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SUMMARY 

EU Sustainable Development Strategy planned to achieve improvement of life-quality by 
promoting sustainable production and consumption of raw materials. On November 2018, 
EU Commission presented a long-term strategy, aiming among others a climate-neutral 
economy by 2050. Cement production is contributing to 6-10% of the anthropogenic CO2 

emissions. Thus, several strategies for total or partial replacement of Portland cement in 
concrete production have been developed. The use of supplementary cementitious materials 
(SCM) and alkali-activated materials (AAM) is considered the most efficient countermeasure 
to diminish CO2 emissions.    

The broadening of knowledge with particular attention to the sustainable goals is the 
primary requirement to be fulfilled when novel materials are investigated. This study aims to 
develop a novel clay-based binder that can be used as a sustainable alternative to produce 
SCM as well as AAM. Clay is a commonly occurring material, with large deposits worldwide. 
However, natural clay has a low reactivity and various compositions, depending, e.g. on the 
weathering conditions. The present research aims exactly at enhancing the reactivity of natural 
clays occurring in Sweden subjecting them to mechanical activation in a planetary ball mill. 
Ball milling (BM) is considered a clean technology able to enhance the reactivity of crystalline 
materials without resorting to high processing temperatures or additional chemicals.  

BM was able to induce amorphization in clay minerals and to transform the layered platy 
morphology to spherical shape particles. The efficiency of the process was strictly related to 
the used process parameters. Higher ball to processed powder (B/P) ratio, longer time of 
grinding and higher grinding speeds increased the degree of the obtained amorphization. 
However, an undesired extensive caking and agglomeration occurred in certain setups.   

The potential of activated clay as a SCM was investigated in specific case studies. The 
measured compressive strength results showed a direct correlation between the enhanced 
amorphization degree of the mechanically activated clay and the increased strength values. 
The pozzolanic activity was induced and enhanced after the mechanical activation of the clay. 
The reactivity was assessed by the strength activity index (SAI). Furthermore, preliminary 
tests have shown that the alkali activation of the processed clays produced solidified matrixes 
with considerable strength.   

 

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

EU: s strategi för hållbar utveckling planerar att uppnå förbättrad livskvalitet genom att 
främja hållbar produktion och konsumtion av råvaror. I november 2018 presenterade EU-
kommissionen en långsiktig strategi som bland annat strävar efter en klimatneutral ekonomi 
innan 2050. Cementproduktionen bidrar med 6-10% av de antropogena koldioxidutsläppen. 
Således har flera strategier för total eller partiell ersättning av Portlandcement i 
betongproduktion utvecklats. Användningen av kompletterande cementbaserade material 
(SCM) och alkali-aktiverade material (AAM) anses vara den mest effektiva motåtgärden för 
att minska koldioxidutsläppen. 

Det primära kravet som ska uppfyllas när nya material undersöks är att bredda kunskapen, 
med speciell uppmärksamhet på de hållbara målen. Denna studie syftar till att utveckla ett nytt 
lerbaserat bindemedel som kan användas som ett hållbart alternativ för att producera såväl 
SCM som AAM. Lera är ett vanligt förekommande material med stora depositioner över hela 
världen. Dock har naturlig lera låg reaktivitet och olika kompositioner beroende på 
exempelvis väderförhållanden. Föreliggande forskning syftar just till att förbättra reaktiviteten 
hos naturliga leror som förekommer i Sverige och utsätta dem för mekanisk aktivering i en 
planetkulkvarn. Ball Milling (BM) anses vara en ren teknik som kan förbättra reaktiviteten 
hos kristallmaterial utan att ta till höga bearbetningstemperaturer eller ytterligare kemikalier. 

BM kan inducera amorfisering i lermineraler och omvandla den skiktade platta morfologin 
till sfäriska formpartiklar. Processens effektivitet är strikt relaterad till de använda 
processparametrarna. Högre kula till bearbetat pulver (B / P) -förhållande, längre malningstid 
och högre sliphastigheter ökade graden av den erhållna amorfiseringen. Emellertid inträffade 
en oönskad omfattande torkning och agglomeration i vissa inställningar. 

Potentialen för aktiverad lera som SCM undersöktes i specifika fallstudier. De uppmätta 
resultaten av tryckhållfastheten visar en direkt korrelation mellan den förbättrade 
amorfiseringsgraden för den MC-behandlade leran och de ökade hållfasthetsvärdena. Den 
pozzolaniska aktiviteten inducerades och förstärktes efter mekanisk aktivering av lera. 
Reaktiviteten bedömdes med styrkeaktivitetsindex (SAI). Preliminära tester har dessutom 
visat att alkali-aktivering av de bearbetade lerorna producerade stelnade matriser med avsevärd 
styrka. 

 

Nyckelord: lera, hållbarhet, mekanisk aktivering, kulfräsning, kompletterande 
cementmaterial, alkali-aktiverade material 
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SOMMARIO 

La strategia Europea per lo Sviluppo Sostenibile ambisce al miglioramento della qualità della 
vita, promuovendo la produzione ed il consumo sostenibile delle materie prime. Nel 
Novembre del 2018, la commisione europea ha presentato una strategia a lungo termine, 
volta a raggiungere un’economia neutrale dal punto di vista climatico fino al 2050. La 
produzione del cemento contribuisce al 6-10% delle emissioni antropogeniche di biossido di 
carbonio. Pertanto, diverse strategie commerciali e scientifiche per la sostituzione totale o 
parziale del cemento nelle costruzioni si stanno sviluppando. L'uso di materiali cementizi 
supplementari (SCM) e/o di materiali alcalini attivati (AAM) è considerato una rapida 
soluzione per ridurre le emissioni di anidride carbonica. 

Auspicando un arricchimento delle nozioni fondamentali con particolare attenzione alla 
sostenibilità, questo studio mira a sviluppare un nuovo legante a base di argilla, che può essere 
usato come alternativa sostenibile per la produzione di SCM e AAM. L'argilla è un materiale 
comune con estesi depositi in tutto il mondo. Tuttavia, l'argilla naturale ha una bassa reattività 
e una composizione diversa a seconda delle condizioni meteorologiche alle quali viene 
sottoposta. L'obiettivo centrale di questa ricerca è pertanto quello di aumentare la reattività 
dell’argilla naturale, presente in Svezia, tramite l'attivazione meccanica in un mulino planetario 
a sfere (BM). BM è considerata una tecnologia pulita, che può migliorare la reattività 
dell'argilla naturale senza utilizzare alte temperature o sostanze chimiche aggiuntive. 

BM può indurre amorfizzazione dei minerali argillosi e trasformare la morfologia stratificata 
in particolato dalla forma sferica. L'efficienza del processo è strettamente correlata ai parametri 
del processo. Un più elevato rapporto tra le sfere utilizzate e le polveri trattate (B/P), tempi 
di macinazione più lunghi, e velocità più elevate inducono un’estesa amorfizzazione della 
struttura cristallina dell’argilla trattata. Tuttavia indesiderati effetti di agglomerazione ed 
incrostazione ed incrostazione sono stati evidenziati per specifici parametri di processo.   

Il potenziale uso dell’argilla attivata come SCM è stato analizzato. I risultati della resistenza 
a compressione hanno evidenziato una correlazione diretta tra il grado di amorfizzazione e le 
proprietà meccaniche, determinate tramite la resistenza a compressione. L’attivazione 
meccanica è in grado di indurre ed intensificare l’attività pozzolanica dell’argilla trattata. 
L‘indice dell’attività pozzolanica è stato valutato dopo 7 e 28 giorni tramite le prove a 
compressione (SAI). In aggiunta, analisi preliminari hanno evidenziato l’abilità dell’argilla 
attivata meccanicamente di essere utilizzata come precursore per la produzione di materiali 
alcali attivati.  

 

Parole Chiave: argilla, durabilità, attivazione meccanica, mulino a sfere, materiali 
cementizi supplementari, materiali alcali attivati 
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PËRMBLEDHJE 

Strategjia europiane për zhvillimin e qëndrueshëm planifikon arritjen e përmirësimit të cilësisë 
së jetës, duke promovuar prodhimin dhe konsumimin e qëndrueshem të resurseve. Në nëntor 
të vitit 2018, Komisioni Europian prezantoi një strategji afatgjate, e cila synon ndër të tjera 
arritjen e një ekonomie neutrale nga pikëpamja klimatike deri në vitin 2050. Prodhimi i 
çimentos kontribuon për rreth 6-10% të emetimeve të CO2 antropogjen. Për këtë arsye po 
zhvillohen strategji të ndryshme që synojnë zëvendësimin total ose të pjesshëm të çimentos 
Portland gjatë prodhimit të betonit. Përdorimi i materialeve çimentoz suplemetar (SCM) dhe 
i materialeve të aktivizuara nga alkale (AAM) konsiderohen dy nga masat më efikase për 
reduktimin e emetimeve të CO2. 

Zgjerimi i njohurive me vëmendje të veçantë në objektivin e qëndrueshmërisë është 
kërkesa themelore që duhet përmbushur kur analizohen material inovativ. Ky studim ka për 
qëllim zhvillimin e një lidhësi inovativ me bazë argjilore, i cili mund të përdoret si një 
alternativë e qëndrueshme në prodhimin e SCM-ve ose/edhe AAM-ve. Argjila është një 
material që gjendet thjesht në natyrë me depozita të konsiderueshme në mbarë botën. Por 
argjila natyrale e patrajtuar ka reaktivitet të ulët dhe përmbajtje të ndryshueshme 
mineralogjike në varësi të kushteve klimatike, në të cilat është gjendur ndër vite. Për këtë 
arsye fokusi kryesor i këtij kërkimi shkencor është përmirësimi i reaktivitetit të argjilës natyrale 
suedeze nëpërmjet aplikimit të aktivizimit mekanik në një mulli planetar me sfera (BM). BM 
konsiderohet një teknologji e pastër, e cila është në gjëndje të rris reaktivitetin e materialeve 
kristalor pa nevojën e përdorimit të temperaturave të larta gjatë proçesit, apo përdorimit të 
kimikateve. 

BM është në gjendje të promovojë amorfizimin e mineraleve argjilor dhe të transformojë 
morfologjinë e tyre shtresore në formë sferike. Efikasiteti i këtij proçesi është i lidhur ngushtë 
me parametrat e përdorur gjatë proçesit. 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. Megjithatë efekte të padëshiruara të tipit aglomerim 
ndodhin për disa parametra proçesi të caktuara.  

Mundësia e përdorimit të argjilës së aktivizuar si SCM është po ashtu analizuar në këtë 
projekt. Rezultatet e matjeve të forcës në shtypje indikuan një korelacion të drejtëpërdrejtë 
midis gradës së amorfizimit së argjilës së trajtura në mulli dhe vlerave të forcës në shtypje. 
Aktiviteti pocolanik është i nxitur dhe i rritur nga aktivizimi mekanik i argjilës. Reaktiviteti 
u vlerësua nga indeksi i aktivitetit të forcës (SAI). Për më tepër, testime fillestare treguan që 
aktivizimi me alkale i argjilës 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 
AAM Alkali Activated Materials 
BFS Blast furnace slag 
BM Ball Milling 
Cal Calcite 
CSH Calcium silicate Hydrate 
DLS Dynamic Light Scattering 
FWMH Full width at maximum height 
GGBFS Ground Granulated Blast Furnace Slag 
Ilt Illite 
IUPAC International Union of Pure and Applied Chemistry 
Kln Kaolinite 
MCA Mechanochemical Activation 
Mnt Montmorillonite 
Ms Muscovite 
Qz Quartz 
PC Portland Cement 
PSD Particle Size Distribution 
SAI Strength Activity Index 
SEM Scanning Electron Microscope 
XRD X-ray Diffractometer 
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1 INTRODUCTION 

Although concrete is one of the most used building materials for construction worldwide, 
nowadays industries for cement and concrete production are facing the critical challenge of 
sustainability. Over the last decades, the global focus on CO2 emissions and climate change has 
drawn attention also on cement-based building materials. The cement production is responsible 
for around 6-8 % of the overall anthropogenic CO2 emissions, while consuming, in European 
plants alone, approximately 3000 MJ of fuel and 100 KWh of electricity. High temperatures, 
mainly due to the calcination process of limestone, the consumption of primary resources and, 
volatile hazardous materials coming from the kilns are only some of the issues needed to be 
addressed in order to increase the sustainability of these building materials. Some solutions to 
reduce the negative impact on the environment were proposed and applied, e.g. the optimization 
of the calcination process. An increased efficiency of the kilns at approximately 70% has already 
been reached, suggesting, however, a limited margin of improvement (Scrivener 2014). 

 
Supplementary cementitious materials (SCM) are widely used in concrete as a valid solution 

to replace Portland cement (PC) and to reduce significantly the CO2 emissions ascribable to 
cementitious materials. SCM can be of different nature. They can come from industrial 
manufacturing as by-products, e.g. slags or fly ashes, or from natural sources, e.g. clays and 
natural pozzolans (Lothenbach et al. 2011). Natural pozzolans are mainly obtained from 
minerals or volcanic rocks. Fast cooling of erupted materials led to the formation of 
aluminosilicates with an amorphous structure and a high pozzolanic reactivity. Clay is a 
natural and commonly occurring material but clay minerals are not pozzolanic materials until 
an amorphization of the aluminosilicate hydrates is achieved; traditionally by thermal 
treatment (Mehta and Monteiro 2006). Thermal treatment of some clay minerals such as 
kaolinite or montmorillonite at high temperatures facilitates the transformation of the material 
in a metastable phase, which has shown valuable performance as a pozzolanic replacement of 
cement (Tironi et al. 2013).  

 
An alternative way to achieve amorphization of kaolinitic clays is high-energy grinding. 

Mechanical activation can result in a metastable material with similar properties to those of 
the material processed by thermal treatment. Furthermore, mechanochemical activation 
through high-energy grinding can enhance the reactivity of several clay minerals, including 
kaolinite, montmorillonite, and illite. Amorphization, structure disorder and disruption of the 
plate-like particle shape of clay minerals are some of the effects achieved through grinding.  
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2 AIM, SCOPE AND LIMITATIONS 

The present work aims at developing a novel sustainable clay-based cementitious binder 
through high-energy grinding by ball milling (BM) of natural clay and to investigate its 
suitability to be used as a supplementary cementitious material (SCM) or/and as a precursor 
for the production of alkali-activated materials (AAM). 

The hypothesis of this work assumes that BM enables the production of reactive 
cementitious materials from natural to be successfully used as replacement of Portland cement. 
Partial replacement can be achieved either by using it as a pozzolanic material or as precursor 
in alkali activated systems. 

The research work started with a literature review to attain the necessary insight into the 
mechanochemical activation of clay minerals. Despite the wide use of BM to activate various 
materials, the review revealed that studies focusing on BM of natural clays are quite 
fragmentary and limited studies were performed on mechanochemical activation of natural 
clays.  

The experiments initially focused on identifying the process parameters enabling the BM 
to induce the amorphisation of the clay minerals in a short time. Concomitantly, the effects 
of such parameters were also examined. The clay-based binder produced by BM was 
investigated as a precursor for producing sodium silicate activated mortar and as SCM 
replacing Portland cement. A preliminary assessment of the mechanical properties was done 
through compressive strength tests as well as investigation of the microstructure and chemical 
composition. Furthermore, the enhanced pozzolanic activity was evaluated by using the clay-
based binder as a partial replacement of cement in mortar systems.  

The results of this work should contribute to increase the understanding of the mechanical 
activation of natural clays. At the same time, gaining novel insights regarding the possible use 
of BM processed natural clays wants to become a crucial purpose of the research.  

The following research questions were formulated:    

1. Can a planetary ball mill enhance the chemical reactivity of a natural clay?        
2. Can optimized BM induce structural changes in all minerals present in natural clays?  
3. How grinding parameters used in the BM process affect the amorphization degree of 

the natural clay?  
4. Can clay subjected to BM be used as a precursor for alkali activated materials?  
5. How is the pozzolanic activity of natural clay altered by the application of MC?  
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3 THEORETICAL BACKGROUND 

This chapter provides the theoretical background required to understand the scope and 
the main scientific questions of this research. In particular, aspects related to SCM, structure 
and properties of clay minerals, occurrence of clays in Sweden and modification of clays are 
discussed. Additionally a summary on the main concepts of pozzolanic activity and alkali 
activated materials is presented.  

