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SUMMARY 

The latest report from the Intergovernmental Panel on Climate Change made once again clear 
the urge to take immediate actions to reduce the emissions of carbon dioxide and other 
greenhouse gases. Among the UN Sustainable Development Goals (SDGs), Nr. 12 (“Ensure 
sustainable consumption and production of raw materials”) aims to improve the industrial sector 
and to ensure a high quality of life. Concrete is the second most used material after water and 
in its traditional form utilizes cement clinker, whose production contributes to 8-10% of the 
anthropogenic CO2 emissions. Among the strategies to diminish the CO2 footprint, use of 
supplementary cementitious materials (SCM) and alkali-activated materials (AAM) are currently 
considered the most efficient countermeasures.  
Within this framework, revalorization of poorly reactive sources by mechanochemical activation 
can contribute to the development of novel binders with decreased CO2 footprint that can be 
utilized as partial or full replacement of Portland cement in concrete. Natural clays, mine tailings 
and air-cooled blast furnace slags (ACBFS), were activated in this study. Their applicability to 
be used in concretes as SCMs or/and AAMs was assessed. Natural clays are a mixture of various 
phases, whose compositions depends on weathering conditions. Naturally, they do not possess 
sufficient chemical reactivity to be utilized as SCMs. Similar properties possess mine tailings 
generated after extraction of precious elements, and slags produced in  blast furnaces of traditional 
steel plants.  
The present study aims to enhance the reactivity of these resources through mechanochemical 
activation (MCA) in a planetary ball mill. The process is considered a clean technology able to 
enhance the reactivity of crystalline materials without resorting to high processing temperatures 
or additional chemicals. MCA can induce amorphization, destroying the structure and breaking 
the bonds within the aluminosilicates and other minerals structure. The chosen parameters in 
the ball mill, as i.e. the filling amount, time of grinding, or speed of rotation, are strictly related 
to the degree of amorphization. Longer time of grinding, higher ball to processed powder (B/P) 
ratio, and higher grinding speeds generally increased the degree of the obtained amorphization. 
In such regard, an optimized process was chosen and further utilized to process all the poorly 
reactive resources. After MCA, the potential of clays and tailings as a SCM was investigated, 
while ACBFS was investigated as a precursor for alkali-activated materials. The achieved 
mechanical properties indicated a direct correlation between the enhanced amorphization degree 
of the mechanically activated clay and the increased strength values. The evaluation of SCMs 
was done by testing of their pozzolanic reactivity, enhanced after the mechanochemical 
activation. The reactivity was assessed by the strength activity index (SAI) and the Frattini test. 
Clays with higher content of clay minerals and tailings from the Kiruna mine deposit in Sweden 
showed increased pozzolanic reactivity and a great potential to be utilized as partial replacement 
of cement in concrete production. Furthermore, preliminary tests have shown that the alkali 
activation of the processed ACBFS produced solidified matrixes with considerable mechanical 
properties.   

Keywords: clay, sustainability, mechanical activation, ball milling, supplementary cementitious 
materials, alkali-activated materials 
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SAMMANFATTNING 

Den senaste rapporten från FN:s klimatpanel klargjorde än en gång nödvändigheten att vidta 
omedelbara åtgärder för att minska utsläppen av koldioxid och andra växthusgaser. Bland FN: s 
mål för hållbar utveckling (SDG) syftar nr 12– ”Hållbar konsumtion och produktion" till att 
förbättra industrisektorn för att säkerställa en hög livskvalitet. Betong är det näst mest 
konsumerade materialet efter vatten och nyttjar i sin traditionella form cementklinker, där 
produktionen bidrar till 10 % av totala CO2-utsläppen i världen enligt många rapporter. Bland 
strategierna för att minska CO2-fotavtrycket anses användning av alternativa material till 
cementklinkern (SCM) och alkaliaktiverade material (AAM) vara de mest effektiva tåtgärderna att 
minska CO2 utsläppen hos betong.
Mekanokemisk aktivering av olika utgångsmaterial kan här bidra till utvecklingen av dessa nya 
bindemedel med minskat CO2-fotavtryck och kan användas som partiell eller t o m fullständig 
ersättning av Portlandcementet i betongen. Naturleror, gruvavfall och luftkyld masugnslagg 
(ACBFS), aktiverades i denna studie. En bedömning har gjorts avseende deras tillämplighet att 
användas i betong som SCM och/eller AAM. Naturliga leror är en blandning av olika faser, där 
sammansättningen beror på de väderförhållanden de utsatts för under lång tid.  Naturligtvis har de 
inte tillräcklig kemisk reaktivitet för att kunna användas som SCM. Gruvavfall som genereras 
efter utvinning av värdefulla element och slagg som produceras i masugnar i traditionella stålverk 
har liknande egenskaper.
Den föreliggande studien syftar till att förbättra reaktiviteten hos dessa resurser genom 
mekanokemisk aktivering (MCA) i en planetarisk kulkvarn. Processen anses vara en teknik som 
kan förbättra reaktiviteten hos kristallina material utan att tillgripa höga bearbetningstemperaturer 
i processen eller ytterligare kemikalier. MCA kan inducera amorfisering, förstöra strukturen och 
bryta bindningarna mellan aluminosilikaterna och andra mineralstrukturer. De valda parametrarna 
i kulkvarnen, dvs. fyllningsmängden, sliptiden eller rotationshastigheten, är strikt relaterade till 
graden av amorfisering. Längre sliptid, större förhållande mellan kula och bearbetat pulver (B/P) 
och högre sliphastigheter ökade i allmänhet graden av den erhållna amorfisationen. I detta 
avseende valdes en optimerad process och användes vidare för att bearbeta alla dåligt reaktiva 
resurser. Efter MCA undersöktes potentialen hos leror och gruvavfall som SCM, medan ACBFS 
undersöktes som en föregångare för alkaliaktiverade material. De uppnådda mekaniska 
egenskaperna indikerade en direkt korrelation mellan den förbättrade amorfiseringsgraden hos 
den mekaniskt aktiverade leran och de ökade hållfasthetsvärdena. Utvärderingen av SCM gjordes 
genom testning av deras pozzolaniska reaktivitet, förstärkt efter den mekanokemiska aktiveringen. 
Reaktiviteten bedömdes genom styrkeaktivitetsindexet (SAI) och Frattini-testet. Leror med 
högre halt av lermineraler och gruvavfall från Kirunagruvfyndigheten i Sverige visade ökad 
pozzolanisk reaktivitet och stor potential att nyttjas som partiell ersättning av cement i 
betongproduktionen. Vidare har preliminära tester visat att alkaliaktiveringen av den bearbetade 
ACBFS producerade stelnade matriser med betydande mekaniska egenskaper.

Nyckelord: lera, hållbarhet, mekanokemisk aktivering, kulkvarnsmalning, kompletterande 
cementmaterial, alkali-aktiverade material 
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SOMMARIO 

L'ultimo rapporto del Gruppo intergovernativo sul cambiamento climatico ha chiarito ancora 
una volta l'urgenza di intraprendere azioni immediate per ridurre le emissioni di anidride 
carbonica e di altri gas serra. Tra gli obiettivi di sviluppo sostenibile (SDGs) delle Nazioni Unite, 
il Nr. 12 ("Garantire il consumo e la produzione sostenibile di materie prime") ambisce al 
miglioramento della qualità della vita, dando particolare attenzione al settore industriale. Il 
calcestruzzo è il secondo materiale più utilizzato dopo l'acqua, e viene prodotto utilizzando il 
clinker cementizio, il quale contribuisce al 6-10% delle emissioni antropogeniche di CO2. Tra 
le strategie per ridurre l'impronta di CO2, l'uso di materiali cementizi supplementari (SCM) e 
quello di materiali attivati da alcali (AAM) sono considerate delle soluzioni efficienti e rapide. A 
tale proposito, la rivalorizzazione di fonti scarsamente reattive utilizzando l´attivazione 
meccanochimica (MCA) può contribuire allo sviluppo di nuovi leganti con ridotta impronta di 
CO2, che possono sostituire parzialmente o completamente il cemento nel calcestruzzo. L'argilla, 
un materiale comunemente presente in natura, ed alcuni sottoprodotti industriali, come gli scarti 
minerari e le scorie di altoforno raffreddate ad aria, sono state attivate e successivamente le 
proprietà mechaniche studiate per valutare il loro potenziale come SCM o AAM. Le argille 
naturali sono composte da varie fasi, a seconda delle condizioni meteorologiche alle quali sono 
state sottoposte druante la loro genesi. Nella forma naturale, esse non possiedono una reattività 
chimica sufficiente per essere utilizzate come SCM. Lo stesso comportamento possiedono i sterili 
generati dopo l'estrazione di materiali preziosi e le scorie generate dalla produzione di acciaio 
negli altiforni.  
L'obiettivo centrale di questa ricerca è pertanto quello di migliorare la reattività di tutte queste 
risorse, sottoponendole ad attivazione meccanochimica in un mulino planetario a sfere, che è 
considerata una tecnologia pulita ed in grado di migliorare la reattività dei materiali cristallini 
senza ricorrere a temperature di lavorazione elevate o sostanze chimiche aggiuntive. MCA può 
indurre l'amorfizzazione delle speci, distruggendo la struttura e rompendo i legami chimici degli 
alluminosilicati e di altri minerali. I parametri di processo scelti per il mulino a sfere, come la 
quantità di riempimento, il tempo di macinazione o la velocità di rotazione, sono strettamente 
correlati al grado di amorfizzazione. Tempi più lunghi di macinazione, il rapporto più elevato 
tra gli elementi di macinazione e le polveri processate (B/P), e velocità di macinazione più 
elevate, generalmente aumentano il grado di amorfizzazione ottenuta. A tale riguardo, il proceso 
è stato ottimizzato e successivamente utilizzato per attivare tutte le altre risorse scarsamente 
reattive. Dopo la MCA, è stato studiato il potenziale delle argille e dei sterili minerari come 
SCM, mentre ACBFS è stato studiato come precursore di materiali attivati da alcali. Le ottenute 
proprietà meccaniche indicano una correlazione diretta tra il grado di amorfizzazione dell'argilla 
attivata meccanochimicamente e l'aumento dei valori di resistenza delle malte prodotte con la 
loro aggiunta. La valutazione degli SCM è stata effettuata testando la raggiunta reattività 
pozzolanica dopo l'attivazione meccanochimica, tramite l'indice di attività della forza (SAI) ed il 
Frattini test. Le argille con più alto contenuto di minerali argillosi e gli sterili minerari provenienti 
da Kiruna in Svezia, hanno mostrato una maggiore reattività pozzolanica dopo il trattamento. 
Inoltre, test preliminari hanno dimostrato che l'attivazione alcalina del ACBFS ha prodotto 
matrici solidificate con notevoli proprietà meccaniche dopo che esse sono state attivate. 
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Parole Chiave: argilla, durabilità, attivazione meccanica, mulino a sfere, materiali cementizi 
supplementari, materiali alcali attivati 
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PËRMBLEDHJE 

Raporti i fundt i Panelit Ndërqeveritar mbi dryshimet klimatike evidentojë sërish urgjencën për të 
ndërmarrë veprime të menjëhershme për reduktimin e emetimeve të CO2-shit dhe gazrave të 
tjerë ndotës. Ndër objektivat për zhvillimin e qëndrueshëm të miratuara Asambleja e 
Përgjithshme e OKB-s, numri 12 (“Garantimi i prodhimit dhe i konsumimit të qëndrueshem të 
resursave”) synon arritjen e përmirësimit të cilësisë së jetës, në veçanti në sektorin industrial. 
Vetëm pas ujit, betoni është materiali i dytë më i përdorur në botë, dhe tradicionalisht prodhohet 
nga cimentoja, e cila vetë kontribuon për reth 8-10% të emetimeve antorpogjenike të CO2-shit. 
Ndër strategjitë për zvogëlimin e emetimeve të CO2-shit, përdorimi i materialeve çimentoze 
suplementare (SCM) dhe i materialeve të aktivizuara me alkale (AAM) janë konsideruar zgjidhjet 
më efikase.  
Në këtë kuadër, rivlerësimi i resursave shumë pak reaktive me anë të aktivizimit mekanokimik 
mund të sjelli zhvillimin e një lidhësi inovativ me CO2 te reduktuar, i cili mund të përdoret si 
një alternativë e qëndrueshme në prodhimin e SCM-ve ose/edhe të AAM-ve. Argjila, e cila 
gjendet gjerë në natyrë, dhe derivatet industriale si sterilet minerale ose skorjet e ftohura në ajër 
(ACBFS) janë aktivizuar dhe më pas janë studiuar si SCM ose AAM. Argjila natyrale ka 
përmbajtje të ndryshueshme mineralogjike në varësi të kushteve klimatike, në të cilat është 
gjendur ndër vite. Në gjendjen e tyre natyrale, ato kanë reaktivitet të ulët për tu përdorur si 
SCM. Të njëjtën sjellje kanë edhe sterilet minerale të gjeneruara pas ekstraktimit të materialeve 
me vlerë dhe skrojet e gjeneruara nga prodhimi i çelikut. 
Fokusi kryesor i këtij kërkimi shkencor është përmirësimi i reaktivitetit të këtyre resursave 
nëpërmjet aplikimit të aktivizimit mekanokimik (MCA) në një mulli planetar me sfera (BM), që 
konsiderohet një teknologji e pastër në gjëndje të rris reaktivitetin e materialeve kristalor pa 
nevojën e përdorimit të temperaturave të larta gjatë proçesit apo kimikateve. MCA mund të 
promovojë amorfizimin dhe të ndajë lidhjet kimike në aluminosilikate dhe struktura të tjera 
minerale. Efikasiteti i këtij proçesi është i lidhur ngushtë me parametrat e përdorur gjatë proçesit 
si koha e bluarjes, shpejtësia e rrotullimit, sasisa e materialit, etj.  Raporti më i lartë i sferave me 
pluhurin e bluar (B/P), kohë më të gjata bluarje, dhe shpejtësi rrotullimi më të larta janë disa 
nga faktorët në gjendje të rrisin gradën e amorfizimit. Si hap fillestar, një proçes i optimizuar u 
zgjodh dhe u përdor për të aktivizuar të gjitha resursat shumë pak reaktive. Pas MCA, potenciali 
i argjilave dhe sterileve minerale është studiuar për përdorimiin e tyre si SCM, ndërsa ACBFS 
ështe studiuar si prekursor për materiale të aktivizuara me alkale. Rezultatet e matjeve të forcës 
në shtypje indikuan një korelacion të drejtëpërdrejtë midis gradës së amorfizimit së resursave së 
trajtura në mulli dhe vlerave të forcës në shtypje. Vlerësimi i SCM-eve u krye duke matur 
aktivitetin pocolanik. Reaktiviteti u vlerësua nga indeksi i aktivitetit të forcës (SAI) dhe prova e 
Frattini-t. Argjilat me përmbajtje të lartë të mineraleve argjilore dhe sterilet nga depozitat 
minerare të Kiruna-s, treguan reaktivitet të rritur pocolanik dhe një potencial të lartë për tu 
përdorur si zëvendësuesa të çimentos në beton. Për më tepër, testime fillestare treguan që 
aktivizimi me alkale i ACBFS së trajtuar mundëson krijimin e një matrice të konsoliduar më 
vlerë të konsiderueshme të forcës në shtypje. 

Fjalë kyçe: argjilë, qëndrueshmëri, aktivizim mekanik, mulli me sfera, materiale çimentoze 
suplementare, materiale të aktivizuara me alkale 
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NOTATIONS 

Symbol Description Unit 

n number of impacts 

k fraction of powder 

N frequency of collisions hit s-1 

E Average transferred energy to the treated powder J s-1 

mp Powder mass kg 

Abbreviation Description 
A akermanite 
AAC Autoclaved aerated concrete 
AAM Alkali-Activated Materials 
ACBFS Air-cooled blast furnace slag 
AM Alkali modulus 
BFS Blast furnace slag 
BM Ball Mill 
B/P Ball to Powder ratio 
Cal Calcite 
C-A-S-H Calcium aluminum silicate hydrate 
C-S-H Calcium silicate Hydrate 
DLS Dynamic Light Scattering 
DOE Design of experiments 
FWMH Full width at maximum height 
GGBFS Ground Granulated Blast Furnace Slag 
GCCA Global Cement and Concrete Association 
Ilt Illite 
IOT Iron ore tailings 
IUPAC International Union of Pure and Applied Chemistry 
Kln Kaolinite 
MCA Mechanochemical Activation 
Me Merwinite 
Ml Melilite 
Mnt Montmorillonite 
Ms Muscovite 
N-A-S-H Sodium aluminum silicate hydrate 
Qz Quartz 
PC Portland Cement 
PSD Particle Size Distribution 
SAI Strength Activity Index 
SCM Supplementary Cementitious Material 
SEM Scanning Electron Microscope 
SS Sodium silicate 
UHPC Ultra-high performance concrete 
XRD X-ray Diffractometer
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INTRODUCTION 

CHAPTER 1 

INTRODUCTION 

Traditional concrete production contributes to around 8-10% of the overall 
anthropogenic CO2 emissions, and most of this amount is related to the production of Portland 
cement. The growth of the world´s population (predicted to reach 10 billion by 2050) is 
expected to critically expand the future demand for infrastructure, thus increasing the vital need 
for concrete (Scrivener et al. 2018a). In Figure 1 are shown the annual CO2 emissions deriving 
from fossil fuels and cement production. The Global Cement and Concrete Association (GCCA) 
aligned with the United Nations SDGs and driven by the need to make a change, has announced 
to deliver a carbon-neutral concrete by 2050. The Climate Ambition Statement aims to fulfill 
the aspiration through a detailed roadmap consisting of six directions:  

1. Eliminating the direct energy-related emissions;
2. Reducing the indirect energy emission;
3. Reducing process emissions;
4. Reducing the clinker in cement and the cement in concrete;
5. Reprocessing and recycling concrete;
6. Quantifying and enhancing the level of CO2 uptake (“Climate Ambition : GCCA”).

Figure 1. Annual CO2 emissions originating from fossil fuels and cement production, by world region1 
(Ritchie et al. 2020). 

1 Dataset retrieved by the Global Carbon Project (Friedlingstein et al. 2022) 
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Reducing the clinker amount in the production of concrete can be achieved in several ways. 
Blending of Portland cement with supplementary cementitious materials (SCMs) is the most 
common approach and different resources can be utilized, Figure 2. SCMs are defined as 
siliceous, aluminosiliceous, or calcium aluminosiliceous materials, originating from natural 
sources, the so-called pozzolans, or by-products of other industries, e.g. blast furnace slags, fly 
ashes, or tailings (Lothenbach et al. 2011). Some of these materials, such as clays and fly ashes, 
contribute to cement hydration through the pozzolanic reaction and can therefore only react if 
calcium hydroxide and water are available. Other materials, like blast furnace slags, are hydraulic 
and can set and harden when in contact with water. The chemical interactions with Portland 
cement depend on the chemical composition and structural arrangement of the material. 

Figure 2. Clinker substitution evolution from companies from the CSI WBCSD. The evolution of the 
clinker fraction can be deduced by adding 4–5% (added as calcium sulfate, e.g. gypsum) in the total 
fraction of SCMs2 (Scrivener et al. 2018a). 

Natural pozzolans are aluminosilicates with an amorphous structure and a high pozzolanic 
reactivity and originate from minerals or volcanic rocks. Among pozzolans can be included 
several poorly reactive materials, which after appropriate activation (e.g. thermal activation) can 
exhibit increased pozzolanic reactivity (Mehta and Monteiro 2006). Thermal treatment at high 
temperatures of pure clay minerals as kaolinite, illite, smectite, or montmorillonite, promotes the 
transformation of the minerals in a metastable phase with valuable performance as a pozzolanic 
replacement of cement (Tironi et al. 2013). Generally, a limited attention is given to low-grade 
sources. Furthermore, most published results continue to rely on high temperature processing 
and/or pure sources, whose availability is generally limited (Buchwald et al. 2009; Essaidi et al. 
2014).  

2 Reprinted from Cement and Concrete Research, Vol 114, UN Environment, Karen Scrivener, Vanderley M. 
John, Ellis M. Gartner, Eco-efficient cements: Potential economically viable solutions for a low-CO2 cement-based 
materials industry, Pages 2-26, Copyright (2018), with permission from Elsevier. 
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Instable clayey soils are generally removed prior to construction, and stored in open-air deposits, 
where due to their instability can generate negative environmental impact in the surrounding 
area. The possibility to process those clays and utilize them as supplementary cementitious 
materials (SCMs) in concrete can significantly contribute to the circular economy. Mine tailings 
are yet another poorly reactive resource that, after treatment, might exhibit pozzolanic activity.  

Among the available solutions, the Intergovernmental Panel on Climate Change (IPCC) has 
identified alkali-activated materials (AAMs) as an alternative building material with a huge 
potential in reducing CO2 emissions (“Sixth Assessment Report”). This solution implicates a full 
replacement of PC but requires strong alkalis to induce the necessary chemical reactions (Adam 
2009a; Provis 2014). Moreover, AAMs have demonstrated a high capability to fulfill 
requirements in various exposure classes (Provis and Bernal 2014; Provis and Van Deventer). 
Increased contribution to the circular economy is related to the used precursors in geopolymers, 
which are often identified with industrial by-products. One of the commonly used precursors 
for AAMs is the ground granulated blast furnace slag (GGBFS), which is obtained by the water 
cooling process of the slag removed from the blast furnace. This quenching method requires 
large amounts of water and produces pollution. An alternative is to use air-cooling, but it results 
in the formation of a poorly reactive material built of mostly crystalline, non-reactive phases. 

