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RABSTRACT 

Screw and Edge Dislocations in Cement Phases: Atomic Modeling 

by 

Lu Chen 

Cement is the key strengthening and the most energy-intensive ingredient in 

concrete. With increasing pressure for reducing energy consumption in cement 

manufacturing, there is an urgent need to understand the basic deformation 

mechanisms of cement. In this thesis, we develop a computational framework based 

on molecular dynamics to study two common types of defects, namely screw and 

edge dislocations, in complex, anisotropic crystalline polymorphs of cement clinkers 

and cement hydration products. We found the likelihood of these defects in regions 

with higher Young moduli. We also found the preferred cement polymorphs that 

require less energy for grinding via analysis of Peierls stresses. Together, the results 

provide a detailed understanding of the role and type of defects in cement phases, 

which impact the rate of hydration, crystal growth and grinding energy. To our 

knowledge, this is the first study with atomic-resolution on deformation-based 

mechanisms in cement crystalline phases.  
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Cement Chemistry Notation 
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chemical notations and cement notations. 
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Chapter 1 

General Introduction 

1.1.  Industrial Context 

Concrete is one of the oldest human-made materials and the most employed 

manufactured material in the world. Its key strengthening ingredient, cement, has an 

overall global production of 3.4 billion of tons in 2012, which requires approximately 

110 kWh/tonne of electrical energy (U.S. Geological Survey, 2013). Cement is absolutely 

essential in constructing infrastructures such as housing, hospitals, schools, transportation 

systems, especially in the developing regions. On a per tone basis, concrete is a relatively 

“green” material compared to masonry, steel, and wood. If concrete is replaced by any 

other material (e.g. steel), then it would have a larger carbon footprint. However, due to 

huge quantities of concrete used every year (Damtoft, 2008), concrete is responsible for 

approximately 5-10% of global carbon dioxide emissions, mainly due to cement 

manufacturing. A 10% reduction in the amount of carbon dioxide (CO2) currently 

associated with the production of cubic meter of concrete would be equivalent to 
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removing all of the CO2 emissions associated with steel production (U.S. Geological 

Survey, 2013). Therefore, it is critical to assess any opportunity that will help minimize 

or (ideally) eliminate the environmental footprint and energy consumption of 

cementitious materials. 

1.2. Motivation  

Belite and alite are two major clinker phases after heating the cement raw 

material to 1000 °C and 1400 °C. This heating process is responsible for most of the 

CO2 emission during cement production (Taylor, H. F. 1997). Although belite has a 

lower manufacturing temperature, it has a much slower hydration rate than alite. 

This fact dramatically reduces the use of belite, and the more reactive alite phases 

dominate the make-up of cement today. With increasing concerns of environmental 

effects, cement experts begin to rethink about belite for its substantially lower 

manufacturing temperature and less limestone (CaCO3) demand. Therefore, a 

greater fundamental understanding of clinker phases, especially the belite phase is 

required. In addition, given that the current grinding processes of cement clinkers 

consume about 40% of electric energy of the entire cement manufacturing, an 

alternative eco-friendly grinding solutions is highly desired. Equally important, as 

the hydrated cement products are the principal source of mechanical properties of 

concrete structures, understanding the atomistic deformation mechanisms of 

various cement hydration products can open up new opportunities to tune and 

improve the mechanics of cement-based materials.  
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In this thesis, based on the detailed atomic analysis on the role and type of 

dislocations in cement phases, we aim at studying how line defects influence the 

macro scale properties such as hydration rate, brittleness, and stiffness; what 

grinding temperature could provide the best grinding efficiency; and what are the 

key unit deformation processes in cement hydrates.   

Dislocation, or line defect, is a common defect that significantly influences 

many physical and mechanical properties of a material. Dislocations form and 

propagate in crystals under deformation. Crystal growth, a major physical process in 

crystallization, is generally controlled by a screw dislocation terminated at surface 

(Smereka, 2000). Mechanical properties such as material plasticity and crack 

propagation are influenced by core structure of the dislocation and dislocation -

dislocation interactions (Hull & Bacon, 2001). The line defects in cement clinker 

crystals can provide hot spots for accumulation of water molecules, resulting in a 

faster hydration process. Based on the expectation that the hydration rate could be 

increased by increasing dislocation density, analyses on dislocations formation is 

essential. This will include a detailed investigation about dislocation core structure 

at the atomic scale and dislocation formation energy. If it is easier to form line 

defects in a clinker polymorph, then this crystal has the higher potential in 

expediting the hydration rate. 

The knowledge on the dislocation mobilities can also provide important 

information on the inherent materials features such as brittleness and ductility, 

which both influence the fracture and grinding mechanisms of cement clinkers  (Hull 
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& Bacon, 2001). Current clinker grinding processes are conducted at around 100 °C, 

in which all clinkers transform from high formation temperature to their stable 

polymorph at low temperature (Jankovic, Alex; Alejandro Strachan; Tahir C. 2004). 

However, currently there is no comprehensive study, to our knoeldge, on grinding 

efficiency (with minimum energy) of various clinker polymorphses. Through 

dislocation analysis at the atomic and continuum scale, we are able to predict and 

upscale the nanoscale mechanical behavior to macroscale grinding behavior for 

each clinker polymorph without experimentally separating them and conducting 

load test.  

1.3. Objectives 

The overarching objective of this research is to unravel the atomic-scale 

characteristics of dislocation in cement clinkers and hydration products, including 

dislocation formation and mobility along different crystallographic planes, and 

bridge their influence to macro scale engineering properties. 

Objective 1: Develop a comprehensive atomistic-based knowledge on the role 

of screw and edge dislocations in complex oxides and cement hydrates. Although 

dislocations have been well studied on simple crystal structures (e.g. pure metals, 

ionic and semi-ionic materials, binary oxides and alkali halides), there is limited 

knowledge on such defects in cement. The difficulty arises due to the heterogeneous 

nature, the complicated formatting components, and the packing arrangements of 

cement, which often lead to low symmetry crystals. In this thesis we introduce and 
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study screw and edge dislocations into three principle planes in orthorhombic 

crystals, and the parallelogram plane in monoclinic crystals.  

Objective 2: Understandings the potential of various cement clinker 

polymorphs in expediting hydration rates. Through analysis of dislocation core 

structure, the core formation energy could be achieved. The crystals with less 

dislocation core formation energies have higher potential in generating more 

defects, where water molecules can be “trapped”, thus increasing the hydration rate. 

A common deficiency of belite with respect to alite is the slow hydration rate. This 

dislocation analysis could impact hydration solutions especially for belite 

polymorphs.  

Objective 3: Quantify the grinding efficiency of various cement clinker 

polymorphs through analysis of screw and edge dislocation mobilities. Based on the 

link between dislocation mobility and material macro properties such as plasticity 

and brittleness, Peierls stress analyses can serve as the criteria to rank polymorphs. 

The ranking will point out the polymorph which fracture most easily, and the 

temperature for a best grinding efficiency.  

Objective 4: Identify unit processes of deformation in cement hydration 

products. Defects are generated during crystal deformation. Based on the 

fundamental analysis of dislocations in cement hydrate structural analog, 

tobermorite, we carry out shear and axial loading tests to understand and identify 

the role of dislocation and/or potentially other (new) unit processes governing the 

deformation mechanisms in the cement hydrate products.  
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1.4. Novelties 

Associated with the research objective are the novelties of this work. They 

include: 

 Fundamental understandings of the edge and screw dislocations in 

cement clinkers including 5 belite polymorphs and 3 alite polymorphs 

by computational simulation. To our knowledge, our work provides a 

first report on introduction and analysis of line defects into 

anisotropic hydrated layered oxides. 

 Assessment of various cement clinker polymorphs for their potential 

in increasing hydration rates and influencing grinding processes. This 

work provides a predictive computational framework to study 

various cement polymorphs and their crystallographic directions, 

which is new in its kind. The research outcomes can potentially 

provide new strategies to optimize hydration and grinding processes. 

 Bridging the nanoscale properties of cement crystals such as 

dislocation core expansion to the macro scale properties such as 

Young’s modulus and surface energy. 

 Basic insights on unit processes in tobermorite under shear, uniaxial, 

and triaxial tension load, with the first observation and identification 

of a partial edge dislocation and zigzag displacement pattern during 

in-plane shear deformation. 
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1.5. Outline of Thesis 

This thesis is divided into 8 chapters. Chapter 2 is an introduction to the 

cement chemistry and the basis to follow the thesis. It covers a description of clinker 

phases, the hydration processes, the cement paste structure, and cement mineral 

analogs. A brief overview of the computational atomic simulation methods is given 

in chapter 3. It contains common atomistic scale computational modeling 

techniques with theories, fundamentals, hypotheses, and equations summarized. 

Chapter 4 deals with modeling line defects in cement based materials. It is focused 

on introducing line defects (i.e. screw dislocation and edge dislocation), as well as 

model construction including elastic approximation and atomic scale relaxation 

theories. In chapter 5 and chapter 6, screw and edge dislocations are discussed and 

analyzed, respectively. Various perspectives are adopted to describe and analyze 

dislocation core structures, including atomic visualization, core displacement field, 

dislocation displacement map, core formation energy calculations, and Peierls stress 

analyses. Based on the fundamental understanding of dislocations, Chapter 7 is a 

study on unit processes during shear deformation in C-S-H analog: tobermorite. This 

chapter will answer the question that if dislocation is the dominant mechanism 

during the deformation of tobermorite, or are there other unit processes. Chapter 8 

summarizes the results of this study and lists future opportunities for research and 

engineering application. 
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Chapter 2 

Cement Based Materials 

The aim of this chapter is to present a brief introduction to cement based materials, 

including main cement clinkers and hydration products. The current 

understandings of atomic structure of cement clinkers and C-S-H are presented. 

These atomic structures are used as an input for the rest of this thesis.  

2.1. Introduction  

The beginning of cement modern history started in 1754 when John Smeaton 

rediscovered this durable material to repair the Eddystone lighthouse in England 

(Smeaton, 1759). In 1824, Joseph Aspdin developed the patent of Portland cement, 

which is regarded as a key event in cement history, with basic manufacturing 

process very similar to the one used nowadays (Hewlett & Lea, 1998). 
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In terms of investment and production volume, cement-based materials are 

by far the leaders in construction industry. Its production is directly correlated with 

any country’s GDP growth. It is reported that China contributes half of the world 

production, along with India, United States, and Brazil as other important producers. 

In United States, about 71 million tons of Portland cement were produced in 2012 

(U.S. Geological Survey, 2013). However, in spite of its massive consumption and 

low manufacturing cost, the environmental impact is a serious concern. Cement is 

the third greatest culprit to the total green-house gas, after electricity production 

and transportation. The cement manufacturing process contributes ~5-10% global 

CO2 emissions and a significant level of harmful NOx generation (U.S. Environmental 

Protection Agency, 2013). About half of the emissions come from the chemical 

decarbonation process of raw materials, and the other half is due to fuel burning at 

high temperatures for manufacturing processes in the kiln. The overall emission 

rate is about 900 kg of CO2 for every 1000 kg of cement (Mahasenan, Smith, & 

Humphreys, 2003).  

Due to the economic and environmental magnitude of cement industry, there 

is an increasing interest in modernizing cement technology. However, in contrast to 

its ubiquity and common availability, cement is a very complex material, which is 

currently not fully understood. The cement research is a multidisciplinary study 

including the study of hierarchical structure, intrinsic nature of chemical reactions, 

manufacturing processes, and engineering optimizations. In this thesis, the intrinsic 

properties of dislocations in both cement clinkers and hydration products are 
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investigated. Efforts are made to bridge the nano scale observations and properties 

to engineering applications.  

 Among different types of cements, Portland cement is the most commonly 

used cement among different countries. A generalized manufacturing process of 

Portland cement is illustrated as follows. The raw material is a mixture of limestone 

and clays. With an appropriate proportion, the raw materials are first grinded to a 

fine power. The mixture is then introduced into a kiln, a slowly rotating and sloped 

cylinder. At a high temperature of 1400°C, the mixture melts and several chemical 

processes take place including loss of free water, decarbonation, and formation of 

the clinker. The resultant cement clinkers are grinded again (2nd grinding process) 

and fine cement powder is then procured. The cement clinker grinding circuit 

reduces the feed (cement clinkers and other additives) from 80% passing size 

between 10 and 20 mm to a 100% passing size of 90 microns (Hewlett & Lea, 1998; 

Jankovic, Valery, & Davis, 2004; Taylor, 1997). 

When cement powder is mixed with water, it becomes cement paste (or 

concrete if aggregates are also incorporated). Higher tensile strength and ductility 

could be achieved by adding steel reinforcing bars to form the reinforced concrete. 

The hydration process is a very complex transformation. Cement paste can be 

described as a multiphase matrix: crystal agglomerates of various sizes with the 

Calcium Silicate Hydrated (C-S-H) gel (Taylor, 1997). The agglomerates could be 

hydration products or unreacted clinker grins persisting after the hydration 

process. The C-S-H amorphous gel is variable stoichiometry compound, and the 
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hyphenated dash refers to various combinations of C, S and H. The C-S-H phase is 

considered basic building block of cement paste, which gives concrete its excellent 

mechanical and durability properties.  

The random distribution and composition of clinker phases lead to the 

intrinsic heterogeneity of cement hydrate. It has different levels of organization 

across different scales, with different structural features. At macro scale (>10 -3m), 

cement hydrate is usually a homogeneous material with bulk physical properties. At 

micro scale (between 10-3 to 10-6m), the heterogeneous structure displays itself 

clearly. Electron microscopy techniques are common investigating tools at this 

scale. At the meso scale (between 10-6 to 10-9m), a scale bridging nano- and micro- 

meter features, C-S-H is the most prominent phase controlling cement hydrate 

properties. At nano scale (<10-9m), the nano pore structures become intrinsic 

characteristics of C-S-H gel regulating its surface area, creep, shrinkage and many 

other process (Jennings et al., 2008; Mehta & P, 1993; Ramachandran & Beaudoin, 

2001). Figure 2-1 shows four views of cement at various scale (Garboczi & Bentz, 

October 1996).   
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Figure 2-1 Cement at four different length scales (Garboczi & Bentz, October 

1996). Upper left of the figure is an optical micrograph of concrete, upper 

right is a zoom in of the previous plot. The picture on the lower left is cement 

paste C-S-H at meso scale with side length of 20 μm and the lower right picture 

is a transmission electron micrograph of C-S-H with side length of 300 nm 

2.2. Cement Clinker phases 

Cement clinker is the product of heating process of clays and limestone 

(CaCO3) up to 1,450 °C. In this process, a series of complex transformations take 

place. From 70 to 110°C, free water evaporates. Clays decompose at around 500°C 

to basic oxide components such as silica (SiO2) and alumnium oxide (Al2O3). 
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Limestone then reacts with silica dioxide to form belite phase (Ca2SiO4, abbreviated 

as C2S in cement chemistry notation) in the next step between 600°C to 1100°C, 

while the excess of CaCO3 decomposes into calcium oxide (CaO) and carbon dioxide 

(CO2). As temperature increases up to 1400°C, partial melting occurs and belite 

reacts with calcium oxide to form alite (Ca3SiO5, abbreviated as C3S) (Ghosh, 2002; 

Taylor, 1997). The final composition of a typical Portland cement clinker is given in 

Table 2-1 in terms of mass distribution. The table shows the prominet clinker 

phases in Portland cement are alite (66.8%) and a belite (12.9%). Other oxides such 

as aluminate (Al2O3), ferrite (Fe2O3), and sulphastes (SiO4-2) are present in smaller 

quantities. 

        

 Alite Belite Aluminate Ferrite 
Free 
lime 

Periclase Sulphates 

Total 
(%) 

66.8 12.9 7.1 10.0 0.9 0.5 1.9 

Table 2-1 Mass distribution of clinker phases in a typical Portland cement 

(Taylor, 1997) 

Due to the magnitude of cement industry, the cement manufacturing process, 

combined with fuel burning, are principally responsible for the CO2 emissions, 

accounting for roughy 5-10% of global emisions. Researchers have pursued 

modifications to the manufacturing processes to develop environmental friendly 

solutions. There is a preference to belite as compare to other clinker phases such as 
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alite. This is because the substantially lower manufacturing temperature and less 

limestone (CaCO3) demand during production makes belite an ideal candidate for 

cement with a lower CO2 footprint (Durgun, Mazano, Pellenq, & Grossman, 2012; 

Manzano et al., 2011). However, belites react slowly during hydration, and mainly 

contributes to long-term strngth (Ghosh, 2002). Adidtionaly, belite is a crystal with a 

higher fracture toughness compared to that of alite, thus requiring more energy for 

grinding to make the final cement powder. The grinding energy for belite clinkers is 

45 kWh/ton while that of alite is 17 kWh/ton at same Blaine specific surface of 250 

m2/kg  (Moeini, Akono, Manzano, Pellenq, & Ulm, May-2011). Therefore, 

fundamental understandings are needed for all cement clinker phases. 

2.2.1.  Belite, C2S 

Belite is the second majority phase among cement clinkers, with a great 

potential in energy cost reduction. It is a chemically modified form of dicalcium 

silicate Ca2SiO4, or C2S, with a sequence of reversible polymorphs with temperature. 

These polymorphs are presenetd in the below diagram (Barbier & Hyde, 1985; 

Moranville-Regourd & Boikova, 1992; Taylor, 1997): 

 

Figure 2-2 Polymorphs of Belite phases 
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The Greek letters represent different polymorphs of belite, and the L and H 

subscripts denote high temperature and low temperature variants. They are alpha-

belite (α-C2S), alpha-belite at high temperature (αH-C2S), alpha-belite at low 

temperature (αL-C2S), beta-belite (β-C2S), and gamma-belite (γ-C2S) Figure 2-3 

presents the crystal structures of belite polymorphs.  

 

Figure 2-3 Crystal structures for belite clinker polymorphs.  

In Figure 2-3, (a) and (d) are α and β dicalcium silicate monoclinic structure. 

(b), (c), and (e) are αH, αL, and γ dicalcium silicate, three orthorhombic structures. 

The coordinate axes are represented in the lower left corner, i.e. looking along z 

direction. All above crystals are 3×3×3 super-cells of the polymorphs. Oxygen (O) 

calcium (Ca), and silicon (Si) are presented as red, blue, and yellow balls. In these 
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crystals, oxygen atoms occupy the vertices of the Si-O4 polyhedra. The latter are 

omitted for clarity.   

The atomic structures of belite phases are established by Mumme, W. G 

(Mumme, Hill, bushnell, & Segnit, 2002). They are available at Inorganic Crystal 

Structural Databae (ICSD). (ICSD code number 81095 for γ-C2S, 81096 for β-C2S, 

82996 for αL-C2S, 82997 for αH-C2S, and 82999 for α-C2S).  

β-C2S and α-C2S are monoclinic crystals with low symmetry groups, i.e. 

P21/c and P-3m1. In crystallographic notation, P means primitive cell, and followed 

by a digit, n, indicating the highest order of rotational symmetry. The next two 

symbols indicate symmetries relative to one translation axis of the pattern. The 

symbols are either m, g, or 1, for mirror, glide reflection or none. αH-C2S, αL-C2S, 

and γ-C2S are orthorhombic structures under Pnma, Pnm21, and Pbnm symmetry. 

The α, αH, αL and β polymorphs are very similar and belong to glaserite family while 

the γ phase belongs to olivine family (Manzano, 2009).  αH, αL and β phases are 

derived from α phase by a decrease of symmetry due to the disorder of SiO4-4 groups 

and slight changes in the position of Ca atoms (J & Hyde, 1985). These four 

polymorphs are completely reversible due to small energy needed for transition. 

The rearrangement from β to γ is more sluggish, and β phase persists in a 

metastable equilibrium. Due to geust ions, γ form is not widely exit in real clinker. In 

this work, the study of γ-C2S is included since in theory, it is the most energetically 

favorable structure. The xy plane of αH-C2S shows the most ordered structure, and 
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this atomic packing indicates stronger atomic interactions, and will influence the 

dislocation properties discussed later.  