 

3.1 SCM 

SCMs can be directly blended with the clinker, or used as a replacement of PC in concrete. 
Some of the most used SCMs include ground granulated blast furnace slag (GGBFS), silica 
fume, fly ash, natural pozzolans and calcined clays. The usual replacement amounts in 
concrete are still relatively low, between 5-20%, except of GGBFS, which can reach up to 
95%. The beneficial effects of SCM in concrete include a lower permeability, good chemical 
resistance, denser microstructure, etc. The necessity to balance sustainability with high cost 
and reduced long-term mechanical properties of the final product is an actual issue. Moreover, 
limited supply of traditional SCMs, e.g. GGBFS or silica fume, is a concern to be faced. 

Clays and natural pozzolans are considered valuable SCMs with increased potential. 
Extensive reserves of volcanic ashes can be found worldwide but there is the necessity to deal 
with their low reactivity and inconsistent mineral composition. The lack of information and 
studies on the properties of various natural pozzolans is also a considerable issue. Therefore, 
of primary necessity is the geotechnical and chemical characterization of the natural pozzolans.  

 

3.2 Clay and Clay minerals 

Clay is a commonly occurring and environmentally friendly material. It is used in 
construction since antiquity, e.g. to produce bricks, tiles and several types of ceramics. In the 
15th century, Georgius Agricola formulated the first definition of clay. In 1980, Bailey has 
defined clay as a fine-grained phyllosilicate (Velde and Meunier 2008). The Association 
Internationale pour l´Etude des Argiles (AIPEA) and the Clay Minerals Society (CMS) 
defined clay as “a 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”. Yet the definition of clay is strictly related to the particle size value. Generally the clay 
fraction refers to particle size finer than 4 μm (Bergaya and Lagaly 2013). Moreover, a soil is 
classified as clay when clay particles constitute at least 40% by weight of the total mass of the 
fines.  
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The ability of clays to retain water and nutrients make them an essential component for 
the agricultural soils. In industry, clay is largely used for the production of various ceramic 
components using high-temperature treatments. It is also used as filler in polymers, paints, 
paper, etc. or as a rheological modifier in paints and petroleum drilling muds. Thermally 
treated clays, so-called metakaolin, have already reached a large degree of utilization as SCM 
in concrete technology. 

 

3.2.1 Clay minerals - Structure and Properties 

Clay minerals are considered a class of hydrated phyllosilicates, with variable mineral 
composition within their natural deposit due to the sedimentation and weathering conditions. 
The main clay minerals are montmorillonite, kaolinite, illite, smectite, palygorskite, and 
sepiolite. Clay minerals can be characterized in terms of their layer structure, anisotropy, 
plasticity, hardening on drying or firing, etc. (Bergaya and Lagaly 2013). In addition, several 
non-phyllosilicate minerals can be found including carbonates, feldspars and quartz. 

 
The lamellar structure of clay minerals is formed by parallel layers of tetrahedral silicate and 

octahedral aluminate (Figure 1). This specific arrangement of the unit layers along the c 
crystallographic axis generates different polytypes of clay. 1:1 type clay minerals (kaolinites, 
pyrophyllite, talc, etc.) are generally composed by electrically neutral layers as there is no 
cation substitution within the octahedral and/or tetrahedral sheets. The majority of natural 
clays are composed by 2:1 type of layer system and each layer is negatively charged because 
of the addition of positively charged cations present in the interlayers (Velde and Meunier 
2008).  

 

Figure 1. Models of a 1:1 and 2:1 layer structure. Oa, Ob, and Ooct refer to tetrahedral basal, 
tetrahedral apical and octahedral anionic position, respectively. M and T indicate the octahedral and 
tetrahedral cation, respectively (Bergaya and Lagaly 2013)1 

                                                            
1 Reprinted from Elsevier Books, M.F. Brigatti, E. Galan, B.K.G. Theng, Developments in Clay Science, 68, 2006, 

with permission from Elsevier. 
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Kaolinite is characterized by the subsequent repetition of silicate and aluminate sheets 
(Bergaya and Lagaly 2013; Laszlo 1987). The adjacent layers are linked together through 
hydrogen bonds (Fernandez et al. 2011). Two types of hydroxyl groups can be identified in 
kaolinite structures: inner-surface hydroxyl groups and inner hydroxyl groups, respectively 
found between adjacent layers and within a single layer (Frost et al. 2001). Kaolinite is not 
chemically reactive and frequently Fe substitution in its structure is observed. In 
montmorillonite and illite clay minerals, the aluminate sheets are placed between two silicate 
layers (Figure 2). These clay minerals are characterized by the 2:1 type structure. 
Montmorillonite is considered an isomorphous structure of illite, where every sixth aluminum 
in the octahedral sheet is replaced by magnesium (Fernandez et al. 2011).   

 

Figure 2. Structures and ideal formulas of kaolinite(a), illite(b), and montmorillonite(c) (Fernandez 
et al. 2011) 2  

 

3.2.2 Clays in Sweden  

Soils rich in clay occurr in central and southern Sweden, as well as along the Bothnian 
gulf, and are categorized as marine clays with high content of silt. Fine clay is mainly allocated 
in the Stockholm region (Figure 3). The Swedish geology has a relatively low concentration 
of calcium (Ca) due to the limited presence of carbonates. The Silicon (Si) content is high 
compared to Ca, indicating the presence of quartz-rich deposits (Andersson-Sköld et al. 
2005). Illite is the most common clay mineral in postglacial marine deposits, thus clays 
composed mainly of illite dominate in Sweden (Terzaghi et al. 1996).  

                                                            
2 Reprinted from Cement and Concrete Research, 41, Rodrigo Fernandez, Fernando Martirena, Karen Scrivener, The 

origin of the pozzolanic activity of calcined clay minerals: A comparison between kaolinite, illite and montmorillonite, 113-
122, 2011, with permission from Elsevier. 
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Figure 3. Geographical variation in the dominant mineral soil texture according to the Swedish 
classification system (Eriksson et al. 2001). 

 

The growing population in Swedish urban areas requires the development of new 
construction, which often include extensive underground structures where significant creep 
deformation can create problems (Wood and Karstunen 2017). A number of Swedish regions 
face the risk of a so-called quick clay, which is defined as a type of soil that “liquefies” due to 
its structural collapse under high strain values. During the last 60 years, quick clay landslides 
occurred in various areas of Sweden (Andersson-Sköld et al. 2005). Examples include slides 
in Surte, 1950, Göta, 1957, and Tuve, 1977 (Lundström et al. 2009). The clay soil structure 
can be described as a complex arrangement of solid particles kept together by plastic and rigid 
bonds, and quick clays are considerably susceptible to distortion of this structure (Crawford 
1968). In Scandinavia, the mineralogical compositions of quick clays consist predominantly 
of illite, quartz, feldspar, and chlorite (Egashira and Ohtsubo 1982) 
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3.2.3 Modified Clay minerals  

Clay minerals are formed by weathering of silicates including mica, amphibolites and 
feldspar. Steady reactions happen in a system containing clay particles and water. The weakly 
bonded to clay particles ions can be substituted by ions from the surrounding water medium. 
The reactivity and properties of clays can be improved through different treatments, e.g. acid 
activation or thermal treatment. Acid treatment has been widely used to change the structural 
arrangement of several clay minerals (smectite, palygorskite), and to increase the surface area, 
chemical activity and porosity. Thermal treatment at temperatures from 400 °C to 900 °C 
can enhance their pozzolanic reactivity. Furthermore, combined treatments on kaolin, as for 
example acid activation after mechanical treatment, can develop microporous materials for 
special applications (San Cristóbal et al. 2009). Thus, modified clays possess multifarious 
application possibilities.  

Kaolinite, which is the main component of natural clay, undergoes three stages of changes 
while exposed to thermal treatment: dehydration, dehydroxylation and high temperature 
reactions (Figure 4).  

 

 

Figure 4.Thermal decomposition of the kaolin (Trusilewicz et al. 2012)3 

                                                            
3 Reprinted from Journal of the American Ceramic Society, 95 (9), R. Talero, V.Rahhal, F. Fernandez-

Martinez, et al. TEM and SAED Characterization of Metakaolin. Pozzolanic Activity, 2012, with permission 
from Wiley 
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The absorbed water in the structure of kaolinite is removed at approximately 100 °C. 
Increasing the temperature between 400 and 800 °C leads to the removal of water from the 
hydroxyl groups. The dehydrated minerals exhibit an amorphous or semi-crystalline structure 
and are characterized by enhanced reactivity. Under dehydroxylation temperature, thermally 
treated kaolinite is converted to metakaolinite according to the following chemical equation 

2SiO2·Al2O3·2H2O --- 2SiO2·Al2O3 + 2H2O (g) 

Between 900 and 1000 °C, kaolinite transforms into a cubic phase with a spinel-type 
structure through an exothermic reaction. 

Metakaolin is considered a very good SCM for production of concrete. This metastable 
phase acts as a pozzolana when in contact with lime and water; developing calcium silicate 
and calcium aluminate hydrates (Murat 1983). From a structural point of view, 
dehydroxylation of kaolinite results in a loss of crystallinity and a modification in aluminum 
coordination from octahedral to tetrahedral (Sperinck et al. 2011). Heat affects the loss of 
structural OH groups and induces rearrangement of Si and Al atoms. 

The dehydroxylation of 2:1 clay minerals, e.g. illite or smectite, can also increase their 
reactivity, leading to an amorphous material with possible utilization in geopolymers and/or 
SCM (Buchwald et al. 2009). However, thermal treatment of illite or montmorillonite is not 
leading to extensive structural amorphization as compared to heat-treated kaolinite, mainly 
due to smaller amount of hydroxyls groups (Fernandez et al. 2011).  
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3.3 Mechanochemistry 

While mechanochemistry as a science has developed only relatively recently, 
mechanochemical reactions have been observed since antiquity. The primitive method of 
procuring fire by friction of two solid surfaces can be considered a mechanochemical reaction, 
as the effect of the chemical reaction is achieved through mechanical deformation of a solid 
(Gutman 1998). Theophrastus of Eresus (371-268 B.C) is considered to be the first author 
documenting inorganic chemistry, describing how to carry out the mechanochemical reaction 
of cinnabar to quicksilver in the book De Lapidibus (On Stones) (Takacs 2000). In the 19th 
century, Faraday described a dry route to reducing silver chloride (AgCl) by grinding in a 
mortar in the presence of copper, iron, tin and zinc (Takacs 2000). At the end of the 19th 
century, M. Carey Lea, who is considered the father of the Mechanochemistry, observed a 
rapid decomposition upon grinding of mercuric chloride and silver chloride, which are solids 
that sublimate and melt upon heating (Takacs 2000). The term mechanochemistry was coined 
in 1891 by Ostwald, who included it in his description of chemical science along with 
photochemistry, thermochemistry, electrochemistry and other types of chemistry (Juhasz 
1998). 

At present, a mechanochemical reaction is classified by IUPAC as a “chemical reaction 
that is induced by mechanical energy” (McNaught 1997; Baláz et al. 2013). High-energy 
mechanical reactions can induce amorphization and structural changes through several 
mechanical actions 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 2001).  
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3.3.1 From tribology to mechanochemistry 

On the macroscopic level and at the very first stage of grinding, the main effect is the 
friction phenomenon between surface asperities (Nosonovsky and Bhushan 2008). The 
science studying the forces involved during friction action of materials and their effect is 
defined as tribology. The term tribology comes from the ancient Greek word “tribos” and 
means sliding or rubbing (Stachowiak, G. W., Batchelor 2014). The term “tribochemistry” 
was used to describe studies on the chemical reactivity of solids under mechanical stresses 
(Heinicke 1984; Tkácová 1989). 

Several studies on friction and adhesion of surface asperities are considered as theoretical 
basis to understand and better explain phenomena related to high-energy grinding. For 
example Bowden and Tabor (1938), in their studies on tribology, focused on contact areas 
between moving surfaces, assessing that high temperatures of over 700 °C developed due to 
friction (Bowden et al. 1966; Bowden and Tabor 1939). The frictional forces can lead to 
severe deformations and generation of metastable phases at the contact points between the 
sliding surfaces (Delogu 2008; Kim et al. 2007). However, several simultaneous processes take 
place under the effect of mechanical stresses. Hence, tribology alone cannot explain the 
complex behaviour observed during high-energy grinding.  

In this regard, it is worth noting that BM of clay minerals, including bentonite and 
kaolinite, was considered only to be able to induce a physical phenomenon of disintegration 
and particle size reduction, until Alfred Perkins assessed that also disordering in the crystal 
lattice occurred (Garcia et al. 1991; Gregg et al. 1953). 

Leonard Austin assessed that the MCA process occurs when “…quantitative changes 
related to the particle size of the material cause qualitative changes in the nature of the 
material…” (Boldyrev et al. 1996; Hennart et al. 2009; Tole et al. 2019).  

 

3.3.2 Structural changes of solids under high-energy grinding 

Mechanochemical processing is characterized by a pronounced local effect, leading to the 
need of complex analysis and numerical simulations. The high-energy stresses developed in a 
ball mill lead to the generation and accumulation of dislocations. Local and intense plastic 
deformations contribute to structural changes of the treated material (Delogu 2009a). The 
mechanically treated particles undergo severe deformation due to the impact events and high-
pressure loads. The resulting mechanical stresses can produce strain rates in the order of 104 
Hz, thus inducing plastic deformations, repeated fractures and cold welding (Delogu and 
Cocco 2005).  

Mechanical activation of minerals occurs in two stages. The first stage of high-energy 
grinding is the so-called comminution, decreases the particle size and alters the particle shape. 
The comminution of an ideally brittle material leads to the rupture of the interatomic bonds 
and formation of new surfaces with a accumulated surface energy (Tkácová 1989).  
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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. Prolongation of the process arouses severe changes in the chemical and 
physico-chemical properties of the processed material (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).   

Studies in atomic scale processes of impact between solids have shown that the topology 
of the colliding surfaces is a critical factor for the response of the crystalline structure. Surface 
asperities are primarily compromised during impact of rough surfaces. Mechanical stresses are 
concentrated at the tips of the asperities where the contact occurs. Phenomena of 
rearrangement of atomic position and induced interfacial mixing lead to the creation of a 
structurally disordered interface, Figure 5 (Delogu and Cocco 2006).    

 

    

Figure 5. Snapshots of the (111) Ni - (100) Zr interface immediately before the impact (a) and 
after 0.4 ns (b). Only the atomic species within a slice about 1 nm thick at the center of the simulation 
cell are shown for sake of clarity. Ni and Zr atoms are reported respectively in light and dark gray. 
Mixing processes involve a limited interfacial region (Delogu and Cocco 2006)4. 

                                                            
4 Reprinted (Figure 3) with permission from [(Delogu and Cocco 2006) as follows: F. Delogu and G. Cocco, Physical 

Review B, 74 (3), 1-13, 2006.] Copyright (2019) by the American Physical Society 
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High-energy grinding is characterized simultaneously by frictional stresses, which imply 
severe local mechanical deformations. The local atomic excitation due to the accumulation 
of the kinetic energy, made the mechanically treated material to experience a rapid increase 
of the temperature, 1000-2000 K, in a very short time, 2-10 ns. Generation of liquid-like 
regions may lead to new chemical bonding and an alloying mechanism as observed for metals, 
Figure 6 .  

 

Figure 6. Liquidlike atoms present in the atomic configurations of SICs colliding at a relative 
velocity vimp of 20 nm ns 1. Data refer to portions of atomic configurations taken after the indicated 
time intervals from the beginning of calculations. Liquidlike atoms are shown in dark gray (Delogu 
2010)5 

                                                            
5   Reprinted (Figure 7) with permission from [(Delogu 2010) as follows: F. Delogu, Physical Review B, 82 (20), 1-9, 

2010.] Copyright (2019) by the American Physical Society 
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3.3.3 Kinetics of mechanochemical processes 

The use of mechanochemistry for processing of solids requires the development of valid 
models to describe the mechanochemical transformations. Several studies on the 
thermodynamics and kinetics of mechanochemical activation have been done in the last years, 
although a theoretical framework is still not well defined (Delogu 2011). Fundamental 
assumption of the dependency between time, pressure and temperature enabled the use of 
traditional thermodynamics for calculating the reaction kinetics (Boldyrev et al. 1996; 
Urakaev et al. 2000). Three phases occurring during the MCA process were distinguished 
(Avvakumov et al. 2001). The first stage is characterized by an increased specific surface area, 
while the following two stage are marked by the plastic deformation and subsequent chemical 
reaction between particles, (Tole et al. 2019). 