Natural clays, mine tailings, and air-cooled blast furnace slags possess very low reactivity as SCMs, 
if not previously treated/activated. Several studies highlighted the possibility to achieve 
activation through thermal treatment, yet utilizing high temperatures and contributing to CO2 

emissions. An alternative activation process is the mechanochemical activation (MCA). MCA by 
high-energy grinding can achieve several changes in the material, creating a metastable phase 
with properties similar to those processed by thermal treatment. A study by Fitos et al. (2015) 
indicated that the energy consumption during the thermal treatment of kaolinite is circa 1,600 
kWh/t, while MCA consumes around 200–1,000 kWh/t. Furthermore, MCA through high-
energy grinding affects the amorphization rate and structural disorder, enhancing the reactivity 
of several clay minerals, including kaolinite, montmorillonite, and illite. The potential of tailings 
and ACBFS to be activated by MCA is also connected to the chemical nature of these resources. 

1.1 Aim and objectives 

The aim of this study was to investigate, evaluate, and develop an alternative method for 
activating poorly reactive materials and using them as a partial or complete replacement of 
cement in concrete.  

The hypothesis of this work was formulated as: “The high-energy grinding in a planetary ball 
mill (BM) enables to induce changes on the structure of different minerals”.  

The purpose of this research was to investigate the reactivity changes of poorly reactive materials 
caused by high-energy grinding in a ball mill (BM), as well as their effect in solidified binder 
systems. i.e., blended cements or alkali-activated materials (AAMs). The treated and analyzed 
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raw materials were low-grade clays, mine tailing from Kiruna deposit, and air-cooled blast 
furnace slag. All of the selected sources were classified as inert materials prior to the 
mechanochemical process.  

The main objectives of this research work were: 

• Evaluating selected properties of the treated materials before and after grinding,
• Understanding mechanisms involved in the mechanochemical activation process and

their effects on the multiphase binder systems,
• Optimizing the mechanochemical process to achieve efficient activation within a

relatively short retention time,
• Evaluating the effects of the treated/activated clays and tailings on Portland cement-based

system when used as SCMs,

• Evaluating the properties of the mechanochemical activated air-cooled slags (MCA-
ACBFS) as precursors for AAMs.

The scope of the work was to create a knowledge basis and contribute to experimental data, 
which can lead to further development of the technology and products on an industrial scale. 
The findings will advance the development and upscaling of an alternative method for the 
production of low CO2-footprint cementitious binders, contributing to a responsible 
consumption and production of materials and to the circular economy. 

1.2 Scientific approach 

This study started with a literature review to gain a fundamental knowledge and necessary 
insights regarding the mechanical process and mechanochemical activation (MCA). 
Regardless of the fact that the MCA has been extensively investigated, few studies have focused 
on the activation of multiphase sources. Initially, the experimental methodology was focused on 
determining the optimal set of process parameters that would allow a rapid amorphization of the 
entire system. Concomitantly, the effects of the optimized parameters were investigated for all 
the other poorly reactive sources. After MCA, the different activated sources went through the 
solidification stage. Clays and mine tailing were used as SCMs, whereas slag, which has hydraulic 
properties in its active form, was used as an AAM precursor. Standardized SAI and Frattini test 
were used for assessing the changes of the pozzolanic activity of the SCMs. Investigation of the 
microstructure after solidification was performed through SEM and SEM-EDX. Mechanical 
properties assessment were followed by the microstructure analysis of the hydrated phases for the 
slags as precursor in AAMs. Their behaviour was further compared with a ground granulated 
blast furnace slag (GGBFS).   



 

5 
 

 
 

INTRODUCTION  

1.3 Research Questions 

The following research questions were formulated:    

1. Is mechanochemical activation in a ball mill a viable option for activating low-grade clays 
and other poorly reactive resources? (Paper A) 

 
2. How are the process parameters of the ball mill influencing the amorphization rate of 

poorly reactive materials and how can the process be optimized?  (Paper B)  
 

3. How mechanochemical activation affects the amorphization degree of air-cooled blast 
furnace slags, and can it enhance their chemical reactivity when utilized as precursors for 
alkali-activated materials? (Paper C) 

 
4. Can high-energy grinding in a planetary ball mill enhance the pozzolanic reactivity of 

natural low-grade clays and poorly reactive tailings?  (Papers D and E) 
 

5. How mechanochemically activated clays are influencing the hydration of blended 
cements? (Paper D) 

 
 

1.4 Limitations 

The primary goal of this study was to evaluate the mechanochemical activation process of natural 
clays. The collaboration with local industries and the need for quick assessment of other poorly 
reactive resources lead to the investigation of the mechanochemical activation of mine tailings 
and air-cooled blast furnace slags. Clays and mine tailings, characterized by a similar mineralogical 
composition, were studied as a partial replacement of cement, while mechanochemically 
activated air-cooled blast furnace slag was investigated only as a precursor for alkali-activated 
materials. Even though slag could have been used as a SCM, while clays and tailing as precursors 
for AAMs, time constraints imposed limits on the scope of this research.  

Composition and properties of natural clays vary significantly and thus the grinding parameters 
should be adjusted accordingly for each source. This adjustment was limited due to the time 
constrains.  

Limitations were also related to the testing methods used to assess the pozzolanic reactivity. The 
strength activity index (SAI) is strongly influenced by the filler effect, while the Frattini test takes 
into consideration only the pozzolanic reaction in relation to portlandite. Both methods were 
utilized in this work, yet minor difficulties were encountered in comparing the obtained test 
results, and in identifying to what extend the reactivity was influenced by fineness and by 
chemical reactivity. 

The evaluation of the mechanical properties of AAMs was based on a few selected parameters. 
As a result, the suggestion for the optimized mix is preliminary, and more research is required 
to identify an overall acceptable mix design. 
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1.5 Chapter Overview 

The thesis has been divided into five chapters and appended research papers. The structure of 
this work has been divided as following: 

Chapter 1 introduces the context of the work and its aims and limitations. The research 
questions are formulated and followed by the description of the scientific approach. The thesis 
is a compilation based on scientific articles, which are shortly summarized and appended. 

Chapter 2 describes the theoretical background of this work, from the sources, to the process 
and to the final application, including: a) nature, structure and chemistry of the poorly reactive 
sources, b) mechanochemical activation mechanism and kinetics, c) typologies of SCMs and their 
utilization as pozzolanic materials, and d) alkali-activated materials.  

Chapter 3 describes the materials and the methods utilized in this work.   

Chapter 4 reports the results and is organized in three main parts following the order: Resources 
– Process - Final product. The efficiency of the process and its optimization is reported for clays,
tailings and slag. The pozzolanic activity and its changes due to MCA are presented and discussed
for clays and tailings. Finally, the utilization of activated clays and tailings as SCMs, and of the
mechanochemically activated air-cooled slag as precursors for alkali-activated materials are
described.

Chapter 5 discusses the main conclusions deduced from this work. 

1.6 List of appended publications 

This work is built up as a composite thesis based on the following publications, which are 
appended at the end of the thesis. 

PAPER A Tole, I., Habermehl-Cwirzen, K., & Cwirzen, A. (2019). 
Mechanochemical activation of natural clay minerals: an alternative 
to produce sustainable cementitious binders–review. Mineralogy and 
Petrology, 1-14. 

Contributions Conceptualization, Methodology, literature study and draft writing 
I. Tole, Draft reviewing and editing K. Habermehl and A.
Cwirzen.

Main findings This paper reviewed previous studies regarding mechanochemical 
activation process, especially on clays. It was discovered that the 
majority of the studies focused on high-grade clays, with high 
content of pure minerals, as i.e. kaolinite. It was concluded that 
MCA can be considered an environmentally friendly process for the 
activation of clays, while further investigation might be needed in 
regard to MCA of multiphase materials and systems.  
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PAPER B 

Contributions 

Main findings 

PAPER C 

Tole, I., Habermehl-Cwirzen, K., Rajczakowska, M., & Cwirzen, 
A. (2018). Activation of a raw clay by Mechanochemical process—
effects of various parameters on the process efficiency and
cementitious properties. Materials, 11(10), 1860.

Conceptualization, I.Tole, A.Cwirzen, K.Habermehl-Cwirzen 
Methodology, experimental setup, testing and draft writing I. 
Tole, Partial experimental performance M. Rajczakowska, 
Draft reviewing and editing K. Habermehl and A. Cwirzen. 

The effect of process parameters in a planetary ball mill when 
processing a natural low-grade clay originating from Stockholm was 
investigated in this paper. The main findings are related to the tested 
parameters, indicating that a higher filling ratio, longer grinding 
time, and higher speed regime can cause extensive amorphization of 
the clay minerals structure. Furthermore, preliminary tests on the 
use of mechanochemically activated clays as precursors for AAMs 
confirmed the enhanced reactivity due to the process, providing 
new future research directions.  

Tole, I., Rajczakowska M., Humad A., Kothari A., & Cwirzen A. 
(2020). Geopolymer based on mechanically activated air-cooled 
blast furnace slag. Materials 13 (5), 1134 

Contributions Conceptualization, A.Cwirzen, I.Tole, Methodology, investigation,  
draft writing I. Tole, M. Rajczakowska A. Humad, and A. Kothari, 
Draft reviewing and editing A. Cwirzen. 

Main findings The main findings of Paper C, are related to the mechanochemically 
activation (MCA) of an air-cooled blast furnace slag (ACBFS) and 
their utilization as precursor for AAMs. Air-cooled slag is a poorly 
reactive and crystalline material, which showed enhanced reactivity 
after treatment in a planetary ball mill. The MCA-ACBFS showed 
comparable mechanical properties with the ground granulated blast 
furnace slag (GGBFS), which is well-known for its good reactivity 
as precursor in AAMs. 

PAPER D Tole I., Delogu F., Qoku E., Habermehl-Cwirzen K., & Cwirzen 
A (2022). Enhancing the pozzolanic activity of three natural clays 
from Sweden by mechanochemical activation process. Submitted in 
Construction and Building Materials 
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Contributions Conceptualization, Methodology, experimental setup, testing and 
draft writing I. Tole, Partial experimental performance E. Qoku, 
Draft reviewing and editing A. Cwirzen, E. Qoku, F. Delogu and 
K. Habermehl Cwirzen.

Main findings In this paper, three clays originating from different areas of Sweden 
were investigated as SCMs after MCA. All the clays were activated 
with the same process parameters, while possessing different 
composition. The changes in their pozzolanic activity after grinding 
were assessed by the Strength activity index (SAI) and the Frattini 
test. Clays containing higher amount of clay minerals and calcite 
showed an increased pozzolanic activity after MCA, confirming that 
this can be an alternative method to produce sustainable SCMs. 

PAPER E Tole I., Delogu F., Habermehl-Cwirzen K., & Cwirzen A (2022). 
Revalorization of mine tailings by mechanochemical activation. 
Submitted in The Journal of Cleaner Production. 

Contributions Conceptualization, Methodology, experimental setup, testing and 
draft writing I. Tole, Draft reviewing and editing A. Cwirzen, F. 
Delogu, and K. Habermehl Cwirzen. 

Main findings In this paper, a mine tailing originating from the Kiruna deposits in 
northern Sweden was processed by mechanochemical activation 
(MCA). Its performance as a supplementary cementitious material 
was then investigated through Strength activity index (SAI) and the 
Frattini tests. MCA has induced changes in the crystalline structures 
of the phases composing this mine tailing, and made it a valuable 
and sustainable resource for utilization as pozzolanic SCMs in 
cement and concrete production. 
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1.7  Additional Papers/conferences 

PAPER F Tole I., Habermehl-Cwirzen K., Cwirzen A. (2019).  
Mechanochemically activated clay as a sustainable cementitious 
binder. 2nd International Conference of Sustainable Building 
Materials, ICSBM 2019, 12-15 August, Eindhoven The 
Netherlands 

Contributions Conceptualization, Methodology, experimental setup, testing and 
draft writing I. Tole, Draft reviewing and editing Habermehl-
Cwirzen K., A. Cwirzen. 

PAPER G Tole I., Habermehl-Cwirzen K., Cwirzen A. (2019). Optimization 
of the process parameters on the degree of amorphization during 
mechanical activation of clay using the Taguchi method. 1st 
International Conference on Smart Materials for Sustainable 
Construction, SMASCO 2019, 10-12 December, Luleå, Sweden 

Contributions Conceptualization, Methodology, experimental setup, testing and 
draft writing I. Tole, Draft reviewing and editing Habermehl-
Cwirzen K., A. Cwirzen. 

PAPER H Tole I., Cwirzen A. (2020). Supplementary cementitious materials 
and mechanochemistry for sustainable concrete production. 4th  
International Balkans Conference on Challenges of Civil 
Engineering,  4-BCCCE, 18-19 December 2020 

Contributions Conceptualization, Methodology, experimental setup, testing and 
draft writing I. Tole, Draft reviewing and editing A. Cwirzen.
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CHAPTER 2 
 

 THEORETICAL BACKGROUND 

In this chapter will be discussed the theoretical concepts regarding the materials and processes 
utilized in this work. The theoretical background, in line with the overall structure of this thesis, 
will follow the sequence materials-process-solidification. Hence, a review on clays and clay minerals, 
mine tailings, and blast furnace slags, constitutes the initial part. Thereafter, mechanochemical 
activation (MCA) and its effects on minerals are discussed for reaching a good understanding of 
the utilized process. Finally, the state of the art of the solidified blended cements is reviewed, 
comprising SCMs, pozzolanic activity, and alkali-activated materials.  

 

2.1 Clays 

Clays are commonly occurring materials and the main constituents of soils, formed as a result of 
the reaction of the rocks with water and the weathering conditions those are subjected to (Velde 
and Meunier 2008). Clay is defined by the Joint Nomenclatures Committees (JNC) as: 
“…naturally occurring material composed primarily of fine-grained minerals, which is generally plastic at 
appropriate water contents and will harden with (sic) dried or fired “.   

 

2.1.1 Genesis and distribution 

The genesis and distribution of clays are associated to a wide geological timeframe and diversified 
environment. They can be found in marine or continental sediments, rocks and soils, volcanic 
deposits, or hydrothermal systems. A simplified schematization of their genesis and distribution 
is shown in Figure 3.  

 

Figure 3. Schematic depicting the inter-relationship of clay mineral formation with geology, climate, 
environment and ecology3 (Zhou and Keeling 2013). 

                                                            
3 Reprinted from Applied Clay Science, Vol 74, Chun Hui Zhou and John Keeling, Fundamental and applied 

research on clay minerals: From climate and environment to nanotechnology, 2022, with permission from Elsevier. 
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Clay minerals are formed by the alteration of silicate minerals e.g., feldspars, micas, and olivine, 
under specific environmental conditions (Zhou and Keeling 2013). With environmental 
conditions are intended the changes in the solution composition and the chemical reaction 
induced by them. The evolution of the clay minerals from the starting minerals can happen by 
subtracting or adding of elements in exchangeable positions in their structure. For example, 
during weathering and soil formation occurs the subtraction of elements, while during the 
sedimentation process elements are added to the starting minerals (Bergaya and Lagaly 2013). 
Exchangeable hydrogen is the mechanism involving hydration of silicate minerals with water, as 
in the case of kaolinite, while initial feldspars minerals are transformed, as per Equation 1 
(Bergaya and Lagaly 2013): 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + ℎ𝑦𝑦𝑓𝑓𝑓𝑓𝑦𝑦𝑦𝑦𝑓𝑓𝑦𝑦 𝑖𝑖𝑦𝑦𝑦𝑦𝑓𝑓 → 𝑘𝑘𝑓𝑓𝑦𝑦𝑓𝑓𝑖𝑖𝑦𝑦𝑖𝑖𝑘𝑘𝑓𝑓 + 𝑐𝑐𝑓𝑓𝑘𝑘𝑖𝑖𝑦𝑦𝑦𝑦𝑓𝑓, 𝑓𝑓𝑦𝑦𝑓𝑓𝑖𝑖𝑓𝑓𝑓𝑓,𝑤𝑤𝑓𝑓𝑘𝑘𝑓𝑓𝑓𝑓  

  3𝐾𝐾𝐾𝐾𝑓𝑓𝑆𝑆𝑖𝑖3𝑂𝑂8 + 6𝐻𝐻+ →  𝐾𝐾𝑓𝑓2𝑆𝑆𝑖𝑖2𝑂𝑂5(𝑂𝑂𝐻𝐻)4 + 2𝐾𝐾+ + 4𝑆𝑆𝑖𝑖𝑂𝑂2 + 𝐻𝐻2𝑂𝑂                            Equation 1 

Hence, weathering conditions and time are key driven for the developed mineralogy of clays, 
and often in natural deposits, the unstable aluminosilicates phases are mixed with the more stable 
clay minerals phases. Moreover, high amounts of non-clay minerals, as i.e. quartz, calcite, 
gypsum, etc., are there intermixed. Several investigations aimed to identify the composition of 
soils and to determine the proportion of clays, silt, and sand worldwide. One of this studies, 
modelled the distribution of clays in Europe, showing a wider distribution of clays in areas where 
limestone and clay stone are common, e.g. Italy, France and Spain; and a characteristic sandy/silty 
soils with lower clay content in Scandinavia, due to the glacial environment, Figure 4 (Ballabio 
et al. 2016). 

 

Figure 4.Topsoil (0–20 cm) clay content (%) modelled by Multivariate Additive Regression Splines 
(Ballabio et al. 2016). 
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Generally, southern of Sweden along with the Bothnian gulf is characterized by soils with higher 
clay content. The Stockholm region has a higher amount of fine clays (Eriksson et al. 1999). 
Sweden is characterized by two main clays categories: originated from sedimentary bedrock and 
from marine deposits (Plusquellec, et al. 2021). The sedimentary bedrocks can be found in Skåne 
region, Västergötland, Östergötland, Närke, and Dalarna, and on the islands of Öland and 
Gotland.  

 

2.1.2 Clay minerals 

Clay minerals constitute the majority of sediments and sedimentary rocks and more than half of 
them are illite, montmorillonite, and kaolinite (Bergaya and Lagaly 2013). All clay minerals are 
aluminosilicates structurally arranged in layers, and the different arrangement of this lamellar 
structure determine their type and properties e.g., the plasticity, anisotropy, etc. Silicates in 
tetrahedral and aluminates in octahedral arrangement are repeated in parallel layers, Figure 5. 

 

Figure 5. Structures and ideal formulas of kaolinite (a), illite (b) and montmorillonite (c)4 (Fernandez et 
al. 2011). 

 

Distribution and arrangement of the layers is divided in two big groups: types 1:1 or 2:1. The 
simplest form, associated with kaolinite, is formed by the repetition of one layer of tetrahedral 
silicate over one layer of octahedral aluminate. The 2:1 type is formed by the octahedral 
aluminate layer sandwiched between two tetrahedral silicate layers, and examples include talc, 
vermiculite, montmorillonite, saponite, and sepiolite (Zhou and Keeling 2013).  

                                                            
4 Reprinted from Cement and Concrete Research, Vol 41/1, Rodrigo Fernandez, Fernando Martirena, Karen 

Scrivener, The origin of the pozzolanic activity of calcined clay minerals: A comparison between kaolinite, illite 
and montmorillonite, 2011, with permission from Elsevier. 
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A summarized classification of clay minerals, in accordance to their layered structure is shown 
in Table 1: 

Table 1. Classification of clay minerals groups and most common species5. 

Group Species 
1:1 clay minerals 

Serpentine-kaolin Amesite, lizardite, kaolinite, dickite, halloysite, nacrite 
2:1 clay minerals 

Talc-pyrophyllite Talc, pimelite, pyrophyllite 
Smectite Saponite, montmorillonite 

Vermiculite Vermiculite trioctahedral or dioctahedral 
Mica Biotite, phlogopite, illite, muscovite 

Chlorite Chlinochlore, nimite, chamosite 

The kaolinite group is abundant in the humid tropics, and the illite/mica group is mainly found 
in arid and high-latitude regions (Ito and Wagai 2017). Kaolinite is largely used as an industrial 
mineral, due to its properties and ability to be modified by several treatments. The kaolinite 
deposits are commonly occurring and their utilization comprises the paper industry, the ceramic 
sector, production of catalysts and fiberglass, as well as the pharmaceutical sector. Nevertheless, 
the illite-type is the main component of the topsoil worldwide, Figure 6. In postglacial marine 
deposits, the illite type is also the most common clay mineral, characterizing thus the composition 
of clays in Western Sweden, which also contain calcite for around 1- 4% (Plusquellec et al. 2021; 
Terzaghi et al. 1996).  

Figure 6. Data is shown for (a) topsoil and (b) subsoil. The gibbsite, chlorite, quartz, and non-crystalline 
groups are not represented because they were never the most abundant (Ito and Wagai 2017). 

5 Data based on the Handbook of clay Science (Bergaya and Lagaly 2013) 
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2.2  Mine Tailings 

Mine “tailings” are identified as finely ground by-products generated by several 
extractive industries, e.g. aluminium, iron, uranium, and other precious metals (Lottermoser 
2010; Sun et al. 2018). The extractive-residues represent around 50% of the overall industrial 
waste generation, according to a report from Eurostat of 2006 (Perumal et al. 2020). Sweden 
produces 93% of all iron ore in the EU, being a primary producer of metals and minerals. In 
Sweden, the amount of mining waste, which refers to both the gangue and tailings, exceeds 
all the other types of waste combined. According to the Swedish Environmental Protection 
Agency, 117.6 million tons of waste was produced in 2010, and from these 89 million tons 
were generated by the industrial sector of mining (SGU, 2022). Worldwide are produced 
14 billion tons of tailings annually, according to Jones and Borger (2012). 