2.2.2.  Alite, C3S 

Alite is the main component of Portland cement, accounting for 70%wt. It is a 

solid solution of tricalcium silicate Ca3SiO5, or C3S, which shows seven main 

plymorphs upon heating: triclinic alite 1, 2, and 3, monoclinic alite 1,2, and 3, and a 

rhombohedra alite (Noirfontaine, Courtial, Dunstetter, Gasecki, & Signes-Frehel, 

2012). Pure triclinic silicate (C3S) exhibits the following set of reversible phase 

transitions upon heating (Chromy & Maki, 1982; Hewlett & Lea, 1998; Maki & 

Chromy, 1978; Taylor, 1997):  

 

Figure 2-4 Alite polymorphs. Two polymorphs shaded green are studied in 

this work 

The letter indicates the crystal symmetry of the polymorph, i.e. T for triclinic, 

M for monoclinic, and R for rhombohedral. As illustrated above, there are three 

triclinic forms (T1, T2, T3), three monoclinic forms (M1, M2, M3) and one 

rhombohedral  form (R). In industrial clinkers, the most common phases are the 

monoclinic variants M1 and M3. Although the most stable phase at room 

temperature is T1, the guest ions in cinker prevents this polymorphic change under 
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cooling (Taylor, 1997). Due to limitation of X-Ray diffusion rate, the atomic 

structures are only available in few alite polymorphs. Based on availability of single 

crystal structures in the literature, only M3 and R phases are investigated  in this 

thesis. There are two widely accepted M3 atomic structures with CM symmetry 

from two authors based on X-Ray investigation. Namely, M3-C3S, from Nishi (Nishi, 

Takeuchi, & Maki, 2002), and  MM-C3S, from Mumme (Mumme et al., 2002). A 

crystal structure developed by Nishi is used to study the rhombohedral polymorph 

R-C3S. Crystal information could be obtained through ICSD and their atomic 

structures are displayed in Figure 2-5. (ICSD code number 64759 for M3-C3S, 81100 

for MM-C3S and 30889 for R-C3S)  

The alite polymorphs are reversible with temperature due to their similar R 

phase (Jeffery, 1952; Nishi et al., 2002; Noirfontaine et al., 2012). The structures 

consists of SiO4-4 tetrahedra and Ca+2 and O-2 ion, see Figure 2-5.  

 

Figure 2-5 Crystal structures of the alite clinker polymorphs used in this 

study.  
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In Figure 2-5, (a) and (b) are two monoclinic M3 phases of tricalcium silicate 

from different authors, Nishi (a) and Mumme (b). (c) is the rhombohedral phase of 

alite. (a), (b), and (c) are unit cells, and red, blue, and yellow balls indicate oxygen, 

calcium, and silicon atoms. These atomic structures are used as inputs for the 

computational simulation analysis, described later. 

2.3. The hydration process   

The hydration process in cement industry comprises a myriad of chemical 

reactions, physical changes, and thermodynamic processes. There are many facts 

that influence the final hydration products: the random combination of clinker 

phases and additives, the random particle sizes and shapes, and the heterogeneous 

distribution (Taylor, H. F. 1997). Although researchers can control the water to 

cement ratio, the variance of reaction rates combined with factors mentioned above 

makes understanding the hydration products elusive. In essence although, the 

hydration process is under intense study since early 1900’s, it is still a hot subject of 

research. To decrease the large number of variables, the hydration process is often 

studied independently for each clinker phase. In this work, hydration of alite and 

belite are reviewed.  

The product of alite hydration is the key for strength development during the 

initial days. Alite reacts rapidly with water. It is considered that about 70% of the 

alite has reacted within the first 28 days, and the hydration process is virtually 

complete after 1 year. In terms of final products and stoichiometry, the hydration 
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reaction of β dicalcium silicate (β-C2S) is comparable to that of alite. However, a 

remarkable difference between alite and belite is the reaction rate. Hydration of 

belite is much slower than alite. Only 30% of belite reacts in the first 28 days, and 

nearly 90% of hydration will be completed in one year (Hewlett & Lea, 1998). There 

are insignificant differences between hydration kinetics of β- and α-C2S, while γ-C2S 

presents an almost negligible hydraulic activity (Taylor, 1997). Fast hydration rate and 

large availability of alite make it a dominant industrial cement clinker. However, due to 

increasing concerns about energy consumption, belite phase is becoming more and more 

the preferred raw material choice.  

2.4. The Main Hydration Product: C-S-H Gel 

The primary hydration product of both alite and belite is a gelatinous, porous 

material called C-S-H. The C-S-H stands for Calcium-Silicate-Hydrate without a fixed 

stoichiometry, i.e. the chemical formula is in general CxSyHz. Here cement chemistry 

notation is used for C=CaO (Calcium oxide), S=SiO2 (Silica), H=H2O (Hydrates). C-S-H 

serves as the smallest building block of concrete and it is the key source of strength 

and durability in all Portland cement concretes.  

Due to its complexity, the accurate C-S-H gel structure characterization at the 

nanoscale is still unresolved. The microscopy techniques are far from reaching to 

small sizes necessary to investigate the disordered C-S-H gel. Therefore, indirect 

methods such as Nuclear magnetic resonance (NMR), infrared radiation (IR) – 

spectroscopy, X-Ray method, small-angle-neutron-scattering (SANS), small-angle-X 
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ray-scattering, nanoindentation or gas sorption techniques become the only 

promising tools to study C-S-H structure (Ramachandran & Beaudoin, 2001). 

Although C-S-H is an amorphous material, it has some short-range order at 

the atomic scale. Much of the finding at this level is obtained by comparison with 

fully crystal Calcium-Silicate-Hydrate minerals, for example, tobermorite and 

jennite. In the next section, the crystalline structures of high ordered phases related 

to the C-S-H gel will be presented.  

2.4.1.  Ordered Structures Related to the C-S-H Gel 

The indirect methods mentioned above provide valuable information about 

C-S-H gel structures. They define C-S-H gel as calcium oxide sheets connected to 

silicate chains to form a layered structure. The interlayer space is comprised of 

water molecules and ions such as Ca+2 or Na+1 (Maki & Chromy, 1978; Richardson & 

Groves, 1992).  As C-S-H gel structure does not have a fixed stoichiometry, its 

composition is usually characterized by its calcium to silicon ration, C/S. The silicate 

chains follow a Dreierketten or wollastonite-like arrangement, in which the 

structure repeats every three silicate tetrahedra. The final length of the chain would 

be 2, 5, 8, or 3n-1 units, where n an integer, and each unit is an orthosilicic acid 

group, Si(OH)4. In each unit, two of tetrahedral share oxygen in a dome-type pattern 

and are called paired tetrahedra, while the third bridging tetrahedron, which is in a 

different chemical site, points out of the calcium layer (Richardson, 2008; 

Richardson & Groves, 1992). Figure 2-6c shows bridging tetrahedra connected to 

pair tetrahedra. If the bridging tetrahedron in a Dreierketten chain does not bond 
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with other bridging tetrahedron in an adjacent layer, this is called single silica chain. 

Richardson et.al in 1992 had proposed a growth model to explain the discontinuous 

silica chain lengths (Richardson, 1999, 2008; Richardson & Groves, 1992), but this 

subject is still under development. Much of current knowledge on C-S-H at the 

nanometer scales comes from natural mineral analogs of C-S-H.  

2.4.2.  Crystalline Structure Analogs of C-S-H Gel  

There are around 30 crystal minerals reported to have similar structures to 

C-S-H (Richardson & Groves, 1992). In essence, it is widely accepted that C-S-H has a 

layered structure akin mostly to tobermorite and jennite minerals. Although, the 

exact atomic structure of C-S-H is more complex (Pellenq et al., 2009; Shahsavari, 

2011), in this thesis, we will focus and discuss the structure of tobermorite as a 

crystalline C-S-H analog.. 

2.4.2.1.  Tobermorite 

The tobermorite natural minerals have structure and crystal chemistry very 

similar to C-S-H phases. The tobermorite groups are layered structures and can be 

classified based on their basal spacing 9Å, 11Å, and 14Å. See Figure 2-6-(c). (Å 

(angstrom) is a unit of length, 1 Å = 1.0 × 10-10 meters) The interlayer spacing distance 

represents the degree of hydration of tobermorite, and changes by heating. The backbone 

structure of tobermorite is composed of central calcium oxide layers connected with 

silicate chains in both sides. The charge is counterbalanced by Ca+2 ions located in the 

inter- laminar space. Each Ca+2 ion is coordinated to the oxygen atoms in the bridging 
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tetrahedra of consecutive layers and to four water molecules (Bonaccorsi, Merlino, & 

Kampf, 2005; Bonnacorsi & Merlino, 2005).  

Merlino Tobermorite Structure 

In Merlino type tobermorite, silica chains are connected to calcium layers 

from both top and bottom. The basal space between backbones could be 9Å, 11Å, or 

14Å. Figure 2-6 (Shahsavari, Buehler, Pellenq, & Ulm, 2009) shows typical 

tobermorite groups in detail. Pink pyramids are silicon tetrahedrons, and green 

layers represent calcium sheets. Figure 2-6-(a) is a top view of the silica chain 

connecting to calcium ribbons. Two chains are paralleled in the same way with a 

shift of 3.65 Å. Figure 2-6-(b) is a side view of tobermorite with two backbone 

structures. The bridging tetrahedra do not connect to other bridging tetrahedra in 

adjacent neighboring layers. This pattern is termed single silica chains. Figure 2-6-

(c) is a side view of a double silica chain structure in which the bridging tetrahedra 

in neighboring backbones forms a head-to-head connection. This direct interlayer 

links changes the 2D layered structure into a strong 3D network by making ring -

type structures along the chain, reminiscent to zeolitic structures. Figure 2-6-(d) is a 

[010] view (look from left side of Figure 2-4-(c)) showing the dangling bridging 

tetrahedra. Merlino tobermorite 11Å and 14Å are monoclinic phases while Merlino 

9Å is a triclinic crystal (Ghosh, 2002; Richardson, 2004; Richardson & Groves, 1992; 

Taylor, 1997). 
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Figure 2-6 Tobermorite structures (Shahsavari et al., 2009). (a) is a top view 

of the silica chain structures. (b) is a side view of tobermorite with two 

backbone structures. (c) is a side view of a double silica chains, and (d) is a 

[010] view showing dangling bridging tetrahedra  

Hamid Tobermorite Structure 

Hamid tobermorite has one basal space, 11 Å, and contains only single silica 

chains (i.e. structure similar to Figure 2-6b). Other characteristics are very similar to 

Merlino tobermorite. Hamid structure can have three different C/S ratios, 0.67, 0.83, 

and 1. (Richardson, 2004; Shahsavari et al., 2009). The Hamid tobermorite model used in 

this paper is shown in Figure 2-7. Red, blue, yellow, and white balls indicate oxygen, 

silicon, calcium, and hydrogen atoms, respectively. Since in C-S-H, C/S ratio varies 

around 1.2 to 2.3 (Rouzbeh. Shahsavari. 2011), we choose the largest C/S ratio available 

in Hamid tobermorite, which is 1. The bridging oxygen atoms are not connecting to other 

bridging oxygen, and form the single silica chains. The backbone structure included in 

the arrow area in Figure 2-7 is the atomic view of Figure 2-6-(d). Two silica chains are 
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connecting to one calcium sheet. Water molecules are distributed between the backbone 

layers. 

 

Figure 2-7 Atomic structure of Hamid tobermorite  

2.4.2.2.  Jennite 

Jennite is a rare mineral, which appears in nature and is another analog for C-

S-H. It can be synthesized under hydrothermal conditions (Carpenter, 1966). There 

are two major differences between Jennite and Tobermorite. In Jennite, the bridging 

tetrahedrons of the silicate chains are also connected to the calcium-oxide layer. 

Second, due to the higher calcium content in the layer, only half of the Ca atoms are 

linked to the oxygen atoms of the silicate groups. The rest of1 Ca atoms are 

coordinated to the hydroxyl groups joining the calcium oxide layer (Ghosh, 2002; 

Richardson, 2004, 2008; Taylor, 1997).  
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2.5. Chapter Summary 

The aim of this chapter was to present general concepts about cement 

ingredients and cement hydration products. A brief introduction about cement 

manufacturing was presented. The heating process of raw material and the 

production of cement clinkers are responsible for most CO2 emission in cement 

industry. The atomic structures of two main cement clinker phases, alite and belite, 

and their polymorphs are presented, i.e. five belite polymorphs of α-, αH-, αL-, β-, and 

γ-C2S, and three alite polymorphs of R-, M3-, and MM-C3S. The well-defined atomic 

structures of these polymorphs will be used as input for the rest of this thesis.  

The hydration process is also introduced, along with the main hydration 

product, which is C-S-H gel. The latter is the chief source of strength and mechanical 

properties in all Portland cement concretes. Due to its non-fixed stoichiometry and 

hierarchical nature, mineral analogs such as tobermorite family and jennite are 

widely adopted to investigate this complex gel. However, predictions of 

fundamental properties such as the role of deformation mechanisms and defects, 

which are common and critical in any crystal, are far beyond the reach of current 

experimental probes. In this context, the implementation of computational material 

science paradigms into the atomic structure of C-S-H crystals seems the only viable 

approach. The atomic structure of the C-S-H analog, tobermorite could be used as a 

structural input for computational simulations. In next chapter, atomic simulation 

methods are introduced with fundamentals theories, hypotheses, and equations.  
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Chapter 3 

Computational Modeling Techniques 

This chapter is concentrated on the most common methods in computational 

materials that are applicable to cement-based materials at the nanoscale. The basic 

hypotheses, theories, and equations of molecular mechanics and molecular 

dynamics methods are introduced. Particular emphasis is placed on explaining 

techniques implemented in dislocation simulations. Two well-developed force field 

potentials for cement clinkers and C-S-H crystals, ClayFF and CSH-FF, are illustrated 

in detail.  

3.1. Introduction to Atomistic Modeling  

Simulation materials at atomic scale has become a popular method used by 

the condensed matter physics, solid state chemistry, and mineral physics 

communities. This approach enables prediction of material properties without 

experimental resources, and many problem solved by this method was calibrated by 
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experimental results. Computational simulation allows an inherently atomic scale 

view of a process, which is often used in interpreting experiment.  

The first successful model to describe a real system with concepts of atoms 

and molecules is the kinetic theory of gases, developed by Clausius, Maxwell, and 

Boltzman in XIX century. However, in very few systems the equilibrium properties 

can be calculated with this model. The interactions governing atoms and molecules 

are too complicated to be evaluated analytically (Frenkel & Smit, 1996). The arrival 

of computers enables numerical solutions of large systems of statistical mechanics 

equations. The first computational simulation of liquids was via Monte Carlo (MC) 

methods carried out in 1953 in Los Alamos National Laboratory, and the first 

Molecular Dynamics (MD) simulation of hard spheres was reported in 1956 (Alder 

& Wainwright, 1956).   

Two basic physical models are commonly used for atomic scale simulation. 

Firstly, based on quantum mechanics theories, Schrödinger discovered in 1926 the 

equation for the hydrogen atom (Schrodinger, 1926). A mathematical function 

known as the wave function provides information about the probability amplitude 

of position, momentum, and other physical properties of a particle. The partial 

differential equation for the time evolution plays the same role as Newton’s 

equation in classical system. This method accurately describes the dynamics of the 

systems, and there is no requirement for fitting parameters to empirical results. 

However, this method is computationally very expensive. The second method, 

molecular dynamics, replaces the complexities of describing the electrons with 



 29 

relatively simple parameterized functional forms. This latter describes the 

interaction energies between different atoms in a ways that is computationally far 

less expensive and can handle large systems. In this chapter, the second method will 

be discussed in detail. 

3.2. Molecular Mechanics Methods 

QM (quantum-mechanical) methods are very powerful. However, they are 

computationally expensive. The main advantage of molecular mechanics method is 

that it can deal with assemblies with many thousands to millions of atoms with low 

computational costs, although it suffers from several limitations. For example, it 

requires extensive parameterization; the energy estimates obtained are not very 

accurate; it cannot be used to simulate reactions where covalent bonds are 

broken/formed (Billeter, 2001). Molecular mechanics method is based on two 

assumptions. First, it is assumed that the electrons can adjust instantaneously to the 

nuclei positions for any movement, and the configuration energy could be calculated 

as a function of the nuclear positions through effective simple analytical functions 

known as “Force Field” (Leach, 2001). The second assumption is that each nucleus 

can be regarded as a classical particle as in Newtonian mechanics. The presences of 

electrons are implicitly incorporated in the particles. Therefore, the temperature is 

assumed 0 K and equilibrium configuration can be obtained by minimization of 

system energy.  
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The potential energy of all systems in molecular mechanics is calculated 

using “Force Field”. A well-defined force field could provide relatively accurate 

information on structure, thermodynamics, and mechanical properties. Force Fields 

are typically represented by a set of mathematical, interatomic functional forms that 

are parameterized based on fitting to ab-initio or experimental results. Therefore, 

the transferability of a force field to other environments is an important issue 

(Shahsavari, Pellenq, & Ulm, 2011). In the following sections, potential functions and 

two force fields especially built for clinkers and cement hydrates are illustrated.  

3.2.1.  Potential Function Forms 

In molecular mechanics calculations, the system energy is defined as the sum 

of all the interactions present in the system. The explicit functional forms between a 

pair or among a group of atoms are derived from the nature of the forces among 

them. The most common interactions and potentials are explained below.  

3.2.1.1.  Coulomb Interaction 

Long-range Coulomb interaction is the most significant energy contribution 

in ionic solids. The functional form for the energy is based on the Coulomb’s law:  
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Equation 3-1 Coulomb interaction 
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where q is the charge of the corresponding atom and r the distance between them. ε0 

is the dielectric constant in vacuum. Equation 3-1 shows the energy decays with the 

inverse of the distance . The number of ions increases proportionally to the 

surface of a sphere, , while the interatomic distance decreases according to . 

This may cause some problems in low symmetry systems when it comes to practical 

sum of all Coulomb terms. The energy might increase rather than decrease. Different 

methods are proposed to solve this issue (Frenkel & Smit, 1996), and among them, 

the Ewald’s summation with Laplace transformation is the most widely used in 

computational simulations (Ewald, 1921). In Ewald’s summation, the Coulomb term 

is divided into two parts: one converges rapidly in the real space while the other one 

in the reciprocal lattice space.  

3.2.1.2.  Van der Waals Interaction 

Van der Waals interaction, also known as dispersive interaction, is the 

second long range interaction, and usually important in molecular crystals where 

the Coulomb interactions are not large. The force arises from the unbalanced 

distribution of electrons around the nucleus. The interaction is given by a series of 

terms increasing with the inverse of the 6th, 12th, 18th, … nth power of the interatomic 

distance. The dipolar moments are found to be leading contributors to Van der 

Waals interactions and usually the first term of the series is sufficient to present the 

dispersion: 

ijr

24 r
r
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Equation 3-2 Van der Waals interaction 

Equation 3-2 shows the interaction energy inversely depends on the 6 th power of 

the interatomic distance r, and C is an empirical parameter, which can be 

parameterized by fitting to experimental data. 

3.2.1.3.  Repulsive Interaction 

Repulsive interaction arises from electronic clouds overlap at short 

interatomic distances. The most employed representations are exponential function, 

or terms proportional to , where m is typically larger than 10. Usually, the 

repulsive and dispersive (Van der Waals) forces are included in the same functional 

forms. Two common forms are Buckingham form and Lennard-Jones form shown in 

Equation 3-3 and Equation 3-4. 

 

Equation 3-3 Buckingham interaction form 
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Equation 3-4 Lennard-Jones interaction form 

A, ρ, and C are empirical parameters, r is the interatomic distance, and m is typically 

chosen as 12 in the Lennard-Jones function form in Equation 3-4. These potentials 

have a minimum at some inter-nuclear distance, increasing rapidly at short distance, 

and become smooth at high distance (Archer & al., 2003).  

3.2.1.4.  Bonding Interaction 

The localized distribution of electrons between atoms would form a covalent 

bond network, which can be illustrated by a Morse potential.  

  

Equation 3-5 Morse potential 

In this equation, r0 is the interatomic equilibrium distance; De is the energy of the 

bond at the equilibrium distance r0, and α is the curvature of the potential around r0. 

Equation 3-5 describes all the contributions for the chemical bond, and the coulomb 

interaction is frequently subtracted when these bonding potentials are used.  

A common alternative to Morse potential is the harmonic potential, which 

penalizes the energy for any deviations from the optimum distance r0, shown in 

Equation 3-6, where KB is the stretching force constant: 
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 rr

e

Morse

ij eDU




 34 

 

Equation 3-6 Harmonic Potential in terms of bonding distance 

In some cases, the hybridization of the covalent bond is in a specific shape, 

for example, the tetrahedra bonds in carbon and silicon (Jensen, 1999). A three body 

harmonic potential is taken to deal with these forces, shown in Equation 3-7, as a 

function of angles between two atoms.  is the optimum angle, and KA is a constant. 

 

Equation 3-7 Harmonic Potential in terms of bonding angle 

3.2.2.  Energy of the System  

The total energy of a system of atoms is the sum of potential forms 

mentioned above, the Coulomb interactions, short-range Van der Waals (VDW) 

interactions, and bonded (stretching/angular) interactions, see Equation 3-8.  

