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Abstract

The use of locally available industrial by-products as supplementary cementitious materials and mineral
fillers is vital for reducing the embodied carbon of modern concretes. Spent pot lining (SPL) is a by-product
of the aluminum industry, which is massively produced worldwide. SPL treated by the Low Caustic
Leaching and Liming process (called LCLL-ash) is not any more hazardous and can be used as cementitious
materials. This study aims to better understand the microstructure changes of cement paste incorporating
aluminum smelter wastes, such as LCLL-ash and synthetic anhydrite. Ground LCLL-ash was used to
partially replace cement in cement pastes with a constant water-to-binder ratio of 0.35. A small amount of
anhydrite was added to some mixes. This study investigated chemo-micromechanical properties of cement
paste systems by a multiple-technique approach, including X-ray diffraction, thermogravimetric analysis,
scanning electron microscopy, wavelength-dispersive spectroscopy, and microindentation test. The results
showed the reactive alumina from LCLL-ash modified the hydrated phases with the presence of the carbo-

aluminate phases. The pastes containing LCLL-ash exhibited a higher CH, and C-S-H contents refer to the
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reference, suggesting that LCLL-ash has a slight nucleation effect. Moreover, LCLL-cement paste showed
an increase in the Ca/Si ratio of the C-S-H phase intermix. Finally, microindentation results revealed that

adding anhydrite with 10% LCLL-ash enhanced the mechanical property of the cement paste at 28 days.

Author keywords: Portland cement paste; Treated refractory spent lining; Filler; Microstructure; Cement
Hydration; Hydrated phases; Microindentation.

Introduction

The use of industrial by-products as supplementary cementitious materials (SCM) or mineral fillers to
reduce the cement content in concrete is a promising strategy to reduce its critical contribution to worldwide
carbon emissions (Poudyal and Adhikari, 2021; Scrivener, 2014). In particular, the recycling of industrial
by-products which are locally available allows for reducing the environmental impact of transport (Khatri

etal., 1995).

Several SCMs, such as silica fumes, fly ashes, and ground blast-furnace slag, have been employed to recycle
industrial by-products by replacing up to more than 50% of cement content (Feng et al., 2013; Haha et al.,
2010; Kocaba et al., 2012; Scrivener et al., 2017). In general, SCMs improve not only the ecological
imprints of concrete but can also enhance its durability, e.g., mitigating the risk of alkali-reaction or
preventing water absorption (Aghamohammadi et al., 2022; Amran et al., 2021; Saha et al., 2018; Scrivener
etal., 2017). However, the performance of concretes containing SCMs is affected by many factors, such as
their chemical composition mineralogical and physical properties (Adesina and Das, 2020; de Grazia et al.,
2021; Faried et al., 2021). One of the major limitations to the use of SCM is the transport cost, and thus,
the development of new sources which are locally available is of great interest today. As an example, glass
powder recycled from the post-consumed glass is today used as supplementary cementitious material in
concrete (Wilson et al., 2018a). Furthermore, industrial by-products can act as mineral fillers and are
efficiently employed to favor cement hydration and develop concretes with a low water-to-cement ratio

(Camiletti et al., 2013; Mindess, 2019).
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Spent pot lining (SPL) is a hazardous industrial waste from the primary aluminum industry after 5-8 years
of operation (Birry et al., 2016; Broek, S., @ye, H.A., 2018). It is considered that each ton of aluminum
product generated about 22 kg of SPL. In 2018, producing 64 million tonnes of primary aluminum
generated approximately 1.4 million tonnes of SPL (Holywell and Breault, 2013). Roughly 80000 tonnes
of SPL is produced in Canada per year, with about 35000 tonnes coming from Rio Tinto (Birry et al., 2016).
Demand for aluminum is expected to grow significantly by 2040 (“International Aluminium Institute.
Global Mass Flow Mode,” 2018). This means that it will also lead to increased SPL generation. However,
it is not possible to landfill SPL due to the high levels of leachable cyanides and fluorides, but also to its
hydro reactivity creating explosive gases (Rustad et al., 2000). SPL is made of two parts: (i) the 1% cut is
rich in carbonaceous materials; (ii) the 2" cut is rich in vitrified refractory. The chemical composition of
SPL first and second cut is about 30+5% of carbon, 15 *+ 3% of fluoride, 15 + 3% sodium, 15 *+ 3%
aluminum and a minor amount of sulfur and calcium (“The SPL Waste Management Challenge in Primary
Aluminum,” 2021). It is possible to utilize SPL without treatment as a raw material at a cement plant or as
an additive in steelmaking is the most common as done in Europe, China, Brazil, Russia and South Africa
(Al-Magbali et al., 2016; @ye, 2017). The carbon part has caloric value and can be used as a fuel substitute
mixed with coal. The fluoride content reduces fuel consumption by up to 4% (Broek, S., @ye, H.A., 2018).
The utilization of SPL in the cement industry provides a saving in fuel as it offers the solution to ecological
problems created by the disposal of SPL waste (dye, 2017). However, the replacement of raw meal by SPL
must be limited to 0.2%-0.75% to avoid durability concerns of concrete caused by the alkalis-silica
reactions (Fernandes and Broekmans, 2013; Gomes et al., 2016). This practice is currently not allowed in
the North American cement industry due to the high percentage of fluoride in SPL.