Tailings particles are angular with variable particle size distribution and a relatively high surface 
area to volume ratio (Kossoff et al. 2014). Their chemical composition depends on the 
mineralogy of the mined ore, the type of process utilized during extraction of metals, the 
efficiency of the extraction process, and the weathering conditions occurring during their 
storage. After processing, the mine tailings generally contain sulphides, which represents a 
possible environmental risk. Fines may be also present, compromising the stability of 
tailings storage facilities (Edraki et al. 2014). Their storage is typically arranged in dams, either 
above the surface, or underground (backfill), demanding more space and frequently causing 
environmental issues. Poor disposal management of tailings has caused catastrophic accidents 
worldwide. More than 237 cases of accidents due to dams failure have been reported 
between 1917 and 2009 (Adiansyah et al. 2015; Grimalt et al. 1999). Thus, the re-
utilization is crucial and, to date, different methods are developed, e.g., re-concentration of 
the tailings, utilization as a filler to backfill excavated areas, re-utilization as a raw resource for 
building materials, etc. (Cheng et al. 2016). This last application has been recently 
extensively studied, leading to several building products, produced with mine tailings sources. 
Siliceous mine tailings containing aluminum are particularly suitable as SCMs (Cheng et al. 
2016; Lyu et al. 2020; Vargas and Lopez 2018). 

A partial replacement of fine aggregates with tailings in concrete, enhanced the mechanical 
properties, increased the resistance to carbonation, as well as reduced the costs and the 
environmental footprint (Carrasco et al. 2017; Kuranchie et al. 2015; Shettima et al. 2016).  

Iron ore tailings (IOT) have a great potential in being re-utilized in the construction industry. 
By replacing sand as aggregate in ultra-high performance concrete (UHPC), comparable 
mechanical properties have been measured for tailing contents up to 40% (Zhao et al. 2014). 
Lightweight autoclaved aerated concrete (AAC) has been developed with IOTs as replacement 
of fine aggregates up to 40-60% (Cai et al. 2016; Ma et al. 2016). Content of 55-65% of 
hematite tailings can be used to produce red porcelain tiles, achieving good physical and 
mechanical properties as well as contributing to a circular economy (Chen et al. 2013). 
Permeable bricks can be prepared by re-utilization of tailings as aggregates and binder (Zhu et 
al. 2017). 
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All the mentioned studies deal with unprocessed tailings with a limited utilization as 
cementitious binders due to poor chemical reactivity. Due to their classification among 
aluminosilicates, the IOTs could be treated with the same technologies as natural clays to 
achieve an increased pozzolanic activity.  Few recent studies utilized thermal or mechanical 
treatment to activate poorly reactive tailings. Sintering of IOTs at 1420°C produced an 
activated material, which could replace 10 wt.% of Portland cement (Young and Yang 2019).  

Another application is the utilization of mine tailings as precursors for alkali-activated materials, 
but again, a preliminary activation process is needed for changing their reactivity. Calcination 
up to 750°C of phosphate and kaolinite tailings promoted their utilization in the production of 
one-part geopolymers (Perumal et al. 2019). Mechanical activation in a vibratory disc mill has 
showed improved reactivity of tailings and good results when used as precursor for geopolymers 
(Perumal et al. 2020) or as supplementary cementitious material (SCM) (Ramanathan et al. 
2021).  

LKAB (Luossavaara-Kiirunavaara AB) is the major mining company exploiting the deposits in 
northern Sweden and contributing to around 90 % of Europe’s iron ore production. The two 
large underground mines are located in Kiruna and Malmberget. In general, tailings are 
composed of crushed rocks and clay minerals residuals. The mineralogy of mine tailings 
originating from the Kiruna deposit comprises magnetite, hematite, apatite and actinolite, as well 
as clay minerals, quartz, feldspars and a high content of phosphorus. (Lund 2013; Troll et al. 
2019). Interesting phases constituting the mine tailings from Kiruna deposits are phlogopite and 
talc, which belong to the clay minerals.  

These deposits have a similar origin and consist of apatite iron ore, which can be found in other 
deposits worldwide, e.g. the Pliocene El Laco deposit in Chile, Paleozoic apatite-iron oxide 
ores in Turkey, Iran, China, and Korea, Figure 7 (Lund 2013; Troll et al. 2019). 

Figure 7. Sample overview map. a Global map showing the different locations of origin for apatite-iron-
oxide ore and reference samples. b A close-up view of the main part of the Fennoscandian Shield showing 
the sample locations for magnetites from Sweden (Troll et al. 2019). 
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2.3 Blast Furnace Slags 

Blast furnace slag (BFS) is a by-product formed during the pyrometallurgical process of iron ores 
in the blast furnace and basically composed by silicates and calcium aluminosilicates. Recovery 
of iron from the ores involves high temperatures process with limestone or dolomite as a flux 
and usually coke as a fuel. The molten pig iron is removed at the bottom of the furnace, while 
the molten slag, at a temperature between 1400-1600°C, is collected and post processed in 
different ways, e.g. by air-cooling, air quenching, water spraying, water quenching, etc., Figure 
8 (Caijun 2004; Tripathy et al. 2020).  

Water quenching is a fast-cooling process and is performed with different techniques, as e.g.: a) 
high-pressure water jets to granulate molten slag directly at the furnace, or b) pelletization, where 
the molten slag is first cooled with water, then sent in a rotary drum. In the first process, for 
cooling circa 1 ton of slag is needed about 3 m3 of water, while during pelletization, the water 
consumption is approximately 1m3/ton of slag (Shi and Qian 2000). Air cooling on the other 
hand, consists in releasing the molten slag into beds and let them slowly cool down under 
atmospheric conditions.  

Figure 8. Schematic diagram of the process flow for different slag generation system during iron making 
through the blast furnace route6 (Tripathy et al. 2020).

The chemical composition of BFS depends on the composition of the ores and the fluxing stone, 
yet most of the phases are oxides of silicon, calcium, aluminium, and magnesium. When the 
molten slag is fast-cooled with water and granulated (ground granulated blast furnace slag - 
GGBFS), an amorphous Ca-Al-Mg silicate is formed. Cooling in air is a slower process and do 
not require water but leads to the formation of a crystalline solid, containing mainly melilite. 
Thus, crystallized blast furnace slag or air-cooled blast furnace slag (ACBFS) do not possess 
hydraulic properties or chemical reactivity when used as a replacement for cementitious binders. 
The GGBFS is a well-known SCM. At full replacement, the solidification is controlled by a 
combination of alkali-activation processes and hydration. 

6 Reprinted from Journal of Cleaner Production, Vol 262, Sunil Kumar Tripathy, Jayalaxmi Dasu, Y. Rama 
Murthy, Gajanan Kapure, Atanu Ranajan Pal, Lev O Filippov, Utilisation perspective on water quenched and air-
cooled blast furnace slags, 2020, with permission from Elsevier. 
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2.4 Mechanochemical Activation 

Mechanochemical activation (MCA) in the solid-state involves the application of mechanical 
energy to solids, inducing physical and chemical changes in the near-surface regions and 
generating in the structure of the material defects, dislocations and different chemical 
transformation (Baláž et al. 2013). 

Introduction, history, and models 

Recently, mechanochemistry has been exploited as an alternative to thermal treatment to achieve 
amorphous systems through the induced elastic and plastic deformation. These deformations 
could alter the chemical potential and the system reactivity (Delogu and Cocco 2008). Thus, 
mechanochemical reaction is defined as the chemical reaction of a solid induced by its mechanical 
deformation (Gutman 1998).  

M. Carey Lea is considered the father of Mechanochemistry, and in the 19th century, he observed
that grinding of the mercuric chloride and silver chloride could lead to their decomposition.
Clark and Rowan discovered that milling in the solid state and applying high pressure to certain
compounds could produce the same effect in their structure (Baláž 2000, 2008). However, only
with Ostwald in 1891, mechanochemistry was recognized as a branch of the chemical science
(Juhász 1998; Takacs 2000; Tole et al. 2019b). According to IUPAC, a mechanochemical
reaction is defined as a “chemical reaction that is induced by mechanical energy” (Baláž et al.
2013; McNaught and McNaught 1997). A mechanochemical reaction can induce amorphization
and structural changes through stresses, such as impact, friction, compression and torsion. It is at
the contact points between powder particles that are happening dynamic compaction under the
effects of the mechanical actions. The generated high intensity mechanical stresses induce
physical and chemical transformations (Suryanarayana et al. 2001).

Several models of the mechanochemical activation process have been developed. The hot-spot 
theory, found the reason for the initiation of the reaction in the very high temperatures reached 
at the moment of the impact. The model has been expanded during the following years, but also 
criticised. Actually, the high-rising temperature at the spot cannot satisfactory explain the 
chemical transformation induced by the MCA (Delogu and Cocco 2008). The magma-plasma is 
another model proposed by Thiesen, suggesting that the energy at the contact spot of colliding 
particles is responsible for the formation of a special plasmatic state (Tole et al. 2019b). These 
model includes once again the rising of temperatures up to 10 000 K (Baláž et al. 2013).  

Mechanochemical activation of minerals occurs in two stages. The first stage of high-energy 
grinding is the so-called comminution, where decreases the particle size and is altered the particle 
shape. The comminution of an ideally brittle material leads to the rupture of the interatomic 
bonds and formation of new surfaces with increased surface energy (Tkácová 1989). The second 
stage is characterized by interactions and chemical reactions between ground and dispersed 
particles present in the system. Recrystallization and/or re-arrangement of the structure occur. 
The chemical and physico-chemical properties of the processed material enable extensive 
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changes as the process is prolonged (Juhász et al. 1990). This effect is well known in mineral 
processing, where pulverization has to be particularly meticulous to avoid chemical changes.  

Crystalline solids undergo plastic deformations as a result of the formation and interaction of 
point, line and plane defects. This effect is accompanied by the accumulation of atomic strains 
and of potential energy, ergo producing an increase in the chemical reactivity (Delogu and 
Cocco 2006). However, a well-defined theoretical framework regarding kinetics of 
mechanochemical activation is missing, even if several studies were performed during the last 
years (Delogu 2011a). Calculation of the kinetics of reactions during MCA include fundamental 
assumption of the dependency between time, pressure and temperature (Boldyrev et al. 1996; 
Urakaev et al. 2000). The reaction evolution is accompanied by the increase of the specific 
surface area, and the subsequent plastic deformations, which are able to induce chemical reaction 
of the particles. These three distinguished phases were schematized in Figure 9, with the model 
developed by (Avvakumov et al. 2001).  

Figure 9. Evolution and reaction of the particles during the mechanochemical activation process, 
Avvakumov model (Tole et al. 2019a). 



20 

THEORETICAL BACKGROUND 

Mills and parameters affecting the grinding efficiency 

Grinding with mortar and pestle was already utilized in prehistoric times, as i.e. to crush food, 
nuts, etc. Nowadays, there are several types of milling devices suitable for the mechanochemical 
activation and being able to create a sufficiently high energy. The most utilized mills include 
rotating ball mill, planetary ball mill, vibrating ball mill, stirring ball mill, pin mill, rolling mill, 
etc., as also schematized in Figure 10. 

Figure 10. Types of mills for high-energy milling: A – ball mill, B – planetary mill, C – vibration mill, 
D – attritor (stirring ball mill), E – pin mill, F – rolling mill (Baláž et al. 2013). 

Different process parameters influence the milling process, i.e. type of the mill, material of milling 
media, ball to powder ratio, filling extent of the milling chamber, milling atmosphere, milling 
speed, milling time, etc. The ball to powder ratio (B/P), the size of the grinding media, the 
grinding medium (e.g. water, distilled water, alcohol, etc.), the water to powder (W/P) ratio in 
the case of wet grinding, the velocity regime of the equipment, the milling time, etc., are some 
of the most sensible parameters. The effectiveness of the achieved structural disorder is directly 
related to these process parameters. The B/P is one of the most important parameters influencing 
the amorphization achieved after treatment. An increase of the B/P will lead to a higher 
frequency of collisions and to a larger amount of energy transferred to the treated powder. A 
study by Delogu et al. (2004) has evaluated the specific intensity of the treatment in a ball mill. 
It is considered that several collisions occur in a ball mill within the specified milling time. Each 
collision transfers energy to the total mass of the treated powder. The transferred energy and 
number of collisions are directly related to the number and mass of the used balls. The evaluation 
of the specific intensity Im of the mechanical treatment can be defined by the following equation: 

Im = NE/mp    Equation 2 

where N [hit s-1] is the frequency of collisions, E [J s-1] and mp are respectively the average 
transferred energy to the treated powder and its mass (Delogu et al. 2004).  
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Dehydroxylation of clay minerals during thermal treatment 

Thermal treatment of clay minerals is a crucial and widely used activation process for increasing 
the pozzolanic reactivity. It is usually performed at temperatures varying from 600 to 900°C, 
depending on the content and type of the clay minerals, obtaining alumina and silica rich phases 
with disordered structure. Thermal activation at these high temperatures occurs in two distinct 
steps: dehydration due to the loss on the water molecules in the pores and in the interlayer spaces 
is the first reaction, followed by the dehydroxylation, where elimination of the structural water 
molecules happens. This last step is the main reason of the structural change and its subsequent 
amorphization. Calcination of kaolinite and its transformation in metakaolin is an example of 
this process. It is generally accepted that dehydroxylation of kaolinite happens by the chemical 
reaction of two adjacent hydroxyl groups to form a water molecule, due to proton diffusion 
process (Frost and Vassallo 1996). Generally, well-ordered kaolinites requires higher 
temperatures to achieve dehydroxylation compared to the disordered types. Hu and Yang ( 2013) 
reported that for soft kaolinites originating from different areas in China, the temperature 
corresponding to the maximum dehydroxylation increased linearly with increasing of their 
crystallinity. However, higher temperatures might cause the transformation of metakaolinite into 
mullite, a well-ordered structure which is chemically stable at atmospheric pressure and does not 
contribute to any reaction. Calcination and dehydroxylation of kaolinite have been extensively 
studied and the chemical transformations involved in this process can be summarized as below: 

i.Al2O3 ∙ 2SiO2 ∙ H2O(kaolinite) → Al2O3 ∙ 2SiO2(metakaolinite) + 2H2O    (at 400-500°C) 

ii.2(Al2O3 ∙ 2SiO2)(metakaolinite) −→  Si3Al4O12(Al−Si−Spinel) + SiO2(amorphous)      (at 950°C) 

iii.3Si3Al4O12 (Al−Si−Spinel) −→  2(3Al2O3 ∙ 2SiO2)(mullite) + 5SiO2 (amorphous)      (at 1050°C) 

Moreover, a schematic representation of transformations occurring during the thermal treatment 
is shown in Figure 11.  

Figure 11. Schematic diagram illustrating the different stages in heat-treatment of clay minerals7 
(Skibsted and Snellings 2019) 

7 Reprinted from Cement and Concrete Research, Vol 124, Jorgen Skibsted, Ruben Snellings, Reactivity of 
supplementary cementitious materials (SCMs) in cement blends, 2019, with permission from Elsevier. 
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The layered structure is initially separated, and then higher temperatures induce structural 
amorphization. Exactly at this stage, the metastable composition of kaolinite possess the higher 
reactivity degree and thus the best performance in cement blends. A similar behaviour of the 
kaolinite structure was evident when being mechanochemically activated (MCA) by high-energy 
grinding. MCA can alter the layered structure of clay, initially through delamination, changes in 
particle´s size and shape, followed by the rupture of the bonds formed between the structural 
units in the minerals structure (Frost et al. 2001a, 2004; Hrachová et al. 2007). Similar effects 
happen in the 2:1 layered minerals as well as in other layered mineral groups.  

Mechanochemical activation of minerals 

MCA induces transformations and reactions in the majority of oxides constituting clay minerals 
and tailings. These can be e.g. structural disorder, amorphization, polymorphic transformation, 
etc. Specifically in oxides structure, Schottky, Frenkel, and Wadsley defects might happen upon 
MCA. Thus, grinding of clay minerals can affect their structure at different levels. Extensive 
studies have investigated the mechanochemical activation of pure clay minerals, or single phases, 
while multiphase systems are scarcely considered. Parts of the literature review are presented
in this section aiming to evaluate the observed behaviour of the minerals included in this study.

Kaolin group 

Among the clay minerals, kaolinite showed the highest potential to be activated due to its simpler 
layered structure (1:1). During MCA, kaolinite loses its crystallinity, as previously reported by 
Kelly and Jenney already in the 1936 (Juhász 1980). Mechanochemically activated kaolinite have 
showed extensive structural changes, higher surface area, and increased pozzolanic reactivity 
(Aglietti et al. 1986a; Balczár et al. 2016; Fernandez et al. 2011; Frost et al. 1999; Guerrero et al. 
2010). MCA of kaolinite results in decreased intensities of the basal [001] reflections when 
investigated through X-Ray diffraction, Figure 12, and in the loss of layer arrangement order 
(Frost et al. 2001b; Souri et al. 2015). Even more interesting is the loss of crystallinity of the illite 
due to the MCA. Its peak intensity was still present even after thermal treatment, confirming the 
non-selective nature of MCA and its great potential for processing multiphase systems.   

Mica group 

The mica group consist of commonly occurring minerals e.g., illite, muscovite, phlogopite, 
biotite, etc. Illite particles can be amorphized by high-energy grinding in a planetary ball mill 
within shorter retention times (Luo et al. 2017; Sanchez-Soto et al. 1994; Souri et al. 2015; Yang 
et al. 2005). Studies from Yang et al. (2005b) indicated that MCA of illite produces a decrease 
of the surface area and of the total pore volume after 2 hours of grinding. A similar behaviour 
was evidenced for muscovite, which is a potassium aluminium silicate, where often aluminium 
is replaced by chromium or manganese.  
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MCA of pure muscovite mineral in a planetary ball mill has showed a crystallinity decrease and 
pozzolanic activity index increased to 94.36% Yao et al. (2019).   

Figure 12. X-ray diffractograms of the original and mechanically and thermally activated K_IR (a) and 
K_CZ (b) kaolins. The main reflection peaks for kaolinite (K), quartz (Q) and illite (I) are labeled. The 
main kaolinite peaks are indexed 8 (Souri et al. 2015). 

8 Reprinted from Cement and Concrete Research, Vol 77, Alireza Souri, Hadi Kazemi-Kamyab, Ruben 
Snellings, Rahim Naghizadeh, Farhad Golestani-Fard, Karen Scrivener, Pozzolanic activity of mechanochemically 
and thermally activated kaolins in cements, 2015, with permission from Elsevier. 



24 

THEORETICAL BACKGROUND 

Phlogopite belongs to the group of the true trioctahedral micas with its crystalline structure shown 
in Figure 13 and the chemical composition summarized by the formula: 

𝐾𝐾𝐾𝐾𝑦𝑦3(𝐾𝐾𝑓𝑓𝑆𝑆𝑖𝑖3)𝑂𝑂10(𝑂𝑂𝐻𝐻)2 

This mineral characterizes the composition of various mine tailings and has also shown a good 
amorphization rate to MCA, Figure 14. Dislocations and disruption of the layered arrangements 
can happen already at the early stage of grinding, while the interlayer structure indicated to 
collapse already after 16 minutes of grinding in a vibratory disc mill (Niu et al. 2020). 

Figure 13. Crystal structure of phlogopite with C2/m space group symmetry. TO4 tetrahedral units 
where T = Si, Al are arranged to form di-trigonal rings. Two such tetrahedral sheets with their tetrahedral 
apex pointing towards each other sandwich an octahedral layer. MO6 octahedral units are indicated by 
light yellow color where M = Mg. Interlayer region is occupied by potassium atoms. The silicon (Si) and 
aluminum (Al) atoms are shown as dark and light blue spheres respectively. The potassium (K) atoms are 
shown as purple large spheres. The hydrogen atoms are denoted as white spheres; the oxygen atoms are 
denoted as red spheres9 (Chheda et al. 2014). 

Figure 14. XRD patterns of phlogopite milled at different speeds10(Said et al. 2018). 

9 Reprinted from Physics of the Earth and Planetary Interiors, Vol 233, Tanvi D. Chheda, Mainak Mookherjee, 
David Mainprice, Antonio M. dos Santos, Jamie J. Molaison, Julien Chantel, Geeth Manthilake, William A. Bassett, 
Structure and elasticity of phlogopite under compression: Geophysical implications, 2014, with permission from 
Elsevier. 

10 Reprinted from Applied Clay Science, Vol 165, Ahmed Said, Qiwu Zhang, Jun Qu, Yanchu Liu, Zhiwu 
Lei, Huimin Hu, Zhigao Xu, Mechanochemical activation of phlogopite to directly produce slow-release potassium 
fertilizer, 2018, with permission from Elsevier. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/phlogopite
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Talc

Laminar structures, as mentioned broadly above, are easily affected by MCA. Talc is another clay 
mineral with a layered structure of 2:1 type, belonging to the talc-pyrophyllite group. Its 
chemical compositions is defined by the idealized formula (Bergaya and Lagaly 2013):  

(𝑆𝑆𝑖𝑖4)(𝐾𝐾𝑦𝑦3)𝑂𝑂10(𝑂𝑂𝐻𝐻)2 

Under thermal treatment, talc achieves amorphization beyond 1000 °C, while MCA can achieve 
the same effect already after short retention time in the ball mill. In an earlier study performed 
by Aglietti and Porto Lopez (1992), Figure 15, MCA of talc in a planetary ball mill induce 
extensive amorphization already after 5 minutes. Similar effects were observed when using 
different process parameters (Yang et al. 2006) or different equipment, e.g. the jet mill 
(Palaniandy and Azizli 2009).  

MCA of talc and other clay minerals can produce porous materials that can be used as catalyst 
supports, catalysts, adsorbents, and agents for organic molecule separations. The MCA and the 
consequent leaching of the silicate minerals resulted in the distortion of mineral structure and 
the elimination of metallic ions by acid leaching (Yang et al. 2006).  

Figure 15. X-Ray diffractograms of original and mechanochemically activated talc 11 (Aglietti and Porto 
Lopez 1992).  

