were observed at 7, 14, 28, 56,
and 180 days, respectively (Table 4), showing strength increases with increases in the age
and that the % of strength increase decreased with increases in the age. The geopolymers
solidify quickly and generate C-S-H and C-A-S-H gels, leading to considerable chemical,
autogenous, and drying shrinkage at the early stage. The highly reactive MgO accelerates
the early age hydration of slag as a result of fast heat release during the dissolution pro-
cess of MgO, which accelerates the hydration reaction, leading to the formation of more
hydration products [57]. The addition of fine reactive MgO generated a large number of
well-dispersed, fine, worm-like Mg(OH); crystals in a high-alkalinity liquid phase environ-
ment, which did not overgrow, resulting in uniform-volume micro expansion, effectively
compensating for volume shrinkage in the hardening process, matching the shrinkage
process, refining the matrix pore size, and increasing the compressive strength, as observed
in this study [53].

Figures 8-10 show the evolution of the compressive strength of the MWCNT-, rGO-,
MgO-MWCNT-, and MgO-rGO-incorporated AAECs with ages up to 180 days com-
pared to their control counterpart. The strength increased with the increase in age and
the trend of the rate of strength development was similar to those of the control and
MgO-incorporated AAECs.
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Figure 7. Evolution of compressive strength with age for MgO-incorporated (a) binary and (b) ternary
AAEC mixes with reagents 1 and 2.
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Figure 9. Evolution of compressive strength with age for rGO-incorporated (a) binary and (b) ternary
AAEC mixes with reagents 1 and 2.

For the MWCNT-incorporated mixes, the compressive strength was increased (+ve

value)/decreased (—ve value), respectively, with the use of 0.3% and 0.6% MWCNTs
by 15.1~23.4% and 6.4~7.0% at 7 days, 7.0~15.6% and 3.2~16.9% at 14 days, 7.8~9.2%
and 7.8 ~—14.8% at 28 days, 7.8~9.3% and —3.5~—5.8% at 56 days, and 7.1~8.3% and
—3.8~—5.5% at 180 days (Table 4). The compressive strength decreased at a higher 0.6%
MWCNT content at 28 days and beyond. For the rGO-incorporated mixes, the compressive
strength was increased, respectively, with the use of 0.3% and 0.6% rGO by 28.8~31.5%
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and 12.8~14.0% at 7 days, 14.6~20% and 6.5~8.9% at 14 days, 1~14.8% and 4.9~6.6% at
28 days, 9.4~11.9% and 4.2~5.3% at 56 days, and 8.6~10.6% and 3.8~4.7% at 180 days. The
rGO incorporated mixes exhibited higher compressive development than their MWCNT
counterparts at all ages, showing no decrease.
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Figure 10. Evolution of compressive strength with age for MgO-MWCNT /rGO-incorporated (a) bi-
nary and (b) ternary AAEC mixes with reagents 1 and 2.

For the MgO-MWCNT-incorporated mixes, the compressive strength was increased
with the use of 0.3% and 0.6% MWCNTs, respectively, by 52.4~54.3% and 38.6~40.4%
at 7 days; 30.5~36.8% and 23.5~28.6% at 14 days; 24.8~30.1% and 20~23.8% at 28 days;
19.1~22.5% and 14.6~17.3% at 56 days; 16.9~19.6% and 12.8~15.0% at 180 days (Table 4). For
the MgO-rGO-incorporated mixes, the compressive strength was increased with the use of
0.3% and 0.6% rGO, respectively, by 24.2~25.2% and 21.7~22.2% at 7 days; 35.1~42.8% and
25.3~31.5% at 14 days; 28.2~34.6% and 20.8~26% at 28 days; 22~26.2% and 15.8~19.2% at
56 days; 19.6~22.9% and 13.9~16.6% at 180 days. The MgO-MWCNT /rGO combination
significantly increased the compressive strength development, showing a higher % increase
in strength at all ages for the AAECs. Moreover, the negative influence of higher dosages
(>0.3%) of MWCNTs was overcome by using a 5% Mg0O-0.3%/0.6% MWCNT combination,
changing the decrease in compressive strength to an increase.

Figure 11a—c shows the influence of the MWCNT, rGO, and MgO content on the 28-day
compressive strength of AAECs. The increase in MgO content from 0 to 5% increased the
28-day compressive strength of the AAECs (Figure 11a). On the other hand, the 28-day
compressive strength increased with the increase in MWCNT or rGO content to 0.3% then
showed a decreasing trend up to 0.6% (Figure 11b,c). Therefore, it can be concluded that
0.3% is an optimum dose for MWCNTs/rGO to achieve better compressive strength.

These results indicate that the compressive strength was decreased by adding a higher
amount (>0.3% wt) of MWCNTs/rGO, although this effect can be compensated /reversed
by using MgO-MWCNT /rGO combinations. Previous studies by Rovnanik et al. [40] also
confirmed the compressive strength enhancement of fly ash-based geopolymer composites
with the addition of low dosages (0.2 wt%) of MWCNTs. An increase in the flexural
strength, modulus of elasticity, and toughness was also observed with the use of 0.35%
of rGO as a nano-filler in geopolymer composites [17]. This was attributed to the strong
dispersion of rGO sheets between fly ash particles due to their malleable property causing
them to fill voids and produce a denser matrix. A lower dosage of MWCNTs/rGO can be
uniformly dispersed in the matrix, which in turn will improve the compressive strength, as
observed in [17]. Although an appropriate amount of rGO can be evenly dispersed in the
matrix, overlap and agglomeration may still occur in excess, limiting the development of
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compressive strength. Furthermore, the rGO with a wrinkled texture cross-linked around
geopolymer particles altered the morphology and reduced the matrix’s porosity, which
positively impacted its fracture toughness [17]. Also, a smaller-sized MWCNT resulted in a
higher mortar compressive strength, as smaller MWCNTs were distributed at a much finer
scale, filling nanopore space within the matrix more efficiently [40].
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Figure 11. (a—c) Influence of (a) MgO, (b) MWCNT, and (c) rGO on 28-day compressive strength of
AAEGC mixes with reagents 1 and 2.

3.2.2. Influence of MgO, MWCNT, and rGO on 28-Day UPV

A UPV test was conducted to determine the quality of concrete, including detecting
the presence of cavities, joints, and cracks in addition to other properties over time. A high
UPV indicates a lower number of pores, that the particles are closer to each other, a higher
matrix homogeneity, and a lower wave travel time. Table 3 summarizes the 28-day UPV
values, which ranged between 3067 m/s and 3717 m/s, between 3762 m/s and 3954 m/s,
between 3436 m/s and 4068 m/s, and between 3122 m/s and 3943 m/s for control and
the MgO-, MWCNT-, and rGO-incorporated AAECs, respectively. Higher UPV values
were obtained for the AAEC mixes containing MgO, MWCNTs, and rGO than their control
counterparts (Table 3 and Figure 12a—c).

Figure 12a shows that, by adding 5% MgO in the AAECs, the UPV values were
increased from 6.4% (T2M5) to 27% (B2Mb5). The reason for this improvement was due
to additional reactions and extra C—A-S-H formation, which densified the matrix and
reduced the time for wave transmission. In addition, the formation of Mg(OH), crystals
produced uniform expansion and refined the pore size and pore structure, which also
contributed to the higher UPV and compressive strength, as discussed earlier. These results
supported the findings of previous studies by other researchers [22,82].

Figure 12b,c shows that adding 0.3% MWCNT/rGO increased the maximum UPV
values up to 12% (for B2C3). This indicated CNTs’/rGO’s filling capability, whichreduces
the porosity to produce a denser matrix (as discussed earlier), which in turn led to stronger
UPV and conductive properties. However, the addition of 0.6% MWCNTs/rGO did
not produce a linear increase in UPV; rather, it tended to produce lower UPV values,
indicating that 0.3% MWCNT/rGO is the optimum concentration (as observed in the case
of compressive strength), with the exception of B2C6 (showing an increase of 19% in UPV).
This can happen due to the improper dispersion of MWCNTs/rGO at higher concentrations
beyond the optimum doses in the AAECs. This finding supports the results of a previous
study by Asil and Ranjbar [83].

Figure 13 shows a linear correlation (dotted line) between the UPV and compressive
strength of AAEC mixes at 28 days. The observed trend reveals an increase in compressive
strength with an increase in UPV, as expected. The increase in compressive strength often
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corresponds to a denser and more homogeneous concrete matrix. A denser matrix transmits
ultrasonic waves more efficiently, resulting in higher UPV values [84,85].
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Figure 12. Influence of (a) MWCNT5, (b) rGO, and (c) MgO on 28-day UPV of AAEC mixes with
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It is important to note that, while Figure 13 provides a positive correlation, additional
analysis considering influencing factors related to the mix design, MWCNT /rGO disper-
sion, and curing conditions needs to be conducted for a comprehensive understanding of
the relationship between the UPV and compressive strength of AAECs. Nevertheless, the
derived correlation suggests the potential use of UPV as a reliable non-destructive testing
method for assessing the compressive strength of developed AAECs.

3.3. Microstructural Characteristics

The morphology and microstructural characteristics of the AAECs were studied by
SEM analysis, while their reaction products and elemental compositions were determined
and discussed using SEM/EDS, FTIR, and XRD analyses, which are detailed in the follow-

ing subsections.

3.3.1. SEM/EDS Analyses

Figure 14a—d presents the morphology of the control AAECs (B1, B2, T1, and T2).
As expected, the PVA fibers embedded in the AAEC matrix remained intact without
any rupture or breaking in the failed cube specimens tested under compression. The
morphology of the binary mixes appears to be denser, with a smaller number of un-
hydrated/partially hydrated fly ash particles than their ternary counterparts, as shown in
Figure 14a,c. The fly ash particles are embedded in the matrix of ternary mixes, as indicated
in Figure 14b,d. This can be attributed to the relatively lower reactivity of fly ash class
F particles.
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Figure 14. Morphology of the control mixes: (a) B1, (b) B2, (¢) T1, (d) T2.
The MgO-added mix exhibited the highest compressive strength (as described in the
previous section, Figure 11a) and showed a denser morphology than the control mixes. The

MgO-added mixes appeared to be the most compact among all the mixes, with some of the
particles acting as inert material, filling up the void spaces, as noted in Figure 15a—d.
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Figure 15. Morphology of (a) BIM5, (b) B2M5, (c) TIM5, (d) T2M5, (e) B2C3, (f) B2C6, (g) B2R3, and
(h) B2R6.

Good dispersion can be seen in Figure 15e,f, and individual MWCNTs are distributed
throughout the matrix uniformly. In addition to filling pores and voids, the MWCNTs
bridge hollow spaces and micro cracks. MWCNT bridging was observed, as shown in
Figure 15e, in a 2000k zoom picture from the SEM test. The crack-bridging effect of
MWCNTs contributes to the deacceleration of the initiation and extension of cracks [35].
The mechanical properties of MWCNT-incorporated AAEC mixes are better (especially the
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compressive strength and UPV for 0.3% wt. MWCNT dosage, as discussed in the previous
section, Figures 11b and 12a) than those of their control counterparts. The propagation of
micro cracks and branching must pass the nanotubes or occur in areas with a weak matrix—
MWCNT interaction bond state, which is essential to the macro properties of AAECs. The
absence of a prominent interfacial layer between the MWCNTs and the geopolymer matrix,
as can be inferred from the microstructure, demonstrates a healthy bond, indicating the
chemical stability of MWCNTs under geopolymerization. Figure 15g,h shows the good
morphology of the rGO-incorporated AAEC mixes (B2R3, B2R6) with uniform dispersion.
The main reaction product for binary mix B1 consisted of C-A-S-H and calcium-rich N-
C-A-S-H acute phases with traces of MgO, as indicated in the SEM/EDS graphs presented
in Figure 16a Their presence can be confirmed from the elements (Ca = 10.8%, Si = 8.3%, Al
=5.6%, C = 14.7%, Mg = 5.5%, Na = 1.5%, and O = 53.6%) noted in the EDS graph. The
partially hydrated round fly ash class C and angular GGBFS particles can be observed
in the SEM micrograph. The dominant reaction product for binary mix B2 consisted of
C-A-S5-H, as shown by the elements (Ca = 17.9%, 5i =7.7%, Al = 4.1%, C = 12.8%, O = 48.8%)
with higher percentages in the EDS analysis presented in Figure 16b. An additional binding
phase composed of C-S-H can be observed in the SEM micrograph because of the higher
calcium content in the system (for B2 with reagent 2) than that in mix B1. The higher calcium
content is attributed to the higher calcium content in reagent 2 (Ca(OH);:Na;SO4 = 2.5:1)
compared to that in reagent 1 (Ca(OH),:Na,5iO3-5H,0 = 1:2.5). The higher calcium content
in reagent 2 resulted mainly in the formation of C-A-S-H/C-S-H gels and comparatively less
dissolution of silicate and aluminum ions, which are responsible for polymerization/alkali
activation. As a result, the reagent 1 mixes developed lower strengths than their reagent
2 counterparts. The binary and ternary mixes developed C-A-S-H, N-C-A-SH, and C-5-H
reaction product combinations depending on whether they incorporated reagent type 1 or
2. However, the compressive strength was higher for the binary mixes (B1, B2) than their
ternary counterparts (T1 and T2) due to the higher fly ash C content, as described earlier.

Figure 16. Cont.
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Figure 16. (a,b) SEM micrographs and EDS analysis: (a) Bl and (b) B2 [61]. (¢) SEM micrographs and
EDS analysis of the mix BIM5. (d) SEM micrographs and EDS analysis of the mix B2M5. (e) SEM
micrographs and EDS analysis of the mix B2C3. (f) SEM micrographs and EDS analysis of the
mix B2R3.

The representative SEM and EDS images of AAECs with varying levels of MgO,
MWCNTs, rGO, and reagents, as shown in Figure 16c—f, exhibited a denser microstructure
and almost fully reacted matrices with some unreacted chemosphere and pedosphere FA
particles. It was reported that the unreacted particles do not act as filler in the mixture but
lead to an increase in the strength of the matrix with age [86].
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Similar reaction products and combinations (C-A-S-H, N-C-A-S-H, and C-S-H) are
developed in GO-incorporated binary/ternary mixes depending on the reagent types, with
the additional formation of Mg(OH), with traces of MgO, which can be identified from the
EDS and XRD analyses shown in Figure 16¢,d. The presence of these dominant reaction
products/compounds can be confirmed from the elements in the binary BIM5 (Ca = 10.3%,
Si=7.6%, Al =3.3%, Mg = 4.0%, C = 23.4%, and O = 48.4%; Figure 16¢) and in binary B2M5
(Ca =15.3%, Si=10.9%, Al = 3.6%, Mg = 4.5%, C = 16.8%, and O = 46.6%; Figure 16d) mixes,
as noted in the EDS graphs. Partially hydrated round fly ash class C and angular GGBFS
particles can also be observed in the SEM micrograph. Compared with the control mixes,
AAEC mixes with 5% (wt%) MgO contain almost identical CaO/SiO, but a bit higher
silica and alumina contents. Moreover, the addition of fine MgO results in a higher surface
area, which eventually leads to a higher water absorption on the particle surface, leaving a
less porous and denser matrix. These primary factors contributed towards an increase in
compressive strength up to 25.2% MPa due to the introduction of MgO as an additive to
the matrix. Moreover, the resulting denser matrix with lesser porosity was also validated
by the higher UPV values of the MgO-incorporated mixes, as discussed earlier. The SEM
results indicated that the hydration of MgO particles, when they are combined with water,
forms Mg(OH), crystals, which can produce self-expansive stresses on the walls of the
concrete pores. Excessive nano-MgO additives will result in higher expansive stresses that
push on the pore walls. Once the pores cannot locally restrain the stresses, macro cracks
will occur in the matrix, limiting the dosage of MgO [87].

The presence of reaction compounds, as mentioned earlier, in the MWCNT-incorporated
mixes (such as B2C3) above can be confirmed from the elements (Ca = 13.6%, Si = 7.66%,
Al =3.8%, Mg =2.0%, C = 16.4%, and O = 51.3%) noted in the EDS graph. Figure 16e also
shows some embedded MWCNT bridging in the crack area, which means that they did
not react with the source materials or act in the polymerization process. The presence of
MWCNTs in some areas of crack openings of the fractured surface bridging micro cracks,
with the existence of good bonding between the 0.3% MWCNTs and the surrounding
matrix, can be noted from the SEM images of the fractured surface of B1C3 mixes with pull-
out of the MWCNTs. Such well-dispersed MWCNT bridging with good MWCNT-matrix
bonding can also be attributed to the compressive strength increase (in 0.3% MWCNT mix),
as well as the reaction products. This argument supports previous research [40]. As the
geopolymerization proceeds, fly ash grains are dissolved in an alkaline environment, and
the products diffuse into a pore solution with dispersed MWCNTs. The dissolved species
then undergo polycondensation reactions to form amorphous geopolymer gel in which
the nanotubes remain embedded. Some of the nanotubes are partially pulled out of the
matrix during the breaking/fracture process, even though they are well bonded to the
aluminosilicate matrix via hydrogen bonds of carboxymethyl cellulose [40]. MWCNTs can
be distinguished in some areas in crack openings of the fractured surface in Figure 16e,f. A
good bonding between the 0.3% MWCNTs and the surrounding AAEC is shown obviously
in the SEM images of the fractured surface of B1C3 mixes. The images indicate the pull-out
of MWCNTs and show that many MWCNTs are bridging the micro crack of the AAECs.
The compressive strength increased with an increasing MWCNT concentration up to
0.3 wt%, and then subsequently dropped to a strength close to that of the cube specimens
at 0.6 wt%. This indicates that a percolation threshold was achieved at 0.3 wt%, where
there was no significant increase in the strength at MWCNT contents above 0.5 wt% due to
agglomeration of nanotubes. The increase in strength was achieved by the cube specimens
containing 0.3 wt% and 0.6% MWCNTs, with a 9.2% increase and 10.8% decrease for the
B2C3 and B2C6 mixes, respectively.
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The presence of the reaction compounds, as mentioned earlier, can be confirmed from
the elements (Ca = 22.6%, S5i = 11.1%, Al = 5.0%, Mg = 2.0%, C = 8.6%, and O = 41.8%)
noted in the EDS graph (Figure 16f) for the rGO-incorporated AAEC mixes (such as B2R3).
rGO reduces the porosity of the matrix by accelerating the growth of geopolymer gel and
the filling of nanoscale pores with self-adsorbed zeolites (NayAl;SizOg-2H,0) and other
materials, as shown in Figure 16f. The process of forming zeolites within the geopolymer
involves the absorption of energy [88], and factors including the activation energy and
mass transfer rate influence its rate. Graphene oxide (GO) is a material with high electron
activity that attracts free ions in the gel and speeds up the mass transfer rate during crystal
growth [16]. When GO comes in contact with the crystal nucleus, it is likely to aid in the
growth of the zeolite-like phase and promote the formation of a monocrystalline layer [89].
This is also a contributing factor for the compressive strength increase of rGO-incorporated
mixes, as observed in this study. Overall, as evident from the EDS analyses, the carbon
content varied from 1% to 23%, showing especially higher values in the MWCNT- and
rGO-incorporated AAECs, as expected.

In general, the mixes with reagent 2 exhibited a denser microstructure, as evident from
the formation of crystalline C-A-S-H with additional C-S-H gels, than their counterparts
with reagent 1 (developing C-A-S-H and comparatively amorphous N-C-A-S5-H)d due
to the higher calcium content in the mix compositions. This resulted in enhanced me-
chanical and durability characteristics in terms of the higher compressive strength, lower
shrinkage/expansion, and better resistance to freeze-thaw cycles of mixes with reagent
2 compared to their counterparts with reagent 1 [1]. The formation of reaction products
on the PVA fibers can be observed in Figure 15a-d. The primary reaction products/acute
phases developed on the fibers consisted of C-A-S-H with si-al solid linkages. Similar
observations were made in previous studies where the adhesion or chemical bonding of
the reaction products with the fibers was improved by incorporating fly ash and slag in
geopolymer composites [4].

3.3.2. XRD Analysis

The XRD patterns of the representative control binary/ternary mixes incorporating
reagents 1 and 2 (B1, T1 and T2) are illustrated in Figure 17a,b. A mix of peaks and broad
humps can be identified in the diffractograms for the binary and ternary mixes, signifying
a combination of reaction products composed of crystalline and amorphous phases. For
instance, the peak at 36.7° 20 for all compositions consisted of multiple minerals (quartz,
wadalite, gehlenite, hydrotalcite, and gypsum). The dominant crystalline phases of quartz
(Q or E’) were seen for all the mix compositions, with the highest peak being seen at about
26.7° 26. The sharpest and highest intensity peak for the quartz phase was observed in the
T2 diffractogram (indicating a dominant crystalline binding phase), which had more peaks
than its counterparts (T1) and other binary (B1) mixes with reagent 1. Also, portlandite
(calcium hydroxide) can be seen around 34.2° 26 in the ternary mix T2 diffractogram
because of the composition of reagent 2 and is responsible for forming additional binding
phases. This peak characterization is consistent with the previous investigations on fly
ash/slag binder [90]. The primary binding phases consisted of C-A-S-H and calcium-rich N-
C-A-S-H for the binary mixes. In the ternary mixes, C-A-S-H and N-C-A-S-H were observed
for the mixes with reagent 1, and a blend of N-A-5-H and N-C-A-S5-H was identified with
traces of C-S-H for the mixes with the reagent 2. The presence of these acute phases in
the XRD analysis validated the SEM/EDS analysis of the binary and ternary mixes. Small
reflections of ettringite were seen for ternary mix T2, with its maximum peak at 15.5° 20,
as presented in Figure 18b. Traces of gypsum and periclase (MgO) were also determined
in all compositions. The presence of gypsum prevented the flash setting of these mixes.
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Figure 17. XRD diffractograms: (a) B1, (b) T1 and T2; (Q—quartz, G—gypsum, E—ettringite,
Ge—gehlenite, P,—portlandite, P—periclase, H—hydrotalcite, C—calcite, W—wadalite) [61].

Figure 18 shows the material compositions and phase compositions of the B2M5 and
T2MS5 mixes. The dominant crystalline phases of quartz (E’) were seen for all compositions.
The highest peak, representing calcite, quartz, and periclase (p’), for B2M5 was identified
at 29.54° 20, (Figure 18a). In contrast, quartz and periclase (MgO or P’) showed the highest
peak for T2M5 at 27.11° and 29.49° 26 (Figure 18b). Both mixes exhibited a dominant ele-
ment phase consisting of oxygen, carbon, and silicon. They exhibited domination crestline
products of calcium carbonate and silicon oxide, which enhanced the compressive strength
of the MgO-incorporated AAECs (Figure 11a). The XRD analysis of T2M5 (Figure 18b)
shows a 45% crestline product of tris boroxine and 25.5% silicon oxide, which help to
enhance the compressive strength, and the peak count was identified at 27.11° and 29.49°
20. This peak characterization is consistent with the previous investigations on fly ash/slag
mixes [91]. MgO impacted the XRD pattern of the AAECs, and the presence of MgO
can lead to the formation of magnesium silicate phases such as forsterite (Mg,SiO4) and
enstatite (MgSiO3), which can be identified by their characteristic peaks in the XRD pattern.
The traces of gypsum and periclase were also found in all compositions. The XRD pattern
also confirms the previous SEM/EDS result shown in Figure 16¢,d. It is expected that the
presence of gypsum will prevent the flash setting and MgO is expected to reduce shrinkage
and facilitate the self-healing behavior of the AAECs due to its inherent expansive charac-
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teristics, as observed in previous research studies on cementitious composites [22,92]. The
XRD analysis (Figure 17) also revealed the formation of magnesium-aluminum hydrotalcite
(MggAly(OH)16CO;5-4H,0)-like phases due to the reaction of MgO with the slag in addition
to C-S-H, as confirmed from previous studies by Ben Haha et al. (2011) [55] on the effect
of natural MgO on alkali-activated slag. The content of these hydrotalcite (Ht or L')-like
phases increases with the dosage of MgO and is more voluminous than that of C-S-H,
which results in a higher strength (as observed in the current study) and the long-term
stabilization of polymers, leading to excellent performance. In general, MgO hydrolyzed on
the surface either reacts with the broken Si-O or Al-O to form magnesium silicate hydrate
(M-S-H) or Ht, hindering the precipitation of brucite. These findings are also confirmed by
early studies that found that Mg is quickly consumed to form Ht or M-S-H in combination
with silica fume or slag [93,94], although M—S-H is hard to detect with XRD [95].
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Figure 18. XRD diffractograms of (a) B2M5 and (b) T2M5.

For the MWCNT-incorporated AAEC mix B2C6, the highest peak representing quartz
(E”) is identified at 26.43° 26 (Figure 19), and the highest peak for quartz (E’) and penta
barium tetra niobium oxide (V') is identified at 26.43° and 29.43° 20, respectively, for
the rGO-incorporated mix B2R6 (Figure 20). The dominant element phase consisting
of oxygen, and silicon was observed for both mixes. In previous studies, XRD analysis
demonstrated an increase in the amorphous phase, C-5-H, and geopolymerization with
the addition of MWCNTs, exhibiting a dense matrix with a lower content of unreacted
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fly ash particles and an increase in the compressive strength (low dosages of 0.3% as
observed) [41]. However, no influence of MWCNTs on the reaction products of AAECs has
been observed via XRD even though MWCNTs can act as nucleation sites and accelerate
polymerization, similar to the effects observed in previous studies [35,38,42]. This can be
attributed to the minimal dosages of MWCNTs which cannot effectively be detected and the
hindrance of deep and quantitative analyses due to the highly amorphous characteristics
of geopolymer with coexisting terpolymeric gel (three-component monomer gel) and
partially reacted or unreacted precursors. More advanced technologies are then required
for further investigation.
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Figure 19. XRD analysis of MWCNT incorporated AAEC (B2C6).
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Figure 20. XRD analysis of rGO-incorporated AAEC (B2R6).

The introduction of rGO leads to an increase in the peak intensity of quartz (E’)
and zeolites within the geopolymer, representing the development of crystalline phases.
FA /GGBFS compositions predominantly comprise amorphous glassy microspheres and
crystalline quartz, mullite, and hatrurite. Geopolymerization is the process of dissolving the
glassy phase of source materials (FA or GGBEFS) in an alkaline solution to form geopolymer
gels. rGO acts as a catalyst to accelerate electron/mass transfer during alkali-activation
reaction and promotes the dissolution of amorphous phases of FA /GGBFS microspheres by
transmitting free electrons. rGO promotes the transformation of [SiO,(OH);], and Al(OH)4
to the AlSiO4 or AlSi30g structure and accelerates the growth of geopolymer gels [96] to
produce zeolite crystals with a higher diffraction intensity (Figure 20).
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3.3.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

In FTIR spectroscopy, a sample is exposed to a beam of infrared radiation that interacts
with the chemical bonds within the material. FTIR analysis provided information on the
formation of geopolymeric gels and the presence of specific functional groups such as
Si-O and Al-O, as well as changes in the molecular structure of the material during curing
and over time. The resulting spectrum shows the absorption or transmission of radiation
at different frequencies, which corresponds to specific functional groups and chemical
bonds within the material. The transmittance (%) in FTIR spectroscopy is influenced by the
analyzed material’s presence and the strength of different functional groups and chemical
bonds within it. Different chemical bonds and functional groups absorb radiation at
different frequencies, which can be identified by their characteristic absorption peaks in the
FTIR spectrum. Overall, the relationship between the % of transmittance and the material
composition in FTIR spectroscopy is based on the absorption or transmission of infrared
radiation by specific chemical bonds and functional groups within the material, which is
directly related to the molecular structure and chemical composition of the material. The
% of transmittance is an important parameter in FTIR spectroscopy because it provides
information about the sample’s absorption properties. A sample that absorbs a large
amount of radiation will have a low % of transmittance, while a sample that absorbs very
little radiation will have a high % of transmittance.

Figure 21 shows the FTIR spectrum (% transmittance vs. wavelength) of the AAEC
samples at the age of 180 days, which shows major bands at 3380 cm~!, 2072 cm™!,
1423 cm™~ !, 957 cm 1, 875 cm !, and 670 cm~!. The broadband of the AAEC specimen
at 3297 cm~! and 2072 cm~! characterizes the O-H stretching and H-O-H bending vibra-
tions, respectively. Overall, AAECs with MWCNTs showed the lowest % of transmittance
(highest radiation absorbing capacity) followed by those with rGO and MgO. B2C6 had
a lower % of transmittance at 3380 cm ™!, which indicated a weaker bond headed by less
compressive strength. These vibration modes are due to the weakly bound water molecules
that were adsorbed on the surface or trapped in large cavities [88]. Water plays an impor-
tant role in the process of polymerization as it is associated with the destruction of solid
particles and the hydrolysis of dissolved AI** and Si** ions [97]. The absorption band
at 1429 cm~! is attributed to the presence of sodium carbonate (Na,CO3), which corre-
sponds to the stretching vibration of the O-C-O bond [98] (Swanepoel and Strydom, 2002).
Alvarez-Ayuso et al. [99] suggested that the presence of Na,COj3 is due to the atmospheric
carbonation of alkaline media. The strongest band of the AAEC specimens at 958 cm ™!,
representing Si-O-5i and Si-O-Al, corresponds to the asymmetric stretching vibrations of Si-
O-T (T = Si or Al). Moreover, the stretching modes are sensitive to the Si-Al composition of
the framework and a lower frequency is obtained with an increasing number of tetrahedral
aluminum atoms [100]. Muz “ek et al. [97] suggested that the amorphous aluminosilicate
gel formed at this phase is due to the depolymerization and structural reorganization of the
amorphous phases in geopolymer materials. Mix B2C6 exhibited a lower % of transmission
at 905 wavelengths. The bands in the region between 800 cm ™! and 550 cm ™! correlate
with the tetrahedral vibrations of the secondary building unit (SBU) and fragments of the
aluminosilicate [9]. The bands at 957 cm ™! observed in Figure 21 are assigned to quartz as
the crystalline phase in the original FA [9], whereas the band located at 566 cm~! indicates
the presence of mullite. Referring to the finding by Mollah et al. [101], the spectral band at
566 cm~! is attributed to the symmetric stretching of Al-O-Si. The band below 550 cm ™! is
an indication of the degree of amorphization of the material, since its intensity does not
depend on the degree of crystallization [102,103]. The symmetrical stretching vibrations
of Si-O located between 687 cm ! and 749, as well as between 1140 cm ™! and 1192 ecm ™1,
are linked to the existence of unreacted and/or partially reacted quartz [104]. The main
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band from 940 cm ™! to 970 cm ™!, ascribed to the asymmetric stretching vibration of Si-O-Si
and Si-O-Al (Wang et al., 2020), confirms more intensive peaks and a higher formation of
the reaction products of Si-O-Si and the Si-O-Al composition [105]. This peak shifted to a
higher wavenumber, revealing the substitution of AI** with Si** species and the growth
of more stable Si-O-5i bonds. According to Wan et al. [106], geopolymer strengthening is
enhanced when Si tetrahedrals replace Al species in Si-rich gels.
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Figure 21. FTIR infrared spectrum of 180-day powder specimens.

4. Conclusions

This study evaluates the effects of MgO, MWCNT, and rGO on the physical character-
istics related to the workability (slump flow, flow time, and flow velocity), compressive
strength, UPV, and microstructural characteristics of developed AAECs that incorporate
binary and ternary combinations of source materials and two types of reagents. Based on
the findings, the following conclusions are drawn:

e  The AAEC mixes satisfied the EFNARC [77] criteria for self-consolidating ability. The
initial and final setting times ranged from 190 min to 311 min and from 230 min to
369 min, respectively;

e  The ternary (fly ash C ‘FA-C” + FA-F + ground granulated blast furnace slag ‘GGBFS’)
mixes exhibited higher slump flows than their binary (FA-C + GGBFS) counterparts
due to having a lower FA-C/GGBFS content, while the activator/reagent 2 (calcium
hydroxide: sodium sulfate = 2.5:1) mixes resulted in higher slump flows due to having
lower silica ratio than the mixes that used reagent 1 (calcium hydroxide: sodium
metasilicate = 1:2.5);

e  The slump flow of the AAECs decreased with an increase in the MWCNT /rGO con-
tent, with a few exceptions depending on mix/reagent types, while the addition
of MgO showed a less significant decrease. The higher surface area or water affin-
ity of MgO/MWCNTs and higher agglomeration tendency of MWCNTs/rGO were
considered contributing factors;

e  All AAECs achieved a 28-day compressive strength ranging from 26.0 MPa to 48.5 MPa
> 18 MPa and satisfied the criteria for structural concrete. Control binary AAECs
obtained higher 28-day compressive strengths than their ternary counterparts, due
to the dominant formation of C-A-S-H/C-S-H compared to the dominant formation
of amorphous N-C-A-S-H/N-A-S-H in their ternary counterparts. Binary mix B2
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with reagent 2 exhibited a 22% higher 28-day compressive strength than its ternary
counterpart T2 due to having higher FA-C and GGBFS contents;

The AAECs with reagent 2 generally produced a higher compressive strength com-
pared to their reagent 1 counterparts due to the formation of additional C-S-H gel (in
addition to C-A-S-H/N-C-A-S-H or C-A-5-H/C-5-H) and more compact microstruc-
tures, as per XRD-SEM analysis, which showed the presence of sharper crystalline
peaks of quartz and calcite;

The addition of 5% MgO increased the 28-day compressive strength (by 19~25%), and
UPV exhibited potential self-healing capability due to the formation of well-dispersed
fine Mg(OH),, hydrotalcite, and M-S-H, which compensated for volume shrinkage
and refined the matrix pore size, as confirmed from XRD-SEM/EDS;

The 28-day compressive strength increased with the increase in MWCNT /rGO content
up to 0.3%, indicating it as an optimum dosage. The decrease in strength at higher
dosages (>0.3% wt) of MWCNTs/rGO can be compensated for/reversed by using
MgO-MWCNT/rGO combinations that show beneficial effects of MgO addition;
The addition of 0.3% MWCNTs and rGO increased the compressive strength by 9% and
14.8%, respectively, showing a higher effectiveness of rGO in improving strength. The
increase in compressive strength and UPV was attributed to the uniform dispersion
and good MWCNT-matrix bond bridging cracks (with no newly formed MWCNT-
induced reaction products), while the formation of additional zeolites caused matrix
densification with the addition of rGO, as confirmed from the SEM/EDS analysis.
Proper dispersion of the MWCNTs/rGO is important to avoid agglomeration and
negative effects on the workability, mechanical, and micro-structural properties;
Fourier transform infrared spectrometer (FTIR) analysis suggested the formation of
an aluminosilicate network in AAECs with a higher concentration of Si-O-5Si bonds,
indicating a more stable structure. A lower % of transmittance at 3380 cm ! in binary
AAECs with reagent 2 and 0.6% MWCNTs (B2C6), compared to their counterpart with
5% MgO (B2M5), confirmed a weaker bond and lower compressive strength even
though MWCNTs can act as nucleation sites and accelerate polymerization;

The UPV values ranged from 3067 m/s to 4068 m/s, showing an increase with the
addition MWCNTs/rGO/MgO, with the highest values (19% higher) being observed
for MWCNT-incorporated AAECs. This is an indication of a higher capacity to trans-
mit ultrasonic waves, better conductivity, and a better self-sensing ability. A linear
correlation revealed an increase in compressive strength with an increase in the UPV
content of AAEC mixes at 28 days;

This research demonstrated the viability of producing ambient-cured powder-based
AAECs, as more green and sustainable alternatives to conventional ECCs, that
incorporate carbon-nano materials and MgO additives, as they have satisfactory
workability, mechanical, and microstructural characteristics. The developed multi-
functional AAECs have the potential to be used for structural applications and to
produce high-performance resilient durable bridge-building infrastructures with self-
healing /sensing and 3-D printing potentials.
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Abstract: The use of electric arc furnace slag (EAFS) as sole precursor to produce alkali-activated
mortars has been experimentally investigated. EAFS, a by-product of the steel recycling industry,
is a coarse material with unevenly distributed and size-extensive particles. Milling of EAFS was
required to achieve a cement-like sized powder before it could be used as precursor. Different
combinations of sodium hydroxide (NaOH) and sodium silicate (Na,SiO3) were used, by varying
the Na,O/binder concentration (4%, 6%, 8%, 10%, 12%) and SiO, /Na,O ratio (0, 0.5, 1.0, 1.5, 2.0,
2.5) to maximize the mechanical performance. The alkaline solutions were prepared 24 h prior to
mixing to unify temperatures for all mixes. The results showed that the SiO, /Na,O ratio and strength
development are directly proportional. The maximum 28-day compressive strength obtained, after
being subjected to an initial 24 h thermal curing at 80 °C, was 9.1 MPa in mixes with 4% Na,O/binder
and 2.5 S5iO; /Na,O. However, after an additional 28 days of accelerated carbonation, the maximum
compressive strength (i.e., 31 MPa compared to 3.9 MPa in uncarbonated mixes, corresponding
to an 800% increase) was obtained in mixes with 12% and 1.0 for Na,O/binder and SiO, /Na,O,
respectively, thus showing an alteration in the optimal alkaline activator contents.

Keywords: alkali-activated materials; electric arc furnace slag; mechanical performance; carbona-

tion; mortars

1. Introduction

The world’s annual population is continuously increasing by 1.05% on average, with
an increase of 81 million people in 2020 [1]. This growth seems to be proportionally linked
to the rising demand for housing and other infrastructure that will simultaneously increase
the need for construction materials, such as Portland cement. In 2016, the amount of
cement produced worldwide reached 4.2 billion tonnes, 57% of which was produced by
China alone [2,3]. It is a well-known fact that for each one tonne of cement produced,
around 0.5-0.6 tonnes of CO, (0.59 according to IEA, 2020 [4]) are being released into the
atmosphere, meaning that in 2016, the cement industry itself released nearly 2.5 billion
tonnes of CO,, which accounted for 8% of the global CO, emissions of the same year [5,6].
Solving this issue cannot be done by cutting the production of cement alone; other cement-
replacing materials need to be found to meet the growing demand for this vital building
material. Alkali-activated materials (AAM) are a relatively recent technology as integral
cement replacement in the production of concrete and with reduced environmental impact
and cost [7]. However, some of the precursors generally used for their production, such
as ground granulated blast furnace slag (GGBFS) and fly ash (FA), are facing shortage in
availability [8]. To maintain a constant flow in the supply chain, other aluminosilicate
waste precursors, prone to little variation in yearly production over time, are needed. One
contender is the electric arc furnace slag (EAFS), as the steel industry is shifting from new
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steelmaking to a recycling system, consequently reducing the amount of GGBFS. It has
an aluminosilicate-rich chemistry giving it the possibility to be the next cement-replacing
AAM used in concrete. In terms of availability, about 190-290 million tonnes of steel slag
are generated each year, 15-20% of which are EAFS [9]. EAFS generation is based on
the recycling of scrap metal and pig iron that can be limited at some locations [10]. It
is being used mostly as an aggregate substitute for road base course layers and asphalt
pavements [11,12], which is a downcycling process from what they can actually offer.