Developed in early 2000, a thermal treatment (pyro-metallurgical process) allowed to obtain Glass Frit (GF)
(Laldji and Tagnit-Hamou, 2007). This by-product showed a reactivity behavior similar to slag (Fares,
2008; Laldji and Tagnit-Hamou, 2007). In addition, Laldji et al .(Laldji et al., 2010) showed that GF
exhibited better durability with a low chloride ion permeability, excellent resistance to freezing-thawing

and improved resistance to the alkali-silica reaction. SPL can be also treated by a hydro-metallurgical

3
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process called “Low Caustic Leaching and Liming” (LCL&L), developed by Rio Tinto in the early 1990s,
to extract toxic elements, including leachable cyanides and fluorides (Birry et al., 2016). The first step of
this process is to grind the SPL to a size smaller than 300 um by an air-swept autogenous mill. Then the
first leaching step is done with water to extract the water-soluble fluorides and cyanide compounds,
followed by a low caustic leach to extract the remaining fluorides and cyanides. Carbon and insoluble are
filtered out. The liquor after cyanide destruction in a pressurized reactors by high temperature (hydrolysis

(180° C) is concentrated by evaporation and NaF is precipitated out. Finally, the sodium ion concentration

is reduced significantly, and the fluorides and cyanides are extracted. Treated SPL is an inert by-product
with a limited amount of Na and F content than untreated SPL with a high potential for valorization
(Kimmerle et al., 2001). By treating only refractory bricks (2" cut) separately from the carbon part (1% cut),
an industrial by-product herein called LCLL-ash is produced. LCLL-ash has a grey color, mainly composed
of oxides of silicon and aluminum, with minor fractions of sodium, iron, and sodium oxides. About 20 kt
of LCLL-ash is produced every year in Quebec. Very recently, Brial et al. (Brial et al., 2021a) studied the
reactivity of LCLL-ash as supplementary cementitious materials by using the Rilem R® pozzolanic test. The
results showed that the LCLL-ash acts as an inert addition similar to quartz powder due to the presence of
silicate phases, such as albite and/or nepheline. Interestingly, due to the high amount of reactive alumina in
calcinated LCLL-ash, new hydrated phases may precipitate, such as carbo-aluminate phases. However, the
presence of phases containing alumina leads to hydro-reactivity (gas expansion), which is a complex
phenomenon dependent on many factors, such as temperature, chemistry, and pH. In addition, this study is
limited to solution reactivity tests and compression tests on standardized mortar with only 20% cement
replacement by LCLL-ash.

Moreover, synthetic anhydrite (CaSQs,) is another solid industrial by-product of aluminum smelters. For
instance, it is produced by a fluoride plant by using BUSS technology in Quebec. Aluminum fluoride is an
important additive for aluminum smelters. In particular, anhydrite is produced in the gasifier, where the

spat fluor (CaF-) and sulfuric acid (H2SO.) react to produce hydrofluoric acid. At the gasifier exit, synthetic
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anhydrite is neutralized with lime. Synthetic anhydrite consists of more than 95% CaSO4 and other trace
elements. About 80-110 kt of anhydrite is produced per year. This product is valorized in several
applications, such as drying agent, as raw material instead of gypsum (CaSO4*nH0) for cement plants, for

floor screed (self-leveling) and as fertilizer for agriculture.

To the authors' knowledge, there is no data available in the open literature on the effect of LCLL-ash on the
microstructure features of a cement paste. Also, fostering the recent work on the reactivity of LCLL-ash by
Brial et al. (Brial et al., 2021a), this work aims to investigate and better understand the effect of replacing
cement with LCLL-ash on the chemo-micromechanical properties of a cement paste using multiple
techniques. In particular, this study investigated different replacements of cement up to 20% by LCLL-ash.

Furthermore, the addition of a small amount of synthetic anhydrite by-products is also investigated.
Research significance

Driven by the urgency of fighting climate changes, concrete industries, and renewable energy solutions by
2030-2050 will imply a significant reduction of available quantities of SCMs for concrete (Environment et
al., 2018). For example, the coal plants in Canada will no longer be used by 2030 (Canada, 2017), and
concrete producers want to use more fly ash in concrete (Adams, 2020), resulting in the scarcity of fly ash.
Considering that the worldwide use of concrete is increasing due to population growth, there is a strategic
need to seek alternative sources of SCM or mineral fillers. The partial replacement of cement with the
aluminum by-products will contribute to an effective circular economy solution for countries with a major
aluminum production, such as China, Europe, Asia, North America and Latin America. Moreover,
developing locally available LCLL-cement will reduce landfilling aluminum waste and the cost of concrete.
Materials and methods

Materials

A commercially ordinary Portland cement (OPC) type GU with estimated Bogue phase composition of
51.2% CsS, 16.2% C,S, 6.7% C3A, 11.0% C,AF and a Na O of 0.25% was used. LCLL-ash and synthetic

anhydrite were supplied by an aluminum production. LCLL-ash was dried and grinded by means of the
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laboratory vibrating cup mill (type Pulverized 9) at a speed of 1000 rpm for 2 minutes and 30 seconds. The
particle size distribution (PSD) was measured by Mastersizer 2000 laser diffraction spectrometry of a dilute

particle suspension in isopropyl alcohol. Fig. 1 shows the particle size distribution of LCLL-ash and cement.