11 Reprinted from Materials Research Bulletin, Vol 27/10, Esteban F.Aglietti, Jose M. Porto Lopez, 
Physicochemical and thermal properties of mechanochemically activated talc, 1992, with permission from Elsevier. 
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Feldspars 

Feldspars consists of aluminosilicates arranged in a three-dimensional framework and are naturally 
occurring in nature, especially in sand deposits. Feldspars are composed of tetrahedral aluminium 
and silicon oxides, with the main constituting phases identified with the albite, microcline, and 
orthoclase phases. Albite is a sodium feldspar, orthoclase is a monoclinic polymorph of alkali 
feldspars with a partially ordered structure, while microcline is a triclinic polymorph of alkali 
feldspars and is highly ordered. High amorphization rate and increased pozzolanic activity were 
induced in feldspars treated by MCA in a planetary ball mill for 20 minutes, Figure 16. 

Figure 16. X-ray diffraction pattern of ground feldspar at progressive grinding time12 (Sánchez et al. 
2004). 

The mineralogical composition influenced the reactivity to a various extend, e.g. microcline 
phase possessed the highest pozzolanic activity index, followed by the albite phase (Yao et al. 
2021). Hence, feldspars have some potential to be activated by MCA and to increase its 
pozzolanic reactivity, but it is necessary to also consider their mineral phase composition.  

12 Reprinted from Journal of Materials Processing Technology, Vol 152/3, Ezequiel Cruz Sánchez, Enrique 
Torres M, Cesar Diaz, Fumio Saito, Effects of grinding of the feldspar in the sintering using a planetary ball mill, 
2004, with permission from Elsevier. 
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Calcite 

Calcite rocks as limestone have a good grindability and activated limestone powders have been 
used for mortars with requirements of high density. Dry MCA induced an extensive 
amorphization of calcite also its polymorphic transformation to aragonite (Burns and Bredig 
1956; Criado and Trillo 1975; Gammage and Glasson 1976; Iguchi and Senna 1985). Moreover, 
the diffraction intensities decrease with prolonged grinding time especially for the [104] crystal 
lattice, Figure 17 (Garcia et al. 2002).    

Figure 17. X-ray diffraction profiles of: (a) untreated calcite and (b) calcite ground during 60 min (Garcia 
et al. 2002). 

Quartz 

Several studies have investigated the mechanochemical activation of quartz and changes of its 
crystalline structure (Delogu 2011a; Gobindlal et al. 2021; Meloni et al. 2012; Rescic et al. 2011; 
Tkácová et al. 1987; Yekeler et al. 2001). Quartz can be amorphized by mechanochemical 
activation and become soluble in hot diluted alkali solution (Senna and Schönert 1982). MCA 
induces lattice distortions and the formation of active species, at least of two types, Figure 18. 
One is due to the homolytic cleavage of the Si-O chemical bond. The other, originated by the 
heterolytic cleavage of the Si-O chemical bond. All of the possible surface active sites can 
recombine to form siloxane Si—O—Si or can react with the chemical environment (Delogu 
2011b). 

Figure 18. Schematization of the structural changes of quartz during mechanochemical activation 
(Gobindlal et al. 2021) 
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Studied literature 

Table 2 summarizes some of the previous studies performed on minerals with different 
process parameters. These studies have created the basis for the selection of the parameters during 
the experimental procedure of this research. Only investigations with a planetary ball mill were 
taken into consideration.  

Table 2. Studied literature on mechanochemical activation of minerals by planetary ball mills13. SS - 
stands for stainless steel, rpm - rotation per minute, fed – means the entire amount of the treated powder.  

Study Material Media Balls/Powder Time Speed Effects 

(PI et al. 1988) Pyrophyllite 10 porcelain 
Balls - 20 mm Fed of 2.2 g 5-325 

min
250 
rpm 

XRD changes after 30 
minutes 

(JM et al. 1993) Pyrophyllite 7 SS balls -15 
mm Fed of 3.5 g 15-240

min
1350 
rpm 

Agglomeration after 60 
min 

(Hamzaoui et al. 
2015) Kaolin 30 mm SS 

balls 3.1 1,3,9 hr 400 
rpm 

Amorphization of the 
kaolinite structure 

(Pérez-Rodríguez 
et al. 2000) Kaolin 10 porcelain 

Balls -20 mm Fed of 2.2 g 5-325 
min

250 
rpm 

Degradation of the 
crystalline structure after 
120 min 

(Souri et al. 2015) Kaolin 10 mm 
zirconia balls 25 1-12 hr 450 

rpm 

Improved early age 
strength development in 
mortar for blended 
cements containing 
MCA kaolin compared 
to thermal treated kaolin. 

(Balczár et al. 
2016) Kaolin 10 mm 

zirconia balls 8, 11, 14 15- 300 
min

400-
600 
rpm 

Not-selective destruction 
of the crystalline 
structure compared to 
thermal treatment  

(Frost et al. 2001a) Kaolin 10 mm SS 
balls 3 1-10 hr No crystalline structure 

after 10 hr 

(Yang et al. 2005) Illite 10, 20 mm SS 
balls 10 1-8 h 600 

rpm 
Extensive reduction of 
the peak intensities 

(Aglietti and Porto 
Lopez 1992) Talc - Fed of 30 g 5-15

min

Loss of crystallinity along 
the basal planes of the 
crystal structure 

(Yang et al. 2006) Talc 10 mm S balls 10 1-8 hr Production of porous 
silica 

(Yao et al. 2020) Quartz 5,8,15 mm SS 
balls 7.5 5-160 

min
500 
rpm 

Increased pozzolanic 
activity index 

(Criado and Trillo 
1975) Calcite 20 mm steatite 

balls Fed 2-3 g 2-48 hr Phase transformation 
calcite-aragonite  

13 Data adapted from (Tole et al. 2019a). 
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2.5 Cement and SCMs 

Cement production is a carbon-intensive process, while concrete continues to grow its dominant 
role as the main material used in construction. Calcination of limestone is the most intensive 
process, emitting more than 50% of the total CO2 emissions related to the cement production. 
The other 50% is released by the combustion of fuels needed to reach the high clinkering 
temperatures, approximately 1400-1500°C. Replacement of cement by supplementary 
cementitious materials can contribute to the reduce of the CO2 footprint of PC-based concretes. 

2.5.1 Hydration of Portland cement 

PC consist of four main phases: alite (C2S), belite (C3S), aluminate (C3A) and ferrite (C4AF), 
which are able to react when in contact with water producing several hydrated phases. The 
hydration mechanism of PC is rather complex, depending on the purity of the raw materials, 
their chemical composition, the clinkering process parameters, etc. The chemical reaction of 
silicate phases, during hydration, produces calcium silicate hydrates (C-S-H) and portlandite, 
while the aluminate phases lead to the formation of ettringite or trisulfoaluminate hydrate (Aft) 
and monosulfualuminoferite hydrates (AFm) (Bazzoni 2014). The hydration reaction is 
exothermic and commonly isothermal calorimetry is utilized, Figure 19, to identify the five 
characteristic stages.  

Figure 19.  A typical exothermic heat flow curve of cement hydration (Bazzoni 2014). 

The initial stage is characterized by the dissolution of the anhydrous phases and this stage occurs 
as soon as the cement is in contact with water. A rapid release of ions to the solution, e.g. Ca2+, 
OH-, H2SiO4

2-, is then followed by the dissolution of the alite phase (C3S). Gradually, the 
reaction enters a stage characterized by a low chemical activity, stage II.  
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Stage III is is characterized by a rapid heat development and corresponds to the formation of 
portlandite (CH) and calcium silicate hydrate (C-S-H) in accordance to Equation 3:  

𝐶𝐶3𝑆𝑆 + (3 − 𝑥𝑥 − 𝑦𝑦)𝐻𝐻2𝑂𝑂 →  𝐶𝐶𝑥𝑥 − 𝑆𝑆 − 𝐻𝐻𝑛𝑛 + (3 − 𝑥𝑥)𝐶𝐶𝐻𝐻     Equation 3 

The precipitated C-S-H has a varying composition, especially regarding  the calcium to silicon 
ratio (Ca/Si). Its structure based on layers of Ca and O bonded on both sides with silica chains, 
Figure 20. The space between these layers is called interlayer space, and is mainly constituted 
of water and calcium ions (Avet et al. 2019). 

Figure 20. Schematic sketch of different plausible structure for C-S-H adapted from literature (Bernard 
et al. 2021). 

Furthermore, the fineness of the SCMs strongly affects the so-called “filler” effect, which will 
be discussed in more detail later. The addition of any fine material increases the rate of reaction 
of alite. Stage IV correlate with another slowdown of the reaction and here is visible a second 
peak, which corresponds to the formation of the ettringite. During the fifth stage is happening 
another period characterized by a low chemical reactivity. However, appearance of a peak in 
this region happens and corresponds to the formation of AFm phases due to the reaction between 
the ettringite and the C3S phase (Bazzoni 2014).  
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2.5.2  SCMs 

Nowadays, concrete can be made with around 30%-50% of cement replacement. Recently, 
extensive studies focused on the potential of several natural and waste-stream sources as SCMs. 
The variation of chemical and mineralogical composition imposes a great challenge for their 
proper characterization. Moreover, the standardized tests standardized tests are often not suitable 
to reliably assess their behaviour in blended cements. SCMs used in concrete includes several 
types of industrial by-products, activated materials with hydraulic or pozzolanic properties, and 
natural pozzolans, as for example: limestone, blast furnace slags, silica fume, fly ashes, activated 
clays, volcanic tuffs, rice-husk ashes, etc. Several benefits characterize these materials as the 
reduction of CO2 emissions and promotion of use of local raw materials. Addition of SCMs, up 
to a certain replacement level, have shown comparable and increased mechanical properties 
compared to the normal Portland cement. On the other hand, some limitations persist. Slags and 
fly ashes, compared to cement, are available only in small quantities and in limited geographical 
areas and almost 80% of the current slag production is already utilized in the construction industry 
(Favier et al. 2018). Moreover, the need to decarbonize industry is predicting lower availability 
of fly ashes in the future (Khalifa et al. 2019). Thus, among SCMs, clays, tailings, and natural 
pozzolans have certainly the greater potential to be further developed, and supply the needed 
amounts. There are two different mechanisms, which influence the hydration of cements 
blended with SCMs: the filler effect and the chemical reaction.  

The filler effect refers to the enhancement of the hydration of the clinker phases when inert 
materials are added to cement (Gutteridge and Dalziel 1990). This effect is directly dependent 
to the fineness and amount of replacement, and two are the mechanisms controlling it: the 
dilution effect and the heterogeneous nucleation (Lawrence et al. 2003; Lothenbach et al. 2011; 
Zunino and Lopez 2016). When smaller particles are used to replace cement, the distance 
between particles is reduced, as illustrated by the schematization in Figure 21. During the 
dilution effect, replacement of cement with SCMs promotes extra space for the hydrates and 
increases the water to cement ratio. The heterogeneous nucleation is having a positive impact 
because additional C-S-H can be formed on the filler surface due to the additional surface area 
provided, and thus accelerating the cement hydration rate (Berodier and Scrivener 2014; 
Lothenbach et al. 2011; Oey et al. 2013; Skibsted and Snellings 2019).  

Figure 21. Simulation of the packing in (a) OPC paste (b) OPC + 40% quartz with medium size c) 
OPC + 40% quartz with smaller size. Gray spheres represent clinker grains, green spheres are filler 
(Berodier and Scrivener 2014). 



32 

THEORETICAL BACKGROUND 

SCMs have similar composition as PC but have usually a lower calcium content, Figure 22 A. 
In the case of the thermally activated kaolinite (AS2) the general reaction scheme is as per 
Equation 4, where also calcium aluminate hydrates are formed (Skibsted and Snellings 2019).  

𝐾𝐾𝑆𝑆2 + 6.4𝐶𝐶𝐻𝐻 + 𝐶𝐶𝑆𝑆̅ + 13.6𝐻𝐻 → 2𝐶𝐶1.7𝑆𝑆𝐻𝐻4 + 𝐶𝐶4𝐾𝐾𝑆𝑆̅𝐻𝐻12 Equation 4

The reactivity of SCMs is generally driven by the presence of glassy or amorphous phases 
(Zunino and Lopez 2016), as well as by their chemical reactivity and structural arrangement. 
Several studies have correlated the amorphous content with the performance of the SCMs 
(Juenger and Siddique 2015; Taylor-Lange et al. 2015).  

Characteristics of C–S–H in blended cements 

Addition of SCMs tend to accelerate the hydration of the clinker and to influence the phase 
assemblage, accordingly to the nature of the raw materials. Portlandite, ettringite, monosulfate, 
monocarbonate, etc. are some of the hydrated phases that are affected the most. Moreover, the 
C-S-H composition is affected, resulting in different Ca/Si ratio in the blended systems
(Lothenbach et al. 2011). Among them limestone have shown a higher potential for nucleation
and the growth of C-S-H, while calcite promotes the formation of stable C-S-H by the
interaction and generation of chemical bonds with Ca2+ ions, reducing their mobility (Berodier
and Scrivener 2014; Scrivener et al. 2015). Generally, the addition of silica-rich SCMs forms C-
S-H with lower Ca/Si, similar to a tobermorite structure. While addition of alumina rich SCMs
can lead to the formation of C-A-S-H, a structure where aluminum substitutes the silicon in the
C-S-H (Lothenbach et al. 2011). Higher amounts of alumina rich SCMs addition can lead to
the precipitation of other phases such as strätlingite.

The C-S-H forming in PC has a composition generally described by the formula ~ 1.5 −
1.9 𝐶𝐶𝑓𝑓𝑂𝑂 ∙ 𝑆𝑆𝑖𝑖𝑂𝑂2 ∙ 𝑦𝑦𝐻𝐻2𝑂𝑂, with a calcium to silicon ratio around 2 (Lothenbach et al. 2011). A study 
by Avet et al. (2019) have indicated that the Ca/Si ratio was diminishing to 1.6 and 1.5, when 
calcined clay and limestone mixes were used in blended cements at replacement level of 17% 
and 50.3% of PC, respectively. Depending on the composition and the reactivity of the used 
SCM, also the amount of ettringite and the amount and kind of AFm phases such as monosulfate, 
monocarbonate or strätlingite appeared to be affected. Antoni et al. (2012) demonstrated that 
combining limestone with metakaolin and cement results in the formation of 
hemicarboaluminate and monocarboaluminate phases. Similarly, hemicarboaluminate is formed 
when metakaolin and blast furnace slag or fly ash are mixed together (Juenger and Siddique 
2015). 
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Figure 22. A) CaO–Al2O3–SiO2 ternary diagram of cementitious materials, B) hydrate phases in the 
CaO–Al2O3–SiO2 system. Note that in the absence of carbonate or sulfate, C3AH6 will be more stable 
than the AFm phases14 (Lothenbach et al. 2011). 

2.6  Pozzolanic activity 

Addition of SCMs to PC-based systems results in the development of a pozzolanic reaction. 
Examples of natural pozzolans include certain natural rocks, volcanic sediments or volcanic ashes. 
Moreover, thermally treated industrial by-products as kaolin, fly ashes, agricultural ashes, tailings, 
etc., have shown improved pozzolanic reactivity and suitability to be used as SCMs in concrete. 
Pozzolans are widely used as cement substitutes due to their lower cost, lower carbon dioxide 
emissions, increased chemical resistance, and decreased permeability (Habert et al. 2008). 
Amorphous aluminosilicate content, high specific surface area, small particle size distribution are 
some of the key factors influencing the pozzolanic reactivity (Cabrera and Rojas 2001; 
Taylor-Lange et al. 2015). The combined hydraulic reaction of PC and the pozzolanic 
reaction of the SCMs, form a variety of metastable phases. 

14 Reprinted from Cement and Concrete Research, Vol 41/12, Barbara Lothenbach, Karen Scrivener, R. D. 
Hooton, Supplementary cementitious materials, 2011, with permission from Elsevier. 
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The pozzolanic reaction consumes calcium hydroxide, reduces the pores and the particle size of 
the formed hydrated phases. The formation of additional C-S-H contributes to the so-called 
filler effect, which results in filling of the capillary pores. On the other hand, the reduction of 
CH contributes to a grain size refinement and an improved morphology of the cementitious 
matrix (Tironi et al. 2013).  

When a pozzolana and the lime are mixed with water, the hydrolysis of the Ca(OH)2 occurs 
leading to an increase in pH according to the following reaction, Equation 5: 

𝐶𝐶𝑓𝑓(𝑂𝑂𝐻𝐻)2 → 𝐶𝐶𝑓𝑓2+ + 2𝑂𝑂𝐻𝐻− Equation 5 

The high pH facilitate ions dissolved from the pozzolana, e.g.  Ca2+, K+, Na2+, etc., to act as 
network modifiers (Shi and Day 2000).  

Pozzolanic activity includes all the chemical reactions taking place between the reactive phases 
in the pozzolan with lime and water. Amorphous structures are also thought to be more reactive 
than crystalline structures due to the increased mobility and surface position of their atoms. Glassy 
pozzolans with a small proportion of non-reactive, crystalline minerals are regarded very active, 
whereas weak pozzolans have a lot of crystalline minerals but little glass. A study by (Walker and 
Pavía 2011) concludes that amorphousness determines the pozzolanic reactivity to a much 
greater extent than any other pozzolanic property. Amorphous aluminosilicate phases then react 
with CH producing a similar C-S-H phase and additional alumina phases. 

2.7 Alkali-Activated Materials 

Alkali-activated materials date back to 1909 when Hans Kuhl reported his studies on activation 
of slags with sulphates (Rubert et al. 2018). However, the theoretical basis of alkali-activated 
materials is proposed by Glukhovsky in 1959, and the term geopolymer by Davidovits in 1979. 
Although it can be considered a relatively new scientific area, alkali-activated materials were 
extensively studied in the last years. Utilization of AAMs is considered an alternative solution for 
producing sustainable binders for concrete production. Several studies have shown the potential 
of AAMs to reduce the CO2 footprint of concrete. Fly ashes, blast furnace slags (BFS) and 
metakaolin are only some example of precursors used to produce AAM (Duxson et al. 2007; 
Provis 2018; Provis and Bernal 2014). 

2.7.1 General concepts on alkali-activated materials 

Theoretically, any material composed of silica and aluminium can be used as a precursor for 
producing alkali-activated materials. However, it is necessary to understand that the chemistry 
and physical properties of the precursors will influence the final structure of the AAMs. Two 
main gel products are formed in the AAM systems: the alkali aluminosilicate gel, the so-called 
N-A-S-H, and the calcium aluminosilicate hydrate gel, the so-called C-A-S-H.
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The first of these gel types is poor in calcium, while the C-A-S-H-type gels coexist with 
secondary products of the layered double-hydroxide group. N-A-S-H is produced in systems 
using precursors with a low calcium content (Provis and Bernal 2014).  

Thermally activated clays are utilized as low-calcium precursors for geopolymer production. The 
first study on alkali-activated calcined kaolinite clays was published in the early 1990s and these 
low-calcium precursors led to an amorphous structure and a highly crosslinked aluminosilicate 
gel (Provis 2018). Geopolymerization involves the dissolution of the aluminosilicates structure 
due to the highly alkaline environment and the successive rearrangement in a three-dimensional 
polymeric structure, as schematized in Figure 23 (Duxson et al. 2007). As previously discussed, 
thermal treatment of kaolin amorphizes its structure and breaks up the attached hydroxyl groups, 
generating energetic Al-O-Al bonds and making aluminium available for further reaction.  

The dissolution of the aluminium from the multi-layered particles also exposes silicon to the 
alkaline solution, making metakaolin a highly reactive precursor upon activation with alkalis. 
However, kaolin is not the only clay mineral used for AAMs, several aluminosilicate minerals 
can be efficient precursors (Provis and Bernal 2014; Xu and Van Deventer 2000). Geopolymers 
made with calcined low-grade clays can achieve compressive strengths up to 50 MPa, a complete 
study was performed in such regard (Tahmasebi Yamchelou 2021; Tahmasebi Yamchelou et al. 
2021).  

 

Figure 23. Conceptual model for geopolymerization15 (Duxson et al. 2007) 

                                                            
15 Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Journal 

of Materials Science, Geopolymer technology: the current state of the art, P. Duxson, A. Fernández-Jiménez, J. L. 
Provis, G. C. Lukey, A. Palomo & J. S. J. van Deventer, 2006.  
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Thermal activation of halloysite can generate an efficient precursor for geopolymers (MacKenzie 
et al. 2007a), while thermally treated illite-smectite clays has indicated good geopolymers 
properties (Buchwald et al. 2009). Mechanochemically activated pyrophyllite (MacKenzie et al. 
2008) and halloysite (MacKenzie et al. 2007b) have also exhibited good strength development 
rates upon alkali activation (Provis and Bernal 2014). Interesting results on geopolymer 
production were reported also for thermally treated muscovite-rich mine tailings (Pacheco-
Torgal et al. 2008), and gold mine tailings (Demir and Derun 2019; Kiventerä et al. 2018).  

2.7.2 Alkali-activated slags 

Ground granulated blast furnace slags are a by-product from the iron manufacturing. The 
chemical composition of the GGBFS, traditionally used to produce AAMs, is a system containing 
CaO-SiO2-MgO-Al2O3, organized in phases as akermanite, gehlenite, and depolymerized 
calcium aluminosilicate glass. The reactivity of the slags in AAMs strongly depends on their glassy 
content and structure. Some studies have reported that the glass content should exceed 90%, 
while others have reported good properties for content on the range of 30-65% (Li et al. 2010). 
The alkali hydration of GGBFS can be summarized as by Figure 24. A destruction of the GGBFS 
structure in the alkaline solution is followed by a polycondensation of the reacted products.  