 

Equation 3-8 Total energy 

The Coulomb energy is represented as: 
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Equation 3-9 Coulomb energy in a system 

Lennard-Jones function is implemented to present the repulsive, 
12)(

ij

ij

r

R
, and 

attractive, 
6)(

ij
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r

R
 ,  VDW energy term: 

  

Equation 3-10 Repulsion and dispersion energy in a system 

In Equation 3-10, and are empirical parameters derived from the 

fitting of the model to observed structural and physical property data. Interaction 

parameters between the unlike atoms are typically calculated according to two 

rules: the geometric mean rule for the energy parameter, Do, and the arithmetic 

mean rule for the distance parameter, Ro: 

 

Equation 3-11 Emprical parameters in L-J function 
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Bond stretching energy and bond bending terms are considered in two and 

three body interactions such as between O and H in a hydroxyl group or H-O-H angle 

in a water molecule. These energies are described by simple harmonic terms as: 

 

 

Equation 3-12 Bond stretching energy in a system 

 

Equation 3-13 Bond bending energy in a system 

where K1 is twice the force stretching constant and K2 is twice the bending constant. 

roij and θoij refer to the equilibrium bond length and bond angle.  

3.2.3.  Energy Minimization 

At absolute zero, the stable configuration has the minimum energy. Thus, by 

varying the atomic configurations and calculating the energy of the system at each 

move, finding the stable configuration becomes a mathematical minimization 

problem. But this process is not easy due to the complex relationship between 

energy and the atomic configuration. This mathematical problem not only occurs in 

computational atomic energy calculation, but also in other fields such as financial 

markets, or in computer games (Spall, 2003).  

  2
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Two approaches are proposed to solve the problem, one is to search for the 

global minimum of the system and the other is to search the local minima. The 

former is typically far more challenging than the latter. Simulated annealing 

methods (Kirkpatrick, Gelatt, & Vecchi, 1983) and genetic algorithms (Woodley, 

2004) are common techniques to find the global energy of the system, although 

there is no optimality guarantee. But usually the global minimum is not the desired 

structure, for example, performing a global minimization for any SiO2 polymorphs 

would lead to alpha-quartz, and miss the diverse crystal chemistry of the dense 

polymorphs. Instead, if the starting configuration is close to the local minimum of 

the system, the local optimization techniques are more appropriate. In one way or 

another, local optimization of multi-dimensional functions and optimization 

algorithms to move atoms are two major parts in most modeling codes. There are 

many optimizers used for energy minimization. For example, Newton/Raphson, 

conjugate gradients or Ratinal Function as optimizers; BFGS method (Broyden, 

Fletcher, Goldfarb and Shanno method) or DFP method (Davidon, Fletcher  and 

Powell method) to update the inverse of hessian matrix; Searching for minima by 

genetic algorithms with simulated annealing; Free energy minimization with 

analytic first derivatives, etc. (Gale, Julian D. Rohl, Andrew L. 2003).  

3.2.4.  Potential Force Fields for alite, belite and tobermorite 

A standard approach to predict the properties of hydrated oxides such as 

alite, belite and tobermorite is to use empirical force fields such as ClayFF and CSH-

FF.  
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 ClayFF Potential 

ClayFF is based on an ionic (non-bonded) description of metal-oxygen 

interactions associated with hydrated phases. All atoms are represented as point 

charges and are allowed complete translational freedom within this force field 

framework (Cygan, Liang, & Kalinichev, 2004). To present water molecules, ClayFF 

considers the flexible simple point charge (SPC) water model (Berendsen, Grigera, & 

Stratsma, 1987). Metal-oxygen interactions are based on a simple 12-6 Lennard-

Jones potential combined with Coulomb interactions. Harmonic terms are included 

to describe the bond stretch and bond angle bending associated with water 

molecules, hydroxyls, and dissolved polyatomic molecules and ions – the only type 

of bonded interactions explicitly defined in the force field (Cygan et al., 2004). This 

force field, which is already implemented in GULP code (Gale & Rohl, 2003), is used 

to study cement clinker phases.  

 CSH-FF Potential 

Normally, ClayFF must be transferable to cement hydration products, such as 

C-S-H and tobermorite, since ClayFF is originally derived in a form suitable for 

several hydrated crystal compounds. However, after transferring ClayFF to 

tobermorite and simulating the system, the results give misleading outcomes for 

second-order mechanical parameters such as elastic constants. Inspired by the core 

only potential for SiO2, a successful potential force field, CSHFF, was developed 

based on the same set of equations as in ClayFF, but with improved parameters 

(Shahsavari et al., 2011). CSH-FF incorporates all the ab-initio structural data and 21 
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elastic constants of tobermorite in tandem to develop an accurate description of 

interatomic energies for predicting mechanical properties of cement hydration 

products (Shahsavari et al., 2009).  

Based on previous work (Cygan et al., 2004; Shahsavari et al., 2011), we 

summarize the actual parameters used in ClayFF and CSHFF, and present them in 

the tables below. Table 3-1 is a comparison of partial charges of various components 

in ClayFF and CSH-FF. For cement notation, Hw and Ow indicate hydrogen and 

oxygen in water molecules. O and Ob are oxygen attached to silicon in tobermorite 

where O is the terminal oxygen atoms and Ob is the bridging oxygen shared by two 

silicon atoms. Cw is calcium cations in water layers (interlayer distance), while Ca is 

calcium sheets connecting to silica chains. The data is benchmarked against first 

principles results.  

        

 Hw Ow O Ob Si Ca Cw 

ClayFF 0.41 -0.82 -0.95 -1.05 2.1 1.35 2.0 

CSHFF 0.41 -0.82 -1.0 -1.14 1.72 1.43 1.70 

Table 3-1 Partial charges for components in ClayFF and CSHFF (Cygan et al., 

2004; Shahsavari et al., 2011) 
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As indicated above, the fitting parameters of Lennard-Jones energy term could be 

recalculated based on Equation 3-11. Different fitting procedure used in two force 

fields leads to the variation shown in Table 3-2.  

     

Pairs 

ClayFF CSHFF 

Dij / eV R
ij 

/ Å Dij / eV R
ij 

/ Å 

Ca-Ob 3.8334e-5 4.8994 0.3773e-4 4.8980 

Ca-O 3.8334e-5 4.8994 0.3055e-4 6.1250 

Cw-Ob 0.5405e-4 3.38845 0.6331e-4 4.8980 

Cw-O 0.5405e-4 3.38845 0.4510e-4 4.9866 

Si-Ob 2.3189e-5 3.6298 0.2433e-4 3.6716 

Si-O 2.3189e-5 3.6298 0.2579e-4 3.6627 

Ob-Ob 0.6738e-4 3.5532 0.5392e-1 3.0687 

O-O 0.6738e-4 3.5532 0.2684e-2 3.8652 

Ob-O 0.6738e-4 3.5532 0.1975e-2 4.0654 

Si-Ow 2.3189e-5 3.6298 0.2299e-4 3.6298 

Ca-Ow 3.8334e-5 4.8994 0.3802e-4 4.8980 
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Pairs 

ClayFF CSHFF 

Dij / eV R
ij 

/ Å Dij / eV R
ij 

/ Å 

Cw-Ow 0.5405e-4 3.38845 0.2617e-4 5.0168 

Ob-Ow 0.6738e-4 3.5532 0.2278e-3 4.7557 

Oh-Ow 0.6738e-4 3.5532 0.3775e-1 3.2513 

Table 3-2 Parameters in LJ functional form for ClayFF and CSHFF 

For intra-molecular interactions, i.e, among oxygen and hydrogen in water 

molecules, Table 3-3 is suitable for both force fields since both of them use single 

point charge (SPC) water models.  

      

Bond stretch Bond bending 

Pairs K1 r0 (Å) Triplets K2 θ0 (deg) 

Ow-Hw 554.1349 1.0000 Ow-Hw-Hw 45.76 109.47 

Oh-Ho 554.1349 1.0000 Metal- Oh-Ho 30.0 109.47 
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Table 3-3 Parameters in bond stretching and bending energy terms 

3.3. Molecular Dynamic Methods 

While the molecular mechanic method calculate the system properties for a 

given static configuration, molecular dynamics methods calculate the equilibrium 

properties of a system following the atoms over a certain time period (Frenkel & 

Smit, 1996). This is done via solving the Newton’s equation: 

i
i

i F
dt

rd
m




2

2

 

Equation 3-14 Newton's Equation 

where 
iF


 is the external force on a particle for a system of atoms, im  is its mass, and 

2

2

dt

rd i



 is its acceleration. 

3.3.1.  Ensemble Averages 

In classical system, any state can be completely described by positions ( ) 

and momentums ( ) of all particles in the system. The evolution of these two 

parameters with time can be followed as a trajectory. The imaginary collection of 

the system copies in each state, considered all at once, is called ensemble (Haile, 

1997). In other words, the system in an ensemble is microscopically diverse, but 

macroscopically (i.e. in an average sense) identical. Any system property could be 

q
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calculated as ensemble average based on the property value at a certain state, and 

the probability to be in that state, as shown in Equation 3-15. There are two 

methods to obtain the ensemble average. One is Monte Carlo (MC) method. In this 

method, a particle is selected randomly, and then the particle energy is calculated. 

Next, the particle is given a random displacement based on the uniform distribution, 

and the new energy is calculated. If the new energy is lower, the move is accepted. 

Otherwise the acceptance of this displacement is based on certain probability. In 

this way the ensemble average  can be calculated by checking the most probable 

configurations of a system, instead of all the possible configurations (Frenkel, D; 

Smit, B, 1996). This method is not used in this thesis. 

 

 

Equation 3-15 Calculating system property by ensemble average  

Molecular dynamics (MD) method, or time average, is another approach for 

the property calculation, shown in Equation 3-16.  

 

Equation 3-16 Ensemble average in Molecular Dynamics (MD) method 
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N in Equation 3-16 is the number of time steps in the simulation. (Frenkel & 

Smit, 1996; Leach, 2001) 

3.3.2.  Ergodic Hypothesis 

In ergodic hypothesis, all the accessible states are equally probable over a 

long time period for an isolated system. It is independent from the starting time and 

the initial state, i.e. positions ( ) and momentums ( ), for a given number of atoms 

(N) in a volume (V) and at constant energy (E). (Note N here means number of 

atoms, not time steps in Equation 3-16) Therefore, at the equilibrium state, property 

calculated based on time average in MD and state average in MC are equal (Cramer, 

2002; Frenkel & Smit, 1996; Gale & Rohl, 2003). 

3.3.3.  Ensembles 

In MD simulations, the time average properties of a system of N particles are 

calculated by keeping constant volume and energy. This condition is called 

microcanonical ensemble (NVE). However, in many cases, it is convenient to 

perform calculations at constant pressure or temperature, which will be briefly 

described next. 

In canonical ensemble (NVT), the system is coupled into an imaginary 

thermal bath. NVT means the number of atoms in the system is constant, and the 

temperature and volume are also preserved with energy exchange. It is done by 

applying impulsive forces on randomly selected atoms at a certain frequency. The 

q
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coupling strength between the system and the bath is controlled by energy 

exchange steps (Andersen, 1980). 

Another ensemble is called isobaric-isothermal ensemble (NPT) where the 

system is maintained with constant pressure and temperature at each time step by 

varying the size and shape of the simulation box (Andersen, 1980; Hoover, 1986). 

Simply put, this ensemble ensures that a target pressure and temperature are 

maintained during the simulation. 

3.4. Chapter Summary 

In this chapter, we introduced several atomic modeling schemes applicable 

to cement based materials. We reviewed the basic concepts, fundamental equations, 

and hypotheses of molecular mechanics and molecular dynamics method. The 

former applied to static systems while the latter addresses the time evolution of the 

system. The atomic structure of clinker phases and C-S-H structures illustrated in 

chapter 2 will be used as an input (starting configuration) for computational 

simulation. Molecular dynamics code GULP (Gale & Rohl, 2003), along with two well 

defined force field potentials, ClayFF and CSHFF, will be implemented in the 

following chapters to simulate dislocation properties.  



 

46 
 

Chapter 4 

Atomistic Modeling of Dislocations 

In this chapter, dislocations are introduced in cement via computational 

simulation techniques. First, the basic concepts of dislocation are presented, which 

is followed by a brief review of existing dislocation analysis techniques. The 

processes for modeling line defects in various cement phases are explained step -by-

step. The modeling of dislocation in tobermorite is the first attempt to analyze 

dislocations in hydrated oxide material. 

4.1. General Introduction to Defects 

Crystals are usually conceptually reviewed as an infinite periodic array of 

points. This simple concept enables a wide range of calculations of crystal 

properties. However, this picture is not a complete description. Real crystals can 

never be infinitely periodic and must end somewhere. This pattern is named surface 

defects. Occasionally, atoms may be missing, displaced from original position, or 
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replaced by some other species. This pattern causes vacancies, interstitials, o r 

impurities, named point defects. There is a third class of defects, line defects or 

dislocations, which corresponds to the termination of extra half planes of atoms 

(Hull & Bacon, 2001). This thesis mainly focuses on line defects, and more details 

will be provided in the sub section 4.1.1 and 4.1.2 about two basic line defects: the 

screw and edge dislocations.  

Understanding properties of defects in crystals is crucial. Non-recoverable 

plastic deformation of crystals and polycrystalline aggregates can be controlled by 

the motion of point, line or planar defects. As an example in a concrete block subject 

to elastic deformation, small crystals experience formation and propagation of 

microcracks, or defects, and the localization of those small cracks would finally lead 

to macrocraks and failure. The crack growth mechanism is closely related to 

Dislocation generations, movements, and their interactions. In addition, plastic 

deformation is most commonly manifested by the conservation motion (glide) of 

dislocations on slip planes, where the mobility strongly depends on the fine core 

structures. The resistance that gliding dislocations encounter while moving across 

slip planes determine the crystallographic strength. The evolution of this resistance 

is caused by the generation and annihilation of dislocations during plastic 

deformation (Arsenlis & Parks, 2002; Cai, Bulatov, Chang, Li, & Yip, 2005; Hull & 

Bacon, 2001; Reppich & Hüther, 1974; Tang, Kubin, & Canova, 1998).  

Many other crystal properties are also controlled by defects. Crystal growth, 

a major physical process in crystallization, is generally controlled by a screw 
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dislocation terminated at surface, which provides a preferred site for atoms to bond 

(Smereka, 2000). Screw dislocations would lead to a characteristic spiral growth in 

crystal solids and might lead to interesting long period polytypism (Nabarro, 1967). 

For computer chip manufacturing, the suppression of dislocations is crucial since it 

influences the conductivity (Walker, Slater, Gale, & Wright, 2004). Defects would 

also influence the electrical and thermal conductivity of the crystal, recoverable but 

non-elastic deformation responsible for the attenuation of seismic waves and the 

nucleation of new phases as the crystal passes through a solid state, or solid to 

liquid phase transition (Hull & Bacon, 2001). 

4.1.1.  Line Defects: Screw Dislocation and Edge Dislocation 

The only class of defects considered in this thesis, line defects, or 

dislocations, arises from observations regarding plastic strain in the 1930s (Hull & 

Bacon, 2001). In this work, the dislocation was introduced as the termination of an 

extra half plane of atoms. Figure 4-1 shows two basic kinds of dislocations: edge and 

screw dislocation(J. W. Morris, 2001).  The mismatch marked as “b” in Figure 4-1 is 

known as the Burgers vector. It is the most fundamental property of a dislocation. If 

the Burgers vector is an integer multiple of a lattice vector of the crystal, the 

dislocation is termed a perfect dislocation. It only affects the crystal structure close 

to the dislocation line. The models used in this work are all perfect dislocations. The 

imperfect or partial dislocations are possible, which lead to planar defects such as 

stacking faults and coincidence boundaries (Hull & Bacon, 2001).  
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Figure 4-1 Schematic view of edge dislocation (a) and screw dislocation (b) (J. 

W. Morris, 2001) 

If the Burgers vector is perpendicular to the dislocation line, see Figure 4-1-

(a), the dislocation has an edge character. The plane containing the dislocation line 

and the Burgers vector is known as the slip plane. In cases where the Burgers vector 

is parallel to the dislocation line, as shown in Figure 4-1-(b), the dislocation has a 

screw character. The Burgers vector can be at any other orientation to the 

dislocation line, which gives a mixed character.  

The Burgers vector and slip plane can be used to concisely describe a 

dislocation. Through this thesis, the flowing convection is used to describe 

dislocations. For an edge dislocation with a dislocation line along, for instance, [001] 

direction and a Burgers vector oriented along, for example, [010], the dislocation 

would be described as [100](010). Similarly, a screw dislocation with dislocation 

line and the Burgers vector along [100] direction is represented by [100] 

dislocation. The typical convention in crystalline systems is that the x, y, and z 

directions in Cartesian system are named [100], [010], and [001] directions, and the 
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planes perpendicular to these directions are named (100), (010), and (001) plane, 

respectively.  

4.1.2.  Movement of dislocations 

The mobility of dislocations plays an important role in the deformation and 

plasticity of any crystal. During crystal deformation, the slipped portion must gr ow 

so the dislocation must move. The deformations through dislocation are preferred. 

Because to displace a perfect crystal, all bonds in a layer must be broken 

concurrently. In a dislocated case, the elemental step only involves breaking the 

bonds close to the dislocation core. One common way for a dislocation to move is by 

dislocation glide. Figure 4-2 shows the movement of an edge dislocation during 

deformation. Figure 4-2 (a) to (d) clearly illustrate that the movement only requires 

some bond breakings, or changes in the configuration of the dislocation core. This 

also implies a gliding energy barrier, termed the Peierls barrier. Among the gliding 

characteristics of dislocation, we have focused on analyzing Peierls energy and 

Peierls stress in this thesis. Other analysis include the dislocation dynamic 

simulations for a more accurate value of the stress or energy needed to move a 

dislocation, dislocation to dislocation interactions, dislocation slipping and jogging, 

and dislocation growth and vanishment.  
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Figure 4-2 Gliding of an edge dislocation during deformation (Shah, 2012) 

4.2. Introduction to Probing Dislocation  

Various techniques are available to study dislocations. For example, surface 

method, decoration method, field ion microscopy, X-ray diffraction, and electron 

microscopy approach (Amelinckx, Gever, & Landuyt, 1978; Goodhew, Humphreys, & 

Beanlan, 2001; Hull & Bacon, 2001). However, these experimental investigations are 

only for distribution and arrangement observations, and the dislocation structures 

at atomic scale are unavailable. It is unfortunate because atomic arrangements at 

the core determines the ease of slipping, or the slip plane. The later factors 

influences many macro scale properties such as plasticity. 

The growing power of computers has opened up new avenues of research to 

overcome these limitations and has uncovered the atomic-scale details of defects. 

Computational simulation methods have been well developed for point defects and 

surfaces. The atomic structures at long range from the these two defects are slightly 

perturbed from or identical to the perfect crystal. This characteristic enables direct 

implementation of periodic conditions in computational simulation codes. Examples 

include the simulation of point defects difussion and dopand substitution (Islam & 
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Baetzold, 1989; Tahini, Chroneos, Grimes, Schwingenschlogl, & Bracht, 2013); 

surface structure simulation and of titanium dioxide and spinel (Davies, Parker, & 

Watson, 1994; Oliver, Watson, Toby Kelsey, & Parker, 1997); and interactions of 

point defects with surfaces (Kenway, Parker, & Mackrodt, 1995; Sayle, Parker, & 

Catlow, 1994). However under edge or screw dislocations, all atoms are 

singnificantly displaced, with diplacement even far away from the core. The hands- 

on codes for point defect simulations are not immediately available for screw and 

edge dislocations. 

Two methods have been developed to overcome the issue; one is to create an 

infinite array of dislocations in a super cell, making the sysetm akin to the condition 

of a single defect under three-dimensional periodic boundary conditions. The long-

range elastic displacements could then be canceled by arranging these dislocations 

with zero net Burgers vector. This ‘dipole’ approach enables any computer code to 

simulate line defects due to the implemention of periodic boundary contdition 

(Walker, Gale, Slater, & Wright, 2005a). The cost is that the energy of the simulation 

cell with respect to reference perfect crystal, contains core field interactions of one 

defect to its image. This origin-image interaction term has to be cancelled (Clouet, 

Ventelon, & Willaime, 2009). Relevant studies are line defects in silicons (Bigger et 

al., 1992; Liu, Mostoller, Milman, Chisholm, & Kaplan, 1995), extended defects in 

diamond cubic crystals (Mostoller, Chisholm, & Kaplan, 1994), and impurities at 

edge dislocations (Kaplan, Liu, Mostoller, Chisholm, & Milman, 2000). Although this 

inter-core interactions could be corrected (Cai, Bulatov, Chang, Li, & Yip, 2001), this 

model may not be valid for the inevitable eletrostatic interactions in low symmetry 
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materials. In addition, jogs and kinks on the dislocation line can carry charges and 

interact between dislocation cores (Walker et al., 2005a). 