Fig. 2 illustrates the SEM micrographs of cement, LCLL-ash and anhydrite. While irregular shapes and
sharp edges characterize the particles of cement and LCLL-ash, anhydrite grains are quite spherical. The
chemical composition of LCLL-ash, and cement were determined by X-ray fluorescence spectrometer
(ZSX Primus Il). The specific surface area of LCLL-ash was measured by BET method using Micromeritics
Tri STAR I11. Table 1 shows the chemical and physical properties of LCLL-ash, and cement, respectively.
The compositions of LCLL-ash are mainly SiO., Al,O3z and Fe-Os. A high content of alkali content can be
found in LCLL-ash, which is approximately 8% in weight of sodium oxide. Fig. 3 shows the X-ray
diffraction analysis of LCLL-ash measured by X-ray diffraction (PANanlytical). LCLL-ash is mainly
composed of crystalline phases such as corundum, nepheline, albite, anorthite and some amount of graphite

(Brial et al., 2021b). The AH granulometry was not investigated as it rapidly reacts with water.

Mix formulation and curing

Table 1 summarizes the mix-design series with different cement replacement percentages at 0%, 10% and
20% by weight (wt.) with LCLL-ash. A small amount of synthetic anhydrite (AH) was also added in some
mix-design (1.25 % and 2.5 % by wt. of cement). The material code corresponds to the percentage of cement
replacement by LCLL-ash and anhydrite (Table 1). The cement pastes samples prepared with a water-to-
binder ratio (w/b) of 0.35 were poured into cylindrical specimens of 25 mm in diameter and 150 mm in
height. After 24 h at room temperature, the specimens were demolded and cured in saturated limewater at
an environmental temperature of 20°C * 3°C with 55% relative humidity. The hydration of the specimen
was stopped at the desired ages by immersing them in isopropanol (1:1 by volume) for 7 days. According
to the previous results (Thomas, 1989), isopropanol exchange was employed to stop hydration for
investigating the microstructure phase assemblage. Subsequently, the samples were conserved in a

desiccator with soda lime to prevent carbonation for the analysis.
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Experimental Tests and Methods

X-ray diffraction

X-ray diffraction (XRD) was employed to observe the formation of crystalline hydrates and non-reacted
raw materials in hardened pastes on different curing days. XRD analysis was performed using Philips
X’pert APD operating at a tube voltage of 40 kV, a tube current of 40 mA, and Cu K radiation. About 3¢
of hydrated paste was crushed and finely ground using a mortar and a pestle. Then, the sample should be
immersed in 100 mL of isopropanol immediately after crushing for 10 min. The ground powders were dried
for 10 min in a ventilated oven at 40 + 5 °C. The analyses were performed within an angle range of 5-70°

2 theta. The step width was set at 0.02, and the scan rate was 2°/min.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) (Netzch STA 449 F3 Jupiter) was used to measure the mass loss upon
heating the sample. For each test, about 40 mg of powder were taken in a ceramic crucible without lid. The
heating ramp varied between 50 °C and 950 °C with a heating rate of 20°C/min. The test was done under a
nitrogen atmosphere at a flow rate of 50 mL/min.

Following previous studies, the amount of CH and C-S-H can be estimated from the TG curve using the
tangential method (Scrivener et al., 2016). The measured content of CH and C-S-H are expressed as

percentage of the dry sample weight at 500 °C as the following equations (Wei et al., 2016):

CH = W400 _Wsoo X MCH (1)
Waoo M H,0
C-S-H-= Wiso ~Wigo X Mc s @)

Wiago 2.1M 6

where W is the dry sample weight at the temperature T (°C) (400-500 °C for CH and 150-400 °C which

should exclude AFm peak (Scrivener et al., 2016)), M, ,M¢ s ,, and M, are the molecular weight of

CH, C-S-H gel, and water, respectively. The chemical formula of C-S-H is taken as C1.7 SH4, some part of

the 4 moles of water has already been lost below 150 °C (Jain and Neithalath, 2009). The equilibrium
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composition of C-S—H is thus taken as C1.7 SH21as given in (Taylor, 1997), which explains the division by
2.1 used inin Eq. (2).