The kinetics of mechanochemical reactions involves changes of the conditions during 
activation leading to difficulties and complexity of explanations. Therefore, universal models 
are difficult to assess and simplified kinetic laws can be obtained only if based on some 
necessary assumptions. (1) A very small amount of powder is involved in each collision, so 
that the BM can be defined as a discrete processing method. (2) Each collision is able to 
transfer mechanical energy to the powder but this process is inhomogeneous because 
dependent on the particle size and shape of the treated powder. (3) The process has also a 
statistical character because the processed powder at each collision is randomly selected from 
the total charge. (4) The composition of a fraction of powder between two following 
collisions is representative of the entire charge. Under these assumptions the degree of the 
mechanochemical transformation a can be expressed by the following equation: 

 ( ) = 1 [1 + + +
( )

!
+ ]   Equation 1 

where n is the number of impacts and k the fraction of powder involved in the transformation 
(Delogu et al. 2004). 
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3.3.4 Parameters affecting the efficiency of grinding  

During high-energy grinding, the effectiveness of the structural disorder imposed on the 
treated material is directly related to the selected process parameters of the ball mill. The ball 
to powder ratio (B/P), the size of the grinding medium, the grinding media (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.  

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 dependent on 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: 

=      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).  

The B/P has a significant influence on the required grinding duration enabling to achieve 
the structural amorphization. An increase of the B/P will lead to an increase of the frequency 
of collisions and of the amount of the transferred energy to the treated powder. The 
amorphization will occur in a shorter time. An increase of the size of the grinding medium 
will also increase the transferred energy due to the higher impact energy produced. 
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3.4 Pozzolanic Activity 

Pozzolana is “a siliceous or siliceous and aluminous material, which in itself possesses little 
or no cementitious value but will, in finely divided form and in the presence of moisture, 
chemically react with calcium hydroxide at ordinary temperatures to form compounds 
possessing cementitious properties’’( ASTM C 618 2012).  

The pozzolanic reaction is characterized by the consumption of calcium hydroxide from 
the cementitious systems and formation of CSH. The formation of additional calcium silicate 
hydrate (CSH) leads to pore size refinement, improved strength and decreased permeability 
of the cementitious system (Mehta and Monteiro 2006). The pozzolanic activity is strongly 
dependent on the particle size distribution. Hence, some materials, including for example fly 
ash possess pozzolanic activity only when their particle size is smaller than 10 μm. Another 
example is silica fume, having an average particle sized of around 0.15 μm. It acts as a micro 
filler increasing the packing density but also as a pozzolanic material (Thorstensen and 
Fidjestol 2015).  

Different direct and indirect standardized testing methods are used to assess the pozzolanic 
activity. The direct methods, e.g. the Frattini test or the Chapelle test, are based in the 
measurement of the consumption of the Ca(OH)2. The indirect methods, for example the 
Strength Activity Index (SAI) test measure the compressive strength. Commonly, there is not 
always a good correlation of the results between various methods. It is recommended that at 
least one method qualitatively evaluating the consumption of the Ca(OH)2 should be used 
(Donatello et al. 2010). 
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3.5 Alkali-Activated Materials 

Alkali-activated materials (AAM) are indicated as feasible alternative binders to be used in 
the production of concrete. A wider application of AAM could significantly reduce the CO2 
footprint of concrete by replacing the Portland cement. Fly ash, blast furnace slags (BFS) and 
metakaolin are example precursors used to produce AAM. AAM requires the addition of an 
alkaline aqueous solution to initiate the chemical reactions while in the case of Portland 
cement only water is needed (Cwirzen et al. 2014; Provis 2018; Provis and Bernal 2014).  

Regarding the chemistry behind AAM, it is necessary to underline that different precursors 
and alkaline solutions lead to the formation of structurally different gel products. There are 
two main types of gel forming in the AAM systems, the alkali aluminosilicate gel (often 
indicated as NASH) and the calcium (alumino)silicate hydrate gel (CASH). The first type is 
produced in systems based on precursors having a low calcium content. The calcium is often 
replaced by sodium or potassium (Provis and Bernal 2014). 

Alkali activation of calcined clay has led to the formation of a product, which was called 
geopolymer by Davidovits in 1970. In the early 1990s, the first research work on the alkaline 
activation of metakaolin was published. This low-calcium alkali activated system exhibited an 
aluminosilicate gel with Si and Al in tetrahedral coordination. This binder had an amorphous 
structure and the aluminosilicate gel was highly cross-linked (Provis 2018).  

Various studies indicated the suitability of using metakaolin as a precursor for production 
of alkali-activated concretes (Marín-López et al. 2009). It is known that the durability, 
strength and mechanical properties of concrete are strongly related to the water to 
cement/binder ratio. These engineering properties are enhanced with decreasing the w/c. 
The plate-like particle shape of calcined clays induced a higher water demand to achieve an 
acceptable workability . Some studies 
indicated that flash calcination processes tended to change this morphology into more 
spherical shape (San Nicolas 2011) and destroying the plate-like structure of kaolin (Provis 
and Van Deventer 2014.; San Nicolas 2011). The strain of the aluminum site within the 
octahedral structure of kaolinite is considered to be responsible for the enhanced reactivity of 
metakaolin in an alkaline environment (White et al. 2012).  

Mechanical activation by BM can be considered also as an alternative method to enhance 
the reactivity of clay in alkaline environments. High-energy grinding can led to a spherical 
shape morphology (Tole et al. 2018) and can induce changes in the aluminum coordination 
similar to those achieved through thermal dehydroxylation (MacKenzie et al. 2007). 
Furthermore, other clay minerals, such as illite, illite-smectite, pyrophyllite, muscovite etc., 
can be used as precursors for production of AAM (Buchwald et al. 2009; MacKenzie et al. 
2007; Pacheco-Torgal et al. 2008; Wang et al. 2002). Mechanical activation can as earlier 
described induce amorphization and structural changes in all those clay minerals (Hrachová 
et al. 2007; Yang et al. 2005) 
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4 METHODOLOGY 

In this chapter, materials and methods are described. Natural clay characterization and 
mechanical activation process, as well as mix design and methods for assessing properties of 
the binder after solidification are explained.  

 

4.1 Materials  

The natural clay used in this study was collected near Stockholm, in Sweden (Figure 7). 
Prior to BM, the characterization of the collected raw material was done. The Atterberg limits 
were used to determine the geotechnical properties. The obtained results showed values of 
57% for the liquid limit, 23% for the plastic limit and the plasticity index of 34%. 

 

Figure 7. Sketch map of the region where the raw material was collected (Tole et al. 2018) 
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The sieve analysis on the raw material has indicated 51 % of clay, 31% of silt and 18% of 
sand. According to the standard soil texture triangle, the raw material used in this study is 
classified as clay (Figure 8).  

 

Figure 8. Standard soil texture triangle indicating classification of the natural clay utilized.  

The chemical composition of the used clay is shown in Table 1. The samples showed a 
low content of calcium oxides (CaO2) and a high content of silicon oxides (SiO2), which 
complied with official geological data (3.2.2). Lost On Ignition (LOI) was 7.4 wt.%, 
suggesting a high content of organic matter.  

Table 1. Chemical composition of natural clay 

Component Content (wt.%) 

SiO2 52,6 

Al2O3 15,1 

Fe2O3 6,9 

CaO 6,41 

K2O 3,78 

MgO 2,52 

Na2O 

TiO2 

1,68 

0,696 
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Alkali activated mortars were produced using clay as precursor. The unprocessed clay was 
used as reference sample. Liquid sodium silicate (SS) provided by the PQ Corporation was 
used as the alkali activator. The alkali modulus of the activator (Ms = SiO2/Na2O) was 1, 
with 34.37 wt.% of SiO2 and Na2O, and solids content of 55.11 wt.%. The original alkali 
modulus of the provided sodium silicate was adjusted with the addition of sodium hydroxide 
pellets. The amount of alkali activator was 10 wt.% calculated by the mass of the processed 
clay. The mix composition of the alkali-activated raw clay is shown in Table 2. The mortar 
mixes were prepared with a sand to clay ratio of 1:1. The maximum particles size of the used 
sand was 0.15 mm. 

 

Table 2. Mix composition of alkali-activated clay (Tole et al. 2018) 

 Mix Identification 
 Untreated clay (S0) D320 D2520 

Binder content wt. (g) 30 30 30 
Water/Binder (ratio) 0,5 0,5 0,5 
Aggregate content wt. (g) 30 30 30 
Wt.% alkali activator 
solution 

10 10 10 

Activator Modulus Ms 

(SiO2/Na2O) 
1 1 1 
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4.2 Methods 

Mixing regime 

The mixes were produced using a vacuum mixer, type Ecovac Bredent, with 290 rotations 
per minute. The mixing procedure included 1 min of mixing of all dry components followed 
by 2 min of wet mixing. After 24 hours, the samples were removed and placed in sealed 
conditions until compressive strength testing, which was done after 7 days.  

 

 

Figure 9. Mixing equipment, type Ecovac Bredent. 
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Ball milling (BM) 

 The reference sample (S0) was prepared by manual grinding of the natural clay, after 
drying at 105 °C for 24 h. Dry and wet grinding was done using a planetary ball mill (Figure 
10 and 11), type Retsch PM 100, equipped with a stainless steel jar of 500 mL. The wet 
grinding was performed utilizing water as a grinding media.  

 

 

Figure 10. Schematization of the planetary ball mill motion during grinding 

 

        

Figure 11. Planetary ball mill, type Retsch PM 100, and utilized milling media with diameter 20 
mm. 

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. The identification of the samples 
with their respective process parameters are summarized in Table 3.  
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Table 3. Used process parameters 

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 

 

The evaluation of the pozzolanic activity is based on the ability of the material to react 
with calcium hydroxide. The evaluation of this property was assessed through SAI, an indirect 
method. The BM parameters to process clay for assessing the pozzolanic activity were 
reduced, based on the results of grinding efficiency. Natural clay was ground in the planetary 
BM with twelve stainless steel spheres of diameter 20 mm in dry mode. The speed was kept 
constant at 500 rotations per minute, while the B/P and the time of grinding were varied 
(Table 3). 

 

X-Ray Diffraction (XRD) 

The X-ray diffractometer type Empyrean from PANalytical with PIXcel 3D detector was 
used to determine the changes of the crystallinity induced by the applied BM process. Cu-K 
radiation with a wavelength of 1.54060 Å, generated at 45 kV and 40 mA were used. The 
step size was 0.0260 and the temperature during the measurement was kept at 25°C. No pre-
treatment and back-loading sample holders were used to avoid preferred orientation of the 
particles. 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 kaolinite 
peak [001]. Lorentz fitting was used to assess the FWHM (001) indexes. 



Mechanical activation of clay - a novel route to sustainable cementitious binders 

 

47 

 

Scanning Electron Microscopy (SEM) 

The morphology of the natural and the mechanically activated clay was analyzed by 
Scanning Electron Microscope type Jeol, JSM-IT100 (Figure 12). The powdery samples were 
placed on an adhesive carbon tape. No conductive coating was applied. Micrographs were 
taken from a minimum of three different samples. All images were obtained using a secondary 
electron detector (SED) at magnifications of 5,500. The accelerating voltage was 10 kV and 
the accelerating current 30 μA. 

 

 

Figure 12. Scanning Electron Microscope, type Jeol, used in this study.  
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Particle size distribution 

Different techniques were used to evaluate the particle size distribution before and after 
grinding. The image analysis was done based on micrographs obtained by SEM using the 
ImageJ software. The second method utilized a Dynamic Light Scattering equipment (Figure 
13). In the case of the image analysis samples were placed in a vacuum chamber and 
impregnated with an epoxy resin. Subsequently, polishing of the surface was performed by 
using diamonds sprays with particle diameters of 9, 3 and 1 μm. Nine micrographs per sample, 
at a magnification of 200 times, were obtained in low vacuum using the backscattered electron 
detector (BEC). The ImageJ software was used to combine the images to obtain the size of 
the analyzed area of 1300 μm x 1300 μm (Preibisch et al. 2009). The spatial resolution of the 
images was 8 pixels per 1. To remove the noise, micrographs were processed with median 
filter having a 2-pixel kernel. The threshold was adjusted manually to binarise the images. 
Subsequently, the determination of the basic morphological parameters, i.e. Feret diameter, 
perimeter, surface area, circularity index and equivalent circle of the binarised images was 
assessed. The ImageJ software was used for both processing and analysis of the images 
(Preibisch et al. 2009; Schindelin et al. 2012; Schneider et al. 2012). The comparison of the 
results was done by fitting the Gaussian probability distribution to the histograms of the 
selected morphological parameters. The particle size distribution was measured by Dynamic 
Light Scattering (DLS). 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. Three measurements per sample were made. 

 

 

Figure 13. Dynamic Light Scattering (DLS) equipment.  
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Strength Activity Index (SAI) 

A pozzolan is defined by ASTM C125 as a “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). The SAI is evaluated 
through comparative compressive strength tests on mortar beams having dimensions of 
40x40x160 mm3. Control mortar beams (M0) were prepared by using 100%  of Portland 
cement (PC). The other samples contained 80 wt.% of PC and 20 wt.% of the mechanically 
activated clay (Table 4). A Hobart mixer was utilized and the mixing time was 5 minutes. All 
beams were demoulded after 24 hours and were stored in a water bath until further testing. 
The compressive strength tests were performed after 7 and 28 days. 

The SAI was calculated as a percentage of the compressive strength value of the control 
mortar beam to the compressive strength value of the mortar beam prepared with 20 wt.% of 
cement replacement:  

 =  /   100 %                                         Equation 3 

where A is the compressive strength value for the beam with 20% of cement replacement 
and B is the compressive strength value of the control mortar sample. According to the ASTM 
C618A a material can be indicated as having a pozzolanic activity when the SAI-index is 
greater than 0.75 while measured after 7 and 28 days. For FA and natural pozzolans the 
required replacement of the Portland cement is 20 wt.% (ASTM C 618 2012). 

 

Table 4. Mix design of the mortar beams prepared for the SAI test 

Sample Cement (g) Sand (g) Processed clay (ID) Processed clay (g) Water (ml) 

M0 450 1350 - - 225 

MD35 360 1350 D35 90 225 

MD320 360 1350 D320 90 225 

MD255 360 1350 D255 90 225 

MD2520 360 1350 D2520 90 225 
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Compressive Strength test 

Preparation and testing of alkali-activated mortar samples, prepared with mechanical 
activated clay as a precursor, were done through an internal set-up. Specimens were cast into 
Teflon molds with dimensions of 12x12x160 mm3. The compressive strength values were 
determined in a mechanical testing machine, type Instron model 1342. 

 

      

Figure 14. Compressive Strength equipment  

 

 

Figure 15. Teflon moulds for preparation of specimens   



Mechanical activation of clay - a novel route to sustainable cementitious binders 

 

51 

 

5 RESULTS AND DISCUSSIONS 

In this chapter, the results of the mechanical process and of the solidification are discussed. 
The first part focuses on the efficiency of mechanical activation process and its effects on 
amorphization and morphology. The second part describes the preliminary results obtained 
from the application of the processed materials as replacement of Portland cement and as 
precursor in alkali-activated systems. 

 

5.1 Efficiency of the MC process 

Crystallinity 

XRD diagrams for both wet and dry grinding with different B/P ratio were compared 
(Figure 16 and 17). Time and speed of grinding were kept constant, respectively 20 minutes 
and 500 rpm.  

 

Figure 16. XRD diffraction patterns for different B/P ratio during grinding of a Swedish raw 
clay: dry grinding process for samples S0, D320, D520 and D2520. (Kln-kaolinite, Mnt-
Montmorillonite, Ms-muscovite, Ilt-illite, Qz-quartz, Cal-calcite) (Tole et al. 2018) 
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Figure 17. XRD diffraction patterns for different B/P ratio during grinding of a Swedish raw 
clay: wet grinding process for sample S0, W320, W520 and W2520. (Kln-kaolinite, Mnt-
Montmorillonite, Ms-muscovite, Ilt-illite, Qz-quartz, Cal-calcite) (Tole et al. 2018) 

 
The changes in the intensity and area of the peaks indicated decreased crystallinity of the 

processed samples. With increased B/P, the decrease of the peaks intensities was detectable. 
Sample DG-25R (with B/P equal to 25) showed the most extensive changes, especially for 
peaks related to kaolinite (Kln), muscovite (Ms) or calcite (Cal). This effect was similar for 
grinding in the wet mode. 