According to several studies [12-21], EAFS has led to notable improvements in me-
chanical strength when used as coarse and/or fine aggregates replacement. However, its
richness in calcium oxide (free-CaO) and Ferric oxide (FeO) has pushed researchers to
further explore the possibility of using EAFS as a cement substitute [22,23]. Xu and Deven-
ter [24] found that any silica—alumina source material that has a pozzolanic component is
suitable for dissolution in alkaline solutions. Since EAFS is rich in aluminium and silica, it
is desirable to examine whether its activation in alkaline solutions can occur, considering
this knowledge [25,26].

The use of EAFS as partial or full cement replacement has led to improvements in
mechanical and microstructural performances [25,27]. Muhmood et al. [28] conducted
an experimental study to understand the mechanical performance of partially replaced
clinker with EAFS. The study concluded that a compressive strength of 50 MPa can be
achieved with 30% clinker-EAFS replacement, compared to 58 MPa with 20% replacement
and 58.6 MPa for the reference specimen with 100% cement. It has also been found that the
substitution of untreated EAFS with treated EAFS can lead to an increase in strength [28].
Another study has recorded a 28-day compressive strength of 44.38 MPa using 25% EAFS
as cement replacement compared to 59.34 MPa for the reference specimen with 100%
cement [29]. Moreover, Zhao et al. [30] investigated the influence of cement’s partial
substitution with EAFS, focusing on the EAFS’ particle distribution. The results revealed
that concrete specimens containing properly ground EAFS showed better microstructure,
higher compressive strength, lesser porosity and better durability performance compared
to the reference blast furnace slag blended cement specimens. Other studies have reported
similar results [29,31-33]. In addition, raising the fineness of EAFS particles, as well as
integrating early thermal curing in the curing stages, led to better hydration performance
and a faster early-age hydration [22,31,34,35]. Similar studies found that the compressive
strength of alkali-activated concrete cured at 70 °C was higher than that of concrete cured
at 30 °C [22,32,36]. Furthermore, Roslan et al. [36] reported later-age improvements in
compressive, tensile and flexural strengths with a 20% cement-EAFS replacement.

The use of EAFS as a precursor for AAM production usually shows some shortcomings
in performance in comparison with FA or GGBS. Ozturk et al. [25] studied the influence
of the optimization of SiO, /Na,O ratio and Na,O/binder percentage on the mechanical
performance of mortars with 100% EAFS as a precursor. For a silicate modulus of 1,
1.5 and 2, the highest compressive strengths reported were 16.55 MPa, 17.11 MPa and
22.02 MPa, respectively. In addition, an increase in flexural strength was noticed with
the increase in silicate modulus resulting in values of 2.85 MPa, 3.09 MPa and 4.18 MPa
for SiO;/NayO ratios of 1, 1.5 and 2, respectively. Moreover, the highest mechanical
strengths were all reached under an 80 °C curing temperature and 12 h curing time. Nikolic
et al. [37] investigated the influence of the NaOH and KOH concentration, solid to liquid
ratio and temperature on the dissolution kinetics of Si and Al in EAFS. In the study, the
increase in alkaline solution concentrations (NaOH or KOH) increased the dissolution
of Si and Al of EAFS. Similarly, a decrease in the solid to liquid ratio and an increase
in temperature also catalyzed this reaction. Furthermore, Turker et al. [35] studied the
influence of thermal curing on the microstructural performance of alkali-activated EAFS
mortars activated by a solution with 5% and 1.0 of Na,O/binder and SiO, /Na,O ratios,
respectively. A compressive strength of 25.6 MPa was reported for specimens cured at
ambient temperature (21 °C), compared to 40.7 MPa for a similar sample cured at 60 °C
for 6 h (59% increase). A similar study also demonstrated the benefits of early-age thermal
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curing on the strength development and shrinkage of alkali-activated EAFS mortars, after
reporting an increase in compressive strength from 14 MPa to 21 MPa after a thermal curing
stage at 70 °C with durations ranging between 3 h and 24 h, respectively [38]. Cesnovar
etal. [39] studied the influence of different slag mixtures containing EAFS and ladle furnace
basic slag (LS) with different mixing ratios and activated using potassium silicate with
a fixed ratio to slag of 1/2. A compressive strength of 56.7 MPa was reported using an
EAFS/LS ratio of 1/1. This optimal mixture was used to understand the influence of
thermal curing on strength development. The results indicated that the specimens cured
at 70 °C for 3 days attained similar compressive strength (~56 MPa) to that of specimens
cured at room temperature for 28 days.

Despite the effort made, little is known on the use of EAFS as full binder replacement,
and more experimental studies should take place to further explore this interesting research
idea. In addition, the optimization of the alkali activators may pave the way toward more
encouraging results, but the mechanical performance values recorded so far are not mar-
ket competitive. This eagerness toward achieving better performance raised the idea of
carbonation as a curing method. Exploiting the possibility of curing the EAFS concrete
with CO; [40—42], by taking advantage of its CaO-rich chemistry, will not only lead to
better mechanical performance but also an added value to CO,-capturing revolutionary
technologies. Monkman and Shao [40] assessed the carbonation behavior of six cementi-
tious materials (cement, FA, GGBFS, EAFS, and hydrated lime) to determine and compare
the strength development, %CO, uptake and carbonation degree for each one of them.
The samples were exposed to 100% CO, at a pressure of 5 bar for 2 h. Afterward, X-ray
diffraction (XRD) and scanning electron microscopy (SEM-EDS) analyses were performed
to determine the products of carbonation and to observe the morphology of the carbonation
products. The results showed a 12% CO, uptake for EAFS, FA and cement, unlike lime and
BFS that presented 40% and 7% CO; uptake, respectively. Similarly, cement and EAFS were
comparable in terms of carbonation degree with a value of around 25%. The compressive
strength (at 2 h) of EAFS reached 16.6 MPa, while that of FA was only 3.5 MPa.

In this paper, the use of alkali-activated electric arc furnace slag (AAEAFS) as a sole
precursor in the production of mortars has been investigated. Its main objective is to
reach the optimization of the activator’s composition based on maximized mechanical
performance. Twenty-one different mixes were produced to study the influence of different
alkali activator concentrations and ratios, to find the best alkaline solution for the EAFS
mortars. Different silicate modulus ratios (0, 0.5, 1.0, 1.5, 2.0, 2.5) and Na,O/binder
concentrations (4%, 6%, 8%, 10%, 12%) were selected for this study. Their effect on the
performance was evaluated through comprehensive testing methodologies, including
slump, shrinkage, flexural strength (FS), compressive strength (CS) and carbonation degree.
A 28-day curing period, including a 7-day accelerated carbonation stage, followed. Finally,
the correlations between the distinctive preparation conditions and the different tested
parameters were graphically illustrated, serving the upcoming research studies toward the
best future use of EAFS as a more sustainable cement-replacing material.

2. Materials and Methods
2.1. Electric Arc Furnace Slag (EAFS)

The EAFS used in this study is a by-product of steel recycling, collected from Siderurgia
Nacional de Portugal and provided by HARSCO (Portugal). It presents an extensive and
coarse particle size distribution that requires preparation and grinding before it can be
used as a binder.

2.2. Alkaline Activator

The alkaline activator was prepared in the form of a liquid solution. Reactive grade
anhydrous sodium hydroxide pellets (NaOH) from Crimolara (Portugal), with 98% pu-
rity and a density of 2.13 g/mL, then dissolved in tap water, complying with Directive
98/83/CE [43]. A commercial solution of sodium metasilicate (NaySiO3) from Crimolara
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(Portugal) was then added, containing 8 £ 0.6% of sodium oxide (NayO), 26.4 + 1.5% of
silicon oxide (5i0O;) and 65.6 & 2% of water (H,O). The NaSiO3 has a relative density of
1.355 g/mL.

2.3. Fine Aggqregate

The mortars were produced using two types of fine siliceous aggregates (i.e., coarse
and fine river sands) to maximize compacity through an extensive particle size distribution.
The particle size distribution showed maximum nominal sizes (NS) of 1 mm and 4 mm for
fine and coarse aggregates, respectively. The 24 h water absorption (WAjy,), including the
values of the apparent (p,), rodded-dry (p.q), saturated surface-dry (pssp), and bulk (pp,)
densities are shown in Table 1.

Table 1. Characterization of the aggregates used in the mixes.

NS Pa Prd Pssd Pb WA,
Aggregates
mm kg/m3 kg/m3 kg/m3 kg/m3 %
Fine sand 0/1 2652 2624 2637 1544 04
Coarse sand 0/4 2636 2601 2617 1556 0.5

2.4. Water-Reducing Admixture

The water-reducing admixture (WRA) used in this research was SikaPlast-717, con-
sisting of a synthetic organic water-based naphthalene-based dispersant, with a density of
1.21 4+ 0.03 kg/dm? and a pH of 10 + 1.

2.5. Mortar Mix Design

The experimental research focused on optimizing the alkaline activator based on the
mortar’s mechanical performance. To achieve the optimum activator for EAFS, different
mixing combinations were used. The Na,O/precursor concentrations used were 4%, 6%,
8%, 10% and 12%, while the adopted SiO, /Na,O mass ratios were 0, 1.0, 1.5, 2.0 and 2.5
(Table 2). The amount of each constituent was calculated based on the volumetric and
mass ratios of the components, in accordance with their densities. The binder/aggregate
volumetric ratio (Vg/Va) was 0.33, while the mass ratio of water/binder (My /Mpg) was
fixed at 0.3. The mass WRA /precursor ratio varied from 0% to 1% to achieve constant
workability.

Table 2. Mix code of EAFS mixes.

SiOleazO
NaZO (0/0)
0.5 1 1.5 2 2.5
4 N4S0 N4S0.5 N4S1 N4S1.5 N4S52 N452.5
6 N6S0 N6S0.5 N6S1 N6S1.5 N6S2 -
8 N8S0 N8S0.5 N8S1 N8S1.5 - -
10 N10S0 N10S0.5 N10S1 - - -
12 N12S0 N12S0.5 N12S1 - - -

2.6. Production Method

The production of mortars was based on EN 196-1 [44]. The alkaline solution was
prepared by gradually dissolving the NaOH pellets in water and then leaving them to cool
down for 24 h. The 40 x 40 x 160 mm? three-gang steel moulds were wrapped entirely with
thin plastic film to demould the samples without the need for a release agent. The alkaline
solution was poured first into the mixer followed by WRA and the precursor, before mixing
for 3 min. After that, the mixer was paused to add the fine aggregates, and then mixing
was resumed for another 2 min, followed by one additional minute of high-speed mixing.
Next, the slump was tested using the slump table according to EN 1015-3 [45]. Afterward,
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the mix was moulded and covered with plastic film and immediately placed in the thermal
curing chamber. Finally, the specimens were demoulded, and each specimen was sealed
and left to cure in a dry chamber at a temperature of 23 £ 2 °C and relative humidity (RH)
of 65%. The samples were left in the dry chamber until the testing day.

2.7. Curing Conditions and Testing Methods

As stated previously (Section 2.6), the moulded mix was thermally cured at 80 °C for 24
h. After that, the mortar specimens were demoulded and placed in their designated curing
condition depending on the desired test method, as shown in Table 3. The loading rate for
the flexural and compressive strength tests had a constant value of 30 N/s and 300 N/s,
respectively, complying with its corresponding standard (Table 3). The compressive test
was applied to both halves resulting from the flexural test. The shrinkage values of
the specimens were measured using a mortar shrinkage apparatus following a certain
measuring regime in accordance with EN 1015-13 [46].

Table 3. Curing conditions and testing methods assigned for the specimens.

Test

Standard No. of Specimens  Curing Conditions

Flexural strength

EN 1015-11 [47] 6 Sealed specimens in a dry chamber until testing age.

Compressive strength

14 days sealed + 14 days unsealed in the dry chamber; then

Accelerated carbonation  EN'13295 [48] 4 placed in the carbonation chamber until testing age.
Shrinkage EN 1015-13 [46] ’ Sealed specimens in a dry chamber after demoulding until the
end of the test.
3. Results

3.1. Characterization of EAFS

This material presents an apparent density of 3770 kg/m3. The oxide chemical com-
position of the raw material, obtained from X-ray fluorescence (XRF), is shown in Table 4.
The studied EAFS contains 28.5% of Fe, O3, 28.2% of CaO, 17.7% of SiO,, and 10.1% of
AlO3. The high amount of iron in EAFS could induce magnetic properties on AAEAFS
concrete [49] and it was confirmed to be a strongly magnetic precursor with the use of
neodymium magnets.

Table 4. Chemical composition of EAFS obtained from XRF (%).

F6203

CaO

SiOZ A1203 MgO MI‘IOZ C1‘203 Ti02 P205 SO3 NazO BaO Kzo V205 CuO

ZnO

28.48

28.18

17.66 1013  5.66 5.44 2.38 0.65 042  0.33 0.19 017 0.03 0.11 0.02

0.02

Figure 1 presents the results of the particle size distribution of the EAFS after the
milling process. Ordinary Portland and fly ash (FA) from a coal power plant were tested as
reference materials. EAFS showed a bimodal particle distribution curve similar to FA and
cement. The highest peak of both the EAFS and cement curves indicated a similar particle
diameter of 25 um. However, the peak corresponding to cement’s curve was sharper than
the one of EAFS, showing a higher distribution percentage. EAFS and cement showed
another peak at 0.35 pm, indicating the presence of very fine particles. In contrast, FA
showed a wider peak at 20 um and a lower distribution percentage at 0.35 um compared to
EAFS and cement.
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Figure 1. Particle size analysis.

In Figure 2a, the EAFS particles are irregular in shape, dispersed, and have angular
morphology. In addition, finer particles were observed on the surface of the larger ones
(Figure 2b). On a larger scale view, vitrified surfaces are seen resembling those of materials
exposed to elevated temperatures (i.e., greater than 1600 °C) suggesting the possibility of
pozzolanicity and reactivity to alkali activation (Figure 2c). Moreover, the EDS test was
carried out on the area presented in Figure 2d and the results were graphically represented
in Figure 3. The corresponding EAFS particle is composed of around 50.6% oxygen, 18.0%
calcium, 7.1% silicon, 6.2% of iron, and other components. This primary composition
matches the mineralogical composition of the EAFS XRD results (Section 3.1) showing high
calcium content seen as white particles (Figure 2d), as well as silicon oxide and iron oxide.

MAG: 100 x HV: 20.0 kV 1 MAG: 500 x HV: 25.0 kV

Figure 2. Cont.
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(d)

Figure 2. SEM micrographs of EAFS sample (magnification of (a) 100x; (b) 500x; (c) 5000x;

(d) 1000 x).
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Figure 3. EDS coupled to SEM of EAFS sample.

Figure 4 shows the EAFS” mineralogical composition obtained by XRD. The results
showed three fundamental phases: wustite (FeO), gehlenite (CayAl;SiO7), and dicalcium
silicate (CapSiOy4) (Figure 4a). Other minor phases appeared as magnesioferrite. After
heating the sample to 1000 °C in thermogravimetric analysis (TGA), the fundamental
phases were gehlenite and magnesioferrite, as presented in Figure 4b; wustite was no
longer present and hematite was formed as a result of the former’s oxidation (mainly
between 400 and 620 °C).
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Figure 4. XRD pattern; (a) EAFS; (b) EAFS—TGA.

3.2. Fresh State Mortar Properties

The mortar’s workability was evaluated by their slump according to the EN 1015-3
standard [45]. The target slump had been initially set at 140 &+ 20 mm. The superplasticizer
was used and adjusted accordingly between 0% and 1.0% depending on the Na,O/binder
and SiO, /NayO ratios to achieve constant workability. Increasing the Na,O/binder ratio
led to a reduction in workability. This was due to the higher viscosity of the alkaline
solution after the addition of a solid solute. It was also expected that the mixes would
lose workability after a short time for higher SiO, /Na,O ratios due to flash setting; Ca®*
ions from the EAFS quickly react with the silicate ions from the solution, leading to the
precipitation of an initial C-S-H, which is responsible for the setting [34]. Therefore, it can
be stated that there is a linear correlation between the Na,O/binder and SiO, /Na,O ratios
and the workability. However, mixes N8S1, N10S1 and N12S1 presented a slightly lower
slump between 109 and 117 mm (Figure 5a) due to the increase in viscosity of the alkaline
activator. Therefore, the superplasticizer content was increased to 1.0% for mixes with
silicate modulus ratios of 1.5 and higher, to adjust the workability and the slump which
ranged between 130 and 147 mm (Figure 5b).
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Figure 5. Slump values for mortar mixes (WRA content of (a) 0.5% and; (b) 1.0%).

3.3. Hardened State Mortar Properties
3.3.1. Compressive Strength

The average compressive strength of the AAEAFS uncarbonated samples is presented
in Figure 6, which shows how the change in parameters affects the mechanical performance
of the samples. The values presented in the figure have coefficients of variation ranging
between 0.5 and 7.5%. Mixes N4S0.5, N6S0.5, N10S0.5, and N12S0.5 were eliminated due
to inconsistent values and unexpected outcomes during the mixing process.

The alkaline solutions of mixes N105S0.5 and N1250.5 showed precipitation, possibly
due to the saturation of silica, during its 24 h of cooling before the mixing day. Thus,
the solution must undergo different conditions to avoid any fluctuation in the results.
Correspondingly, the alkali activator is the most important factor controlling compressive
strength.
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Figure 6. Average compressive strength: (a) 4% sodium concentration; (b) 6% sodium concentra-
tion; (c) 8% sodium concentration; (d) 10% and 12% sodium concentration (Mix code-C represents

carbonated specimens).

Different studies on alkali-activated EAFS used at least one of the alkaline activators
stated in this study; Turker et al. [35], Ozturk et al. [25], and Peys et al. [50] used both
sodium hydroxide and sodium silicate to achieve compressive strength values of 40.7 MPa,
22.0 MPa, and 16.0 MPa, respectively. Abdollahnejad et al. [51] used only sodium hydroxide
and recorded 27.0 MPa. This study presented maximum average compressive strength
for uncarbonated specimens of 9.61 MPa for mixes with 4% and 2.5 of Na,O/binder and
510, /NayO ratios, respectively. Mixes N10SO and N1250, which were specimens with
insufficient stability, exhibited values close to zero and thus were not reported. This
could be due to the excess amount of sodium hydroxide and the lack of sodium silicate.
Increasing the amount of NayO to a given percentage increases the strength, after which
the performance starts to deteriorate. Nevertheless, excess amount of OH", due to the
Ca(OH); across the particles of EAFS, reduces the interaction of Ca?* ions from the surface
of EAFS [34]. Therefore, it can be stated that the low strength results from the inadequate

amount of C-S-H gels produced by the reaction of Ca?* with Si**.
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Sodium hydroxide and sodium silicate have a significant influence on the mechanical
properties of AAEAFS. Si** and AI** ions within the EAFS dissolve much more with a high
concentration of OH™ [52]. Song et al. [53] observed that increasing the concentration of
the alkali activator increases the reaction rate as a result of a high alkali medium. Wang
et al. [54] stated that sodium hydroxide and sodium silicate are directly proportional to
compressive strength only to a given level (from 3-5% by weight of the mix). The authors
also stated that, if the amount of sodium concentration increased over a given limit, it
would cause efflorescence, as shown in Figure 7. This is due to the migration of Na* ions to
the surface of the specimens, leading to the precipitation of sodium carbonate.

Another parameter affecting the compressive strength for all mixes was the curing
time. The specimens in this study experienced 7-day, 28-days, and 91-days of curing in
a dry chamber at 23 £ 2 °C and RH of 65%. Since all specimens were sealed, there was
no exchange of humidity with the surrounding environment. The maximum compressive
strength (9.61 MPa) reported for the uncarbonated specimen N452.5, was obtained at
91-days of curing age.

Figure 7. Efflorescence caused by Na,COj3 on the surface of a mortar specimen.

3.3.2. Flexural Strength

Figure 8 presents the results reported for the flexural strength of AAEAFS mortars.
The values presented in the figure have coefficients of variation ranging between 0 and 11%
except in one case that showed 17%. The maximum flexural strength for uncarbonated spec-
imens reached 2.45 MPa for mix N12S1. The surface of the specimens presented some micro-
cracks, possibly caused by the heat curing process and the expedited nature of the reactions
at relatively high-temperature levels [55], thus causing a decline in strength. Although a
higher SiO, /NayO ratio is a good indicator of an improved performance [52,56-58], the
low performance in the case of EAFS may be due to the low amount of amorphous phases
present in the precursor, which did not react with the alkaline activator. Furthermore, even
though one would expect to have improved performance from the interaction of Ca from
EAFS with SiO; from the activator to produce C-S-H gels, it is possible that the Ca-bearing
mineralogical phases were stable at high pH levels, thereby minimizing the dissolution
of Ca%* ions to the solution. In this context, flexural strength will only be enhanced when
exposed to accelerated carbonation. This improvement in strength could be caused by the
reaction of OH" from the alkaline activator with the Ca?* ions released from the decalcified
phases of EAFS to generate Ca(OH); and subsequently CaCOs.
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Flexural strength (MPa)

Flexural strength (MPa)

Figure 8. Average flexural strength: (a) 4% sodium concentration; (b) 6% sodium concentration;
(c) 8% sodium concentration; (d) 10% and 12% sodium concentration (Mix code-C represents carbon-

ated specimens).

3.3.3. Carbonation

The average compressive and flexural strength for the carbon-cured EAFS mortars
are presented in Figures 6 and 8. The specimens in this study, after 28 days of curing in a
dry chamber followed by 7 days of exposure to CO, (i.e., 35 days), were considered fully
carbonated, as there was no indication of a pinkish hue from the phenolphthalein solution
pH indicator, thereby making the CO; penetration impossible to read. Alkali-activated
materials are known to present a fast decline in pH with ongoing polymerization reactions
due to the consumption of the OH™ ions present in the pore solution. This phenomenon,
in combination with the carbonation of Ca-bearing phases, led to an overall decline of the
specimens’ pH.

The average compressive and flexural strengths of the specimens subjected to accel-
erated carbonation were tested following EN 1015-11 [47]. A noticeable improvement in
the mechanical performance of AAEAFS mortars was observed. The additional 28 days
of accelerated carbonation following the 28 days in a dry chamber (i.e., 56 days) led to a
near 800% and 500% increases in compressive (i.e., from 3.9 MPa to 31 MPa) and flexural
(i.e., from 1.6 MPa to 7.85 MPa) strengths, respectively. The maximum mechanical perfor-
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mance was obtained in mixes with 12% and 1.0 for Na,O/binder and SiO, /Na,O ratios,
respectively, thus showing a shift in the optimal alkaline activator contents. It is likely that
Ca?* ions were released from the EAFS’ Ca-bearing phases and reacted with CO, forced
into the microstructure. This resulted in the precipitation of CaCO3; polymorphs, which
significantly densified the microstructure. The resulting SiO, gels from decalcified calcium
silicate phases also led to a widespread polymerization thus a more effective binding of the
microstructure. These processes resulted in enhanced performance [25,53].

The silicate modulus and sodium concentration also had an obvious effect on the
mechanical performance. Contrary to that expected, the flexural strength of mixes with
lower performance is often not correlated with the compressive strength, as presented in
Figure 9.

9

7-day curing
A 28-day curing
A 9l-day curing o ®

7-day CO2 cured
7 ® 28-day CO2 cured X
X Results from different studies
6 Expon. (7-day CO2 cured)
Expon. (28-day CO2 cured)

Power (Results from different studies)

Flexural strength (MPa)

0 5 10 15 20 25 30 35
Compressive strength (MPa)

Figure 9. Flexural vs. compressive strengths of mortars from this study compared with other studies
from the literature [59-66].

Carbonated specimens with enhanced performance, in which exponential relation-
ships were observed between the flexural and compressive strength, suggested otherwise.
The 28-day relationship of carbonated specimens was close to that obtained by standard
40 x 40 x 160 mm cement mortar prims from other studies [59-66]. The improvement in
flexural strength between 7 days and 28 days is likely due to the greater polymerization of
SiO; gels from the greater amount of decalcified calcium silicate phases (e.g., C-S-H). The
isotropic growth of these phases, but especially of those growing perpendicularly to the
loading vector, led to improved flexural strength.

3.3.4. Shrinkage

In Figure 10, the change in length (i.e., shrinkage) of sealed specimens (with little to
no humidity exchange with the surrounding environment) was tested for 91 days. Most
specimens presented considerable shrinkage, with one of them close to 3500 um/m, which
is three times what is typically observed in standard cement mortars. All specimens
presented at least 45% of their total 91-day shrinkage in the first 28 days, except for mix
N8S0.5. Mix N8S0.5 slightly expanded, with minor fluctuations, for the first 28 days and
started to shrink later on to settle at 198 um/m after 91 days. This behaviour also occurred
in fly ash mortars studied by Atis et al. [67]. The authors hypothesized that the expansion of
mortars containing FA could be from the MgO and the high content of SO3, which can result
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in long-term instability due to the formation of expansive calcium sulphate phases [67].
In Figure 10a, the shrinkage of specimens with a SiO, /NayO ratio of 1.0 decreased with
increasing Na,O/binder ratio and somewhat correlated with their mechanical behaviour.
It is likely that the greater dissolution of aluminosilicate phases from the higher pH level
of the alkaline solution led to the formation of more strength-enhancing and densifying
phases, thus leading to effective restrained shrinkage. However, the opposite was observed
for mixes with a 5iO, /NayO ratio of 1.5. Further research is required to ascertain the trend
of specimens with varying silicate modulus and NayO content.
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Figure 10. Shrinkage for AAEAFS mortars: (a) values for mixes with silicate modulus of 1.0; (b) values
for mixes with silicate modulus of 0.5 and 1.5.
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4. Conclusions

In this study, electric arc furnace slag (EAFS) was studied as a potential full replace-
ment for cement in the production of alkali-activated mortars. The results obtained in
this study allowed a conclusion that EAFS as the sole precursor will result in mixes with
relatively low performance. According to the XRD results, this is most likely due to the
lower number of amorphous phases compared to other common aluminosilicate pozzolans.

The SiO;/NayO ratio and compressive strength are generally directly proportional.
The compressive strength was also affected by curing time. The continued reaction was
observed after the 24 h thermal curing stage. The specimens in this study experienced
7 days, 28 days and 91 days of curing in a dry chamber at 23 4= 2 °C and RH of 65%. The
maximum recorded compressive strength was obtained from specimens tested on day 91
corresponding to 4% and 2.5 of NapO/binder and SiO; /Na,O ratios, respectively.

Despite the shortcomings of EAFS as a sole precursor, the mechanical performance
increased significantly after subjecting the specimens to an accelerated carbonation stage.
After subjecting the specimens to a COs-enriched environment for 28 days, AAEAFS
showed an average compressive strength increase of ~500%, with one case reaching 800%
(i.e., from an initial 3.9 MPa in uncarbonated mixes to 31 MPa for carbonated ones). The
maximum performance was observed in mixes with 12% and 1.0 for Na,O/binder and
Si0;,/NayO ratios, respectively, thus showing a shift in the optimal alkaline activator con-
tents.

The sealed shrinkage test showed considerable dimensional variability over time.
Great autogenous shrinkage may have occurred due to the continuous alkali activation
reaction. Nevertheless, this phenomenon is still widely unknown and must be further re-
searched.

The complete replacement of cement with alkali-activated aluminosilicate waste may
translate into significant reductions in cost and minimal environmental impacts, especially
with incorporating a forced carbonation curing stage using industrial CO,-rich flue gases.
Therefore, greater focus should be given to this curing technique in future research.
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Abstract: It is an effective method to prepare geopolymer with recycled brick and concrete fine
powder (RP) and slag as main materials for the resource utilization of construction waste. How-
ever, its hydration products have large drying shrinkage and high efflorescence risk under normal
curing conditions. Until now, the durability of recycled brick and concrete fine powder—slag-based
geopolymer (RPSG) has not been well documented, such as drying shrinkage and efflorescence. In
this study, the effects of slag content, alkali equivalent and modulus on the durability properties
of RPSG were evaluated. The results show: (1) Slag can significantly reduce the drying shrinkage
and efflorescence of RPSG. (2) The potential for the efflorescence of RPSG increases with increasing
alkali equivalent. The drying shrinkage of RPSG increases with the increase of alkali equivalent in
the case of a low alkali equivalent (6 wt.% in this paper) and decreases with the increase of alkali
equivalent in the case of a high alkali equivalent. (3) The drying shrinkage of RPSG increases with
increasing modulus. In contrast, the degree of efflorescence decreases with increasing modulus. In
this study, RP-545-M1.3N6 (slag content: 45 wt.%; alkali equivalent: 6 wt.%; modulus: 1.3) is the
best proportional design for RPSG with excellent durability. Compared to RP-S0-M1.3N6, the drying
shrinkage of RP-545-M1.3N6 is reduced by 76.32%, the capillary porosity is reduced by 60.9%, the
visual efflorescence is significantly alleviated, and the early pH value is reduced by approximately
2.0. This paper systematically analyzed the drying shrinkage pattern and the efflorescence pattern of
RPSG, which has a positive significance for promoting the recycling of RP from construction waste.

Keywords: recycled brick and concrete powder; slag; geopolymer; drying shrinkage; efflorescence

1. Introduction

With the rapid development of global urbanization, the emission of construction waste
is increasing rapidly. According to the statistics, current construction waste accounts for
about 30% of urban solid waste [1-5], and more than 10 billion tons of construction waste
are generated worldwide every year, 80% of which are waste bricks and concrete [6,7].
At present, the treatment method for construction waste is mainly stacking and landfill,
which not only wastes land but also seriously endangers the natural environment [8]. On
the other hand, the exploitation of natural building materials in China is protected strictly.
Therefore, the recycling of construction waste can not only protect the environment but
also save resources and alleviate the current shortage of natural building materials.

In recent years, recycled aggregates produced from construction waste have been
widely used in recycled concrete [9-11], recycled mortar [12,13], roadbase [14] and other
fields. In the process of producing recycled aggregate from construction waste, a large
amount of fine powder with a size of less than 0.16 mm, which is called recycled fine powder,
is produced. Compared with untreated construction waste, the long-term accumulation
of recycled fine powder will not only occupy land but also produce dust, pollute water
resources and do greater harm to the environment [15].
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Geopolymers have many advantages, such as faster hardening, higher strength, excel-
lent acid and alkali resistance, lower carbon emission, and are considered to be the most
potential low-carbon green cementitious material to replace ordinary Portland cement (OPC).
The reaction mechanism is that the silicon oxygen bond and aluminum oxygen bond in the
geopolymer precursor materials break in an alkaline environment to form AlO4 and SiOy4
tetrahedral monomers, and then polymerize and recombine to form a three-dimensional
network structure [16,17]. The preparation of geopolymers from some wastes, such as
metakaolin, slag, fly ash, rice husk ash, etc., with aluminosilicate as the main component is a
research frontier [16,17]. As a material mainly composed of silica and alumina, recycled fine
powder has the potential to develop geopolymers. At present, the use of recycled fine powder
as a precursor material of geopolymers has been studied [18-23]. Meanwhile, the mechanical
properties of recycled fine powder-based geopolymers have been widely qualified and have
great potential to replace OPC [22-25].

Drying shrinkage is one of the main reasons that durability and applicability of con-
crete structures are reduced [26]. The shrinkage of concrete will cause tensile stress due
to the restraint of itself and external conditions. When the shrinkage is large, it will cause
harmful crack formation and eventually lead to serious crack damage of concrete [27].
Compared with OPC, the geopolymer will produce greater dry shrinking under dry condi-
tions, restricting its actual engineering applications [28-30]. Previous studies [31-33] have
shown that the shrinkage of geopolymer concrete is 2—4 times that of ordinary concrete.
Many scholars have studied how to reduce the drying shrinkage of alkali-activated binders
in terms of alkali equivalents, activator types, mineral admixtures, chemical additives and
curing conditions [31]. Duxson et al. [34,35] found that Si/ Al and gel structure are two
main parameters of sodium-based geopolymers, which have a direct impact on shrinkage.
Deb et al. [36] showed that both incorporating a small amount of fly ash and reducing
the modulus of modified sodium silicate reduced the drying shrinkage of geopolymer
concrete cured at room temperature. Ma et al. [37] also found that lowering the modulus of
activators can effectively reduce the drying shrinkage of geopolymer concrete. Additives
are one of the effective means to reduce the drying shrinkage of geopolymer concrete. There
were popular additives, such as magnesium oxide [38], calcium oxide [39], gypsum [40],
expansion agent [41] and absorbent polymer materials [42]. Hardjito et al. [43] found that
increasing the curing temperature is another measure to reduce the drying shrinkage of
geopolymers. Palacios et al. [44] found that the drying shrinkage of geopolymer can also
be reduced by increasing the curing humidity.

However, the chemical nature of recycled fine powders differs significantly from that
of other types of precursor materials, and it remains unknown whether these strategies will
be effective in reducing the drying shrinkage of recycled fine powder-based geopolymers.

In geopolymer systems, efflorescence is mainly caused by alkali metal cations freeing
to the surface of the material and reacting with carbon dioxide to form substances such as
sodium carbonate and sodium bicarbonate [45,46]. The highly alkaline reaction conditions
of geopolymers will inevitably result in a much higher degree of efflorescence than that of
OPC. Efflorescence not only affects the esthetics of the building material, but also reduces
the strength of the material and affects the durability of the structure. The efflorescence
of alkali-activated binders severely limits their practical engineering applications [47-49].
Therefore, it is crucial to limit the efflorescence of geopolymers. Zhang et al. [50] found
that the addition of 20% slag to fly ash-based cementitious materials were able to reduce
the rate of efflorescence in specimens, while efflorescence could also be inhibited by high-
temperature curing. A similar result was found by Kani et al. [51], who showed that the
addition of alumina-rich precursors or the addition of slag was effective in inhibiting alkali
efflorescence. In contrast, Xiao et al. [52] found that the addition of less than 50% mass of
slag to fly ash did not significantly change the degree of efflorescence in the specimens,
which showed higher levels of efflorescence with slag content above 50%. Therefore,
the relationship between the amount of slag and efflorescence is not entirely positive.
Zhang et al. [50] found that soluble silica reduced the porosity of the specimens to inhibit
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efflorescence at the same alkali equivalent, and also pointed out that the efflorescence
degree of NaOH-activated geopolymers was lower than that of sodium silicate-activated
geopolymers. With regard to the effect of alkali equivalent on the efflorescence properties,
Saha et al. [53] concluded that reducing the alkali equivalent would reduce the degree of
efflorescence, but when the alkali equivalent was less, it would again affect the strength of
the specimen, so a relative compromise was needed. Wu et al. [54] suggested that water
evaporation is an important factor affecting the efflorescence of fly ash-based geopolymers.
Tan et al. [55] first investigated efflorescence mitigation in recycled fine powder-based
geopolymers and demonstrated that both slag and metakaolin could mitigate the degree of
efflorescence in recycled fine powder based-geopolymers.

As can be seen from the above, recycled fine powder-based geopolymers have great
potential to replace OPC. However, little research has been reported on the durability of
recycled fine powder-based geopolymers in terms of drying shrinkage and efflorescence,
which restricts the promotion and application of recycled fine powder-based geopolymers.

In this paper, recycled brick and concrete fine powder—slag-based geopolymer (RPSG)
was prepared by using recycled brick and concrete fine powder (RP) and slag. The effects of
different slag contents, alkali equivalents and moduli on drying shrinkage and efflorescence
were studied. X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
thermogravimetry (TG) and scanning electron microscope (SEM) were used to analyze
the hydration products and their microstructure. The reaction mechanism of RP and slag
was discussed, and the drying shrinkage and efflorescence patterns of the RPSG were
systematically analyzed.

2. Research Significance

Firstly, this paper systematically investigates the drying shrinkage pattern and the
efflorescence of RPSG, which is a useful addition to the research related to the durability
performance of recycled fine powder-based geopolymers. The research results of this
paper are beneficial to promote the practical application of recycled fine powder-based
geopolymers. As a low-carbon green cementitious material, RPSG could replace OPC
in part of the engineering field, which has great practical significance to the sustainable
development of cement industry.

3. Materials and Methods
3.1. Materials

Recycled brick and concrete fine powder (RP): it was obtained from recycled brick and
concrete fine aggregate (0—4.75 mm), mainly including clay bricks, mortar, tiles, ceramics,
etc. It was dried to constant weight at 105 °C, and then passed through a standard sieve
with 2.36 mm. Then, it was crushed and sieved by a small laboratory crusher to obtain
fine powder with a particle size less than 0.16 mm. The process is shown in Figure 1.
Considering the crushing efficiency, the crushing time was 40 s, and the powder yield was
56.41%. The main chemical composition of RP can be seen in Table 1. SiO, and Al,O3 are
the two main components. The XRD results, morphology and particle size distribution are
shown in Figures 2—4, respectively.

Slag: S95 grade granulated blast furnace slag with a density of 2.9 kg/cm?, specific
surface area of 412 m?/kg and 28-day activity index of 95.5% was used. The main chemical
components can be seen in Table 1.

Sodium silicate solution: The liquid sodium silicate solution with a modulus of
3.2 kg/cm?® and water content of 65% was used in this test.

Sodium hydroxide: NaOH used in the test was flake NaOH with a purity of 99.0%.