Figure 24. Dissolution mechanism of an aluminosilicate glass during the early stage of reaction: (A) 
exchange of H+ for Ca2+ and Na+, (B) hydrolysis of Al–O–Si bonds, (C) breakdown of the 
depolymerized glass network, and (D) release of Si and Al. Charged framework oxygen sites are marked 
in bold; note the charge transfer reaction occurring between panels (B) and (C), and proton transfer 
throughout. All framework Si and Al sites are tetrahedrally coordinated to oxygen, but additional bonds 
are not shown for clarity16 (Duxson and Provis 2008).  

16 Reprinted from Science of The Total Environment, Vol 743, Hao Hou, Jizhi Zhou, Meiting Ji, Yang Yue, 
Guangren Qian, Jia Zhang, Mechanochemical activation of titanium slag for effective selective catalytic reduction 
of nitric oxide, 2020, with permission from Elsevier. 
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Mechanochemical activation of slags has been exploited to modify the slag structure and surface 
morphology, and to enhance its leaching properties. Wet grinding has been utilized to prepare 
catalysis from Ti-bearing blast furnace slags, Figure 25 (Hou et al. 2020). The development of 
additional surface area, increased particle size reduction. The partial amorphization resulted in 
enhanced leaching and creation  of an active phase generation after planetary ball milling (Hou 
et al. 2020; Minagawa et al. 2018). 

 

 

Figure 25. Process of mechanochemical activation for slag17 (Hou et al. 2020) 

 

The usage of a highly crystalline and poorly reactive air-cooled slags (ACBFS) have been limited 
only to applications as coarse aggregates in concrete and asphalt concrete (Mostafa et al. 2001). 
Only limited research has been done on the activation of ACBFS by MCA (Balczár et al. 2017; 
Tole et al. 2020). The results indicated the MCA enhanced the chemical reactivity of ACBFS 
making them comparable to the traditionally used water-cooled GGBFS when utilized as 
precursors for AAMs. 

  

                                                            
17 Reprinted from Science of The Total Environment, Vol 743, Hao Hou, Jizhi Zhou, Meiting Ji, Yang Yue, 

Guangren Qian, Jia Zhang, Mechanochemical activation of titanium slag for effective selective catalytic reduction 
of nitric oxide, 2020, with permission from Elsevier. 
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CHAPTER 3 

MATERIALS AND METHODS 

Characterization of the poorly reactive resources utilized was done through the evaluation of 
their chemical composition and particle size distribution (PSD). The crystalline phases were 
investigated through X-ray diffraction (XRD). Successively, the sources were processed in a 
planetary ball mill and the effect of the crystalline structure destruction was investigated through 
XRD. The last part of the investigation includes the solidification of the activated sources in 
systems as paste, mortar and alkali-activated mortars.  Mix designs and methods for assessing the 
mechanical properties of the binder after solidification are explained. 

RAW MATERIALS 

3.1 Portland Cement 

Portland cement (EN 197-1 – CEM I 42,5 N – SR 3 – Slite) supplied by Cementa-Heidelberg-
Zement, was used for all the pastes and mortar samples. The physical and chemical properties 
and composition are shown in Table 3. 

Table 3. Physical and chemical data of the Portland cement 

Physical and chemical properties 

Blaine fineness 
(m2/kg) 

Setting time 
(min) 

Bulk density 
(kg/m3) 

LOI 
(%) 

Insoluble residues 
(%) 

Chloride 
(%) 

Alkali, equiv. 
Na2O (%) 

330 170 1250 0.5-4.0 0-0.2 0.01-0.03 0.40-0.58 
Chemical composition 
SiO2 Al2O3 CaO Fe2O3 K2O MgO SO3 Na2O 
21.20 3.40 63.6 4.10 0.56 2.20 2.70 0.18 
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3.2 Natural Clays 

The natural clays were collected in three different areas of Sweden, Stockholm, Göteborg and 
Malmö, Figure 26. Investigation and classification of the collected raw materials were done. The 
Atterberg limits were used to determine the geotechnical properties. The obtained results for the 
liquid limit, the plastic limit and the plasticity index of all the untreated samples is shown in 
Table 4. 

Table 4. Engineering properties of the tested raw clays 

Stockholm clay (S) Göteborg clay (G) Malmö clay (M) 

Consistency limits 

Liquid limit 57 37 18 

Plasticity limit 22.7 19.5 11.3 

Figure 26. Map of the region where the raw materials were collected. Map adapted by (Djodjic et al. 
2009)18.  

18 Map based on (Eriksson et al. 1999). 
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The chemical composition of the used clay is shown in Table 5. The samples collected in 
Stockholm (S) and Malmö (M) were classified as clays, while the sample collected in Göteborg 
(G) as clayey silt soil according to the Swedish standard (Al-Jabban et al., 2017). The samples 
collected in Stockholm showed a low content of calcium oxides (CaO) and a high content of 
silicon oxides (SiO2).

According to the EN 450-1, a material can be classified as a pozzolan when it contains at least 
70% of the silicon, aluminum, and iron oxides. Stockholm (S) and Göteborg (G) clays fulfilled 
this requirement, while the Malmö (M) clay did not. Another parameter to consider is the Loss 
On Ignition (LOI), which indicates the organic matter content. The organic matter might cause 
retarding on the setting time due to the porosity left behind after the degradation of the organic 
matter during hydration (Clare and Sherwood 1954). LOI was higher for M (15.6%), followed 
by S (7.4%), and finally by G (4.5%). Organic matter may influence air-entraining admixtures 
for use in frost-resistant concrete, and should therefore be kept to a content of less than 5%, 
which is only reached by G. MgO is an expansive component that, because to its delayed 
expansion, can create volume instability (Snellings 2016). As a consequence, the MgO amount  
is limited to 4% and that value was not exceeded by any of the studied clays (Simonsen et al. 
2020). 

Table 5. Chemical composition of natural clays (Data from Paper D).

Stockholm clay (S) Göteborg clay (G) Malmö clay (M) 

CaO 6.41 2.18 16.4 

SiO2 52.6 59 49.8 

Al2O3 15.1 12 8.47 

Fe2O3 6.9 4.5 3.86 

MgO 2.51 1.5 1.84 

MnO 0.0897 0.064 0.051 

TiO2 0.696 0.607 0.511 

P2O5 0.153 0.176 0.161 

K2O 3.78 3.24 2.37 

Na2O 1.68 2.66 0.879 

L.O.I. 7.5 4.5 15.6 
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3.3 Mine Tailing 

Mine tailings were provided by LKAB and coming from the Kiruna mine deposits. 

Chemical and mineralogical composition of the tailing samples are shown in Table 6.   

Table 6. Chemical composition of tailings (Data from Paper E).

Tailings 
Kiruna 

Chemical Composition (XRF) 
SiO2 Al2O3 CaO K2O MgO MnO TiO2 Fe P 
44.8 9.37 9.969 2.473 8.177 0.11 1.527 9.79 1.794 
Mineralogical composition 
Feldspars Tremolite Phlogopite Quartz Apatite Clinopiroxene Calcite Talc Dolomite 
22 16 13 10                6 6 6 5 2 

3.4 Blast Furnace Slag 

Air-cooled blast furnace slag (ACBFS) from SSAB (Luleå) and water-cooled ground granulated 
blast furnace slag (GGBFS) from Merox (Sweden), were used as precursors for producing alkali-
activated materials. The ACBFS was provided in the form of stones, while the GGBFS as a 
powder, Figure 27. Their chemical composition was similar but with a slightly higher amount 
of the Fe2O3 in the case of ACBFS, Table 7.  

Table 7. Chemical composition of air-cooled blast furnace slag (ACBFS) and ground granulated blast 
furnace slag (GGBFS) by treatment (Tole et al. 2020). 

SiO2 Al2O3 CaO Fe2O3 K2O MgO MnO Na2O LOI 

ACBFS 31.3 11.9 31.1 1.67 0.639 13.7 0.291 0.515 -1.6

GGBFS 34 11.6 30.3 0.291 0.811 12.1 0.516 0.531 -0.9

Figure 27. Air-cooled blast furnace (ACBFS) slag before MCA and GGBFS. 
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3.5  Characterization of the raw materials 

Prior to processing and solidifying of the systems, characterization of the poorly reactive sources 
was performed through the methods here explained. Evaluation of the particle size distribution 
(PSD) was performed by a light scattering analysis for the clays, while the mine tailing sample 
was characterized by the providers through laser diffraction technique. The investigation of the 
phase composition of the natural resources was performed by X-ray diffractometer (XRD). 
SEM and EDX analyses were performed to investigate the morphology of the samples before 
and after grinding. 

3.5.1  Particle size distribution 

The particle size distribution, before and after grinding, has been measured by Dynamic Light 
Scattering (DLS). A schematization of the procedure is shown in Figure 28. A Malvern Zetasizer 
equipped with a back-scattering detector was used. An ultra-sonicated suspension in distilled 
water was prepared from the untreated and ground clay. A mix with 10 g of clay in 100 ml of 
distilled water was ultrasonicated for 5 minutes at 50 kHz. Three samples per vial were 
pipetted in the DLS vials and then the analysis performed. 

Figure 28. Schematization of sample preparation for the particle size distribution analysis with Dynamic 
Light Scattering (DLS). 



44 

METHODS 

3.5.2  X-Ray Diffraction (XRD) 

A diffractometer, type Empyrean from PANalytical, with PIXcel 3D detector (Cu-Ka, 
λ=1.54 Å) was used for X-Ray diffraction analyses. The equipment had a rotating sample holder 
stage and worked in Bragg-Brentano geometry with a fixed divergence slit of 1°. The X-ray 
source worked at 45 kV and 40 mA, while the 2θ-range went from 5 to 65° with a step size of 
0.026. Back-loading technique was used for sample preparation to avoid preferred orientation 
of the crystals. Panalytical´s Highscore Plus equipped with a COD database was used for the 
analyses of the obtained data and for identification of the phase composition.  

The Origin 2018 software was used to compute the full width at half maximum (FWHM) of 
the main characteristic peaks. Lorentz fitting was used to assess the FWHM (001) indexes of the 
kaolinite peak. However, when analyzing all the characteristic peaks of the different phases, 
Gaussian fitting was preferred for the calculation of the peak areas and the respective 
calculation of the degree of amorphization (DOA). Identification of the phases present in the 
natural clays was performed by a semi-quantitative Rietveld analysis. Topas-Academic 
software was used for fitting of the X-ray profiles. The refinements were obtained using the 
fundamental parameter approach, which employs the geometrical description of the 
diffractometer to calculate the instrumental contribution to the diffracted profile. Consequently, 
only the sample contribution to the profile is considered and refined (crystallite size and strain 
for each phase).

3.5.3 Scanning Electron Microscope 

Scanning Electron Microscope type Jeol, JSM-IT100, was utilized for investigation of the 
morphology of natural and MCA resources, as well as for the investigation of the morphology 
of the hydrated products. For the morphological changes due to the MCA, powdery samples 
were placed on the surface of a double-side adhesive carbon tape, Figure 29. The excessive 
powder was blown away and no conductive coating was applied. Three different samples of 
each material were utilized for the observations. Images were obtained using a secondary 
electron detector (SED) at magnifications of 5,500x. The accelerating voltage was 10 kV 
and the accelerating current 30 µA. 

Figure 29. Method used for sample preparation of morphological investigation of materials before and 
after MCA by Scanning electron Microscopy (SEM). 
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3.6 The mechanochemical activation process 

High energy grinding was performed in planetary ball mill, type Retsch PM 100, equipped with 
a stainless steel jar of 500 ml, Figure 30 and 31. All the clay samples were pre-dried at 105 
°C for 24 h before processing. A reference sample, called S0, was prepared by hand 
grinding with a mortar and pestle for 1 minute, Figure 30.  

Figure 30. A) Mortar and pestle utilized for the preparation of the natural samples19, B) Planetary ball 
mill, type Retsch PM 100, utilized for the mechanochemical activation (Tole et al. 2019b). 

Figure 31. A) Schematization of the planetary ball mill motion during grinding, B) used stainless steel 
milling media with diameter of 20 mm (Tole et al. 2019b). 

Dry and wet grinding were investigated. The wet grinding was performed utilizing water as a 
grinding medium. The ball to powder mass ratio (B/P), the water to powder mass ratio (W/P), 
the rotation speed and the duration of the grinding process were varied.  

19 This image has been designed using resources from Flaticon.com 
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Table 8. Used process parameters (Tole et al. 2019). 

Water to 
Powder ratio 

Balls to Powder 
ratio Speed (rpm) Grinding 

duration (min) Sample Id. 

- 3 500 5 D35 

- 3 500 15 D315 

- 3 500 20 D320 

- 5 500 20 D520 

- 25 500 5 D255 

- 25 500 15 D2515 

- 25 500 20 D2520 or 500D2520 

- 25 500 60 D2560 

- 25 400 20 400D2520 

- 25 600 20 600D2520 

1 3 500 20 W320 

1 5 500 20 W520 

1 25 500 20 W2520 or 500W2520 

1 3 500 15 1W315 

1,5 3 500 15 1,5W315 

2 3 500 15 2W315 

1 25 500 15 W2515 

1 25 500 30 W2530 

1 25 500 60 W2560 

1 25 400 20 400W2520 

1 25 600 20 600W2520 

In Table 8 are summarized the investigated process parameters, which had a significance in the 
amorphization degree of the processed materials. For example, different size of the grinding 
media were also analyzed, indicating no change when the ball to powder ratio was kept the 
same. Grinding media with the diameter of 4 and 10 mm were utilized, as well as mixed media 
size. For this reason, stainless steel ball of 20 mm were considered easier to work with, both in 
the dry and wet grinding conditions. Moreover, the different water to powder ratios utilized 
during the wet grinding were not included in the results, due to the low amorphization degree 
achieved and to the unpracticality of their usage. Very long drying times were required prior to 
analyzing the samples.  
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3.7  Assessment of the Pozzolanic Activity 

Pozzolanicity can be defined as the ability of the SCMs to consume calcium hydroxide 
(portlandite, CH) and form calcium silicate hydrate (C–S–H) during cement hydration. Several 
direct and indirect methods can be utilized for the evaluation of this property. In this work, 
Strength Activity Index (SAI) and the Frattini test were used for evaluating changes in the 
pozzolanic reactivity after MCA of clays and tailings.  

3.7.1 Strength Activity Index (SAI) 

As by ASTM C125, a pozzolan is “a siliceous and aluminous material which, in itself, possesses 
little or no cementitious value but which will, in finely divided form in the presence of moisture, 
react chemically with calcium hydroxide at ordinary temperature to form compounds possessing 
cementitious properties”(ASTM 2003). Strength activity index (SAI) is and indirect method, 
which evaluates pozzolanic activity through comparative compressive strength tests.  

SAI is evaluated as the percentage between the compressive strength value of the control mortar 
sample and the compressive strength value of the mortar sample prepared with 20 wt.% of 
cement replacement:  

𝑆𝑆𝐾𝐾𝑆𝑆 =  𝐾𝐾/𝐵𝐵 𝑥𝑥 100 %           Equation 6 

A - Compressive strength value for the mortar sample with 20% of cement replacement 

B - Compressive strength value of the control mortar sample.  

According to the ASTM C618A, a material is defined pozzolanic when the SAI is greater than 
0.75, while measured after 7 and 28 days. For fly ashes and natural pozzolans the required 
replacement of the Portland cement is 20 wt.% (ASTM C 618 2012). 

Sample preparation 

Mortar beams with dimensions of 40x40x160 mm3 were prepared by mixing in a Hobart 
mixer for 5 minutes. Control mortar samples (Control) were prepared by using 100% of 
Portland cement (PC), while the other samples contained 80 wt.% of PC and 20 wt.% of the 
mechanochemically activated clays, Table 9, or mine tailing, Table 10. All beams were 
demoulded after 24 hours and were stored in a water bath until further testing. 
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Table 9. Mix design of the mortar beams with clay replacement prepared for the SAI test 

Sample 
identification Cement (g) Sand (g) Processed clay 

(ID) 
Processed clay 

(g) Water (ml)

Control 450 1350 - - 225 

m-S 360 1350 S 90 225 

m-gS 360 1350 GS 90 225 

m-G 360 1350 G 90 225 

m-gG 360 1350 GG 90 225 

m-M 360 1350 M 90 225 

m-gM 360 1350 GM 90 225 

Table 10. Mix design of mortar beams with tailings replacement prepared for the SAI test. 

Sample Cement (g) Sand (g) Tailings (g) Water 
(ml) 

Control 450 1350 - 225

UK1 360 1350 90 225 

K1 360 1350 90 225 

Compressive Strength test 

The compressive strength tests were performed by a mechanical equipment, type Toni Technik, 
with a constant loading rate of 10 kN/sec. The compressive strength of the mortars was measured 
on beams with dimensions 40x40x160 mm2. Three tests for each mix after 7 and 28 days were 
performed. 

Figure 32. Compressive strength test equipment (Stempkowska et al. 2020). 
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3.7.2 Frattini test  

The pozzolanic reactivity test was performed according to the standardized Frattini method EN 
196-5 (“Methods of testing cement–Part 5: Pozzolanicity test for pozzolanic cements 2011”
2011). Test samples were prepared as a mixture by weight of 80% PC and 20% of the tested
material/pozzolan. Blended cements and a control samples prepared with 100% PC were mixed
with 100 ml of distilled water. The preliminary assumption of the Frattini test is that there is no
other source of Ca2+ in the system (Tironi et al. 2013). Samples were placed in sealed containers,
and cured in the oven at 40°C, for 8 days. Subsequently, after 8 days, the suspension was vacuum
filtered through a filter paper with nominal pore size diameter of 3 µm. When the samples
reached ambient temperature, 50 ml of the filtrate solution were titrated with hydrochloric acid
(HCl) 0.1 M, using methyl orange as indicator. While [Ca2+] ions were titrated with a solution
of EDTA 0.3M using Patton and Reeder’s indicator. The concentration of hydroxyls and [Ca2+]
ions are plotted then in a graph, showing the concentration of [CaO] as a function of [OHˉ]
ions. Ion concentrations are expressed in millimols per liter. According to BS EN 196-5, Test
results below this line indicate a positive removal of Ca2+ from solution, which is attributed to
the pozzolanic activity (Donatello et al. 2010; Tironi et al. 2012). A schematization of the
procedure for the Frattini test is shown in Figure 33.

Figure 33. Schematization of the setting for the Frattini test. 
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3.8  Hydration of blended cements 

3.8.1 Sample preparation for microstructural investigation with XRD 

Pastes samples were prepared by mixing PC (80 wt.%) with the ground or natural sources (20 
wt.%), utilizing a water to binder ratio (w/b) of 0.4.  Dry materials were homogenized by hand 
for 1 minute. After water addition, the mix was stirred for 2 min in a vacuum mixer, type Ecovac 
Bredent, rotation at 390 rpm, and then sealed-cured at laboratory conditions until being tested. 
After 7 and 28 days, hydration was stopped by solvent exchange with isopropanol. The paste 
samples were immersed in isopropanol for 7 days, and the solvent was renewed twice, after 1 
day and 3 days, following the procedure described by (Avet et al. 2018). Successively, the samples 
were stored in a desiccator for 3 days. After stopping the hydration, the samples were hand-
ground and placed in a back-loading sample holder. The procedure is schematized in Figure 34. 

Figure 34. Schematization for the paste sample preparation for the XRD and SEM-EDX analyses. 

3.8.2 Scanning Electron Microscopy (SEM) and SEM-EDx 

The samples were then impregnated with epoxy resin under vacuum conditions. After hardening 
of the resin at room temperature, the samples were polished with the help of grinding paper and 
diamonds sprays with particle diameters of 9 μm, 3 μm, and 1 μm.  

Ten images for each sample and a minimum of 20 points for each image were manually chosen 
for performing the point analysis with EDS. The magnification was set at 4000x, with an 
accelerating voltage of 15 kV and a low vacuum mode (Avet et al. 2018; Rossen and Scrivener 
2017). It is possible that the drying procedure might have induced some changes in the hydrated 
products, however, since all the samples were prepared in similar conditions, qualitative 
comparison can be made. SEM-EDS analysis is used to determine the composition of the C-S-
H in hydrated cement pastes, prepared with 20% replacement of natural and activated material. 
C-S-H has a variable chemical composition and with the EDS analysis is possible to obtain
information on the stoichiometry of the phases, thus the results from this analysis are plotted as
Al/Ca versus Si/Ca. Each of the 200 analyzed point per sample is plotted in the diagram, which
represents the C-S-H composition in the sample.
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3.9 Methods for the alkali-activated mortars 

3.9.1 Sample preparation 

Full factorial design of experiments DOE, Table 11, was utilized for sample preparation of the 
alkali-activated mortars, thus, 54 types of mortars were prepared. Three factors with three 
levels each were investigated. The factors were: the water to binder (w/b) ratio (0.45, 0.5, 
and 0.55), the alkali modulus (AM) (1, 1.5, and 2.0), and the sodium silicate solution (SS) 
amount (10, 15, and 20%). The mass ratio of sand to slag was kept constant at 1:1.  

The SS had an alkali modulus of 2.2, with 34.37 wt.% of SiO2, 15.6 wt.% of Na2O and a solid 
content of 49.97 wt.%. The SS was added as wt.% of the binder content calculated as a solid 
material, and the water contained in the sodium silicate solution was subtracted from the 
calculated w/b ratio. The AM of the SS was adjusted to reach the three different values by 
addition of sodium hydroxide pellets (98% purity). The same changing parameters and levels 
were utilized for the not treated air-cooled blast furnace slag (ACBFS), the ACBFS after 
mechanochemical activation (MCA-ACBFS), and the ground granulated blast furnace slag 
(GGBFS).   

Table 11. Mix composition and sample identification. MCA-ACBFS: Mechanochemically activated 
ACBFS (Tole et al. 2020). 