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was carried out to study the microstructure of the blended cement
pastes. The employed Scanning electron microscopy (SEM) instrument was the commercial brand Tescan
Vega3. The samples were cut into 3 mm thick slices by a diamond saw. The slice was then impregnated
with low viscosity epoxy under a vacuum. The impregnated sample was cured at 40°C for 24 h. The
specimens were glued on metallic discs and polished with Anamet perforated polishing cloths installed on
Ultrapol automatic polishing machine, applying an oil-based diamond suspension of different particle size
(6 umand 1 um) for 1 h each. Before testing, the sample was coated with carbon to avoid electrical charges

on the surface sample.

Wavelength Dispersion Spectroscopy

The electron probe micro-analyzer is a microbeam equipped with wavelength dispersive spectrometers
(WDS). WDS is to characterize materials based on X-rays emitted from the solicited specimen because of
interaction between the sample being analyzed and an electron beam. WDS analysis classifies emitted X-
rays based on their wavelengths and offers spatial resolutions on the micrometer range depending on the
electron beam energy and sample density (Goldstein et al., 2003). It is worthy to note that WDS is a
guantitative technique to measure chemical elements within a probed material spot. WDS is calibrated with
mineral standards and the detection limits of WDS provide quantitative analyses in the 50-100ppm range
(0.005-0.01wt%, elemental) with an accuracy and precision on the order of 1% (Reed, 2005). To avoid
charging during high-vacuum chamber, the samples were coated with a thin layer of carbon. The WDS was
measured by using a EPMA Cameca SX-100. The polished sections (the same sample preparation for SEM)
were examined at an accelerating voltage of 15 kV and a dwell time of 0.04 seconds. The beam size is
approximately 1 to 2 um, based on previous work of (Vanzo, 2010). The grid of 20x20 points spaced by 3

pum were performed.
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Microindentation test

For the sample preparation, the sample surface was cut into an ideal size of 25 mm in diameter and 5 mm
in thickness at the middle portion. The surface was polished by using the same machine in section 2.3.3,
according to a well-established procedure (Frech-Baronet et al., 2017; Vandamme and Ulm, 2013; Wei et
al., 2017), such as: (i-iv) the coarse polishing using different grit sizes (400, 600, 800 then 1200) was
employed during 15 min for each paper; (v-vi) after that, oil-based diamond suspension (6 um and 1 um)
were used during 15 min and 30 min, respectively. Between each polishing step, specimens were cleaned

with isopropanol for 3 min in an ultrasonic bath to remove any debris.

For the microindentation test, the penetration depth hmax should be chosen to be large enough to assure a
homogenous response while considering that the probed volume is about 5-10 times of hma (UIm et al.,
2010, 2007). In this study, the maximum applied load is 10 N, and the holding force is 300 seconds before
unloading for creep investigation. A matrix of 10 x 10 indents was performed on each sample with an inter-
distance of 500 um (to avoid interaction between indented areas). The indentation tests were carried out by
using a MCT CSM Instruments Indentation Tester. The indentation method consists of applying a load to
the surface of the sample with a rigid indenter, typically a Berkovich diamond, with different phases: (i)
loading phase; (ii) holding phase at constant load; (iii) unloading phases. The indentation modulus (M) and
the contact area A needed to estimate the indentation hardness (H) are estimated by the initial slope of the
load (P) vs. penetration depth (h) curve in the unloading branch (Fig. 4). Based on continuum mechanics
analysis of the P-h curve (Miller et al., 2008), the indentation properties (H and M) are defined by the

following relations:

g o P
A 3)
def \/; S
M=pgYE >
2N (4)



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

ASCE Journal of Materials in Civil Engineering

where Pmax IS the maximum load applied; Ac is the projected area of the indenter; and S = (dP/dh)n=hmax iS
the initial slope of the unloading branch of the P-h curve; B is a coefficient accounting for the slip on the
indenter surface and can be extrapolated from the indentation depth h using the Oliver and Pharr method
(Oliver and Pharr, 1992).

One of the major advantage of microindentation is rapidly measuring the logarithmic basic creep of a
cement paste (Frech-Baronet et al., 2017; Vandamme and Ulm, 2013). For modeling indentation creep of
cementitious materials, Vandamme et al. (Vandamme and Ulm, 2013) proposed the logarithmic contact

creep compliance equation as :

©)
where C is the contact creep modulus C and 7 is the characteristic time. The contact creep modulus (C) is

further defined as follows (Vandamme, 2008; Wei et al., 2017):

C — Pmax

2x A I ©)

where X; can be estimated by fitting the increase of indentation depth Ah(t) under constant loading by
Ah(t) = Xlln(X2t+1) .The contact creep modulus C is today widely employed to measure the logarithmic

creep rate of a cement paste and can be reasonably used to predict the long-term deflection of structures
(Baronet et al., 2021).