To numerically evaluate the changes in the area of the kaolinite peaks a calculation of the 
Full Width at Maximum Height (FWMH) was performed following the Lorentz fitting 
(Figure 18). Lower XRD peaks intensities combined with increased FWHM values indicated 
significant amorphization. Thus, FWHM values higher than 0.4 for the calculated kaolinite 
primary peak [001] suggested a disordered structure (Ili B. et al. 2016; Tironi et al. 2014). 
Ball milling with B/P of 25, for both wet and dry grinding, amorphized the kaolinite phase, 
which possessed FWHM values higher than 0.4 (Figure 18).   
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Figure 18. FWHM for kaolinite peaks [001] during dry and wet grinding with different B/P ratio 
(Tole et al. 2018) 

Since the number of the grinding balls was kept constant and only the amount of the 
processed powder was changed, it can be assumed that less powder enabled a faster 
comminution process, thus reducing the time for the initiation of mechanical activation. Ball 
milling in the wet mode showed similar trends. Higher B/P ratios reduced the peaks 
intensities (Figure 16) and increased the FWHM values (Figure 18). Using water prevented 
caking and agglomeration of the processed powders. However, higher amounts of water can 
change the viscosity of the suspension during grinding and hinder the movements and 
eventually action of the grinding balls. This behavior can lead to the necessity of longer 
grinding times for achieving amorphization.  

The crystallinity of the quartz present in the processed clay was barely affected when 
processed in the dry mode. This can be related to its significantly higher hardness in 
comparison to the kaolinite phase, 7 versus 2-3 Mohs scale. On the contrary, the wet grinding 
caused visible amorphization which complies with previous results (Hasegawa et al. 2001; 
Makó et al. 2001; Prokof’ev and Gordina 2012) 
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The comparison of XRD spectra obtained from the three applied grinding durations, 
respectively 15, 20 and 60 min, are shown in Figure 19 and 20.  The B/P of 25 and the W/P 
of 1 were kept constant. The results indicated an increased loss of the crystallinity with longer 
grinding times for both wet and dry grinding processes. The FWHM indexes for kaolinite 
were higher than 0.4 after 20 minutes of grinding.  

 
 
Figure 19. XRD diffraction patterns for different time grinding of a Swedish raw clay: dry grinding 
of samples S0, D2515, D2520 and D2560. [Kln-kaolinite, Mnt-Montmorillonite, Ms-muscovite, Ilt-
illite, Qz-quartz, Cal-calcite](Tole et al. 2018). 
 

 
Figure 20. XRD diffraction patterns for different time grinding of a Swedish raw clay: wet grinding 
of samples S0, WG-15T, WG-20T, and WG-60T. [Kln-kaolinite, Mnt-Montmorillonite, Ms-
muscovite, Ilt-illite, Qz-quartz, Cal-calcite](Tole et al. 2018) 
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The effects of the grinding speed on the amorphization were studied using samples 
processed at 400, 500 and 600 rpm, in both dry and wet modes. Higher speeds induced a 
more extensive amorphization (Figure 21 and 22). Unfortunately, the temperature of the 
system also increased and caused the caking effect while using the dry mode. 

 
  

Figure 21. XRD diffraction patterns for different speeds during grinding of a Swedish raw clay: dry 
grinding for sample S0, 400D2520, 500D2520, and 600D2520. [Kln-kaolinite, Mnt-Montmorillonite, 
Ms-muscovite, Ilt-illite, Qz-quartz, Cal-calcite] (Tole et al. 2018). 

 
Figure 22. XRD diffraction patterns for different speeds during grinding of a Swedish raw clay: wet 
grinding for sample S0, 400W2520, 500W2520, and 600W2520. [Kln-kaolinite, Mnt-
Montmorillonite, Ms-muscovite, Ilt-illite, Qz-quartz, Cal-calcite] (Tole et al. 2018) 
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Morphology 
 

SEM observations indicated significant changes in the morphology of the treated clay 
particles. A platy morphology was observed in S(0) while the mechanically activated samples 
were dominated by spherulitic shapes (Figure 23).  

 

 

 

 

 

 

Figure 23. SEM-SE micrographs of a Swedish raw clay: (a) sample S0; (b) sample DG-25R (Tole 
et al. 2018) 

 
 

Figure 24. Figure 7. SEM-SE micrographs of processed materials (a) sample S0; (b) DG-15T; (c) 
DG-60T; (d) WG-60T (Tole et al. 2018) 

Particles with spherical shape were dominant for longer time of grinding, higher B/P and 
wet mode process. In dehydroxylation by thermal treatment, delamination of the layers in 
kaolinite and their spherical morphology identified a final product with enhanced reactivity 
(San Nicolas 2011).   
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Particle size distribution 
 

Prolonged grinding with at a high B/P produced smaller particles. The particle size 
distribution was directly correlated with the grinding duration and the ball-to-powder ratio. 
The most amorphous sample, D2520, contained also more fine particles (Figure 25).  

 
 

Figure 25. Particle size distribution of MCA clay with different process parameters. 
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5.2 Solidification of mechanically activated clay 

To investigate the solidification behavior of the mechanically activated clay, four ground 
samples were selected from Table 3. The processed clays used in this part of the research had 
the B/P ratios of 3 and 25. They were grinded either for 5 or for 20 minutes. The untreated 
clay sample S(0) was analyzed as well. Grinding for 60 minutes was not considered due to the 
longer duration and the caking effect in the dry mode. The selected samples were investigated 
as a SCM (5.2.1) and as a precursor for AAM (5.2.2). 

 

5.2.1 Replacement of Portland cement 

The MCA process induced amorphization and disorder in the structure of the processed 
clay. Changes in the crystallinity were substantial for higher B/P ratios and longer time of 
grinding. Sample D2520 (B/P 25 and time 20) exhibited decreased intensities of the main 
peaks related to clay minerals, as kaolinite or muscovite (Figure 26). Increased values of the 
FWHM indexes were determined for samples D35, D320 and D255, indicating a gradual 
degradation of the kaolinite lattice while being exposed to longer grinding times and higher 
B/P. However, only sample D2520 reached a FWHM value higher than 0.4, which indicated 
an amorphous structure (Figure 27).  

 

Figure 26. XRD diffraction patterns for different B/P ratios and grinding times 
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Figure 27. FWHM indexes for mechanically activated clay samples used as replacement of cement. 

 

The 7-days compressive strength of mortar beams was slightly lower for mixes containing 
20 wt.% of the clay treated with a lower ball-to-powder ratio (MD35, MD320) and processed 
with shorter grinding times (MD35 and MD255). The sample MD2520 containing 20 wt.% 
of the processed clay (D2520), which was more amorphous, showed a higher 7-days 
compressive strength value. After 28 days, the compressive strength of almost all samples 
prepared with 20 wt. % of processed clays showed higher values in comparison with the 
reference mortar sample containing 100 wt.% of Portland cement (Figure 28). The sample 
MD255 had a slightly lower 28-days compressive strength but the SAI index value for that 
material was 95%, which is still higher than the minimum required value of 75%. 

 

 

  

 

 

 

 

 

Figure 28. Compressive strength test results of the reference mortar sample (M0) and mortar 
samples prepared with 20 wt.% of cement replaced by MCA clay, after 7 days and 28 days. 
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All calculated SAI indexes are shown in Figure 29. The results showed that after 7 days 
all SAI indexes for samples containing 20 wt.% of the treated clay were higher than the 
required minimum of 75%. The maximum SAI index was calculated for the sample MD2520 
reaching a value of 103%. The increased SAI index values were obtained also for all samples 
tested after 28 days. The lowest value was 95% and the highest 120% for MD2520, thus 
indicating a strong pozzolanic activity of all processed clay samples. 

 

Figure 29. Strength activity index of mortar samples prepared with 20% of cement replaced by 
MCA clay, a) after 7 days, b) after 28 days 
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5.2.2 MC processed clay as a precursor for AAM – preliminary test 

Mortar samples produced with untreated clay did not solidify and the mechanical 
properties could not me measured, suggesting a lack of chemical activity. On the contrary, 
samples produced with the mechanically activated clay, D320 and D2520, reached 
respectively 1500 kPa and 2700 kPa after 7 days (Figure 30). Mechanical activation induced 
clearly an increased reactivity. The degree of amorphization showed a direct correlation with 
the increased reactivity. D2520 reached better mechanical properties, but further investigation 
is needed to optimize the mix design.  

 

Figure 30. 7-days compressive strength results of alkali-activated samples: S0, DG-3R and DG-
25R.  
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6 CONCLUDING REMARKS 

The conclusions from the investigations performed during the period covering this study 
are discussed in detail in the appended papers. Here, conclusions are summarized as follows:  

 The mechanical activation of natural clay and its amorphization occur at rates that 
are strongly dependent on the used process parameters, e.g. B/P ratio, time of 
grinding, type of grinding media and, grinding speed. Higher B/P ratios and longer 
duration favor an extensive amorphization.  
 

 Dry grinding was the preferred method as it excluded the need for subsequent 
drying. Isopropyl alcohol could be used to avoid the caking effect and 
agglomeration. In addition to the need for drying, the wet grinding required in 
some cases, longer grinding times to achieve a comparable degree of 
amorphization. 
 

 The investigated Swedish natural clay underwent extensive amorphization when 
the following process parameters were used: rotational speed 500 rpm, the B/P 
equal to 25, and grinding times of 20 minutes. 
 

 Mechanically activated clay showed good mechanical properties when used as a 
SCM. The compressive strength measured after 7 and 28 days showed enhanced 
values for the mortar samples prepared with 20% of cement replacement by the 
mechanically activated clay. The increased pozzolanic activity after 7 and 28 days 
was confirmed by SAI. All the treated samples overpassed the minimum required 
value of 75 %, while sample D2520 showed the higher SAI value.   
 

 Mechanical activation of natural clay can enhance its chemical reactivity, enabling 
its use as a precursor for the production of alkali-activated mortars or concrete. 
Further investigations need to be done in this case.  

 

Mechanical activation in a ball mill can be considered an environmentally friendly 
process able to enhance the chemical reactivity and the pozzolanic activity of natural clays. 
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7 FUTURE WORK 

The investigations in this study have originated further ideas and future research topics. 
Some proposals are summarized in this section.  

 

 It is of substantial importance to understand the fundamental mechanism and 
kinetics of mechanical activation processes in clay minerals. A deeper 
understanding of the mechanism can promote the selection of specific parameters 
for different devices and/or higher device capacities.  
 

 There is the need of thorough investigation of the chemistry of hydrate products 
when mechanically treated clay is used as a SCM. An assessment of the pozzolanic 
activity by different methods is necessary. Direct methods that evaluate the 
consumption of Ca(OH)2 can be a valuable tool for comparison.   
 

 Regarding the usage of mechanically activated clay as a precursor in AAM, more 
experiments are needed to define an optimized mix design with improved 
mechanical properties. Tests to assess other properties, as workability, shrinkage, 
chemical attack resistance, freeze and thaw capability, etc., are necessary.  
 

 Scale-up of the process is considered a very important requirement for future work, 
aiming on the utilization of industrial ball mills to produce this clay-based binder 
in industrial scale. Feasibility studies, economic considerations as well as life cycle 
assessment need to be taken in consideration for further assessment of this novel 
binder.  
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Abstract
Mechanochemical activation can be defined as a process able to induce structural disorder through intensive grinding. In certain
conditions, it may increase the chemical reactivity of the processed material. The process is extensively utilized in extractive
metallurgy, synthesis of nanocomposites or pharmacology. It is also considered an environmentally friendly alternative to activate
kaolinitic clay avoiding high calcination temperature. This paper aims to give a comprehensive overview of the process, its
evolution, process parameters and applications. The paper focuses on the mechanochemical treatment of natural clay minerals,
aiming at their transformation into cementitious or pozzolanic materials. It provides a summarized review of the theories related
to the mechanochemistry and discusses commonly used models. The paper also analyzes various key factors and parameters
controlling the mechanochemical activation process. The optimization and control of the several factors, as the filling ratio, the
grinding media, the velocity, the time of grinding, etc., can promote developments and new research opportunities on different
fields of application. Examples of applications, with a special focus on mechanochemically activated clay minerals and their use
as cementitious binders, are listed as well.

Keywords Mechanochemistry . Grinding .Mechanochemical activation . Clayminerals . Kaolin

Introduction

Mechanochemical activation (MCA) is a process able to in-
duce structural disorder, amorphisation and increased chemi-
cal reactivity in the material treated by intensive grinding,
(McNaught and Wilkinson 1997; Baláž et al. 2013). The
MCA is a simple method to apply, especially when done by
milling. The entire process is characterized by small energy
requirements, low processing temperatures, and thus reduced
costs, and increased environmental friendliness, (Baláž, 2000,
2008; Boldyrev 2006; Rescic et al. 2011).

In the book De Lapidus (On Stones), Theophrastus of
Eresus (371–286 B.C.) did the first documented description
of a process, which could relate to theMCA, (Takacs 2000). In

1820, Michael Faraday reduced AgCl to Ag with a pestle and
a mortar, which also simulated to a certain extent the MCA
process, (Fox 1975; Baláž 2008; James et al. 2012; Baláž et al.
2013). At the end of the nineteenth century, Mathew Carey
Lea discovered that application of mechanical forces and heat
treatment decomposed to halogen and metal the halides of
gold, silver, platinum, and mercury. The same components
melt or sublime under heat action, (Fox 1975; Baláž 2000,
2008; Takacs 2004; Baláž et al. 2013).

Later, Clark and Rowan discovered, that milling in the
solid state or applying a high pressure on certain com-
pounds could produce the same effects in their structure,
(Baláž 2000, 2008). Walter Kelley investigated grinding
of bentonite and kaolinite, and formulated a theory in-
cluding only a physical disintegration of the minerals
followed by a decrease in the particle size. Alfred
Perkins stated, that grinding induces also disorders in
the crystal lattice structure, (Gregg et al. 1953; Garcia
et al. 1991).

In 1938, Bowden and Tabor published results of their
studies in tribology, focusing on the contact area between
moving surfaces. Temperatures of over 700 °C were ob-
served at the contact of solid substances exposed to
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friction, (Fox 1975; Bowden and Tabor 1939, 1966; Baláž
2000, 2008; Baláž et al. 2013). Hüttig (1943) determined
that activated solid produced by grinding had a thermo-
dynamically and structurally unstable arrangement of the
lattice. Furthermore, the value of enthalpy and the Gibbs
energy also increased in the activated solid, (Hüttig 1943;
Tkácová 1989; Tkáčová et al. 1993).

In 1942, for the first time, Adolf Smékal used the term
Bmechanical activation^. Otherwise, Wilhelm Ostwald
was credited by some authors to classify mechanochem-
istry as one of the four sub-disciplines of chemistry,
among thermochemistry, electrochemistry and photo-
chemistry, each of which is based on a different type of
the input energy, (Rose and Sullivan 1958; Juhász 1998a;
James et al. 2012).

Leonard Austin determined that the MCA process oc-
curs when quantitative changes related to the particle size
of the material cause qualitative changes in the nature of
the material, (Boldyrev et al. 1996; Hennart et al. 2009).

In 1959, Hiroshi Takahashi published results of his
studies focusing on the dry grinding of pure kaolinite
and natural clay. Disordered crystalline structures and in-
creased amorphous phases were detected in the processed
materials. The crystalline structure tended to be amor-
phous at different times of dry grinding, depending on
the structural order of the original mineral unit layers,
(Takahashi 1959a, 1959b).

Effects produced by high energy ball milling and
mechanochemical activation could be important for differ-
ent technological applications including for example ma-
terials engineering, waste treatment, mineral processing,
agriculture, extractive metallurgy, construction technolo-
gy, pharmacy, or the coal industry, (Baláž 2008).

The clay itself, which is the main scope of this review,
is a commonly occurring and sustainable natural mineral
used in several applications. For example, calcined kao-
linitic clays are widely used to manufacture pozzolanic
cement, (Ambroise et al. 1994; Sabir et al. 2001;
Vizcayno et al. 2010; Souri et al. 2015; Sandström
2016). Metakaolin, which is produced by thermal calcina-
tion of kaolinitic clays, is used as a supplementary cemen-
titious material in the production of concrete. It has good
pozzolanic activity, can increase the concrete strength and
improve the durability. Furthermore, the MCA showed to
enhance pozzolanic activity of the natural kaolinitic clays,
(Ambroise et al. 1994; Sabir et al. 2001; Vizcayno et al.
2010; Souri et al. 2015).