MCA-ACBFS GGBFS 

Water/Binder Water/Binder 

Alkali Modulus SS (wt.%) 0.45 0.5 0.55 0.45 0.5 0.55 

1 10 A45110 A5110 A55110 G45110 G5110 G55110 

1 15 A45115 A5115 A55115 G45115 G5115 G55115 

1 20 A45120 A5120 A55120 G45120 G5120 G55120 

1.5 10 A451510 A51510 A551510 G451510 G51510 G551510 

1.5 15 A451515 A51515 A551515 G451515 G51515 G551515 

1.5 20 A451520 A51520 A551520 G451520 G51520 G551520 

2 10 A45210 A5210 A55210 G45210 G5210 G55210 

2 15 A45215 A5215 A55215 G45215 G5215 G55215 

2 20 A45220 A5220 A55220 G45220 G5220 G55220 

Testing of alkali-activated mortar samples, prepared with ACBFS, and GGBFS as a precursor, 
were done through an internal set-up. As for the other paste samples, the first step included 1 
minute of hand mixing of the dry ingredients. Solution and water when then mixed and 
successively added to the powders. One-minute hand-mixing of all the ingredients was then 
followed by 2 minutes in the vacuum mixer. Specimens were casted into Teflon molds with 
dimensions of 12x12x160 mm3, Figure 35. 
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Figure 35. Specimens size and utilized Teflon moulds for the preparation of the alkali-activated 
mortars samples.

3.9.2 Compressive strength test 

A mechanical testing machine, type Wykeham Farrance, combined with the Catman Easy 
control software, were used to determine the compressive strength tests of the small specimens 
of AAMs. The setup is shown in Figure 36. The compression load had a rate of 0.05 cm/min 
for all the tested samples. Three tests for each mix after 7 and 28 days were analysed.   

Figure 36. Setup used for the determination of the compressive strength of alkali-activated mortars20. 

20 Pictures adapted from (Tole et al. 2019b). 
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CHAPTER 4 

RESULTS AND ANALYSIS 

In this chapter, the results of MCA on clays, mine tailing and ACBFS are discussed. The first 
part focuses on the efficiency of mechanical activation process and its effects on amorphization 
and morphology of the treated sources. The second part describes the results obtained from the 
application of the processed materials as replacement of Portland cement, focusing in the 
evaluation of the pozzolanic activity and the hydration of the blended cements. The third part 
focuses on the utilization of MCA-ACBFS as precursor in alkali-activated systems and its 
properties in the solidified system. 
 

 

4.1 Efficiency of the mechanochemical activation process 

Natural clays, mine tailing, and air-cooled blast furnace slag were activated in a planetary ball 
mill and the efficiency of the process was investigated. Firstly, clay originating from Stockholm 
was processed utilizing different combinations of the process parameters in the ball mill. The 
results have indicated the most suitable parameters, which were utilized for processing all the 
other sources. Successively, the efficiency of the activation process, intended as the achieved 
amorphization after grinding, was evaluated for all the other sources.  

 

CLAYS 

4.1.1 Phase composition 

The results of the semi-quantitative Rietveld analysis are shown in Table 12. Clays were 
characterized by high amounts of quartz, clay minerals, feldspars, and calcite. The Göteborg clay 
(G) had the lower amount of clay minerals, but a higher quartz content. The Malmö clay (M) 
was characterized by a higher amount of calcite, approximately 30.2%, which complied with the 
chemical analysis test results, where M has also the highest amount of CaO (16.4 wt.%). The 
Stockholm clay (S) has a higher amount of clay minerals, seen as more Al2O3 content. Clays are 
mainly of the illite type, with small amounts of kaolinite in the case of M and S, Figure 37. The 
high amount of calcite (in M and S) and quartz confirms once again the natural provenience of 
these resources.  
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Figure 37. XRD pattern of natural clays originating from Stockholm (S), Göteborg (G), and Malmö 
(M)21.

Table 12. Phase composition of the three studied natural clays21. 

Phases Content [wt. %] 
Malmo Clay (M) Gothenburg Clay (G) Stockholm clay (S) 

Quartz 42.0 46.5 31.0 

Albite 8.4 32.0 24.1 

Microcline 4.7 11.3 10.3 

Orthoclase 1.9 2.8 0.9 

Calcite 30.2 - 8.6 

Muscovite 0.4 0.1 1.2 

Illite 10.1 4.8 12.9 

Chlinochlore 1.0 Traces 7.7 

Kaolinite 1.4 Traces 1.6 

Cordierite - 2.4 1.9 

Quintinite - 0.2 - 

21 Data from Paper D. 



57 

RESULTS AND ANALYSIS 

4.1.2 Particle size distribution 

The studied materials were not pure clay compounds, but contained also silt and sand. Clay 
minerals are identified in soils as the fraction with particle size finer than 4 μm (Bergaya and 
Lagaly 2013). Hence, PSD of natural and MCA clay samples was investigated and illustrated for 
the particle size range 100-11000 nm, Figure 38. Particle size distribution is affected by the 
mineralogical composition of clays. Before MCA, Göteborg clay (G) sample, which have a 
higher amount of albite and quartz, exhibited finer particle size distribution than S and M. While, 
after MCA, all the three samples showed a decreased particle size distribution.  

Figure 38. Particle size distribution of natural and mechanochemically activated clays21. 

21 Data from Paper D. 
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4.1.3 Process parameters and DOA 

The first analysed clay was the one originating from Stockholm (S). Process parameters were 
varied for investigating changes in the crystalline structure of the phases. The process was 
conducted in a dry environment or utilizing water as a medium (wet grinding). In this first stage, 
the selection of the process parameters was done according to previous literature studies. XRD 
patterns of wet and dry grinding with ball to powder B/P ratio of 3, 5, and 25, after 20 minutes 
and speed of rotation of 500 rpm were compared in Figure 39. Samples ground with water as a 
medium are presented in blue, while samples ground in a dry environment in black.  

Figure 39. XRD patterns for Stockholm clay before (S) and after mechanochemical activation in a 
planetary ball mill with ball to powder ratio (B/P) of 3, 5, and 25. The blue line is indicating the 
process performed with water as a medium22.  

Decreased intensity and area of the peaks indicated loss of the crystallinity of the processed 
samples. With increased B/P, the decrease of the peaks intensities was clearly detectable. Samples 
ground with B/P of 25 showed the most extensive changes, especially for the peaks related to 
kaolinite, muscovite, illite, and chlinochlore. Quartz  peaks were affected the most by the wet 
grinding for all the different B/P. However, for all the three wet grinding processes a new peak 
appeared at around 44.4 2θ, suggesting a contamination by iron and chromium. The most 
probable reason is wearing of the inner surface of the stainless steel jar and of the grinding media 
utilized. Furthermore, water could further trigger corrosion (Tkáčová et al. 1995). 
Contamination during mechanochemical activation is a well-known effect that can be avoided 
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by choosing of equipment and grinding media made by ceramic material, i.e. agate, alumina, 
zirconia, etc.  

After evaluating the influence of the B/P, the best result (B/P = 25) was chosen to further 
investigate the influence of the time of grinding. Both wet and dry grinding were performed for 
15, 20 and 60 minutes, constant B/P ratio (25), and constant speed of rotation (500). The  XRD 
diagrams are presented in Figure 40. Sample ground with water as a medium are presented in 
blue, while samples ground in a dry environment in black.  

Figure 40. XRD patterns for Stockholm clay before (S) and after mechanochemical activation in a 
planetary ball mill for 15, 20, and 60 minutes. The blue line is indicating the process performed 
with water as a medium22.  

With increased time of grinding, the decrease of the peaks intensities was clearly visible for all 
the processed samples. Samples ground for 60 minutes showed the most extensive changes, 
especially for the peaks related to clay minerals, e.g. kaolinite, muscovite, and illite. Calcite was 
affected the most during the dry grinding mode. After 60 minutes its man characteristic peak 
almost disappeared. On the other hand, quartz peaks were affected the most during grinding 
with water as a medium. Again, contamination during wet grinding was extensive. Moreover, 
the contamination was observed also during the dry grinding after 60 minutes. This long 
processing time led also to a significant increase of temperature, which could additionally 
promote the wearing process. For all these reasons the 20 minutes grinding duration was chosen 
as an optimum for the following tests. 
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Thus, during the next step was investigated the influence of the speed of the jar, maintaining 
constant the ball to powder ratio (B/P = 25) and the time of grinding (20 minutes) Figure 41.  
Higher rotational speeds induced decreased intensity peaks, along with contamination in both 
dry and wet grinding. Moreover, a caking-effect happened during the dry grinding at 600 rpm, 
making difficult the collection of the material after the process. With all the tested velocities, 
calcite peaks were less affected during the wet grinding, while quartz indicated increased 
amorphization during the wet grinding. Utilization of 600 rpm developed higher temperatures 
in the system. Adding some drops of alcohol as a process control agent (PCA) significantly 
mitigated that negative effect. Higher temperatures were developed also during the wet grinding, 
making difficult the removal of the slurry at the end of the process. 

Figure 41. XRD patterns for Stockholm clay before (S) and after mechanochemical activation in a 
planetary ball mil utilizing speed of rotation of 400, 500, and 600 rpm, for 20 minutes and a ball 
to powder ratio (B/P) of 25. The blue line is indicating the process performed with water as a 
medium22.  

22 Data adapted from (Tole et al. 2019). 
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To numerically evaluate the changes in the area of the kaolinite peaks was utilized the concept 
of the degree of amorphization (DOA) previously described by (Balczár et al. 2016). Thus, DOA is 
calculated as the integral intensities areas of the main peaks before and after MCA, as per 
Equation 7: 

𝐷𝐷𝑂𝑂𝐾𝐾(%) =  100 − � 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝑛𝑛𝑛𝑛𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 × 100� Equation 7 

Calculation of the DOA is done for the main kaolinite peak (7.2 Å), quartz (3.34 Å), calcite 
(3.04 Å), and illite peak (10 Å). The DOA results for all the grinding procedures are 
summarized in Table 13. 

Table 13. Degree of amorphization (DOA) for the main peaks of kaolinite (Kln), quartz (Qz), 
calcite (Cal), and illite (Ill).  

DOA (%) DOA (%) 
Dry 

Grinding 
Kln [001] Qz [101] Cal [104] Ill [001] Wet 

Grinding 
Kln [001] Qz [101] Cal [104] Ill [001] 

S3B/P  9.7 10.8 2.4 23.5 S3B/P  35.4 25.8 17.8 50.5 
S5B/P  10.5 10.9 5.8 41.5 S5B/P  63.8 44.6 37.2 60.8 
S25B/P 96.5 18.1 100 100 S25B/P 99.9 71.3 63.6 100 

S15min  33.9 2.1 5.8 41.5 S15min  55.8 25.6 16.7 50.2 
S20min  96.5 18.1 100 100 S20min  99.9 71.3 68.3 100 
S60min  100 77.7 100 100 S60min  100 76.45 78.3 100 

S400rpm 100 5.1 78.6 100 S400rpm 90.5 67.0 62.9 100 
S500rpm 100 10.2 100 100 S500rpm 99.9 71.34 63.6 100 
S600rpm 100 74.3 100 100 S600rpm 100 73.5 63.8 100 

According to the DOA calculations, the applied dry grinding procedure generated a 
greater amorphization on clay minerals (Kln and Ill), but was less efficient than wet grinding 
when processing quartz (Qz). The ball to powder (B/P) ratio of 25, 60 minutes of 
grinding duration, and higher rotational speeds (600 rpm) appeared to be generally more 
efficient. Illite peaks were the most affected phases, with peak disappearance and a 100% degree 
of amorphization substantially for all of the examined conditions.  
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4.1.4 Design of experiments and Taguchi method 

The process parameters influenced the degree of amorphization in different ways and to a 
different extent. Understanding which of the parameters influenced the amorphization the most 
is a very important insight, especially for up scaling of the MCA. For this reason, design of 
experiments (DOE) could be a valuable choice. DOE is a factorial design with settled number 
of variables and specific levels for each variable. It can be a helpful tool for the prediction of 
processes, for modelling the process behaviour, and for understanding the effect of each variable 
as an independent effect or in connection to the other variables effect (Alagumurthi et al. 2006). 

At the beginning of this study, was not utilized the DOE method, and the process parameters 
were continuously varied after the collection of each result. However, due to the considerable 
amount of combinations, a qualitative control of the results and parameter choices was needed. 
Some of the tested parameters were left out from the consideration, as i.e. the longer time of 
grinding, higher amount of water to powder ratio during the wet grinding, or different size of 
the grinding media. Thus, three different factors, with two levels each, were taken into 
consideration for the DOE: the ball to powder ratio (3 and 25), the time of grinding (5 and 20), 
and the grinding environment (dry or wet). If a full factorial DOE would be selected the amount 
of experimental data to collect is shown in Table 14. 

Table 14. Full factorial matrix DOE.

Run 
Factor A 

B/P 
Factor B 

Time 
Factor C 

W/P 
Response 

1 3 20 0 
2 3 20 1 
3 25 20 1 
4 25 20 1 
5 3 20 1 
6 3 5 0 
7 25 5 0 
8 3 5 0 
9 25 5 0 
10 25 5 1 
11 25 20 0 
12 25 20 0 
13 3 5 1 
14 3 5 1 
15 3 20 0 
16 25 5 1 

Within the DOE, the Taguchi method can be considered the best experimental methodology 
used to find the minimum number of experiments to be performed within the permissible limit 
of factors and levels. Hence, as a verification tool, the reduced matrix of the Taguchi method 
was utilized in this study. The chosen response for the Taguchi matrix was the degree of 
amorphization (DOA) for the main peaks of kaolinite, quartz, calcite, and albite (expressed in 
percentage). The calculated DOA as a response to each system are shown in Table 15. Influence 
of the selected factors is shown in Figure 42.  
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Table 15. Taguchi matrix for the three selected factors and their response to the DOA of the kaolinite, 
quartz, calcite, and illite peak.  

The ball to powder ratio was indicated as the main factor influencing in general the 
amorphization degree of the four selected minerals. Grinding duration and the environment (wet 
or dry grinding) were contributing at a similar extend. Higher factor values were all producing 
higher degree of amorphization. In Table 16, there is the response of the means from the Taguchi 
method, indicating the rank of the parameters influencing the most the process.  

Table 16. Response table for Means from the Taguchi method

Level Time B/P W/P 

1 27.98 16.64 29.27 

2 52.02 63.35 50.73 

Delta 24.04 46.71 21.46 

Rank 2 1 3 

The B/P affected the degree of amorphization the most, followed by the grinding duration and 
finally by the W/P. In Figure 42 are plotted the main effects in the degree of amorphization.  

Figure 42. Main effects of each selected factor (time of grinding, ball to powder ratio, and water to 
powder ratio) in the degree of amorphization of the main characteristic peaks analyzed. 
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Run B/P Time W/P Kaolinite Quartz Calcite Illite 

1 3 5 0 2.449 4.698 0.277 9.838 
2 3 5 1 24.384 17.038 15.918 12.533 

3 3 20 0 9.711 10.819 2.352 23.538 

4 3 20 1 35.412 25.832 20.944 50.502 

5 25 5 0 34.093 14.267 7.210 34.484 

6 25 5 1 94.975 61.582 65.406 48.477 

7 25 20 0 96.476 18.062 100.000 100.000 

8 25 20 1 99.887 71.266 67.464 100.000 
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Figure 43. Interaction of the factors among each other 

From the regression analysis can be predicted the DOA of each phase at different process 
parameter, by the following equations in Table 17. The predicted models related to the clay 
minerals (kaolinite and illite) are valid and more accurate as their regression coefficients are high, 
exceeding 90 % of the R-squared values. DOA of calcite and quartz did not present a good 
correlation with the chosen parameters. The grinding environment affected these two phases 
differently, especially calcite.  

Table 17. The mathematical models of the responses (degree of amorphization of phases)

Response The obtained model R2 

DOA of kaolinite −22.5 + 2.880𝐵𝐵 𝑃𝑃⁄ + 1.426 𝑇𝑇𝑖𝑖𝑇𝑇𝑓𝑓 + 28.0𝑊𝑊 𝑃𝑃⁄ 90.03% 

DOA of quartz −10.9 + 1.214𝐵𝐵 𝑃𝑃⁄ + 0.473 𝑇𝑇𝑖𝑖𝑇𝑇𝑓𝑓 + 31.97 𝑊𝑊/𝑃𝑃 84.00% 

DOA of calcite −25.7 + 2.279𝐵𝐵 𝑃𝑃⁄ + 1.70 𝑇𝑇𝑖𝑖𝑇𝑇𝑓𝑓 + 15.0 𝑊𝑊 𝑃𝑃⁄ 69.09% 

DOA of illite −22.9 + 2.120 𝐵𝐵 𝑃𝑃⁄ + 2.812 𝑇𝑇𝑖𝑖𝑇𝑇𝑓𝑓 + 10.91 𝑊𝑊 𝑃𝑃⁄ 91.46% 

From the previously presented results and the confirmation with the Taguchi method, dry 
grinding with B/P equal to 25 and time of grinding of 20 minutes achieved higher DOA. Despite 
the fact that wet grinding have shown good results for some clay minerals and quartz, the process 
itself was more complicated to handle. Wet grinding was producing a higher contamination rate. 
Moreover, the necessity to dry the slurry after the process implies the utilization of more inputted 
energy and steps on the procedure. From the analysis of the means of the Taguchi method, 
water to binder ratio was also considered the least influencing factor. For all these reasons, dry 
grinding was preferred and chosen for further tests.  
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4.1.5 Amorphization of the clays 

The XRD patterns before and after activation are shown in Figure 44. Clay minerals (Ms, Il, 
Kln) and calcite showed a higher potential to be amorphized compared to quartz and albite. 
Among feldspars, microcline peaks almost disappeared after 20 minutes of grinding, suggesting a 
higher capacity of these phases to achieve amorphization compared to albite.  

Figure 44. XRD patterns for the clay samples originating from Stockholm (S), Göteborg (G), and 
Malmö (M), before and after mechanochemical activation (respectively gS, gG, and gM) for 20 minutes, 
with a B/P of 25, and speed 500 rpm23. 

In Table 18 are presented the values after grinding of the degree of amorphization (DOA) in 
percentage for the main characteristic peaks of kaolinite, illite, quartz, calcite, and albite. As 
quantified by the DOA, kaolinite have reached almost total amorphization after grinding for 
20 minutes in a planetary ball mill. However, should be taken into account that the starting 
amount of the kaolinite was very low. Quartz content was higher for G, followed by M and 
lastly S. In the same order, the DOA increased, indicating smaller change for the ground clay 
originating from Stockholm. The starting amount of quartz did not present such a big 
difference as the DOA. Since composed for the majority by softer particles, in the gS those 
phases (as clay minerals) were primarily amorphized, while quartz being harder might have 
required longer time of grinding (Tkáčová et al. 1993; Tole et al. 2018). Albite has 
experienced increased amorphization in all 

23 Data from Paper D. 
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the samples; its DOA overpassed the 50%, suggesting a partial destruction of its crystalline 
structure. 

Table 18. Degree of amorphization (DOA) of the ground S, G, and M clays for the main characteristic 
peaks.  

DOA (%) 

Kaolinite [001] Quartz [101] Calcite [104] Illite [001] Albite [002] 

gS 96.5 18.82 100 100 62.81 

gG 100 37.95 - - 56.50 

gM 100 25.76 76.27 100 77.19 

These phases is characterized by a certain structure, morphology, and hardness, which are also 
crucial factors influencing the grindability of a multiphase system. This is a well-known 
technological problem in minerals processing. Clay minerals are characterized by a hardness in 
the range of 2-3 in the Mohs scale, and by a layered structured, which is easy to disrupt by 
grinding. Calcite has a hardness of approximately 3, feldspars in the range of 6-6.5, while quartz 
of 7. The higher the hardness of the material the more effort is required to reach its 
amorphization.  

MINE TAILING 

4.1.6 Particle size distribution and amorphization 

The primary effect of MCA is the decrease of the particle size distribution. Analysis of change 
of the particle size distribution is showed in Figure 45. 20 min of high-energy grinding induced 
some changes in the particle size distribution of the tailing sample. Before grinding, 25% of the 
material was composed by particles having smaller diameter than 10 µm. After grinding, 
the smaller particles occupied more than 35% of the total volume. A similar increase by 10% 
was achieved for particles with size smaller than 100 µm, rising from 80 to 90% of the total 
volume. 

Figure 45. Particle size distribution of tailings before (UK1) and after grinding (K1) 
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The MCA caused an extensive decrease of the peaks intensities, suggesting a high amorphization 
rate of the samples. The decrease of crystallinity interested almost all the mineral phases including 
quartz, albite, microcline, feldspars, and muscovite. Crystallinity of phlogopite phase, which is 
characterized by a layered structure (belonging  to the mica group, type 2:1), almost completely 
collapsed after MCA due to the induced plastic deformations, to the changes in lattice strain, and 
the increase in lattice defects. The behaviour of the phlogopite phase complied with earlier 
studies on MCA of gold mine tailings  by vibratory disc mill (Niu et al. 2020).  Phlogopite has a 
layered structure characterized by ionic, covalent and Van der Waals chemical bonds, as 
schematized in Figure 46. Very short grinding times (1-8 min) can already induce dislocation of 
the structure, however only after a certain grinding duration (in the mentioned study is 16 
minutes), phlogopite has indicated potassium ions migration, disruption of the aluminosilicate 
tetrahedra, and the dehydroxylation of the ionic Mg-OH bond (Niu et al. 2020). Although, not 
a total collapse of the intensities peaks has been achieved, indicating that a total disruption of the 
Si-O and Al-O bonds has not happened. Phlogopite’ s main characteristic peak has also 
experienced a shift after MCA, suggesting a phase transformation from trigonal to monoclinic, 
as also reported by other investigations (Said et al. 2021). 