The second approach, which we employ in this thesis, is to use one-

dimentional boundary conditions. A cluster is constructed with line defects 

embeded into an approximate crystal model far away from the core. This method, 

called cluster approach, contains two major parts, one is to use elastic theory to 

estimate the displacemnt field of the dislocation throughout the sysetm, and the 

other one is to use atomistic simulations to correct for the dificiencies of the elastic 

theory, and also to obtain the core dislocation energy and size. This cluster approach 

as been sucessfuly applied to study technically important materials such as iron 

(Rao, Hernandez, Simmons, Parthasarathy, & Woodward, 1998), tantalum (Yang, 

Söderlind, & Moriarty, 2001), forsterite, zeolite and paracetamol (Walker, Gale, 

Slater, & Wright, 2005b). In the following sections, the cluster approach is 

summarized. The computational simulation is achieved by a robust code for the 

simulation of three-dimensional periodic systems, the general utility lattice program 

(GULP), which is suitable for the treatment of both inorganic and organic systems 

with small to medium size (several tens of thousands of atoms) (Gale & Rohl, 2003). 

With the help of GULP, screw and edgee dislocations are studied in cement clinkers 

and a mineral analog of  a cement hydration product i.e. tobermorite 
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4.3. Computational Modeling of Dislocations in Cement Based 

Materials – the Methodology 

In this section, the methodology used to find the structure of the edge and 

screw dislocations is introduced in detail. The methodology is based on earlier 

research for complex minerals (Walker et al., 2005a). The goal is to find dislocation 

core structures, the potential mobility of the dislocation, and the energy cost 

associated with the core formation. In reality, dislocations could be in any shape, 

curved or bifurcated; they could appear in an arbitary location extending to various 

directions with different Burgurs vectors; they could move, grow, or vanish. A 

simplified situation is designed in which the dislocation line is infinitly straight, and 

the Burgers vector is a constant.  

4.3.1.  The Simulation Cell 

The first task is to construct a correctly orientated atomic simulation cell 

with appropriate dimensions. The simulation cell is built to have a circular cross 

section centered at the dislocation core. See the cyinder in Figure 4-3.  A convention 

in this thesis is to lay the dislocation line along the z axis, the direction where 

periodicity is applied. Burgers vector of a screw dislocation is always along the z 

direction, and that of an edge dislocation is always along the x direction. The 

magnitude of the dislocation is equal to one lattice distance. For anisotropic 

materials, elastic compliance tensor should be expressd in the Cartesian frame as 

described above.  
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Another key point is that the model should be charge neutral to ensure a 

finite energy value. This requirement is hard to keep because the construction of a 

cylinderical model from a neutral bulk structure may end up having an extra 

positive or negative charge in the cylinder. By carefully choosing the model sizes, 

every cement phase studied in this thesis contains more than 15,000 atoms. Thus, 

the extra charge can be broken and distribute to all atoms, leaving a charge differnce 

of less than 1% on each single atom. As such, it is reasonable to assume that the 

variation of charges would not influence force field and this method could be used 

safely to obtain a neutral cylinderical model. 

4.3.2.  Introducing the Dislocation 

Elastic theory is adopted to intoduce the dislocation and create a defected 

structure. We temporarily assume that the cylinder is an homogeneous, linear 

elastic body. Atoms are embeded, moving with the body to a new position. Elastic 

deformation undergoes three steps.  
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Figure 4-3 Cartoon showing the process used to introduce screw and edge 

dislocations into a perfect crystal. Step 1 (a) and step 2 (b) are common in 

both edge and screw dislocation. Step 3 is to apply elastic formula and (c) 

represents the deformed structure under screw dislocation while (d) denotes 

the structure under edge dislocation.  

1. A small part in the center is removed since elastic theory is not valid at the 

original point, Figure 4-3(a).  Note that in real atomic models, there is no 

problem determing the size of this removed cylinder because of the vacancies 

among atoms. However, the only concern is not to place the origin of the 

coordinate system exactly at an atomic positon.  

2. In Figure 4-3(b), a solid line from the edge to the center of the cylinder 

indicates the “cut”. The “cut” is only introduced to apply elastic theory 

mathematically, that is to determine the x axis in the formula presented in next  

sections. For an edge dislocation, the “cut” is put along the x axis. For a screw 

dislocation, any in-plane “cut” orientation is posible. To launch a resonable 
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screw dislocation, 36 different cuts rotating from 0° to 180° with increment of 

5° were tested in each polymorph. By visualizing the bond structure around 

core in each test, the “cut” orientation with minimum bond breakage is 

adopted. The “cuts” chosen from the test are shown in Figure 4-4 as shaded 

region. These orientations lead to the minimum total energy among all tests 

for a certain dislocation, and indicate a naturally favored dislocation.  

 

Figure 4-4 Schematic diagrams of “cut” orientation and location in cement 

clinker phases. (a) to (c) represents orthorhombic crystals and (d) to (h) 

denote monoclinic crystals. 

In Figure 4-4, (a) – (c) represents three orthorhombic crystals αH-C2S, αL-C2S, 

and γ-C2S. The “Cut” orientation for [100], [010], and [01] dislocations are 

displayed in  (1), (2), and (3) subplots. Figure 4-4 (d) to (h) denote five 
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monoclinic crystals. As explained before, the monoclinic crystals are rotated to 

place parallelogram plane in xy plane. The “cut” on parallelogram is presented 

in Figure 4-4 (d) – (h). This figure indicates that a good cut usually lies along a 

channel to aviod any Si-O bond breakage, and the orientation strongly depends 

on plane symmetry. Note that the displacement of two sides of the cut is 

exactly one Burgers vector (perfect dislocation). At the regions far away from 

the center, the cut orientation is less important, because a mismatch of one 

lattice distance results in exactly same atomic patterns due to periodicity of 

these crystals. Only the bond breakage, if it exits near the dislocation core after 

elastic estimation, influences the “cut” quality.  

3. In Figure 4-3 (c) and (d), atoms at opposite side of the cut would be vertically 

displaced by one Burger vector to form a screw dislocation (c), or to be 

horizontally displaced to form an edge dislocation (d).  

4.3.3.  Elastic Estimation of Screw and Edge Dislocations 

With a well-built model and a good orientation (the cut along the x axis and 

dislocation line along the z axis), a mathematical function that maps the location of a 

point in the bulk cell to the equivalent point in the dislocated cell can be employed. 

The function is a solution to the elastic displacement field and is only a function of 

Burgers vector, elastic properties of the material, and the atomic positions. This 

function is exact for atoms distance away from the core. The general formula was 

developed by Volterra (Nabarro, 1967). Equation 4-1 is Volterra’s solution for screw 

dislocations: 
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Equation 4-1 Volterra Solution of Screw Dislocation  

where ux, uy, and uz are atomic displacements due to the elastic estimation in 

Cartesian system. b is the Burgers vector. Only the z component of the Burgers 

vector, bz contributes to the screw dislocation in Volterra theory. As explained 

before, all the crystals are rotated, and the “cut” in screw dislocation and the 

Burgers vector in edge dislocation are along the x axis. The x,y, and z parameters in 

Equation 4-1 and in following equations are atomic positions in bulk cell.  

Any point (x,y) simply moves parallel to the dislocation line with displacement of 

one Burgers vector in a smooth fashion.  

In case of pure edge dislocation, the solution is more complex: 

 

Equation 4-2 Volterra Solution of Edge Dislocation 

where is Poisson’s ratio, b is Burgers vector. 
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However, this model is only valid for isotropic cyrstals. The cement cliners 

and C-S-H analogs are either monoclinic or orthorhombic. Therefore, the idealized 

elastic theory developed by Voterra (Hull & Bacon, 2001) is no longer applicable. A 

sextic theory established by Hirth J.P et al. is implemented here. This theory is 

designed for anisotropic materials, and is able to handle crystals with 21 

independent elastic constants (Hirth & Lothe, 1982).  

In this theory, solutions for any infinite straight dislocation could be obtained 

by solving a sixth order polynomial. However, it is very hard to get an analytical 

solution, because only polynomials of the forth order or lower can be solved by 

algebraic methods. Furthermore, the analytical solutions are only available for 

special dislocation orientations. For an arbitrary orientation such that the screw 

component gives rise only to displacement uz and the edge component results in 

displacement ux and uy, we can divide the arbitrary dislocation into a pure screw and 

a pure edge part. The simplified solutions to this problem were solved by Hirth 

(Hirth & Lothe, 1982) for orthorhombic crystals. For monoclinic crystals, the 

solution is valid when the dislocation line is placed perpendicular to parallelogram 

base. Detailed formula for orthohombic and monoclinic crystals are provided below.  

4.3.3.1.  Elastic Estimation for Screw Dislocations 

The basic requirement for a simple solution of a screw dislocation is that the 

xy plane be a reflection plane, or equivalently for elasticity, the z axis be an axis of 

evenfold symmetry: 
 
and . With xy is a symmetry plane, the array 

of elastic constants becomes: 

0 yx uu 0xy
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The elastic constants of all monoclinic phases could be presented in this form 

by rotating the axis perpendicular to parallelogram plane to the z direction. With 

Burgers vector , the elastic field of a pure screw dislocation is: 

 

Equation 4-3 Hirth Solution of Screw Dislocation in Monoclinic Crystals 

For an orthorhombic case the elastic constant matrix reduces to: 

 

and the elastic field, as a result, simplifies to: 
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Equation 4-4 Hirth Solution of Screw Dislocation in Orthorhombic Crystals 

In these equations, elastic constants could be obtained by taking the second 

derivative of energy density with respect to the strain as implemented in the GULP 

code. 

4.3.3.2.  Elastic Estimation for Edge Dislocations 

For an edge dislocation, the analytical solution is only available for 

orthorhombic crystals. However, we still apply this elastic approximation to 

monoclinic polymorphs. It is based on the assumption that atomic simulation would 

compensate the insufficient accuracy of elastic theory. The underlying reason for 

this assumption is explained as follows. In monoclinic crystals, there are more 

elastic constants come into play comparing to orthorhombic crystals. These elastic 

constants mainly influence the angle between actual slip plane and the Burgers 

vector. However, based on the fact that edge dislocation slip plane is always the 

most close-packed plane (D. Hull; D. J. bacon, 2001), the slip plane could be 

determined beforehand, and the Burgers vector could be set as the lattice distance 

along that direction. Therefore, although the elastic formula is designed for 

orthorhombic crystals, with reasonable orientation Burgers vector lying along the 

most close-packed plane, the atomic structure far away from the dislocation core 

should be accurate even in monoclinic phase. In addition, based on the fact that the 

dislocation only influences small part around the core, we could assume that the 
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inaccuracy could be recovered by atomic movements during the energy relaxation. 

The symmetry required in terms of elastic constant matrix is: 

 

The elastic compliance matrix is required to convert into a reduced form by 

  

Defining the anisotropic parameters: 

 

, 

The displacement fields are then as follows: 

If , for the x component of the Burgers vector,  
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 And the y component of the Burgers vector gives: 

 

                      

 

 

If
24  , the expressions for x components of the Burgers vector are 

 

 

And the y component of the Burgers vector gives: 
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; 

 

Equation 4-5 Hirth Solution of Edge Dislocations 

4.3.4.  Atomic Relaxation for the Dislocated Structure 

Application of the above elastic displacements introduces a dislocation to the 

bulk cell. The elastic estimation should be accurate for the atoms far away from the 

dislocation. For the structure around the dislocation core, further atomic relaxation 

is required. Molecular dynamics method in GULP code is implemented for energy 

minimization. ClayFF is used for cement clinker phases: five polymorphs for belite, 

and three for alite. CSH-FF potential, which is more appropriate for cement 

hydration products, is adopted to describe potential fields in a C-S-H model, 

tobermorite. NVT ensemble, along with conjugate optimization algorithm, is 

employed to carry out a 0 K energy minimization. The output of elastic theory is 

used as in input for atomic relaxations. The conjugate gradient method (Hestenes, 
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M, R; Stiefel, E,1952) is an iterative method, so it can be applied to sparse systems 

that are too large to be handled by direct methods and to solve unconstrained 

optimization problems such as energy minimization. It is an algorithm for the 

numerical solution of particular systems of linear equations: 

 ⃗⃗  ⃗⃗   ⃗⃗  

Equation 4-6 Linear equation  

The conjugate gradient method can theoretically be viewed as a direct method, as it 

produces the exact solution after a finite number of iterations. Suppose that {   } is a 

sequence of n mutually conjugate directions. Then the solution     n of Equation 4-6 

could be extended in this basis: 





n

i

ii px
1

*


  

Equation 4-7 Solution to the linear equation 

{   } will form a basis of  ⃗  . By calculating another parameter  ⃗ , the coefficient   in 

Equation 4-7 can be obtained:  
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Equation 4-8 Coefficient calculation 

Carefully choosing the conjugate vectors, an iterative method could be used to 

approximately solve the systems when n is very large. An initial guess for      is 

denoted by    . A search for the solution is started with this initial guess and a metric 

telling us whether the step is closer to the real solution need to be developed. The 

metric comes from the fact that the solution     is also the unique minimizer of the 

following quadratic function: 

nTT RxbxxAxxf


 ,
2

1
)(  

Equation 4-9 The quadratic function 

If       becomes smaller in an iteration it means we are closer to the solution. It 

suggests that the first basis vector     to be the negative of the gradient of f at       : 

00 xAbp


  

Equation 4-10 First basis vector 
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The other vectors in the basis will be conjugate to the gradient, and this is the 

reason why the method is named conjugate gradient method. Let     be the residual 

at kth step: 

kk xAbr


  

Equation 4-11 The residual at kth step 

Since the residual is the negative gradient of f at       , the gradient descent 

method will be to move in the direction of     (Hestenes, 1952). Gradient descent, 

also known as steepest descent, is based on the observation that if the function       

is defined and differentiable in a neighborhood of a point   , then       decreases 

fastest if it goes from point    in the direction of the negative gradient of   at 

)(aFa


 (Avriel, 2003). Another iterative method for solving unconstrained 

nonlinear optimization problems is the Broyden–Fletcher–Goldfarb-Shanno (BFGS) 

method. It calculates a matrix at each step such that the gradient vector is multiplied 

into a “better” direction. Combined with a sophisticated line search algorithm, it can 

find the best value of locally optimal step size for the iteration. For extremely large 

problems, where the computer memory issues dominate, a limited-memory method 

such as L-BFGS should be used instead of BFGS or the steepest descent. Considering 

the large number of atoms in our simulation models, conjugate gradients method is 

used in this thesis to optimize the geometry. 

Considering the massive calculations required for the energy minimization, 

and the fact that the core could be found with a relatively small number of atoms 
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around the center, two regions are specified. As an example, in Figure 4-5, a 

tobermorite super cell with an elastic estimation of screw dislocation is presented 

with region 1 (inner cylinder) and region 2 (outer shell). The latter is faded in color.  

 

Figure 4-5 Two regions specified in screw dislocated tobermorite 

The cell contains 16,087 atoms and the thickness of region 1 is 90 Å while that of 

region 2 is 30 Å. By calclutating the displacement before and after structural 

relaxation, the dimension of region 1 could be determined. Figure 4-6 shows the 

resultant displacements during energy minimization in both radial direction dr (a) 

and vertical direction dz (b). 
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Figure 4-6 Displacement field before (top plot) and after (bottom plot) energy 

minimization in tobermorite.  

Both (a) and (b) diagrams in Figure 4-6 converge quickly to zero. It illustrates that 

the dislocated structure away from the core, namely region 2, could be well 

described by elastic continuum theory. In view of Figure 4-6, majority of corrections 

to the elastic theory happened around the core. The radial displacement is around 

0.01 Å and vertical displacement is around 2 Å. The vertical “correction” during 

energy relaxation is much dramatic than radial “correction”. Therefore, a fixed 

boundary condition could be used at far disatces in which all atoms in region 2 are 

kept frozen and those in region 1 are free to move during relaxation (i.e. energy 
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minimization). The thickness of region 2 should be larger than the real space 

Coulomb cutoff radius, which is around 10 Å, so that region 1 is isolated from 

vacancy. 

4.3.5.  Screw and Edge Dislocations in Cement Clinker Phases 

The original structure, elastic approximated configuration, and atomically 

optimized structure of [100] screw dislocation in a clinker polymorph: αH-C2S is 

shown as a example in Figure 4-7. The red, blue and yellow spheres represent 

oxygen, calcium, and silicon atoms, respectively. The discontinuity, Burger vector, is 

equal to one lattice distance in the z direction. This new structure in Figure 4-7(b) is 

then sent to relaxtion to obtain the atomically relaxed structure shown in Figure 

4-7(c). After relaxation, various analyses can be carried out, which will be explained 

in detail in subsequent chapters. Generally speaking, the core appears in a spiral 

shape shown in Figure 4-7(b) and (c). For clarity, the shaded band on the right side 

of Figure 4-7 denotes the atoms that were located at same plane in the perfect 

crystal before the dislocation was introduced. 
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Figure 4-7 The original, dislocated structure via elastic theory, and atomically 

relaxed structure of [100] screw dislocation in αH-C2S  

For an edge dislocation, only belite clinkers are considered. Figure 4-8 is the 

elastic estimation based on Equation 4-5. The original crystal was rotated before 

introducing elastic estimation so that the shortest lattice distance, i.e. the Burgers 

vector, is lying along the x axis. Solid lines in Figure 4-8 are only for visualization 

purposes to help realize the atoms that were originally aligned along a line are now 

displaced one Burgers vector along the x direction. 
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Figure 4-8 Edge dislocation structure in five belite clinker polymorphs. 

Figure 4-8 indicates the edge dislocation mainly influences the atomic 

packing around the core. The original packing along the direction Burgers vector 

could be “recovered” four to five lattice distances away from the center. In the 

direction perpendicular to Burgers vector, the vacancy caused by edge dislocation in 

αH-C2S is larger than those in other belite polymorphs. It is because the xy plane of 

αH-C2S is most closely packed and most sensitive to the disturbance due to 

generation of an edge dislocation. This characteristic will influence many other 

dislocation properties such as core formation energy and mobility discussed in 

section 5.3 – 5.4, 6.3 – 6.4.  
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4.3.6.  Screw Dislocation in C-S-H Analog: Tobermorite 

The tobermorite used in this work is the Hamid tobermorite with C/S ratio 

equal to 1. This monoclinic crystal is rotated to lay the parallelogram base in the x-y 

plane, and the screw dislocation line along the z direction. The Burger vector equals 

to a lattice parameter in z direction, 24.37 Å. To our knowledge, this work is the first 

attempt to introduce a screw dislocation into a hydrated oxide with layered 

structure. Edge dislocation is not studied for tobermorite due to the lack of elastic 

estimation for the edge dislocation in the monoclinic, layered, hydrated crystals.  

Figure 4-9 presents the atomic structure of tobermorite before and after 

elastic approximation, and the structure after energy relaxation. Again, the shaded 

band in Figure 4-9 denote the atoms that were originally in an identical plane (a), 

but now are displaced as a result of dislocation, (b) and (c). Figure 4-9(b) presents a 

silica chain breakage: the chain structure is retained away from the center, but 

many Si2O7-6 and SiO4-4 units were generated around dislocation core.  In addition, 

water molecules and calcium cations within the core regions move dramatically for 

new locations, i.e. not only between the twisted backbones, but also between two 

neighboring tetrahedra originally connected.  
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Figure 4-9 The original (a), elastically approximated (b), and atomically 

optimized (c) structure of [100] screw dislocation in Tobermorite 

The energy minimum is difficult to achieve because of possible bond 

dissociations in water molecules associated with these complex crystals. This is an 

artifact of mathematical dislocation functions, which may separate the water oxygen 

and water hydrogen atoms. However, this does not happen naturally. Therefore, a 3-

step strategy is designed to solve this problem to ensure a finite energy value.  
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First, the movements of all water oxygen’s (Ow) and water hydrogen’s (Hw) 

are tracked and optimized. The distance between original bonded Ow and Hw is 

calculated based on their new location in the dislocated structure. If the distance 

exceeds 1.3 Å, it is regarded as incorrectly detached by mathematic process since 

the length of an Ow-Hw bond is water molecule is around 0.97 Å. Hw atoms are then 

relocated manually to be close to the original Ow. There were 36 water molecules in 

our model that needed this relocation. Except for these 36 molecules, all other 

atoms are locked during the first step of energy minimization. This step is only 

focused on relaxing the locations and orientations of these water molecules. Next, all 

the water molecules and calcium atoms in water layers are set free for relaxation 

while all other components are locked. If we directly relax the whole system, it is 

very hard to get an optimized structure with low gnorm (Gulp criterion for 

convergence). We have to reduce the degree of freedom of the whole system step by 

step. Here, every water molecule is grouped to avoid bond dissociation that may 

arise due to the torsion of backbones. Finally, all the atoms in region 1 are free to 

move and relax to achieve a stable dislocation core by implementing a fixed 

boundary condition in region 2. By following these steps, we can assure that this 

complicated oxide hydrates could be relaxed, with a converged energy value and 

small gnorm. 