The main aim of this paper is to review and analyze
various factors and process parameters affecting the effi-
ciency of the MCA process especially when applied on
clay minerals. The output of this analysis should enable to
define a set of initial parameters leading to an effective
activation of natural clay minerals.

Process

The MCA process can be defined as a sequence of four stress-
related events including: compression, shear (attrition), impact
and collision. Each type of milling equipment use different
combination of these various stresses, leading to different ef-
ficiency of the process, (Baláž 2000, 2008; Baláž et al. 2013;
Delogu and Takacs 2018). The main objective of the MCA
process is to transfer as much energy as possible, from the
milling balls to the ground material. The accumulated energy
will enhance the chemical reactivity of the processed materials
through dislocations and induced defects, (Boldyrev 2006;
Baláž et al. 2013). A number of various types ofmilling equip-
ment can be used for the MCA including ball mill, planetary
ball mills or ring mills, Fig. 1.

The planetary ball mills showed short processing times,
safe handling and good reproducibility, (Baláž 2000, 2008;
Baláž et al. 2013). In the planetary ball mill, the jar is attached
to a disk that rotates around the central axis. At the same time,
the jar rotates around its own axis. During grinding, the move-
ment of the balls is dependent on several process parameters.
For example, the increase of the revolution speed and/or the
filling ratio of the jar are able to change the movement of the
balls from a cascading regime to a cataracting one and finally
to a rolling regime, Fig. 2, (Burmeister and Kwade 2013).

The repetitive occurrence of structural changes can lead to
the co-crystallization of the nearby particles by decreasing the
specific surface area and the surface free energy, as well as
inducing shrinkage. Juhász and Opoczky (1990) described the
so-called melt-bridges formation because of the co-
crystallization initiated by the interpenetration of particles
and by the consecutive creation of a thin liquid film on their
surface. During fine grinding, mechanical effects, friction and
plastic deformation provide the necessary energy to form the
melt-bridges, similar to the high temperature sintering
process.

Another phenomenon observed during the grinding pro-
cess is the chemi-hesion, which could be defined as a chemical
bond between two solid surfaces being sufficiently close to
each other. The chemi-hesion occurs only due to the develop-
ing capillary pressure, which could partly explain why these
forces act even between particles of the same crystallinity and
composition. Combined chemi-hesion and surface disloca-
tions promote chemical reactions and intergrowth between
particles of different compositions. Polymorphic transforma-
tions can occur as well, (Juhász 1998a, 1998b; Baláž et al.
2013).

Concerning kaolinitic clay, which is the focus of this
paper, the MCA process is able to split the hydrogen
bonds between the adjacent kaolinite layers, (Frost et al.
2001, 2001). It causes structural modifications of the crys-
tal structure by the rupture of O-H, Al-OH, Al-O-Si and
Si-O bonds. The presence of quartz appeared to accelerate
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the amorphisation. The higher hardness of quartz particles
allow them to act as a grinding media for the kaolinite
particles, thus accelerating the grinding process, (Makó
et al. 2001; Rescic et al. 2011; Hamzaoui et al. 2015).
Results obtained by Sánchez et al. (1999) showed that
mechanical milling of the kaolinite can generate a signif-
icant amount of Al surface in a tetrahedral coordination
and can thus lead to a 20% decrease of the Si/Al atomic
ratio on the kaolinite surface. Structural amorphisation of
kaolinite during repetitive grinding process has been de-
tected through TEM and SEM analysis, respectively
Figs. 3 and 4, and through X-ray diffraction analysis,
Fig. 5. TEM and SEM micrographs show how the order
of the structure is altered and replaced by amorphous
regions.

Aglietti et al. (1986) observed physico-chemical changes
while grinding kaolinite in an oscillating mill. The results

showed that, at a certain stage, the ground material tends to
agglomerate due to the high surface energy produced in the
grinding process.

The adherence of the ground particles to the surface of the
jar and of the grinding balls is defined as caking, or simply an
adherence, and it interferes with the grinding process. The
deposition of the first layer is followed by an accumulation
of successive layers of material, which doesn’t take part any-
more in the grinding process, (Avvakumov et al. 2001).

Other studies showed, that the dehydroxylation tempera-
ture changes with the process duration, (Frost et al. 2003;
Ding et al. 2012). The thermal analysis, Thermogravimetric
analysis - TGA and Differential thermal analysis - DTA,
showed a loss of hydroxyl groups from the kaolinite surface
and their replacement with water molecules, (Frost et al. 2001,
2001). Amorphisation also appeared to destroy the bonds be-
tween the tetrahedral and the octahedral layers, (Takahashi

Fig. 2 Schematization of the milling ball motion in the jar of a planetary ball mill, respectively: cascading, cataracting, rolling

Fig. 1 Types of high energy milling equipment: 1- ball mill, 2- planetary ball mill, 3- ring mill
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1959c). Grinding of kaolinite for up to 10 h reduced the crys-
tallinity and increased the specific surface area, (Frost et al.
2001, 2001).

The X-ray Diffraction (XRD), the infrared spectroscopy
(IR) and the DTA of kaolinite samples, performed after grind-
ing, showed significantly altered structure, where the OH
groups were removed from their positions and the tetrahedral
and octahedral layers were distorted, (Kristof et al. 1993).

The MCA affected also other natural clay minerals, includ-
ing for example, illite, (Yang et al. 2005), muscovite, mont-
morillonite, (Hrachova et al. 2007), or pyrophyllite, (Pi et al.,
1988). Fragmentat ion of the clay minerals (e .g.

montmorillonite, ripidolite or kaolinite) due to MCA caused
the formation of new more reactive surfaces, (Vdovic et al.
2010).

A similar tendency related to structural changes was ob-
served during grinding of talc and pyrophyllite. In these cases,
dry grinding in a planetary ball mill deteriorated their struc-
ture, which became highly disordered, (Sugiyama et al. 1994).
Fine grinding of talc has produced an altered and amorphous
structure after less than 30 min. As for the clay minerals, a
particle size reduction associated with an increase in the spe-
cific surface area is obtained for MC activated talc, (Sugiyama
et al. 1993; Sanchez-Soto et al. 1997).

MC processing of montmorillonite or kaolinite, in addition
to decreased crystallinity and particle size, has shown interest-
ing changes as e.g. creation of amorphous oxides of Mg, in-
creased content of Fe3+ cations compared to Fe2+ in processed
montmorillonite, improvement of the DC conductivity in both
kaolinite and montmorillonite, (Bekri and Sasra 2016;
Ondruška et al. 2018).

Processing of bentonite by MCA led to the damage of the
crystal structure and generated almost an amorphous material,
especially when using long grinding times. The loss of crys-
tallinity led to the formation of a solid silica gel, (Volzone et al.
1987).

Optimized process parameters can result in amorphized
structure of clay minerals obtained already after 20 min of fine
grinding, (Tole et al. 2018).

Models

One of the first models describing the MCA is the so-called
hot-spot model proposed by Bowden and Tabor. It assumed
thatMCA occurs inmicro-size areas of the contact zone due to
friction phenomena. In these small areas, a local temperature
could exceed 1300K and last for 10−4 − 10−3 seconds, causing
the mechanically initiated reactions, (Bowden and Tabor
1939, 1966; Tkácová 1989; Baláž 2008).

Peter Thiesen developed the magma-plasma model, which
considered the direct impact between two rough surfaces as
the main process occurring during mechanochemical activa-
tion, Fig. 6, (Weichert and Schönert 1973).

The model assumed that local temperatures, higher
than103 K, can be generated at the impact points and can
induce an excited state of the material. The high amount of
energy can bring the processed solid to a plasmatic state, char-
acterized by the formation and ejection of electrons, photons
and excited fragments, (Tkácová 1989; Juhász 1998a, 1998b;
James et al. 2012; Baláž et al. 2013).

Miller and Oulton observed that long and repeated process-
es of dry grinding creates greater stresses and structural chang-
es in kaolin crystals in comparison with the thermal treatment.
They also developed the theory of prototropy, which assumed

Fig. 3 TEM micrographs of the kaolinite/talc mixture with well-
developed pseudo-hexagonal symmetry of kaolinite particles shown in
Fig. 3a (unground) is replaced by amorphous, shapeless rounded
aggregates after 60 min grinding in the ring mill in Fig. 3b, (Zbik and
Smart 2005). Reprinted from Minerals Engineering, 18/9, Zbik M.,
Smart, R., Influence of dry grinding on talc and kaolinite morphology:
inhibition of nano-bubble formation and improved dispersion, Pages
969–976, Copyright (2018), with permission from Elsevier
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a possible migration of protons during grinding processes,
thus enabling the interaction with OH groups and the conse-
quently generation of water molecules. These molecules can
be lost from the structure already at lower temperatures than
required by the dehydroxylation process, (Miller and Oulton
1970; Mishirky et al. 1974; Garcia et al. 1991). The dehydrox-
ylation process is defined as the elimination of water from the
OH groups of minerals or inorganic compounds structures,
and, in clay structures, it usually occurs at high temperatures
between 400 and 800 °C, (Vaughan 1955; Stoch and
Wacławska 1981).

In 1974, Emmanuel Gutman showed another approach to
explain the MCA process, through the so-called dislocation
theory. The theory assumed that mechanical properties of a
solid are related to the movement and interaction of disloca-
tions. Increasing dislocations due to the mechanical actionwill

enable their movement to the surface and transformation into
areas with higher chemical activity, (Juhász and Opoczky
1990; Baláž, 2000, 2008; Baláž et al. 2013).

Boldyrev and Urakaev developed the kinetic model,
which combines kinetics of the activation process with
the kinetics of grinding. According to this approach, the
MCA occurs due to the impulsive nature of temperature
and pressure. The kinetic equation, which was also exper-
imentally verified, described the evolution of the MCA
process and effects of various parameters, as for example
the rotation velocity, the number and size of the balls,
mechanical properties of the balls and of the processed
material, (Boldyrev et al. 1996; Urakaev and Boldyrev
2000a, 2000b).

Pavel Butyagin showed that during mechanochemical
processes, the absorption of the elastic energy, high

Fig. 4 SEM photomicrographs of kaolinite particles after HEBM for a 0,
b 16 and (c, d) 256 min, (Vdovic et al. 2010). Reprinted from Applied
Clay Science, 48/4, Vdović, N., Jurina, I., Škapin, S. D., Sondi, I., The

surface properties of clay minerals modified by intensive dry milling —
revisited, Pages 575–580, Copyright (2018), with permission from
Elsevier
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pressure and high temperature could supply a sufficient
amount of energy for chemical reactions to occur,
(Butyagin 1971; Boldyrev 2006; Baláž 2008).

All the described models considered only one of the vari-
ous energies related to MCA, while the phenomena are mul-
tiple and complex. For example, the hot-spot and the magma-

Fig. 6 Schematization of the magma-plasma model: S-solid not deformed, E-exited fragments and electrons, P-plasma, DS-highly deformed solid
surface

Fig. 5 XRD patterns of untreated kaolin a and of MA samples using
500 rpm, and 15 min grinding time as well as b 1:8, c 1:11, and d
1:14 ms:mgb values. (k: kaolinite PDF 14–164; m: muscovite PDF7–
25; q: quartz PDF33–1161), (Balczár et al. 2016). Reprinted from

Ceramics International, 42/14, Balczár, I., Korim, T., Kovács, A.,
Makó, É., Mechanochemical and thermal activation of kaolin for
manufacturing geopolymer mortars – Comparative study, Pages 15367–
15375, Copyright (2018), with permission from Elsevier
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plasma model consider only high temperatures generated dur-
ing the impact or in the contact zone, the dislocation theory
considers that evolution of the process is only related to the
dislocation movement. The kinetic model takes into account
only the time of the process, (Juhasz and Opoczky 1990;
Baláž 2008; Delogu and Cocco 2008).

One first attempt to unify the models and to better explain
the MCA reactions was done by Tkáčová et al. (1989). The
main conclusion was that the energy concentrates at the tip of
the propagating crack, which results in creation of extreme
conditions favorable for the MCA. These reactions were also
assumed to be initiated by an impulsive temperature and pres-
sure increase at the contact zones between the particles. The
theory enables to explain the MCA process as being con-
trolled by different effects: the dislocations movement, the
contact zones rising temperature, high temperature and pres-
sure with a pulse-type nature, and kinetics, (Tkačova et al.
1989).

Another approach illustrated by the so-called comminution
theory was developed by Juhász and Opozcky (1990). The
comminution is identified as a repetitive breakage occurring
during grinding, (Juhasz and Opoczky 1990; Juhász 1998a,
1998b). The MCA process develops in two distinctive stages.
The first stage, the comminution, is characterized by an in-
crease of the specific surface area, higher surface energy and
accumulated micro deformations. The second stage is the ac-
tual mechanochemical activation, where the specific surface
area and the size of the crystallites remain constant but the
mechanical energy is acquired in the form of the excess ener-
gy, which induces defects of the crystal lattice, (Tkačova et al.
1989; Juhász 1998a, 1998b; Prokof’ev and Gordina 2012).
According to Rittinger’s law, the energy required for the com-
minution to occur is proportional to the produced new surface
and it is determined by the energy required to stress the parti-
cle until its failure, (Fuerstenau and Abouzeid 2002). Results
showed, that up to 50% of the input energy could be trans-
formed into strain, (Rumpf 1973; Tkáčová et al. 1993).
According to the comminution theory, the rupture of the par-
ticles starts from the weakest points such as existing defects,
dislocations or micro-cracks on the surface of the original
material. During grinding and with the increasing dispersion
degree, the particles become smaller. Moreover, the weak
points have the tendency to move to the surface of the solid
processed substance, (Rumpf 1973; Juhász 1998a, 1998b).
The accumulation of defects and dislocation on the boundary
layer at the particle surface can lead to the annihilation of
dislocations.

This could act as an energy barrier with either increased or
decreased load. The increased load would block further move-
ments. Eventually, the developed high energy can cause plas-
tic deformation, polymorphic transformations and
amorphisation, (Juhász 1998a, 1998b).

The effects of the milling balls during the MCA are con-
siderably different from those in the simple comminution pro-
cess. Which is due to the effect of the reaction threshold en-
ergy, (Shinozaki and Senna 1981). The threshold effect is
directly dependent on the initial impact stresses transmitted
to the particles from the grinding device. Consequently, oc-
currence and development of the MCA process is strongly
controlled by the process parameters of the grinding device,
(Tkačova et al. 1989; V. Boldyrev et al. 1996).

Kinetics of reactions are rather complex due to the variabil-
ity of the process conditions. The process is not homogeneous
in terms of time and space, due to the pulse-type interaction
between the grinding balls and the ground material. A model
created by Avvakumov et al. (2001) distinguishes three main
stages of the MCA process, Fig. 7.

The first stage implicates the fragmentation of the material
and the gradual increase of the specific surface area. In the
second the so-called dispersion stage, the formation of sec-
ondary particles or secondary aggregates dominates. The sec-
ondary aggregates are formed during the grinding process,
through the agglomeration of fine particles, (Tkácová 1989).
The third stage is characterized by the amorphisation and the
simultaneous crystallization of new phases. This third stage
continues until a stationary state is reached. The stationary
state is directly dependent on the amount of mechanical ener-
gy. At a low energy level, the process can only continue until
the first process stage. The second and the third stages can be
reached only if the energy is sufficiently high, (Tkácová 1989;
Avvakumov et al. 2001).

Process parameters

The most important parameters controlling the amorphisation
process are the rate of stress and the efficiency of the energy
transfer in the mill, (Tkáčová et al. 1993). MC-activated kao-
linite in both planetary ball mill and high power ring mill has
showed structural disorder during dry grinding process, Fig. 8.

SEM micrographs analysis showed, that different grinding
durations influenced the structural changes of kaolin different-
ly from each other and from the thermally treated one, Fig. 9.

The choice of process parameters determined the final
structural order and influenced the duration of grinding. The
duration is a crucial factor affecting the amorphisation of the
structure. Ring and ball mills are also used to produce fine
powders where the amorphisation of the structure should be
avoided. For example, the preparation of samples for quanti-
tative analysis of minerals with XRD technique. For this tech-
nique, wet grinding for very short duration, around 5 min, can
be used. The grinding medium is usually water, methanol or
hexane. (Środoń 2006).