Figure 46. Schematic diagram of phlogopite structure change during grinding (Niu et al. 2020). 

Similar structural changes to the layered arrangement has been reported for talc (Liao and Senna 
1992). In the present research, peak intensities of talc have disappeared after 20 minutes 
in the planetary ball mill, indicating amorphization of this phase and structural disorder. 
Calcite and dolomite underwent extensive amorphization, with peak intensities that 
disappeared. According to previous studies, comparison of intensities of carbonates are more 
reliable than peak areas, thus confirming that calcite and dolomite obtained extensive structural 
changes after 20 minutes of MCA (Gavish and Friedman 1973; Niu et al. 2020). The XRD 
patterns of the raw and MCA processed tailing samples are shown in Figure 47. 
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Figure 47. Tailings characterization before (UK1) and after grinding (K1). 

Tremolite peaks also disappeared, complying with previous studies where tremolite lost its 
crystallinity already after 10 minutes of grinding in a rotary mill (Bloise et al. 2018). Microcline 
peaks disappeared after 20 minutes, while albite peaks were still visible. Both minerals belong to 
the feldspars group but have different structural arrangement. The distinct behaviour was also 
documented elsewhere, thus confirming that microcline can achieve an increased pozzolanic 
activity due to MCA (Yao et al. 2019). Among the phases still presenting peak intensities after 
MCA, there were phlogopite, hematite, apatite, quartz, and albite, Figure 48. The 
calculated degree of amorphization (DOA) is shown in Table 19, indicating that 
hematite is the less amorphized structure, while phlogopite, quartz, and albite had reached 
DOA higher than 80%.  

24 Data adapted from Paper E. 
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Figure 48. Main peaks, before and after MCA, of the phases that did not achieve complete 
amorphization.  

The amorphization degree of quartz reached a DOA of 92.9% and of the hematite that achieved 
approximately 50%, Table 19. As described earlier, hardness strongly affects the grindability of a 
multiphase system. According to the Mohs scale, hematite has a hardness of 6.5, while quartz of 
7. As per Vickers hardness number, similar values characterizes both phases, hematite achieves
1050, while quartz 1161. Moreover, both phases have a similar crystalline structure, where only
one side length of the cell parameters is bigger for hematite. However, hematite does not possess
any cleavage, while quartz yes. The cleavage is the presence of planes of weakness of the chemical
bonds, which can induce breakage of the minerals. The absence of cleavage can significantly
reduce the grindability of a phase (Singh et al. 2014). This phenomenon was evident also for the
multiphase system of the Kiruna mine tailing, where hematite was the least affected phase.

Table 19. DOA for the main characteristic peaks of the mechanochemically activated mine tailing 

DOA (%) 

Phlogopite [001] Quartz [101] Albite [002] Hematite [001] 

 UK1 89.9 92.9 85.6 49.9 



70 

RESULTS AND ANALYSIS 

AIR-COOLED SLAG 

4.1.7 Structural changes due to MCA 

XRD analysis was used to identify changes of the crystallinity after application of the 
mechanochemical activation process, (Balczár et al. 2017; Tole et al. 2018). The XRD diagrams 
showed significant differences between the ACBFS and the MCA-ACBFS, Figure 49. The 
untreated ACBFS contained crystalline phases as akermanite (A), melilite (Ml), and merwinite 
(Me). Application of the MCA process resulted in a partial destruction of A and Ml phases 
visible as decreased intensities and broaden peak areas. The changes on the peak intensities ad 
areas were indeed visible in the zoomed diagrams, Figure 50.  

Figure 49. Air-cooled blast furnace slag before (ACBFS) and after mechanochemical activation (MCA-
ACBFS) in a planetary ball mill for 20 minutes (Tole et al. 2020).   

Figure 50. Main peaks of akermanite and merwinite before and after grinding. 
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4.1.8 SUMMARY 

MCA can induce extensive amorphization on the structure of different crystalline phases. It is a 
non-selective process, dependent the most on the properties of the treated materials, e.g. 
hardness, morphology, crystallinity, etc. Clay minerals and feldspars can easily achieve structural 
changes compared to quartz and/or calcite. Quartz was affected the most by wet grinding, while 
calcite by the dry grinding. Moreover, contamination from the grinding vessel and media were 
detected during the wet grinding and for longer duration of dry grinding procedure.  

The process parameters are also a key factor for the achievable degree of amorphization. Based 
on the study performed on the Stockholm clay, the ball to powder ratio was the main parameter 
affecting the amorphization, followed by the grinding duration, and the water to powder ratio. 
It was possible to predict the degree of amorphization of clay minerals, while more complicated 
was the relation with the chosen parameters for quartz and calcite. These two phases had a 
different response during wet grinding, and this might have influenced the effect.  

The optimized process parameters were dry grinding, B/P of 25, and time of grinding of 20 
minutes. The other natural clays, Kiruna mine tailing, and air-cooled blast furnace slag were 
processed using the same regime. All the other natural clays, reached extensive amorphization, 
however the peaks intensities for phases as quartz and albite did not completely disappear, 
confirming that the hardness of the particles is fundamental for the grinding efficiency.  

Mechanochemical activation of the Kiruna mine tailing induced extensive amorphization of the 
clay minerals, especially of the soft talc and phlogopite. Phlogopite phase indicated also a 
transformation of its structural arrangement. During grinding of the Kiruna mine tailing, 
hematite phase achieved the lowest degree of amorphization. While possessing a similar hardness 
with quartz, which was in the natural clays the least affected phase, hematite possesses a stable 
structural arrangement characterized by the absence of cleavage.  

Among the phases present in the ACBFS, melilite, characterized by a hardness on the range of 
5 in the Mohs scale, achieved extensive amorphization compared to merwinite and akermanite, 
which both possess hardness values up to 6. The phases in the ACBFS are harder compared to 
those in the natural clays and Kiruna mine tailing. The optimized process parameters used, were 
obtained from natural clays. Therefore, the remaining materials could have achieved better results 
if separate optimization would have been performed for each of them. This has not been done 
due to the time constrains of this project.   
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4.2 Utilization of MCA sources as SCMs 

Evaluation of the pozzolanic activity 

 To investigate the pozzolanic activity of the mechanochemically activated clays and tailings, two 
different methods were utilized (one indirect and one direct). With the indirect method 
(Strength Activity Index), it is possible to evaluate the pozzolanic activity according to the 
strength development of mortars prepared with 20% cement replacement by a pozzolan. The 
direct method (Frattini test) evaluates the consumption of calcium ions in a solution prepared 
with cement and 20% of the tested pozzolan. The evaluation of the pozzolanic activity before 
and after mechanochemical activation was performed for the three natural clays, as well as for 
the mine tailing sample. Since the utilized methods were the same, the results for all these samples 
could be compared. 

4.2.1 Strength Activity Index (SAI) 

Compressive strength tests after 7 and 28 days of mortar beams containing 20 wt.% of natural 
clays (m-S, m-G, and m-M), mechanochemically activated clays (respectively m-gS, m-gG, and 
m-gM), untreated tailing (UK1), and mechanochemically activated tailing (K1), are shown in
Figure 51.

Figure 51. Compressive strength test results of the reference mortar sample (Control) and mortar samples 
prepared with 20 wt.% of cement replaced by MCA clay, after 7 days and 28 days25. 

25 Data adapted from Paper D and E. 
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All the untreated samples, including clays and tailing, showed lower compressive strength values 
after 7 days compared to the sample prepared with 100 % of PC (Control). On the other hand, 
all the mechanochemically activated samples presented compressive strength values comparable 
with PC, after 7 days. After 28 days, natural clays and the untreated tailing showed compressive 
strength values slightly lower than the control samples. Mortars containing mechanochemically 
activated gM (ground Malmö clay) showed an increase of the compressive strength of around 
17%, while the ground tailing (K1) reached an increase of 23 %. The calculated SAI after 7 and 
28 days are shown in Figure 52. According to the (ASTM C 618 2014), all samples achieving 
SAI higher than 75% can be considered pozzolans. In this case, all the samples reached SAI higher 
than 75%, both after 7 and 28 days. The maximum SAI was achieved for the m-gM, reaching 
131%. The mechanochemically activated mine tailing sample (K1) reached comparable values 
with m-gS and m-gG, indicating a great potential as a pozzolan after MCA.  

Figure 52. SAI for mortar beams prepared with 20% of the PC replaced by natural clays (m-S, m-G, 
and m-M), by mechanochemically activated clays (respectively m-gS, m-gG, and m-gM), by untreated 
mine tailing (UK1), and mechanochemically activated mine tailing (K1)25.  

An earlier study has shown inconsistencies of utilizing only the SAI method for evaluating the 
pozzolanic activity (Thorstensen and Fidjestol 2015). Pozzolans can react with the portlandite, 
which is formed during the hydration of the PC with water, and form additional phases, e.g. C-
S-H, ettringite, etc. This ability depends remarkably on the particle size of the material. 
When replacing PC with the silica fume (SF), high SAI values can be achieved, even though a 
chemical reaction does not develop at an early stage. The addition of SF promotes the 
formation of a denser matrix due to their small particle size distribution and to the so-called 
filler effect (Li et al. 2018).

25 Data adapted from Paper D and E. 
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In such regard, clay is defined as the fraction with average particle size smaller than 4 µm 
(Bergaya and Lagaly 2013). The very small particles of the clay minerals can fill the free 
spaces improving the density of the microstructure, and contributing to increased compressive 
strength. The tested samples were not composed only by clay minerals; however, they showed 
a particle size distribution with the average diameter inferior to 8 µm, Figure 38. Hence, the 
filler effect could have occurred for the untreated samples. Untreated tailings showed a lower 
SAI, confirming the hypothesis that the material is not chemically reactive, since its compressive 
strength almost did not change after 28 days. Untreated mine tailing (UK1) overpassed SAI of 
75%, presumably due to the presence of clay minerals.  

4.2.2 Frattini test 

The described, possible filler effect was the main reason to determine the pozzolanic reactivity 
with the more reliable Frattini method. All the tested samples are plotted in the graph as a relation 
between the hydroxyl ions [OH-] and the calcium ions [CaO] measured in the solution after 8 
days. According to the (European Standard EN 196-5:2011 2011), materials exhibiting 
pozzolanic reactivity should be located below the lime solubility curve, Figure 53. PC and non-
pozzolanic materials will lie above the curve. As expected, PC, being hydraulic, has showed 
non-pozzolanic activity, and the mean value after the Frattini test was located on the solubility 
curve. The same behaviour was noted for the studied natural clays and the untreated mine tailing 
sample, indicating their poor pozzolanic reactivity. Except for the ground Göteborg clay (gG), 
all the mechanochemically activated samples showed increased pozzolanic reactivity after dry 
grinding for 20 minutes. Hence, according to the standard, mechanochemically activated clays 
originating from Stockholm (gS), and from Malmö (M), and mechanochemically activated mine 
tailings from Kiruna (K1) can be classified as pozzolanic materials. 

Figure 53. Frattini test after 8 days for the three different clays and mine tailing before and after 
mechanochemical activation25. 

25 Data adapted from Paper D and E. 
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Previous investigations have shown a distinct relationship of the amorphization with the 
improved pozzolanic reactivity of clays. Moreover, the amorphization depends on the structure 
of the minerals. All the materials tested in this study are multiphase components. For this reason, 
detailed considerations on each present phase are discussed henceforth.  

4.2.3 Influence of the mineralogy to the pozzolanic activity 

All the minerals were grouped according to their nature, and were presented in Figure 54. 
Clay minerals represented around 25% of the Stockholm clay (S), only 8% of the Göteborg 
clay (G), 12% of the Malmö clay (M), and 12% for untreated mine tailing (UK1). Clay 
minerals as kaolinite, illite, muscovite, etc., are the most affected by the MCA, producing 
amorphized structures with the ability to react with portlandite.   

Figure 54. Mineralogical composition of the natural clays (S, G, and M) and untreated mine tailing 
(UK1) grouped in classes of belonging26. 

Among clay minerals, kaolinite possesses the highest ability to perform as a pozzolan after MCA 
(Aglietti et al. 1986b; Fernandez et al. 2011; Frost et al. 2001c; Guerrero et al. 2010). In the 
studied clays, the kaolinite content was low (1.6 for S and 1.4 for M), however the corresponding 
XRD peaks disappeared after 20 min of grinding for all the samples. Structural changes occurred 
in the ground clays, which was also confirmed by the 100% DOA of the main kaolinite peak. 
Illite can also achieve a high amorphization degree but according to earlier studies it might 
require longer grinding times (Yang et al. 2005). In this study, the Stockholm clay (S), which 
contained 12.9 wt.%, showed a complete amorphization of illite after 20 minutes of grinding, 
indicating that major structural changes has happened. The same behaviour was observed in the 

26 Data adapted from Paper D and E. 



76 

RESULTS AND ANALYSIS 

Malmö clay (M), where the illite content was 10.1 wt.%. The illite content in the Göteborg clay 
(G) was low (4.8 %), thus the respective peaks have a very low intensity. DOA was not presented;
however it was evident that also for the ground Göteborg clay (gG) illite achieved extensive
amorphization up to the disappearance of the characteristic peak.

Feldspars were the main minerals present in the Göteborg clay (G). Feldspars, similarly to clays, 
are aluminosilicates composed by tetrahedral layers of aluminium and silicon oxides. Albite and 
microcline were the main phases present in the studied clays and mine tailing. While microcline 
could achieve extensive amorphization, albite peaks were still present, suggesting only a partial 
amorphization, complying with earlier studies (Yao et al. 2021). Comparing the type of clays, 
the higher amount of albite in the Göteborg clay (G) might have influenced its lower pozzolanic 
activity, confirmed by the Frattini test. Feldspars constituted also 22% of the mineralogical 
composition of the mine tailings. The albite peak achieved a DOA of 85.6 % for the mine tailing, 
while reaching only 56.5 % in the Göteborg clay. This result further confirmed that the degree 
of the amorphization is related to the pozzolanic activity. The mechanochemically activated 
mine tailing showed pozzolanic according to the Frattini and SAI test. Amorphization of feldspars 
was achieved in earlier research after longer grinding up to 120 minutes in a planetary ball mill, 
implying that further adjustment of the process parameters can improve the results from the 
current study (Sánchez et al., 2004). 

Quartz cannot be considered as an SCM, even if it is not an inert material, especially after 
activation process (Yao et al. 2020). Compared to the other phases it possesses a higher hardness 
and this could be the reason of its partial amorphization. Probably the glassy phases can 
contribute to the pozzolanic reactivity while the not amorphized but still very fine quartz might 
have contributed to the filler effect. This could explain why the gG performed well in the 
SAI tests, as the Göteborg clay (G) had a larger quartz percentage than the other clays (46.5 
%). Hence, quartz might require different process parameters for achieving its complete 
amorphization. 

Calcite is a common clay mineral that may be used to produce SCMs. Several studies have been 
conducted with the goal of partially substituting cement with calcined clays and limestone 
(Antoni et al. 2012; Avet et al. 2019; Scrivener et al. 2018b; Scrivener 2014; Zunino and 
Scrivener 2021). The calcium carbonate has the ability to react with alumina originating from 
the calcined kaolinite to produce additional AFm phases (Antoni et al. 2012). During calcination, 
calcareous clays with a calcite content of 15 to 25 wt% can form a reactive glass phase (Danner 
et al. 2020). Furthermore, they suggested that when calcite is present in the raw material, the 
reactivity of particular clay minerals, such as illite and smectite, might be improved. After 
calcination, Zunino et al. (2020) found that clays containing up to 10 wt.% calcite could be used 
as SCMs. The Frattini test of two samples (S and M) containing respectively 8.6 wt% and 30.2 
wt% calcite (S and M) revealed increased pozzolanic reactivity. Calcite was formerly thought to 
be mostly inert; however, it has been shown to enhance the volume of hydrates.
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4.2.4 Comparison of test methods 

To compare and correlate the tests used for assessing the pozzolanic activity, a quantification of 
the Frattini results was performed. The test results were expressed as the reduction of [CaO] (%), 
and this was calculated as the difference between the theoretical maximum [CaO] and the values 
of [CaO] content in relation with the theoretical maximum removed (Donatello et al. 2010; 
Tironi et al. 2013; Wu et al. 2020).  

Table 20. Quantification of the Frattini results after 8 days for the PC, the natural clays (S, G and M) 
and the respective activated clays (GS, GG, and GM), the raw (UK1) and mechanochemically activated 
tailings (K1).  

Sample ID [OH-] mmol/l [CaO] mmol/l Theoretical max. 
[CaO] mmol/l [CaO] consumed % 

PC 51.38 9.79 9.62 -1.77 
S 49.11 11.77 10.26 -14.65
gS 54.02 6.42 9.26 30.61
G 50.76 12.60 9.79 -28.76
gG 54.27 10.03 8.91 -12.56
M 45.84 12.29 11.35 -8.35 
gM 48.34 8.20 10.50 21.90
UK1 47.94 11.67 10.63 -9.78 
K1 53.39 8.07 9.12 11.51

The mechanochemically activated Stockholm clay (gS) indicated 30.61% of CaO consumed after 
8 days. Comparable results were achieved earlier while studying silica fume (SF) (Donatello et 
al. 2010). Quantification of the Frattini results showed that there was no pozzolanic activity for 
the control sample (PC), the natural clays (S, G, and M), the mechanochemically activated 
Göteborg clay (gG) and the untreated tailing (UK1). All the mentioned samples achieved 
actually a negative value of the CaO consumption. The Frattini tests assumes that no other 
sources of Ca2+ is present in the test system, while the negative values of CaO removal implies 
the presence of calcium in the solution. Thus, the CaO was not only consumed, but probably 
added to the system. The effect could be related to the precipitated portlandite or C-S-H gel 
passing through the filter (Donatello et al. 2010).  

Several other studies have reported negative values for the non-pozzolanic tested materials 
(Donatello et al. 2010; Kramar and Ducman 2018; Tironi et al. 2013; Wu et al. 2020). It is 
common practice to normalize to 0% equivalent all the negative values. However, in the 
present research also the negative values were included in the Figure 55. Comparing the CaO 
consumed during the Frattini after 8 days with the SAI after 28 days, it was not possible to find 
a relationship between the test methods, complying with the results reported by (Tironi et al. 
2013). SAI is related the most to the particle size distribution and specific surface area, while 
the Frattini directly connected to the chemical reactivity of the tested pozzolana. Hence, 
cannot be assessed that the two method are strictly correlated among them, while the Frattini 
test can be considered a more reliable method to measure the pozzolanicity. Furthermore, it 
would of great interest to perform investigations that specifically evaluate the contribution of 
the filler effect and the pozzolanic reaction in the increased mechanical properties from the SAI 
test.   
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4.2.5 Summary 

Poorly reactive clays and mine were mechanochemically activated using the same regime and 
were investigated as a partial replacement of cement with a substitution level of 20%, according 
to the standardized tests used for evaluating the properties. The properties of the mortars prepared 
by replacing PC with both natural (untreated) and activated sources were compared through the 
Strength activity index and the Frattini test.  

All the clays and the mine tailing sample have achieved SAI greater than 75%, while after MCA 
they have achieved indexes above 100%. The fineness of the clay minerals before grinding and 
of the overall system after grinding have influenced the results of the compressive strength tests. 
The Frattini test performed after 8 days indicated enhanced pozzolanic activity only for the 
mechanochemically activated clays from Stockholm (gS8) and from Malmö (gM8), and for the 
mechanochemically activated mine tailing sample (K8). These results confirmed previous studies 
affirming that SAI is influenced by the filler effect. Thus, the high indexes for the natural clays 
and the untreated tailing are related to their fineness and to the lower cement 
replacement level. 

The amount of clay minerals in the samples controls the enhanced reactivity after MCA. The 
Frattini test indicated higher values for the ground Stockholm clay (gS8), followed by the ground 
tailing (K8), the ground Malmö clay (gM8), and finally the ground Göteborg clay (gG8). The 
content of the clay minerals was characterized by the same ranking.  

Figure 55. CaO consumed after 8 days vs. SAI after 28 days for clays and tailing26. 

26 Data adapted from Paper D and E. 
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4.3 Hydration of Blended Cements with SCMs 

The calcium silicate hydrate (C-S-H) is the typical product of the chemical reaction between 
the PC and water, and it is the main phase contributing to the strength and durability of the 
cementitious systems. Addition of SCMs induce changes in the C-S-H composition and in the 
formation of all the other hydrated products. XRD analysis of the hydrated pastes, SEM 
observations, and SEM-EDX investigations are performed in order to evaluate these changes and 
to understand the behaviour of the mechanochemically activated sources as SCMs. 

4.3.1 Clays 

XRD patterns for pastes containing 80 wt.% of PC with 20 wt.% of  natural clay (S, G, and M) 
and ground clay (gS, gG, gM), after 28 days, are shown in Figure 56. Generally, pastes containing 
ground clay (gS, gG, and gM) indicated a decrease of the portlandite peaks intensities in 
comparison with the pastes containing natural clay (S, G, and M). Ettringite peak intensities were 
higher for blended cement with mechanochemically activated clays, except for the Göteborg 
clay where the intensity seemed unchanged. After 28 days, peaks of hemi-and monocarbonate 
phases were appearing, with a higher intensity for the clay originating from Stockholm.  