Water (W): Except for the pH value test, which used purified water, the water used for
the tests was laboratory tap water.

77



Appl. Sci. 2023, 13,2997

Drying at 105 °C and Crushing time40s, Passing 0.16 mm
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Figure 1. The preparation process of RP.

Table 1. The chemical compositions of RP and slag.

Fe, O3 K,O MgO Na,O TiO, Others

4.7 2.1 1.4 1.3 0.6 3.0
0.4 7.1 0.4 0.5 7.1

5102 A1203 CaO

RP 494 20.2 17.29
S 30.3 14.2 39.3 0.7

1-Quartz
2-Calcite
3-Mica
4-Chlorite
5-Feldspar
6-Dolomite
7-Hematite

Intensity(cps)

20 . 40 60 . 80
20 (degree)

Figure 2. The XRD patterns of RP.
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Figure 3. The SEM images of RP [56].
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Figure 4. The particle size distribution of RP.

3.2. Mixture Proportion Design

In order to study the influence of slag content on the properties of RPSG, the specimens
were prepared with slag contents of 0 wt.%, 15 wt.%, 30 wt.% and 45 wt.% (calculated by
the total mass of RP and slag), and the fixed modulus and alkali equivalent were 6 wt.%
and 1.3, respectively. In order to study the effect of modulus and alkali equivalent on the
performance of RPSG, the fixed slag content was 30 wt.%, and the moduli were adjusted to
0.9,1.1,1.3,1.5and 1.7, and the alkali equivalents were 3 wt.%, 6 wt.%, 9 wt.%, 12 wt.% and
15 wt.%, respectively. The mixture proportions are shown in Table 2. The specimens were
numbered according to the slag content, modulus and alkali equivalent. For example, for
RP-S0-M1.3N6, RP represents recycled brick and concrete fine powder, SO represents 0 wt.%
slag content, M1.3 represents 1.3 modulus of alkali activator solution, and N6 represents
6 wt.% alkali equivalent of composite cementitious system. The water binder ratio in this
test was all 0.35. In order to investigate the hydration products and microstructure of RPSG,
specimens RP-50-M1.3N6 and RP-S30-M1.3N6 were selected for further micro-analysis.

Table 2. The mixture proportions of RPSG.

Mix ID AW/ B RP Slag ‘W NaOH Na,SiO;

RP-S0-M1.3N6 0.35 500.00 0.00 107.95 23.09 142.42
RP-515-M1.3N6 0.35 425.00 75.00 107.95 23.09 142.42
RP-530-M1.3N6 0.35 350.00 150.00 107.95 23.09 142.42
RP-545-M1.3N6 0.35 275.00 225.00 107.95 23.09 142.42
RP-530-M0.9N6 0.35 350.00 150.00 132.75 27.90 98.60
RP-530-M1.1N6 0.35 350.00 150.00 120.35 25.49 120.51
RP-S30-M1.5N6 0.35 350.00 150.00 95.55 20.69 164.33
RP-530-M1.7N6 0.35 350.00 150.00 83.15 18.28 186.24
RP-530-M1.3N3 0.35 350.00 150.00 141.48 11.54 71.21
RP-530-M1.3N9 0.35 350.00 150.00 74.43 34.63 213.63
RP-S30-M1.3N12 0.35 350.00 150.00 40.91 46.18 284.84
RP-530-M1.3N15 0.35 350.00 150.00 7.38 57.72 356.06

a W (Water content) = water content of Na,SiOs solution + ¢ W. ? B = RP + S + solid content of Na,SiOj3 solution.
¢ W—additional water.

3.3. Test Method

(1) Dry shrinkage test: The dry shrinkage test was conducted in accordance with
the Test Method for Dry Shrinkage of Cement Mortar in China (JC/T 603-2004), and
the mix proportions are shown in Table 2. The modified sodium silicate solution with
the appropriate modulus and alkali equivalent was prepared 24 h in advance, then the
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modified sodium silicate solution was mixed with RP and slag and poured into the cement
mortar mixer. After stirring on low speed for 3 min, a scraper was used to scrape up
the slurry from the bottom of the mortar mixing pot and stir manually for 2 min, then
stirring continued on high speed for 3 min. The mixed slurry was rapidly poured into a
25mm x 25 mm x 280 mm mold with embedded metal nails at both ends. After 20 s of
vibrating, it was cured with plastic film at room temperature for 48 h, then stripped and
transferred to 20 &= 2 °C and 50 & 5% relative humidity for 28 days of dry shrinkage curing.
BC-300 cement length meter was used to measure the size change, and the length was
measured once every 24 h. Each group contained 3 specimens, and the average value of
the results was analyzed.

(2) Capillary porosity test: According to Table 2, the rectangular specimens with
40 mm x 40 mm X 40 mm were wrapped by film under standard conditions for 28 days,
and then crushed into pieces. The capillary porosity of the pieces was determined using
the saturated water method [45].

(3) Rapid efflorescence test: The specimen preparation method was the same as that of
the capillary porosity test. The specimens were wrapped in plastic film and maintained for
28 days under standard conditions, then placed in plastic containers with an appropriate
amount of tap water so that the bottom of the specimen was immersed in water for
approximately 5 mm. A camera was used to record the images of the specimens over
time. The temperature and relative humidity during the experiment were 25 °C and 55%,
respectively. During the test, the proper amount of water was added to the plastic container
every 5 h to maintain a fixed water level at the bottom of the specimen. After 7 days, the
addition of water to the container was stopped, and the water in the container underwent
complete evaporation. The white crystals and broken epidermis on the surface of the
specimens were scraped out with a spatula and then weighed.

(4) PH value test: The specimens were crushed into granules from 28 days of film
curing. Solid particles with a size range of 0.6-1.18 mm were selected, and then immersed
in purified water. The pH value of the immersion solution was measured every 10 min
for the first hour. After 1 h, measurements were taken every 1 h until the pH value of the
immersion solution did not modify significantly and then stopped. In this experiment, the
ratio of solid to liquid was 1:50.

(5) XREF: 3 g powder specimens were prepared. An X-ray fluorescence spectrometer
was used, and the test mode was in the form of oxide.

(6) XRD: The specimen at the specified age was first crushed into small pieces. The
pieces < 1.18 mm were taken and immersed in anhydrous alcohol for 7 days to terminate
the hydration process, then dried at 50 °C to constant weight. Finally, the specimens were
ground into powder, and 1 g was selected for the XRD test after passing 200 mesh sieve.
X-ray diffractometer with scanning speed of 2°/min and scanning angle range of 5-90°
was adopted.

(7) FTIR: The specimen preparation method was the same as that of XRD. The test
mode was conventional powder tablet. The wavenumber range was 400-4000 cm~!.

(8) TG: The specimen preparation method was the same as that of XRD. 20 mg powder
specimen was selected and tested with a thermogravimetric analyzer. The test temperature
range was room temperature ~1000 °C, the test gas atmosphere was nitrogen, and the
heating rate was 10 °C/min.

(9) SEM: Block specimens with thickness less than 1 cm, diameter < 1 cm and relatively
flat fracture surface were selected and dried at 50 °C to constant weight. A scanning electron
microscope was used to test the morphology.

4. Results and Discussion
4.1. Drying Shrinkage
4.1.1. Effect of Slag Content on Drying Shrinkage

Figure 5 shows the drying shrinkage of RPSG with different slag contents within
28 days. It can be seen that the drying shrinkage decreases with the increase of slag content.
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The 28-day drying shrinkage of RP-S0-M1.3N6, RP-515-M1.3N6, RP-530-M1.3N6 and RP-
S45-M1.3N6 are 2.98%, 2.57%, 0.93% and 0.70%, respectively. The drying shrinkage of RPSG
with slag content of 15 wt.%, 30 wt.% and 45 wt.% are 13.53%, 68.69% and 76.32% lower
than that of RPSG without slag. The drying shrinkage value of RPSG decreases with the
increase of Ca/Si, which is contrary to the traditional conclusion that the drying shrinkage
value of alkali-activated cementitious materials increases with the increase of Ca/Si [57],
such as alkali-activated fly ash/slag, Kaolin/slag, silica fume/slag and other cementitious
systems. It is noted that the RPSG with 60 wt.% slag content had a large drying shrinkage
value, and cracking occurred on the third day after forming.
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Figure 5. Drying shrinkage results of RPSG with different slag contents.

The capillary pressure theory shows that the essence of shrinkage is that the free water
evaporates from the saturated mesoporous pores in a dry environment, and the surface
tension in the pore solution forms capillary pressure. Thus, the curved moon surface of
liquid-gas was formed, resulting in the reduction of slurry volume. This mechanism is
applicable to alkali-activated cementitious materials [58]. The pore size distribution is
the main factor affecting its drying shrinkage. However, further analysis is required for
the cementitious system with two or more precursors, and a variety of factors should be
considered [59]. According to the Mackenzie Bentz equation, the parameters affecting the
drying shrinkage of RPSG mainly include bulk modulus, bulk modulus of solid material,
pore saturation and capillary tension of liquid phase [60]. Capillary tension is mainly
composed of surface tension, contact angle and Kelvin radius. The surface tension and
contact angle of the pore solution are the same for different mixtures under the same
humidity and are mainly affected by the pore diameter. According to the above theory, the
effective factors of drying shrinkage caused by capillary tension are pore diameter, pore
saturation and bulk modulus [2].

Slag can promote the production of hydrophilic products such as NASH and CASH,
making the slurry denser, so as to improve the bulk modulus of the slurry and the ability of
the slurry to resist drying shrinkage and deformation. Slag can refine pore structure, reduce
pore size and increase capillary tension. The particle size of slag particles is smaller than
that of RP. Slag particles are dispersed to the surface of RP particles during mixing. After
hydration, the products can fill pores and form closed pores, improving pore saturation [59].
It can be seen from the above analysis that the drying shrinkage result is the compound
action of the bulk modulus, pore diameter and pore saturation. The results show that bulk
modulus is the dominant factor affecting the drying shrinkage of RPSG when the slag
content is small. Therefore, slag can reduce the drying shrinkage of RPSG. When the slag
content is high, the dominant factors affecting the drying shrinkage are pore diameter and
pore saturation [61].
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The activity of RP under alkaline conditions is much lower than that of slag. After slag
replaces RP, the consumed water through chemical reaction and the active SiO, in sodium
silicate solution increase, and the residual water and active SiO; in the slurry decrease.
Relevant studies [30] show that silica gel with high water content is easy to dehydrate
under dry conditions, resulting in larger shrinkage, while the addition of slag can reduce
the water content in the slurry and consume some sodium silicate, thus reducing the drying
shrinkage. In addition, RP can be used as an “internal curing agent” to reduce the drying
shrinkage of alkali-activated slag cementitious systems due to its internal porous and water
absorption [2,62]. Therefore, slag can significantly reduce the drying shrinkage of RPSG.

4.1.2. Effect of Alkali Equivalent on Drying Shrinkage

Figure 6 shows the drying shrinkage of RPSG with different alkali equivalents within
28 days. The test results show that the drying shrinkage does not have a certain positive
correlation with the alkali equivalent. The 28-day drying shrinkage of RP-530-M1.3N3,
RP-530-M1.3N6, RP-530-M1.3N9, RP-530-M1.3N12 and RP-S30-M1.3N15 are 0.40%, 0.93%,
0.83%, 0.57% and 0.18%, respectively. When the alkali equivalent is small (In this paper, the
alkali equivalent is less than 6 wt.%), drying shrinkage increases with the increase of alkali
equivalent. This is consistent with some current studies on alkali-activated binders. It can
be explained that the increase of alkali concentration increases the proportion of pores and
gel pores in the slurry, reduces the content of large pores [62] and increases the capillary
tensile stress. In addition, a certain alkaline environment is the basis of slag hydration, and
an appropriate increase in alkali equivalent can promote slag hydration [63]. Therefore, for
the low alkali equivalent specimens, slag hydration is incomplete, and part of the slag that
is not hydrated fills the large-sized pores of the recycled brick mix microfine, which slows
down water evaporation. At the same time, slag that is not hydrated has a “microskeleton”
effect, which can also reduce the drying shrinkage performance of the specimen. These
reasons together contribute to the low alkali equivalent specimen drying shrinkage being
small. When the alkali equivalent is large, drying shrinkage decreases with the increase of
alkali equivalent. The specimens with high alkali equivalent are unstable, as more alkali
will promote the precipitation of Ca(OH); and the formation of low Ca/Si gel, reduce
mesoporous proportion of the matrix and reduce drying shrinkage of the specimen. For
example, the drying shrinkage of RP-530-M1.3N9, RP-530-M1.3N12 and RP-530-M1.3N15
decreased by 11.33%, 39.27% and 80.71%, respectively, compared with RP-S30-M1.3N12.
In addition, the porosity of the RPSG system is higher than that of the traditional alkali-
activated cementitious system, and there are more macropores in the slurry. Although it
has higher activity under high alkali equivalent, it cannot actually consume the excessive
alkali component in the system, and the excessive alkali will generate white crystals in
the macropores in the slurry and on the surface of the specimen under a dry environment.
After crystallization is generated in the internal pores of the slurry, a certain amount of
crystallization pressure will be generated on the pore wall to offset the capillary tensile
stress caused by the mesoporous pores so that the drying shrinkage value of the specimen
is reduced and even expanded with the extension of the curing age. It can be well verified
from the drying shrinkage results of the specimen RP-530-M1.3N15. It can be seen from
Figure 6 that the specimen RP-S30-M1.3N15 with 15 wt.% alkali equivalent has a large
shrinkage in the early stage, but the shrinkage value decreases with the increase of age. It
can be observed that white alkali crystals are separated from the slurry of RPSG, and some
visible cracks appear on the surface of the specimen. These cracks are not shrinkage cracks
caused by capillary tension but expansion cracks caused by pressure formed by free alkali
crystallization. However, specimens with high alkali equivalents are very unstable and
prone to large cracks under ambient conditioning conditions, contributing to a reduction
in specimen strength. Therefore, increasing the alkali equivalent is not a good measure to
reduce the drying shrinkage of RPSG.
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Figure 6. Drying shrinkage results of RPSG with different alkali equivalents.

4.1.3. Effect of Modulus on Drying Shrinkage

Figure 7 shows the drying shrinkage of RPSG with different moduli within 28 days.
The test results show that the drying shrinkage has a certain positive correlation with the
modulus. When the alkali equivalent is constant, drying shrinkage increases with the
increase of modulus, which is consistent with the conclusions drawn by other studies [29].
The 28-day drying shrinkage of RP-530-M0.9N6, RP-530-M1.1N6, RP-530-M1.3N6, RP-
S30-M1.5N6 and RP-530-M1.7N6 are 0.42%, 0.82%, 0.93%, 1.17% and 1.32%, respectively.
For the RPSG with fixed alkali equivalent, the main factor affecting drying shrinkage is
the pore distribution in the binders. When the alkali equivalent is constant, the content
of sodium silicate increases relatively with the increase in modulus. Generally speaking,
the increase of sodium silicate will lead to the decrease of the total porosity of the slurry
and the increase of mesopore ratio, while the increase of mesopore volume will lead to
the increase of capillary stress, thus increasing the drying shrinkage of the specimen. In
addition, excessive sodium silicate will not react completely, and it is very easy to lose
water under dry conditions, resulting in dry shrinkage of the slurry.
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Figure 7. Drying shrinkage results of RPSG with different moduli.

From the above analysis, it is clear that RPSG has large drying shrinkage, with maxi-
mum drying shrinkage reaching 2.98% after 28 days, which is far higher than the drying
shrinkage of metakaolin-based polymer (approx. 0.4-0.6%) [64]. However, the drying
shrinkage of RPSG could be reduced by optimizing the mix ratio, such as the specimen
RP-530-M1.3N3, whose drying shrinkage is only 0.40%
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4.2. Capillary Porosity
4.2.1. Effect of Slag Content on Capillary Porosity

The permeability of the specimen is one of the important factors affecting its efflores-
cence, and capillary porosity is an important indicator for evaluating the permeability of
the specimen. Figure 8 shows the capillary porosity of RPSG with different slag contents. It
can be seen from Figure 8 that the capillary porosity of RPSG decreases with the increase of
slag content. The capillary porosity of the specimens RP-S0-M1.3N6, RP-515-M1.3N6, RP-
S30-M1.3N6, RP-S45-M1.3N6 are 0.33%, 0.24%, 0.18% and 0.13%, respectively. Compared
with the specimens without slag, the capillary porosity of the specimens with 15 wt.%, 30
wt.% and 45 wt.% slag content decreased by 27.3%, 45.5% and 60.6%, respectively. This is
because the incorporation of slag can introduce more active calcium components into the
matrix, which significantly increases the content of active components, thereby promoting
the formation of hydration products such as CSH, CASH and NASH. The generated hydra-
tion products can fill the pores of the RPSG and improve the density of the slurry, which in
turn leads to a decrease in the capillary porosity of the specimen. In addition, unreacted
slag can also fill the pores of the RPSG, improve the density of the slurry and reduce the
capillary porosity of the slurry.

0.35 1
0.30

0.25

0.15
0.10 H
0.05 +
0.00 - 6

Capillary Porosity (%)

Figure 8. Capillary porosity of RPSG with different slag contents.

4.2.2. Effect of Alkali Equivalent on Capillary Porosity

Figure 9 shows the capillary porosity of RPSG with different alkali equivalents. As
can be seen from Figure 9, the capillary porosity of RPSG does not have a simple linear
relationship with the alkali equivalent. The capillary porosity of specimen RP-S30-M1.3N6
was reduced by 48.90% compared to that of specimen RP-S30-M1.3N3, while the capil-
lary porosity of specimens RP-530-M1.3N9 and RP-530-M1.3N12 remained essentially
unchanged compared to that of specimen RP-530-M1.3N6. Meanwhile, the capillary poros-
ity of RP-530-M1.3N15 increased by 50.5% compared with that of RP-530-M1.3N12. The
silica and aluminum components in RP need to be dissolved and polymerized in an alkaline
environment to form NASH hydration gel. The active CaO in slag also needs an alkaline
environment to dissolve and polymerize to form CSH and CASH gels. Properly increasing
the alkali equivalent and improving the alkaline environment of the geopolymer reaction
can promote the formation of more NASH, CSH and CASH gels, thereby improving the
compactness of the specimen. When the alkali equivalent exceeds a certain threshold,
the strong alkali environment will not only inhibit the dissolution of the silicon—alumina
components in the RP, but also guide the active CaO in slag to form precipitation and
adhere to the particle surface, hindering the progress of the RPSG hydration reaction [65].
Therefore, continuously increasing the alkali equivalent cannot continuously improve the
compactness of the specimen and may even damage the compactness of the specimen.
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Figure 9. Capillary porosity of RPSG with different alkali equivalents.

4.2.3. Effect of Modulus on Capillary Porosity

Figure 10 shows the capillary porosity of RPSG with different moduli. It can be seen
from Figure 10 that within a certain range, the capillary porosity of RPSG decreases with the
increase of the modulus. Compared to the capillary porosity of specimen RP-S30-M0.9N6,
the capillary porosity of specimens RP-530-M1.1N6, RP-S30-M1.3N6, RP-530-M1.5N6 and
RP-530-M1.7N6 was reduced by 4.9%, 10.8%, 19.4% and 19.4%, respectively. This is because
the high modulus modified sodium silicate solution contains more active SiO,, which is
conducive to the formation of a denser gel and thus reduces the capillary porosity of the
specimens [66]. Meanwhile, the hydration reaction of RPSG requires a certain alkaline
environment, and the weak alkaline environment is not conducive to the formation of
hydration and gelation products such as CSH, CASH and NASH. Therefore, high modulus

RPSG may have higher capillary porosity.
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Figure 10. Capillary porosity of RPSG with different moduli.

4.3. Visual Efflorescence
4.3.1. Effect of Slag Content on Visual Efflorescence

Visual efflorescence can intuitively reflect the degree of efflorescence of the specimen.
Figure 11 shows the visual efflorescence changes of RPSG with different slag contents at
1 day, 3 days and 7 days. It can be seen from Figure 11 that after 1 day of immersion, the
white crystalline substance first appears around the top of the specimen RP-S0-M1.3N6
without slag addition, while there is no obvious change around the top of the specimens
RP-515-M1.3N6, RP-530-M1.3N6 and RP-545-M1.3N6. After 3 days of immersion, white
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crystalline substances precipitated around and at the top of the specimen RP-50-M1.3N6,
while the specimens RP-S15-M1.3N6 and RP-545-M1.3N6 only showed a small circle of
crystalline substances at the bottom above the immersed part. However, crystallization
appeared on the top of the specimen RP-530-M1.3N6 with a slag content of 30 wt.%. This is
due to the joint porosity between the top and bottom of the specimen, which causes the
abnormal phenomenon that the surface of the specimen crystallizes prematurely. After
7 days of immersion, the surface of specimen RP-50-M1.3N6 starts peeling on the surface
of the crystallization pressure gauge, and part of the paste swells or falls off. This can be
attributed to the fact that crystals are formed when alkaline-rich solutions inside or on the
surface of the specimen pores react with CO, and continue to migrate with the moisture.
The crystals continue to grow, generating a crystallization pressure. When the pressure
exceeds the internal tensile strength of the specimen, cracks and rupture occurs [67]. The
degree of efflorescence of other specimens is not significantly different from that of 3 days.
It can be concluded from the test phenomena that the addition of slag can significantly
reduce the visual efflorescence of RPSG and reduce the visual efflorescence rate.

7d

Mass loss

(8

11.17 0.24 1.38 0.3

RP-S0-M1.3N6 RP-515-M1.3N6 ~ RP-S30-M1.3N6  RP-545-M1.3N6

Figure 11. Visual efflorescence of RPSG with different slag contents.

Visual efflorescence can intuitively show the phenomenon of efflorescence when
the specimen is immersed in water at the bottom, but this test method cannot quantify
the degree of efflorescence in the slurry. Figure 11 shows the mass loss results of RPSG
with different slag contents due to efflorescence. The mass loss of RP-S0-M1.3N6 was the
highest, reaching 11.17 g, and the results were in good agreement with visual efflorescence.
Unlike the decrease in capillary porosity with increasing slag content as shown in Figure 8,
specimen RP-S15-M1.3N6 showed minimal visual efflorescence and mass loss. At the
same time, there is an obvious macro-crack above the submerged part at the bottom of the
specimen. This is because alkali-activated materials can occur not only on the surface of the
specimen but also in the larger capillary pores on the surface or cracks in the interior of the
specimen. Efflorescence will produce crystallization pressure and force cracks to expand
further, which will further enhance the phenomenon of efflorescence [45]. At the same
time, the appearance of efflorescence substances will also be different due to the speed of
evaporation, so the efflorescence substances cannot be completely scraped out during the
test. In addition, the visual image of efflorescence will also have certain differences due to
the different shapes of the crystalline substances.
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4.3.2. Effect of Alkali Equivalent on Visual Efflorescence

Figure 12 shows the visual efflorescence changes of RPSG with different alkali equiva-
lents at 1 day, 3 days and 7 days. It can be seen from Figure 12 that after 1 day of immersion,
the specimens RP-530-M1.3N3 and RP-530-M1.3N6 did not produce obvious crystalline
substances, while the specimens RP-530-M1.3N9, RP-S30-M1.3N12 and RP-S30-M1.3N15
have a little crystalline material on the surface. After 3 days of immersion, crystalline
substances appeared on the surface and surrounding of all the specimens, and the most
crystalline substances appeared in the specimens RP-S30-M1.3N3 and RP-530-M1.3N15.
After 7 days of immersion, visual efflorescence of the specimens was more obvious. The
activity of RP and slag is weaker at a low alkali equivalent, and the specimen has smaller
strength and larger capillary porosity (as shown in Figure 9), so the rate of efflorescence
of specimen RP-530-M1.3N3 is faster. However, the specimen RP-S30-M1.3N15 with a
high alkali equivalent also had an obvious efflorescence phenomenon after immersion
in water for 1 day, and the degree of efflorescence was high. The reason for this is that
specimens with a high alkali equivalent are not stable and the crystallization pressure
generated by the excess residual alkali in the pores causes cracks to form in the top and
bottom of the specimen. This leads to rapid and severe efflorescence, which eventually
leads to the rupture of the specimen. According to the mass loss results in Figure 12, it can
be seen that the relationship between efflorescence and alkali equivalent is not an absolute
positive correlation. At lower alkali equivalents, the degree of efflorescence decreases as
the alkali equivalent increases. For the specimens with high alkali equivalents, the higher
the alkali equivalent, the higher the degree of efflorescence. In this paper, the 6 wt.% alkali
equivalent specimen has the least efflorescence. From the results of the analysis based
on Figure 9, it can be seen that the capillary porosity of the specimens RP-530-M1.3N6,
RP-530-M1.3N9 and RP-530-M1.3N12 is basically the same, but the relationship between
the degree of efflorescence is: RP-S30-M1.3N12 > RP-S30-M1.3N9 > RP-S30-M1.3N6. This
is because the modified sodium silicate solution with high alkali equivalent has a higher
concentration of alkali metal ions.
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Figure 12. Visual efflorescence of RPSG with different alkali equivalents.

4.3.3. Effect of Modulus on Visual Efflorescence

Figure 13 shows the visual efflorescence changes of RPSG with different moduli at
1 day, 3 days and 7 days. It can be seen from Figure 13 that after immersion in water for
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1 day, no obvious crystallization appeared in all the specimens. After immersion in water
for 3 days, flower-like white crystals appeared about 5 mm above the immersed part of the
bottom of all specimens, and this phenomenon was more obvious after immersion in water
for 7 days. The mass losses of the specimens are all at small values, while the mass losses of
the high modulus specimens RP-530-M1.5N6 and RP-S530-M1.7N6 are significantly smaller
than those of the low modulus specimens RP-S30-M0.9N6, RP-S30-M1.1N6 and RP-S30-
M1.3N6é. This is because the modified sodium silicate solution with high modulus contains
more active SiO;, which facilitates the formation of denser gels in the specimens, thereby
improving the degree of efflorescence of the specimens [64]. This is well demonstrated by
the analysis in Figure 5 above.
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Figure 13. Visual efflorescence of RPSG with different moduli.

4.4. PH Value
4.4.1. Effect of Slag Content on pH Value

Figure 14 shows the pH values of RPSG with different slag contents. As shown in
Figure 14, slag delayed the increase in pH value of the specimens. After 72 h of immersion,
the pH values of the individual specimens gradually reach their maximum values with
minimal differences. It suggests that most of the alkali metal ions in the specimens will
be released from the specimens as the immersion time is extended. However, at 2 h of
immersion, the pH values of the different specimens showed significant differences. The
pH value of specimen RP-50-M1.3N6 was the largest, and the pH value of specimen RP-
545-M1.3N6 was the smallest. It shows that the efflorescence rate of the specimens becomes
slower with increasing slag content.

4.4.2. Effect of Alkali Equivalent on pH Value

Figure 15 shows the pH values of RPSG with different alkali equivalents. As shown in
Figure 15, the pH value of specimen RP-530-M1.3N6 was the smallest (pH ~ 9.4), and the
pH value of specimen RP-S30-M1.3N15 was the largest (pH ~ 11.4) at the 2 h immersion
time. The results were validated against each other with the visual efflorescence results
in Figure 12. After 24 h of immersion, all specimens reached a pH value above 10.0 and
gradually increased in the later stages. Meanwhile, as can be observed in Figure 15, the pH
value of the specimens increased with increasing alkali equivalents. It suggests that the
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efflorescence potential of the specimens becomes higher with increasing alkali equivalents.
However, this does not indicate the actual degree of efflorescence in relation to the alkali
equivalents. According to the results in Figures 9 and 12, the efflorescence of the specimen
is also influenced by the denseness of the matrix.
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Figure 14. PH values of RPSG with different slag contents.
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Figure 15. PH values of RPSG with different alkali equivalents.

4.4.3. Effect of Modulus on pH Value

Figure 16 shows the pH values of RPSG with different moduli. It can be observed
from Figure 16 that the pH value of the lower modulus specimens is greater than that of
the higher modulus specimens. It shows that increasing the modulus is an effective means
of improving the efflorescence of the matrix. Meanwhile, it can be observed that the pH
value of the specimens is slightly influenced by the modulus. It suggests that the modulus
has a lower influence on the degree of efflorescence of RPSG.

4.5. Micro-Analysis

Based on the analysis results of drying shrinkage and efflorescence above, it is
clear that the relationship of each factor on the durability performance of RPSG is: slag
content > alkali equivalent > modulus. Meanwhile, the changes in alkali equivalent and
modulus influence the durability performance of RPSG by inhibiting or promoting the
hydration reaction of RP and slag. Therefore, the specimens with different slag contents
were selected for further micro-analysis in this paper.

89



Appl. Sci. 2023, 13,2997

—=— RP-S30-M0.9N6
| —e— RP-S30-M1.1N6
11.5 F—a—RP-S30-M1.3N6
| ——RP-S30-M1.5N6
| ——RP-S30-M1.7N6

an) L
a, 10.5
10.0
9.5 F
9.0 T T T T T T T
0 20 40 60 80 100 120
Time/h

Figure 16. PH values of RPSG with different moduli.

4.5.1. XRD

Figure 17 shows the XRD diffraction patterns of RPSG. According to Figure 17, com-
pared with the specimen RP, the diffraction peaks of chlorite, mica and feldspar in RP-
S0-M1.3N6 and RP-S30-M1.3N6 are significantly lower. This shows that the alkaline
environment provided by the modified sodium silicate can dissolve the layered silicoalu-
minate minerals of chlorite in the RP. The modified sodium silicate can provide reaction
conditions for the RPSG. The specimen RP-530-M1.3N6 showed some broader diffraction
peaks between 20° and 40°, but the phenomenon was not significant. This is because the
slag prompted the generation of poorly crystalline hydration products CASH and NASH
from the RPSG. The amorphous nature of these hydration products, coupled with their
overlap with the diffraction peaks of the more crystalline minerals in the XRD diffraction
pattern, means that they do not have a distinct diffraction peak in Figure 17. In addition,
specimen RP-530-M1.3N6 has a weakened diffraction peak in the calcite phase compared
to specimen RP-S0-M1.3N6, which has a significant effect on drying shrinkage of the calcite
relative to the slurry [68]. It should be noted that the diffraction peak intensity of quartz
decreases with the addition of activator or slag, and this is mostly caused by the dilution
effect [69]. In fact, the amount of crystalline quartz dissolved in an alkaline environment is
so small that it has a negligible effect on the variation of its diffraction intensity.
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Figure 17. RD patterns of RPSG with different slag contents.
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4.5.2. FTIR

Figure 18 shows the FTIR images of RPSG. As shown in Figure 18, significant vari-
ations can be observed around wave numbers 400 to 800 cm ™! and 1000 cm~!. For the
spectrograms in the wave number range of 400 to 800 cm ™!, the wave peak of speci-
men RP-530-M1.3N6 is significantly smaller than that of specimen RP-S0-M1.3N6. This
wavenumber band corresponds to the vibrational band produced by SiO4 and AlO; tetrahe-
dra, suggesting that the addition of slag promotes the dissolution of the silicon aluminum
component of the RP [20]. Around wave number 1000 cm ™!, the peak intensity of specimen
RP-530-M1.3N6 with the addition of slag was significantly weaker compared to that of
specimen RP-S0-M1.3N6. At the same time, the wave peak of specimen RP-S30-M1.3N6
was shifted towards a lower wavenumber compared to that of specimen RP-S0-M1.3N6.
The spectral band near 1000 cm ! corresponds to the stretching vibration of Si-O-Si and the
asymmetric stretching vibration of T-O-5i (T is Si or O), indicating that the addition of slag
promotes the dissolution of silica—aluminates and the hydration of low polymerization gel
formation [70,71].
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Figure 18. FTIR results of RPSG with different slag contents.

453. TG

Figure 19 shows the TG/DTG curves of RPSG. As can be seen from Figure 19a,b, the
specimens have three main regions of mass loss corresponding to three temperature ranges:
(1) room temperature ~ 200 °C, (2) 200-600 °C and (3) 600-1000 °C. Higher temperature
results are not covered in this paper. The mass loss of the specimens below 200 °C is mainly
the loss of free water adsorbed in the voids, while 200 to 600 °C is mainly the loss of bound
water, corresponding to the dehydroxylation process of the hydration products NASH
and CASH [72]. The mass loss of specimen RP-S30-M1.3N6 in this range is greater than
that of specimen RP-S0-M1.3N6. This is because the incorporation of slag increased the
internal hydrated gel content of the specimens, and more free water was adsorbed on the
surface of the gel pores, while slag promoted the generation of CASH and NASH gels
(corroborating the analysis in Figure 17). The mass loss of the specimen at 600-1000 °C is
mainly the loss of calcium carbonate, which is closely related to the carbonation resistance
of the cementitious material [15]. The mass loss rate of specimen RP-S30-M1.3N6 in this
range is less than that of specimen RP-S0-M1.3N6, indicating that slag can improve the
carbonation resistance of RPSG.
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Figure 19. TG/DTG curves of RPSG with different slag contents.; (a) Mass loss curves of RPSG;
(b) DTG curves of RPSG.
4.5.4. SEM

Figure 20 shows the SEM photos of RPSG with different slag contents after standard
curing for 28 days under the condition of fixed alkali equivalent and modulus. It can be
observed that the SEM photos of RP-S30-M1.3N6 show smaller pores, and the structure is
denser. In combination with the analyses in Figures 17-19, it is clear that slag promotes the
dissolution of the silica—aluminum component of the RPSG and the formation of hydrated
gels such as NASH and CASH with low polymerization, resulting in a denser structure
of the specimen RP-530-M1.3N6. Some unbound loose stroma can be seen in the lower
right corner of RP-50-M1.3N6, while no similar result is observed in RP-S30-M1.3N6. This
indicates that the slag particles in RP-530-M1.3N6 and RP particles have been fully bonded
after 28 days. This is because slag rapidly dissolves a large number of calcium ions in the
alkaline environment, which rapidly reacts with active SiO, dissolved from the RP to form
geopolymer gel with a network tetrahedron structure, making the matrix denser [73,74].

(a) | (b)

Figure 20. SEM images of RPSG with different slag contents [68,75]; (a) RP-50- M1.3N6 (1000 x );
(b) RP-S30- M1.3N6 (1000 x).

4.6. Discussion

Currently, the international community does not have a uniform rule for measuring
the degree of efflorescence of geopolymers [50,76,77]. This paper selected capillary porosity,
visual efflorescence and PH value as indexes of efflorescence degree to ensure the conclusion
is more reliable. Before the mix proportion design, the group conducted exploratory tests
to ensure that the formed specimens had good mechanical and workability properties.
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Meanwhile, the conclusions are valid within the limits of the paper. However, further
study is needed to determine whether the conclusions continue to be valid if the limited
range is exceeded, such as modulus higher than 1.7. In addition, the recycled micronized
powder originated from construction waste disposal plants and mainly contained mortar,
clay bricks, ceramics and tiles without further screening.

5. Conclusions

In this paper, the effects of slag content, alkali equivalent and modulus on drying
shrinkage and efflorescence of RPSG under normal temperature curing were studied. The
drying shrinkage pattern and efflorescence pattern of RPSG were systematically analyzed.
The main conclusions of this paper are as follows:

(1) Slag significantly reduces the drying shrinkage and efflorescence of RPSG. Slag can
promote RPSG to generate more hydration products, which causes the matrix to become
denser and reduces the capillary porosity, thus significantly improving its drying shrinkage
and efflorescence performance.

(2) When the modulus is constant, the potential for the efflorescence of RPSG increases
with increasing alkali equivalent. However, the relationship between drying shrinkage
and alkali equivalent is not a simple linear relationship. At low alkali equivalents (6% in
this paper), the drying shrinkage of RPSG increases with increasing alkali equivalents and
decreases with increasing alkali equivalents at high alkali equivalents.

(3) The drying shrinkage of RPSG increases with increasing modulus when the
alkali equivalent is constant. In contrast, the degree of efflorescence decreases with
increasing modulus.

(4) Micro-analysis has shown that slag promotes the dissolution of the silica—aluminum
composition in RPSG and the formation of hydrated gels such as NASH and CASH with
low polymerization. This results in a slurry with smaller pores and a denser structure.

The research in this paper shows that the effects of slag content, alkali equivalent and
modulus on the drying shrinkage and efflorescence of RPSG are not identical. In this study,
RP-545-M1.3N6 is the best proportional design for RPSG. The drying shrinkage properties
and efflorescence performance of RP-545-M1.3N6 were significantly reduced compared
with RP-50-M1.3N6 (drying shrinkage was reduced by 76.32%, visual efflorescence was
significantly alleviated, capillary porosity was reduced by 60.9% and early pH value was
reduced by approximately 2.0). The research has demonstrated that geopolymers with
excellent durability can be prepared by using slag and RP, which has a beneficial impact on
promoting the resource utilization of RP.

The main materials used in the prepared RPSG are solid wastes, which have complex and
variable chemical compositions. The effects of the content of the main chemical components,
such as CaO, Al,O3 and SiO;, on the properties of RPSG should be further investigated.
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Abstract: The present study aimed to investigate the effect of an expandable additive on the com-
pressive strength and linear expansion of geopolymer cement, which is an alternative to ordinary
Portland cement, for oil-well cementing. Fly-ash-based geopolymer cement samples, with the ad-
dition of slag cement as a strength enhancer, were prepared by using an elastomeric expandable
additive (R-additive), which consists of styrene-butadiene rubber with a specific gravity of 0.945, at
concentrations of 10%, 15%, 20% and 25% by weight of the solid blend, and cured in a water bath
at 60 °C and atmospheric pressure, and a curing chamber at 90 °C and 3000 psi, or approximately
20.68 MPa. Mixability, amount of free water and slurry density were studied, and the effects of
the concentration of R-additive on the compressive strength (F) and linear expansion (Al/ly) of the
samples were analyzed. When cured at 60 °C and atmospheric pressure, the highest F of 15.01 MPa
was obtained when the concentration of R-additive was 10%, while the highest Al/ly of 0.9985% was
obtained when the concentration of R-additive was 25%. An increase in the curing temperature and
pressure to 90 °C and 3000 psi (20.68 MPa) resulted in the reduction of F from 15.01 to 14.62 MPa
and from 10.33 to 9.61 MPa, and the increase in Al/ly from 0.52% to 0.63%, and from 0.99% to 1.32%,
when the concentrations of R-additive were 10% and 25%, respectively. The findings suggest that the
formulations adopted, which contain R-additive at concentrations ranging from 10% to 25%, fulfilled
the requirements of the oil and gas industry.