In the case of ball mills, the degree of mechanochemical
transformation, α, is a function of the rotational frequencies
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ωk, the number of milling balls N, the ratio (R/lm) of the ball
size R to the diameter of the jar lm, the material properties of
milling ball and compounds to be treated X, and the time τ of
mechanical treatment, (Urakaev and Boldyrev 2000a, 2000b):

α ¼ α ωk ;N ;R=lm;X ; τð Þ ð1Þ

The initial particle size distribution of the processed mate-
rial tends to influence the development of the mechanochem-
ical reactions and the kinetics of the process. Delogu and
Takacs (2018) detected an exponential grain size reduction
during grinding of powders having particle size distribution
in the micrometer range. A gradual increase was also observed
when grinding nanosized powders. Creation of melt-bridges
and interpenetration of particles are considered to cause the
grain growth. Consequently, a high particle size distribution
may require more time for the MCA to occur, while the
nanosize particle distribution can lead to agglomeration and
mechanical alloying, (Juhász and Opoczky 1990; Delogu and
Takacs 2018).

Juhász and Opoczky (1990) developed a theoretical corre-
lation between changes of the specific surface area and the
grinding time, distinguishing three different zones, Fig. 10.

(1) The Rittinger zone, where the growth of the specific sur-
face area is proportional to the grinding time and the
interaction mechanism of the particles is not considered.

(2) The Aggregation zone, where new produced surface
areas are not proportional to the input energy and the
particles aggregation is bonded by the Van der Waals
forces.

(3) The Agglomeration zone, where the specific surface area
decreases and the particles are chemically bonded

together. The agglomeration can be also induced by
moisture originating from the processed material, which
can be counteracted by the addition of various types of
dispersive agents, (Orumwense and Forssberg 1992).
Agglomerates can be dispersed by a brief peptisation
re-grinding which consists of a short-term wet re-grind-
ing, (Tkácová and Stevulova 1987; Tkáčová et al. 1993).
The grinding process tends to be easier if done in a wet
environment where water or alcohol are commonly used.
The wet grinding can reduce the agglomeration but can
also increase the shrinkage of the material during the
drying, and can promote cracks and deformations,
(Rose and Sullivan 1958; Bond 1975; El-Shall and
Somasundaran 1984; Juhász and Opoczky 1990). In gen-
eral, the dry grinding appeared to be more effective than
the wet grinding to impose significant structural
amorphisation, (Takahashi 1959c; Juhász and Opoczky
1990).

The total impact energy tends to increase at higher rotation-
al speeds, but at the same time, the grinding balls tend to attach
to the inner walls of the grinding jar and to move in a rolling
pattern. It results in a disappearance of the impact forces, Fig.
2, (Suryanarayana 2001; Ashrafizadeh and Ashrafizaadeh
2012).

A high grinding speed can also lead to increased tempera-
ture in the grinding jar. Therefore, the determination of the
optimum rotational speed is crucial to enable the development
of the maximum collision energy, (Suryanarayana 2001).
Another parameter, which seems to affect the efficiency of
the grinding process, is the grinding ball to powder ratio.

Fig. 7 Evolution and reaction of
the particles during the
mechanochemical activation
process, Avvakumov model
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Increasing of this ratio tends to increase the mass of the system
and its kinematic energy. The collision probability will be
higher but will also result in a greater amount of abrasion
and contamination of the final product, (Ashrafizadeh and
Ashrafizaadeh 2012). The free volume value of the grinding
jar has to provide a sufficient space for the material to move
during the grinding process.

Usually, the filling degree should not exceed 50% of the
entire volume, (Suryanarayana et al. 2001). Examples of com-
monly used ratios are shown in Table 1.

The optimum range usually varied between 7:1 and 20:1,
(Orumwense and Forssberg 1992), but others also used more
extreme ratios of 1:1 up to 220:1, (Suryanarayana et al. 2001).

The efficiency of mechanochemical activation is also af-
fected by the used grinding media, material density, particle
shape and size, as well as by the overall system viscosity. In
general, the grinding media should have a higher hardness of
at least 3 Mohs than the ground material. They should be also

denser than the processed material and chemically inert,
(Orumwense and Forssberg 1992).

Milling balls with a higher density or large diameter pro-
duce higher impact energy during the collision, which results
in a more effective surface activation. Smaller milling balls
provide higher frictional forces and thus are useful for
amorphisation or the formation of metastable phases,
(Suryanarayana 2001). Typically, grinding balls are made of
stainless steel, special metals, corundum, zirconia, carbides,
etc., (Suryanarayana et al. 2001). A short list of various used
ball sizes is shown in Table 2.

Using water as a grinding medium enabled viscosity
changes during the mechanochemical process in a ball mill,
(Orumwense and Forssberg 1992). This effect can significant-
ly influence the efficiency of the MCA. Diluted suspension
can hinder the movement of the balls and thus decrease the
impact forces transmitted to the processed material. On the
other hand, an insufficient amount of water can enable to

Fig. 8 SEMmicrographs. (a and b) Unground kaolinite crystals; (c and d)
amorphous, pulverized aggregates of nano-sized particles after 60 min
grinding in the ring mill. (Souri et al. 2015). Reprinted from Cement
and Concrete Research, 77, Souri, A., Kazemi-Kamyab, H., Snellings,

R., Naghizadeh, R., Golestani-Fard, F., Scrivener, K., Pozzolanic activity
of mechanochemically and thermally activated kaolins in cement, Pages
47–59, Copyright (2018), with permission from Elsevier
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obtain increased viscosity of the system during grinding. The
powders became finer and the viscous system can literally
block the movement of the grinding media in the jar, (Tole
et al. 2018).

Applications of mechanochemical activation

Polymer Nanostructured Composites (PNC) can be pro-
duced by delamination of inorganic minerals through the
mechanochemical treatment (MC). Clay minerals have
been widely used as reinforcing fillers for polymeric ma-
trixes to enhance their certain properties, (Lu et al. 2004;
Yoshimoto et al. 2005; Perrin-Sarazin et al. 2009). MC
treatments can modify the surface of clay powders and
ameliorate their dispersion in the solid composite. The
addition of MC treated clay minerals in the polymeric
matrix showed lower gas permeability, higher thermal sta-
bility and improved mechanical properties of the PNC,
(Yoshimoto et al. 2004, 2005; Hasegawa et al. 2007).

Fig. 10 Theoretical curve of specific surface as a function of grinding
time

Fig. 9 SEM images of K_CZ kaolin a untreated, b heat treated at 700 °C, c and d mechanochemically treated by 7 h of ball milling. (Zbik and Smart
2005)i
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The simultaneous dry grinding of kaolin and solid urea
mixtures can lead to the mechanochemical intercalation. The
intercalation process allowed creation of guest urea molecules
in the unfilled space of the kaolinite structure. The formed
nanostructured complexes can be suitable to be uses as rein-
forcement in clay-polymer nanocomposites, (Makó et al.
2009).

MCA of phosphates together with kaolinite is used to pro-
duce slow-release fertilizers. As mentioned before, fine grind-
ing of clay minerals is able to produce nanosized reactive
materials. These processed minerals are capable to retain cer-
tain elements such as for example potassium followed by their
subsequent slow release, (Zhang et al. 2011; Borges et al.
2015).

Toxic and non-biodegradable heavy metals present in
wastewaters are usually produced by mining and metal indus-
tries. The adsorption process is considered a simple and effec-
tive treatment for their removal, (Jiang et al. 2010; Fu and

Wang 2011; Kumrić et al. 2013). Bentonites and kaolins were
found to be efficient in removing fluoride or divalent heavy
metals by sorption, (Meenakshi et al. 2008; Kumrić et al.
2013). The MC treatment appeared to decrease the structural
order and to increase the specific surface area of clays. The
present phenomena including fragmentation of the particles,
abrasion, and amorphisation, can lead to a higher cation ex-
change capacity and thus to an improved sorption capability,
(Jiang et al. 2010; Fu and Wang 2011; Djukić et al. 2013).

Cement and concrete are considered to be irreplaceable
construction materials. A very high carbon dioxide footprint
of Portland cement puts an increasing pressure on the industry
to mitigate this negative feature. Increasing the availability of
concrete is at the present strongly connected with an effort to
reduce its negative environmental impact due to a high carbon
dioxide footprint, (Scrivener 2014). Now, two approaches are
used, modernization of the production technology of the
Portland cement and limiting of its content in a typical con-
crete. The cement content can be reduced by optimizing the
mix design, increasing its reactiveness (Elfgren et al. 2004) or
replacing by pozzolanic materials. Typically used pozzolanic
materials include fly ash, slag and natural pozzolans, are con-
sidered a fast short-term countermeasure to reduce CO2 emis-
sion, (Scrivener 2014). On the other hand, the research aiming
to develop new cements or SCM is limited by the availability
of different elements constituting the earth’s crust, (Scrivener
2014). Clay is a commonly occurring material, and the use of
limestone and calcined clay to replace up to 50% of clinker in
concrete has shown good results in reducing the CO2 emis-
sion, (Fernandez et al. 2011; Scrivener 2014; Joseph et al.
2015; Vizcaíno et al. 2015). However, high carbon dioxide
emitting thermal activation method through calcination of ka-
olin is by far the main way to obtain metakaolin characterized

Table 2 List of ball size diameter
used in different grinding regime,
in experimental research

Author Ball size
diameter (mm)

Material

Pérez-Rodriguez et al. (1988) 20 Pyrophyllite

Garcia et al. (1991) 16 and 18 Kaolin

Sugiyama et al. (1993) 15 Pyrophyllite and talc

Kristóf et al. (1993) 7 Kaolin

Sugiyama et al. (1994) 16 Pyrophyllite and Kaolin

Frost et al. (2001) 10 Kaolin

Yang et al. (2005) 10 and 20 Illite

Koc et al. (2011) 100 Kaolin

Valášková et al. (2011) 13 Kaolin

Ding et al. (2012) 3, 5 and 8 Kaolin

Mitrović and Zdujić (2014) 20 to 60 Clay

Souri et al. (2015) 10 Kaolin

Hamzaoui et al. (2015) 30 Kaolin

Balczár et al. (2016) 10 Kaolin

Table 1 List of ball to powder ratio used in different experimental
research

Author Year Ball/Powder
ratio

Frost. et al. 2001 3:1

Ebadzadeh 2010 15:1

Rescic et al. 2011 50:1

Mitrović et al. 2012 25:1

Mitrović et al. 2014 10:1

Souri et al. 2015 25:1

Hamzaoui et al. 2015 3,1:1

Balczár et al. 2016 8:1, 11:1, 14:1

Mechanochemical activation of natural clay minerals: an alternative to produce sustainable cementitious...



by a sufficient pozzolanic activity. An alternative solution is to
use MCA, (Vizcayno et al. 2010; Mitrović and Zdujić 2012,
2014; Souri et al. 2015; Balczár et al. 2016; Ilić et al. 2016).
Souri et al. (2015) observed that both treatments, thermal and
mechanochemical, led to the formation of pozzolanic mate-
rials, but are characterized by different physico-chemical
properties.

Results showed that the increased specific surface area of
the mechanochemically processed kaolin enhanced the early
age hydration speed and the strength development of blended
cements, (Souri et al. 2015). The intensive grinding produced
a strong structural alteration of the silicates. It increased the
specific surface area and decreased the particle size.
Furthermore, grinding showed a progressive amorphisation
and formation of agglomerates, (Sanchez-Soto et al. 1994,
2000).

Mechanochemical treatment of kaolinitic clay with a high
quartz content produced materials having a very high pozzo-
lanic activity, especially at an early stage due to the
amorphisation, (Vizcayno et al. 2010). Using the MCA on
clays rich inmontmorillonite or illite also lead to the formation
of a reactive material. Despite, their lower 28-days strength
these materials could be still used in certain engineering ap-
plications, (Murat and Comel 1983; Murat 1983a, 1983b;
Ambroise et al. 1985; Yang et al. 2005). The MCA activated
kaolinite was also successfully used to produce geopolymers,
(Davidovits 1991; Provis and Bernal 2014; Balczár et al.
2016).

Conclusions

The MCA can be considered an ecologically friendly tech-
nique, which can contribute to reduce the CO2 emissions by
replacing some currently thermally intensive processes.
Processing of commonly available raw materials, including
natural materials as well as industrial wastes, with MCA
should enable the development of a new generation of envi-
ronmentally friendly and construction sustainable materials.
The tailor optimized MCA process could be a valuable instru-
ment to produce active natural clay, which could replace partly
or completely the Portland cement in the production of
concrete.

However, the literature study performed in this review
showed a number of areas, which must be further investigated,
including the MCA process itself, effects of various process
parameters on produced materials, and its behavior in hydra-
tion or geopolymerisation processes.
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Abstract: The efficiency of the mechanochemical activation (MCA) is influenced by various process
parameters as well as by the properties of the treated material. The main objective of this research
was to optimize the MCA process, gaining enhancement of the chemical reactivity of a Swedish raw
clay, which is going to be used as an alkali-activated cementitious binder. The effects of the amount
of water, the filling ratio, the rotation speed, and the grinding duration on the amorphization degree
were evaluated by X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM). Generally,
wet and dry processes showed an extensive amorphization of both kaolinite and muscovite minerals
present in the studied clay. On the contrary, quartz was amorphized mainly by the wet grinding
process. The efficiency of both dry and wet grinding processes was enhanced by the increased number
of grinding media versus the amount of the activated material. However, longer processing times
caused significant agglomeration while a higher rotational speed enhanced the amorphization.
Preliminary tests have shown that alkali activation of the processed clays produced hardened
samples. Furthermore, the increased amorphization corresponded to the increased compressive
strength values.

Keywords: clay minerals; dry grinding; fine grinding; mechanochemical activation; mechanochemistry;
wet grinding

1. Introduction

The grindability of any material can be briefly described as an increase of the specific surface area
per unit of the applied grinding energy [1]. While the grinding process can be divided, depending
on the target particle size distribution, into coarse, intermediate, and fine grinding [2]. Mechanical
properties of the processed material, including hardness, toughness, elasticity, and plasticity, but also
the process regime, interaction phenomena, and environmental conditions, all strongly affect the
grinding process [1,3,4]. The mechanochemical activation (MCA) is a special type of grinding process
aiming not only to decrease the particle size distribution but also to induce structural changes,
amorphization, and thus to increase the chemical reactivity of the processed material. The MCA
process is commonly used in the mining industry, food processing, or pharmaceutics and chemicals
production [5]. It is considered an environmentally friendly method because it avoids use of chemicals
and high temperatures [2,6–8].

Fine grinding can be considered as a transitional state between a simple particle size reduction
and the mechanochemical activation [4,7]. The MCA reactions occur due to lattice deformations,
plastic deformations as well as due to a locally increased temperature caused by fracture and friction
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forces. A linear correlation between the specific surface area and the grinding duration was observed
mainly in the initial stage of the process and was defined as the so-called Rittinger´s zone [4]. In the
next stage, the produced effects include also enhancement of the chemical reactivity of the product.
The early age stage of grinding provided the best conditions to optimize the onset time for effective
mechanochemical reactions [4,9,10].

Various types of mills were used for the MCA, however, the application of a planetary ball mill
proved to ensure sufficiently short processing times, safe handling and good reproducibility [1,8].
Planetary ball mills produced high acceleration forces, acting on the processed material through
a combination of a rotational motion around the jar axis and a planetary motion around the main
axis of the mill [11]. Several undesirable effects can occur during the MCA process, including for
example agglomeration, caking effect or rolling movement of the balls [10,12,13]. The kinematic energy
of the entire system can increase with a high ball to powder (B/P) ratio and with the increased jar
rotation speed. An increased kinematic energy can lead to a more efficient process but at the same
time, it can also result in caking, abrasion or contamination. Increased impact forces tend to produce
finer powders but also increase the temperature of the processed material, which causes adhesion of
the material to the inner surface of the jar. With the ongoing grinding process, the subsequent layers
will start to build up and promote the caking effect, which eventually can decrease the efficiency of the
entire process [14]. Using water or alcohol as a grinding medium can reduce the agglomeration and
increase the efficiency of the process. At the same time, wet grinding can intensify shrinkage, cracking
and deformations of the material exposed to the subsequent drying [4,10]. The dry grinding appeared
to be more effective in imposing significant structural changes, even despite problems related to high
temperature or agglomeration [4,15].