It is worth mentioning that (b) and (c) in Figure 4-9 are actually very similar 

except those atoms located around the core. The apparently large difference shown 

in the figure is because GULP code automatically applies periodic conditions to input 

structure (b). 
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4.4. Analytical Methodologies for Dislocation Structures 

Once the dislocated structure has been established and minimum energy 

configuration is achieved, it is possible to describe the dislocation core 

characteristics in several ways. On the shortest scale, the bonding and atomic 

structure close to the core are analyzed.  

For the screw dislocation, dislocation displacement map (DDM) is 

constructed to analyze potential mobility of the Dislocation. It is an arrow plot 

showing relevant displacement of adjacent atoms in the z direction before and after 

energy relaxation. Arrows are plotted between the neighboring atoms, with length 

proportional to . The expanding directions of the arrows indicate the low Peierls 

stress directions, and thus the core is more likely to glide along those directions 

(Vítek, Perrin, & Bowen, 1970). Further analysis on DDM will be carried out in 

section 5.3. This idea comes from studies on body centered cubic (bcc) metals where 

the core appears in two forms. The non-planar core is immobile under stress while a 

planar core could move easily on a particular slip plane. By implementing the cluster 

model, an out-of-slip-plane spreading could be captured, and has been proved to be 

an advanced approach compared to the classic Peierls-Nabarro model (Peierls, 

1940; Walker, Carrez, & Cordier, 2010). 

The existence of a distortion due to dislocation makes the total energy a 

combination of two parts: the energy of the dislocation core and the strain energy of 

the system as a result of the dislocation core. The total energy is not what we are 

interested in since it depends on the size of two regions and the accuracy of the 

z
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force field. More important information is a measure of the thermodynamic stability 

of the dislocation, i.e. the dislocation formation energy. This is defined as the work 

(per unit length) required to introduce a dislocation to a bulk. Since all atoms are 

dramatically displaced by line defects, in contrast to point or planar defects, the 

formation energy does not converge with the size of the simulation cell. The 

formation energy stored in a certain radius is quantified from the dislocation line. 

This energy contains the energy within the core area, and the elastic response of the 

rest of the cell (Hirth & Lothe, 1982). The energy equations for screw and edge 

dislocations read 

 

Equation 4-12 The formation energy of a screw dislocation 

 

Equation 4-13 The formation energy of an edge dislocation 

where is the size of the dislocation core with energy , and is the length of 

the Burger vector, υ is Poisson ratio, X is an energy factor depending on the 

symmetry of the elastic constant tensor, and is equal to shear modulus in isotripc 

case. Since the strain energy term,  or , and the core 
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formation energy term  are functions of r, the core energy  should also vary 

with r. The core energy at r0 is the most important term: .  

There are two unknowns in each of the Equation 4-12 and Equation 4-13, i.e.  

 and . In order to obtain these unkowns, we must calculte . To do so, the 

cell is devided into two regions. Region 1 contains the atoms found inside a certain 

radius r, and region 2 is the rest of atoms outside region 1. The energy of the 

simulation cell with the dislocation is then partitioned into directions between 

atoms within region 1, )11(dE , interactions between atoms in region 2, )22(dE , and 

interactions between the two regions, )12(dE  and )21(dE . Equivalently, the 

energies in the perfect system partitioned in the same manner are )11(pE , )12(pE , 

)21(pE , and )22(pE . The dislocation formation energy stored within region 1 is 

then given by 

 ))12()11(())12()11(()( ppdd EEEErE   

Equation 4-14 Core formation energy based on energies of two regions 

Where E(r) is calculated with various radii and the date is used to fit Equation 4-12 

and Equation 4-13 for the energy of the dislocation core.  (Walker et al., 2010).  

Due to geometry optimisation, which leads to a radial displacement, the 

atoms in region 1 in bulk cell may not be within this radius in dislocated structure. 

Tracking atomic movement is critical to ensure  contains identical number of 

)(rE coreE

coreE

coreE 0r )(rE

)11(E
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atoms in both the bulk and dislocatd cells. By repeating this process with various r 

(region 1-region 2 boundaries), a series of scatter points of  can be obtained. 

Detailed analyses will be carried out in chapter 5 and chapter 6 for screw and edge 

dislocation analysis. By fitting the points with Equation 4-12 and Equation 4-13. We 

could get the two unkowns, that is the core energy and core radius. It is worth 

noticing that for materials with low symmetry, the parameter  X can be left as an 

unknown for an overall better fit, thus making the total number of unkowns three. 

Then, after fitting, the close agreement of the X parameter with the average shear 

modulus of the crystal ensures the accuracy of the method (Walker et al., 2005b).  

4.5. Chapter Summary 

In this Chapter, the screw and edge dislocations as two types of line defects 

are introduced to clinker phases and tobermorite. Available dislocation modeling 

techniques are briefly reviewed. Emphasis is placed on a step-by-step explanation of 

the simulation models and analytical methods. For monoclinic and orthorhombic 

crystals, the elastic theory formula are presented and used to estimate the 

displacement field due to dislocations. Atomic energy minimization is then followed 

to find the accurate dislocation core structures. The original structure and the 

dislocated configurations in clinker polymorphs and tobermorite are presented. At 

the end, various approaches are introduced to investigate important dislocation 

characteristics such as core energy and core radius. Further critical information and 
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physical properties from dislocation core structures along with specific examples 

are analyzed in chapter 5 and 6.  
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Chapter 5 

Analysis of Screw Dislocation 

On the basics of line defects introduced in the previous chapter, we will 

implement several approaches to study the dislocation core structure, core 

formation energy, and core anisotropic expansions in chapter 5 and 6. Efforts are 

made to link observations in atomic scale to macro scale mechanical properties, and 

even engineering applications.  

5.1. Atomic Structure of Dislocation Core 

At the smallest scale, atomic observations can be used to describe dislocation 

structures. Figure 5-1 provides a comparision of atoms in the original structures 

(left) and in the cell after relaxation (right) for the screw dislocation. These picture 

are close-up views from an identical angle at the final core structures along the 

dislocation line. Some crystals undergo a dramatic rearrangement around the core 

while some retain a similar planar configuration. Four typical core structures among 
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clinker phases are presented in Figure 5-1 as an example. Other clinker polymorphs 

have a similar pattern as shown in Figure 5-1. In the case of [001] dislocation of α-

C2S, Figure 5-1-(a), the structure of tetrahedra remain compelete and independent 

in both original (left) and defected cell (right). The relevant position and 

orientations are changed dramatically as a result of the dislocation core. In view of 

Equation 4-3, the elastic estimation indicates zero displacement radially. Therefore, 

all in-plane movements shown in the figure are from atomic relaxation. Two 

tetrahedra shaded in blue in Figure 5-1-(a) clearly show their relevant in-plane 

displacement as well as self rotation. 

 

Figure 5-1 Comparison of atom positions and orientations in the original cells 

and dislocated structures 

In Figure 5-1-(b), the rearrangement resulting from [100] dislocation core in 

αH-C2S is not as significant as that in α-C2S. There is negligible self-rotation, and the 
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groups of tetrahedra facing each other only slightly get closer. See the shaded two 

tetrahedra in Figure 5-1-(b).  

Figure 5-1-(c) is the core structures of [010] screw dislocation in αH-C2S. The 

oxygen atoms in all tetrahedra shown in the plot are displaced by an amount, which 

highly depends on the angle between the silica chain (tetrahedra) and the 

dislocation line. The shaded tetrahedra has small in-plane movements as well. But 

overall, the allignment pattern is matintained.  

The original (001) plane in Figure 5-1-(d) has a more closely packed 

structure aligning in line vertically and horizontally. The tetrahera alligning 

vertically in the figure follow a 3D spiral shape due to screw dislocation, and the 

space between tetrahedra becomes larger. Therefore, the [001] screw dislocataion 

leads to a significant rotation of tetrahedra around the dislocation line. It is because 

th close packed structure has stronger interactions among atoms, and the 

displacment of an atom close to the core will lead to a relatively larger displacement 

comparing to other crystals or other planes. This packing pattern will also influence 

the core formation energy and the dislocation mobility discussed in section 5.3 and 

5.4.   

5.2. Core Displacement Field 

Core displacement field (CDF) is the displacement before and after energy 

minimization. To show the process of analyzing CDF, αH-C2S is used as an example. 

Three dislocation, namely [100], [010], and [001] dislocations are considered. Their 
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Burgers vectors are 7.2055 Å, 5.8724 Å, and 9.2452 Å, respectively. Figure 5-2 is a 

CDF plot of [100] dislocation in αH-C2S with different components shown 

seperately.  

 

Figure 5-2 Core Displacement Field (CDF) of three components of αH-C2S 

under [100] dislocation. Top plots represent radial deisplacemt while bottom 

plots denote vertical displacements. 

The three plots at top of Figure 5-2 illustrate the radial displacements while 

the three at bottom represent vertical displacements. Figure 5-3-(a) is also a CDF for 

[100] dislocation in αH-C2S where, unlike the plots in Figure 5-2, the displacements 

of different atomic species are combined. The CDF for [010], (b), and [001], (c) 

dislocations are also presented in Figure 5-3. The three plots on the left hand side  

are radial displacements while those on the right hand side are vertical 

displacements. Pink, blue and black dots represent displacemenet of Ca, O, Si atoms. 
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Figure 5-3 Radial and vertical Core Displacement Field (CDF) of three screw 

dislocations in αH-C2S. (a), (b), and (c) indicate three dislocation line 

orientations along [100], [010], and [001] dislocations. 

In view of Figure 5-3, several important observations are in order. First, since 

the plots illustrate the vertical and radial displacement of atoms before and after 

energy relaxation, it represents a good check-point to test the validity of our 

specilized three-step energy relaxation appropach. During energy minimization, 

region 1 should serve as a good active field to bear the influence of the core 

formation. The fixed boundary conditions in region 2 is valid only when all the 
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perturbance occur in region 1. From Figure 5-3, both vertical and radial 

displacement approach zero when reaching region 2, at around r=50 Å. This 

indicates a successful relaxtion process.  

Second, this plot reveals the model crystal not being a linear elastic 

continuum in all three directions. The radial displacement decays rapidly within 20 

Å, and the oxygen atoms has most radial movement while calcium atoms have the 

most verticlal displacment.  As shown in Figure 5-3, the radial displacement is 

considerably smaller and vanishes faster than the vertical one. In all three 

directions, atoms tend to move outword, being negative at CDF radial displaceement 

plot, with relatively smaller number of atoms moving inward. This indicates an 

insufficient approximation of the elastic estimation.  

Third, the [001] dislocation leads to the most displaced structure. This might 

be intiutively expected because of its largest Burgers vector, 9.2452 Å, among 

different directions. This feature also point out to significant displacement fields 

resulting from atomic relaxations. Figure 5-3 supports this statement that the 

convergence rate of [001] dislocation is the lowest among three dislocation 

orientations. Atoms far away from the core in [001] dislocation experience 

relatively large displacements during optimisation.  

The most dramatic re-positioning happens in the most close packed plane: 

(001) plane. This could be explained by realizing the difference in the planar core 

structures shown in Figure 5-1 (b), (c), and (d) plots. The channel space in (010) 

plane (Figure 5-1b) and (100) plane (Figure 5-1c) “take away” the torsion from 
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dislocation, and reduce the interactions among  tetrahedra. Therefore, the energy 

minimum can be achieved easily. The congestion of atoms in Figure 5-1 (d) indicates 

significant interactions among neighboring tetrahedra, and these interactions 

propagate so fast that even atoms distance away from the core being influenced. 

However, when approaching region 1 – region 2 boundary, i.e. 50 Å in Figure 5-3(c), 

it still converges to zero and the use of fixed boundary condition is valid in [001] 

dislocation. CDF plots for other phases in alite and belite are provided in Appendix A 

with similar trends and observations.  

5.3. Dislocation Displacement Map 

On a larger scale, dislocation displacement map (DDM) is constructd. αH-C2S 

is again used as an example. DDM plots for [100], [010], and [001] dislocations are 

shown in (a), (b), and (c) plots in Figure 5-4. As explained before, the dislocation 

displacement map tells the relevant displacement of adjacent atoms in the z 

direction (not in-plane) between the original and relaxed structure, . Black 

arrows are ploted between adjacent silicon atoms on a base of tetrahedra in 

identical planes, which are represented by green circles (oxygens) and yellow dots 

(silicons). The length of arrows are rescaled to the value of each Burgers vector.  

z
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Figure 5-4 Dislocation Displacement Map (DDM) of αH-C2S under [100] 

dislocation (a), [010] dislocation (b), and [001] dislocation (c), as well as  a bar 

plot for core expansion and Young’s modulus (d). The arrows indicate the 

displacement in the z diretion (not in-plane) 

Figure 5-4(a), (b), and (c) clearly shows that a screw dislocation core spreads 

onto one or more planes, and the expanding shape is very different in three 

mutually perpendicular planes. For [100] dislocation shown in αH-C2S in Figure 

5-4(a), the core exhibits an elliptic spread that stretch 28 Å along the [001] 

direction, and 22 Å along the [010] direction. The core spreading under the [010] 

dislocation (Figure 5-4-(b)) is mainly along three layers, but it still spreads about 27 
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Å along the [100] and 14 Å along the [001] directions. The core of the [001] 

dislocation (Figure 5-4-(c)) almost localized in one plane extending to almost 45 Å 

along the [100]  direction while slightly distributed around 6 Å  along the [010] 

direction. The core expansions of various dislocations in all clinker phases are 

presented in Figure 5-5, Figure 5-6, and Figure 5-7. As before, we are able to present 

DDM plots for three dislocations in orthorhombic crystals (αH-C2S in Figure 5-4, αL-

C2S in Figure 5-5, and γ-C2S in Figure 5-6). DDM plots in parallelogram plane is the 

only one available for monoclinic crystals (α-C2S, β-C2S, M3-C3S, MM-C3S, and R-

C3S shown in Figure 5-7).  

 

Figure 5-5 Dislocation Displacement Map (DDM) of [100] (a), [010] (b), and 

[001] (c) dislocations in αL-C2S and a bar plot of core expansion and Young’s 

modulus (d) 
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Figure 5-6 Dislocation Displacement Map (DDM) of [100] (a), [010] (b), and 

[001] (c) dislocations in γ-C2S and a bar plot of core expansion and Young’s 

modulus (d) 
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Figure 5-7 Dislocation displacement map (DDM) of α-C2S, β-C2S, M3-C3S, MM-

C3S, and R-C3S 

Figure 5-7 indicates that the core expansion size varies among crystals. It 

mainly depends on the atomic packing pattern in (001) plane. In α-C2S, the core 

expands to one plane along [110] direction around 25 Å. The core of β-C2S spreads 

to three planes along [-110] at length of 30 Å. The core expansions at M3 and R 

polymorphs of alite show an elliptical expansion indicating higher screw dislocation 

mobility. MM-C3S presents a lower dislocation mobility comparing to other alite 

polymorphs, but still it spreads to three planes with [100] expansion of 25 Å, and 

[010] expansion of 18 Å. This figure indicates a complicated core expansion shape 

and size in various polymorphs. For these monoclinic crystals, future analyses on 

other dislocation orientations should be carried out to predict the core expansions 

along principal directions.  
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5.3.1.  Dislocation Core Expansion and Young Moduli  

To better understand the dislocation core features, Figure 5-4-(d), Figure 

5-5-(d), and Figure 5-6-(d) show core size expansions from various dislocation 

orientations. These values com from core spreading size along a certain axis from 

different dislocations. For example, the core expansion along [100] axis, shown as 

the 1st white column in Figure 5-4-(d), is 36 Å. This vaue is an average of core 

expansion size of 27 Å and 45 Å along the [010] and [001] dislocations. The average 

of 22 Å and 6 Å from [100] and [001] dislocations leads to a spreading of 14 Å along 

[010] axis, shown in 2nd white column in Figure 5-4-(d). The core expanding along 

[001] axis is 21 Å, shown in 3rd white column in Figure 5-4-(d) 

Young’s modulus along different orientations are also collected from (d) plot 

of Figure 5-4, Figure 5-5, and Figure 5-6. Young’s moduli were obtained by 

averaging the Young moduli along a certan direction, say X, from all the three 

dislocated structures shown in Figure 5-4, Figure 5-5, and Figure 5-6. The extraction 

of the Young modulus from atomistic simulations is strightforward by calling the 

property calculation option in GULP code. A comparison of core spreading and 

Young’s moduls reveals an interesting conclusion, that is the screw dislocation core 

tends to expand toward stiffer directions (higher Young’s modui). This result is valid 

in all three orthorhombic cases. The underlying reason goes to to the packing of 

atomic species, which tranlates into stronger atomic bonds and consequently higher 

Young moduli. The displacement of an atom close to the dislocation core will lead to 

a relatively large atomic displacement far away from the core due to the 
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propagation of the strong atomic interactions. In other words, the directions with 

higher Young moduli are more sensitive to defects since the impact of core 

disturbance can be transported to further distances through strong connectivity of 

atomic species.   

5.3.2.  Core Expansion and Surface Energy 

Surface energy is defined as the energy required to create one unit of surface 

area. Since dislocations might lead to micro cracks and even macro cracks, it is 

interesting to find the relation between dislocation and surface energies along 

different directions. For comparison purposes, surface energies for three 

orthorhombic polymorphs are calculated so that the relationship between the core 

expansion and surface energy can be drawn. To calculate surface energy, a long 

super cell is built along a certain direction, for example 10 x 1 x 1 for [100] surface 

energy. See Figure 5-8-(a), supercell of α-C2S as an example. Several unit cells are 

removed in the middle of the long super cell and a vacancy with two surfaces are 

created. This vacancy must be sufficiently large such that the distance between the 

two faces of the gap is larger than the cut off distance of the force field. Each 

remaining part of the supercell has more than 3 unit cells, which is around 21 Å. The 

resultant structure is then relaxed by GULP code for a new stable status. Figure 5-8-

(b) is the configuration after relaxation. Total energies before and after creating the 

vacancy are recorded. Surface energy is then the energy difference divided by the 

surface area. 



 95 

 

Figure 5-8 10×1×1 α-C2S supercell for surface energy calculation. (a) is bulk 

cell. (b) is the relaxed structure after removing 3 unit cells (vacancy)  

The surface energies of [100], [010], and [001] directions in αH-C2S, αL-C2S, 

and γ-C2S polymorphs are shown in Figure 5-9.  
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Figure 5-9 Surface energies of [100], [010], and [001] directions for αH-C2S, αL-

C2S, and γ-C2S 

By comparing Figure 5-9 with (d) plots in Figure 5-4, Figure 5-5, and Figure 

5-6, a relationship between core expansion and surface energy can be concluded. 

The direction with smallest surface energy is the direction with the smallest core 

expansion. In αH-C2S, the y direction has surface energy around 0.6 J/m2, and the 

core expansion is about 14 Å, which is the smallest core expansion among three 

directions shown in Figure 5-4-(d). In αL-C2S, the z direction has surface energy 

around 0.8 J/m2, and the core expansion is about 14 Å. In γ-C2S, the z direction has 

surface energy around 0.55 J/m2, and the core expansion is about 13Å. The 

underlying reason for this relationship goes back to the inter-connectivity of the atoms, 

which is a key contributor to both the surface energy and the spread of dislocation core 

expansions. In the direction with higher surface energy, as well as higher Young’s 
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modulus mentioned above, there are stronger inter-atomic interactions. These interactions 

also indicate the higher atomic density. This stress (to cause dislocation motion) increases 

exponentially with every step that the dislocation move (read Burgers vector). For easy 

movement of dislocation, it requires small repeat distances between atoms (in other 

words high atomic density) (D. Hull; D. J. Bacon, 2001). The effort required to move 

dislocations on the application of the external stress, which acts as the resolved shear 

stress, on a close packed plane is comparatively small and the dislocation can move 

relatively easily comparing to the atomic planes where the atoms are widely spaced and 

have low atomic density. Core expansion represents the direction with higher mobility, 

i.e. it is easier to move the dislocation in certain directions (John Price Hirth; Jen Lothe, 

1982). Our study proves this statement and bridges the interactions between atomic scale 

and the macro scale properties that the core expands along directions with larger atomic 

density and stronger atomic interactions, i.e., the directions with larger Young’s modulus 

and higher surface energy.  

5.3.3.  Core Expansion and Peierls Stress 

As explained before, Peierls stress is the force needed to move a dislocation 

within a plane of atoms in the unit cell. The magnitude of this stress varies 

periodically as the dislocation moves within the plane. Peierls stress is perhaps the 

most difficult quantity to calculate because it is a very small portion of total energy, and 

very sensitive to the model we used to build dislocation (Puls & Horgett, 1976). To 

simplify the problem, the formula developed by Peierls and Nabarro is used as a first 

estimation. The shear stress required to move a top row across the bottom row follows a 
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sinusoidal relation, and the dislocation energy per unit length oscillates with a period of 

b/2. The maximum fluctuation (Peierls energy) is given by: 

 

Equation 5-1 Peierls Energy 

where w is planar basal distance in screw dislocation (Shown in Figure 5-10 

(a)), G is shear modulus, b is Burgers vector, and v is Poisson ratio. (In edge 

dislocation, w is core width found to be , where a is planar basal distance 

perpendicular to Burgers vector.) 