Results and discussion

Hydration products by XRD

XRD allows a qualitative identification of the different crystalline phases composing the cement paste
microstructure. Fig. 5 shows the XRD patterns of hardened cement pastes with and without LCLL-ash at
28 days. The main hydration products were ettringite (AFt) and portlandite in addition to mineral
components such as unreacted clinker phases and unreacted LCLL-ash. The pattern of ettringite and ferrite

is visible for all tested samples at 9.1° 20 and 12.2° 26, respectively. Moreover, anhydrite addition systems

10
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(10LCLL-1.25AH and 20LCLL-2.5AH) show a broader ettringite peak. This is attributed to a quickly
dissolving of calcium sulfate, which then reacts with calcium aluminates during the early hydration to form
more ettringite (Soroka and Abayneh, 1986; Zajac et al., 2014). The main LCLL-ash crystalline phases,
such as sodium aluminate oxide (NaAlO,) at 7.9° 20 and quartz at 26.4° 26, are still clearly present in all
OPC-LCLL-ash blended cement pastes, particularly in samples that have higher contents of LCLL-ash in

the mixture.

Fig. 6 shows the XRD patterns of hydrated cement pastes at different curing days. As observed in samples
with 10 % and 20% substitution, the formation of AFm phase assigned as hemicarbonate peak (that is,
calcium hemicarboaluminate hydrate, Hc) is detected at 7 days and 14 days, respectively, but it seems to
level off after 14 days, whereas the monocarbonate peak (that is, calcium monocarbonaluminate hydrate,
Moc) grows over time until 112 days. More interestingly, the intensity of Mc peak increases with the increase
of LCLL-ash content (10LCLL and 20LCLL). This can explain by two possibilities: (i) owing to the
reactive alumina from LCLL-ash and calcite in the binder to form Mc (Feng et al., 2015; Matschei et al.,
2007; Zajac et al., 2014); (ii) AFm is mainly formed by the reaction of CO, with CAH, similar phenomena
of hydration of metakaolin-cement (Antoni et al., 2012). The ferrite phase was identified over 112 days in

this study.

Hydrate content by TGA

TGA analysis aims at estimating the content of Portlandite and C-S-H of the cement pastes. Fig. 7 shows
thermogravimetric curves of hydrated cement paste samples at 7 and 28 days of hydration. Derivative
thermogravimetric (DTA/DTG) curves were also plotted from TG data to identify the exact boundaries of
phases presented in the hydrated sample. Four endothermic phases are observed. The first one is related to
the evaporation of absorbed surface moisture in the range of 30- 110 °C. The second observed range is 110-
400 °C showing the dehydration of calcium aluminate hydrate and calcium silicate hydrate. The hydrates
decomposition, between 400 and 500 °C, corresponds to the CH dehydration during hydration. The final

range corresponds to the decarbonation of calcium carbonate (600-800 °C). It is noted that the intensity of

11
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the first peak is more pronounced for 10LCLL-1.25AH and 20LCLL-2.5AH systems. Therefore, it is
possible to assign these peaks to the presence of ettringite and AFm phases. These phases are formed by

adding sulfate in anhydrite or reactive alumina in LCLL-ash, which corroborates data of XRD results.

Fig. 8 shows the estimated content of C-S-H and CH at 7 days and 28 days, respectively, in terms of the
total mass and mass normalized to the cement mass. As for the cement paste (control sample), the C-S-H
and CH contents increase over time due to Cs3S and C,S hydration as expected. As for the cement pastes
with LCLL-ash in Fig. 8a, C-S-H content at 7 days in the control sample is lower than that of the paste
containing LCLL-ash, i.e., the C-S-H increase from 38.5% to 51.0% by mass of cement by adding 20% of
LCLL-ash, which is an increase of about 32%. This can be attributed to different possible reasons, such as
(i) the nucleation effect of LCLL-ash particles, (ii) increases the water-to-cement resulting in having more
space for hydrating of cement; (iii) the formation of other hydrates phases, such as carbo-aluminate (e.g.,
Hc and Mc) and AFt might have been included in the estimated content of C-S-H as difficult to separate
their thermo-gravimetric effects. At a later hydration stage (28 days in Fig. 8d), the increase of the amount
of C-S-H by mass of cement due to LCLL-ash addition is about 21% (i.e., the C-S-H increase from 48% to
58% by mass of cement by adding 20% of LCLL-ash), which is less important than the gain at 7 days.
The CH contents in OPC-LCLL-ash systems reduce with the increase of LCLL-ash content at both 7 days
and 28 days, as shown in Fig. 8b and Fig. 8d. Note that the amount of CH content by mass of cement in
OPC-LCLL-ash systems at 28 days is lower than that of control paste due to the lower content of cement
(Table 2). The fact that CH reduces by adding LCLL-ash may indicate that the reason for the
aforementioned increase of C-S-H content is due to additional rich-aluminate hydrates.

Microstructure texture by SEM

Fig. 9 shows SEM micrographs of the hardened pastes at 28 days. The microstructure of cement paste with
LCLL-ash particles appears different from that of the control sample, which shows a denser morphology.
This can be explained by the filler effect of LCLL-ash particles during the hydration of cement (Bentz,

2005; Bentz et al., 2009). However, 20LCLL shows to be more porous than the control, which is perhaps
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due to the dilution effect. The few micro-crack observed are likely due to dehydration under vacuum or
autogenous shrinkage (Lura et al., 2009). Furthermore, both unreacted clinkers and unreacted LCLL-ash

particles are still visibly embedded in the cement paste matrix Fig. 9b and 9c.