One example of a potentially wide application of the MCA process is the activation of clay minerals.
The clay minerals are sustainable, commonly occurring and widely used in various applications
including for example the construction sector. The calcinated kaolin, known as metakaolin, is used
as a supplementary cementitious material (SCM) in the production of concrete or as a precursor for
geopolymers [16–18]. High costs of the final product and requirements of high processing temperatures
during the calcination have brought the attention to alternative processes. The MCA appeared
as an environmentally friendly alternative excluding the need of high temperature, or chemical
additives [7,8,19,20]. Earlier studies confirmed that the MCA is able to affect the structural order and
the reactivity of such raw clay minerals as kaolinite, montmorillonite, illite and pyrophyllite [21–23].
Interestingly, the calcination process does not sufficiently affect the structural order of illite and
montmorillonite but the MCA does [24].

The present study focused on determination of effects of various MCA process parameters
on amorphization degree and chemical activation of a Swedish raw clay. A special emphasis was
put on shortening of the processing time, minimization of contamination due to wearing of the
grinding equipment and limiting agglomeration of the processed material. Additionally, preliminary
tests were performed to verify the applicability of the processed clay as cementitious binders for
geopolymer concrete.

2. Materials and Methods

The raw material used in this study was collected near Stockholm in Sweden, Figure 1.



Materials 2018, 11, 1860 3 of 13

Figure 1. Sketch map of the region where the raw material was collected.

Geotechnical properties of the collected material were determined using the Atterberg limits.
The obtained results showed values of 57% for the liquid limit, 23% for the plastic limit and the
plasticity index of 34%. Sieve analysis on the raw material has indicated 51 % of clay, 31% of silt and
18% of sand, thus classifying the materials as clay with the standard soil texture triangle. The chemical
composition of the used clay is shown in Table 1.

Table 1. Chemical composition of the raw clay.

Component Content (wt.%)

SiO2 52.6
Al2O3 15.1
Fe2O3 6.9
CaO 6.41
K2O 3.78
MgO 2.51
Na2O 1.68
TiO2 0.696
LOI 7.5

Clay samples were dried at 105 ◦C for 24 h, followed by a manual grinding. The unprocessed
reference sample (S0) was also analyzed. Dry and wet grinding was done using a planetary ball mill,
type Retsch PM 100 (Retsch GmbH, Haan, Germany), having a stainless steel jar with a volume of
500 mL. The used milling stainless steel balls had a diameter of 3 mm. Ball to powder mass ratio (B/P),
water to powder mass ratio (W/P), the rotation speed and the duration of the grinding process were
varied. The used process parameters are summarized in Table 2.
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Table 2. Studied process parameters.

Water/Powder Balls/Powder Speed (rpm) Grinding Duration (min) Sample ID.

-
3

500 20
DG-3R

5 DG-5R
25 DG-25R

- 25 500
15 DG-15T
20 DG-20T
60 DG-60T

- 25
400

20
DG-400S

500 DG-500S
600 DG-600S

1
3

500 20
WG-3R

5 WG-5R
25 WG-25R

1
3 500 15

WG-1WR
1.5 WG-1,5WR
2 WG-2WR

1 25 500
20 WG-20T
30 WG-30T
60 WG-60T

1 25
400

20
WG-400S

500 WG-500S
600 WG-600S

Changes of the crystallinity due to the MCA process were determined by the X-ray diffractometer
type Empyrean from PANalytical with PIXcel 3D detector (Malvern Panalytical Ltd., Royston, UK),
using Cu-Kα radiation with a wavelength of 1.54060 Å, generated at 45 kV and 40 mA. The step size
was 0.0260 [◦2θ] and the scan step size 87.4650 s. The temperature during the measurement was kept
at 25 ◦C. The XRD samples were not pre-treated. Back-loading sample holders was used to avoid
preferred orientation of the particles. Panalytical´s Highscore Plus equipped with a COD database
determined the phase composition. The main identified phases include kaolinite (Kln), muscovite
(Ms), illite (Ilt), montmorillonite (Mnt), quartz (Qz), and calcite (Cal). Origin 2018 software (OriginLab
Corporation, Northampton, MA, USA) is used for calculation of the full width at half maximum
(FWHM) of the kaolinite peak [001]. Lorentz fitting is used to assess the FWHM (001) indexes [25,26].

The particle surface morphology of raw and processed clays was observed by a Scanning Electron
microscopy (SEM), type Jeol, JSM-IT100 (JEOL Nordic AB, Sollentuna, Sweden). High vacuum
mode and a secondary electron detector (SED) were used. Images were taken from at least three.
No conductive coating was applied. The particle size distribution and agglomeration were determined
using a low vacuum mode and the backscattered electron detector (BEC). Dried clay samples were
embedded into the resin under vacuum conditions and polished by using diamonds sprays with
particle diameters of 9 μm, 3 μm and 1 μm. Nine images per sample were obtained at a magnification
of 200 times. Subsequently, images were combined together with the use of the ImageJ software [27].
The analyzed surface was 1300 μm × 1300 μm. The spatial resolution of the images was 8 pixels
per 1 μm allowing to observe a wide range of grain sizes as well as the agglomerated particles.
The images were preprocessed with median filter with 2 pixel kernel to remove the noise. Afterwards,
the threshold was adjusted manually to binarise the images, i.e., to segment the powder particles
from the resin in the image. The analysis of the binarised images included determination of the
basic morphological parameters, i.e., Feret diameter, perimeter, surface area, circularity index and
equivalent circle diameter. Both image processing and calculation were performed with the use of
ImageJ software [27–30]. The results were compared by fitting the Gaussian probability distributions
to the histograms of selected morphological parameters.
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Mortar mixes were used to determine the mechanical properties of alkali-activated processed clay
samples. The sand to clay ratio was 1:1 in all tested mixes. The maximum particles size of the used
sand was 0.15 mm. Sodium silicate provided by PQ Corporation (PQ Corporation, Valley Forge, PA,
USA) was used as alkali activator (SS). The sodium silicate had the alkali modulus (Ms = SiO2/Na2O)
by mass of 1, with 34.37 wt.% of SiO2 and Na2O, and solids content of 55.11 wt.%. The modulus of the
sodium silicate solution was adjusted by the addition of sodium hydroxide pellets. The used amount
of alkali activator was 10 wt.% by the mass of the processed clay in all mixes. Mix composition of the
alkali-activated raw clay is shown in Table 3.

Table 3. Mix composition of Alkali-Activated raw clay.

Mix Identification

Untreated Clay (S0) DG-3R DG-25R

Binder content wt. (g) 30 30 30
Water/Binder (ratio) 0.5 0.5 0.5

Aggregate content wt. (g) 30 30 30
Wt.% alkali activator solution 10 10 10

Activator Modulus Ms (SiO2/Na2O) 1 1 1

All mixes were produced using a vacuum mixer, type Ecovac Bredent (Bredent GmbH & Co.KG,
Senden, Gremany), with 290 rotations per minute. The mixing procedure included 1 min of mixing of
all dry components followed by 2 min of wet mixing. Specimens had dimensions of 12 × 12 × 60 mm3

and were cast into molds made of Teflon, which excluded the usage of a demolding oil. Samples
were removed from molds after 24 hours and were kept in sealed conditions until the compressive
strength tests, which were done after 7-days. The compressive strength values were determined
in a mechanical testing machine, type Instron model 1342. The tests were done on samples made
using three types of clay; the untreated clay, (S0), the dry ground clay sample (DG-3R), and the most
amorphized sample (DG-25R).

3. Results and Discussions

3.1. Grinding Media

In the first set of experiments, effects of the B/P ratio on the efficiency of the dry grinding process
were studied. The following B/P ratios were used: 3:1 (DG-3R), 5:1 (DG-5R) and 25:1 (DG-25R),
with a grinding time of 20 min. The XRD analysis were done for dry and wet ground materials,
(Figure 2). The dry grinding process indicated a decrease in the crystallinity of the processed samples,
(Figure 2a). The most extensive changes were observed for sample DG-25R, which had the B/P
ratio of 25. Intensities of the peaks related to kaolinite (Kln), muscovite (Ms) or calcite (Cal) almost
disappeared. Lorentz fitting of FWHM of the kaolinite peak [001] has shown a changing value from
0.17 for the untreated samples to more than 0.50 for the DG-25R ground clay, (Figure 3). Decreased
intensities and increased FWHM values suggested a structural disorder and initial amorphization of
these phases. FWHM indexes of kaolinite peaks [001] higher than 0.4 suggested a disordered structure
of the kaolinite phase [29,30]. The intensity of peaks related to quartz (Qz) did not show significant
changes due to MCA process. It can be related to its greater hardness in comparison with kaolinite
(7 versus 2–3 in the Mohs scale) which would require application of a significantly longer and more
intensive grinding process to induce a visible structural disorder [31]. The number of grinding balls
was kept constant, thus changing the B/P ratio altered only the amount of the processed powder. Less
powder enabled a more rapid comminution process and, consequently, less time was needed to initiate
the MCA. Furthermore, in all cases, the so-called caking, occurred on the inner wall of the jar and on
the ball’s surface, leading to problems with the recovery of the processed materials. The effect was
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more pronounced for samples containing less powder, e.g., DG-25R. Using alcohol or performing brief
peptisation helped to avoid these undesirable effects.

Figure 2. XRD diffraction patterns for different B/P ratio during grinding of a Swedish raw clay:
(a) dry grinding process for samples S0, DG-3R, DG-5R and DG-25R; (b) wet grinding process for
sample S0, WG-3R, WG-5R and WG-25R. (Kln-kaolinite, Mnt-Montmorillonite, Ms-muscovite, Ilt-illite,
Qz-quartz, Cal-calcite).

Figure 3. FWHM for kaolinite peaks [001] during dry and wet grinding with different B/P ratio.

SEM-SE micrographs of the untreated reference sample (S0) and the most reactive sample
(DG-25R) are shown in Figure 4. The morphology of the untreated sample consisted of a mixture of
platy clay particles and quartz particles. On the contrary, the morphology of the activated sample
(DG-25R) was uniform and dominated by spherulitic and quasi-regular particles. Several studies have
reported that MCA of kaolin has generated structural changes, as e.g., splitting of the chemical bonds,
alteration of the surface and porosity, reduction of the crystal size, etc. [32,33]. Splitting of the O–H,
Al–OH, Al–O–Si, and Si–O bonds, and a gradual amorphization of the kaolinite were observed earlier
during grinding in a planetary ball mill [34,35].

Figure 4. SEM-SE micrographs of a Swedish raw clay: (a) sample S0; (b) sample DG-25R.
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In the second set of tests, the effects of the B/P ratio during the wet grinding process were
investigated by XRD and SEM (Figure 3b). For the dry grinding process, the B/P ratios were 3:1
(WG-3R), 5:1 (WG-5R), and 25:1 (WG-25R) while the W/P ratio was 1:1. In general, changing of the
B/P ratio during the wet grinding process showed similar behavior of the XRD curves as during the
dry grinding process. The higher the B/P ratio, the more decreased peaks intensities and increased
FWHM values for the kaolinite peak [001] were obtained.

In the next step, effects of the W/P ratio were studied. The B/P ratio was fixed at 3:1, which
corresponded to a weaker caking effect. The W/P ratios were: 1:1 (WG-1WR), 1.5:1 (WG-1.5WR) and
2:1 (WG-2WR). The grinding time was 15 min. The XRD peaks did not reveal as significant changes as
observed in the dry grinding process, Figure 5.

Slightly lower intensities were observed with increasing the W/P ratio. FWHM values did not
exceed 0.30 which was earlier suggested as a border value for amorphization [25,26]. This behaviour
indicated that a higher amount of water could also lead to an ultimate amorphization but it would
require significantly longer grinding times. The presence of water in the system appeared to dilute the
suspension and to lower the viscosity. As a result, the generated impact forces were significantly lower.
Earlier results showed also that progressing morphological changes tend to affect the effectiveness of
the grinding. The effective W/P ratio can decrease, especially in the early stage, leading to elongated
processing time [10].

Figure 5. XRD diffraction patterns for different W/P ratio during wet grinding of a Swedish raw clay:
S0, WG-1WR, WG-1.5WR, WG-2WR. [Kln-kaolinite, Mnt-Montmorillonite, Ms-muscovite, Ilt-illite,
Qz-quartz, Cal-calcite].

The dry grinding process imposed a rapid decrease of the kaolinite (Kln) peaks intensities, while
peaks related to quartz (Qz) were barely affected, (Figure 2a). The wet grinding, on the other hand,
appeared to produce strong changes of XRD peaks related to quartz peaks, (Figure 2b). It complies with
earlier studies showing more efficient grinding of quartz in the presence of water [31,36,37]. Present
results showed traces of chromium (Cr) in samples ground in the presence of water. This contamination
can be related to wearing and corrosion of grinding balls and of the inner surface of the jar. In the dry
process, the powder surrounding balls and filling the jar tended to act as a protection layer preventing
direct impacts. On the contrary, in the wet grinding process, water supported the movement of the
powder and prevented the occurrence of the so-called caking effect. It also favored direct impacts
between balls and the jar thus increasing the wearing rate. In general, additives, including also
water, enable to change the viscosity of the ground material and thus its movement. According to
the Rehbinder´s effect, water acting as a foreign adsorbed molecule can increase the viscosity and
the specific surface area of the processed solid. Consequently, the resistance to mechanical forces
will be decreased [4,38,39]. Furthermore, according to A.Westwood [40], water can also influence the
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movement of dislocations, their accumulation nearby the surface, and thus it can modify the hardness
of the material [4,10].

3.2. Grinding Duration

The effects of the grinding duration were investigated for both dry and wet processes. Previous
tests have shown that the onset of amorphization is accelerated by a higher B/P ratio; therefore,
the B/P ratio for these tests was set to 25. In the dry process, the grinding duration was set to: 15 min
(DG-15T), 20 min (DG-20T) and 60 min (DG-60T). In the wet grinding, the W/P ratio was 1:1 and
the grinding duration was respectively: 15 min (WG-15T), 20 min (WG-20T) and 60 min (WG-60T).
In general, based on the intensities of the XRD spectra and on the FWHM values of the kaolinite
[001], it can indicate that the amorphization degree was enhanced with longer grinding duration
(Figure 6). FWHM indexes for kaolinite [001] were higher than 0,40 for both wet and dry ground
samples after 20 min. Additionally, a contamination of the processed material originated from the
mechanical wearing of the jar and grinding balls appeared to be present during wet grinding. The wet
processed powders had a darker color in comparison with the reference sample (S0) and samples
activated with the dry process. SEM-SE observations showed a changing morphology of the processed
raw clay (Figure 7).

Figure 6. XRD diffraction patterns for different time grinding of a Swedish raw clay (a) dry grinding of
samples S0, DG-15T and DG-20T, and (b) wet grinding of samples S0, WG-15T, WG-20T, and WG-60T.
[Kln-kaolinite, Mnt-Montmorillonite, Ms-muscovite, Ilt-illite, Qz-quartz, Cal-calcite].

Figure 7. SEM-SE micrographs of processed materials (a) sample S0; (b) DG-15T; (c) DG-60T;
(d) WG-60T.
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Observations on particle size distribution showed changes in their trend suggesting a correlation
with the grinding duration. Prolonged grinding of raw clay produced smaller particles, (Figure 8a).
In the clay particles size range (0.98–3.9 μm), the time of grinding did not show significant changes
(Figure 8b), even if the chemical reactivity of the material was evidently changed according to the
alkali activation of the same samples. Grinding modified the agglomerates size distribution, as shown
in the Figure 8b. Earlier studies also confirmed that particle size distribution changed mostly in the
first hour of grinding and depends on the grinding equipment parameters [35].

Figure 8. Particle size distribution of a Swedish raw clay at different grinding duration for diameter
ranges: (a) entire range; (b) clay particle size range; (c) agglomerates over 50 μm range.

3.3. Grinding Speed

Effects of the grinding speed were evaluated for both dry and wet processes, including 400, 500
and 600 rpm, Figures 9 and 10. In all the cases, a higher rotation speed increased the temperature of
the grinded material. In addition, higher speeds applied in the wet grinding produced finer particles
and created pastes having a higher viscosity. As a result, grinding balls were fully immobilized and
the activation process was completely hindered after a short time. The removal of the grinded material
was extremely difficult. The amorphization evaluated by the decreased peaks and FWHM indexes
from the XRD diagrams (Figure 10), showed a generally enhanced amorphization with the increased
grinding speed for both processes. However, the maximum used speed of 600 rpm, which induced
extensive amorphization, also caused a strong caking effect. The amorphization of kaolinite, muscovite
and calcite was significantly increased at higher speeds in the case of both wet and dry processes. SEM
analysis detected morphological changes, Figure 11.