Keywords: compressive strength; expandable additive; fly ash; geopolymer cement; linear expansion;
ordinary Portland cement; volumetric shrinkage

1. Introduction

During the construction of oil wells, cementing is performed primarily to establish
zonal isolation. Apart from that, cementing is essential to support the casing, as well as
to shield the casing from corrosion [1,2]. It has to be designed to possess a long-term
structural integrity and be serviceable at a wide range of temperatures, from as low as
below freezing temperatures, as in permafrost zones, to as high as above 500 °C, as in
geothermal wells [3]. Conventionally, ordinary Portland cement (OPC), in compliance
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with the requirements of Class G cement, as specified by the American Petroleum Institute
(API), is adopted to perform cementing for various well operations [3-5]. Class G well
cement satisfies the exigent specifications stated in API Specification 10A [5], inclusive of
fluid loss control, low free fluid, low viscosity, predictable thickening time and strength.
Notwithstanding the ubiquity of OPC as the material employed for well cementing, its
adoption coincides with drawbacks that limit its application when exposed to critical
conditions that are confronted by acid-rich, deep-water and geothermal wells [3]. At critical
levels of temperature and pressure, as well as in the presence of high amounts of carbon
dioxide (CO,), OPC endures degradation that results in strength retrogression in tandem
with exacerbations of permeability and porosity [6-9]. The degradation will eventually
lead to the loss of zonal isolation, owing to the failure of the cement sheath [1] and, hence,
compromising the structural integrity of the well [10]. Failure mechanisms associated
with OPC-based well cement are, among others, the formation of channels through the
cement matrix, micro-annuli at cement interfaces and radial cracks within the cement
sheath [11,12].

Volumetric shrinkage of cement during hydration has always been a concern in oil-well
cementing [13-15]. It instigates the formation of micro-annulus cracks due to contraction of
the external dimensions of the cement [16,17] and de-bonding between the cement, casing
and formation [18,19]. Elevation in the casing pressure is then induced as a result of the
migration of gas and liquid from the formation [20,21] that, in due course, may lead to
failure of the cement sheath.

The presence of gaps inside the cement sheath, between the casing and cement, and
between the casing and formation facilitates the migration of fluid from the formation [22],
where the fluid flows upward to the surface via flow paths. Sustained casing pressure
(SCP) may occur owing to the accumulation of fluid underneath the wellhead [23] that
can potentially lead to the loss of hydrocarbon reserves and pollution of the aquifer and
sea [17]. Accordingly, wells that are subjected to SCP require work-over jobs that include
the replacement of corroded tubes and remedial squeeze cementing. The process of de-
hydration would be employed to perform the replacement, which involves the injection
of cement slurry into the leak paths [17]. Moreover, work-over jobs have been previously
reported to be costly, with exorbitant rates that can reach USD 100,000 per well by virtue of
the low success rate of earlier attempts prior to successfully attaining an adequate seal that
is serviceable [24].

Volumetric shrinkage of cement transpires due to the absorption of water into crystals
of ettringite (Al,CagH120,4S3), which is formed in the hydrated OPC during the initial
phase of cementing. The formation of Al,CagH12,02453 occurs as a result of the chemical
reaction between calcium aluminate (CaAl,O4) and calcium sulfate (CaSOy), which are
both present in OPC [9,25,26]. It can be obstructed by means of adding chemicals that can
induce expansion in the cement [18,19], namely expandable additives, which can be mixed
into the slurry, and function as a shape-memory agent that expands prior to setting of the
cement [1]. Accordingly, the expansion that occurs after hardening allows for the sealing of
micro-annulus cracks to be performed [27].

Contemporarily, geopolymer cement (GPC) has been accentuated in previous research
as an alternative to OPC for oil-well cementing, with findings that substantiate its potential
for various applications in the industry and field of research pertaining to civil engineer-
ing [28]. Geopolymers possess long-range, covalently bonded and amorphous networks
that are produced via the activation of a source material, such as, among others, fly ash,
metakaolin and slag, with an alkaline-activator solution. Prevalently, a combination of
sodium hydroxide (NaOH) and sodium silicate (Na,SiO3) [29,30] is adopted as the solution,
which forms inorganic polymers with the empirical formula, as shown in Equation (1) [31].
Chains of geopolymer are present, mainly in the forms of polysialate (Al-O-Si), polysialate
siloxo (Al-O-Si-5i) and polysialate disiloxo (Al-O-5i-5i-Si) [32].

M, [~ (SiO2)z — AlO)n.wH,0 )
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where M is an alkali cation, such as calcium (Ca2*), potassium (K*) or sodium (Na*) [31,33];
z is either 1, 2 or 3; and n is the degree of polycondensation.

The synthesis of GPC entails dissolution, reorientation and solidification reactions
as part of the mechanism of geopolymerization [20,33], where forming of aluminosilicate
gels takes place owing to the presence of alkali, which does not necessitate the absorption
of water. In view of the mechanism for activation of OPC that entails the absorption of
water to enable cement hydration to occur, volumetric shrinkage in GPC is anticipated
to be less than that of OPC [9]. Furthermore, the calcium content of GPC is considerably
less than that of OPC, owing to the low calcium content of the aluminosilicate source.
Conversely, the high calcium content in OPC leads to, in the course of time, elevations in
porosity and permeability and, consequently, loss in mechanical strength and structural
integrity of the cement sheath. Expenditure of calcium ions that are present in calcium-
silicate-hydrate (C-S-H) occurs due to chemical reactions between the calcium ions and
carbonic acid (H,CO3) to form calcium carbonate (CaCO3). Subsequent to the depletion
of the calcium ions in C-S-H, further chemical reactions between H,CO3 and CaCO3 will
occur [2]. Accordingly, the lower calcium content of GPC in comparison to OPC signifies
that, under high exposure to CO; in CO;-rich well environments, GPC will be more
resistant toward carbonation than OPC [7,34,35].

Apart from low shrinkage and resistance toward carbonation, a vast array of other
advantages pertaining to the material properties of GPC in comparison to OPC has been
reported in previous research; the advantages include, but are not limited to, high me-
chanical strength; high pumpability; low permeability toward the flow of water and gas,
with the potential for further reduction when exposed to higher pressures, as in oil-well
cementing; low Young’s modulus; resistance to acid attacks; resistance to alkali-aggregate
reaction; resistance to freeze—thaw cycles; stability at high temperatures; and tolerance
to contamination with oil-based mud [1,33,36—41]. Moreover, the adoption of GPC as an
alternative to OPC presents a cost- and energy-efficient solution, as the manufacturing
process of GPC consumes less energy with a carbon emission of only about 0.184 ton of
CO;, for every ton of GPC produced, as compared to 1 ton of CO, for every ton of OPC
produced, with, coincidentally, less cost [1,41-45].

GPC has been accentuated in previous research as an alternative to OPC for oil-well
cementing [1,17,20]. Previous research on the application of geopolymer for other civil
engineering applications is wide-ranging. Contrarily, research on the application of GPC for
oil-well cementing is scarce, and, accordingly, studies that attempt to address the concern
of volumetric shrinkage of cement in oil-well cementing are inadequate. Therefore, the
present study aims to investigate the effect of an expandable additive on the compressive
strength and linear expansion of GPC for the oil-well cementing application. Fly-ash-based
strength-enhanced GPC samples, with the addition of slag cement as a strength enhancer,
were prepared by using an elastomeric expandable additive (R-additive), which consists
of styrene-butadiene rubber with a specific gravity of 0.945, at concentrations of 10%,
15%, 20% and 25% by weight of the solid blend, and cured in a water bath at 60 °C and
atmospheric pressure, and a curing chamber at 90 °C and 3000 psi, or approximately 20.68
MPa. Even though the adoption of styrene-butadiene as an additive in the geopolymer
matrix has been explored in Lee et al. [46] and Ekinci et al. [47], the studies did not focus
on the conditions for oil-well cementing. Mixability, amount of free water and slurry
density were studied. Subsequently, the effects of the concentration of R-additive on
the compressive strength and linear expansion of the samples were analyzed. Findings
of the present study will contribute toward addressing, in general, the inadequacy of
data on the application of GPC for oil-well cementing and, in particular, formulation of
shrinkage-resistant oil-well cementing based on GPC.
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2. Materials and Methods
2.1. Preparation of Geopolymer Cement (GPC) Samples

GPC samples were prepared by using fly ash as the aluminosilicate source. The fly ash
was obtained from the Tanjung Bin power plant in Johor, Malaysia, which is a 2100-MW
coal-fired power plant [48] that implements denitrification technology. Figure 1 presents
the particle size distributions of the fly ash sample obtained. According to the American
Society for Testing Materials (ASTM), the fly ash can be classified as a Class F fly ash with a
maximum calcium oxide (CaO) content of 6.72%, as per ASTM C618-19 [49]. The chemical
composition of the fly ash, which was determined by using X-ray fluorescence of model
S8 Tiger developed by Bruker (Billerica, MA, USA), is presented in Table 1. Micrographs
of the fly ash were produced by using a scanning electron microscope of model Evo L515
VPSEM developed by Zeiss (Jena, Germany), at magnifications of 1000 x and 10,000, as
disclosed in Figure 2.
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Figure 1. Particle size distribution of the fly ash obtained from the Tanjung Bin power plant.

Table 1. Chemical composition of the fly ash employed in the present study:.

Element/Parameter Weight (%)
Silicon Dioxide (SiO;) 46.47
Aluminum Oxide (Al,O3) 25.95
Iron (III) Oxide (Fe;O3) 8.31
Calcium Oxide (CaO) 6.88
Magnesium Oxide (MgO) 4.95
Potassium Oxide (K,O) 211
Sodium Oxide (NayO) 1.72
Titanium (IV) Oxide (TiO,) 1.16
Sulfur Trioxide (SO3) 0.63
Chlorine (CI) <0.1
Moisture 0.11
Loss of Ignition 1.61
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Figure 2. Micrographs of the fly ash employed in the present study at magnifications of (a) 1000 x
and (b) 10,000 x.

In order to enhance the strength of the cement to obtain the desired strength range for
oil-well cementing, slag cement with a strength grade of 32.5 [50] was added to the mix
as a strength enhancer, as implemented in previous studies [51-53], with a concentration
of 10% of the weight of the fly ash and slag cement. Furthermore, R-additive, which is an
elastomeric expandable additive that consists of styrene-butadiene rubber with a specific
gravity of 0.945, was incorporated into the mix to induce expansion in the cement in an
attempt to obstruct volumetric shrinkage. Four (4) mix formulations of the samples, namely
R10, R15, R20 and R25, were specified, which were composed of, by weight of the mix, 65%
of a solid blend that comprises fly ash, slag cement and R-additive, and 35% of an alkaline-
activator solution that comprises 8M NaOH and Na,5iO3 with a NaySiO3-to-NaOH molar
ratio of 0.25. Concentration of the R-additive was increased from 10% to 15%, 20% and
25% by weight of the solid blend for formulations R10, R15, R20 and R25, respectively.
Preliminary tests were conducted on trial mix designs prior to selecting the concentration
range of R-additive, which was specified with the aim of attaining cement expansions that
are acceptable to perform cementing for various well operations. Concentrations of the
fly ash and slag cement, also by weight of the solid blend, were adjusted accordingly, as
clarified in Table 2, with the percentage of solid blend fixed at 65% by weight of the mix.

Table 2. Concentrations of each constituent of the solid blend for each mix formulation.

Mix Formulation Concentration (% of Solid Blend)

R-Additive Fly Ash Slag Cement
R10 10 81.0 9.0
R15 15 76.5 8.5
R20 20 72.0 8.0
R25 25 67.5 7.5

Cement slurry with a volume of up to 600 mL was prepared for each mix. Mixing
of slurry was performed by using a constant speed mixer of Model 3260, which was
developed by Ametek Chandler Engineering (Tulsa, OK, USA), at an initial rotational
speed of 4000 rpm for 15 s, which was subsequently increased to a final rotational speed
of 12,000 rpm for 35 s after the solid constituents were completely poured into the mixer.
Mixing was performed in accordance with API RP 10B-2 [54], which was also adopted to
perform free-water and rheology tests on the slurry.
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Slurry density is pivotal to modulate the pumping of slurry through the wellbore,
where, during the operation, the equivalent circulating density (ECD) is adopted, which is
the coalescence of the slurry density and annular pressure loss, as presented in Equation (2).
In the present research, the slurry density (o) of each sample was measured in g/cm?, using
a pressurized mud balance.

Pannular x 100

ECD =g e TvD *° @)

where ECD is the equivalent circulating density measured in kg/m?, P,,,,,14, is the annular
pressure loss measured in kg/m?, TVD is the true vertical depth in m and p is the slurry
density in kg/m?3.

The free-water test was conducted by pouring the slurry into a 250-mL measuring
cylinder and then leaving the slurry undisturbed for two (2) hours. Subsequently, the water
that was present on top of the cement was collected to determine the amount of free water.

Rheological properties of the slurry were measured using an atmospheric rheometer
of Model 35 manufactured by Fann Instrument Company (Houston, TX, USA). Kinematic
viscosity (v) was recorded at rotational speeds of 100 and 300 rpm, and averages of five
readings were taken for each rotational speed to calculate plastic viscosity (PV) and yield
point (YP), as per Equations (3) and (4).

PV = (v300 — v100) X 1.5 3)

YP = 0300 — PV (4)

where PV is the plastic viscosity measured in cP; YP is the yield point measured in N/m?;
and vygg and v3p are the kinematic viscosities at 100 and 300 rpm, respectively, measured
in cP.

2.2. Measurement of Compressive Strength and Linear Expansion of GPC Samples

Cube samples of GPC with dimensions of 50 mm x 50 mm x 50 mm for each mix
formulation were casted and cured in a water bath at 60 °C and atmospheric pressure, and
a curing chamber at 90 °C and 3000 psi, which is approximately 20.68 MPa. Measurements
of compressive strength and linear expansion were performed on the samples, which were
cured for 1 day, 14 days, 30 days and 60 days. Measurement of compressive strength was
conducted in accordance with API SPEC 10A [5], using a digital compressive strength tester
of Model 4207D manufactured by Ametek Chandler Engineering (Tulsa, OK, USA). The
compressive strength (F) of the samples was determined based on Equation (5).

F== ®)
where F is the compressive strength measured in psi, P is the compressive load at the point
of failure measured in lbf and A is the cross-sectional surface area of the sample measured
in inch?.

Measurement of linear expansion was performed based on the procedure described
in API RP10B-5 [55], using an expansion cell based on Equation (6). The slurry was
subjected to conditioning for 30 min and then poured into the expansion cell. The distance
between two steel balls of the cell before expansion was recorded as the initial length (L;).
Subsequently, the cell was placed into the water bath that was preheated to 60 °C and
cured for a predetermined curing time. After curing, the cell was removed from the water
bath, and the distance between the two steel balls after expansion was recorded as the final
length (Ly) [17].

a (Lp=1Li) x0358

- » x 100 % (6)
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where Al/ly is the linear expansion measured by percentage, L is the final length measured
in mm and L; is the initial length measured in mm.

The process flow of the research methodology employed in the present study is
illustrated in Figure 3.
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Figure 3. Process flow of the research methodology employed in the present study.

103



Appl. Sci. 2022,12,1897

3. Results and Discussion
3.1. Mixability, Amount of Free Water and Density of GPC Slurry (p)

All formulations exhibited stability during mixing; the mixability and homogeneity
were adequate; and the amount of free water collected was zero. Measurements of p
revealed that the increase in concentration of R-additive from 10%, to 15%, 20% and 25%
led to the reduction in slurry density from 1.76 to 1.74 g/cm® and from 1.66 and 1.64
g/cm?, respectively, as shown in Figure 4. The rate of decline in p was the highest when
the concentration of R-additive was increased from 15% to 20%, where p was reduced from
1.74 to 1.66 g/cm?.
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Figure 4. Density (p) of geopolymer cement (GPC) slurry at varying concentrations of elastomeric
expandable additive (R-additive).

3.2. Rheological Properties of GPC Slurry

The results reveal that the increase in the concentration of R-additive has led to the
increase in rheological properties of the slurry, PV and YP. As shown in Figure 5, as the
concentration of R-additive was raised from 10% to 15%, 20% and 25%, PV increased from
48 cP to 74, 83 and 104 cP, respectively. In view of the difficulties experienced during
the pumping of slurry with PV that exceeds 100 cP through the wellbore, as elaborated
by Igbani et al. [56] and Zahid et al. [57], the addition of R-additive at concentrations of
not more than 20% is recommended. In parallel with the impact on PV, as presented in
Figure 6, as the concentration of R-additive was raised from 10% to 15%, 20% and 25%,
YP also increased from 3.8 N/m? to 6.7, 10.1 and 12.3 N/m?, respectively. The increase
in PV and YP with respect to the increase in concentration of R-additive is in agreement
with the findings of Richhariya et al. [21], which employed dual-coated polyacrylamide
(DPAM) as the additive, where it was deduced that the higher PV was obtained as a result
of the gelation characteristics of the slurry, and the concentration of DPAM of 16% resulted
in optimal rheological characteristics, as further additions of DPAM beyond 16% did not
exhibit further variations of PV.
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Figure 5. Plastic viscosity (PV) of GPC slurry at varying concentrations of R-additive.
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Figure 6. Yield point (YP) of GPC slurry at varying concentrations of R-additive.
3.3. Compressive Strength and Linear Expansion of GPC Samples

In essence, the findings indicate that, as the curing time was extended, F and Al/ly
increased with gradients that vary from the curing times of 1 day to 14, 30 and 60 days. For
GPC samples that were cured at 60 °C, at atmospheric pressure, the highest F of 15.01 MPa
was obtained by R10, while the highest Al/ly of 0.9985% was obtained by R25.

As the curing time increased from 1 day to 60 days, F and Al/ly of each formulation
increased as follows:

e RI10: Fincreased from 4.71 to 15.01 MPa, and Al/l increased from 0.3508% to 0.5213%,
as per Figure 7.

e  RI15: Fincreased from 6.01 to 10.49 MPa, and Al/l increased from 0.1432% to 0.3101%,
as per Figure 8.
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e  R20: F increased from 5.14 to 10.82 MPa, and Al/l; increased from 0.7625% to 0.9903%,

as per Figure 9.

e R25: Fincreased from 1.72 to 10.33 MPa, and Al/l increased from 0.7625% to 0.9985%,

as per Figure 10.
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Figure 7. Compressive strength (F) and linear expansion (Al/ly), at varying curing times, of GPC

samples with R10 formulation that were cured at 60 °C, at atmospheric pressure.
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Figure 8. F and Al/ly, at varying curing times, of GPC samples with R15 formulation that were cured

at 60 °C, at atmospheric pressure.
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Figure 9. F and Al/ly, at varying curing times, of GPC samples with R20 formulation that were cured
at 60 °C, at atmospheric pressure.
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Figure 10. F and Al/ly, at varying curing times, of GPC samples with R25 formulation that were cured
at 60 °C, at atmospheric pressure.

The impacts of increasing the concentration of R-additive on F and Al/ly are elucidated
in Figures 11-14 for samples that were cured for 1, 14, 30 and 60 days, respectively. Princi-
pally, as the concentration of R-additive was raised, F decreased with gradients that vary
from the concentrations of R-additive of 10% to 15%, 20% and 25%. When the concentration
of R-additive was increased from 10% to 15%, F increased for samples that were cured for 1
day, as shown in Figure 11; exhibited a trivial change for samples that were cured for 14
days, as shown in Figure 12; and, conversely, declined with a high gradient for samples that
were cured for 30 and 60 days, as shown in Figures 12 and 13, respectively. The findings
are in agreement with Lee et al. [46] and Ekinci et al. [47], who highlighted that styrene—
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butadiene lowers the pH of the alkaline-activator solution and, in consequence, that of the
geopolymer matrix, thus impeding the development of compressive strength. Accordingly,
the addition of styrene-butadiene at higher concentrations led to further reduction in the
pH of the geopolymer matrix and, as a consequence, further reduction in the compressive
strength. Furthermore, Ekinci et al. [47] suggested that styrene-butadiene hinders the
reaction between the raw material and alkaline-activator solution as it covers the interfaces
of the raw material. Moreover, the addition of R-additive as an expandable additive led to
the increase in bulk volume of the internal cement as explained in Baumgarte et al. [58].
Furthermore, based on Sofi [59], it can be added that higher concentrations of R-additive
resulted in further reduction of F by virtue of the reduction in density. R-additive is an
oil-swellable particle, and hence, as explained in Barlet-Gouédard et al. [60], it can counter-
act the formation of cracks, as it swells upon contact with oil; this can potentially address
any issues associated with the formation of micro-annulus and micro-cracks that adversely
enable formation fluids to flow through.

7 - - 09
- 08
6 -
L 07
5 4
_ L 06 _
2 S
S 4 L 05 <
~ <
L 04
3 4
L 03
2 4
- 0.2
1 T T T T 0'1
10 15 20 25

Concentration of R-Additive (% of Solid Blend)

—o—F —=—Al/lp

Figure 11. F and Al/ly, at varying concentrations of R-additive, of GPC samples that were cured at
60 °C, at atmospheric pressure, after 1 day of curing.

On the other hand, results reveal that, as the concentration of R-additive was raised
from 10% to 15%, Al/ly decreased. Subsequently, as the concentration of R-additive was
raised further from 15% to 20%, Al/ly increased with a higher gradient as compared to
the prior decline in Al/ly. Subsequent change in Al/l, owing to the further addition of
R-additive from 20% to 25%, is inconsequential. Abd Rahman et al. [17] highlighted that,
in contrast to OPC, GPC can expand by itself when exposed to water, even without the
presence of expandable additives. The findings of Abd Rahman et al. [17] revealed that
the amount of expansion of geopolymer cement was approximately 2.5 times higher than
that of OPC at all curing durations. According to their findings, Abd Rahman et al. [17]
suggested that the addition of expandable additives in geopolymer binders that are of the
same types as those that are commercially available for OPC are compatible. Hence, in
view of the findings of Abd Rahman et al. [17], the present study suggests the adoption of
GPC coupled with the addition of an optimum concentration of expandable additives to
further increase Al/ly.
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Figure 12. F and Al/ly, at varying concentrations of R-additive, of GPC samples that were cured at
60 °C, at atmospheric pressure, after 14 days of curing.
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Figure 13. F and Al/ly, at varying concentrations of R-additive, of GPC samples that were cured at
60 °C, at atmospheric pressure, after 30 days of curing.
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Figure 14. F and Al/ly, at varying concentrations of R-additive, of GPC samples that were cured at
60 °C in atmospheric pressure after 60 days of curing.

The effects of curing time on F and Al/ly of GPC samples with R10 and R25 formulations
that were cured at 90 °C and 3000 psi (=20.68 MPa) are presented in Figures 15 and 16,
respectively. When the R10 formulation was adopted, as the curing time increased from
1 day to 14, 30 and 60 days, F increased from 3.77 MPa to 11.69, 14.47 and 14.62 MPa,
while Al/ly increased from 0.04% to 0.10%, 0.45% and 0.63%, respectively. On the other
hand, when the R25 formulation was adopted, F increased from 2.90 MPa to 8.79, 9.53 and
9.61 MPa, while Al/lj increased from 0.19% to 0.21%, 1.17% and 1.32%, respectively. The
profiles of F reveal that the increase in concentration of R-additive consistently led to lower
values of F throughout the curing period, with an increasing difference between F of the
R10 and R25 formulations as curing time increased.
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Figure 15. F, at varying curing times, of GPC samples that were cured at 90 °C and 3000 psi
(~20.68 MPa).
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Figure 16. Al/ly, at varying curing times, of GPC samples that were cured at 90 °C and 3000 psi
(~20.68 MPa).

As revealed in Figure 17, the increase in curing temperature and pressure from 60 °C
and atmospheric pressure to 90 °C and 3000 psi (=20.68 MPa), respectively, resulted in the
reduction in F from 15.01 to 14.62 MPa and from 10.33 to 9.61 MPa when the concentrations
of R-additive were 10% and 25%, respectively. The rise in temperature resulted in the loss
of the initial properties of the R-additive within the cement matrix, which, as a consequence,
led to the reduction in F of the GPC sample [61]. On the other hand, as revealed in Figure 18,
an increase in Al/ly from 0.52% to 0.63% and from 0.99% to 1.32% occurred due to the faster
movement of molecules in the elastomer chain of the R-additive and an increase in its
diffusion coefficient owing to the increase in temperature and pressure [62].
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Figure 17. F, at 10% and 25% concentrations of R-additive, of GPC samples after 60 days of curing.
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Figure 18. Al/ly, at 10% and 25% concentrations of R-additive, of GPC samples after 60 days of curing.

The formulations adopted in the present research, R10, R15, R20 and R25, fulfilled
the requirements of the oil and gas industry and are aligned with the recommendations
of Abbas et al. [63], Eric et al. [19], Mao et al. [64] and Richhariya et al. [21]. Multiple trial
mixes were designed and tested prior to selecting the formulations to fulfill the specification
requirements of API. Failure modes of the samples subjected to compressive strength tests
are displayed in Figure 19, which shows that the samples were not completely crushed
when the ultimate load was reached, and hence the samples were capable of resisting the
load even after cracking. The compressive strengths of the formulations are acceptable for
most well cementing operations, as they exceed 3.45 MPa [20].
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Figure 19. Failure mode of the samples subjected to compressive-strength tests.

As fly ash is a by-product of coal-fired power plants, its properties may vary according
to, among others, age of the plant, ambient conditions and type and grade of coal employed.
Accordingly, fly ash produced from different plants or batches of the same plant possesses
inconsistent properties, hence presenting a limitation to the research. In the present study,
screening was conducted on fly-ash samples collected from four different power plants in
Malaysia that were selected based on the availability of samples, supply-chain management
and approval from the Department of Environment of Malaysia for the supply prior to
selecting the fly ash that was employed to produce the GPC samples. In addition to
compliance to requirements for classification as a Class F fly ash as per ASTM C618-19 [49],
the selection of the fly ash was determined with the aim of minimizing CaO content by
virtue of its potential for resistance to CO, when exposed to the high-CO, environment of
the oil and gas reservoir.
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4. Conclusions

The present study aimed to investigate the effect of an expandable additive on the
compressive strength and linear expansion of GPC, which is an alternative to OPC, for
oil-well cementing. Fly-ash-based strength-enhanced GPC samples, with the addition of
slag cement as the strength enhancer, were prepared by using different concentrations of
R-additive and cured at 60 °C and atmospheric pressure. Mixability, amount of free water
and slurry density were studied, and the effects of the concentration of R-additive on the
compressive strength and linear expansion of the samples were analyzed. All formulations
exhibited stability during mixing, mixability and homogeneity were adequate and the
amount of free water collected was zero. An increase in the concentration of R-additive
from 10% to 25% led to the reduction in the slurry density from 1.76 to 1.64 g/cm? and an
increase in the rheological properties of the slurry, where PV increased from 48 to 104 cP
and YP also increased from 3.8 to 12.3 N/m?. An addition of R-additive at a concentration
of 20% is recommended for optimization of the rheological properties. As the curing time
was extended, F and Al/lj increased with varying gradients. When cured at 60 °C and at
atmospheric pressure, the highest F of 15.01 MPa was obtained when the concentration of R-
additive was 10%, while the highest Al/ly of 0.9985% was obtained when the concentration
of R-additive was 25%. An increase in the curing temperature and pressure to 90 °C and
3000 psi (=20.68 MPa) resulted in the reduction in F from 15.01 to 14.62 MPa and from
10.33 t0 9.61 MPa, and the increase in Al/ly from 0.52% to 0.63% and from 0.99% to 1.32%,
when the concentrations of R-additive were 10% and 25%, respectively. The formulations
adopted in the present research, which contain R-additive at concentrations ranging from
10% to 25%, fulfilled the requirements of the oil and gas industry.

Future research on the effect of adding elastomeric expandable additives to GPC
to address volumetric shrinkage concerns in oil-well cementing can be augmented by
performing an extensive study on the fluid flow for a wider and higher temperature range
with cement qualification tests. In addition, the effect of downhole pressure can also be
included in the investigations to assure that GPC can be adopted for a wide range of
oil-well types.

Furthermore, in view of the inconsistent properties that fly ash produced from different
plants or batches in the same plant, the development of pretreatment methods to standard-
ize the quality of fly ash is recommended to facilitate the generation of findings that are
consistent and reliable for future research that may employ fly ash from various sources.
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Nomenclature

Abbreviations

API American Petroleum Institute

ASTM American Society for Testing Materials

atm atmospheric pressure

DPAM dual-coated polyacrylamide

GPC geopolymer cement

orC ordinary Portland cement

R-additive elastomeric expandable additive used in the present study
SCP sustained casing pressure

Chemical Formulae
AlyCagH17004S3  ettringite

AlL,O3 aluminum oxide

Al-O-Si polysialate

Al-O-Si-Si polysialate siloxo
Al-O-S5i-Si-Si polysialate disiloxo

CaAl,Oy calcium aluminate

CaCO; calcium carbonate

CaO calcium oxide

CaSOy calcium sulfate

Ca%* calcium cation

Cl chlorine

CO, carbon dioxide

C-S-H calcium-silicate-hydrate

Fe; O3 iron (IIT) oxide

H,CO;3 carbonic acid

KO potassium oxide

K* potassium cation

MgO magnesium oxide

NaOH sodium hydroxide

Na,O sodium oxide

Na,SiO3 sodium silicate

Na* sodium cation

Si0, silicon dioxide

SO;3 sulfur trioxide

TiO, titanium (IV) Oxide

Notations

A cross-sectional surface area of the sample
ECD equivalent circulating density
F compressive strength

Ly final length as measured using the expansion cell
L; initial length as measured using the expansion cell
M alkali cation

n degree of polycondensation

p compressive load at the point of failure
Ponutar annular pressure loss

PV plastic viscosity

TVD true vertical depth

v kinematic viscosity

100 kinematic viscosity at 100 rpm
U300 kinematic viscosity at 300 rpm
YpP yield point

Al/ly linear expansion

1Y slurry density
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Highlights:
What are the main findings?

e  Copper slag can be upcycled in alkali-activated carbon fabric-based composites;
o  A20wt.% metakaolinite substitution of copper slag increases reaction heat and mechanical properties;

What is the implication of the main finding?

° Low reactivity at 20 °C, but instantaneous at 80 °C with K-solution SiO, /KO of 2.25;
e  Composites with an elastic modulus of 19 GPa and flexural strength of 88 MPa.

Abstract: Copper slag is an industrial residue with a large unutilized fraction. This study presents
the development of alkali-activated composites from a copper slag named Koranel®. The effects of
metakaolinite, ordinary Portland cement (OPC) and surfactants were investigated. The reactivity
of Koranel with potassium silicate solutions with molar ratio R = SiO, /K;O varying from 1 to 2.75,
with 0.25 intervals, was investigated using isothermal calorimetry. The reactivity was relatively
low at 20 °C; the reaction started after a few hours with a low silica modulus, to several weeks
with the highest silica modulus. The substitution of Koranel by OPC (5 wt.%) or by metakaoli-
nite (10-20 wt.%), both led to higher reaction heat and rate; meanwhile, the addition of 2 wt.%
polyethylene glycol/2-methyl 2,4 pentanediol delayed the reaction time in the system containing
metakaolinite. Raising the curing temperature from 20 °C to 80 °C shortened the setting time of
the low reactive systems, from several days to almost instantaneous, opening perspectives for their
application in the production of prepreg composite materials. The use of carbon fabric as reinforce-
ment in the alkali-activated matrix led to composite materials with flexural strength reaching 88 MPa
and elastic modulus of about 19 GPa—interesting for engineering applications such as high-strength
lightweight panels.

Keywords: copper slag; alkali-activated materials; laminate composite; elastic modulus; flexural strength

1. Introduction

Steel-reinforced concrete is the most important composite material used for structural
applications in civil engineering [1,2]. However, textile-reinforced concretes (TRCs) have
attracted interest for many civil engineering applications, owing their advantages over
steel reinforcement, including more design freedom, limited use of cementitious matrices,
and improved resistance to corrosion [1,3-5]. The TRC is a kind of concrete composite
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mainly made of a woven fabric embedded as reinforcement in a finely grained cementitious
matrix [1,3,6,7]. The fabric (“a manufactured planar textile structure made of fibers and /or
yarns assembled by various means such as weaving, knitting, tufting, felting, braiding, or
bonding of webs to give the structure sufficient strength and other properties required for
its intended use”) [1] could be made of different type of materials including carbon, basalt,
aramid, polyethylene (PE), polypropylene (PP), poly-vinyl-alcohol (PVA), glass and also
cellulose-based natural fiber [4,8,9].

Ordinary Portland cement (OPC) has been commonly used as binder for cementitious
matrices for TRC [2,3,10]. Research activities on other binder types, including alkali-
activated materials (AAMs), have been performed to address sustainability issues or
improve specific TRC properties [3,11-13]. AAMs are materials enclosing binder systems
resulting from the reaction of a solid or dissolved alkali metal source with a solid silicate
powder, and they have the potential to reduce up to 70-80% CO, emissions compared with
the cement industry if optimally formulated [13-15].

It is worth noting that the development of AAMs could also offer the possibility for
upcycling industrial residues [16,17]. For instance, about 2.2 tons of copper slag (such
as Koranel slag) are generated per ton of copper produced [18,19]. Hence, the produc-
tion of TRC from a cementitious matrix containing Koranel slag will contribute to waste
management.

Potential applications of TRC include facing and sandwich panels; thin-walled lightweight
elements; lightweight constructions and complex civil engineering structures; repair of existing
buildings and constructions; fire resistance; and high temperature performance materials [5,20-22].
However, at variance to textile/organic resin-based composites, no prepreg with mineral matrix
exists. Prepreg can be prepared and stored for a long period at low temperature and sold before
the final shaping. Mineral-based matrices such as AAMs are generally subjected to relatively
rapid setting time at ambient temperatures, limiting their flexibility. The development of a mineral-
based matrix for TRC with storage flexibility comparable to that of organic resin will widen their
potential applications.

The aim of this study is the development of an alkali-activated matrix based on
Koranel slag for laminated TRC composites with woven carbon fiber reinforcement. The
reactivity of Koranel with potassium silicate solutions having a silica-to-potassium molar
ratio (R = 5i0,/K,0) varying from 1 to 2.75, with 0.25 intervals, was investigated to select
the modulus, giving a reasonable open pot life of several hours at room temperature. This
will allow the use of such a matrix in an impregnation bath for several hours without
the need to refresh the mixture. The impregnated textile will also be stable for some
hours allowing the handling, for instance, to drape in a mold. Isothermal calorimetry
at 20 °C was used to select a suitable alkaline solution with low reactivity at ambient
temperature. If such a matrix has high reactivity above ambient temperature (50-100 °C),
the composite could be hardened in the mold in one hour, for instance, as is the case for
organic resin textile composites. Differential scanning calorimetry was used to investigate
the temperature at which the selected matrix started to react with a reasonable rate. The
effect of 10-20 wt.% metakaolinite, 5 wt.% OPC and surfactant was also investigated on the
reaction heat and rheology. Indeed, metakaolinite is a finer precursor which could facilitate
fiber impregnation by the matrix. Some surfactants were already proposed in the literature
about alkali activation, although for different reasons than making composites [23]. Finally,
the bending strength and elastic modulus of the composites prepared with carbon fabric
and formulated compositions were assessed, as well as the elastic modulus of both matrix
and composite upon heating until 700 °C.

2. Materials and Methods
2.1. Materials
The copper slag used in this study was Koranel® from Aurubis Beerse nv in Beerse,

Belgium, with 2600 cm? /g Blaine surface. The Blaine was measured with an air permeability
apparatus as described in EN 196-6:2018 [24]. The particle size distributions of the Koranel

119



Appl. Sci. 2024, 14,2081

Volume [%]

slag, metakaolinite and OPC were determined by a laser particle size analyzer (Beckman
Coulter LS 13320, Pasadena, CA, USA) (Figure 1a). X-ray powder diffraction (XRD) spectra
of the slag were taken by a Bruker D2 Phaser, Karlsruhe, Germany, in the 6-70° 26 range
using Cu Koa radiation (voltage 40 kV and current 40 mA), a step size of 0.02° and scan
speed of 0.5 s/step. The XRD pattern shows that the material is mainly amorphous
(Figure 1b), with few crystalline features ascribed to Fayalite, Fe,SiO4 (PDF 34-0178),
Ankerite, Ca (Fe, Mg)(COs3), (PDF 33-0282), and Fe-rich spinel, (Al,Fe),O4 (PDF 21-0540)

(see also [25]).
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Figure 1. (a) Particle size distribution of Koranel® with Blaine 2600 cm?2/ g, adapted from [25];

(b) XRD diffraction pattern of Koranel® with Blaine 2600 cm? /g.

is expected due to the alkaline nature of the alkali-activated matrix.