Phase distribution by WDS chemical analysis

This analysis aims to quantify the phase distribution and microstructure heterogeneity better. In particular,
the WDS quantitative analysis was performed on the control and 10LCLL samples to understand the effect
of LCLL-ash particles on the chemical properties of the blended cement paste. Fig. 10 shows the WDS spot
contour of the 10LCLL sample at 28 days. As an observation, the areas with a high level of Ca and Si are
residual clinker. The LCLL-ash particles are rather heterogeneous in elemental compounds and non-
uniform sizes. For example, the particle with a high concentration of Al, Na, Si, and O on the mapping can
be associated with albite, accounting for about 20% of LCLL-ash (Brial et al., 2021a). Fig. 10 shows that

very fine LCLL-ash particles of micrometer dimension can be found dispersed in the cement paste matrix.

Fig. 11 presents the chemical clustering with 5 quantitative chemistry variables (Si/Ca, (Fe+Al)/Ca, s/Ca,
Mg/Ca, Sum of Oxides (SOX). The cluster deconvolution analysis was carried out by a statistical most-
likelihood algorithm which was used in previous work (Wilson et al., 2018a, 2018b). Such method was
applied in several previous works and allows for to identify of the phases with a similar chemical structure
by most-likelihood estimation of the aforementioned 5 quantitative chemistry variables (Wilson et al.,
2018b). That is, the identified cluster is a statistically recognizable phase or intermix of different phases.

The microstructure of a hydrated OPC cement is highly heterogeneous and made of a complex intermix of
several hydrated phases such as C-S-H, CH, AFt, as well as residual clinkers (Scrivener et al., 1986;
Scrivener and Pratt, 1984; Wilson et al., 2018b). Table 3 and Table 4 present the estimated 6 clusters for
OPC and 7 clusters for 10LCLL, respectively. In this section, we have used the vocabulary of previous
works by Wilson (Wilson et al., 2018b) to describe the intermix phases which may compose a cluster, such
as: (i) cluster #1 is Al-rich clinker (C4AF, C3A) intermix with C-S-H; (ii) cluster #2 is CH intermix with C-

S-H; (iii) cluster #3 is AFt intermix with C-S-H; (iv) cluster #4 is a very small fraction of silicate clinkers
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(alite and belite); (v) cluster #5 «Others» is a minor phase which is not identified; (vi) cluster #6 is mostly

C-S-H; (vii) cluster #7 is a intermix with mostly LCLL-ash particles.

As for neat paste microstructure, only cluster #6 can be considered as a mostly pure phase made of C-S-H,
which has similar results to the referenced work (Wilson et al., 2018b). The cluster #3 «Al-rich + C-S-H»
has more content in LCLL-ash system due to the formation of monocarboaluminate Mc products of which

presence is confirmed by XRD results.

Fig. 11 graphically plots the estimated clusters in terms of chemical mass ratios (Fe+Al)/Ca vs. Si/Ca (a-1,
b-1), (Na+Al)/Ca vs. Si/Ca (a-2, b-2), Si/Ca vs. sum of oxides (a-3, b-3) for the 2 systems (control and
10LCLL). Clinker phases should have a sum of oxide equal to 1, while a sum of oxide of theoretical C-S-
H is close to 0.7. It can be seen that the C-S-H phase (cluster #6) did not increase its aluminate content (Fig.
11a-1 vs. b-1), which confirms that confirming no aluminum uptake by C-S-H (L Hopital et al., 2016).
However, the Ca/Si ratio of cluster #6 (mostly C-S-H) with 10LCLL system (1.72) is higher than that for
the control system (1.53). The Ca/Si ratio is an important parameter of the C-S-H structure, but this shift is
too small to evoke a C-S-H phase change (Alizadeh, 2009; Shahsavari et al., 2009; Sorelli et al., 2012). In
addition, unreacted LCLL (cluster #7) can be found in LCLL-ash system. Fig. 11(b-3) shows the very high
Si/Ca ratio of cluster #7 as LCLL-ash is rich in Si and low in Ca content (Table 1). Notably, the C-S-H
cluster #6 has similar values of (Fe+Al)/Ca for OPC and LCLL-ash systems (a-1 vs b-1), which also hints
that there was no aluminate uptake from C-S-H and no formation of C-A-S-H for such system.
Micromechanical properties by micro-indentation

Fig. 12 shows the micro-indentation results of hardened pastes of control and OPC with different amounts
of LCLL-ash at 28 days, 56 days, 112 days of hydration. While the contact creep modulus (C) describes
the logarithmic rate of the basic creep of a cement paste (Frech-Baronet et al., 2017; Vandamme, 2008),
the indentation modulus (M) and indentation hardness (H) are related to the elastic modulus and the
compressive strength of a cement pastes, respectively (Bobko et al., 2011; Fischer-Cripps, 2004; Zhang et

al., 2014). To make sure that the variation of micro indentation property is statistically acceptable, an
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analysis of variances (ANOVA) was carried out. Table 5 reports the results at different curing days, P-value
with the normal distribution and the F-test with the Fisher—Snedecor distribution. These results are verified
as P is much lower than the threshold a = 0.05, while F is much greater than F¢i.. Therefore, the observed

effect of LCLL-ash on the indentation properties M and H is meaningful and statistically acceptable.