 

Figure 5-10 Parameters in Equation 5-1 (Case of edge dislocation) and 

Equation 5-2 (Case of screw dislocation) 

 

)
2

exp(
)1(

2

b

wGb
Ep










1

a



 99 

The maximum slope of the periodic energy function is the critical force per unit 

length required to move the dislocation through the crystal. This stress, so called Peierls 

stress, is  

 

Equation 5-2 Peierls Stress 

In screw dislocation, the dislocation line is perpendicular to the slip plane. For 

calculation of Peierls stress, we also considered two additional orthogonal potential 

slipping planes for every screw dislocation. That is, the Peierls stresses along [100] 

and [010] plane for a [001] screw dislocation are calculated. Therefore, basal 

distance w has two values for each dislocation (Shown in Figure 5-10 (b)), and shear 

modulus and Poisson ratio vary case by case. Table 5-1 (for belite) and Table 5-2 

(for alite) present all the parameters required for Peierls stress calculation for 

various cement clinker phases analyzed in this thesis.  
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 Dislocation 
Slip 

plane 
b (Å) G (GPa) υ w (Å) 

Peierls 
stress (GPa) 

α-C2S [001] [100] 7.059 77.634 0.145 5.532 1.323  

  [010] 7.059 77.634 0.331 5.532 1.691 

αH-

C2S [100] [010] 7.205 140.930 0.338 5.872 2.549 

  [001] 7.205 140.930 0.439 5.438 0.159 

 [010] [100] 5.872 93.877 0.225 7.205 0.109 

  [001] 5.872 93.877 0.026 5.438 0.009 

 [001] [100] 9.245 101.194 0.315 7.205 2.212 

  [010] 9.245 101.194 0.028 5.872 3.856 
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 Dislocation 
Slip 

plane 
b (Å) G (GPa) υ w (Å) 

Peierls 
stress (GPa) 

αL-

C2S [100] [010] 25.695 25.695 25.695 25.695 25.695 

  [001] 76.452 76.452 76.452 76.452 76.452 

 [010] [100] 2.237 2.237 2.237 2.237 2.237 

  [001] 5.836 5.836 5.836 5.836 5.836 

 [001] [100] 0.102 0.102 0.102 0.102 0.102 

  [010] 0.008 0.008 0.008 0.008 0.008 

β-C2S [001] [100] 25.695 25.695 25.695 25.695 25.695 

  [010] 76.452 76.452 76.452 76.452 76.452 

γ-C2S [100] [010] 2.237 2.237 2.237 2.237 2.237 

  [001] 5.836 5.836 5.836 5.836 5.836 

 [010] [100] 0.102 0.102 0.102 0.102 0.102 

  [001] 0.008 0.008 0.008 0.008 0.008 

 [001] [100] 25.695 25.695 25.695 25.695 25.695 

  [010] 76.452 76.452 76.452 76.452 76.452 

Table 5-1 Peierls Stress calculation for screw dislocations in belite phases 
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 Dislocation 
Slip 

plane 
b (Å) 

G 
(GPa) 

υ w (Å) 
Peierls 

stress (GPa) 

M3-

C3S [001] [100] 25.695 25.695 25.695 25.695 25.695 

  [010] 76.452 76.452 76.452 76.452 76.452 

MM-

C3S [001] [100] 2.237 2.237 2.237 2.237 2.237 

  [010] 5.836 5.836 5.836 5.836 5.836 

R-

C3S [001] [100] 0.102 0.102 0.102 0.102 0.102 

    [010] 0.008 0.008 0.008 0.008 0.008 

Table 5-2 Peierls Stress calculation for screw dislocatinos in alite phases 

For three orthorhombic polymorphs, αH-C2S, αL-C2S, and γ-C2S, six Peierls 

stress values can be obtained: in αH-C2S, under the [100] dislocation, Peierls stress 

for slip directions [010] and [001] are calculated; under the [010] dislocation, [100] 

and [001] slip directions are considered; under the [001] dislocation, [100] and 

[010] slip directions are considered Now we notice that the [100] and [010] 

dislocations would both lead to a dislocation movement in the [001] direction. An 

average of Peierls stresses from these two directions is computed, and named as 

average Peierls stress for the [001] direction. Peierls stress in the [100], [010], and 

[001] directions for all orthorhombic clinkers are presented in Figure 5-11. 
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Figure 5-11 Peierls stress for the x, y, and z directions in three orthorhombic 

belite phases 

Comparing Figure 5-11 with (d) plots in Figure 5-4, Figure 5-5, and Figure 

5-6, we found that the direction with largest core expansion has the smallest Peierls 

stress: x direction in αH-C2S and αL-C2S, and y direction in γ-C2S. By definition, 

smaller Peierls stress reveals a more ductile material, which is fracture tolerant 

(Han et al., 2013). From the above analysis, the direction of expansions also favors 

in the direction with higher surface energy. According to the Griffith fracture 

criterion (Griffith, 1921), the higher surface energy implies a more fracture tolerant 

material. Therefore, our finding suggests that the dislocations tend to appear in 

more ductile directions with higher surface energies.  
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5.3.4.  Average Peierls Stress and Grinding Engineering 

So far, Peierls stress is calculated in all three principle orientations for 

orthorhombic phases. For monoclinic phases, Peierls stress is available in the plane 

perpendicular to the dislocation. The average Peierls stresses in all clinker 

polymorphs studied in the thesis are shown in Table 5-3.  

    

Belite 
Clinkers 

Average Peierls stress 
(GPa) 

Alite 
Clinkers 

Average Peierls stress 
(GPa) 

α-C2S 1.507 M3-C3S 9.594E-06 

αH-C2S 2.282 MM-C3S 0.391 

αL-C2S 18.388 R-C3S 29.607 

β-C2S 102.901   

γ-C2S 1.17581     

Table 5-3 Average Peierls Stress for screw dislocations in clinker phases 

This table provides a comparison of Peierls stress among different clinker 

phases. Among belite polymorphs, β-C2S has the highest Peierls stress, indicating 

that the dislocations in β-C2S rarely move. Thus, the crystal should manifest brittle 

characteristics. αL-C2S ranks second among belite phases. The average Peierls 

stresses for other belite phases are relatively smaller. R-C3S has the highest Peierls 

stress among all alite phases. This table, along with Table 5-1 and Table 5-2, give 
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suggestions to grinding process of cement industry. A brittle crystal is favored 

during grinding process since it breaks rapidly and requires less energy. Thus, 

cement manufacturers can focus on grinding the β-C2S (or αL-C2S) polymorphs 

rather than other polymorphs. Although, β-C2S and αL-C2S are thermodynamically 

stable at higher temperatures than other polymorphs, cement manufacturers can 

start the grinding at higher temperatures during the cooling process from 1500 °C 

to room temperatures. This may need providing a small external heat to the 

grinding chamber to sustain the temperature in the range of β-C2S and αL-C2S 

stability. However, cement manufacturers can tune the cooling process to find a 

balance between the (potential) thermal energy required for stability of these 

polymorphs and savings in the grinding energy to find an overall optimum solution. 

Here, let’s remind that belite formation per se is less energy intensive than alite. 

However, when it comes to grinding, belite is more energy demanding than alite (as 

a rule of thumb, grinding energies account for up to 30% of electrical energy 

consumption in the cement plants). Our finding bridges the atomic scale properties 

(core expansion and Peierls stress) to macro scale properties (surface energy, 

Young’s modulus, and grinding processes). This is one of the key findings of this 

thesis.  

5.4. Core Formation Energy 

As explained in the Chapter 4, Equation 4-12 is used for calculating core 

formation energy. The equation is based on energy stored in each radius, and should 

be valid as long as the energy relaxation is successful. The Equation 4-12 is 
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applicable to both isotropic and anisotropic materials. The scatter point fitting is 

performed to find two unknowns, core formation energy and core radius. X 

parameter, known as shear modulus related parameter, is also left as an unknown 

for a better fitting results. αH-C2S is still used as an example for a detailed 

illustration. Figure 5-12 exhibits a fitting process representing  under [100], 

[010], and [001] screw dislocations. The dislocation formation energy in general is a 

logarithim function of distance (r) from the dislocation line.  

 

Figure 5-12 Fitting process of core formation energy in αH-C2S for [100] (red), 

[010] (black), and [001] (blue) dislocations. Curves denote the result of 

Equation 4-12 fitted to scatter points 

)(rE
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Core radius and core formation energy can be obtained after a fitting process. 

Results are shown as blue and green bars at the top subplot of Figure 5-13. Burgers 

vectors are also presented. The larger the Burgers vector, the higher the formation 

energy and smaller the core radius. Small blue squares on the bottom subplot of 

Figure 5-13 represent shear-modulus-related parameter X in Equation 4-12. The 

variation bar around the blue square shows shear modulus based on Reuss-Voigt-

Hill approximation (bounds). As a reference, the Voigt and Reuss algorithms for 

shear modulus are briefly introduced here. The upper and lower bound for shear 

modulus, G, are defined by Voigt and Reuss bounds, rspetively. The arithmetic mean 

of Viogt and Reuss bounds is Hill approximation. The Voigt approach for shear 

modulus is based on elastic constans ijC : 

))(3(
15

1
132312665544332211 CCCCCCCCCGVoigt 

 

Equation 5-3 Voigt approximation for shear modulus 

The Reuss approximation for shear modulus is based on the elastic 

compliance ijS : 

1

665544231312332211

Re ))(3)(4(15  SSSSSSSSSG uss

 

Equation 5-4 Reuss approximation for shear modulus 

Here, C ij and Sij are stiffness and compliance tensor components.  
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Figure 5-13 Fitting results of core formation energies (blue bar) and core 

radius (green bar) in [100], [010], and [001] dislocations in αH-C2S. Burgers 

vector (red dot), fitting parameter X,  along with the range of shear modulus 

from Reuss-Voigt-Hill bounds. 

Basesd on Figure 5-13, it is found that in three dislocation orientation of αH-

C2S, the fitted values of X are very close to the corresponding average shear 

modulus of the crystal. This means that Equation 4-12, a closed form formula 

derived from complete radial symmetry, is still applicable to low symmetry crystals 

in spite of anisotropic properties of αH-C2S. We speculate that this wide applicability 

is due to existence of complex, competing mechanisms in low symetry crystals that 

may cancell out each other and/or are averged out throught the dislocation process. 
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Equation 4-12 shows that the formation energy depends on both shear modulus and 

the square of burger vector. In Figure 5-13, the smallest formation energy is 0.432 

eV/Å with core radius of 13.7 Å under the [010] dislocation, with smallest burger 

vector of 5.8742 Å. This indicates that a new screw dislocation would most probably 

be a [010] dislocation, whose Burgers vector is the shortest lattice distance. It is rare 

for a screw dislocation to appear along the [001] direction, since the large Burgers 

vector leads to more bond breakages and reconstructions, comparing with 

dislocations in other two directions. 

By repeating this process to another two orthorhombic crysta ls αL-C2S and γ-

C2S, we find that the smallest formation energy for αL-C2S is 0.2751 eV/Å with core 

radius of 14.2Å under the [001] dislocation, and that of γ-C2S is 0.3326 eV/Å with 

core radius of 14.0 Å under the [100] dislocation.  

The core formation energy and core radius of all the cement clinker phases 

tested in this work are collected in Figure 5-14. The Burgers vectors and fitting 

parameters X are presented as references as well. For monoclinic crystalls (α-C2S, β-

C2S, M3-C3S, MM-C3S, and R-C3S), core formation energy and radius of screw 

dislocations with dislocatoin line lying perpendicular to parallelogram base are 

collected. For orthorhombic crystals (γ-C2S, αL-C2S, αH-C2S), based on analysis of 

three mutually perpendicular directions, the smallest formation energy is put into 

Figure 5-14. (The values of core formation energy for five belite phases, γ-C2S, β-

C2S, αL-C2S, αH-C2S, and α-C2S are 0.1502 eV/Å, 0.432 eV/Å, 0.275 eV/Å, 1.033 

eV/Å, 0.333 eV/Å, and their core radii are found to be 14.53 Å, 13.71 Å, 14.17 Å, 
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11.90 Å, 14.00 Å, respectively. For three alite phases, M3-C3S, MM-C3S, and R-C3S, 

the core formation energies and core radii are 0.391 eV/Å, 0.400 eV/Å, 2.813 eV/Å 

and 13.78 Å, 13.80 Å, 6.58 Å, respectively). 

 

Figure 5-14 Comparisons of core formation energy (blue bar), core radius 

(green bar), Burgers vector (red dot), fitting parameter X (small blue square) 

and the variant of shear modulus for cement clinker phases. The bars at the 

bottom plot represent the lower and upper bounds for shear moduli based on 

Reuss-Voigt-Hill approach. 

The discontinuity caused by screw dislocations serves as a basin for water 

molecules, and the hydration process might be expedited by increasing screw 

dislocation density. The [010] screw dislocation in αH-C2S, [001] dislocation in αL-

C2S, and [100] dislocation in γ-C2S can be generated with less energy. According to 
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Figure 5-14, β-C2S has the highest core formation energy, while α-C2S has the 

smallest. Considering all polymorphs, the formation energy for belite clinker 

polymorphs are similar with the difference less than 1 eV/Å. In alite phases, the 

formation energy and core radii are similar for two M-C3S crystals, while R-C3S has 

the highest core formation energy among all polymorphs due to the largest Burgers 

vector. Dislocations with smaller core formation energy form easily under load, and 

multiply faster during deformation.  

It is also worth noticing that the scale of core formation energy sensitively 

depend on the Burgers vector. For smaller Burgers vectors, say, less than 10 Å 

among all the clinker phases, the fitting parameter X is very close to the shear 

modulus calculated by Reuss-Voigt-Hill approach. The extra large formation energy 

of R-C3S results from a large Burgur vector, which points to a unfavorable [001] 

dislocation core structure. Due to the limitaion of the close form formula, screw 

dislocations in other two orientations have not been introduced to monoclinic 

crystals. In the future, screw dislocation tests in all three orientaions in monoclinic 

phases are needed to update Figure 5-14.  

As a summary of all the analysis carried out in three orthorhombic crystals, a 

correlation matrix is presented below for a better understanding of the relationship 

among macro scale mechanical properties, i.e. Young’s modulus, surface energy and 

dislocation structure properties, i.e., core formation energy and Peierls stress along 

certain directions.  
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 Dislocation 
Young’s 
modulus 

(GPa) 

Surface 
Energy 
(GPa) 

Core 
Expansion 

(Å) 

Core 
Formation 

energy  
(eV/Å) 

Peierls 
stress 
(GPa) 

αH-

C2S [100] 140.935 2.101 36.000 0.436 1.161 

 [010] 93.876 0.574 14.000 0.432 3.203 

 [001] 101.194 2.327 21.000 1.207 2.483 

αL-

C2S [100] 153.216 2.520 28.000 3.256 1.170 

 [010] 97.410 1.212 14.000 1.071 12.862 

 [001] 88.736 0.741 12.500 0.275 41.144 

γ-

C2S [100] 70.974 1.994 20.000 0.333 1.247 

 [010] 73.761 2.514 22.500 1.371 0.671 

 [001] 50.677 0.601 14.000 0.548 1.609 

Table 5-4 Correlation matrix of macro scale properties, i.e. Young’s modulus 

and surface energy and atomic scale dislocation properties, i.e dislocation 

core expansion, core formation energy and Peierls stress 

The results could be summarized as the core expands along directions with 

larger atomic density and stronger atomic interactions, i.e., the directions with larger 

Young’s modulus and higher surface energy. This is because the Peierls stress needed to 
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move the dislocation along these directions are smaller. The core formation energy is 

independent of mobility properties and entirely depends on the planar structure and 

Burgers vector.  

5.5. Screw dislocation in cement hydration product: case of 

tobermorite 

[001] screw dislocation is investigated in tobermorite: a layered hydrated 

oxide. Following the same strategy as for cement clinker phases, the core 

displacement field (CDF)  is obtained as shown earlier in Figure 4-6. The radial and 

vertical displacements before and after energy minimization are relatively larger 

than those in cement clinker phases, and the convergence rate is slower. This is 

because [001] dislocation tested here has a larger Burgers vector, and tobermorite 

has a more complicated structure than cement clinkers. It contains water layers 

with interlayer calciums and has a layered silicate-chain structure. Therefore, the 

formation of [001] screw dislocation core is not only about rearrangements of 

tetrahedra as in alites and belites, but also it includes breakage of silicate chains and 

redistribution of interlayer water molecules. The chain breakages result in a far 

more disordered arrangements around the core. As shown in Figure 4-9(b) and (c), 

silicate chian structure is retianed away from the center, but many Si2O7-6 , and SiO4-

4  units were generated around the dislocation core.  
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The dislocation displacement map (DDM) is displayed in Figure 5-15, 

indicating the direction with smaller Peierls stress, i.e. the direction the dislocation 

most probably move during deformation.  

 

Figure 5-15 Dislocation displacment map of the [001] dislocation in 

tobermorite 

The core has an elliptical expansion around 16 Å in [100] direction and 25 Å 

in [010] direction. Although the eliptical core spreading indicates a large atomic 

purterbance along different directions, we still consider that the core has a low 

mobility since the movement along any direction would inevitably break silicate 

chains. 

The fitting process of Equation 4-12 is shown in Figure 5-16. The formation 

energy is found to be 2.316 eV/Å with core radius of 7.262 Å.  
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Figure 5-16 The fitting plot for core formation energy and core radius in 

tobermorite 

Figure 5-16 seems that it present a small dispersion during the fitting, 

however, the X parameter is found to be 192.73 GPa while shear modulus, G, in 

tobermorite is only around 40 GPa. The high core formation energy points out to an 

unfavorable screw dislocation in the z direction. This is because tobermorite is a 

monoclinic crystal, and only the dislocation perpendicular to parallelogram plane is 

available. Futher analyses are needed for another two directions, with smaller 

Burgers vectors of 6.59Å and 7.39Å. These directions would probably lead to a 

lower core energy.  

5.6. Chapter Summary 

In this chapter, various analyses were carried out to characterize the screw 

dislocation core structures, core displacement fields, core formation energies and 
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Peierls stresses for various cement clinker polymorphs and tobermorite. At the 

atomic level, screw dislocations in cement crystals lead to rotation and in-plane 

displacements of silica tetrahedra around the dislocation core. We explored the 

interplay between nano/micro and macro level phenomena by calculating macro 

scale properites such as Young’s modulus, surface energy and Peierls stress. 

Specifically, we found that dislocations tend to spread in ductile directions 

(quantified by small Peierls stress), and also directions with higher surface energies 

and higher Young’s moduli. Additionally, we computed the core formation energies 

and core radii for different cement polymorphs, providing information on the 

likelihood of observing screw dislocations in different directions. The latter can 

impact engineering hydration processes and crystal growth mechanisms for a more 

efficient cement setting.  

More importantly, we identified and ranked the different cement clinker 

polymorphs in terms of brittleness (i.e. with highest Peierls stresses), which affect 

fracture resistance and grinding processes. β-C2S and αL–C2S could provide relevant 

higher grinding efficiency which requires grinding temperature at 630-680 °C. R-C3S is 

preferred in grinding process among alite polymorphs, although further analysis is 

required on other triclinic polymorphs for an overall assessment. The ranking set based 

on Peierls stress has an important practical implication to mitigate the energy 

consumption associated with grinding cement clinkers, and can potentially open up 

new strategies to rationally optimize the mixture of alite and belite phases for an 

overall improved system performance. In the next chapter, we study another line 
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defect, edge dislocations, in belite clinker polymorphs based on similar analytical 

and atomistic methods.  
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Chapter 6 

Analysis of the Edge dislocation 

In this chapter, we aim at studying edge dislocation properties in five belite 

phases, based on the edge dislocation model discussed and various analysis 

methods introduced in Chapter 4, including the core displacement field method, 

core formation energy calculation, and Peierls stress analysis.  

6.1. Simulation Model 

A brief overview of edge dislocation model is presented in this section. First, 

all belite crystals are rotated to align the Burgers vector along the x direction. A 

[100](001) edge dislocation is then introduced based on the elastic theory 

estimation, i.e. Equation 4-13. The dislocated structure with two regions specified is 

shown in Figure 6-1. αL-C2S is ued as an example. Red, blue, and yellow balls represent 

the oxygen, calcium, and silicon atoms, respectively At this time, the Burgers vector 

(along the x direction) is perpendicular to the dislocation line (pointing to the paper). The 
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elastic displacement field was only introduced to the right part of the structure, and the 

lower right part was manually displaced to ensure a mismatch of one lattice parameter. 