The metakaolinite (MK) used in this study is Argical™-M 1000 from IMERYS Fused
Minerals, Paris, France. The ordinary Portland cement used was of CEM I 52.5 R from CBS
Heidelberg cement group, Heidelberg, Germany. The chemical composition of Koranel,
OPC and metakaolinite, as determined by X-ray fluorescence (PW 2400 Philips) on powder,
is presented in Table 1. The d10, d50 and d90 of Koranel were respectively 2.51 um, 13.22 um
and 27.87 um. These values were, respectively, 0.87 um, 7.88 pm and 30.40 um for OPC and
1.31 pm, 16.01 pm and 80.57 pm for the metakaolinite. The 2-Methyl 2,4-Pentanediol and
the Polyethylene Glycol 600 (PEG 600) used as surfactant were from Sigma Aldrich, Overijse,
Belgium. The potassium hydroxide (Sigma Aldrich; 85 wt.% purity) and potassium silicate
solution (Silmaco, Lanaken, Belgium) were used for the preparation of the activating
solution. The potassium silicate solution was made of 27.22 wt.% SiO;, 15.01 wt.% K,O
and 57.3 wt.% H,O, with a molar ratio (R = SiO; /K,0) of 2.84 and density of 1.424 g/ cm?
at 20 °C. The potassium hydroxide was used to adjust the ratio in the solution. For instance,
for 100 g of the potassium silicate solution, the amounts of KOH added to achieve the
5i0, /K,0O molar ratios of 1, 1.5, 2 and 2.25 were, respectively, about 38.7 g, 18.8 g, 89 g
and 5.5 g. This corresponded to an addition of 32.9 g of pure KOH for the solution with
R=1,159 gfor R=1.5,75g for R=2and 4.7 g for R = 2.25; one hundred (100) g of these
solutions contained a total mass of water (including water from dissolved KOH) of 44.4 g,
50.2 g, 53.9 g and 55.3 g, respectively. The properties of the 200 g/m? carbon fabric used
(Fibermax Composite, London, UK) are presented in Table 2. Carbon fiber was chosen
due to its high specific strength and its relatively chemical and thermal stability [26]. This
allows the composite properties to be relatively stable over time, since no fiber degradation

Table 1. Normalized chemical composition in wt.% by XRF analyses for Koranel (K), metakaolinite
(MK) and OPC. * Includes small amounts that are <0.1 wt.%. ** Loss on ignition at 950 °C.

Samples

SiO,

AL, O3

Fe203

CaO

MgO

Cl‘203

K,O

TiO,

P05

SO; Others *

LOI **

K

26.6

9.5

57.4

2.8

0.9

0.7

0.2

0.2

0.8

0.9 0.0

MK

51.9

40.9

1.7

0.1

0.1

0

1

2.1

0

0 0.3

1.9

OPC

19.7

52

3.0

64.2

1.7

0

0

0.3

0

2.7 1.6

1.6
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Table 2. Properties of individual carbon fiber from Fibermax Composite.

. . Tensile .
Are(ag/]ile;suy Tenm(l;/[ itar)ength Modulus/E-Modulus Elg;\eiiﬂ(?;)at
(GPa) °
Carbon 200 4410 235 1.9

(Plain woven)

2.2. Sample Preparation

To select the appropriate activating solution with low reactivity at ambient temperature
and relatively high reactivity at 50-100 °C, a series of experiments with different potassium
silicate solutions were performed. Different silica to potassium moduli (R = SiO,/K,O
molar ratio), ranging from 1 to 2.75, with 0.25 intervals, were investigated with an L/S
of 0.55, with L being the silicate solution. The prepared solutions were stored for 1 day
in the laboratory environment for further equilibration. The dry components (Koranel
(K) + metakaolinite (MK) + Portland cement (OPC)) and liquid components (prepared
potassium silicate solution and 2-methyl 2,4-pentanediol (“m”) or polyethylene glycol (“p”)
were first mixed separately; then, both liquid and solid components were mixed using an
electric laboratory stirrer at a speed of 1000 rpm for 5 min to obtain a homogeneous slurry.
The details on the formulated matrices for the preparation of the composite materials are
presented in Table 3.

Table 3. Composition of the different matrices used for the preparation of the laminates with Koranel
(K), metakaolinite (MK), Portland cement (OPC), 2-methy]l 2,4-pentanediol (m) or polyethylene glycol
(p)- Sample names are composed of the letters mentioned between brackets and corresponding
number of wt.% of the solid. * Discarded due to short setting time.

Sample

Potassium Silicate 2-Methyl

Codes Koranel (g) Solution R = 2.25 (g) Metakao-Linite (g) OPC (g) 2,4-Pentanediol (g) PEG 600 (g)
K 100 55 - - - -
Kp 100 55 - - - 2
Km 100 55 - ] 2 _
90K10MK 90 55 10 - - -
80K20MK 80 55 20 - - -
80K20MKm 80 55 20 - 2 -
80K20MKp 80 55 20 - - 2
95K50PC 95 55 - 5 - -
90K100PC * 90 55 - 10 - -

For the composite preparation, a thin layer of about 0.5 mm of alkali-activated matrix
was spread on a plastic PET film placed on a wooden mold in a pre-drawn square of
15 x 15 cm?. The first layer of carbon-woven fabric (15 x 15 cm?) was placed on top of
the matrix layer. Thereafter, the carbon fabric was manually wet out (impregnated) with
alkali-activated matrix using a roller (1; Figure 2). The process was repeated for 4 layers of
the woven fabric and finally, a layer of geopolymer matrix was added; hence, we obtained
a composite made of 5 matrix layers and 4 fiber layers (2; Figure 2). Caution was taken to
use a minimum amount of matrix to ensure sufficient fiber impregnation with a high fiber
volume fraction. Four weights of 5 kg each (3; Figure 2), equivalent of a total force of 196 N,
were equally distributed on top of the laminate composites, and cured at 80 °C for 24 hin a
conventional oven (4; Figure 2). After the curing period, the samples were cut in composite
beams of 2.5 cm width and 14 cm length, then kept for 3 days in a laboratory environment
before testing.
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Figure 2. Sketch of laminate preparation. For details on the preparation, see text.

For comparative purposes, selected matrices were cast as paste in 4 x 4 x 16 cm3
molds at once without vibrating and cured at 80 °C for 24 h.

2.3. Characterization Methods
2.3.1. Differential and Isothermal Calorimetry

Isothermal (20 °C) calorimetry (TAM Air, TA instruments, New Castle, DE, USA) was
performed on 10 g of the solid part mixed with 7 g liquid. Mixing for 2 min at 1600 rpm
occurred outside the calorimeter in the ampoule, which was placed within the calorimeter
immediately after mixing. The data collection started 45 min after the start of mixing.

Non-Isothermal differential scanning calorimetry (DSC) was performed with a Mettler
Toledo DSC822e, USA, using nitrogen (N, 100 mL/min) as a purge gas. Freshly mixed
sample, 25 mg as seen in Table 3, was placed into a platinum crucible and heated from
0 to 250 °C at 5 °C/min to assess the temperature at which the matrix starts to react.

2.3.2. Scanning Electron Microscopy

Scanning electron microscopy was performed on an SEM device (Phenom Benelux
Scientific X pro, Nazareth, Belgium) using an acceleration voltage of 5 kV and backscatter
electron (BSE) for imaging. The samples were cut and put in the SEM sample holder; no
conductive coating was applied. Possible remaining dust on the specimen was removed by
compressed air before inserting it into the device.

2.3.3. Rheology

Viscosity analyses were performed at 25 °C with an AR-G2 rotational Rheometer from
TA instruments, New Castle, DE, USA, using a cone plate and stainless steel geometry set
up with a diameter of 15 cm.

2.3.4. Mechanical Properties

The mechanical testing included compressive strength and elastic modulus. The
compressive tests were performed with an Instron 5885H test bench, Darmstadt, Germany.
The instrument was equipped with a loadcell of 250 kN, and the tests were executed
with a displacement rate of 1 mm/min. The elastic modulus was performed with a
Resonalyser device [27], Bytec company, Merksplas, Belgium. This nondestructive method
was performed on the samples prior to the flexural and compressive tests. The flexural
strength was obtained with three-point bending tests performed with a Tinius Olsen 55T,
Surrey, UK.
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2.3.5. Fiber Volume Fraction Estimation

The fiber volume fraction influences the mechanical properties and is determined as
reported by Messiry [28] as:

Vi =pg X We/(pg X We+ pmx W)

with V¢ as the volume fraction of the fibers, W as the weight of the fibers, Wy, as the weight
of the matrix, p¢ as the density of the fibers, and pp, as the density of the matrix.
The sketch of the experimental plan is presented in Figure 3.

—

) [KR]},KRF,PS]] 1

Koranel
o . .
Solution selection-
Isothermal
calorimetry at 20°C
. (Fig9
Mairix testing:
[ Matrix mix design (Table 3) ] ) E-modulus;
b Strength tests.

Isothermal calorimetry
(20°C) and DSC

-

Composite testing:
Composite preparation ]— E-modulus;

i . Strength tests; SEM.

Figure 3. Sketch of the experimental design.

3. Results and Discussion
3.1. Reactivity of Matrices
3.1.1. Influence of Solution Silica Modulus on Reactivity at Room Temperature

The effect of the silica modulus of the potassium silicate solution on the reaction time
was studied with isothermal calorimetry on Koranel (Figure 4). For potassium silicate
solutions having a silica-to-potassium molar ratio (R) below 1.75, the reaction started earlier
than the measurement (i.e., <45 min after mixing) and with a high rate. For R = 2.00, an
induction period of 2 h was observed, and while increasing R, the induction time becomes
60 h (2.5 days) for R =2.25 and 350 h (about 2 weeks) for R = 2.5 (Figure 4a). The peak of
reaction also becomes broader and lower while increasing R from 2 to 2.5.

For R = 2.25, even a double exothermic peak is observed, i.e., one main peak at 3
days and the second smaller bump with maximum at 5.5 days. Such a smaller bump
is not observed for R = 2, likely due to the fast reaction and overlap, and is neither
observed for R = 2.5, likely because it is small and could occur at an even later time than the
measurement of 24 days. R = 2.25 thus gives the unique insight into the complex reaction
mechanism of potassium silicate-activated Koranel. Two exotherms for certain non-ferrous
slags were also observed by others [17] who performed sodium silicate activation. The
main peak observed is corresponding to the polymerization reactions [29,30], while the
second, smaller and broader exotherm, seems to be depending on the silica content of the
activator and is due to a secondary reaction or reorganization of the polymer network [17].
For none of the samples a split in decomposition, polymerization and stabilization was
observed, as was described for metakaolinite [31]. The decomposition and polymerization
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seem to occur in the same exotherm. More recently, R. Caron [32] defined the steps in
alkali activation more precisely as being first a nucleation and growth process, followed by
volume contraction due to the polymerization, an induction period, a second nucleation
and growth process corresponding to the second exotherm, new volume contraction
process, and finally, slow diffusion controls further curing. According to our own insight,
the first nucleation has not to be seen as a nucleation for crystals, but occurs as a result
of polymerization and densification, comparable to the polymerization of an organic
thermoset. An important difference is that no phase boundary, as between crystal and
liquid, needs to be formed. The diffusion control occurs because of the formation of a
dense layer around and in between the remaining slag particles, rendering the diffusion of
ions more difficult than in the initial liquid activator. Although Koranel is an iron silicate
(containing a high proportion of iron and silica), and thus chemically different from the
slags and metakaolinite for which the mechanisms were described, one can assume that
the general steps remain the same but that the products formed are different.
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Figure 4. Effect of the silica-to-potassium molar ratio (R = SiO,/K,0) of the activating solu-
tion on (a) the normalized heat flow, and (b) the cumulative heat released per gram of solid of
alkali-activated Koranel.
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For a matrix to be used for textile, sufficient time before setting is needed if we
consider a continuous production of several hours from prepared batches of matrix; the
low reactivity will then prevent unwanted matrix setting during the production.

The normalized cumulative heat released from the different compositions (Figure 4b)
shows that the reaction heat increases with the reduction of R due to the higher concentra-
tion of OH™ in the alkaline solution; this favors Koranel dissolution and polymerization
reactions. However, a higher degree of dissolution is also associated with a faster reaction
at room temperature. The matrix with R = 2.25 has therefore an ideal setting time (i.e., 60 h)
for the purpose of laminate composite preparation in a production with batches of paste
and is used in the following experiments. Its reactivity is low at room temperature but can
be increased by increasing the curing temperature, as will be studied further on.

3.1.2. Influence of Additives and Koranel Replacement on Reactivity

With the selected activator solution, the influence of surfactants and small amounts of
other precursors was investigated. The isothermal calorimetry at 20 °C (Figure 5) of the
different compositions (Table 3) shows that the start of the reaction at room temperature dif-
fers depending on the composition of the solid phase. The addition of 5 wt.% OPC (brown
curve; Figure 5a) decreased the open pot life with a factor of about 3; a sharp exotherm is
observed. Meanwhile, the addition of metakaolinite (gray curves; Figure 5a) induced a
delay in the appearance of the first exotherm. For the Koranel-based system (black curves;
Figure 5a), the addition of surfactants slightly speeds up (2,4 methyl pentanediol) or delays
(polyethylene glycol) the reaction; however, with the addition of metakaolinite, the effect
of the surfactant was less obvious, a slight broadening of the peak might be observed.

The cumulative heat released (Figure 5b) of the different compositions clearly shows
that the addition of OPC and metakaolinite leads to higher reaction heat, the latter being
higher for the sample made of 20 wt.% metakaolinite in comparison to those made of
10 wt.% metakaolinite. The cumulative heat released per g of matrix varied from about
85]/g for the composition made of Koranel to 140 J/g for the composition containing
20 wt.% metakaolinite. The increase from 85 J/g for Koranel to 115 J/g for 90K10MK is
rather large, and the replacement of 10 wt.% more of Koranel by MK does not give rise to
the same step in heat released, but only to an extra amount of 15 J/g. The cumulative heat
released lowers upon the addition of both surfactants to the Koranel system. This was not
expected but it shows that they interact chemically during the reaction and this interaction
has a more important effect than being pure catalytic. Two evident ways the surfactants
can play a role in the reaction rate are: (i) interaction with the surface of the precursor
which could lead to a reduced reaction rate due to a reduced effective surface area; and
(ii) interaction with the ions in solution, comparable to a chelating effect, although none of
the surfactants are ionic, as is usually the case for chelating agents. This effect could also
explain a reduction in reaction rate. No explanation was found for the shorter induction
period observed for 2,4 methyl pentanediol. The maximum heat flow, thus maximum
reaction rate, is for both pastes with surfactants substantially lower, as expected, according
to the explanation given. These mechanisms can however not explain the slightly earlier
start of the reaction and no other explanation could be found so far. Upon replacement of
Koranel with metakaolinite, both surfactants have a different effect. While “p” does not
influence the reaction too much, “m” decreases the total heat released substantially, though
both had a slightly accelerating effect on the start of the reaction.

For an optimum dosage of alkali in alkali-activated materials from known precursors
such as metakaolinite, the added alkali, M, should be enough to compensate the charge
balancing of Al; hence, the M/ Al molar ratio should be 1 [33]. Considering the chemical
composition of Koranel and metakaolinite and the use of potassium silicate solution of
R =2.25 and a liquid-to-solid ratio of 0.7, the molar ratio K/Al in the alkali-activated
mixture was 0.88 for matrix 80K20MK (Table 3) made of 20 wt.% metakaolinite and 80 wt.%
Koranel. This means the alkaline reagent in matrix 80K20MK is theoretically not in excess
for the alkali-activated reaction. Furthermore, for iron-rich slags, iron or iron-bearing
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phases in the slag also participate in the formation of the binding phase [14,34]. However,
the degree of reaction of most of non-synthetic aluminosilicates is usually not 100% and
some relics of the precursors are often evidenced by SEM [35]. Thus, for Fe silicates and
Cassilicates, it is not only the K/ Al ratio that is important, but other parameters also play
a role as other reaction products such as calcium aluminosilicate hydrate (C-A-S-H) are
formed. The exact stoichiometry is still not well known and the fact that reaching a 100%
conversion with such systems is almost impossible hampers a more in-depth study.
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Figure 5. (a) Normalized heat flow and (b) cumulative heat released per gram of solid of alkali-
activated materials with silicate modulus 2.25 and compositions defined in Table 3. Surfactant p is

polyethylene glycol and m is 2-methyl 2,4-pentanediol.

In conclusion, one can state that the replacement of Koranel by OPC speeds up
the reaction drastically, thus, the open pot life becomes too short for the application in
mind. Replacement of Koranel with metakaolinite enhances the reaction. The addition of
surfactants influences the reaction but the effect is limited. In the rest of this paper, the
mixture of Koranel and metakaolinite as precursor will be further studied.

3.1.3. Reactivity with Increasing Temperature

The next step is to check if the reaction mixtures can set/harden within a time of
about one hour at elevated temperature. Here again we have in mind a production method
whereby the composite will be shaped and pressed at a higher temperature, as is normally
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performed for thermoset-based composites. The DSC trace of composition K with 100 wt.%
Koranel as solid (reference composition) and matrix 80K20MK that presented the highest
reaction heat due to metakaolinite addition is presented in Figure 6.
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Figure 6. DSC curves of matrices K and 80K20MK (See Table 3). K shows two exothermic peaks at
100 °C and 150 °C with total enthalpy of AH = —60 J/g; 80K20MK shows one exothermic peak at
120 °C with two shoulders at 95 °C and 140 °C with AH= —87]/g.

The reaction of Koranel with the alkaline solution is complex and occurs in two steps
as indicated by two successively occurring exothermic peaks in the DSC pattern. The main
exothermic reaction starts around 80-85 °C. The addition of 20 wt.% metakaolinite shifts
the reaction start to a slightly lower temperature, 75 °C. This shift could be ascribed to
the fineness and difference in activation energy of the added metakaolinite. The effect is
however opposite to what was observed at 20 °C, where MK slowed down the reaction.

This observation from DSC indicates that 80 °C is a reasonable curing temperature
for this matrix based on Koranel. The reaction enthalpies were —87 and —60 ] /g for the
80K20MK and K compositions, respectively, or about —150 and —103 J/g of solid for the
80K20MK and K compositions, respectively; this is more or less comparable to the heat
released after 2 weeks curing, measured using isothermal calorimetry at 20 °C (Figure 5).

3.2. Effect of Surfactants on the Properties of Matrices
3.2.1. Rheology of Fresh Matrices

Surfactants are often used to reduce the amount of water, thus the L/S ratio, given
that they reduce the viscosity. They might also have an influence on the wetting of fibers
in composites. The effect of two surfactants is discussed here. The effect of 2-methyl
2,4 pentanediol (“m”) and PEG (“p”) on the rheology of the fresh matrices K, 80K20MKm
and 80K20MKp was compared each time with the selected matrix 80K20MK (Figure 7; see
Table 3 for matrices).

The substitution of 20 wt.% copper slag by metakaolinite has a special effect on the
viscosity (Figure 7a). At low shear rates, a decrease in the thixotropy is observed due to
the addition of metakaolinite. This is interesting for the flow of the paste at almost steady
conditions, for instance, when a textile is pulled through a bath of matrix. Under those
conditions, the thixotropy of the pure Koranel-based matrix hinders a uniform deposition
of the matrix on the textile. However, at intermediate shear rates there is no substantial
difference between both pastes up to a rate of about 2/s, when the viscosity of the mixture
with MK becomes slightly higher than the one without MK. The shear thinning observed
at intermediate shear stresses can be related to the alignment of particles. The addition
of 2 wt.% 2-methyl 2,4 pentanediol to 80K20MK reduced the viscosity and shear stress
slightly up to 1/s (Figure 7b), opposite to polyethylene glycol, for which there is a slight
increase in almost the complete studied range of shear rates (Figure 7c).
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Figure 7. Rheology of matrices K (a), S0K20MKm (b) and 80K20MKp (c), all indicated with open dots
in comparison with matrix 80K20MK, indicated with filled dots.

In our system, MK thus lowers the thixotropy; the surfactants did not change the
rheology to a large extent. Only 2 wt.% 2-methyl 2,4 pentanediol lowered the viscosity in
the intermediate range, with maximum a factor of 10. PEG slightly increased the viscosity
in the studied composition range.

3.2.2. Mechanical Properties of Hardened Matrix Pastes

The effect of 2-methyl 2,4 pentanediol and polyethylene glycol on compressive strength,
flexural strength and elastic modulus of 80K20MK is presented in Figure 8. Matrices 100K,
80K20MK, 80K20MKm and 80K20MKp were cured at 80 °C for 24 h with additional post-
curing at room temperature for 3 days. Matrix 80K20MK resulted in a compressive strength
of 30 MPa, somewhat better than the pure Koranel with the same activator. The addition of
2-methyl 2,4 pentanediol had no effect on the compressive strength; meanwhile, polyethy-
lene glycol contributed to an increase of 35 MPa. The flexural strength for 0K20MK was
0.8 MPa, comparable to the one for pure Koranel. The addition of 2-methyl 2,4 pentanediol
tripled the flexural strength to 2.5 MPa and that of polyethylene glycol helped even to reach
4 MPa. This positive effect is also noticeable in the elastic modulus, for which 80K20MK
reaches 3 GPa, and 80K20MKm and 80K20MKp reach, respectively, 5.3 and 6.3 GPa in
bending, whereas for axial, it reaches 2.5, 4.6 and 6.2. This large effect of surfactants is likely
due to their influence on reducing microcrack formation [23], thus posing these surfactants
forward as valuable additions for producing high strength lightweight panels. The fact
that the compressive strength increases only slightly is because defects are closed upon
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compression, while for flexion, a crack means concentration of the force on the edges. Thus,
the structure will become stronger if less cracks are formed.
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Figure 8. (a) Compressive strength, (b) flexural strength and (c) elastic modulus of matrices 100K,
80K20MK, 80K20MKm and 80K20MKp after curing for 1 day at 80 °C and 3 days post-curing at room
temperature to compare the effect of 2-methyl 2,4 pentanediol (“m”) and polyethylene glycol (“p”)
on these mechanical properties. Both surfactants increased the compressive strength, but the effect is
most pronounced on the flexural strength that increases with a factor of about 4.

Compared to some of the literature data [17], a compressive strength of 35 MPa is
rather low. The most likely reason is the lower OH" concentration or higher modulus of the
chosen activating solution, which was beneficial for the lower reaction rate but also leads
to a higher fraction of undissolved slag in the hardened alkali-activated slag. The flexural
strength of concrete is usually a factor of 8-10 lower than the compressive strength [36].
The flexural strength for the samples without surfactants is thus rather low, but the use of
surfactants increases it to an average value.

3.3. Mechanical Properties of Composites

After matrix characterization, this section is presenting the mechanical properties
of the prepared composites with the aforementioned matrices (Table 3) and plain woven
carbon fabric (Table 2). Five samples per composite configuration were prepared according
to Figure 2.

There is a rather large spread on the results of the stress—strain curves of samples
with same composition (Figure 9). This is in part due to the manual production method
that limits reproducibility. It is also worth pointing out that some ductile behavior was
observed on the failure curves of the composites, as is the aim of making composites. In
the first almost linear part, the textile and matrix work together. In the second part, the
composite becomes damaged, and delamination or fiber failure can occur. This can be seen,
for instance, from the sudden drop in stress. Hence, the prepared composites could be used
for engineering applications where some ductility is required, including thin elements and
lightweight panels.
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Figure 9. Sample of failure curves of composites made of four layers of carbon fiber 200 g/m? and
five layers of matrix 80K20MK. Measurement on four different samples with the same composition
are shown.

The volume fraction of fibers of the composites ranged between 25 to 40 vol% (Figure 10).
This wide range is caused by the manual production and the differences in workability of
the matrix. Due to the nature of the matrix, it was difficult to achieve composites with more
than 40% fiber volume fraction. Considering the fact that flexural strength mainly depends
on the fiber properties, because the matrix will crack long before the fibers, the higher the
fiber volume fraction, the higher the flexural strength. It is somewhat unfortunate that the
addition of MK renders the production of high volume fraction composites more difficult.
As a result, these composites have the lowest fiber volume fractions of the series. The fiber
volume fraction for the series 80K20MK increased only a bit with surfactants, but remained
between 25-30 vol%.
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Figure 10. Fiber volume fraction, flexural strength (a) and elastic modulus (b) of the respective
composites. Names indicate the matrices, as used in Table 3. For each composition, the average of
five measurements is given.

Depending on the matrix composition, the flexural strength varied from about 19 to 83 MPa,
while the Elastic modulus varied between 13 and 20 GPa (Figure 10). Both the addition of
2-methyl-2,4 pentanediol (Km) and polyethylene glycol (Kp) to Koranel-based matrices had
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no or little effect on the flexural strength, and even showed a decrease in the elastic modulus
with respect to K (Figure 10). This is in contrast to the increase in the flexural strength and
elastic modulus with the surfactant observed in the pure matrices (Figure 8b). The fact that the
surfactants do not increase the strength in composites as they do for the pure matrix shows that
carbon fiber reinforcement is dominant on the flexural strength and that the difference in matrix
properties resulting from surfactant addition did not prevail.

The addition of 10 wt.% of metakaolinite (90K10MK) shows an increase to 40 MPa
in flexural strength, but no increase in elastic modulus (5 GPa) with respect to K. Higher
performance was observed for samples with 20 wt.% metakaolinite (80K20MK) in the
matrix, up to 88 MPa in flexural strength and 20 GPa in elastic modulus. Samples prepared
with metakaolinite presented lower fiber volume fraction (25 vol%), but higher mechanical
properties than the reference (cf. green dashed line in Figure 10). Hence, the presence of
metakaolinite was beneficial for strength development, in consistency with calorimetry
results on cumulative heat released (Figure 5). Another reason might be the small particle
size of metakaolinite that allows for better contact and maybe even penetration in the
textile. The substitution of copper slag by 5 wt.% OPC (95K50PC) only had a negligeable
effect on the flexural strength and a decrease in elastic modulus despite the positive effect
of OPC on reaction heat.

The flexural strength results are in some cases higher or comparable to the litera-
ture values of 40-45 MPa obtained with geopolymer laminate composites prepared with
metakaolinite and basalt fabric [12]. These authors also observed that fiber reinforcement
favored water evaporation from the composites at room temperature and improved the
thermal stability in comparison to the pure matrix when thermally treated at 300-800 °C.

In another study, a bending strength of 18 MPa was observed with blast furnace slag
composite reinforced with 1 wt.% of 6 mm long carbon fiber, representing an increase
of 19% compared to the pure matrix [37]. Meanwhile, an elastic modulus of 37 GPa and
flexural strength of 133 MPa were achieved on potassium-based metakaolin geopolymers
with 20-25% volume of unidirectional carbon fiber [38]. The analysis of these results shows
some divergences in the bending strength depending on the matrix, fiber type, size and
weaving, but in all the cases, the use of fiber was beneficial for the bending strength.

In summary, for the mechanical properties, in comparison to composition K, the surfac-
tant and OPC addition had no or little effect in the studied range of the prepared composites.
However, metakaolinite addition had a beneficial effect on the mechanical properties, with
about 100% increase in the composite made of matrix containing 20 wt.% MK (Figure 10).

3.4. Microstructural Observations

The microstructure of the surface of the composites from compositions K, 80K20MK,
80K20MKm and 80K20MKp is presented in Figure 11. While keeping the same liquid-to-solid
ratio, the substitution of Koranel by metakaolinite led to a significant reduction in cracks
and composites with smoother surfaces. The addition of both 2-methyl-2,4 pentanediol and
polyethylene glycol, however, seemed to increase the void proportion at the surface. This is
consistent with a previous study on the use of 2-methyl-2,4 pentanediol, which was observed
to lead to an increased porosity by acting as air entrainer with drying shrinkage reduction [23],
and may explain why the surfactants do not have a significant effect on the flexural strength
and elastic modulus (Figure 10) of the composites. However, the appearance of voids in the
samples with surfactants did not significantly influence the density, which was always in the
range of (2.00 + 0.05) g/cm?.

The microstructure of the cross section of composite 80K20MK shows alternating
layers of matrix and carbon fiber (Figure 12). The matrix is not perfectly adhering to the
carbon fiber and is not really penetrating in the fiber bundles. This is ascribed to the fiber’s
hydrophobic properties, which makes them incompatible with water-based systems [39].
However, methods including plasma treatment, silica or calcite deposition on carbon fiber,
were suggested to improve the wettability and enhance the adhesion between the fiber and
cementitious matrices [39-42]. Fiber surface chemistry modification and nanomaterials’
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incorporation in the binder were also observed to enhance the fiber/matrix interface in
alkali-activated composites [43—46]. For instance, the addition of 2 wt.% nano titanium
dioxide in alkali-activated fly ash reinforced by micro carbon fiber was observed to increase
the fracture toughness by 29% in comparison to the control sample, due to possible filling
behavior and enhancement of the carbon fiber-matrix interfacial zone, which induced a
hindrance to crack formation [46]. However, actions to improve fiber-matrix interactions
are also costly, so need to be analyzed considering the possible improvement in properties
and the composite application. Since in this paper the focus is on proving that the matrix can
be used for textile-reinforced composites, no effort was exerted to improve the fiber—-matrix
interaction. Anyway;, it is worth reminding that the durability of textile-reinforced alkali-
activated composites do not only depend on their resistance to the external environment,
but also on the chemical interaction between the fibers and binder within the composite.
For instance, due to the alkaline environment of the binder, alkali-activated composites
reinforced with glass and basalt fibers were found to have significant reductions in tensile
strength their over time, while the strengths of those reinforced with carbon fibers were
sufficiently stable [26,47].

Figure 11. Microstructural surface of indicated composites (K), (80K20MK), (80K20MKm) and
(80K20MKYp) (cf. Table 3).
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(a)

(b)

Figure 12. (a) photo of the composite; (b) microstructural cross section of laminate composite made
of woven carbon fiber and matrix 80K20MK.

3.5. Thermal Stability of the Composites

The elastic modulus of the composite and matrix when heating until 700 °C, monitored
via impulse excitation, is presented in Figure 13. The elastic modulus of the matrix first
decreased from about 5 to 2 GPa, and from about 20 to 250 °C. Then, an increase was
observed until around 620 °C, where it reached a value of 9.5 GPa before starting to
decrease until it reached 7 GPa at 700 °C. The modulus continued to decrease during
the dwell time to 5 GPa and remained almost constant on cooling. The decrease in the
elastic modulus of the matrix from 20 to 300 °C occurs in two steps and may be ascribed to
microcrack formation due to residual water loss on heating. The first step, around 100 °C,
is broad while the second step is more pronounced. The E modulus of the composite has
a comparable profile of reduction until about 200 °C. However, for the pure matrix, the
decrease is more than 50% up to 250 °C, while for the composite, it is only about 25%.
In part, it is due to the reduced amount of matrix because of the fibers in the composite.
However, there is only about 25-30 vol% of fibers; thus, this cannot explain the large
difference. The effect must thus be linked to reduced cracking, because fibers stop the crack
propagation and the interaction between fibers and matrix, reducing the importance of the
matrix. Before 300 °C, the elastic moduli of the matrix and composite start to increase, but
above 300 °C, the one for the composite decreases again. The most probable explanation for
the increase is that the system starts to heal as a result of mobility increase with temperature,
although a glass transition could not be observed with calorimetry in this temperature
range. The modulus keeps on increasing up to about 630 °C after which it decreases
again. A similar behavior was observed in laterite-based alkali-activated materials, where
a strength increase was observed on heating between 250 and 450 °C [48]. One should
however be aware that the strength does not necessarily follow the same trend as the
modulus, because the elongation at failure can be different. The composite, however,
shows a reduction in modulus in two steps above 300 °C. The first is probably due to the
thermal incompatibility between the matrix and the fiber that led to deterioration upon
heating [49]. The second one is at least in part related to the decomposition of the carbon
fibers in air. The elastic modulus signal could not be recorded above 640 °C due to sample
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deterioration upon heating. The reduction in the mechanical properties upon heating is
in line with some reported studies on alkali-activated fiber-reinforced composites [12].
However, some studies also reported an increase in strength when metakaolin geopolymer
with carbon fiber reinforcement was heated at 1100-1300 °C, due to matrix crystallization
and densification that led to an enhancement of the fiber /matrix-bonding interface [38].
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Figure 13. Elastic modulus vs. temperature of (a) the matrix and (b) composite S0K20MK.

4. Conclusions

Copper slag is an industrial residue with a large unutilized fraction. The present
study investigated the development of alkali-activated composites from copper slag named
Koranel and carbon textile-woven fabric. In the first step, the matrix for the composites was
developed. The reactivity of Koranel with potassium silicate solutions, with molar ratio
R =S5i0,/K,0 varying from 1 to 2.75 at 0.25 intervals, was investigated using isothermal
calorimetry. The results showed that the solution with R = 2.0 has an open pot life of only
a few hours at room temperature, while the solution with R = 2.25 has an open pot life
of several days at room temperature, but reacts quickly at 80 °C. Hence, the potassium
silicate solution with the silica modulus of 2.25 is more suitable for a process in which
the composite is impregnated, and in the following hours, would be used for making
a laminated composite. The substitution of 5% and 10-20 wt.% Koranel, respectively,
by OPC and metakaolinite, led to higher reaction heat. However, higher mechanical
strength, especially in flexion, was only observed when 20 wt.% Koranel was substituted
by metakaolinite. Meanwhile, OPC addition of only 5 wt.% induced a fast setting of the
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matrix, which was not deemed suitable for composite preparation. The effect of the 2
surfactants, 2-methyl 2,4 pentanediol and polyethylene glycol on the workability is limited,
but PEG further increased the flexural strength.

Composites were made of four layers of carbon fabric and five layers of inorganic
polymer matrix. Pure Koranel-based matrix presented a compressive and flexural strength
of about 30-35 MPa and 1-5 MPa, respectively. An improvement in the bending strength
was observed with a fiber addition in the prepared composites, with flexural strength values
reaching 83 MPa. The addition of 2 wt.% polyethylene glycol/2-methyl 2,4 pentanediol
was beneficial for the flexural strength of pure matrix, but the same was not observed in
the mechanical properties of the composites.

The microstructure of the cross section showed alternating layers of matrix and carbon
fiber, even though the matrix was not perfectly adhering on the carbon fiber and little to no
impregnation of the fiber bundles was observed. The E modulus of pure matrix dropped
by 50% above 200 °C. The pure matrix healed from 300 °C onwards, and its E modulus
reached a maximum at 630 °C, after which it decreases again. At 700 °C, the modulus
was about 5 GPa, and remained almost constant upon cooling. The composites have a
modulus about 3 times higher at room temperature and lose only 25% of it up to 250 °C.
Above 300 °C however, the modulus of the composite gradually decreases. The composite
prepared with 20 wt.% metakaolinite still retained 50% of its elastic modulus on heating
until 400 °C. However, upon further heating, the modulus decreases to almost 0 at 640 °C.

The results are interesting for the repurposing of Koranel copper slag in the develop-
ment of alkali-activated composites for various engineering applications, including high
strength lightweight panels and laminates. There are several aspects that need further inves-
tigation, such as the fiber-matrix interaction, the better impregnation of the fiber bundles,
the thermal behavior of the matrix and composites, and the different processes responsible
for deterioration and healing. All these aspects will be dealt with in future research.
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Abstract: Used tires (UTs) are a global problem, especially in developing countries due
to inadequate management systems. During retreading, when the worn tread is replaced,
waste is generated in the form of tire fibers (TFs) and particles, which can be reused as raw
materials to produce economically and environmentally low-cost prefabricated elements.
Using TFs as a lightweight aggregate in nonstructural geopolymer-based elements is a
sustainable valorization option. This study aims to valorize used tires by incorporating
them as TFs into lightweight geopolymer mixes and analyzing their physico-mechanical,
thermal, and thermography properties for building and civil engineering applications. The
geopolymer is produced from a precursor (spent catalyst residue from catalytic cracking,
FCC) and an alkaline activator composed of rice husk ash (RHA), sodium hydroxide, and
water. The control sample’s (mortar with siliceous sand, CTRLSIL) compressive strength
came close to 50 MPa, while the TF mixes ranged from 32 to 3 MPa, which meet the
masonry standards. The thermal conductivity and thermography analyses showed that
increasing the TF content reduced the heat transmission and achieved a similar performance
to expanded-clay concrete and better performance than for conventional concrete.

Keywords: tire fibers; FCC precursor; rice husk ash; geopolymer; thermal conductivity;
thermography

1. Introduction

In September 2015, the Summit for Sustainable Development approved Agenda 2030
for sustainable development (SD), which includes 17 Sustainable Development Goals (SDG)
to end poverty, combat inequality and injustice, and address climate change [1,2]. SDGs
11,12, and 13 emphasize that SD is not possible without drastically transforming the way
we build. This study focused on using more sustainable construction materials, such as
composites with recycled tire fiber (TFs), and reusing industrial waste like spent fluid
catalytic cracking catalyst (FCC) from the petrol industry and rice husk ash (RHA) to
reduce the ecological footprint by changes in production methods, waste reduction, and
recycling. It is important to note that one of the primary greenhouse gases (GHGs) is carbon
dioxide, and the Portland cement (PC) industry contributes 7% of the total carbon dioxide
emitted to the atmosphere by human activity [3]. This makes it a very polluting activity.
Complete PC substitution for alkali-activated systems represents a significant reduction in
the carbon footprint [4].

The progressive increase in the amount of rubber waste generated from used tires
(UTs) has resulted in an environmental problem. According to reports from major tire

Appl. Sci. 2025, 15, 1346

138

https:/ /doi.org/10.3390/app15031346



Appl. Sci. 2025, 15, 1346

and rubber product manufacturing associations, global annual tire production is around
1.4 billion units, the equivalent to an estimated 17 million tons of UTs a year. The dynamic
growth in the number of UTs is well-exemplified by the EU, where production increased
from 2.1 million tons in 1994 to 3.3 million tons in 2010, and the annual cost of its disposal
in EU countries has been estimated at around EUR 600 million [5]. In 2020, the production
of 4.2 million tons of rubber tires was estimated [6]. Waste generation is inevitable and it
is therefore essential to have rational environmental management systems that minimize
waste generation and maximize reuse and recycling. Alternatively, recovering energy and
materials from discarded tires, known as valorization, is crucial [7,8].

In the EU, producers operate according to the Extended Producer Responsibility (EPR)
system [9], which covers about 15 countries. This appears to be the most suitable and
robust system for addressing and resolving issues that arise from UTs in a sustainable
manner by achieving a 100% recovery rate. In Spain, SIGNUS is responsible for ensuring
environmentally sound UT management [10].

An example in Latin America is Brazil, where 18.3 million tires were produced in
2003. The demand for UTs (retreads) is very high due to low purchasing power and the
high price of new tires. In recent years, the importation of UTs has increased, with up to
7 million tires in 2007 [11].

Retreading is an alternative in UT management and utilizes tire casings by replac-
ing worn treads and shoulders to reconstruct the original structure [12]. During this
valorization process, waste is generated in the form of TFs and particles in the scraping
stage.