As observed in Fig. 12, the mechanical properties of the control sample increase with the hydration time
due to the formation of hydration products, mainly C-S-H, and the reduction of porosity (Diamond, 2004).
For OPC-LCLL-ash samples, the same trend was also observed. The indentation properties of the 10LCLL
sample (90% OPC+ 10% LCLL-ash) are comparable with those of control sample. In the case of the
20LCLL sample, the micro-indentation properties are slightly reduced with respect to other systems.
Compared to control, the indentation hardness H of 20LCLL sample at 28 days, 56 days and 112 days was
reduced by 1.29, 1.15 and 1.10, respectively. As we have carried out the comparison of systems with the
same water-to-binder ratio, this decrease may be attributed to the reduction of the water-to-cement (w/c)
ratio. The w/c ratio was passing from 0.35 to 0.43 for the control to 20LCLL, which might have caused a
more porous cement paste with negative effect on the strength (Talero et al., 2017). Based on previous work
of microindentation of cement paste (Bobko et al., 2011; Cariou et al., 2008), the increase of Hardness is
due to an increase in the property of friction and cohesion of the material, which increases the compressive
strength. The creep compliance C is a powerful indicator of the basic creep of the cement paste as it
correlates very well with the logarithmic creep compliance measured by macroscopic compressive creep
tests over 1 year time as shown by several works published in the open literature (Frech-Baronet et al.,
2017; Vandamme, 2008). The more the concrete creep compliance, the lower the concrete creep.

Fig. 12 compares the H, M and C, respectively, for all the systems at different ages in terms of percentage
variation with respect to the reference system. The mix-designs incorporating LCLL-ash and anhydrite
(10LCLL-1.25AH and 20LCLL-2.5AH) showed higher values of H and contact creep modulus C,
compared to the reference samples at 28 days. Notably, the results of microindentation confirm the TGA

results. Indeed, the sample 10LCLL-1.25AH, characterized the highest amount of hydration products C-S-
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H at 28 days, also has the highest hardness H and highest creep modulus C. The possible reason is the
increase of ettringite (AFt) due to adding anhydrite (AH), which might have strengthened the cement paste
microstructure. The increase in the content of ettringite was also confirmed by XRD (Fig. 5). According to
the results of Zajac et al. (Zajac et al., 2014), the formation of ettringite increased concrete strength at early
ages (less than 2 days), but the results from this search found that the addition of sulfate improved the

strength of cement paste strength at later age of 28 days.

At later stage, the enhancement of H and C of the systems with anhydrite was less important at 56 days
with respect to the cement paste and even disappeared at 112 days (Fig. 12 a.1, b.1 and c.1). This may be
attributed to the hydration process of cement in the reference sample, which increased the hydrates product,
resulting in a denser matrix.

Conclusions

This study investigates the microstructure changes of cement pastes with cement partially replaced by two
industrial by-products of Aluminum smelters, such as LCLL-ash and synthetic anhydrite. Based on the

presented results, the following conclusions can be drawn:

1. Based on XRD results, the cement pastes with LCLL-ash contains new hydrates products such as the
hermicarboaluminate Hc at 7 days, which transforms into monocarbonaluminate Mc at 28 days. The
latter appears chemically stable at 112 days, as proven by XRD patterns. The ettringite peaks in
cement pastes with LCLL-ash and anhydrite is more marked than in other systems. Moreover,
unreacted LCLL-ash particles are visible;

2. Based on TG/DTA results, the addition of LCLL-ash increases the C-S-H content due to a filler effect
or the formation of aluminate-rich phases among C-S-H hydrates (e.g., Hc, Mc and AFt), which was
observed by XRD;

3. Based on BSE images observation, the microstructure of hardened cement paste containing 10%
LCLL-ash appeared denser than the one of the neat paste. The unreacted LCLL-ash particles were

visible, and they seem to act as a filler inclusion embedded in the matrix of hydrated products;
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4. Based on WDS analysis and statistical clustering analysis of the cement paste with 10% LCLL-ash,
the C-S-H predominant phase did not increase its aluminate content, which confirms that there is no
aluminum uptake. However, a slight shift of the Ca/Si ratio was observed, which may cause a change
in the silicate chain length. This suggests that the tiny LCLL-ash particles are intimately intermixed
with C-S-H gel;

5. Based on microindentation results, the mechanical properties of the cement paste at different ages
were not weakened by replacing with 10% of cement by LCLL-ash. Moreover, the cement paste with
anhydrite (AH) and LCLL-ash exhibited greater hardness H and creep compliance C at 28 days. The
addition of AH led to an increase in the volume of hydrates (most likely ettringite) with a gain in
strength.