Following the methods in chapter 4, a fixed boundary condition is applied to region 2 and 

all the atoms in region 1 are allowed to move during energy minimization. In edge 

dislocation model, the thickness of region 1 is 50 Å, and that of region 2 is 40 Å. GULP 

code, along with ClayFF and conjugate gradient minimization algorithms, are used to 

find the relaxed structure. The computational time for energy relaxation is 24 hours using 

parallel code running on the super computer clusters (DAVinCI and Blue BioU) of Rice 

University. 

 

Figure 6-1 Atomic structure of αL-C2S under edge dislocation with two regions 

specified 
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6.2. Core Structure 

The relaxed core structures of five belite polymorphs are shown in Figure 6-3 

based on the concept of the Burgers circuit. The Burgers circuit is a closed loop around 

the dislocation line in the perfect cell, shown in Figure 6-2.  

 

Figure 6-2 Burgers circuit in original structure of α-C2S. Arrows indicate a 

lattice distance  

The arrows in Figure 6-2 indicate a lattice distance and head of the circle is 

connected to the tail. In a defected cell, with arrows indicating the same lattice units in 

the original cell, the loop is no longer closed. A vector between the initial and final point, 

marked red in Figure 6-3, is the Burgers vector. 
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Figure 6-3 Core structures  of five belite phases. Burgers vector is marked red. 

Red, blue, and yellow balls are oxygen, calcium, and silicate atoms 

As shown in the plot, the Burgers vector is equal to a lattice cell dimension in the 

[100] direction. The Burgers vectors of α-C2S, αH-C2S, αL-C2S, β-C2S , and γ-C2S are 

5.60 Å, 5.87 Å, 5.73 Å, 5.89 Å, and 5.15 Å, respectively.  

Comparing atomic arrangement patterns in Figure -3 reveals that αH-C2S has the 

most closely packed system while γ-C2S has the most space among tetrahedra. The 

interactions among atoms should restrict the formation of edge dislocations in αH-C2S. 

The effect of mismatch, with the length of one Burgers vector, could be recovered in four 

to five lattice distances from the core in all belite phases. 
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6.3. Displacement Field around Edge Dislocation Core 

The Core Displacement Field (CDF) plot is presented as a function of r in the 

case of screw dislocation. In the edge dislocation, CDF is plotted in a planar manner 

with arrows indicating the length and the direction of movement caused by energy 

minimization.  

Figure 6-4 shows the core displacements field of α-C2S. Circles at the 

background present the positions of silicate atoms after the elastic approximation. Black 

arrows point to the movement of the silicate positions after relaxation. For a better 

visualization, the length of the arrow is made to be five times larger than actual value.  

 

Figure 6-4 Edge dislocation core displacement field of α-C2S during energy 

minimization 
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Atoms one layer above the edge dislocation slip plane (x>0 and y>0) move 

slightly to the right, and those beneath the slip plane (x>0, y<0) move slightly to the left. 

A small set of atoms (0<x<10, y<0) move to the left half of the structure, trying to close 

the gap caused by the elastic displacement field. Movements around the dislocation core 

follow a clock-wise circular trend and expand outwards, indicating a core expansion 

during energy minimization. The core displacement fields for other four belite 

polymorphs are presented in Figure 6-5.  

 

Figure 6-5 Edge dislocation core displacement field of αH-C2S, αL-C2S, β-C2S , 

and γ-C2S 

The movement pattern mentioned above is suitable to other clinker phases 

with slight difference in the displacement scale. Atomic geometry optimization leads 
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to a clockwise rotation and slight expansion around the dislocation core. This 

indicates an insufficient estimation of elastic formulas and the non-elastic behavior 

around edge dislocation core. We noticed that after energy relaxation, the gap 

perpendicular to the slip plane caused by elastic estimation becomes smaller. This 

indicates the interactions among atoms helps to retain the atomic packing. Figure 6-5 

shows that the atomic displacements during energy minimization in γ-C2S are more 

dramatic than other polymorphs. This is because the loosely packed structure provides 

more space to adjust final positions with similar packing pattern. The tetrahedra are more 

independent and free to move than the constrained tetrahedra in αH-C2S.  

6.4. Core Formation Energy 

As explained in chapter 4, core formation energy can be obtained by fitting 

Equation 4-13 with various  at different r, where  is the energy difference at a 

certain radius before and after introducing the dislocation. The circles in Figure 6-6 are 

the value of  at each radius in five belite clinkers, and the solid lines are the fitted 

curves to Equation 4-13.  

)(rE )(rE

)(rE
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Figure 6-6 Dislocation formation energies as a function of radius for five belite 

phases. The values of formation energy of α-C2S, αH-C2S, αL-C2S, β-C2S , and γ-

C2S are indicated by black, red, green, blue and purple circles. The solid lines 

are the fitted curves to Equation 4-13 

The goodness of fitting is measured by the sum of squares of the residual 

vector: the square-2 norm. The square-2 norm for the fitting of α-C2S is 0.046, and 

for αH-C2S is 0.026. The square-2 norms for αL-C2S, β-C2S and γ-C2S polymorphs are 

0.087, 0.093, and 0.023, respectively. According to Figure 6-6, within identical radii, 

e.g. 15 Å, the energy required to generate a dislocation in αH-C2S is much higher 

than other phases. The core formation energy shown in Figure 6-7 gave the exact 

value of the formation energy at unit length and core radius. As a reference, Burgers 

vector, Poisson ratio and Young’s modulus in the direction of Burgers vector (along 

the x axis) are also presented.  



 126 

 

Figure 6-7 Core energies and core radii of five belite polymorphs. Blue and 

green bars in the upper plot are core energy and radius. Black and white bars 

in the middle plot are Burgers vector and Poisson ratio. Yellow bars in bottom 

plot are Young’s modulus along the x direction 

According to Figure 6-7, γ-C2S has lowest core formation energy, although in 

reality, this polymorph is not stable due to additives in clinkers. αH-C2S requires 

largest formation energy comparing to other belite phases. Among five belite 

polymorphs, the Burgers vectors and Poisson ratios are similar but the top plot 

indicates a large difference regarding the core formation energies and core radii: the 

edge dislocation core formation energy of αH-C2S is around 1.8 eV/Å, while that of 



 127 

γ-C2S is only 0.2 eV/Å. The only explanation for this behavior is the difference in 

edge dislocation core structure, i.e., the atomic arrangements around the core. As 

shown in Figure 6-3, the atoms in αH-C2S are highly close-packed and present a 

chain structure character. The edge dislocation in αH-C2S has a large influence to the 

original packing, and the dislocation formation will inevitably cause chain breakage. 

In γ-C2S, the tetrahedral are relatively independent of each other. The space among 

them is considerably larger. These vacancies “absorb” parts of the torsion caused by 

the distortion.  

Also, some correlations between core formation energy and Young’s modulus 

can be found. αH-C2S has the largest  core formation energy and the largest Young’s 

modulus among all belite phases. γ-C2S has the smallest core formation energy and 

the smallest Young’s modulus. This fact states that to form an edge dislocation, a 

direction with smaller Young’s modulus is preferred. This statement is consistent to 

the mechanisms from our screw dislocation analysis. A large Young’s modulus 

indicates a stiff behavior, which comes from the stronger interactions between 

atoms. The closely packed atomic structure of αH-C2S will again explain this 

phenomenon.  

6.5. Analysis of Peierls Stress 

As discussed in the previous chapter, an important feature of a dislocation is the 

ability to move under loads. Peierls energy/stress is the activation energy (external stress) 

required to move a dislocation in an otherwise perfect crystal. The formula for Peierls 
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stress calculation of edge dislocation is provided in Equation 5-2. Since Burgers vector 

lies in the slip plane, the Poisson ratio, and the basal distance in Equation 5-2 are single 

values for the [100](001) edge dislocation. Table 6-1 presents the Peierls energies and 

Peierls stresses of five belite phases. 

   

Belite Polymorphs 
Peierls energy 

(      eV/Å) 

Peierls stress 
(MPa) 

α-C2S 0.111 3.586 

αH-C2S 0.045 1.313 

αL-C2S 1.113 34.145 

β-C2S 5.702 165.442 

γ-C2S 0.060 2.308 

Table 6-1 Peierls energies and Peierls stresses for edge dislocations in five 

belite polymorphs 

As shown in the table, β-C2S has the highest Peierls stress, 165.44 MPa. It 

indicates that during tensile or compressive deformation, atoms in β-C2S structure are 

difficult to be realigned, and β-C2S should present a brittle characteristic. This conclusion 

is consistent with the analysis from screw dislocations. Figure 6-7 also shows that β-C2S 

has a small core formation energy, thus more likelihood of the edge dislocaion to appear. 

Therefore, the deformation mechanism of β-C2S can be predicted. The edge dislocations 

first form, and then rapidly crack as a brittle material. αL-C2S also has a relatively large 
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Peierls stress, and small formation energy. The deformation mechanism of αL-C2S should 

be similar to that of β-C2S. αH-C2S has a higher core energy, but Table 6-1 shows a low 

Peierls stress. This finding states that it is harder to create an edge dislocat ion in αH-C2S, 

but once it has been formed, it has a high mobility. This crystal should be more ductile 

than β-C2S and αL-C2S. γ-C2S has the lowest dislocation formation energy and has a 

relatively low Peierls stress. This fact shows a high likelyhood of generating a dislocation 

network in γ-C2S, which enhances the plasticity of the material.  

As explained in the last chapter, in the grinding process, the brittle crystal is 

favored considering about the energy required to break the clinkers. This property 

could be quantified by Peierls stress analysis. By summarizing information from 

Table 6-1 and Table 5-3, the Peierls stresses from edge dislocation analysis are on 

average larger than that of screw dislocation. But a consistent conclusion could be 

drawn that β-C2S (or αL-C2S) polymorphs are considered the most attractive 

clinkers in terms of their average Peierls stress. This indicates that line defects, 

although in different forms (edge and screw dislocations), have similar influence to 

the crystalline properties. β-C2S and αL-C2S require large Peierls stress to movie a 

dislocation, and present a more brittle behavior than the γ polymorph. The 

temperature needed for stable β-C2S and αL-C2S is around 630 – 680 °C. 

6.6. Chapter Summary 

In this chapter we studied edge dislocations in five belite polymorphs by 

exploring the dislocation core structures via the concept of Burger circuits. The core 
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displacement fields were shown as arrows pointing from the positions obtained 

from elastic theory to the final positions obtained from energy minimization. By 

comparing core formation energies and Peierls stresses among various polymorphs, 

we identify that while edge dislocations are easy to form in β-C2S and αL-C2S 

polymorphs but are less likely to multiply. The former provides a high potential in 

creating defects, and the latter exhibits its low likelihood to move and multiply, 

leading to brittleness. These two features impact the fracture mechanisms of the 

polymorphs. The results are, in general, in good agreement with those of screw 

dislocations, highlighting the possibility of optimizing the grinding processes 

towards more brittle polymorphs. In the next chapter, we build upon the finding of 

screw and edge dislocation to study other general deformation-based mechanisms, 

or “unit processes” in tobermorite. 
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Chapter 7 

“Unit Processes” of Deformation in 

Tobermorite 

The atomistic analysis of screw and edge dislocations in the previous 

chapters has provided critical information and several important precursors by 

which we can study other deformation-based mechanisms in cement, or unit 

processes in general. In this chapter, the deformation tests including shear, uniaxial, 

and triaxial deformation are simulated on tobermorite. The aim is to understand 

what (and how) atomistic deformation-based mechanisms govern the stress 

accumulation and relaxation at the nanoscale under shearing load.  

7.1. Unit Processes 

Unit processes, or deformation-based mechanisms, control many 

fundamental material properties including strength, brittleness, ductility, cracking, 
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and fracture. Similar to dislocations and defects, unit processes may nucleate, grow, 

and propagate inside the crystal or at the interfaces of grain boundaries.  

We define a unit process as clusters of atoms that undergo cooperative 

displacements. Under deformation, unit processes can be triggered by inter -particle 

surface mismatch, or intra-particle defects, or other structural incompatibilities in 

C-S-H, or tobermorite. The nucleation of defects, including point defects and 

dislocations studied before, the transportation of free volumes, the changes in 

degree of silicate polymerization, the plastic zone ahead of plastic deformation, and 

the inter-particle slip are all indicative of a unit process.  

7.2. Deformation Simulation Model 

We used the molecular structure of the C-S-H analog, tobermorite (as 

described in detail in chapter 2) and constructed a 5×4×3 super cell for shear 

deformation test. Tobermorite has a basal spacing of 11 Å with C/S ratio equal to 1. 

Figure 7-1 shows the supercell used. The red, blue, yellow, and white balls are 

oxygen, calcium, silicon, and water hydrogen atoms. Silica chains extend in the x-y 

plane (i.e. yellow lines are at xy plane of Figure 7-1). Backbone structures and water 

layers are packed in the z direction. The final dimension is 105 Å×47.2 Å×73 Å with 

24,192 atoms. 
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Figure 7-1 Tobermorite model for shear deformatin simulation  

The simulation has been performed using another popular computational 

molecular dynamics simulation code: LAMMPS (Plimpton, 1995). We switch the 

code from GULP to LAMMPS because of the powerful ability of LAMMPS in dealing 

with large number of atoms and molecules. CSH-FF introduced in chapter 3 is 

adopted as an appropriate potential for tobermorite because CSH-FF incorporates 

all the ab-initio structural data and 21 elastic constants of tobermorite in tandem to 

develop an accurate description of interatomic energies for predicting mechanical 

properties of cement hydration products (Shahsavari et al., 2009). Periodic 

condition is used to simulate a large system by modeling a small part that is far from 

its edge. A simulation box suitable for perfect three-dimensional tiling is defined, 

and when an object passes through one face of the unit cell, it reappears on the 

opposite face with the same velocity (J.M Haile, 1997). Opposed to previous 

chapters where all the simulations were based on molecular mechanics (0 K energy 
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minimization), here we use molecular dynamics methods. First, we performed 

molecular dynamics simulation in the isobaric-isothermal ensemble (NPT) for 10 

picoseconds at 1 K, with a Nose-Hoover thermostat (Hoover, 1986; Noose, 1984) to 

exclude thermo effects. The integration time step is 0.1 femtosecond. The resultant 

configuration is used as an equilibrated super cell ready for shear deformation test.  

Shear deformation is introduced to the configuration by changing the angle 

between two lattice axes at shear strain rate of 0.001. For instance, the xy 

deformation means changing the angle between x and y axis. The total volume is 

constant while the structure deforms. After every increment in angle, a 10 

picosecond NVT relaxation is carried out at time step of 0.2 femtosecond. Tensile 

deformation is introduced on the same strategy, with the only difference in strain 

controlling. In the uniaxial tensile test, the strain is controlled by successively 

applying 0.1% increments of the original length of the simulation box along [100], 

[010], and [001] directions, separately. In the triaxial tensile test, the 0.1% 

increment is applied simultaneously to all the box dimensions. 

7.3. Results and Discussion based on Shear Deformation 

The stress-strain relationship is the fundamental information for any 

deformation test. In this deformation-controlled computational test, the strain is 

incrementally imposed and stress is calculated from the pressure tensor. Figure 7-2 

is the shear stress-strain curves for xy (blue), xz (black), and yz (red) deformations. 

Important stages are marked from (1) to (7). 
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Figure 7-2 Shear stress-strain curves for tobermorite 

Figure 7-2 shows that in the case of xy shear deformation (blue line), the 

stress keeps increasing up to 9.6 GPa and first significant stress drop starts to occur 

around 20% strain (marked (2) in Figure 7-2). Then, the stress drops to 6 GPa at 

33% strain and fluctuates around 6 GPa. The stress-strain curve of xy shear 

deformation represents a typical phenomenon that the material has an elastic 

characteristic before reaching the yield point (9.6 GPa at 20% strain). Then, the 

material shows a plastic behavior that the strain increases without significant stress 

drop (after 33% strain). The xz deformation (black line) reaches a plastic flow 

regime, with a first stress drop at 15% strain (marked (3) in Figure 7-2). The 

simulation of the yz deformation stops at ~31% strain due to a technical limitation 

of LAMMPS in simulating low symmetry crystals (the tilt of the simulation box 

exceeds the computational simulation limit). However, considering similar 
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functionality of water layers in the xz and yz deformation, it is reasonable to assume 

and predict that the yz deformation has a similar behavior as that of the xz shear 

deformation. It reaches a plastic flow when strains approach 28% with a stress 

equal to 5.5 GPa.  

To identify the unit processes, snapshots of atomistic configurations at (1) – 

(7) stages are collected. The deformation mechanism at nano scale is explained in 

detail below. For visualization purposes, three surfaces of simulation box are used 

to describe atomistic displacement under a certain shear deformation, shown as (a), 

(b), and (c) plots in Figure 7-3. In the following analysis, these surfaces are named 

(001), (010), and (100) planes. Detailed atomic packing of each surface is shown in 

Figure 7-4. 

 

Figure 7-3 Three surfaces of tobermorite in shear simulation model 
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Figure 7-4 Atomic structure of (001), (010), and (100) planes in tobermorite 

To describe the surface under a shear deformation at certain strain, the 

following notation is used: The atomic arrangement at the (001) plane under the xy 

deformation at strain 8% is named xy-8%-(001).  

The slops of stress-strain curves in Figure 7-2 shows the stiffness under 

elastic deformation. At low strain (<10%), the Young’s modulus of the xy 

deformation is lower than that of the xz and yz deformations. This phenomenon 

shows the silica chains response quickly to the external stress by adjusting the space 

between neighboring chains. Figure 7-5 is a comparison of atomic structures under 

three shear deformations at the same strain: 8%. Arrows indicate the shear 

directions.  
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Figure 7-5 Atomic structure of (001), (010), and (100) plane under the xy, the 

xz, and the yz shear deformations at strain of 8% 

Comparing Figure 7-5 with Figure 7-4, tetrahedra rotations could be 

observed in all three deformations. The shear deformation in Figure 7-5 (a) leads to 

shrinkage of the silica chain and it also changes the space among silica chains. The xz 

and yz shearing contains direct deformation of water layer, and will cause relative 

movement among water molecules, water calcium atoms, and silica chains. The 

arrows shown in the (b) and (c) plots of Figure 7-5 indicate a squeezing of silica 

chains. It seems at low strain, water layers do not immediately function as a 

lubricating layer. At least at this stage, the forces connecting two silica chains inside 

a backbone and the forces between water molecules and silica chains help to resist 

the xz and yz deformations. This could explain the low stiffness in the xy 

deformation. 
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To track the atomic displacement during xy shear deformation (the blue line 

in Figure 7-2), (1), (2), (6), and (7) stages in Figure 7-2 are recorded. They 

correspond to the strain of 8%, 20%, 38%, and 60%. The atomic structures of (001) 

plane under xy shear are shown in Figure 7-6. xy-(001)-8% is shown in Figure 7-

5(a). 20% strain is the yield point. After 38% strain, the material goes into plastic 

deformation zone. 

 

Figure 7-6 (001) plane under the xy shear deformation at strain 20%, 38%, 

and 60% 
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In (a) plot of Figure 7-6, at yield point, the silica chain structures are mainly 

preserved. Tetrahedra rotations are more significant than those at strain 8%. Some 

silica chains begin to break, as shown in shaded region. But the broken parts are not 

severely displaced. In (b) and (c) plots where the structure is under plastic 

deformation, the silica chain breakages are obvious. The shaded area in (b) plot 

shows the chain breaks into two parts, and the two parts displace horizontally with 

respect to each other by around 1 – 2 Å. This displacement becomes larger when 

strain reaches 60%, shown in shadow area in (c). Interestingly, an edge dislocation 

characteristic is identified with a mismatch length that is approximately equal to 

half of the distance between chains. This represents a partial edge dislocation at 

[100] direction. According to the explanations in previous chapters, the movement 

of this edge dislocation will enhance the plasticity of the material.  

In addition, to better understand the atomic displacement during 

deformation, a displacement map of 8%, 20%, 38%, and 60% strain of the xy 

deformation is shown in Figure 7-7. It worth noticing that displacement map 

extends gradually from top of the box to the bottom, and is localized at 45 degree, 

shown in dashed lines in Figure 7-7. As strain increases, a zigzag type shear 

boundary becomes clearer. The shaded area in Figure 7-6(c) is right at the vertex of 

two dashed lines in Figure 7-7.  
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Figure 7-7 Displacement Map of (001) plane under xy shear deformation at 

strain of 8%, 20%, 38%, and 60%. Dashed lines indicate the shear 

deformation is localization at around 45°. Solid line shows the extension 

orientation of silica chains as a reference  

The xz shear deformation is shown with 7%, 17%, 37% and 55% strain, 

which are corresponding to (1), (3), (6), and (7) stages in Figure 7-2. The atomic 

structures are presented in the left side of Figure 7-8. The xz-8%-(010) is shown in 

Figure 7-5(b). The (a) plot in Figure 7-8 marks the first significant drop in shear 

stress-strain plot. After that, the structure goes to plastic deformation. The right 

hand side of Figure 7-8 is shear displacement map illustrating the displacement of 

each atom at the given strain. Dashed lines represent the location of water layers.  