The reaction of an aluminosilicate mineral mixed with a highly concentrated alkaline
activating solution (based on a mixture of sodium hydroxide and an alkaline silicate
such as sodium or potassium silicate) produces a structure called a geopolymer [13,14].
This type of alkali-activated cement can provide a similar performance to conventional
PC- based binders, and offers an additional environmental advantage by reducing GHG
emissions [15].

This study analyzed the valorization of TFs as a lightweight aggregate in mortar based
on alkali-activated cement (AAC). Previous studies conducted on PC concrete with TFs
report decreased bulk density as the TF contents increase [16-18]. Additionally, the loss of
mechanical strength in flexural and compressive strength has been identified, even with
use of the fibers [19-25]. This consequence can be attributed to the poor or nonexistent
adhesion between the cement matrix and rubber [24-26]. Other properties, such as thermal
properties [27], have drawn the interest of some researchers.

In previously published research [28], composites with various lightweight aggregates
(pumice, expanded clay, coconut shell, among others) and using alkaline activation matrices
based on blast furnace slag and metakaolin (activated with sodium hydroxide and silicate)
have been described. The novelty of the present research lies in the use of TFs and an
alternative cementitious matrix. In this work, the mechanical properties and thermal
conductivity of AAC matrix composites prepared from FCC (activated with NaOH/RHA
suspension) with TF reinforcement were evaluated.

2. Materials and Methods
2.1. Materials

The chemical compositions of FCC and RHA are summarized in Table 1.
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Table 1. The chemical compositions of FCC and RHA as weight percentages.

Si02 A1203 Fe203 CaO MgO 503 Kzo LOI Na20 P205 Ti02
FCC 47.76 49.26 0.6 0.11 0.17 0.02 0.02 0.51 0.31 0.01 1.22
RHA 85.58 0.25 0.21 1.83 0.5 0.26 3.39 6.99 - 0.67 -

Geopolymer mortars with aggregate were produced [29] at a water /binder (w/b) ratio
of 0.6 and an aggregate/binder (a/b) ratio of 2.25, both by weight. The binding material
was the spent catalyst residue from catalytic cracking (FCC), an aluminosilicate with high
pozzolanic reactivity, a density of 2.44 g/cm?, and a particle diameter of 17.1 um. RHA
was used as a source [29] to prepare the alkaline activator, with a density of 1.90 g/cm? and
a particle diameter of 62.2 um. The activator for mortars containing siliceous/limestone
aggregate was prepared by mixing 270 g of tap water, 81 g of NaOH (pellets), and 78.75 g
of RHA in a 1 L thermal bottle. This mixture was stored in the thermal bottle for 24 h. The
suspension was used for mixing with 450 g of FCC and the corresponding quantity of the
aggregates and TFs (see Table 2). The activator for mortars with only TFs was prepared
by mixing tap water, NaOH, and RHA in the following proportions: water/FCC = 0.6,
NaOH/RHA =1.029, and water/NaOH = 3.33 (see Table 2) and prepared using the same
procedure. The mechanical strength measurement of the mortars was then conducted
following standard UNE-EN 196-1 [30].

Table 2. Doses of the studied mortars.

Activator * (Water+

Mortar Type FCC (g) NaOH + RHA, in g) TFs (g) Aggregate (g)
CTRLSIL 0 1350
CTRLCAL
TF SIL15 99.70
450 270.00 + 81.00 + 78.75 ~——— 1147.5
TF CAL15 97.53
TF SIL25 166.16 10125
TF CAL25 162.55
TF2/1 675.00 405.00 + 121.50 + 118.13
TF1.8/1 607.50 364.50 +109.35 + 106.31
TF1.6/1 540.00 324.00 +97.20 + 106.31
337.50 0
TF1.4/1 472.50 283.50 + 85.05 + 82.69
TF1.2/1 405.00 243.00 +72.90 + 70.88
TF1/1 337.50 202.50 + 60.75 + 59.06

* The activating suspension was prepared in a thermal bottle for 24 h.

TFs were produced by scraping tire surfaces during retreading, where the majority of
fibers and particles were generated. TFs were separated from particles, and the material
retained by the #0.63 mm mesh was used (Figure 1).

The aggregates used to produce geopolymer mortars were siliceous and limestone
aggregates, and the particle size distribution was analyzed by sieving according to the
mesh size series of standard UNE-EN 196-1 [30]. The density of aggregates was determined
by the pycnometer method for particle sizes between 0.063 mm and 4 mm (UNE-EN 1097-
6, [31]). This yielded a density of the siliceous aggregate equaling 2.54 g/cm? and limestone
aggregate equaling 2.60 g/cm?3. For TFs, the density was determined by the difference in
displaced volume using acetone as the fluid. The density obtained for TFs was 1.25 g/cm?.
The particle size distributions of the aggregates used in this study are shown in Figure 2.
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Figure 1. Tire fibers (TFs).
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Figure 2. Particle size distributions for TFs and aggregates.

The geopolymer mortars with TFs were prepared based on the percentage content
of TFs (TFaggregatel5 and TFaggregate25), which corresponded to replacement with the
volume of siliceous or limestone aggregate with TFs (15% and 25% replacement levels). To
further highlight the properties of the mortars with TFs, two control mortars (CTRLSIL for
mortars with the siliceous aggregate and CTRLCAL for those with the limestone aggregate)
without TFs (100% siliceous or limestone aggregate) were prepared. Other geopolymer
mortars were made with 100% TFs, where the FCC/TF volume ratios went from 2/1 to 1/1
(mortars TF2/1, TF1.8/1, TF1.6/1, TF1.4/1, TF1.2/1, and TF1/1). Table 2 summarizes the
doses of the manufactured mortars.

2.2. Equipment and Procedures

Two batches were prepared per mortar type with sufficient quantity to fabricate
three prismatic specimens measuring 40 x 40 x 160 mm? each. Some specimens were
left inside a humid chamber at 20 °C and 100% relative humidity (RH) for 7, 28, and
90 days, while others were exposed to 65 °C curing for 1, 3, and 7 days. After the curing
period, each specimen’s saturated and dry weight were determined: immersion in water
for 24 h and subsequent drying in an oven at 60 °C until constant weight was achieved.
Mechanical strengths (compressive strength Rc, and flexural strength Rf) were obtained
under controlled displacement conditions at a speed of 1 mm/min using a universal
testing machine (Instron model 3382). Rf was the average value of three values obtained
from the prismatic samples, and the Rc (average value of six values) was measured with
the six portions obtained. Thermal conductivity tests were performed with C-THERM
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TCI equipment (C-Therm Technologies Ltd., Fredericton, New Brunswick, Canada). This
method allowed us to make estimates of the materials’ thermal conductivity within the
0.2-29 W/mK range.

Using the same mixtures as those above, plates of 150 x 150 x 20 mm? were prepared
for thermographic analysis by employing a thermal imager, which allows for measurements
of the thermal jumps. The utilized equipment was a TESTO 870-2 thermal imager (Testo
Inc., Sparta, NJ, USA) with an infrared resolution of 160 x 120 pixels and emissivity of
0.93. Figure 3 shows the elements used for the thermography test, which consisted of a
fully thermally insulated box of 400 x 600 x 600 mm? on all sides. The front part (centered
position) housed the 150 x 150 x 20 mm? plate. On the central back part, the heat-emitting
point was inside the box (a Philips HR-250 R 250 W—230-250 V incandescent and infrared
luminaire was used to generate heat). The thermal imager was located on the front exterior.

Heat
emission

point

Thermal imager

Figure 3. Box (thermally insulated sides) used for the thermography test.

Finally, fragments from the mechanical tests were selected and examined by field emis-
sion scanning electron microscopy (FESEM) with the ULTRA 55 model (Zeiss, Oberkochen,
Germany), which allows for operations at very low potentials (0.02-5 kV). Sample prepa-
ration for visualization on this equipment required coating with a high vacuum system
(LEICA EM MEDO020 model, Leica Microsystems, Wetzlar Germany).

3. Results

The physical (bulk density and water absorption) and mechanical (flexural and com-
pressive strengths) properties of the AAC-based composites with TFs were characterized.
Additionally, the thermal properties (thermal conductivity and thermography studies)
were assessed. The following sections discuss the studied properties.

3.1. Dry Bulk Density and Water Absorption

The water absorption (Abs, as a percentage) and dry bulk density (pq) for the control
mortars and the mortars with a partial substitution of siliceous and limestone aggregates for
TFs are depicted in Figure 4. It depicts how the p4 lowered when increasing the substitution
of aggregates for TFs because the density of the siliceous and limestone aggregates was
twice that of the TFs. In the mortars with 100% TFs without mineral aggregate, the pqg
lowered due to the reduction in the amount of the cementing binder. In all cases, the pq4
values were lower than those obtained for the control mortars [32].
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Figure 4. Physico-mechanical properties of mortars: (a) dry density for the control mortars and for
those with 15% or 25% volume replacement with TFs; (b) dry density for the composite mortars
without aggregate; (c) water absorption for the control mortars and the mortars with 15% or 25%
volume replacement with TFs; (d) water absorption for the composite mortars without aggregate. In
(a,c), SIL (green columns) corresponds to mortars with the siliceous aggregate, CAL (red columns)
corresponds to mortars with the limestone aggregate.

The absorption value increased with the larger amount of TFs because TFs are capable
of trapping air and causing an increased porosity of the matrix. These results align with
previous research works, which indicate a higher air content in the rubber mortars com-
pared with regular mortars [21,33]. This can be attributed to the rough surface of TFs and
their ability to trap air [26].

The microstructural characterization (Figure 5) observed by FESEM allowed us to
analyze the cementing matrix and the interfacial transition zone for mortars TF2/1, TF
SIL25, and TF CAL25 after 7 curing days at 65 °C. Figure 5a,b shows smaller porosity in
the cementing phase (geopolymer) and a thinner paste/TF gap compared with the 100%
TF sample (Figure 5c), which showed that more pores were present in the matrix and had a
thicker gap. This behavior would explain the greater absorption and lower density of these
mortars compared with those made with 100% mineral aggregate. Obviously, this behavior
would directly affect the mortar strength [19].
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(a) (b) (©)

Figure 5. FESEM micrographs of the selected mortars cured for 7 days at 65 °C: (a) the mortar with
siliceous sand and 25% TFs; (b) the mortar with limestone sand and 25% TFs; (c) the mortar with
100% TFs.

3.2. Mechanical Properties

Figures 6 and 7 present the mechanical strength (Rf, and Rc) values for the mortars
with siliceous and limestone aggregates (with and without TFs).
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Figure 6. Mechanical properties of the mortars with siliceous and limestone aggregates incorporating
TFs (0, 15, and 25% replacement by volume): (a) flexural strength (Rf) for the mortars cured at 65 °C;
(b) compressive strength (Rc) for the mortars cured at 65 °C.
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Figure 7. Mechanical properties of the mortars with siliceous and limestone aggregates incorporating
TFs (0, 15 and 25% replacement by volume): (a) flexural strength (Rf) for the mortars cured at 20 °C;
(b) compressive strength (Rc) for the mortars cured at 20 °C.

In Figure 6, the Rf and Rc of the mortars cured at 65 °C (1, 3 and 7 curing days) sharply
decreased as the amount of TFs increased, and this trend was in accordance with the dry
density values. No significant differences for the Rc values were noted between curing days
1 and 7, and their strength value gradually increased or remained until curing day 7. This
means that the development of the cementing matrix was optimum after 1 curing day. This
behavior was described by Rovnanik [34], who measured the Rc and Rf developments of
metakaolin-based mortars cured at 60 °C and 80 °C, finding that the mechanical properties
were similar for 1, 3, and 7 curing days. Bing-hui et al. [35] also found a similar behavior:
these authors measured the Rc values for mortars cured for 24 and 72 h, which were very
similar. The same authors demonstrated that the curing at 20 °C was insufficient to yield
Rc values higher than 10 MPa after 24 h curing.

Figure 7 summarizes the results for the mortars cured at 20 °C (7, 28, and 90 curing
days). The decrease in both fRf and Rc followed a similar pattern to those cured at 65 °C,
which indicates a loss in mechanical strength as the amount of TFs increased.

Figure 8 shows that curing at 20 °C for 28 days generally yielded better results than
curing at 65 °C for 7 days. This was also observed for the control mortar, which indicates
that curing significantly affects the AAC matrix [36]. Aggregate use in the mortars was
indifferent to the obtained values, which were similar among the mortars with limestone
and siliceous aggregates. The Rc values obtained for the control mortars at both 65 °C and
20 °C agreed with the results obtained by other authors, but with similar alkali-activated
mortars [29].
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Figure 8. Comparison of the Rc values of the mortars with siliceous and limestone aggregates cured
at 65 °C for 7 days vs. 20 °C for 28 days.

Figures 9-11 present the mechanical strength values (Rf and Rc) of the mortars with
100% TFs. Figure 9 shows a decrease in the Rf and Rc of the mortars cured at 65 °C when
the binder quantity was reduced in relation to the TF volume. It generally depicts that
the strengths reached at 1 curing day at 65 °C were similar to those for longer curing ages
(3 and 7 days). This behavior means that geopolymeric binding matrix development is
optimum for a short curing period, and it is not necessary to prolong the curing process,
which reduces the energy use. Moreover, it highlights for the 1/1 composites that the
mechanical properties are good for nonstructural purposes (e.g., masonry blocks for non-
bearing walls [37]). Hence, the FCC and alkali activator uses are reduced, and consequently,
so are the environmental and economic costs of composite production.
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Figure 9. Mechanical properties of the composites with 100% TFs as an aggregate cured at 65 °C with
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different FCC/TF volume ratios: (a) flexural strength (Rf); (b) compressive strength (Rc).
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Figure 10. Mechanical properties of the composites with 100% TF aggregate cured at 20 °C, with
different FCC/TF volume ratios: (a) flexural strength (Rf); (b) compressive strength (Rc).
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Figure 11. Comparison of the Rc of mortars with 100% TFs, cured at 65 °C for 7 days vs. 20 °C for
28 days.

In Figure 10, for the mortars cured at 20 °C, the Rf and Rc loss trend was similar
to those cured at 65 °C, with a drop in mechanical strength as the binder quantity was
lowered. In this case, the Rc gain from 7 to 28 curing days was notable, which suggests that
appropriate geopolymeric matrix development requires 28 days, unlike that observed for
the 65 °C curing process, for which only 1 day was required to achieve good mechanical
properties.

Figure 11 highlights that curing at 20 °C for 28 days and for mortars with a low
percentage of TFs (TF 2/1, TF 1.8/1 and TF 1.6/1) yielded better results than curing at
65 °C for 7 days, which was similar to that explained for the mortar with the partial
mineral aggregate replacement. This outcome indicates that curing significantly affects
the AAC matrix. Although curing at 65 °C uses more energy;, it is advantageous to acquire
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good composite properties in a very short processing time. For composites with a high
percentage of TFs (TF 1.4/1, TF 1.2/1, and TF 1/1), the effect of the AAC matrix was not
significant in terms of the developed strength.

3.3. Thermal Conductivity

The thermal conductivity (k) results are summarized in Table 3. The incorporation of
TFs into the mortar structure decreased the material’s thermal conductivity as the amount
of TFs in its composition increased. The mortars with partial siliceous and limestone
aggregate substitution for TFs achieved lower thermal conductivity than conventional
PC concrete (A = 2.24 W/m:K) [38]. The mortars with the limestone aggregate obtained
lower thermal conductivity values than those with the siliceous aggregate. This can be
attributed to the conductivity difference between both aggregates, which is larger for
quartz (7.69 W/mK) vs. calcite (3.59 W/mK) [39]. The network of pores generated by
the nonpolar nature of TFs also influenced the results because of the fibers’ capacity to
trap air on their rough surface. As the TF content increased, the presence of pores also
grew [26,27,40,41]. Figure 12 presents selected photographs of the specimen surfaces after
testing, which confirmed the high pore content in the 100% TF composite. In the composites
with 100% TF (2/1 to 1/1), the results had similar values among the six mixtures, with
the ones containing a higher binder content achieving slightly better outcomes. This was
because more compact and more uniform mortars were achieved on their testing surfaces
compared with those with lower ratios. This resulted in less compact and less uniform
specimens, given the lower binder content. The values of all six mixtures fell within the
typical intermediate range for concrete with expanded clay [42]. ACI committee 213 R-03
proposed Equation (1) for correlating density (p) and the thermal conductivity value (k),
while Asadi et al. [36] proposed Equation (2) to obtain them in concrete samples.

k = 0.0864 %0125 (1)

k = 0.0625 ¢*0015%0 2)

Table 3. Thermal conductivity (k) values.

Sample k (W/mK)
CTRLSIL 0.969 £ 0.030
TF SIL15 0.948 4 0.103
TF SIL25 0.926 £+ 0.033

CTRLCAL 0.925 4 0.043
TF CAL15 0.881 + 0.024
TF CAL25 0.849 £ 0.049

TF2/1 0.524 +0.097
TF1.8/1 0.500 £ 0.068
TF1.6/0 0.524 +0.033
TF24/1 0.528 £ 0.027
TF1.2/2 0.535 4 0.006

TF1/1 0.551 + 0.006

In the TF 2/1 composite, when applying both equations, the corresponding values
from Equations (1) and (2) were respectively 0.516 and 0.534 W/mK, which were similar
to the experimental data (0.542 W/mK). However, the values for TF 1/1 obtained from
the proposed Equations (1) and (2) were respectively 0.417 and 0.413 W/mK, and were
significantly lower than for the experimental one (0.551 W/mK). The thermal conductivity
of tire rubber fell within the 0.19-0.22 W/mK range [43]. Theoretically, the k value for TF
1/1 should be lower than that for TF 2/1, but the experimental results showed similar k
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values for both composites. This behavior could be attributed to the larger total volume
related to the interfacial transition zone gap when increasing the TF volume fraction [44].

CTRLSIL CTRLCAL TF 2/1 (100% TF)

Figure 12. Surface of specimen breakage: left, the control mortar with the siliceous aggregate
(CTRLSIL); center, the control mortar with the limestone aggregate (CTRLCAL); right, the composite
with the 100% TF aggregate and the FCC-based geopolymer (TF2/1).

3.4. Thermography

The thermographic analysis was able to capture infrared thermal images every 5
min of the samples placed at the front of the thermally insulated box. Figure 13 shows
the type of images recorded from the equipment. These images were compared and
analyzed to quantitatively measure each specimen’s surface temperature and to observe
the temperature evolution [45].
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Figure 13. Infrared thermal images taken at different times (minutes) demonstrating the temperature
increase during the test. Sample FT 2/1 subjected to 80 °C (heat source) from 0 to 30 min.

In Figure 14, a section was taken from each infrared thermal image to obtain a quanti-
tative curve showing the temperature reached at each point on the image (pixel). Together
with the other curves obtained in the other images taken every 5 min, it illustrates that
the temperature increased until the maximum temperature was reached at 30 min. A
temperature increase was only shown in the part in which the specimen was located, and
not on the insulated box surface, where temperature increase was much lower.

149



Appl. Sci. 2025, 15, 1346

40 {

Temperature (°C)
w w w w
5 2 & &

w
S

N
®

45.0

42.5

40.0
375

35.0

Tsolated Isolated
325 part of part of

the box the box
30.0

Temperature, C°

27.5
25.0
225

20.0

Figure 14. Thermography analysis: (a) infrared thermal image showing section P1, red circle
represents the maximum temperature zone, and horizontal black line represent the points in which

the temperature was calculated for representing in (b); (b) quantitative curve for section P1; (c) curves
taken every 5 min for section P1.

The thermographic analysis results are summarized in Figure 15. For the mortars
with the 25% TF replacing mineral aggregate, compared with the corresponding control
mortars, no significant difference was observed in the temperature reached outside the box.
However, a temperature differential of 4 °C was achieved for the composites with 100% TF.
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Figure 15. Thermography results: maximum temperature values measured on the external side of
mortar plates taken every 5 min.
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4. Conclusions

(1) TFs used as an aggregate in the AAC mortars reduced the dry bulk density and
increased absorption compared with the values obtained for the reference mortars.

(2) The compressive strength of the mortars containing TFs ranged from 3 to 32 MPa.
Compressive strength lowered as the TF content increased.

(3) The thermal conductivity values in the mortars in which the aggregate was replaced
with TFs lowered as the TF content increased. The thermal conductivity of the mortars
with 100% TFs came very close to 0.50 W/(m-K).

(4) Incorporating TFs into the FCC-based AAC cement mortars resulted in a lower
temperature and thermal jump by the thermography technique (5 °C) compared with
the values obtained with the reference mortars.

(5) In general, TFs used (derived from scrapping tires) in AAC-based materials can
improve the thermal properties of these materials, and can lead to energy savings
due to their low thermal conductivity. This is particularly beneficial when used in
construction typologies that require thermal insulation properties. This material
becomes an environmental benefit, especially as a result of working with waste
materials and secondary raw materials, and confers them with added value, which
cushions the impact of them accumulating in landfills. The obtained results highlight
the potential of using TFs for preparing low-thermal conductivity composites with an
AAC-based cementing phase, especially for systems with a high percentage of TFs
(e.g., TF 2/1, which presented the lowest thermal conductivity and the best behavior
in the thermography analysis).
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Abstract: The increasing scarcity of virgin natural resources and the need for sustainable waste
management in densely populated urban areas have heightened the importance of developing new
recycling technologies. One promising approach involves recycling agricultural waste in construction
applications and transforming it into secondary products. This is anticipated to reduce the demand
for new resources and lower the environmental impact, aligning with industrial ecology principles.
Combined with a low carbon emission binder (i.e., alkali-activated), utilizing agro-waste to produce
zero-cement particle boards is a promising method for green construction. Traditionally, particle
boards are engineered from wood or agricultural waste products that are pressed and bonded with
a binder, such as cement or synthetic resins. However, alternative binders replace cement in zero-
cement particle boards to address environmental concerns, such as the carbon dioxide emissions
associated with cement production. This study investigated the effects of accelerated aging on the
performance of alkali-activated agro-waste particle boards. Accelerated aging conditions simulate
natural aging phenomena. Repeated wetting-drying and freezing—thawing cycles increased water
absorption and thickness swelling and reduced flexural strength. The thermal performance of the
alkali-activated particle boards did not exhibit significant changes. Hence, it was confirmed that
agro-waste has a high potential for utilization in producing particle boards provided that the working

environment is carefully selected to optimize performance.

Keywords: alkali-activated materials; agro-waste; particle board; swelling; accelerated aging conditions

1. Introduction

Alkali-activated concrete provides a sustainable and innovative alternative to tra-
ditional Portland cement-based concrete [1]. Alkali-activated materials offer several ad-
vantages. They reduce carbon dioxide emissions associated with cement production by
utilizing industrial by-products like fly ash and slag, which would otherwise be disposed
of as waste and sent to landfills [2]. This makes them an environmentally friendly alterna-
tive. Additionally, alkali-activated materials demonstrate excellent durability, resistance
to chemical attack, and reduced shrinkage compared to traditional concrete [3]. As a
result, alkali-activated materials are distinguished from cement-based materials as they are
considered sustainable, durable, and high-performance materials for various construction
applications, contributing to the development of more environmentally conscious and
long-lasting structures [4]. In this regard, alkali-activated materials are used for different
applications. One of these applications is an alkali-activated particle board.

An alkali-activated particle board is a new product in the construction industry, bring-
ing high durability and resistance to traditional particle boards [5]. This type of board is
treated with alkali substances that enhance its performance characteristics, most notably
its resilience against moisture and its potential for higher mechanical strength [6]. The
process involves activating aluminosilicate materials using alkaline solutions, creating
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chemical reactions that form durable bonds within the structure [7]. Mixing such binder
with wood-based materials forms alkali-activated particle boards with improved environ-
mental stability over cement-bonded particle boards, showing higher resistance to water
absorption and less susceptibility to swelling or warping [5]. In addition, it presents an
eco-friendly alternative due to its low-energy processes and potential for incorporating
recycled materials [8].

Aras et al. explored the impact of incorporating olive mill solid waste (OSW) residue
and different cement types on the properties of cement-bonded particle boards (CBPBs) [9].
In another study, Hou et al. investigated the fabrication of a value-added cement-bonded
particle board (CBPB) using Masson pine processing residues and Portland cement. The
results demonstrated good compatibility between Masson pine residues and cement, with
higher cement/wood ratios leading to improved physical and mechanical properties in
the CBPB [10]. Also, Odeyemi et al. investigated the utilization of agricultural wastes
for producing cement-bonded particle boards, focusing on their physical and mechani-
cal properties [11]. Ohijeagbon et al. developed composite ceiling boards bonded with
cement using locally sourced wood residue from teak and African locust bean tree. The
physico-mechanical properties were evaluated, including the moisture content, density,
water absorption, drying shrinkage, and strength characteristics [12]. Bufalino et al. inves-
tigated the influence of the wood’s chemical composition, anatomical traits, and density
on the performance of cement-bonded particle boards (CBPBs); the research elucidates
their impact on cement curing, the matrix-reinforcement interface, and the final CBPB’s
performance [13]. Another study by Faria et al. investigated the compressive behavior
of cement-bonded particle board (CBPB) elements, aiming to expand its application to
structural elements [14]. Using alkali-activated binders in particle board production as
an alternative to cement has garnered attention due to their potential for enhancing per-
formance and sustainability [5,15]. Researchers have explored different alkali-activated
binders derived from industrial by-products and waste materials, evaluating their effects
on alkali-activated particle boards” mechanical and physical properties [5]. Furthermore,
efforts have been made to optimize manufacturing techniques, such as the particle size
distribution and mixing parameters, to enhance the overall quality and performance of
cement-bonded particle boards and alkali-activated particle boards [5,9]. These findings in
the literature highlight the potential of cement-bonded particle boards and alkali-activated
particle boards to be used as viable alternatives to conventional particle boards, paving the
way for further advancements and practical applications in the construction industry.

Despite significant research progress regarding particle boards, several notable gaps
remain in understanding their long-term durability and performance, particularly under
harsh environmental conditions. Further exploration is needed to assess how particle
boards withstand moisture, temperature fluctuations, and external stresses over time [16].
Moreover, while their mechanical properties have been studied, comprehensive research
has not considered the effects of parameters like the particle size, binder composition, and
manufacturing processes on the overall performance [11]. Additionally, there is limited
investigation into the practical implementation of particle boards in real-world structural
applications and their compatibility with other building materials. Also, a particle board is a
cornerstone material in furniture manufacturing, renowned for its cost-effectiveness, versa-
tility, and adaptability to a wide range of finishes and treatments. Predominantly utilized in
producing flat-pack furniture, cabinets, shelving units, and countertops, a particle board’s
widespread application is a testament to its suitability for lightweight yet durable furniture
designs. Its capacity to be engineered from recycled wood fibers aligns with contemporary
sustainability trends, offering an eco-friendly alternative to solid wood. However, research
on a particle board’s long-term durability, particularly in environmental stressors such as
moisture and temperature fluctuations, remains insufficient [17,18]. A deeper investigation
into how various factors—such as the particle size, binder composition, and manufacturing
techniques—affect its performance could reveal potential enhancements for its application
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in not only furniture, but also in broader structural contexts, thereby bridging critical
knowledge gaps in its use within the construction and furniture industries [19].

On the other hand, forecasts indicate the growth of agricultural production in the
coming years. The purpose of these products is not only to provide food for the human
population but also to meet industrial needs. Furthermore, agricultural commodities play
a pivotal role in the textile industry by providing natural fibers such as cotton, flax, and
hemp for manufacturing textiles and apparel [20]. The increasing growth of bioenergy from
biofuel has been an example of the diversification of agricultural products in recent years.
This is more evident in products with starch and cellulose [21]. In addition, agricultural
plant residues have a special place as biomass and are considered to have good potential for
green energy production [22]. In 2006, bioenergy accounted for about 10% of the world’s
energy [20]. The demand for crops experienced a significant upward trend from 2000 to 2015
due to the topic of biofuel production [23]. This demand is anticipated to produce a massive
amount of agro-waste. Hence, the present study evaluates the possibility of utilizing agro-
waste in producing alkali-activated particle boards and its effects on mechanical properties
and durability under different curing conditions.

This research endeavors to revolutionize sustainable practices in the construction and
agricultural sectors by utilizing agro-waste, waste reduction, and renewable resources.
The primary aim is to develop a viable product, namely a zero-cement agro-waste particle
board, that meets the rigorous technical standards of construction applications and delivers
substantial economic and environmental benefits to the agricultural industry. By focusing
on the production of a zero-cement particle board, this study aims to advance the under-
standing and application of alkali-activated particle board technology within engineered
agro-waste composites. Through comprehensive experimentation and analysis, the find-
ings of this research are expected to significantly contribute to the field, paving the way for
the widespread adoption of sustainable alternatives in construction and agriculture.

2. Materials and Methods

Granulated blast furnace slag (hereafter called slag) was used as a binder for all zero-
cement particle board mixtures with an average particle size of 14.5 um. The physical and
chemical properties of the slag are presented in Table 1. The dry-powder activator, sodium
meta-silicate (NaySiO3), with a 10% ratio, was mutually utilized to activate the zero-cement
particle board mixtures. NaySiO3 had a density of 1.09 g/cm? and a molar ratio of 1.0.
The chemical and physical properties of the anhydrous sodium meta-silicate are shown in
Table 2 in the manufacture datasheet. A water-to-binder (w/b) ratio of 0.40 was determined
based on the mass of the binder. An agro-waste commercially known as Topimamerboor
was used as an aggregate to produce zero-cement-bonded particle boards using 1:2, 1:3,
and 1:4 ratios with respect to the binder. Figure 1 shows the agro-waste aggregate used in
this study.

Table 1. Chemical compositions of used slag.

Items SIOZ A1203 CaO Fe203 SO3 MgO Kzo NaZO TiOZ MnOZ

(%) 36.5 10.2 37.6 0.5 3.1 11.8 0.4 0.3 1.0 0.4

Table 2. Chemical and physical properties of anhydrous sodium meta-silicate.

. Density . . Melting Heat of Solution
o, o, o,

Property Wt % Na,O Wi % Si0,  W; % H,O (k g/m3) Particle Size Point °C) (iJ/mol)
Typical Data 50.5 162 3 1090 936/; o ezs%to 1088 317
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Figure 1. Agro-waste used in this study (commercial name is Topimamerboor).

2.1. Mixture Procedure and Properties

In this study, three mixed designs were cast, as shown in Table 3. The agro-waste was
submerged in water for 24 h to reduce its high-water absorption (saturation level) and then
compressed with a hydraulic jack with 4 MPa of pressure before mixing. Afterward, the
agro-waste was blended with other ingredients according to ASTM C305 [24] for 5 min. Due
to the wet condition of the agro-waste, the water-to-binder ratios were set at approximately
0.4. The specimens were cast into molds and rested for 24 h at a temperature and relative
humidity of 23 4 2 °C and 50 &+ 3%, respectively. The molds were clipped on the top and
bottom from two sides to prevent the elastic expansion of the agro-waste for the first 24 h.

Table 3. Mix properties of zero-cement particle boards.

Mix Code W/B  Meta-Silicate (%)  Agro-Waste/Binder Ratio  Slag (g) Water (g)

C200 0.4 10 1:2 200 80
C300 0.4 10 1:3 300 120
C400 0.4 10 1:4 400 160

C reflects the exposure and curing conditions. For ambient conditions: NC for 25 freeze-thaw cycles is 25FT; for
25 drying-wetting cycles: 25DW.

2.2. Exposure Conditions

After pressing, the compressed material was released, and the boards were removed
from the mold. Three exposure conditions were applied after the specimen was cured for
28 days: ambient conditions, wetting and drying cycles, and freezing and thawing cycles.

2.2.1. Repeated Wetting and Drying

Repeated curing in wetting and drying conditions were performed with the aim of
evaluating material degradation, including risks like cracking and spalling, and to compare
the durability of different materials under standardized cyclic conditions of wetting and
drying. First, to maintain stable environmental conditions and prevent water loss, the
boards were covered within a closed box and kept in the laboratory for 28 days. For the
wetting and drying curing condition, 25 wetting and drying cycles were conducted on
specimens by alternating the temperature and relative humidity after 28 days of curing, as
per ASTM C1185 [25]. Repeating the wetting and drying cycles could simulate the rain-heat
cycles in natural weathering. Due to this aging condition, some fundamental chemical and
physical deterioration mechanisms are stimulated. Moreover, these conditions increase
the alkaline pore water, which is expected to attack the agro particles and the migration
(through dissolution and re-precipitation) of some alkali-activated hydration products into
the interfaces.
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2.2.2. Modified Freezing and Thawing

This investigation examines the impact of repeated freezing-thawing cycles on prod-
uct integrity, focusing on the potential for internal pressures and cracking caused by the
expansion of water as it freezes within the capillary pores of cement paste. This study ap-
plied 25 freezing-thawing cycles to specimens of alkali-activated agro-waste particle boards
following the same temperature and cycle mentioned in the ASTM C666 standards [26].
First, to maintain stable environmental conditions and prevent water loss, the boards were
covered within a closed box and kept in the laboratory for 28 days. Before cycling, each
specimen was submerged in water at less than 5 °C (41 °F) for 48 h. The specimens were
then exposed to alternating cycles of freezing and thawing, fluctuating between 20 £ 3 °C
(68 + 5 °F), with each cycle comprising 16 h of freezing followed by 8 h of thawing.

2.3. Tests
2.3.1. Mass Loss

The change in the mass of tested specimens was used to indicate the particle boards’
degradation after exposure to different conditions. The mass of each specimen was mea-
sured immediately after finishing curing and before exposure to assigned conditions,
representing the initial mass. The mass was measured again after exposure to various
numbers of cycles.

2.3.2. Density

Following BS EN 12390-7:2019 [27], the density of the samples was determined. Two
specimens were cut out, and their weights were recorded based on their volumes. The bulk
densities of the samples were calculated using Equation (1).

Density (g/cm3) =W,/Va (1)
where W, = air-dried weight, and V, = air-dried volume.

2.3.3. Water Absorption

Water absorption was determined according to BS 1881-122:2011 [28]. The initial
weight was recorded using a weighing balance of two specimen samples cut from the
board. The specimens were weighed after being immersed in water for 2 and 24 h (at
room temperature), and the weight of each specimen was recorded as the final weight.
Equation (2) was used to determine the percentage of water absorbed by each specimen.

Wf —.Wz »

WaterAbsorption (%) = :

100 2)
where W = the final weight of the particle board; W; = the initial weight of the particle board.

2.3.4. Thickness Swelling

The thickness swelling assessment was conducted per the specifications outlined
in the ASTM standard D1037-03 [29]. Initial measurements of the samples’ thicknesses
were precisely recorded utilizing a Vernier caliper. Subsequently, the samples underwent
immersion in water for 2 and 24 h, after which their final thickness measurements were
taken. The quantification of water absorption for each sample, expressed as a percent-
age, was calculated using Equation (3), thereby facilitating the analysis of water-induced
dimensional changes.

Ti

ThicknessSwelling (%) = I T_z x 100 3)

where Ty = the final thickness of the particle board; W; = the initial thickness of the parti-
cle board.
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2.3.5. Thermal Performance

This test focused on assessing the thermal performance of concrete when exposed to
radiant heat from a heat and cold cycle. Specimens with dimensions of 150 x 150 x 10 mm
from alkali-activated agro-waste particle boards were tested. The goal was to simulate the
heat exposure that particle board surfaces might experience, with real-world conditions
indicating a surface temperature of approximately 30 °C. We aimed to better understand
how heat penetrates particle boards, as it can significantly impact a building’s indoor
temperatures. The variations in the sample surface’s temperature were monitored using a
high-resolution camera forward-looking infrared (FLIR—160 x 120 IR resolution) every
10 min. A thermocouple attached to a data logger was used to monitor the temperature
inside the chamber (Figure 2). The heating and cooling cycle details are depicted in Figure 3.
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Figure 2. Schematic of heat transfer rate setup.
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Figure 3. Thermal performance heating and cooling cycle and 5 monitoring points.

2.3.6. Flexural Strength

The flexural strength of the zero-cement particle board was determined based on
ASTM D 1037 [29]. The particle boards were placed flat onto a flexural beam apparatus
and subjected to a three-point loading setup, with the maximum load being recorded. The
load was gradually applied until the particle boards failed, and a load versus deflection
curve was plotted. The force that caused the particle board to fail was identified.
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3. Results
3.1. Density

Figure 4 shows the result of the alkali-activated particle board density. The results
show that specimen 25WD200 had the lowest density of 1052 kg/m?, and specimen NC400
had the highest density of 1691 kg/m3. According to IS 14276 [30], the suggested lower limit
for density is 1250 kg/m3, while JIS.A.5908 [31] advocates for a minimum density value
of 800 kg/m?>. All manufactured particle boards adhered to these minimum standards
as recommended. Figure 4 shows that the particle board density increases when the
slag content increases. However, the density of the particle boards decreased when the
specimens were exposed to the freezing and thawing cycles as well as the drying and
wetting cycles. Also, the results show that the density of the particle boards decreased
when the number of cycles increased. For instance, the density mixtures with 300 kg/m3 of
slag exposed to 10 FT cycles was 1486 kg/m?3, while after 24 FT cycles, it was 1310 kg/m?3.
Also, the specimens cured under wetting and drying cycles had a lower density than those
cured under freezing and thawing cycles. When comparing 25FT400 with 25WD400, it can
be seen that it exhibited 8.5% less density. This is attributed to the change in the thickness
of the particle board specimens when cured in the freezing and thawing cycles or wetting
and drying cycles, as illustrated later.

1800

1600 -

1400 A

800 -

400 -

200 -

0 -
Q

N\ U\ U\ Q
q/ "\/ q 1) h
¢ ¢ & F

~

o

S

S
L

Density (Kg/m 3)
S
S

=)

S

S
1

«‘9

qs
¢ 4>
O

"9 Q Q
o \ﬂo 3

'\‘S« ‘@

&
W 25

Mixture Code

Figure 4. The density of the particle board with different slag contents and curing conditions.