As a concluding remark, the cement paste with a cement replacement of 10% by LCLL-ash is a promising
research direction for developing sustainable concrete recycling industrial by-products from aluminum
smelters, but further works are needed before a possible commercialization. Considering the high alkali
content (8.2wt%) of LCLL-ash, further investigation on the risk of Alkali Silica Reaction (ASR) shall be
carried out. It may be possible that the small size of LCLL-ash particle mitigate such a risk as for glass
admixture (Vijayakumar et al., 2013). Furthermore, the analysis of the highly heterogeneous microstructure
phases might require advanced chemo-mechanical techniques (Wilson et al., 2018b, 2018a). Finally, Life
Cycle Analysis (LCA) should be carried out for assessing the environmental benefit of specific applications
of LCLL-ash.
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638
639 Fig. 10. Quantitative WDS elemental mapping of 10LCLL sample at 28 days of curing with scale weight

640 percentage (wt.%) for (a) BSE image, (b) calcium, (c) aluminum, (d) sodium, (e) silicon and (f) oxide.
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Table 1. Chemical properties (wt.%) and physical properties of cement and LCLL-ash

Cement LCLL-ash
Chemical properties (wt.%)
CaOo 60.20 3.04
SiO; 19.13 37.18
AlO; 4.80 36.29
Fe;03 3.60 7.37
SOz 3.80 0.07
MgO 2.6 0.38
TiO; 0.23 0.73
Na,O 0.25 8.23
P.Os 0.19 0.12
K20 11 0.77
Mn,O3 0.07 -
Physical properties
LOI 1.92 5.72
Specific gravity (g/cm?®) 3.09 2.72
Blaine’s fineness (m?/kg) 395 -
Surface area m?/g (BET) - 4.6

Table 2. Mix proportion in mass of different OPC-LCLL-ash blended cement paste

Cement LCLL-ash Anhydrite w/b wic
Name of samples [%] [%] [%] [-] [-]
Control 100.00 / / 0.35 0.35
10LCLL 90.00 10 / 0.35 0.38
10LCLL-1.25AH 88.75 10 1.25 0.35 0.39
20LCLL 80.00 20 / 0.35 0.43
20LCLL-2.5AH 77.50 20 2.50 0.35 0.45
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Table 3. Results of the chemical clustering by quantitative chemistry from WDS for the Control sample

Cluster  Si/Ca (At.) (Fet+Al)/Ca (At.)  S/Ca (At.) Mg/Ca (At.) SOX (Wt.) =(%)  Predominant phases
#1 0.37£0.16 0.41+£0.16 0.09 £ 0.03 0.13+0.06 0.80+0.06 19 Aluminate Mix
#2 0.41+£0.22 0.09 £ 0.04 0.06 £ 0.02 0.03+£0.01 0.70x0.14 10 CH + C-S-H
#3 0.54+011 0.21+0.08 0.09+0.03 0.07+0.03 0.78+0.04 30 Al-rich + C-S-H
#4 0.59+£0.12 0.11 £ 0.07 0.04 £0.03 0.18+0.20 0.87+x0.07 4 Silicates Mix
#5 0.63 £0.22 0.24 £0.17 0.09 £ 0.02 0.02+0.01 0.85x0.07 2 Others
#6 0.65+0.05 0.12+0.03 0.08+0.02 0.06+0.03 0.78+0.02 35 Mostly C-S-H

Table 4. Results of the chemical clustering by quantitative chemistry from WDS for the 10LCLL sample

Cluster Si/Ca (At.) (Fe+Al)/Ca (At.)  S/Ca (At.) Mg/Ca (At.) SOX (Wt.) 7 (%) Predominant phases
#1 0.33+0.14 048+0.21 0.05+0.03 0.13+006 0.82+0.06 12 Aluminate Mix
#2 0.34+0.12 0.08 = 0.04 0.05+0.02 0.02+0.01 0.71+0.06 12 CH + C-S-H
#3 0.45+0.13 0.26 £0.11 0.08+0.02 0.07+0.03 0.73+0.03 36 Al-rich + C-S-H
#4 0.50+0.2 0.56 + 0.45 0.09+006 046+041 0.79+0.06 3 Silicates Mix
#5 0.55+0.17 0.06 £0.05 0.01+001 0.02+001 088+0.08 6 Others
#6 0.58 + 0.08 0.11 £ 0.03 0.07+£0.02 0.03+0.01 0.73+0.03 27 Mostly C-S-H
#7 0.92+066 0.22+0.15 0.06 +0.02 0.13+002 077003 4 Mostly LCLL

Table 5. ANOVA results on Indentation Modulus M, Hardness H with significant level o. = 0.05. To reject
the null hypothesis with confidence, P values must be smaller than 0.01 and F must be larger than Feit

Curing days Indentation Modulus M Indentation Hardness H

P F P Fcrit
28 days 3.39703E-57 90.37 1.52557E-35 50.32 2.39
56 days 7.35718E-71 170.96 3.84858E-44 89.78 2.62
112 days 3.43703E-57 123.37 1.72537E-35 70.34 2.40
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