Figure 9. XRD diffraction patterns for different speeds during grinding of a Swedish raw clay:
(a) dry grinding for sample S0, DG-400S, DG-500S and DG-600S; and (b) wet grinding for sample
S0, WG-400S, 500 rpm WG-500S, and WG-600S. [Kln-kaolinite, Mnt-Montmorillonite, Ms-muscovite,
Ilt-illite, Qz-quartz, Cal-calcite].
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Figure 10. SEM-SE micrographs of Swedish raw clay for samples: (a) DG-400S; (b) DG-600S;
(c) WG-400S; (d) WG-600S.

Particle size distribution was investigated also for different grinding speeds. Fewer agglomerates
and a particle size distribution with increased amount of finer particles were observed with increasing
grinding speeds (Figure 11a). Ground clay with higher rotation speed produced smaller agglomerates
(Figure 11c). The dis-agglomeration seemed to be affected by the rotation speed parameter of the
grinding equipment. Regarding the smaller particles present in the clay, there was no evident change
in their size (Figure 11b).

Figure 11. Particle size distribution of a Swedish raw clay at different grinding speeds for diameter
ranges: (a) entire range; (b) clay particle size range; (c) agglomerates over 50 μm range.

3.4. Alkali Activation of Processed Material—Preliminary Tests

Mortar samples produced with untreated clay did not show any mechanical strength indicating
a lack of chemical activity. On the contrary, samples produced with the MCA activated clay reached
1500 kPa and 2700 kPa after 7 days of sealed curing, respectively for the DG-3R and DG-25R and
Figure 12. These results clearly indicate induced chemical reactivity during the MCA process, which
increased with higher degree of amorphization as determined by the XRD analysis. Future research
will be continued on optimization of the MCA process and on the alkali activation.
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Figure 12. 7-days compressive strength results of alkali-activated samples: S0, DG-3R and DG-25R.

4. Conclusions

The effects of grinding media and grinding duration on the amorphization and morphological
changes of the raw Swedish clay were studied. The following main conclusions were formulated:

• The effectiveness of the mechanochemical activation in the early stage of grinding (within the
Rittinger’s zone), is very sensitive to changes of the ball to powder ratio, the amount of the
grinding medium, the water to powder ratio and the speed regime of the equipment.

• Dry grinding process promoted more extensive amorphization when using a higher number of
grinding balls versus the amount of the processed clay powder.

• Dry grinding was more effective in amorphization of kaolinite than wet grinding process.
• Effectiveness of the wet grinding increased with a higher water to processed powder ratio but

required longer processing times in comparison with the dry grinding process.
• Longer grinding enabled a more extensive amorphization in both wet and dry processes, produced

finer particles with spherulitic morphology, but also tended to increase agglomeration when
outside of the Rittinger zone.

• Higher rotational speed enhanced amorphization efficiency of clay minerals in both wet and dry
processes. The trend was similar in the case of quartz but only when the wet grinding was used.

• The most efficient amorphization of the studied Swedish raw clay was achieved when using the
following process parameters: B/P ratio equal to 25, speed 500 rpm and the grinding time of
20 min. This process also caused less agglomeration, caking effect and wearing.

• The processed raw clay, using the defined parameters, should enable its usage as pozzolanic
material and as cementitious binder for production of concrete.

• Preliminary strength tests validated the concept that the MCA can enhance the reactivity of the raw
clay to a degree enabling its utilization as a binder in alkali-activated systems for e.g., production
of mortars or concretes.
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Abstract 

CO2 footprint in the calcination step are factors requiring special attention in the cement industry. Local and 
commonly occurring clays can be a sustainable alternative for producing cementitious binders. Structural 
disorder in natural clay minerals can be induced through mechanochemical activation (MCA), by which 
the material develops an enhanced reactivity. The treatment of  a Swedish natural clay through intensive 
grinding is carried out in order to assess its potential as a sustainable cementitious binder. Several grinding 

as well as wet and dry environment, are variated to optimize the MCA process. The MCA process does 
not require high temperatures or added chemicals and shorter processing times can avoid high-energy 

(XRD). Analysis of  the particle size distribution of  the raw and processed clay suggested a correlation with 
the grinding duration. An increased ratio of  grinding media versus the amount of  ground material, while 

(SAI) indicated an enhanced pozzolanic activity for the mechanochemically processed clay. Compressive 
strength tests have shown a strong correlation between an enhanced amorphization rate and increased 
compressive strength values.

Keywords: alternative cementitious binders, mechanochemical activation, sustainable building materials, 
mechanochemistry, clay.

1. Introduction
The building materials industry is facing several challenges for reducing the environmental impact coming 
from their production. The high amount of  CO2 emissions, the required high temperature, the volatile 
hazardous substances, the consumption of  primary resources, etc., are some of  the critical problems 
industries and researchers are tacking in order to increase the sustainability of  building materials. Increasing 

use of  secondary cementitious materials (SCM) are some of  the countermeasures to decrease the negative 
impact on the environment [1–3]. 

replacement of  cement. Use of  calcined (highly kaolinitic) clays as a replacement of  cement has shown 

widely available raw material [4]. Calcined highly kaolinitic clays are a dehydroxylated form of  the 1:1 layer 
structure, called also metakaolinite [5]. Dehydroxylation of  kaolin and other clay minerals can be achieved 
by mechanochemical activation (MCA) [6,7]. 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

74

ICSBM
 2019

ID
 032

MCA is a process able to impose structural and chemical changes in the treated material through high-energy 
grinding, meanwhile avoiding the use of  chemicals or high temperature requirements [8]. Amorphization 
of  the clay minerals structure can be achieved in reasonable times with optimized process parameters. 
MCA can also amorphize and enhance the reactivity of  such raw clay minerals as montmorillonite, illite and 
pyrophyllite [9–11]. 

ratio, use of  grinding aids, velocity, etc. Optimization of  these parameters can give higher amorphization 
rates of  the clay minerals structure in shorter time [12]. 

activity of  a raw clay from Sweden. The process parameters as ball to powder ratio and time of  grinding 

activated samples were investigated through indirect methods, as the so-called strength activity index (SAI), 
to evaluate their pozzolanic activity. 

2. Methodology 

2.1 Materials 
The raw clay used in this study was collected in the Sollentuna municipality in Stockholm County in east 
central Sweden. Atterberg limits were used in order to characterize the geotechnical properties of  the raw 
material, classifying it as clay. The chemical composition of  the raw material is shown in Table 1:

Table 1: Chemical composition of  the raw clay used in the study.

Component Content
wt.%

SiO2 52,6
Al2O3 15,1
Fe2O3 6,9
CaO 6,41
K2O 3,78
MgO 2,51
Na2O 1,68
TiO2 0,696

Dry grinding was carried out using a planetary ball mill, type Retsch PM 100, with a stainless steel jar of  500 
mL  volume. Twelve stainless steel balls with the same diameter of  20 mm were used. Two different regimes 
of  ball to powder (B/P) and time of  grinding were applied. The speed was set to 500 rotation per minute 
(rpm). Sample D0 was prepared by hand grinding for 1 minute. 

Table 2: Process parameters of  mechanochemically treated clay .

Sample Ball/Powder Time of grin-
ding

wt.ratio (g/g) min
D0 - -

D35 3 5
D320 3 20
D255 25 5

D2520 25 20
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2.2 Methods

2.2.1 X-Ray diffraction
Changes of  the crystallinity due to the MCA process were determined by X-ray diffractometer, (type 

the measurement was kept at 25 . The samples for the XRD analysis were prepared in a backload holder. 

2.2.2 Particle size distribution
The particle size distribution was measured by Dynamic Light Scattering (DLS). A Malvern Zetasizer 
equipped with a back-scattering detector was used for testing the processed clay. The samples were prepared 
as a suspension in distilled water and three measurements per sample were made.

2.2.3 Strength Activity Index (SAI)

chemically with calcium hydroxide at ordinary temperature to form compounds possessing cementitious 
properties” [13]. Assessment of  pozzolanic activity can be done by different direct and indirect methods. 
The strength activity index (SAI) is an indirect method to evaluate the pozzolanic reactivity through 
comparative compressive strength tests [14]. Mortar beams were produced using cement as a binder and 
replacing 20% of  the cement with the processed clay. The mortar mixes were prepared in a Hobart mixer 
with a mixing time of  5 min. The mix design of  the mortar beams is shown in the table below:

Table 3: Mix design of  the mortar beams prepared for the SAI test 

Sample Cement Sand Processed clay Processed clay Water
g g Sample ID g ml

M0 450 1350 - - 225
MD35 360 1350 D35 90 225

MD320 360 1350 D320 90 225
MD255 360 1350 D255 90 225

MD2520 360 1350 D2520 90 225

After demoulding at 24 hours, the beams were stored in a water bath. Compressive strength tests after 7 and 
28 days were done on all the samples. The SAI result is a percentage of  the strength value of  the control 
mortar beam to the strength value of  the mortar beam prepared with 20% of  cement replacement:

          (1)
where A is the compressive strength value for the beam with 20% of  cement replacement and B is the 
compressive strength value of  the control mortar sample. To assess pozzolanic activity of  the tested sample, 
ASTM C618 requires a SAI greater than 0.75 after 7 and 28 days for FA and natural pozzolans at a cement 
replacement of  20% [14].

3. Results and discussion
Minerals as kaolinite (Kln), illite (Il), montmorillonite (Mnt), muscovite (Ms), quartz (Qz) and calcite 

amorphization of  the structure of  the processed clay. Higher ball-to-powder ratio and longer time of  

of  the main peaks. Peaks related to clay minerals, as kaolinite or muscovite, were altered easier than quartz, 
which peaks are almost not changed. This phenomenon can be associated to the different hardness that the 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

76

ICSBM
 2019

ID
 032

two substances have [15]. Analysis of  the FWHM of  the kaolinite peak [001] were done by using Lorentz 

FWHM indexes were determined for samples D35, D320 and D255, implying gradual degradation of  the 
kaolinite lattice for longer time of  grinding and higher ball-to-powder ratio. Only the sample D2520 has 
indicated values of  FWHM higher than 0.4, suggesting an amorphized structure [16,17]. 

Figure 1: XRD diffraction patterns for different B/P ratio and grinding time of  a Swedish raw clay.

Figure 2: FWHM of  the kaolinite peak [001] for the treated samples with different process 
parameters. 

Particle size distribution has shown a direct correlation to the time of  grinding and the ball-to-powder ratio 
values. Longer time of  grinding and higher ball-to-powder ratio have led to an increased volume of  smaller 
particles. The most amorphized sample, D2520, has also a higher volume of  smaller particles as shown in 
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Figure 3: Particle size distribution of  MCA clay with different process parameters.

properties (after 7 days) of  the mortar beams prepared with 20 % of  replacement slightly decreased for the 
clay treated with lower ball-to-powder ratio (MD35, MD320) and with shorter time of  grinding (MD35 and 
MD255). Sample MD2520 prepared with 20% of  cement replaced by the processed clay, which has achieved 
higher amorphization of  the structure through MCA, showed high compressive strength values after 7 
days. After 28 days, the compressive strength of  the samples prepared with 20% of  cement replacement 
has reached higher values than the reference mortar sample prepared only with cement as a binder (M0). 
The replacement of  cement by MCA clay indicated increased mechanical properties for all the analysed 
samples besides MD255. Sample MD255 has shown a slightly lower value of  the compressive strength, 
while presenting a SAI index value (95%) higher than the minimum required (75%). 

Figure 4: Compressive strength test results of  reference mortar sample (M0) and mortar samples 
prepared with 20% of  cement replaced by MCA clay, a) after 7 days, b) after 28 days

days the SAI indexes for all the samples prepared with 20% of  cement replacement by the treated clay were 
higher than the required minimum of  75%. The maximum SAI index was registered for sample MD2520 
with a value equal to 103%. Increased SAI index values were reported also for all the samples tested after 
28 days. The minimum required value (75%) was exceeded for all samples. Sample MD2520 has reached a 
value of  120 % after 28 days, suggesting a direct relationship between the increased reactivity by MCA and 
the pozzolanic activity. 
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Figure 5: Strength activity index of  mortar samples prepared with 20% of  cement replaced by MCA 
clay, a) after 7 days, b) after 28 days

A more precise evaluation of  the pozzolanic activity has to consider further direct tests on the studied 
samples. Frattini and Chapelle tests can give a clearer understanding of  the increased pozzolanic activity of  

4. Conclusions
• MCA can be considered an environmentally friendly process able to increase the chemical reactivity 

of  clay. 

• 
of  the clay minerals structure.

• 
activation. Higher amounts of  smaller particles are achieved for longer time of  grinding and for higher 
ball-to-powder ratios.

• MCA-treated clay showed good mechanochemical properties when used as a cement replacement. 
Compressive strength values measured after 7 and 28 days were increased  for the mortar samples 
prepared with 20% of  cement replacement by the MCA clay.

• SAI indexes, after 7 and 28 days, overpassed the minimum required value of  75%. Mortar prepared 
with the treated clay D2520 showed the best values of  compressive strength and SAI indexes.

• Increased amorphization indicated an enhanced pozzolanic activity of  the processed clay.

The authors would like to acknowledge the Swedish research council Formas for funding and 
supporting the “ClayCem” project.  
6. References
[1] M.C. Bignozzi, Sustainable cements for green buildings construction, Procedia Eng. 21 (2011) 
915–921.

[2] H. Justnes, How to Make Concrete More Sustainable, J. Adv. Concr. Technol. 13 (2015) 147–154. 
doi:10.3151/jact.13.147.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

79

IC
SB

M
 2

01
9

ID
 0

32

future, Cem. Concr. Res. 41 (2011) 642–650.

[4] K. Scrivener, F. Martirena, S. Bishnoi, S. Maity, Calcined clay limestone cements (LC3), Cem. Concr. 
Res. 114 (2018) 49–56.

[5] F. Bergaya, G. Lagaly, Handbook of  clay science, Newnes, 2013.

[6] R. Hamzaoui, F. Muslim, S. Guessasma, A. Bennabi, J. Guillin, Structural and thermal behavior of  
proclay kaolinite using high energy ball milling process, Powder Technol. 271 (2015) 228–237.

[7] S. Ding, L. Zhang, X. Ren, B. Xu, H. Zhang, F. Ma, The Characteristics of  Mechanical Grinding 
on Kaolinite Structure and Thermal Behavior, Energy Procedia. 16 (2012) 1237–1240. doi:https://doi.
org/10.1016/j.egypro.2012.01.197.

Dutková, E. Gaffet, F.J. Gotor, Hallmarks of  mechanochemistry: from nanoparticles to technology, Chem. 
Soc. Rev. 42 (2013) 7571–7637.

[9] H. Yang, W. Yang, Y. Hu, C. Du, A. Tang, Effect of  mechanochemical processing on illite particles, 
Part. Part. Syst. Charact. 22 (2005) 207–211.

[10] J.L. Pérez-Rodríguez, L.M.S. Del Villar, P.J. Sánchez-Soto, Effects of  dry grinding on pyrophyllite, 
Clay Miner. 23 (1988) 399–410.

[11] M. Xia, Y. Jiang, L. Zhao, F. Li, B. Xue, M. Sun, D. Liu, X. Zhang, Wet grinding of  montmorillonite 
and its effect on the properties of  mesoporous montmorillonite, Colloids Surfaces A Physicochem. Eng. 
Asp. 356 (2010) 1–9. doi:10.1016/j.colsurfa.2009.12.014.

[12] I. Tole, K. Habermehl-Cwirzen, M. Rajczakowska, A. Cwirzen, Activation of  a raw clay by 

properties, Materials (Basel). 11 (2018). doi:10.3390/ma11101860.

[13] C. Astm, 125 Standard terminology relating to concrete and concrete aggregates, Annu. B. ASTM 
Stand. 4 (2003).

concrete, C618-12a. (2012).

[15] É. Makó, R.L. Frost, J. Kristóf, E. Horváth, The effect of  quartz content on the mechanochemical 
activation of  kaolinite, J. Colloid Interface Sci. 244 (2001) 359–364. doi:10.1006/jcis.2001.7953.

[16] A. Tironi, M.A. Trezza, A.N. Scian, E.F. Irassar, Potential use of  Argentine kaolinitic clays as 
pozzolanic material, Appl. Clay Sci. 101 (2014) 468–476. doi:https://doi.org/10.1016/j.clay.2014.09.009.

activation on pozzolanic activity of  kaolin containing mica, Appl. Clay Sci. 123 (2016) 173–181. doi:10.1016/j.
clay.2016.01.029