3.2. Thickness Swelling

The thickness swelling of the alkali-activated particle board submerged in water for 2
and 24 h is illustrated in Figure 5. According to the guidelines set by the ASTM standard
D1037-03 [29], the maximum allowable thickness swelling is 8%. As a result, all of the tested
specimens met the requirement for thickness swelling. The results showed that 25FT200
and NC200 had the most significant changes in thickness, which were 5.12% and 4.65%
after 24 h of submersion in water, respectively. However, the lowest change in thickness
was exhibited by NC400, which was 2.17% after 2 h of submersion in water. This can be
attributed to the ratio of agro-waste to slag, indicating that a higher slag content decreases
thickness swelling. The widely accepted fact is that when the ratio of agro-waste to slag in
particle boards rises, it leads to a notable increase in the thickness swelling, resulting in a
decline in the boards’ dimensional stability [11].
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Figure 5. The result of the thickness swelling of the particle board with different slag contents and
curing conditions.

On the other hand, the thickness swelling was increased when the particle boards
were cured in freezing and thawing or drying and wetting conditions. For instance, it can
be shown that specimens 25FT300 and 25WD300 had more changes in comparison with
NC300, which were 4.11% and 4.20%, respectively. Also, it can be shown that curing in
drying and wetting conditions has a greater effect than curing in freezing and thawing
conditions. For instance, specimen 25WD400 had more thickness swelling changes than
25FT400. This can be attributed to the increase in the amount of pores when the specimens
are cured in these conditions.

3.3. Water Absorption

The result of the water absorption test of the alkali-activated agro-waste particle boards
is shown in Figure 6. The specimens were tested after being immersed in water for 2 and
24 h. The results show that the highest water absorption was achieved for 25WD200, which
was about 46.88% after 24 h of water immersion. However, the lowest water absorption was
achieved for NC400, at about 28.8%. Also, when the slag content increased in the particle
board specimens, it decreased water absorption—for instance, NC200 achieved about
29.44% in 2 h of water immersion. However, the lowest water absorption was achieved
for NC400, at about 24.35%. This can be attributed to the ratio of agro-waste to slag. After
increasing the ratio of slag to agro-waste, the water absorption of the specimen of particle
boards decreased due to a higher degree of hydration and the formation of hydration
produced that seal-coated the agro-waste particles. As shown in Figure 6, the particle board
specimens had higher water absorption when immersed for 24 h than those immersed for
2 h. In addition, the specimens that were cured in drying—wetting and freezing-thawing
conditions had higher water absorption than those in ambient curing conditions. For
instance, 25WD400 had more water absorption than NC400. Also, the water absorption of
the particle board specimens follows the order from low to high: ambient curing condition,
wetting and drying cycle, and freezing and thawing cycle. This can be attributed to the
reduction in the polymerization process and the formation of hydration products to seal
coat the agro particles.
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Figure 6. The result of the water absorption of the particle board with different slag contents and
curing conditions.

3.4. Failure Mode

Figure 7 illustrates the failure modes of the alkali-activated particle boards and various
degrees of damage. Obviously, the surfaces of all specimens exhibited rough textures, and
there was an increase in the extent of corner loss in the specimens subjected to freezing—
thawing cycles. For instance, considering the FT300 specimen as a representative, after
10 cycles, its surface underwent minimal alteration compared to the NC300 specimen.
However, after 25 freezing—thawing cycles, the specimen’s surface became notably rougher.
This was accompanied by the detachment of small mortars that fell off from the corners
and the emergence of micro-cracks on the surface. Additionally, noticeable swelling was
observed on the specimens’ surfaces due to agro-waste in the material composition. This
swelling became more pronounced after 25 cycles of freezing and thawing conditions.

25FT200

Destroyed

25WD3e0

25WDd0 10F 1400

Figure 7. Failure rate of alkali-activated particle board specimens. (Destroyed: significant damage
induced by exposure conditions, fail to parts).
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Furthermore, the amount of slag content exerts a notable influence on the deterioration
process of the specimens. At the same freezing—thawing cycles, it is evident that lower
amounts of slag within the particle board specimens lead to more pronounced degradation.
This trend is illustrated in Figure 7, where the NC400 specimen displayed negligible
changes (Green Dashed). The specimen exhibits only slight swelling with no noticeable
alterations. In contrast, the 25FT200 specimen experienced significant deterioration, while
the 25FT300 and 25FT400 specimens demonstrated even less pronounced degradation
when compared to the specimens subjected to standard curing conditions.

Upon the completion of 25 freezing—-thawing cycles, discernible damage became
apparent on the edges of the 25FT300 prismatic specimens. Furthermore, the edges of the
10FT300 specimens began to peel off following 10 freezing—thawing cycles. Remarkably
severe surface damage was observed in the case of the 10FT200 and 25FT300 specimens.
Notably, the mortar layer on the surface of the 25FT300 specimens had entirely dislodged,
leaving the agro-waste aggregate exposed. The degradation of the 10FT200 specimen was
even more pronounced, with substantial peeling of the concrete edges and wider cracks on
the surface.

For the wetting and drying cycles, a higher content of slag was found to contribute
to a reduced level of degradation in the particle board specimens, and this was similar
to the trend observed during the freezing and thawing cycles. Figure 6 illustrates a dis-
cernible contrast in degradation severity between the 25WD200 (Red Dashed) and 25WD400
specimens. The amount of degradation witnessed during the wetting and drying cycles
substantially exceeded that observed during the freezing and thawing cycles. For instance,
the 25WD300 specimen showed more degradation than its freezing and thawing cycle
counterpart, 25FT300. Upon closer examination, it became evident that after undergoing
25 cycles of curing under wetting and drying conditions, the surfaces of the specimens
exhibited significant changes. The mortar layer underwent complete detachment, forming
small pits, thereby exposing the agro-waste on the surface. Furthermore, at the edges of
the specimens, severe peeling of the alkali-activated material occurred, resulting in wider
cracks on the surface.

3.5. Mass Loss

Figures 8 and 9 illustrate the effects of freezing-thawing and wetting—drying cycles
on mass loss. Generally, the particle board specimens under freezing—thawing or wetting—
drying conditions exhibited mass loss. A consistent increase in mass loss was observed as
the number of freezing-thawing and wetting—drying cycles increased. For instance, the
FT300 specimen exhibited a more substantial mass loss after 25 cycles (i.e., 5.31%) than
after exposure to 10 cycles (i.e., 3.94%), as shown in Figure 8.

Jlllllll

10FT200 25WD200 10FT300 25FT300 25WD300 10FT400 25FT400 25WD400
Mixtures Code

Mass Loss (%)

Figure 8. Effect of freezing-thawing and wetting—drying cycles on mass loss of agro-waste alkali-
activated particle board.
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Figure 9. Effect of freezing-thawing and wetting—drying cycles on flexural strength of agro-waste
alkali-activated particle board (1 Psi = 0.0069 MPa).

This observation can be attributed to the following rationales: In the initial phase, the
expansion stress induced by freezing triggered specimen cracking. Consequently, a transfer
of external water permeated internal voids and cracks, contributing to an augmented
particle board specimen mass. However, as the freezing-thawing progressed, escalating
freeze-thawing damage resulted in more degradation fragments from the specimen. This
led to a reduction in the specimens’ mass. Subsequently, when the mass loss attributed to
spalling surpassed the mass gain stemming from absorbed water, an overall decrease in
the particle board specimen mass ensued, accentuating the magnitude of mass loss.

On the other hand, the 25WD200 specimen displayed the highest change in mass
variations, amounting to approximately 12.11%. Additionally, the higher amount of slag
in the specimen led to a lower percentage of mass loss. For example, 25WD200 had more
mass loss than 25WD300 and 25WD400, which had 12.11%, 8.74%, and 4.68% mass losses,
respectively. Moreover, it is notable that wetting—drying cycles exhibit a more significant
degradation potential when compared to freezing-thawing curing conditions, even when
considering an equivalent number of cycles, even at higher binder mixtures. The mass loss
was 4.68% for 25WD400, while it was 2.86% for the 25FT400 specimen.

3.6. Flexural Strength
3.6.1. Flexural Strength in Repeated Wetting and Drying Cycles

Wetting—drying curing conditions were used to analyze the aging characteristics of
the alkali-activated particle board. Flexural strength tests were carried out on an alkali-
activated particle board under 25 cycles of repeated wetting—drying curing conditions.
The impact of cyclic wetting—drying on the flexural behavior and results of the flexural
tests, encompassing parameters such as strength and flexural load deflection, is graphically
shown in Figure 10 and Figure 11, respectively.

Generally, the repeated wetting-drying cycles resulted in decreased flexural strength.
The flexural performance of the alkali-activated particle board under wetting-drying
curing conditions typically declined compared to the specimens that underwent standard
curing conditions. For instance, the 25WD200 particle board specimen experienced more
pronounced degradation, resulting in a complete loss of flexural strength. In contrast,
the NC 200 variant exhibited a flexural strength of 42.24 Psi (0.29 MPa). The results were
better with an agro-waste/slag ratio of 0.25 compared to 0.5. For instance, the flexural
strengths of 25WD300 and 25WD400 are about 56 Psi (0.38 MPa) and 63 Psi (0.43 MPa),
respectively. Moreover, for the same deflection value, mixtures exposed to freezing and
thawing cycles sustained lower loads. This finding reflects the internal degradation and
assassinated damage induced by wetting and drying cycles.
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Figure 10. Effects of wetting—drying cycles on flexural curve characteristics of alkali-activated particle
board (1 Psi = 0.0069 MPa).
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Figure 11. Effects of freezing-thawing cycles on flexural curve characteristics of alkali-activated
particle board (1 Psi = 0.0069 MPa).

3.6.2. Flexural Strength in Freezing and Thawing Cycle

Freezing—thawing curing conditions were used to analyze the aging characteristics
of the alkali-activated particle board. Flexural strength tests were performed on an alkali-
activated particle board under 10 and 25 cycles of freezing and thawing curing conditions.
The impact of cyclic freezing-thawing on the flexural behavior and results of the flexural
tests, encompassing parameters such as strength, flexural load, and deflection, is graphically
shown in Figure 10 and Figure 11, respectively.

Generally, the freezing and thawing curing conditions resulted in a decreasing trend
for flexural strength. The flexural performance of the alkali-activated particle board under
freezing—thawing curing conditions typically declined compared to the specimens that
underwent standard curing condition. For instance, the 25FT200 particle board specimen
experienced a complete loss of flexural strength. In contrast, the NC 200 variant exhibited a
flexural strength of 42.24 Psi (0.29 MPa). Moreover, the results showed that increasing the
number of cycles from 10 to 25 reduced the flexural strength more. For instance, the FT300
particle board specimen had a flexural strength of 62.3 Psi (0.43 MPa) after 10 cycles of freez-
ing and thawing, while it exhibited a flexural strength of 59.9 Psi (0.41 MPa) after 25 cycles.
The results were better at a lower agro-waste content. For instance, the flexural strengths of
FT300 and FT400 are about 59.9 Psi (0.41 MPa) and 70 Psi (0.48 MPa), respectively.
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3.7. Thermal Performance

All particle board specimens’ surfaces were exposed to various temperatures as the
environmental chamber’s temperature was changed. The specimens were exposed to a
15 °C temperature for 25 min from an ambient temperature. Then, the specimens were
exposed to a temperature of 30 °C for 30 min. Then, the temperature was lowered to
15 °C over 10 min and kept for 20 min. The result of the thermal performance of the
alkali-activated agro-waste particle board is shown in Figure 12. It shows the temperature
changes over time from the surface of the alkali-activated particle board specimens. The
results show that using higher amounts of slag in the particle board specimens led to higher
temperatures on the surfaces of the specimens. For example, the surface temperature of
NC400 in all monitoring periods was much higher than that of NC200. Also, wetting-drying
and freezing-thawing curing conditions followed the same trend as the ambient curing
conditions. However, as shown in Figure 12, the wetting-drying and freezing-thawing
curing conditions negatively affected the thermal performance of the alkali-activated
particle board. The thermal performance when the specimens were cured under the
wetting—drying or freezing and thawing curing conditions did not significantly change. For
instance, 25FT300 and 25WD300 showed slightly lower temperatures than NC300. Also,
the wetting—drying curing condition had a slightly lower temperature than the freezing
and thawing curing condition. This can be attributed to two compensation effects: damage
creating air gaps and a high water content. The thermal insulation induced by air gaps
developed due to cracking and damage is compensated by the high water content and,
consequently, higher thermal conductivity for the specimens.

Figure 12. Result of thermal performance of alkali-activated agro-waste particle boards.

4. Conclusions

This study examined the effects of aging on the characteristics of an alkali-activated
agro-waste particle board composite. Based on the findings and discussion presented,
it can be firmly concluded that utilizing agricultural waste to produce alkali-activated
particle boards is feasible but requires more caution when selecting the exposure conditions.
Additionally, the influence of varying slag amounts was assessed, with the general trend
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showing that increasing the slag content resulted in a higher flexural strength. The key
observations from the test results include the following:

A high biner content compensates for the high water absorption of agro-waste.
Repeated wetting—drying curing conditions and freezing—thawing cycles led to a
decreased flexural strength over time.

e  Repeated wetting—drying curing conditions had a higher degradation impact than
that induced by freezing—thawing cycles.

e  Agricultural waste exhibited a lower specific gravity, resulting in a more porous
structure and lower product density during curing.

e  From a practical perspective, the ratio of agricultural waste to slag and its effect on
flexural strength was relatively high.

e  The exposure conditions greatly affected the thermal performance based on the degree
of damage and water content induced.
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Abstract: Alkali-activated materials (AAMs) provide an opportunity to up-cycle several residues into
added-value materials. Although generally praised for their performance under thermal loads, the
thermal behavior of AAMs is dictated by a multitude of factors and the performance of CaO-FeOx-rich
systems may differ from geopolymers. Therefore, this work ascertains the high-temperature resistance
of CaO-FeOx-Al,O3-5i0,-rich AAMs. Mortars were exposed to different heating rates (<10 °C/min)
and temperatures (<1100 °C), and volume and mass loss, apparent density, compressive strength
(CS), mineralogical composition, and morphology were evaluated. At low heating rates, the main
effects noted were densification and a gradual lightening of color as the temperature rose. CS
underwent an abrupt decline at 750 °C and recovered at higher temperatures, reaching a maximum
value of 184 £ 13 MPa at 1100 °C. With an increased heating rate to 10 °C/min, the strength loss
at 750 °C persisted, but maximum CS was halved when firing at 900 °C. At 1100 °C, a significant
reduction of CS was observed, but all samples maintained their integrity. Except for 1100 °C at
10 °C/min, all sintered-AAMs presented residual CS above 40 MPa. These results demonstrate that
Ca0-FeOx-AlyO3-5i0,-rich AAMs present interesting thermal behavior and can be potentially used
to produce glass-ceramics or refractory materials from secondary resources.

Keywords: alkali activated materials; high-temperature behavior; secondary resources

1. Introduction

Increasing the use of alternative feedstock materials is crucial to reduce the current
pressure on natural resources and to diminish the environmental impact of our industrial
sectors. Moreover, using low-grade materials and residues as raw materials also repre-
sents an important and long identified economic opportunity for manufacturers. In the
field of secondary resources, thermochemical conversion processes belong to a group of
emerging technologies that aim to reclaim large volumes of low-value materials—such
as industrial, municipal, and even mined solid wastes from historical landfills—and rein-
troduce them into materials’ cycles in the form of added-value materials. The primary
outputs of these processes are valuable energy carriers and metals, but an inorganic solid
material is also generated. This inorganic fraction is molten and often vitrified by water
quenching, afterwards being either disposed of or used in low-value applications (e.g., road
paving). As thermochemical conversion processes continue to thrive, and their worldwide
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implementation grows, the volumes of these vitrified residues are expected to increase.
The development of added-value products using such secondary outputs can have a re-
markably positive effect on the sustainability of thermochemical technologies themselves,
either directly, by providing a supplementary value stream, or indirectly, by abolishing
associated environmental impacts and costs related to landfill. The use of such residues as
precursors in the production of alkali-activated materials (AAMs) has been identified as a
promising valorization route and suggested applications include, among others, pavers [1],
mortars [2], and insulating building materials [3]. Another attractive property of AAMs
is their performance at high temperatures. Unlike concrete, which suffers considerable
degradation and spalling even below 400 °C [4,5], the physico-chemical characteristics of
AAMs allow them to act as fire spreading and thermal energy barriers that prevent failure
of construction elements. Yet, the thermal behavior of AAMs depend on several synthesis
conditions, such as the chemical composition of the parent precursors, the type (silicate
or hydroxide solutions), concentration, and charge balancing cation (Na* or K*) in the
activating solution, and Si/ Al molar ratio [6,7]. The synthesis conditions dictate the pore
structure and liquidus temperature of AAMs, as well as the amount and type of crystalline
phases formed. Depending on their characteristics, the use of additives can also have a
significant thermodynamic impact when firing alkali-activated materials.

The typical chemical composition of the slag produced during the thermochemical
conversion of municipal and mined wastes can be described as a CaO-FeOy-Al,03-5i0,
quaternary system, which sometimes also contains a significant MgO content [8]. This
chemical composition could be adjusted to promote the formation of more refractory
phases upon thermal exposure, i.e., by adding alumina-rich materials [7,9,10], but changing
the composition of such low-value raw material may entail undesirable environmental
and economic costs. Considering the above, the present work did not aim to enhance
the thermal properties of CaO-FeOy-Al,O3-5i0;-rich AAMs by altering their chemical
composition with beneficial admixtures but rather to characterize the thermal performance
of potassium-based AAMs previously optimized for general construction purposes. Thus,
the thermal performance of conventional construction materials such as OPC-concrete, and
not fire-resistant or refractory ones, should be used as a benchmark throughout this work.

Pure (Na,O/K;0)-Al,03-Si0, ternary systems are known to present excellent thermal
resistance due to the crystallization of feldspar and feldspathoid phases, i.e., framework
alumino-silicates, featuring various proportions of both 5iO4 and AlOy units, the latter
being stabilized by alkali ions. These phases comprise albite (Na feldspar, NaAlSi;Og or
Nay0-Al,03-65i0,, having a liquidus temperature, 1118 °C), nepheline (Na-K feldspathoid,
Na3KAI4SisOq¢, stable up to 1256 °C), and carnegieite (Na feldspathoid, NaAlSiO4 or
NaO-AlO3-25i0;, having a liquidus temperature, 1526 °C) in the case of sodium-based
activators. In the case of potassium-based activators, the developed alumino-silicate
compounds exhibit even higher melting points, as in the case of orthoclase (K feldspar,
KAISi3Og or K,0O-Al,O3-65i0;, having a liquidus temperature of 1250 °C), leucite (K
feldspathoid, KAISi;Og or NayO-Al,O3-45i0,, with a congruent melting point of 1693 °C),
and kalsilite (K feldspathoid, KAISiO4 or K,O-Al,O3-25i0,, having a liquidus temperature,
1750 °C) [10].

The refractory performance of potassium-based ternary systems further benefits from
the higher viscosity of potassium melts. This reduces deformation due to flow and rein-
forces the advantageous character of potassium-based AAMs for high-temperature ap-
plications. Nevertheless, it should be mentioned that NayO-5i0,-Al,O3 systems can also
present excellent resistance to high temperature if a specific set of synthesis conditions that
promote carnegieite formation (melting point, 1526 °C) are provided. On the other hand,
K,0-5i0,-Al,03 systems present a broader set of synthesis conditions where refractory
phases are formed upon sintering [10], and this is particularly relevant in industrial contexts
where versatile and resilient mixture designs are of utmost importance. From this point of
view, the use of a potassium-based activating solution is advantageous both in terms of
thermal performance and industrial processing.
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The chemical composition of the slag produced in thermochemical conversion pro-
cesses is characterized by the presence of significant calcium and iron content, which,
however, have a direct influence on the phase composition and morphology of the material
after heating. Low calcium systems (i.e., geopolymers) are generally preferable for pro-
ducing high-temperature resistance AAMs as calcium reduces the liquidus temperature
of K,O-5i0;-Al,03 systems. Furthermore, the near absence of hydrated and chemically
bonded water in those low-calcium structures [11,12] reduces the deleterious microstruc-
tural effects of dehydration, which results in more thermally stable AAMs. The presence of
iron can, however, be deleterious to K,O-Al,O3-5i0; systems, depending on the amount
of alumina present in the systems [10]. If insufficient alumina is available, the iron com-
pounds formed are characterized by much lower melting temperatures relative to their
iron-free analogs. Hence, the thermal performance of AAMs made from FeOy-Al,03-5i0;
precursors with low-aluminum content is expected to be significantly impaired relative to
their iron-free equivalents. On the other hand, in alumina-rich K,O-Al,O3-5i0; systems,
the introduction of iron is not expected to preclude the crystallization of highly stable
and refractory phases such as mullite, leucite, and kalsilite, and can even promote the
crystallization of refractory hercynite [10]. The presence of these phases enhances the
thermal resistance of AAMs made from alumina-rich FeO4-Al,O3-5i0, precursors and are
expected to deliver excellent fire-resistant properties [9,13].

Several authors have investigated the phase transitions and thermal characteristics
of AAMs produced from precursors such as metakaolin and fly-ash, which can be mainly
described as Al,O3-SiO; binary systems [14,15], and calcium or iron-rich ones, such as
ground granulated blast furnace slag [15], ferronickel slag [9], and copper slags [7,16].
The thermal characteristics of more complex CaO-FeOy-Al,O3-5i0, quaternary systems
have not yet been thoroughly investigated. As discussed, calcium- and iron-containing
phases will play vital roles in determining the thermal performance of those AAMs. Thus,
examining the properties of CaO-FeOy-Al,O3-5i0,-rich AAMs after thermal exposure
(the sintered counterparts) is crucial to establish these AAMs as reliable temperature
resistant materials, with a place in the market, and deliver a long-term, large-scale, up-
cycling solution for CaO-FeOx-Al,O3-SiO;-rich residues generated during thermochemical
conversion processes.

2. Materials and Methods
2.1. Raw Material Characterization and Mortar Preparation

A synthetic granular slag was produced with a chemical composition that mimics
the expected inert vitrified material produced during the thermochemical conversion of
combustible components of municipal and mined solid wastes. The detailed description
of its production process is provided by Machiels et al. [1,2]. X-ray fluorescence (Bruker
AXS S8 Tiger spectrometer, Billerica, MA, USA) was used to determine the bulk chemical
composition of the slag, which can be generally described as a CaO-FeOy-Al,O3-5i0;
quaternary system. The complete chemical composition of the slag is given in Table 1. The
Fe oxidation state was quantified as described by Close et al. [17] and the iron phases were
found to be predominantly in the bivalent oxidation state (92%).

Table 1. Chemical composition of the synthetic slag used as main raw material (% by mass).

LOI Si0, CaO FeO, AlL,O;  MgO TiO, K,O Na,0  MnO

Fe3+/Fet0tal

Synthetic
slag

1.9 349 23.1 22.8 16.2 1.3 0.6 0.5 0.3 0.1

0.08

Aiming to deliver sustainable materials, the use of ordinary Portland cement and nat-
ural aggregates was completely avoided in the mortars” mix design; the vitreous slag was
used both as the main precursor and aggregate. For this purpose, the granular slag was sub-
jected to distinct pre-processing procedures to achieve different particle size distributions
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according to the envisioned usage (Figure 1). Particle size distribution was determined
using a laser particle analyzer (Malvern Mastersizer 3000, Malvern Panalytical, Malvern,
UK). Finely powdered slag with a specific surface area of 1120 m?/kg (determined by the
Brunauer-Emmett-Teller method, BET) and density of 2.97 g/cm?® was used as the binders’
main precursor (94.5 wt.% of binders’ solid load). Silica fume (SF, Elkem, >95% SiO,) with
a BET specific surface area of approximately 22,200 m?/kg was used as an admixture to in-
crease the availability of Si species and support strength development. Increasing the Si/ Al
ratio was also expected to promote the formation of highly thermally stable phases [14]
and produce compact microstructures with low porosity levels after thermal exposure [18],
thus improving the high-temperature resistance and residual strength of the produced
materials. A potassium-based activating solution was used following a mix design previ-
ously optimized. Theoretical predictions [10] and empirical experimentations [6] in the
available literature confirm the superior thermal performance of potassium-based AAMs
relative to their sodium-based counterparts. Potassium hydroxide (14 M) and potassium
silicate solutions (23.8 wt.% SiO,, 9.5 wt.% KO, and 66.7 wt.% H,O) were prepared by
dissolving potassium hydroxide beads and anhydrous potassium silicate in demineralized
water. The water content in the activating solution was adjusted (0.68 SiO, /K,O molar
ratio and 83.4 wt.% H;O) to achieve the pre-defined solid over liquid ratio (S/L) of 2.85
and molar ratios in the binder composition.

100 || ®Granular slag o
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2
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>
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S
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Figure 1. Particle size distribution of as-produced granular slag and after different pre-processing
procedures. Powdered slag refers to finely milled slag used as binders” main precursor while fraction
A and B designate roughly milled slags used as small size aggregates.

Based on our previous laboratory experimentation, the mortar mixture was designed
for a binder-to-aggregate mass ratio of 0.88. Fuller distribution was applied to optimize
aggregate particle size distribution (PSD). The PSD of the two fractions of the slag used as
aggregates is shown in Figure 1. The density of the aggregate fractions was determined to
be approximately 3.0 + 0.03 g/cm?, and their mass ratio in the mortars’ design was set to
be 1.4:1. The characteristics of the reference mortar mix design are provided in Table 2.

Table 2. Reference mortar composition (wt.%).

Aggregates
Powdered Slag Silica Fume (SF) Solution ggreg
(PS) Fraction A Fraction B
32.7 1.9 12.2 31.2 22.0

The mortars were produced following the procedure described by Ascensao et al. [19].
In short, it involved: (a) manually mixing the powdered slag and silica fume in a plastic
container; (b) mixing the binders’ solid components (PS+SF) and the alkaline solution at
140 rpm for 600 s in a mortar mixer (Testing Bluhm & Beuerherdt Gmbh, Berlin, Germany);
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and (c) mixing the pre-mixed aggregate fractions with the binder for 120 s at the same
speed. The mortars were cast into 5 x 5 x 5 cm® metallic molds and cured for 24 h in
controlled conditions (20 £ 0.5 °C and 95 £ 1.0% relative humidity). After demolding,
the mortar specimens were individually sealed with a plastic film and thermally treated
for 72 h at 50 °C and then kept at room conditions (20 & 1.0 °C and 65 £ 5.0% relative
humidity) until testing.

2.2. Methods
2.2.1. High-Temperature Processing

After 28 d of curing, mortar specimens were heated from room temperature up to
1100 °C in a chamber furnace (Carbolite RHF). Five different target temperatures were
defined: 105, 600, 750, 900, and 1100 °C. These target temperatures were chosen on the
grounds of previous studies [5,7] that demonstrated the existence of relevant chemical
transformations occurring in these temperature ranges. For each target temperature, a
thermal profile with a heating rate of 1 °C/min [5,20,21] and an isothermal step of 1 h at
the maximum temperature was followed. The heated specimens were left to cool down
naturally inside the closed furnace. This procedure was replicated with a heating rate of
10 °C/min to assess the impact of heating rate on AAMs mineralogy, morphology, and
post-heating properties. A minimum of two specimens per heating rate and maximum
temperature were tested.

2.2.2. Physical-Mechanical Characterization

The weight (0.1-g accuracy) and dimensions (0.01-mm accuracy) of each specimen
were measured before and after thermal exposure to evaluate the mass loss and the volu-
metric changes that occurred during thermal treatment (and eventual anisotropic features),
respectively. The apparent density of the mortars was determined by the relation between
the weight and volume of each sample. Compressive strength was determined using a
Universal Testing Machine (Controls) according to EN196-1:2016 [22].

2.2.3. Crystallinity and Morphological Characterization

The crystallinity of the starting slag, silica fume, and mortars produced was assessed
by X-ray diffraction (XRD), carried out on a conventional Bragg-Brentano Bruker D8
Advance diffractometer equipped with Lynxeye detector (Cu K« radiation A = 1.54059 A,
divergence slit 0.5°, Soller slit set 2.5° + 2.5°, 5-70° 20, step/size 0.02°, and t/step 0.04 s.)
and phase identification by EVA software (database ICDD-PDEF-2). Samples from green and
thermally treated mortars were collected from mechanical tests, then ground, sieved (<45
um), and kept sealed prior to testing. Scanning electron microscopy (SEM—EVO® MA 15)
equipped with energy dispersive X-ray spectrometry (EDS, AZtecEnergy, Karnataka, India)
was used to further evaluate the differences in each sample’s morphology before and after
thermal exposure. All backscattered electron images (BSE) were acquired using a 20-kV
acceleration voltage and a working distance of 10.0 mm.

3. Results and Discussion
3.1. Physical-Mechanical Characterization

The AAMSs’ residual properties were characterized as a function of temperature (up to
1100 °C) and heating rate (1 and 10 °C/min). Figure 2 illustrates the color change, cracking,
and deformation of the mortars after high-temperature exposure. Below 750 °C, there
were no visible effects on the surface of the specimens independent of the heating rate
used. Similar observations have been made by Khan et al. [23] in fly ash/GGBFS mortars.
Only a slight lightening of the color could be observed from 20 °C (Figure 2a) to 600 °C
(Figure 2b), which can be attributed to gradual dehydration and some Fe oxidation as
shown by Rickard et al. [24]. In fact, Figure 3 shows that mass loss mainly occurred in
this temperature range. The mass loss at 105 °C can be attributed to the evaporation of
free water located in existing pores. Previous works [7] have reported a higher mass loss
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in this temperature range, which can be explained—along with the differences in binder
chemistry—by the curing conditions (50 °C for 3 d) and curing duration (28 d) prior to
thermal testing employed in this work. Thus, part of the water has already evaporated
before the experiment when following this procedure. The further mass loss observed
at temperatures up to 600 °C can be attributed to the egress of water present in smaller
sized pores, interstitial water, and chemically bonded water in hydroxyl groups [11,14].
No anisotropic features were detected, and a uniform volumetric contraction that did not
exceed 20 vol% was observed. Rickard et al. [24] reported significant lower shrinkage
values in Fe-rich AAMS (3% at 900 °C) while He et al. [25] refer to shrinkage values of
5% in FA geopolymers fired at temperature of 800 °C. The influence of the heating rate
started to become evident from 750 °C, as shown in Figure 2c-h. The specimens heated at
lower rates (1 °C/min) changed color from a light grey to a gradually more brownish and
yellow color (see Figure 2c,e,g). No cracks were visible on the surfaces of these samples,
and the absence of color gradients indicates uniform mineralogical transformations [24].
The mineralogical transformations that occurred at these temperatures explain the changes
in color and are discussed later in this work.

()
(e)

Figure 2. Alkali activated mortar specimens after 28 d of curing and thermal exposure to: (a) 20 °C;
(b) 600 °C; (c,d) 750 °C with heating rates of 1 and 10 °C/min, respectively; (e,f) 900 °C with
heating rates of 1 and 10 °C/min, respectively; (g,h) 1100 °C with heating rates of 1 and 10 °C/min,
respectively. Mortars exposed to 105 °C are not shown here, but no significant modifications of
specimens’ appearance could be seen relative to the ones kept at 20 and 600 °C (a). At 600 °C there
were no visible differences between specimens heated with distinct heating rates, with (b) being a

(b) (c) (d)
() (8) (h)

representative example of both. Molten material at the surface of mortars heated up to 1100 °C at
10 °C/min is illustrated in (h).
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Figure 3. Mortars’ volume contraction and mass loss as a function of temperature and heating rate.
The curves are drawn as a guide to the eye. Due to deformation of the samples fired at 1100 °C with
a heating rate of 10 °C/min data could not be collected.

When a higher heating rate was employed (10 °C/min), less distinguishable color
changes were observed. The specimens heated up to 750 and 900 °C presented a less vivid
brownish color relative to the ones heated at lower heating rates. Some color gradients were
observed across the specimens’ surfaces, especially when heated to 900 °C. The differences
in color indicate that temperature gradients may have led to uneven transformations as
suggested elsewhere [24]. In addition, some cracks and superficial degradation were visible
on the surface of samples. The rapid increase of temperature accelerates dehydration pro-
cesses, but water release occurs at higher temperatures due to lower heat and mass transfer
rates (Figure 3), giving less time for steam to escape, which in turn results in excessive
vapor pressure and leads to crack propagation [15]. Khan et al. [23] also reported severe
cracks on Ca-rich fly ash/GGBFS mortars fired at 5 °C/min, suggesting some similarities in
the effects of increased heating rates. However, all samples heated up to 900 °C maintained
their structural integrity, regardless of the heating rate used. The samples heated to up 1100
°C with a heating rate of 10 °C/min present considerable molten material on their bottom
surfaces (rotated in Figure 2h). Apart from the excessive vapor pressure generated, the large
temperature gradients across the samples’ cross-sections resulted in differential shrinkage,
which increased the stresses formed and crack propagation (Figure 4), allowing for the
runoff of molten material. Similar findings were reported by Fernandez-Jiménez et al. [26],
who observed that high heating and cooling rates form new or intensified pre-existing
cracks due to the high thermal strain generated, ultimately leading to local failure. The
viscosity of the melts also decreases as the temperature rises, which further facilitates their
flow. Hence, the amount of molten material is expected to be significant at temperatures
higher than 900 °C, as the increased flowability of the melts and the high number of voids
and cracks in the mortar structures resulted in molten material coming out of the surfaces,
as seen in Figures 2h and 4.
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Figure 4. The surface of alkali activated mortar after thermal exposure to 1100 °C with heating rates
of 10 °C/min. Molten material was removed from the sample surface for clarity.

In samples heated to 1100 °C with a lower heating rate, no molten material was visible
after thermal exposure. The more gradual heating process diminished crack formation,
which allowed the molten material to be retained inside the monolith, positively affecting
the mortars’ structural stability and high-temperature performance. Although mortars
heated up to 1100 °C with heating rates of 10 °C/min retain their cubic shape and were
tested for their compressive strength, they were excluded from further physical analysis
(e.g., mass loss). The physical and mineralogical modifications that occurred upon heating
had clear repercussions on AAMs’ residual properties. From room temperature to 600 °C a
slight increase of compressive strength after thermal exposure was observed, as shown by
Figure 5.
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Figure 5. Mortars’ compressive strength as a function of temperature and heating rate. The curves
are drawn as a guide to the eye.

The improvement of compressive strength after thermal exposure to temperatures
that do not exceed 600 °C is not related to melting and crystallization processes (see
Section 3.3), but most likely to the increment of on-going polymerization reactions. In
previous work [27,28], the authors have shown that in very similar alkali-activated systems,
exothermic reactions have not completely ceased after more than 20 d of curing. Elevated
temperatures stimulate these late-stage reactions and prompt the formation of more me-
chanically resistant binding phases. Along with the absence of significant crack formation,
this beneficial effect overcomes the deleterious impact of dehydration and improves AAMs’
mechanical features. The increase of compressive strength in this temperature range is
often associated with densification [7,29]. However, it can be seen in Figure 6 that the
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apparent density slightly decreases at 600 °C. Although more resistant and probably denser
polymeric chains have been formed, this decrease is the combined effect of water loss
and shrinkage. As mass loss (~8.5 wt.%) was significantly higher than the volumetric
contraction up to 600 °C (<2 vol%), apparent densities decrease slightly. The increment
of on-going reactions is further supported by comparing the mechanical strength of sam-
ples thermally treated up to 600 °C with different heating rates. As can be seen, lower
heating rates—meaning more prolonged residence time at elevated temperatures—favor
the formation of more resistant AAMs without significantly modifying the samples’ mass
and volume (Figure 3) or promoting the significant formation of new crystalline phases
(Figure 7). At 750 °C, considerable deterioration of AAMs’ mechanical properties occurred
with both heating rates. This process may be related with modifications on the iron- and
aluminosilicate networks occurring even before sintering [30]. The shrinkage of the alumi-
nosilicate network induces internal cracks and increases the mean pore size, which leads
to poorer mechanical performances [30]. Nonetheless, totally dehydrated charge balance
cations (Na* or K¥) act as flux at high temperatures and reduce the temperature at which
melting and crystallization start. This can imply the formation of partially sintered phases
at around 750 °C [26]; however, these are not fully able to compensate for the decline in
compressive strength caused by dehydration-related shrinkage.

3.0 1
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ooy« 10°C/min
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Figure 6. Mortars” apparent density as a function of temperature and heating rate. The curves are
drawn as a guide to the eye. Due to deformation of the samples fired at 1100 °C with a heating rate
of 10 °C/min data collection was not possible.

An additional factor that has been reported to contribute to the loss of strength
at temperatures around 800 °C is the expansion of coarse aggregates [31]. Due to the
type and granulometric distribution of the amorphous aggregates used in this work,
however, a similar phenomenon seems unlikely to be significant. The effects of the network
shrinkage could be seen at the macroscopic level by the steepest increase in volumetric
contraction observed around 750 °C (Figure 3). At this temperature, increasing the heating
rate was found to be detrimental to AAMs’ residual strength. Along with higher crack
formation due to the higher vapor pressure generated, the considerable difference in
mechanical performance between mortars heated at different rates may indicate more
deteriorated network structures. At 750 °C, AAMs start to lose their predominantly
amorphous character, leading to the appearance of some broadened peaks of magnetite
(Fe304) and esseneite (CaAlFeSiOg) (Figure 7). These crystals could not be clearly identified
in morphological analysis and does not seem able to compensate for the decrease of
AAMSs’ mechanical strength; however, they may have contributed to some degree to
the densification of the samples. As mass loss was mainly associated with dehydration
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processes occurring mostly before 300 °C, the mass remained practically unchanged at
temperatures higher than 600 °C. Therefore, the apparent density followed a similar trend
to the volumetric contraction. A minor increase of mass was visible from 750 °C and above
(Figure 3) that can be attributed to further oxidation and crystallization of iron species into
magnetite and afterwards to hematite. The reference mortar presented a density of 2.46
+ 0.02 kg/m? and a compressive strength of 85 4 3 MPa after 28 d of curing. Using a
heating rate of 1 °C/min the maximum apparent density was observed at 900 °C (2.78 &
0.03 g/cm?); however, the decrease of apparent density by 1100 °C was not detrimental to
mechanical performance as the samples resulting from a heating rate of 1 °C/min presented
the maximum compressive strength recorded, 184 & 13 MPa (Figure 5).
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Figure 7. XRD patterns of alkali activated mortars after heating to different temperatures: (a) with a
heating rate of 1 °C/min; (b) with a heating rate of 10 °C/min.