Figure 56. XRD patterns for pastes prepared with the untreated clays (S, G, and M) and the 
mechanochemically activated clays (gS, gG, and gM) after 28 days27 

27 Data from Paper D. 
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C-S-H composition depends on the degree of reaction of the SCMs and is affected by the
dissolution of the aluminate and silicate phases in the alkaline environment (Skibsted and
Snellings 2019). Changes in the Ca/Si ratio in cement blended with calcined clays are caused by
three basic defects: 1) no bridges in the silicate tetrahedra; 2) in the terminating unlinked silicate
tetrahedra, two protons are replaced by calcium ions; 3) calcium ions are present in the interlayer
(Avet et al. 2019). Kaolinite's MCA helps to break the hydrogen bonds between neighbouring
kaolinite layers (Frost et al. 2004). The breakage of O-H, Al-OH, Al-O-Si, and Si-O bonds
during high-energy grinding can alter the crystal structure (Tole et al. 2019b). Due to these
structural changes of the silicate tetrahedra during MCA, the Si/Ca and Al/Ca ratios for ground
clays are expected to increase. Slight increases in Si/Ca and Al/Ca in blended cement pastes with
natural clay (S, G, and M), on the other hand, could be related to the increased amount of Al
and Ca in clay created from aluminosilicates and calcite.

This behaviour was observed in all ground samples, particularly in gS and gM, thus confirming 
their increased pozzolanic activity. Due to its high calcite content, the mechanochemically 
activated Malmö clay (gM) has showed the greatest increase in Si/Ca, while keeping a relatively 
low Al/Ca when compared to the other ground clays. Metakaolinite combines with portlandite, 
water, and sulphate during the pozzolanic process to generate C-A-S-H, AFt phases, and 
ettringite. The addition of limestone can also cause hemi- and monocarbonate phases to form 
(Avet et al. 2019). The highest amounts of clay minerals and calcite were found in gS and gM, 
promoting the creation of the AFm and AFt phases. Furthermore, monocarbonate phases were 
observed in both gS and gM. 

Estimations of the intensity of the XRD peaks and calculations of the peak areas of the 
characteristic peaks were used to determine the portlandite concentration, as shown in Table 4. 
For gS and gM, decreased portlandite content was observed, validating Frattini and EC test 
results. Natural and MCA Göteborg clay (G and gG) did not show the same trends as the other 
mechanochemically activated clays, due to their decreased pozzolanic activity. When compared 
to natural untreated clays, all ground samples have reduced FWHM values. The S clay showed 
a large alteration, followed by the M clay, and finally the G clay. The reaction of the portlandite 
with the amorphous clay minerals was suggested by the drop in the FWHM, and a smaller area 
of the peak (Wu et al. 2019). 

Table 21. Peak areas and FWHM for Portlandite 27

Sample Area FWHM 

PC 59.91 0.135 

S 47.88 0.145 

gS 31.29 0.116 

G 65.07 0.123 

gG 39.71 0.111 

M 51.07 0.128 

gM 30.36 0.119 

27 Data from Paper D. 
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The analysis of the composition of C-S-H after 28 days was done according to Rossen and 
Scrivener method (Rossen and Scrivener 2017). An addition of 20 wt.% of clay altered the phase 
composition of the C-S-H, which was determined by calculating average Si/Ca and Al/Ca 
ratios, Figure 57. The pozzolanic reaction has produced C-S-H with higher Si/Ca and Al/Ca 
ratios. After 28 days, it was possible to identify ratios corresponding to the AFm and AFt 
phases, for GS and GM. The increased amount of Al and Ca due to the aluminosilicates in clay 
is related to small variations in Si/Ca and Al/Ca in blended cement pastes with natural clay 
(S, G, and M). On the other hand, the difference was observed in samples gS and gM, thus 
indicating an improved pozzolanic activity. C-S-H with higher Si/Ca and Al/Ca ratios was 
formed due to the pozzolanic reaction. The Frattini test indicated that gG had a lower pozzolanic 
reactivity than the Göteborg clay (G), and the C-S-H composition had similar values to G, 
showing that its composition was only changed by the clay composition. 

Figure 57. Relation between Al/Ca and. Si/Ca element ratio of the SEM-EDX point analyses for the 
reference OPC, natural clay (P-S, P-G and P-M) and MCA clays (P-GS, P-GG and P-GM) blended 
cement pastes, after 28 days28. 

28 Data from Paper D. 
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4.3.2 Mine tailing 

The microstructure of the pastes prepared with 20wt.% of the PC replaced by the untreated 
(UK1) and mechanochemcially activated tailing (K1) was investigated by SEM, Figure 58. 
Mechanochemically activated mine tailing (K1) triggered the formation of a denser 
microstrucure. The pozzolanic reactivity of the mechanochemically activated mine tailing 
(K1) can be seen when comparing with the raw tailings mortar (UK1). Additional research is 
required to evaluate the generated hydrated products and quantify them. Microstructural 
measurements, on the other hand, revealed that MCA improved the pozzolanic reactivity of 
tailings, resulting in a denser matrix and improved the performance and strength of mortars 
made with 20% PC replaced by ground tailings.  

Figure 58. SEM micrographs of mortar samples prepared with 20% replacement of cement by untreated 
tailings (UK1) and mechanochemically activated tailings (K1). 
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4.4 Alkali-activated mortars with MCA-ACBFS as precursor 

Air-cooled blast furnace slag after mechanochemical activation (MCA-ACFBS) was utilized as a 
precursor for alkali-activated mortar production. Workability and the mechanical properties of 
the mortars prepared with different water to binder ratio, alkali modulus, and amount of sodium 
solution were measured. A comparison of the MCA-ACBFS with a commercial ground 
granulated blast furnace slag (GGBFS) was done, utilizing the DOE method. The investigation 
of the hydrated phases and C-A-S-H composition were successively compared.  

Mortar, produced using only the not-treated ACBFS as a precursor, did not solidify, Figure 59. 
Therefore, only samples prepared with the mechanically activated ACBFS (MCA-ACFBS) are 
included in this study. 

Figure 59. Untreated ACBFS did not solidify under alkali activation.

Mechanical properties 

In Figure 60 are presented the compressive strength values after 7 and 28 days for the AAMs 
prepared with MCA-ACBFS (prefix A) and GGBFS (prefix G) with AM equal to 1 and varied 
w/b and SS. MCA-ACFBS have shown comparable mechanical properties with the GGBFS for 
lower SS (10%). SS of 15% have achieved lower compressive strength values for the MCA- 
ACBFS, making it less competitive with the GGBFS. However, when the amount of SS was 
increased to 20% the compressive strength also increased and was comparable to the mortars 
containing GGBFS.  
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Figure 60. Compressive strength after 7 and 28 days for MCA-ACBFS (A) and GGBFS (G) with AM=1, 
SS= 10,15, and 20%, and w/b = 0.45, 0.5, and 0.5521.  

Increasing of the AM to 1.5 induced a general decrease of the mechanical properties, Figure 61. 
The effect was extremely negative for the MCA-ACBFS with SS of 20 wt.%. Very weak mortars 
were achieved in this case. Moreover, the strength development was strictly influenced. After 7 
days, GGBFS with SS of 10% almost have not gain strength. Same effect was noted for the 
MCA-ACBFS with 20% of SS. In general, for AM = 1.5, only for lower amount of SS the 
MCA-ACBFS was comparable to the GGBFS.  

Figure 61. Compressive strength after 7 and 28 days for MCA-ACBFS (A) and GGBFS (G) with 
AM=1.5, SS= 10,15, and 20%, and w/b = 0.45, 0.5, and 0.5521. 
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The negative effect of the AM was even more evident for AM equal to 2 and SS higher than 
10%, Figure 62. Those combinations did not achieve satisfactory compressive strength values.  

 

Figure 62. Compressive strength after 7 and 28 days for MCA-ACBFS (A) and GGBFS (G) with AM=2, 
SS= 10,15, and 20%, and w/b = 0.45, 0.5, and 0.5529. 

 

Both types of slags exhibited the tendency to develop higher compressive strength values at lower 
w/b ratios. In the case of the AAM, the w/b ratio had a smaller impact on the compressive 
strength, and the chemical composition of the precursor was the most important aspect. 
However, the initial chemical composition of both slags was remarkably similar. At lower w/b 
ratios, MCA-ACBFS developed a lower compressive strength value. For higher alkali modulus 
(AA = 1.5) and for both types of investigated slags, a similar trend was observed. After 7 and 28 
days, higher w/b ratios resulted in lower strength values. Higher water content probably 
increased the porosity of the binder matrix, lowering the observed strength. Increasing the alkali 
modulus to 1.5 had a significant impact on the mechanical properties of GGBFS samples after 7 
days, Figure 62. Extremely low values were observed, along with a lack of hardening of the 
samples. 

The full factorial method can estimate not only the effect of each factor but also the interactions 
between them. For the analysis and the diagram creation was utilized Design-Expert software. 
The effects of the selected factors and their respective levels are shown in the graph Figure 63. 
From the half-normal plot, it is possible to understand the active contributors in the experimental 
design. Factors with a low contribution on the response will describe a straight line in the plot, 
while factors with a significant effect will be far from the line. Hence, the alkali modulus (AA) 
and the amount of sodium solution (SS) induced a major effect on the compressive strength after 

                                                            
29 Data adapted from (Tole et al. 2020). 
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7 days of the MCA-ACBFS. The combination of factors indicated to be almost irrelevant for 
the selected response.  

Figure 63. Main effects of the analysed factor (A-w/b, B-AA, and C-SS) on the response of the 
compressive strength for the MCA-ACBFS a) after 7 days and b) after 28 days. 

The compressive strength after 28 days of the MCA-ACBFS was also influenced by the water 
to binder ratio (factor A), while the combinations of factors was again not relevant. Interestingly, 
the factors influenced differently the mechanical properties of the GGBFS, Figure 64. In this 
case, the SS and the water to binder ratio were the most relevant factors influencing the 
compressive strength after 7 and 28 days.  

Figure 64. Main effects of the analysed factor (A-w/b, B-AA, and C-SS) on the response of the 
compressive strength for the GGBFS a) after 7 days and b) after 28 days. 
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The correlation between the factors and the main effects induced by them in the compressive 
strength after 7 and 28 days are plotted respectively in Figure 65. Henceforth are displayed the 
main active factors for the MCA-ACBFS in comparison with the same effect in the GGBFS. 
After 7 days, the increase of the SS and of the AM induced decreased compressive strengths up 
to undried samples that could not be tested at all (value 0), Figure 65 a. For the GGBFS, the 
combination of these two factors (SS and AA) was not among the more relevant ones, in fact as 
visible from the graph only small changes are indicated, Figure 65 b. However, contrary to 
the MCA-ACBFS, higher amounts of SS have contributed to higher compressive strengths.   

Figure 65. Main effects induced by the combination of the active factors in the compressive strength 
after 7 days of the a) MCA-ACBFS and b) GGBFS 

The same comparison of the active factors was investigated for the compressive strength after 28 
days, Figure 66. The effect in this case was similar, and lower water to binder ratios combined 
with lower AA produced better alkali-activated mortars. The higher water content probably 
increased the porosity of the binder matrix, lowering the compressive strength. At greater AM, 
MCA-ACBFS exhibited lower strength values, decreased slump flow and a rapid setting (Tole 
et al. 2020). Others studies reported this effect and linked it to higher pH levels, which 
accelerated slag dissolution. (Adam 2009b; Bakharev et al. 1999; Humad et al. 2017; Lee and 
Lee 2013; Qureshi and Ghosh 2013).  
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Figure 66. Main effects induced by the combination of the AA and w/b factors in the compressive 
strength after 28 days of the a) MCA-ACBFS and b) GGBFS 

The optimized combination of factors for the mechanochemically activated ACBFS eventually 
included the w/b of 0.45, AA equal to 1, and the amount of SS equal to 10 wt.%.  
On the other hand, the GGBFS presented the highest strength for a different combination of 
factors: w/b 0.45, AA equal to 1, and SS equal to 20%.  
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Hydration and microstructure 

Alkali-activated mortars prepared with GGBFS and MCA-ACBFS and with the same values of 
w/b, AM and SS, were analyzed by XRD and SEM. The aluminate-substituted calcium silicate 
hydrate (C-A-S-H) was detected by the XRD analysis for both the GGBFS and MCA-ACBFS, 
Figure 67. In sodium silicate activated GGBFS, the CASH phase is the primary phase that forms 
(Garcia-Lodeiro et al. 2011; Wang and Scrivener 1995). 

Figure 67. XRD diagrams for sodium silicate activated slags with water to binder (w/b) = 0.45, 
alkali modulus (AM) = 1.5 and sodium silicate (SS) = 10% (Tole et al. 2020).  

The akermanite (A) phase, which was not fully amorphized by the MCA, was still detected after 
sodium silicate activation of the MCA-ACBFS, suggesting that part of this phase has not taken 
part in the chemical reaction, Figure 68. Akermanite appeared to be inert to the alkali activation 
process, confirming the air-cooled slag's latent reactivity prior to mechanical activation. An 
optimization of the grinding parameters could result in a higher degree of amorphization for the 
akermanite (A) phase, which could possibly result in the formation of a final phase having a 
composition similar to the GGBFS. 

Figure 68. Micrographs of the alkali-activated slag samples with w/b = 0.45, Am= 1.5 and SS=10% 
using as a precursor a) GBFS and b) MCA-ACS (Tole et al. 2020) 
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The composition of the C-A-S-H was characterised by the SEM-EDX spot analysis. The 
calculated Ca/Al and Ca/Si ratios are shown in Figure 69. The Ca/Si atomic ratio ranged 
between 0.6 and 1.5, which corresponds to the C-A-S-H type phases, complying with the XRD 
test results, Figure 67. 

Figure 69. SEM-EDX test results shown as Ca/Al vs Ca/Si ratio collected on 28-days old samples in the 
binder matrix (Tole et al. 2020). 

Summary 

In general, the MCA-ACBFS have shown a great potential to be utilized as precursor in AAMs, 
being comparable to the GGBFS. ACBFS are not utilized as precursor and their usage is 
limited to aggregates due to the very low reactivity they possess. Mechanochemically 
activation was able to achieve amorphization of the structure and lead to the formation of 
phases similar to the commercially available GGBFS.  

Needs to be taken into account that the optimization of the process parameters was performed 
for the clay originating form Stockholm. The nature of this source is quite different with ACFBS 
and harder phases are present. For this reason, should be necessary to evaluate the process and it 
duration and filling ratio in accordance with the treated material.  
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CHAPTER 5 

CONCLUSIONS 

This work provides insights on the utilization of mechanochemical activation in a planetary 
ball mill to process poorly reactive resources, and on their successive application as binders 
for the construction sector. Investigation with standardized methods has proved the 
potential of this method to enhance the reactivity of various resources, e.g. natural clays 
originating from Sweden, mine tailing from Kiruna, and air-cooled blast furnace slag. 

5.1 Answering the research questions 

Is mechanochemical activation in a ball mill a viable option for activating low-grade clays and other 
poorly reactive resources?

High-energy grinding in a planetary ball mill can enhance the reactivity of clay minerals. The 
process is not-selective in regard to the type of mineral but more affected by the hardness of 
the present phases. Thus, MCA can be an alternative method to calcination for activating also 
low-grade clays characterized by minerals other than kaolinite. Moreover, MCA has shown a 
good potential for activating other minerals, e.g. phlogopite or feldspars, which are largely 
contained in mine tailings, suggesting the possibility to process various poorly reactive 
resources.

PAPER A 

How are the process parameters of the ball mill influencing the amorphization rate of poorly reactive 
materials and how can the process be optimized?      

Process parameters in the ball mill have a direct impact on the amorphization degree and thus 
on the reactivity of the treated materials. Longer time of grinding and higher ball to powder 
ratio affect the amorphization rate of natural clays. The process can be optimized by combining 
the parameters properly. However, it is fundamental to take into account that each material has 
its own hardness, chemical and physical properties, thus optimization of the process should be 
performed for each treated material.  

PAPER B 
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How mechanochemical activation affects the amorphization degree of air-cooled blast furnace slags, and can 
it enhance their chemical reactivity when utilized as precursors for alkali-activated materials?  

Inert and crystalline air-cooled slag can be amorphized and have enhanced pozzolanic and 
chemical reactivity when being treated by an optimized mechanical activation process. The 
application of the MCA process can amorphize the crystalline structure of air-cooled blast 
furnace slags, while it can induce only a partial destruction of akermanite, merwinite, and 
melilite phases. Further research is needed to determine the suitability of employing MCA-
ACBFS as an AAM precursor.  

PAPER C 

Can high-energy grinding in a planetary ball mill enhance the pozzolanic reactivity of natural low-grade 
clays and poorly reactive tailings?   

Clays undergo a significant alteration in crystallinity because of MCA. Due to the differing rates 
of chemical reactions in the crystalline and amorphous phases, crystallinity is an essential factor 
influencing the development of pozzolanic activity. After 28 days of mechanical activation in a 
ball mill, natural clays' pozzolanic reactivity can reach a SAI of more than 120 percent. The 
pozzolanic reactivity of MCA clays is also proven by the Frattini test, which is a direct method, 
and the Electrical conductivity test, which is an indirect method. Mechanochemically 
activated low-grade clays can be considered a promising, sustainable, and competitive SCM. 
Mine tailing from Kiruna demonstrated also its great potential to be utilized as an SCM after 
MCA, resulting in pozzolanic activity comparable to the natural clays studied in this work. 
Mine tailing reached SAI over 130 percent, confirmed also by the Frattini test.

PAPER D and E

How mechanochemically activated clays are influencing the hydration of blended cements? 

The calcium-silicate-hydrate (C-S-H) is the main phase contributing to the strength and 
durability of cementitious materials. It accounts for approximately 50% of the final volume of 
the paste and is the main phase contributing to the strength and durability of cementitious 
materials. The degree of reactivity of the SCMs affects the composition of C-S-H, as does the 
dissolution of the aluminate and silicate phases that come from them. As a result, it's possible that 
the Si/Ca and Al/Ca ratios will rise. This result was seen in Stockholm and Malmö 
clay, confirming their improved pozzolanic activity. 

PAPER D
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5.2 Concluding remarks 

The findings of the investigations conducted throughout the time period covered by this study 
are detailed in the appended papers. The following is a summary of the conclusions:  

• The mechanochemical activation and the amorphization of minerals present in 
natural clays occur at rates that are strongly dependent on the process parameters 
used, such as the ball to powder B/P ratio, the grinding time, grinding media type, 
and grinding speed. The ball to powder ratio (B/P) is the main factor influencing the  
amorphization degree the most.

• With the knowledge from this study, dry grinding is recommended since it eliminated 
the need for additional drying after the process. In addition to the need for further 
drying, wet grinding required also longer grinding durations in some 
circumstances in order to obtain a similar degree of amorphization to the dry process.

• When the following process parameters were applied, the investigated Swedish natural 
clay originating from Stockholm experienced substantial amorphization: rotating speed 
500 rpm, B/P equal to 25, and grinding durations of 20 minutes. these process 
parameters were considered as the optimized MCA and were utilized fro processing the 
other poorly reactive sources.

• When utilized as an SCM, mechanochemically activated clays exhibited promising 
mechanical properties. The compressive strength of the mortar samples made with 
20% cement replacement by mechanochemically activated clay was found to be higher 
after 7 and 28 days. SAI confirmed the increased pozzolanic activity after 7 and 28 
days. The MCA clay samples originating from Stockholm and Malmö demonstrated 
increased pozzolanic activity by the Frattini test.

• Mine tailings can be successfully activated by MCA in a planetary ball mill, and further 
utilized as SCMs, demonstrating increased pozzolanic activity and very good mechanical 
properties.

• Inert and crystalline air-cooled slag can be amorphized and have enhanced reactivity by 
application of an optimized mechanical activation process.Mechanochemically activated 
air-cooled blast furnace slag (MCA-ACBFS) can be considered a promising precursor 
for alkali-activated systems.

• Mechanochemically activated clay originating from Stockholm has shown increased  
reactivity in alkaline environment, allowing it to be used as a precursor for alkali-
activated mortars or concrete. More investigation is required in this scenario.

Mechanical activation in a ball mill can be considered an environmentally friendly process able 
to enhance the chemical reactivity and the pozzolanic activity of poorly reactive resources, as 
low-grade clays, air-cooled blast furnace slags, and mine tailings. 
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5.3 Future work 

The future work can be focused on three different direction resources - process – solidification, 
similarly to the realization of this investigation. 

In general, clays and tailings have various composition in the different deposits area they are 
found. It was demonstrated that the mineralogical composition influences the MCA process and 
its effectiveness. Further work on a precise evaluation of the influence of each mineralogical 
phase might be useful for the up-scaling process.  

Other poorly reactive resources can be taken into consideration for processing by MCA, e.g. 
pulp waste, waste clays, different commonly occurring clays as bentonites, other poorly reactive 
slags (for example the ladle slag), tailings originating from other type of deposits, etc. Minerals 
characterized by layered structures have a great potential to achieve extensive amorphization that 
can lead to enhanced reactivity. Thus, presence of silicates and aluminosilicates in poorly 
reactive sources can be considered a promising indicator for their potential to be activated 
through MCA and to be further utilized as SCMs or precursors for AAMs. 

Evaluating and developing a model that could optimize the process parameters in accordance 
with the different amount of mineral content would be of great interest, both for further research 
and upscaling of the method. 

Utilization of milling equipment at an industrial scale requires increased knowledge in regard 
to the process and its parameters. The evaluation of the MCA effect in different equipment 
might be of great interest for the scaling up of this alternative approach.   

The solidification process should be further evaluated. All the resources might be tested both as 
SCMs and as AAMs/geopolymers. It is important to evaluate the behavior of the binder when 
utilized in concrete production. Evaluation of early age properties, e.g. workability, shrinkage, 
etc., as well as freeze and thaw capability, and the leaching behavior should be thoroughly taken 
into consideration. 

Durability is another future direction that can be exploited. Evaluation of the properties of the 
binders after solidification should be further tested. The resistance to carbonation might be 
another behavior to evaluate especially when natural clays are utilized. 

Scale-up feasibility studies, economic considerations, and life cycle assessment are some of the 
most important assessments to be taken into account once the process and the binder 
production reach a good TRL level. 
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