In those samples, when the temperature exceeded 750 °C and the crystallization of
new phases became more intense, the compressive strength decrease was fully reversed.
The compressive strength of sintered samples was progressively increased as the temper-
ature rose, with an increase relative to the parent mortar of 85% and 115% at 900 and
1100 °C, respectively. Such strength gains contrast with the losses reported by several
authors in low-iron systems, with proclivity towards lower mechanical performances as
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the temperature rises [23,32]. Saxena et al. [32] investigated the influence of the Si/Al
ratio in the thermal performance of fly ash geopolymer mortars and reported loses in
compressive strength ranging from 54-77% when firing at 1000 °C. Conversely, Villaquiran-
Caicedo and de Gutiérrez [33] reported significant increases in the mechanical strength of
metakaolin geopolymers, but the maximum strength reported was approximately 160 MPa
and required firing at 1200 °C for 2 h.

Increasing the heating rate to 10 °C/min not only provoked a higher decrease of
compressive strength at 750 °C, but also significantly impaired the performance recovery
at higher temperatures. On those samples, the maximum compressive strength was halved
(97 &£ 8 MPa) and attained at 900 °C. Despite the recovery from the decay observed at 750 °C
and the 13% increase relative to the parent mortar, much higher compressive strengths were
observed in samples heated up to 900 °C with the lower heating rate (158 + 13 MPa). At
1100 °C, the mechanical strength of samples heated with different heating rates became even
more divergent. Unlike samples heated at 1 °C/min that yielded the maximum strength at
this temperature, when high heating rates were imposed, a considerable degradation of the
AAMs’ performance occurred. As shown in Figure 3, these samples were not dimensionally
stable, with some molten material coming out of the samples’ structure. This explains the
much lower compressive strength. The reason for material run-off in some rapid heated
samples might be that crystallization is not fast enough, while the viscosity decreases due to
the increasing temperature. At the same time, capillary forces generated at the solid surface
may further favor some material outflow from the molten core. At 1 °C/min, there seems to
be a better match between the heating and crystallization rate, as the significant residence
time and formation of more liquid phases does not promote such phenomena. With the
exception of samples exposed to 1100 °C with a heating rate of 10 °C/min (17 + 9 MPa),
all sintered samples presented compressive strength values higher than 40 MPa.

3.2. Crystallinity

The mineralogical composition and the high-temperature mineralogical transitions
are of utmost importance to fully describe the thermal behavior of AAMs and to safely
classify them in terms of high-temperature resistance. At room temperature, AAMs are
predominantly amorphous to semi-crystalline materials, and the amount and type of
crystalline phases present are mainly dependent on the parent precursors. The powdered
slag (PS) and silica fume (SF) used in this work as starting materials were almost completely
XRD amorphous materials. Only one crystalline peak of small intensity was detected in the
XRD patterns for SE, identified as moissanite (5iC) which was an impurity (SF and PS XRD
patterns available in [27]).

Not surprisingly, the AAMs made thereof exhibited an entirely amorphous structure
at room temperature, with a pronounced hump between 20-40° 20 in their XRD patterns.
Heating the samples to 105 °C did not lead to any crystallization regardless of the heating
rate used (not shown here for the sake of brevity). The first signs of the formation of
crystalline phases were visible in the samples heated at 600 °C. Operating at the heating
rate of 1 °C/min, no crystalline peak could be detected, as shown by Figure 7a; however,
increasing the heating rate to 10 °C/min likely promoted the formation of some crystalline
phases, visible from the peaks at 20~26-28° (Figure 7b). Given the weakness of the signals,
a clear identification is impossible, but the positions are consistent with the main diffraction
lines of leucite (KAISi;Og) polymorphs (Leucite 1, PDF#76-2298, and Leucite 2, PDF#85-
1626). Leucite is a well-known product of the thermal transformation of K-based AAMs [9].

The formation of crystalline phases was more pronounced as the temperature in-
creased, stimulated by the separation of iron oxide phases. As with many waste-derived
iron-rich glass-ceramic systems [34,35], a temperature increase to 750 °C involved the
precipitation of magnetite (Fe304, PDF#89-0951), whereas a pyroxene phase (esseneite,
PDF#78-1546), i.e., an Al-doped calcium-iron silicate, crystallized at 900 °C. Magnetite,
embedding iron in both Fe?* and Fe3* forms (Fe304=FeO-Fe,03), is a typical nucleating
agent, separating at 650-800 °C from ‘basaltic’ glasses (glasses of the Si0,-Al,O3-Fe;Os-
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CaO system, including also alkali oxides), later transformed into pyroxene glass-ceramics.
Magnetite may persist or be reabsorbed in the solid solution [34].

Heating to 900 °C and above promoted some oxidation, shown by the fact that both
additional phases detected, i.e., CaAlFeSiOg (PDF#78-1546) and hematite (Fe,O3, PDF#89-
0599) host only Fe* ions [34]. Finally, it can be noted that the different heating rates deter-
mined a different evolution at the maximum temperature (1100 °C), with the appearance of
calcium alumino silicate phases: while the sample heated at 1 °C/min exhibited a limited
precipitation of anorthite (CaAl,Si,Og, PDF#73-0264), the sample heated at 10 °C/min
featured both anorthite and gehlenite (Cap Al,SiO7, PDF#72-2128). Differences in the phase
assemblage, with consequences for the thermo-elastic stresses developed upon cooling,
could be a further explanation for the lower strength of samples heated at 10 °C/min: in
particular, gehlenite is recognized for its high coefficient of thermal expansion [36].

The formation of esseneite and magnetite as the predominant phases in all samples
can be seen as a natural consequence of the abundant availability of Si, Ca, and Fe species
provided by the mix design. The addition of silica fume and potassium silicate solution
could promote the formation of these thermally stable and refractory phases, which favor
the formation of AAMs with high thermal performance [6,7,9,10,14]. The residual proper-
ties of the developed materials were enhanced with the adoption of slower heating rates.
The physico-mechanical phenomena that occurred during faster heating processes, such
as the higher vapor pressure and increased shrinkage and degradation of binding phases,
seem to overwhelm possible positive effects from crystal formation. To further investigate
such phenomena, morphological analyses were performed in samples heated up to 1100
°C, where the most significant crystallographic differences were observed.

3.3. Morphological Analysis

Figure 8 shows representative backscattered electron imaging micrographs of the
reference mortar before being exposed to thermal treatment. A binder phase was formed
(Figure 8a), but the existence of embedded unreacted particles confirms that complete dis-
solution was not achieved. The high solid-to-liquid ratio used (2.85) limited the precursors’
dissolution, but the samples show a homogeneous matrix in which undissolved particles
acted as small-sized aggregates, (Figure 8b). Extensive microcracks have been observed
with undissolved particles acting as physical barriers that limited crack development and
propagation. Similar microcracks have been reported in the literature, and their origin
associated with drying shrinkage processes [28]. EDS analyses revealed a binder phase
predominantly composed of Si, Al, Fe, Ca, and K, while the spectrum of undissolved
particles was in line with the chemical composition of the slag used as the main precursor
and as aggregates (Table 3). Some spherical pores were also observed that can be attributed
to entrapped air during mixing.

(a) (b)

Figure 8. Backscattered electron imaging micrographs of alkali activated mortar before being exposed
to elevated temperatures showing: (a) binder phase; (b) microcracks.

180



Appl. Sci. 2022,12, 2572

Table 3. Representative SEM-EDS results describing the chemical composition of binder and ag-
gregates at room temperature (B1-B3, and A1-A3, respectively) and white areas outlining the
aggregates’ contours after thermal exposure to 1100 °C (F1-F3). Data collection location as indicated

in Figures 8a and 9b.
SiO, CaO FeOy Al,O3 MgO TiO, K,O Na,O Others
B1 44.6 13.8 18.8 14.4 1.0 0.7 6.2 0.5 0.0
B2 449 13.7 18.4 12.7 1.0 0.5 8.8 - 0.0
B3 46.3 10.5 20.2 13.0 1.0 - 8.4 0.6 0.0
Al 34.7 229 23.0 16.8 1.4 0.5 0.6 - 0.1
A2 34.2 23.6 23.1 16.4 1.3 0.6 0.6 - 0.2
A3 342 235 232 16.4 14 0.7 0.6 - 0.0
F1 11.5 7.8 73.2 5.8 Nd 0.7 - - 1.0
F2 9.2 6.2 77.6 4.8 0.7 1.4 - - 0.1
F3 11.8 9.6 72.4 4.5 0.7 0.7 - - 0.3

S5l

20pm Mag=500X EHT=200KV WD=100mm

(a)

20pm Mag=500X EHT=200KV WD=100om

v w ’ "

r A “ adey
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(©) (d)

Figure 9. Backscattered electron imaging micrographs of mortars exposed to 1100 °C: (a,c) with a

heating rate of 1 °C/min; (b,d) with a heating rate of 10 °C/min.

The effects of high-temperature exposure and heating rate on mortar morphology
are illustrated in Figure 9. Independently of the heating rate used, a more compact mi-
crostructure with few large cracks was formed relative to the parent mortar. Partial softened
aggregates have been reported to contribute to form homogenous mortars [23] and mor-
phological analysis indicates that undissolved particles previously visible in green samples
were almost completely molten (Figure 9a,b). Their previous homogeneous structure was
transformed into a texture of finely exsolved phases. However, the contours of undis-
solved particles remain identifiable as white lines. A clearer picture of interfacial transition
zones between molten aggregates and previous existing binders is better seen at higher
magnification (Figure 9¢,d). EDS analyses revealed the predominance of iron elements in

181



Appl. Sci. 2022,12, 2572

the white areas outlining the aggregates’” contours, which suggests the concentration of
oxidized iron phases at these locations (Table 3 and Figure 9d). At higher magnifications,
the morphological differences between samples heated with distinct heating rates become
more evident.

Mortars heated at 1 °C/min exhibit a continuous interfacial transition zone with no
visible cracks or microscopic pores. The progressive increase in temperature that reduces
vapor pressure and cracks formed upon heating, the prolonged residence time at high
temperatures that may have increased the amount of molten material, and the use of
potassium-based activating solutions that assist the formation of very viscous vitreous
phases [26] may have all contributed to sealing pre-existing pores and cracks. More
homogeneous microstructures were formed, in agreement with the enhanced compressive
strength of these mortars after being exposed to high temperatures (Figure 3).

At the highest heating rate (Figure 9d), the thermal strains generated upon heating
were more difficult to absorb by the existing microstructure at room temperature. Apart
from the already mentioned local failure and runoff of molten material, the formation of
micropores along interfacial transition zones was also visible. A less compact and more
heterogeneous structure was formed at the microscopic level, and the less effective bonding
between the newly crystallized phases can explain the lower mechanical strength of mortars
heated at 10 °C/min at all temperatures above 600 °C.

These differences in the mortars” morphology show that heating rate plays a vital role
in the sintering process. Increasing the heating rate affects not only the phases crystallized
but also their morphology and distribution, which in turn affects the dimensional stability
of the mortars at high temperatures and their properties after cooling. The crystallization
of new phases was particularly relevant at temperatures over 900 °C, but strength only
increased if a low heating rate was employed. Nevertheless, all mortars were able to largely
surpass the threshold temperature of 400 °C without any visible signs of degradation or
spalling. This behavior clearly shows the superior thermal performance of the developed
products relative to mainstream construction materials.

4. Conclusions

In this work, the effect of temperature and heating rate on the post-heated properties
of CaO-FeOx-Al,O03-5i0,-rich AAMs was investigated. The mix design of the AAMs
employed a high content of a low-value residue (85.9 wt.%). This was driven by the aim
to reduce the production cost and environmental impact of the produced materials, thus
providing an up-cycling solution for the large volumes of CaO-FeOy-Al,O3-5iO;-rich slags
generated in thermochemical conversion processes.

The results demonstrated the superior thermal performance of AAMs produced from
these residues relative to mainstream construction materials and acknowledged the vital
role of both of temperature and heating rate. Lower heating rates had a beneficial effect on
AAMSs’ mechanical performance. The maximum strength was observed when specimens
were exposed to 1100 °C at 1 °C/min (184 & 13 MPa), more than doubling the compressive
strength of green mortars (85 &= 3 MPa). Increasing the heating rate from 1 to 10 °C/min was
found to promote deterioration processes that resulted in extensive crack development and
even the deformation of samples at 1100 °C. Along with the formation of less homogeneous
microstructures, these deleterious effects were found to result in more fragile structures
after thermal exposure, which limits sintering to 900 °C if high heating rates are involved.

Crystallographic analyses revealed the crystallization of thermally stable phases,
indicating that the refractory and high-temperature resistant features of the developed
Ca0O-FeOy-Al,03-5i0;-rich AAMs could be potentially further enhanced by fine-tuning
the mix design.

Comparing to benchmark materials based on OPC, no signs of spalling were visible,
and the developed materials could withstand temperatures up to 900 °C with heating rates
up to 10 °C/min while maintaining their structural integrity and considerable mechanical
strength (>40 MPa).
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Abstract: Geopolymers (GP) are a class of X-ray amorphous, nanoporous, nanoparticulate materials
that can be mixed, poured, and cured under ambient conditions. Typically, geopolymers are made
using a Group 1 (G1) alkali activator such as sodium or potassium metasilicate and an aluminosilicate
precursor. An analogous material to GPs is ordinary Portland cement because of the similarities in
processing, however, the resulting microstructure is more similar to that of a glass. Geopolymers are
more thermally stable than OPC and can therefore be used in a variety of thermal energy storage
systems, as energy storage is an increasing global concern. In this study, potassium metakaolin-based
geopolymer composites containing glass particles and alumina platelets were manufactured, heated
in air, and exposed to molten sodium chloride or potassium chloride under an air atmosphere.
Results showed the formation of an amorphous self-healing geopolymer composite (ASH-G) that
could contain molten G1 chlorides for over 200 h without signs of macro or microscopic chemical
degradation. The filling of cracks by glass particles in the composite after heating to 850 °C makes this
material self-healing. It was found that the morphology of ASH-G composites was more affected by
temperature and duration than contact with corrosive molten chlorides in air. Future works include
investigating the effect of molten salt on mechanical properties during initial heating, after prolonged
heating, and the material compatibility with other molten Group 1 chloride eutectics.

Keywords: geopolymer; porosity; heat treatment; alumina; glass frit; chloride; molten salt

1. Introduction

Global energy consumption in 2021 was 595 exajoules according to statistical data
provided by British Petroleum [1]. Of this energy consumed, 82% came from coal, natural
gas, and oil, which equates to 36.3 gigatons of carbon dioxide released in 2021 alone [1,2].
Climate change caused by the release of greenhouse gases, as well as the high cost of fossil
fuels, have made renewable energies and technologies an attractive option [1,3,4]. A major
drawback of renewable energy sources is the inconsistent supply compared to the grid
demand. Energy storage systems coupled with renewable energy would greatly lower the
cost of energy as well as reduce the amount of CO; released.

There are several ways to store energy such as electrochemically, in the form of
batteries, mechanically, in the form of pumped hydro, or thermally, in the form of hot or
cold masses. Commonly deployed batteries (e.g., lithium-ion) require rare earth elements
that are expensive and in limited supply [5], while hydroelectric batteries require natural
or artificial height differences to take advantage of gravity, which limits locations where
they can be placed [6,7]. Alternatively, thermal energy storage systems can be made from
abundant materials and placed in a variety of locations [8].
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In general, thermal energy storage (TES) can be classified into three broad categories:
sensible, latent, and thermochemical. It can be further characterized based on temperature,
with applications ranging from sub-zero (e.g., cool rooms), to low- to medium-temperature
(e.g., HVAC), or high-temperature (e.g., concentrated solar power). Of the stated categories,
sensible is the most often deployed owing to its relative simplicity [9].

In sensible TES, the energy stored relies on the total mass of the storage material, the
specific heat of the storage material, and the temperature difference of the storage material.
A major challenge of these systems is the footprint required to house the storage material,
which in many low-temperature cases is water. To reduce the footprint of thermal energy
storage systems, a higher temperature difference, and therefore a higher temperature
material, can be used. At higher temperatures, molten salts such as nitrates, chlorides, or
carbonates can be used owing to their favorable melting points (for latent heat applications)
and low cost [10,11].

Of particular interest is the use of chloride materials as they are very abundant and
low-cost [12]. For example, chlorine and sodium are the third and fourth, respectively, most
abundant elements in Earth’s oceans behind hydrogen and oxygen which makes sodium
chloride salt abundant and relatively easy to process [13]. Sodium chloride, NaCl, is solid
at ambient conditions and has a relatively high thermal conductivity, specific heat, and
latent heat of fusion upon melting at 801 °C. These properties are ideal for storing thermal
energy [14]. The major drawbacks of using NaCl and other chlorides for thermal energy
storage are corrosivity, chemical degradation, and operating temperatures. Molten salts
have also been used to quench alloys, extract minerals from ore, and are found in potential
nuclear reactors [15-17], making their containment an important research topic.

Container material for molten salts can be metal alloys, ceramics, or refractory com-
posites. Common metal alloys such as stainless steel 304 and 316 have shown substantial
levels of corrosion and require high-purity inert atmospheres [18-20]. Suitable alloys are
not entirely corrosion-proof, use rare metals, and are expensive [21]. Ceramics require high
amounts of time and energy by comparison [22]. Refractory bricks are affordable, and
chemically and thermally stable but require joins and mortars which can be a major point
of failure [23]. An alternative to these proposed solutions is geopolymer composites.

Geopolymers (GP) are a class of X-ray amorphous, nanoporous, nanoparticulate,
inorganic covalently bonded material typically comprised of Group 1 (G1) aluminosili-
cates [24]. GPs are similar in processing to cements yet similar to glass in microstructure.
Synthesis of GPs can be done at ambient temperatures and pressures by the addition and
high shearing of aluminosilicate precursor, such as calcined kaolin (metakaolin), with an
alkali activator solution. Acidic synthesis is an alternative method of producing similar
phosphoric GPs, however, this route is not only relatively new compared to the alkali
route but also utilizes phosphorous, which is much less common than elements used in
the alkali synthesis route [25,26]. Prospect aluminosilicate precursors include various
industrial waste ashes from metal processing, coal-fired power plants, and incinerators [25].
However, these tend to have high amounts of calcium, which is detrimental to geopoly-
mer formation and maximum operating temperatures/environments [27]. This is due
to the formation of calcium silicate hydrate phases, which are less thermally stable than
covalently bonded aluminosilicates with minimal hydrates [27-29]. The repeatability of
industrial waste ash composition is another concern, requiring attention to the individ-
ual batch formulation. Common alkali activator solutions are aqueous G1 hydroxides
such as sodium and potassium and amorphous fumed silica to produce a solution of G1
metasilicate, which is also needed to fabricate geopolymers. Other alkali activating sources
include G1 metasilicate, which is formed from the fusion of G1 carbonates with silica sand
at high temperatures. Geopolymers made from G1 hydroxides have higher degrees of
polymerization and therefore higher mechanical properties [30].

Metakaolin-based geopolymer composites can be made into complex shapes, easily
incorporate functional phases, are thermally and chemically stable, and are relatively inex-
pensive. Additionally, ceramics can be produced by heating geopolymers to 950 °C [31].
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For these reasons, metakaolin-based geopolymers could be a potentially suitable contain-
ment material for molten chlorides [32,33]. Two obstacles that need to be overcome are
microcracking and significant shrinkage/warping of the geopolymer matrix after heating
to 800 °C [34,35]. One method to prevent significant shrinkage during initial heating is the
addition of alumina platelets [36]. The homogenous dispersion of glass-forming material in
the composite has also been shown to be a successful strategy for filling microcracks [37,38].
The filling of microcracks by a uniformly distributed phase in the composite, upon heating,
makes the composite self-healing [31].

Previous work on this conducted by Keane et al. (2022) showed that heat-treated,
potassium metakaolin geopolymer containing homogeneously mixed alumina platelets
and System 96 © glass particulates of size 10-250 um did not chemically interact among
themselves and produced a self-healing composite with uniform glaze [31]. X-ray diffrac-
tion analysis of bulk powder samples showed no new crystal formation among the phases
after heating to 900 °C.

Therefore, the purpose of the current study is to investigate the compatibility and per-
formance of a self-healing geopolymer composite exposed to either molten sodium chloride
or potassium chloride to determine if any chemical degradation occurs and if this material
can be used to contain molten salt at high temperatures. Potassium chloride was selected
because of its similarity to sodium chloride, as well as the presence of potassium in the
geopolymer composite. The aim of this research is to successfully contain molten chlorides
for extended durations. If successful, the containment of molten salts by geopolymers can
be used as an inexpensive solution to energy storage and fossil fuel use reduction [11].

2. Methodology
2.1. Geopolymer Composite Preparation

A metakaolin-based (MK) potassium geopolymer matrix (KGP) was prepared by the
addition of MetaMAX ® from BASF and potassium metasilicate solution, also known as
waterglass (KWG). MetaMAX © is an aluminosilicate kaolin clay that has been heated to
approximately 750 °C and has an average particle size of 1.3 um [39,40]. A potassium
metasilicate solution was synthesized by dissolving 85% assay potassium hydroxide flake
and fumed silica, from ChemSupply Australia, into deionized water. The mixture was
stirred at 300 rpm for 24 h using a magnetic stir bar, ensuring the total dissolution of the
fumed silica. Metakaolin clay was then high-sheared into the KWG solution for 5 min at
2000 rpm using an IKA® RW 20 high-shear mixer and dissolver attachment to produce a
homogenous KGP slurry. The KGP slurry was de-aerated for 5 min using a vibration table.
Equation (1) and Equation (2) show the formation of KWG and KGP.

2KOH + 2Si0, + 10H,0 — K,0025i0,011H,0 1)

Equation (1): Formation of potassium metasilicate solution from SiO,, deionized water,
and KOH

[K,0 + 25i0; + 11H,0] 4 [Al,05025i0,] — [K,00Al,03045i0,011H,0)] )

Equation (2): Formation of potassium geopolymer from metakaolin clay and potas-
sium metasilicate solution

Fifty-micron alumina platelets from Micro Abrasives were then added to the KGP
slurry and high-sheared for 5 min followed by 2 min on a vibration table to remove
entrapped air. System 96® glass frit powder of particle size 10-250 pm from Oceanside
Glass and Tile was then added to the mixture, high-sheared for 5 min, and de-aerated for
another 5 min. The homogenous mixtures were then poured into plastic molds and placed
in a 100% relative humidity curing chamber for five days. Plastic molds were made from
modified PVC plumbing pipe and caps, as well as PVC rod. Weight percents, both reference
and measured densities, and calculated volume percents of each phase are presented in
Table 1. The elemental composition of glass frit powder was measured using EDS and is
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presented in Table 2. The glass frit powder is most similar to sodalime glass with the minor
addition of impurities, which are used to prevent crystallization upon melting and cooling
among other properties [41].

Table 1. Composition of Alumina-Glass-Geopolymer Composites.

Phase Weight (%) D;};?f; ?tglfifm Dex?:; l:;fm3) \scﬁl:::\l: t("e’/(oi)
KGP 50 2.0481 [24] 1.86 57.8
Glass Frit 35 2.5 [42] 2.47 33.2
Alumina Platelet 15 3.97 [43] 3.88 9.0

Table 2. Elemental Composition of Glass Frit Powder (10-250 pm).

Element Weight (%)

o 44.0
Na 12.5
Mg 0.8
Al 1.6
Si 33.1
K 0.7
Ca 4.8
Zn 1.9
Y 0.7

Total 100.0

2.2. Heating/Sintering

Cured composites were demolded and acclimated to ambient humidity for 48 h before
being placed into an air furnace. Composites were then heated to 900 °C for 5 h using
heating and cooling rates of 2.5 or 10 °C/minute, respectively. The target temperature and
ramp rate were selected as successful samples were previously produced using 900 °C and
2.5 °C/min respectively [31]. The ramp rate of 10 °C/min was selected it is a conventional
heating rate for sintering ceramics [44]. Next, heat-treated geopolymer composites were
filled with a known amount of sodium chloride or potassium chloride.

Isothermal container testing was conducted in an air muffle furnace for 240 h using
initial heating and final cooling rates of 10 °C/min. For each Group 1 chloride, one empty
control composite was placed next to a composite containing G1 chloride resulting in four
composites total (two control composites [S3,5], one composite containing NaCl [S2], and
one composite containing KCl [S4]). NaCl testing was conducted at 805 °C and KCl testing
was conducted at 775 °C. These temperatures were selected to minimize mass loss but
ensure melting.

2.3. Group 1 Chloride Preparation

Sodium chloride and potassium chloride were purchased from Sigma Aldrich. Both
chlorides were ACS grade with a purity of >99%. Approximately 12 g of sodium chloride
or potassium chloride were added to cylindrical geopolymer composite crucibles that
had been heated to 900 °C. Crucibles filled with salt were then heated to 5 °C above their
respective melting points and held for 240 h to indicate if a chemical reaction or degradation
occurred.
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2.4. Mass/Length Change, Density, and Apparent Porosity

The weight, height, and diameter of the geopolymer composites were measured using
a mass balance accurate to 0.01 g and calipers accurate to 0.01 mm. Measurements were
taken before and after heating, as well as after exposure to the molten Group 1 chlorides.
Mass losses were determined by comparing sample weights before and after heating.
Length changes were determined by comparing sample outer diameters before and after
heating, similar to previous work [31]. Heat-treated sample densities and open porosities
were measured before and after exposure to molten salt using the Archimedes method
outlined in ASTM C20. Deionized water at 24 °C was used as the reference fluid. Samples
were dried at 130 °C for 24 h and weighed, Wpyy. Next, samples were submerged in boiling
water for at least 2 h to fill all open pores with fluid. Once cooled and still submerged,
suspended samples were weighed to offset buoyant force, Wg;,. Finally, saturated samples
were wiped of free water and weighed, Ws,;. Equations (3)—(7) below show how to calculate
open porosity and bulk density using described sample weights.

VBulk = W Equation (3). Bulk Volume
VOpen Pores = W Equation (4). Open Pore Volume
VMatrix = W Equation (5). Apparent Volume
P Bulk = Vo = (Vvvvfszvvg:;) Equation (6). Bulk Density
Open Porosity = VO{}“};‘L‘;"’“ = wz::xzz Equation (7). Open Porosity

2.5. Microcharacterization

Samples were polished on a Struers Tegra grinding system using silicon carbide paper
of 180 and then 1200 grit. Further polishing was done on a Presi Mecatech 250 polishing
system down to 6 pm. A carbon coater deposited a conductive layer of approximately
20 nm thickness to prevent electron buildup during SEM/EDS analysis. Micrographs were
collected using an Olympus SC50 optical microscope, a Zeiss Merlin field emission electron
gun SEM, and silicon drift detector EDS. Fracture surfaces and polished surfaces were used
to observe porosity, localized heterogeneity, and chloride presence. ImageJ software was
used in post-processing to determine the size of features.

X-Ray diffraction patterns of samples were measured using a Panalytical Empyrean
X-ray diffractometer using a step size of 0.02° from 10 to 90 20. The X-ray source was CuK«
with a nickel filter monochromator and an approximate wavelength of 1.54 A. Recovered
salt samples were ground to less than 50 um particulates. Sample diffraction patterns
were then compared to the International Centre for Diffraction Data PDF4+ database for
confirmation.

3. Results & Discussions

Geopolymer composites containing fifty-micron alumina platelets and glass particu-
lates as seen in Figure 1 were manufactured, cured for seven days, and heated to 900 °C for
five hours. The high angularity of these particles allows for a relatively higher average free
space among particles [45]. This higher average free space among particles allows for the
molten glassy phase to flow throughout the composite more easily at elevated tempera-
tures once the matrix phase has uniformly shrunk [46]. This may seem counterintuitive as
shrinking causes a reduction of space, however, the alumina phase remains rigid [36]. It
can be theorized that capillary action and/or liquid phase sintering of the shrinking matrix
phases drew in the softened, highly viscous glass particulates upon further heating [47-49].
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Figure 1. Glass frit powder as received (A). Alumina platelets (50 pm) as received (B).

Figure 2 below shows crucibles before and after heating using slow (2.5 °C/min) and
fast (10 °C/min) heating rates. A uniform high sheen glaze was observed among geopoly-
mer composites that were heated at 2.5 °C/min to 900 °C for five hours; however, samples
heated at 10 °C/min were nonuniformly deformed and did not form a uniform glaze. The
increased volume in Figure 2B indicates an increase in porosity from the initial sample,
which may have merit in other applications. In this study, however, uniform volume
change after heating is a preliminary requirement for a suitable molten salt containment
material. Therefore, only composites with a heating rate of 2.5 °C/min were used for salt
containment testing.

Figure 2. ASH-G composites before (A) and after (B) heating to 900 °C for five hours using 2.5 °C/min
(left) and 10 °C/min (right) heating and cooling rates.

3.1. Effect of Initial Heat Treatment

A linear shrinkage of 7.7% and mass loss of 12.0% occurred after heating cured ASH-G
composites to 900 °C for five hours using heating/cooling rates of 2.5 °C/min. Additionally,
a uniform glaze of approximately 200 pum thickness formed on the 2.5 °C/min heat-treated
polished samples as seen in Figure 3. The densities before and after initial heating to 900 °C
were 1.93 g/cc and 2.32 g/ cc, respectively. Open porosities before and after initial heating
to 900 °C were 19.95% and 0.73%, respectively. The results are shown in Table 3.
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Figure 3. Micrographs of polished (A) and fractured (B) ASH-G composites after heating to 900 °C
for 5 h using heating/cooling rates of 2.5 °C/min.

Table 3. Physical Changes Due to Initial Heating to 900 °C.

Linear o . Open Porosity
Sample Shrinkage (%) Mass Loss (%) Density (g/cc) (%)
Room
Temperature 0 0 1.93 19.95
Post 2.5 °C/min 77 12.0 232 073

Heat Treatment

Previous work indicated no chemical reaction occurred among the three phases ac-
cording to XRD and EDS results [31]. After heating plain KGP without additives to 900 °C
a series of crystalline peaks appeared in an XRD analysis [31]. Microcracks formed during
geopolymer matrix dehydration/densification were filled by molten glassy phase as in-
dicated by little-to-no open porosity in the heated samples as expected [31,50]. Figure 4
shows how the glass phase filled much larger cracks after heat treatment. This removed
the presence of discrete glass particulates and introduced oblong, form-fitting regions of
glass and geopolymer matrix [31]. This phenomenon makes this material a good candidate
for the containment of high-temperature liquids as the liquid cannot penetrate the glassy
layer, leaving the structural material untouched and unaffected.

Figure 4. Micrograph of polished ASH-G composites after heating to 900 °C for 5 h using heat-
ing/cooling rates of 2.5 °C/min.
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3.2. Effect of Molten Salt Exposure/Prolonged Heating

Once the composites were heated and a uniform glaze was formed, the samples
were cooled, and weights measured. A known amount of either 99.9% assay sodium or
potassium chloride was added to the samples and an alumina cover was placed over the
opening to minimize contamination and mass loss as seen in Figure 5.

Figure 5. ASH-G composites before (A) and after (B) filling with Group 1 chloride salts.

Amorphous self-healing geopolymer containers were heated with and without Group
1 chloride to ~ 5 °C above their melting points—805 °C and 775 °C for sodium chloride
and potassium chloride, respectively. Both test and control samples were held at these
temperatures for 240 h. Once cooled, the ASH-G samples were measured for changes in
mass and length. Solidified sodium chloride and potassium chloride samples were also
taken for investigation with X-ray diffraction. ASH-G samples were then ultrasonicated in
DI water for 15 min to dissolve any residual salt on the surface. Density and open porosity
measurements were collected according to ASTM C20 using 24 °C de-ionized water as
reference material. The results can be seen in Table 4.

Table 4. Physical Changes Due to Prolonged Exposure to Molten G1 Chlorides.

Linear Mass Loss Open

Sample . Density . Salt Mass
Sample Shrinkage from Cured Porosity o
Number (%) GP (%) (g/cc) (%) Loss (%)
Room 1 - - 1.93 19.95 -
Temperature
Post Heat 1 77 12.0 232 07 -
Treatment
Post NaCl
Exposure (805 °C) 2 8.6 11.9 2.37 2.3 4.1
Post NaCl-test
Control (805 °C) 3 8.6 12.0 2.38 2.1 -
Post KCl Exposure
(775 °C) 4 8.2 11.9 2.32 1.4 24
Post KCl-test
Control (775 °C) 5 8.2 11.9 2.33 1.5 -

Data indicates that the presence of molten salt had little-to-no effect, while temperature
and duration had a more significant effect. After the mass loss during initial heating, no
samples experienced further mass loss due to prolonged heating. Geopolymer composites
that were heated to 805 °C, containing molten sodium chloride, showed higher linear
shrinkage and did not retain a surface glaze, as seen in Figure 6. In comparison, geopolymer
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composites heated to 775 °C, containing molten potassium chloride, did retain a reduced
surface glaze of approximately 180 um, as seen in Figure 7, and showed slightly less linear
shrinkage compared to the 805 °C samples. The presence of glaze on composite containing
potassium chloride in Figure 7 could also be attributed to potassium chloride being the
most stable of the Group 1 chlorides, and least likely to react, according to the enthalpies of
formation as well as slightly lower dwell temperature [51].

It can be hypothesized that the lack, or reduction, of the glaze, is due to some glassy
phase material migrating into the bulk of the composite during reheating above the glass
softening point of 573 °C, according to previous work [31]. EDS analysis of geopolymer
composites in Figures 6 and 7 show the lack, or presence, of surface glaze via aluminum
concentration. Areas of brighter purple indicate higher aluminum content and dimmer
areas indicate lower aluminum content. Figure 8 shows lighter discrete alumina while
connected irregular medium or darker phases are potassium geopolymer and glassy phase,
respectively. No microcracks can be seen in the bulk of samples exposed to molten salt,
indicating no chemical degradation occurred to the containment material on a microscopic

level.
Al Kal Al Kal
. 250pm . ' 100pm '

Figure 6. Surfaces of ASH-G composite after heating to 805 °C for 240 h without (A) and with (B)
NaCl. No glaze is present in either case.

Al Kal Al Kal
: 250pm ' '100|.1m'

Figure 7. Surfaces of ASH-G composite after heating to 775 °C for 240 h without (A) and with (B)
KCl. A reduced glaze is present in both cases.
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Al Kal Al Kal
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Figure 8. Bulk ASH-G composite after heating to 805 °C for 240 h with NaCl (A) and heating to
775 °C for 240 h with KCI (B). No microcracks are present.

To further check for the chemical reaction between chloride salts and geopolymer com-
posites, bulk powder XRD analysis of ground salt samples was conducted. Representative
salt samples were taken from the as-received supply and post-test crucibles. The salts were
dried at 120 °C for 24 h and ground to <50 um. The results can be seen in Figure 9 and
show the presence of potassium chloride in sodium chloride samples and sodium chloride
in potassium chloride samples.
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Figure 9. X-ray diffraction patterns of NaCl and KCI before and after prolonged heating in ASH-G
composites. Salt samples after prolonged exposure to ASH-G show the presence of both Group
1 chlorides.

The exchange of Group 1 elements can be attributed to diffusion, and not dissolution,
of the container material. Dissolution of the container material would result in microcracks,
which are not present in the EDS micrographs. No other crystalline phases were observed
in the recovered salt samples. If chemical degradation occurred, alumina platelets would
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be free to dislodge and appear in the recovered salt samples. The results indicated that the
geopolymer composites did not react with air, molten salt, or chemical species generated
from molten salt-air interactions to form crystalline phases.

The ability of geopolymers to incorporate additive phases of different shapes, sizes,
quantities, and chemistries into stable composites is valuable and needs to be explored.
There is a range of solutions for the containment of different molten salts in different
geometries for different applications is a testament to the utility of engineered geopolymer
composites. While no microscopic or macroscopic chemical degradation was found, how
the flexural strength of geopolymer composites exposed to both molten salt and temper-
ature changes is of particular interest. Previous work done by Tao Ai et al. found that
potassium metakaolin-based geopolymer without additives exhibited superior densifica-
tion and compressive strengths when heated in molten salt rather than air [46]. Initial
heat treatment to 300 °C in air followed by further sintering in molten salt could not only
produce stronger, more dense composites but also eliminate the contamination of molten
salt over extended periods.

4. Conclusions

In this study, potassium metakaolin-based geopolymer composites containing alumina
platelets and glass frit powder were formed into cylindrical crucibles. Composites were
then heated to 900 °C in air for five hours using slow (2.5 °C/min) and fast (10 °C/min)
heating/cooling rates. It was found that slow rates of heating and cooling caused samples
to have an increased density, loss of nearly all open porosity, and develop a uniform glassy
glaze of approximately 200 pm. This material can be called an amorphous self-healing
geopolymer composite (ASH-G) as microcracks that occurred during heating were filled
with glass phase. It is hypothesized that cracked samples can be slowly re-heated to high
temperatures and the cracks healed with the molten glassy phase. Composites heated and
cooled using 10 °C/min did not densify, did not produce a surface glaze, and deformed
irregularly. It is speculated that sintering failure occurred during heating rather than
cooling.

The as-produced amorphous self-healing geopolymer composites were able to contain
molten Group 1 chlorides for 240 h. Significant findings include:

e  The density and open porosity of the ASH-G samples increased and decreased, respec-
tively.

e  Molten sodium chloride and potassium chloride did not chemically react with the
ASH-G container after 240 h
A total of 4 wt% of molten salt was lost after 240 days in air
ASH-G samples were more affected by temperature than exposure to molten salt

Analysis of the sodium and potassium chlorides indicates an ion exchange of potas-
sium and sodium, respectively. It is shown that this occurred due to diffusion rather than
the dissolution of the container material. The dissolution of any phase of the container
material would result in the presence of inert crystalline alumina in the recovered salt. Fu-
ture work includes mechanical evaluation to determine embrittlement or reduced flexural
strength, as well as exposure to sodium/potassium chloride eutectic (T e = 665 °C) to
determine salt degradation and thermocycling.
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