The “floating” atoms in left plots of Figure 7-8 are atoms moving out of 

original simulation box, and are remapped to the other side of the cell due to 
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periodic conditions. It is found that during deformation, the space among silica 

chains becomes larger. There are significant tetrahedra rotations because the 

interactions with neighboring tetrahedral are weak. The darker dots at right hand 

side of Figure 7-8 indicate the shear localization at water layers. Water molecules 

response faster than silica chains during plastic deformation, and perform as 

lubricants of the backbone structure during shearing.  

 

Figure 7-8 (010) plane atomistic structure and shear displacement map under 

the xz shear deformation at strain 17%, 37%, and 55%. Dashed lines indicate 

water layers 
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Following a similar strategy for the yz deformation, we develop the (100) 

plane atomistic structure and colored displacement map as shown in Figure 7-9.  

 

Figure 7-9 (100) plane atomistic structure and shear displacement map under 

the yz shear deformation at strain 20%, and 30%. Dashed lines indicate water 

layers 

Shear localization could also be found based on the colored map. The yz 

shear deformation contains water layer movements, as those in the xz deformation. 

However, the in-plane movement among silica chains is much less comparing to the 

xy and xz deformations. This is because the yz shear stress deforms the structure 

along silica chains, and atoms at same layer move horizontally together. Therefore, 
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the pattern contributing most to the deformation mechanism should be the 

interaction of water layers and backbone structures. Although the simulation 

finished at relatively lower strain due to the tilt box configuration, based on water 

layer performance, the plastic deformation mechanism should be very close to that 

of xz shear deformation. It is found that a clear zigzag shear boundary could be 

classified in plane where silica chains are horizontally packed. This plane has a 

faster response to the external force than other two planes where water layers are 

directly under deformation. The relative movement between water molecules and 

backbone structures is somewhat small at low strain, which leads to the high 

Young’s modulus. Later in the loading process, the water layers serve as a lubricate 

gel that controls the final plastic behavior in the xz and yz deformations. 

7.4. Results and Discussion based on Tensile Deformation  

7.4.1.  Uniaxial Tensile Deformation 

The stress-strain curve from uniaxial tensile deformation is shown in figure 

7-10. Many insights could be obtained by analysis of stress-strain curves. The 

uniaxial tensile test along the x direction indicates a brittle characteristic with yield 

stress at 8 GPa and yield strain at 6%. The structure fails immediately after yielding 

point.  

The uniaxial tension along the y direction presents a more ductile behavior 

where the stresses drop gradually as the strain increases. Before yield point, which 

is 6.7 GPa with strain of 8%, the slope of the stress-strain curve indicates a linear 
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portion of the deformation, and the elastic modulus is very close to that in uniaxial 

deformation along the x direction.  

Under uniaxial tension along the z direction, the structure yields at 7 GPa 

with strain of 5%. The elastic modulus in elastic deformation portion is slightly 

larger than that of other two uniaxial deformations. This phenomenon shows 

stronger interlayer interactions and among water layer and backbone layers. The 

yield stress along the z direction lies between those of other two directions, but has 

the smallest yield strain.  

As a benchmark to our simulation, the result from quantum mechanical 

experiment for uniaxial tension test along the z direction is presented as red dots in 

Figure 7-10. The normal stress is calculated by employing positive and negative 

strains, and this normal stress could be considered the cohesive (when stretched) or 

repulsive (when compressed) stresses (Shahsavari, 2011). Comparing molecular 

dynamics result to quantum mechanical result, the yield stress under uniaxial 

tension is very similar (6.2 GPa from quantum calculations versus 7.1 GPa from 

molecular dynamics results). The yield strain in quantum analysis is larger than the 

result from our study. The reason might be the size of the model. In quantum 

analysis, the test is conducted on a single unit cell (Rouzbeh Shahsavari, 2001), 

however in this thesis, the model is a 5×4×3 supercell. Another reason might be the 

inaccuracy of the empirical force field we use, which cannot fully describe the 

atomic interaction during dynamic processes. But overall, both the quantum 
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analysis and molecular dynamics simulation results in the same order of magnitude 

stresses and strains, thus validating our calculations in this thesis.  

 

 

Figure 7-10 Stress-Strain curve of three uniaixal tensile deformation along the 

x (blue), the y (black), and the z (red) directions. Important stages are marked 

(1)-(4). 

The atomic structure in four stages are marked as (1), (2), (3), and (4) in 

Figure 7-10. In stage (1) of Figure 7-10, the material is under elastic deformation in 

all three tests. Stage (2) will reveal the atomic structure around yielding point. In 

stage (3), the material already failed and stresses keep dropping with strain 
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increments. At stage (4), the stress under x and z deformations drop to nearly zero. 

The analysis of these stages could give an idea of the weakest part of the cr ystal and 

show how the unit processes of deformation develop and lead to phenomena such 

as yielding, stress drops, and brittle and ductile behaviors in different uniaxial 

deformations.  

For the uniaxial tension test along the x direction, Figure 7-11 present four 

stages marked (1), (2), (3), and (4) in Figure 7-10. For the visualization purpose, 

only [001] plane is shown. The force is applied in horizontal directions (along the x 

axis shown as the two arrows in Figure 7-11), and mainly contributes to separate 

neighboring silica chains.  
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Figure 7-11 [001] plane in tensile test along the x direction under four stages 

marked in Figure 7-10 

At yield point, which is stage (2), two neighboring silica chains begin to lose 

interaction. However, the silica chain structures are still maintained. Only by 

visualization, it is hard to point accurately the yielding point. As strain increases, 

this chain-chain interaction becomes smaller and smaller along with chain 

breakages, shown in Figure 7-11 stage (3). The stress drops to nearly zero when one 

of the neighboring silica chains totally loses the atomic interactions. From this 

analysis, we conclude that the interactions in the silica chains are the limiting 

strength mechanism in tobermorite. The yielding point is located at the moment 
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when two silica chains begin to lose interactions, slightly before the silica chain 

breakage.  

For uniaxial tension test along the y direction, Figure 7-12 presents four 

stages marked (1), (2), (3), and (4) in Figure 7-10. As before, for the visualization 

purpose, only [001] plane is shown. Some portion of the force is used to stretch the 

silica chains, with other portion of the force contribute to the separation of 

neighboring silica chains. This is because of the monoclinic characteristic that silica 

chains are not extending along the y direction. The angle of silica chains with respect 

to the x axis is 123.88°.  
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Figure 7-12 [001] plane in tensile test along the y direction under four stages 

marked in Figure 7-10. 

The yield (stage 2) happens when any silica chain begins to break. As in the 

the uniaxial tension along the x direction, the chain structures are still retained at 

this point and the space between neighboring chains becomes larger than that in the 

bulk cell. As stress increases, the stress drops with more and more silica chain 

breakages occur. According to the atomic structure in stage 4, in which there are 

more chain breakages comparing to the previous stage, it is reasonable to predict 

that the stress will drop to zero when all the silica chains break. Since the force 

applied along the y direction not only stretches the silica chain, but also it tears 

apart the silica chains. This combination leads to a low yield stress around 6.5 GPa. 
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Because of the resistance from the silica chains, the yield strain becomes larger than 

the uniaxial tension in the x direction, with the value of 9% strain.  

The uniaxial tension along the z direction contains water molecules and 

backbone layers. In intuition, water layers might be a weak layer that governs the 

yielding point. However, the atomic observation of deformation leads to an 

unexpected conclusion. The atomic structures of for stages marked in Figure 7-10 

are presented in Figure 7-13. For visualization purpose, except the [010] plane; only 

silica atoms (yellow balls) and water molecules (red ball for Ow and white ball for 

Hw) are shown in the rest of the cell. The curly brackets indicate backbone 

structures. 
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Figure 7-13 Atomic strucrue of tobermorite under uniaxial tension along the z 

direction. (1)-(4) coresponding to four stages marked in Figure 7-10. The 

bracket indicates one backbone structure. 

It can be observed that at yielding point (stage 2), contrary to the common 

intuition, it is the backbone layer that breaks first, and not the interlayer plan 

containing water molecules. Although this breakage is not obvious at this stage, as 

strain increases, this mechanism will be clearer. The intralayer interactions (inside 

the backbone structure) are weaker than the interlayer interactions. The breakage 

of backbone structure is highlighted by red lines in Figure 7-13. This observation is 

consistent with quantum mechanics results conducted by R, Shahsavari, 2010. The 

reason is likely due to strong long-range Columbic interlayer interactions, and the 
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role of bridging interlayer water molecules (water molecules makes hydrogen bond 

to the silica backbone layers). Therefore, water layers are not lubricates in uniaxial 

tension load, rather they are parts of the crystal. The atomic structure of stage (4) 

indicates that the breakage of backbone structure is not the only mechanism 

contributing to the stress drops. In fact, the stress drops are due to several 

concurrent and complex mechanisms involving the breakage inside the backbones 

and separation of neighboring backbones. Eventually, by increasing strain, the 

neighboring silica backbones lose connectivity (as opposed to seemingly weak 

water layers).  

7.4.2.  Tensile and Compressive Triaxial Deformation  

In addition to uniaxial tensile deformation, a triaxial test is also carried out to 

simulate the real situation such as increasing and decreasing external pressure . 

Their stress-strain curves are represented in Figure 7-14 and Figure 7-16 for the 

triaxial tension and compression tests, respectively. The stress is the mean stress of 

the crystal.  

Considering molecular dynamics results of triaxial tension, the structure 

presents a brittle behavior with yield stress of 9 GPa at yield strain of 10%. 

Comparing the triaxial tension test to the uniaxial tension, i.e. Figure 7-10, the yield 

stress and strain both become larger under uniaxial tension load. This phenomenon 

indicates that the structure becomes stronger when tension loads are applied from 

three directions simultaneously.  
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Figure 7-14 Stress-strain curve from triaxial tension test conducted through 

molecular dynamic method (blue) and quantum methanics method (red) (R. 

Shahsavari,2001). 

Following the same strategy as discussed in section 7.4.1, the atomic crystal 

structures under various strains will provide important insights about the weak 

parts and the unit deformation processes governing yielding and failure. Under 

triaxial tension test, we consider strain of 5%, 10%, 20%, and 40%. They are 

corresponding to the elastic deformation regime, yielding point, stress dropping, 

and failure where stress approaches zero. The atomic structures under triaxial 

tension are shown in Figure 7-16.  
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Figure 7-15 Atomic structures of tobermorite supercell at four strain levels 

under triaxial tension test (a) 5% strain representing elastic deformation 

regime, (b) 10% strain representing  yielding point, (c) 20% strain 

representing stres drop, and (d) 40% strain repreenting failure. 

The atomic structures clearly illustrate the weakest part of the crystal: the 

space between neighboring silica chains in the [001] plane. The structure reaches 

yielding point when two neighboring silica chains in the [001] plane begin to lose 

interactions. The same behavior could be identified in uniaxial tension test along the 

x direction. The interactions between neighboring chains in the [001] plane are even 

weaker than the interactions between two single silica chains inside a backbone. By 

monitoring the deformation movie, we could still see the breakage inside backbone 

structure before separation of backbones and water layers.  
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In triaxial compression test, the stress could go very high if we keep 

squeezing atoms together. However, we stop the stress-strain curve at certain limit. 

Here, we consider up to 5% strain with stress around 11 GPa as shown in Figure 7-

16. This is because we must consider the difference between computational 

simulation and real atomic interactions (the simulation can artificially continue to 

large strains). The repulsive term in energy calculation will give finite energy value 

as long as the atoms do not overlap each other. However, in reality, the structure 

should no longer be able to shrink when neighboring backbones, which are 

originally separated by water layer, actually touch each other. The atomic structures 

at 0% and 5% strain are shown in Figure 7-17.  

 

Figure 7-16 Stress-strain curve of triaxial compression test conducted thorugh 

molecular dynamic method (blue). 
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Figure 7-17 Atomic structures of under 0% strain and 5% strain under triaixal 

compression load 

It is found that water molecules begin to get into backbone structure when 

strain reaches around 5%. However, this mechanism deserves further attention and 

study, specially  at room temperature (as opposed to 0 K performed here). However, 

studying the effect of finite temperatures is beyond the scope of this thesis and will 

be a subject of future study.   

7.5. Chapter Summary 

In this chapter, the xy, xz, and yz shear deformations, x, y, and z uniaxial 

tension deformations, and triaxial compression and tension tests are conducted in 

Hamid tobermorite with C/S=1. The atomic-scale deformation mechanisms are 

important “unit processes” that influence many macro scale mechanical properties. 

Stress-strain curves of shear, uniaxial tensile and triaxial deformation tests are 

provided, and atomic configurations at key points of the stress-strain curve are 

presented and analyzed in detail.  
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Shear localization is observed to develop along 45 degree in a zigzag shape in 

the [001] plane, almost parallel to the direction of silica chains. A partial edge 

dislocation is identified after the material goes to the plastic deformation regime. 

The formation and movement of an edge dislocation is a typical unit process for 

plastic deformation. In the xz and yz shear deformation, water molecules response 

quickly to the shear stress, and function as a lubricating layer for the backbone 

structure under shear load. This pattern determines the final plastic stress of  the xz 

and yz shear deformation.  

Uniaxial and triaxial deformation tests yield at the weakest part of 

tobermorite, i.e., the space between neighboring silica chains at [001] plane. The 

uniaxial tension along the z direction presents an interesting conclusion that the 

intralayer interactions is silica chains are weaker than interlayer interactions owing 

to the strong interlayer Columbic interactions and bridging role of interlayer water  

molecules. Furthermore, we find that the crystal is able to sustain more loading 

when undergo triaxial deformations.  

In practice, cement hydration products will experience complicated loading 

including shear, tension, compression, or the combination thereof. Tobermorite is 

one of the hydrates with certain water to cement ratio. The deformation 

mechanisms may change in other hydration products. Our simulation provides a 

basic understanding of deformation of unit processes of tobermorite, including the 

partial edge dislocation, the zigzag displacement development, and the weakest part 

of the crystal. Water layers serve as a lubricating plane controlling plastic 
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deformation under shear load. However, under tensile load, the water molecules 

serve as a gel to help resist the external load. In the next chapter, comprehensive 

conclusions drawn from screw and edge dislocations as well as deformation-based 

mechanisms will be presented. 
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Chapter 8 

Conclusion 

The goal of this thesis was to provide fundamental understandings of the 

basic nanoscale features of defects and deformation mechanisms in cement based 

materials. This was achieved by implementing computational simulation tools to 

investigate screw and edge dislocations as well as deformation-based mechanisms 

in several cement clinker polymorphs and tobermorite. A comprehensive analysis 

based on various approaches provided interesting links between atomic scale and 

macro scale properties, which impacts engineering solutions. This chapter presents 

the key findings, industrial benefits, and conclusions. Future research perspectives 

are proposed at the end.  

8.1. Summary of Conclusions 

Dislocation properties of cement crystals are important for a variety of 

practical problems including hydration, crystal growth, grinding processes, and 
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mechanical properties. This work focused on screw and edge dislocations, as two 

common line defects, which are omnipresent in crystalline materials. 

The heating process to produce cement clinkers is the key source of CO2 

emissions in cement manufacturing. With more and more concerns on 

environmental impacts, belite clinker phases appear as a more eco-friendly raw 

material choice as they requires a lower manufacturing temperature compared to 

alite. Belite is the second clinker ingredient in terms of mass with the main 

drawback of relatively low hydration rate. With the expectation that dislocation 

could serve as the site for water accumulation, various analyses are carried out on 

dislocation properties on clinker phases.  

The clinker grinding is another energy-intensive process in cement industry. 

Atomic deformation mechanisms or dislocation analysis could, at the same time, 

provide important mechanical insight and engineering recommendations for a more 

efficient grinding solutions. The emphasis is put on belite phases for its high 

potential in energy saving.  

The key features and conclusions of this thesis are as follows  

 In the case of screw dislocation, atomic observations in various cement 

clinkers revealed a helical structure with inter- and intra- tetrahedra 

rearrangements. The scale of this re-arrangement largely depends on the 

atomic positions as well as their relative angle to the dislocation line. The core 

displacement field (CDF) not only serves as a checkpoint for a successful 

energy minimization, but also it uncovers the insufficient accuracy of the 
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classical elastic theory for complex, low symmetry cement crystals. This 

drawback was remedied by the use of atomistic simulations. For edge 

dislocation, the CDF plots indicate a clockwise atomic re-arrangement during 

structural optimization. The relatively small re-arrangements during 

relaxation illustrate the good accuracy of elastic theory for edge dislocations in 

cement crystals. 

 According to elastic theory estimations, cement crystals with similar Poisson 

ratios, Burgers vectors, and shear moduli should have similar core formation 

energies. However, our atomistic simulations show that this energy is highly 

dependent on the atomic structure around the dislocation core. The crystals 

with larger formation energies have smaller dislocation core radii. 

 The comparison of core formation energies among different screw dislocation 

orientations enabled the prediction of the most favorable dislocation direction 

in a crystal. The smaller the core formation energy, the easier to generate a 

screw dislocation core. To understand the latter, three orthorhombic 

polymorphs were studied. The most favored screw dislocations are [010] 

dislocation in αH-C2S, [001] dislocation in αL-C2S, and [100] dislocation in β-

C2S. For other monoclinic cases, only screw dislocations perpendicular to 

parallelogram plane were introduced. Belite clinkers based on the core 

formation energy (from the highest to the lowest) are β-C2S, αH-C2S, γ-C2S, αL-

C2S, and α-C2S. For alite clinkers, which are monoclinic, only [001] dislocation 
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is studied, because analytical solutions for elastic estimation is currently 

unavailable.   

 For edge dislocation in belite phases, the core formation energy for the 

smallest Burgers vector is calculated. In αH-C2S, the chain structure restricts 

the generation of edge dislocations. In γ-C2S, a larger space among 

independent tetrahedra units leads to a low core formation energy. The 

ranking for the edge dislocation formation energy (from the highest to the 

lowest) are αH-C2S, αL-C2S, β-C2S, α-C2S, and γ-C2S. 

 Combining the findings from screw and edge dislocations, the formation of a 

line defect in γ-C2S and α-C2S is favorable, and either appears as [100](001) 

edge dislocation or [001] screw dislocation. On the other hand, generating a 

line defect in αH-C2S is difficult. For β-C2S, edge dislocation is preferred to 

screw dislocation.  

 The spreading of arrows in DDM plots shows directions with lower Peierls 

stress, which translates into more mobility of the dislocation, leading to more 

ductility. Therefore, the small arrow expansions in a certain direction indicate 

a brittle behavior, which has less resistant in fracturing. Furthermore, by 

collecting information about Young’s moduli and surface energies, a link 

towards macro scale properties is provided. Dislocations tend to spread 

towards directions with higher Young’s moduli (stiffer directions). Meanwhile, 

the dislocations movement is favored towards directions with larger surface 

energy (i.e. higher Young’s moduli).  
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 Our [001] screw dislocation study on a C-S-H analog, tobermorte, is the first 

attempt to indroduce dislocations to an anisotropic, layered, hydrated oxide 

material. Special strategies are used to deal with tobermorite such as 

recovering and grouping water molecules, as well as relaxing the structure in 

three steps. Although DDM plot gives an eliptic core expansion, this line defect 

in tobermorite still has a low mobility. Because of the fine chain structure, any 

dislocation movement leads to a chain breakage. Furthermore, the large 

Burgers vector results in a comparatively higher core formation energies. 

Therefore, we suggest that a more stable core with a higher mobility is 

expected in other two directions because of the existence of water layers.  

 Finally, with the knowledge obtained from the screw and edge dislocations, we 

identified new deformation-based mechanisms or “unit processes” that appear 

inside the tobermorite crystal during shear, uniaxial tension, and triaxial 

deformations. We identified a partial edge dislocation and a zigzag 

displacement pattern during shear deformation, and the weak silica chain-

chain interactions during tension deformation. We also indentified the 

function of water layers during deformation. Water molecules will serve as 

lubricates controlling plastic deformation in shear deformation, and function 

as gel to help resist uniaxial load along the z direction. These information can 

provide important insight on how to tune and control deformation 

mechanisms for a customized application (e.g. strength, toughness, etc.) 
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8.2. Summary of Industrial Benefits  

With increasing demand for Portland cement due to mega-urbanization and 

constant pressure for reducing energy consumption, cement producers are 

exploring a wide variety of cost-saving manufacturing options. One solution is a 

more efficient grinding of cement clinkers. The electrical energy consumed in 

cement production is approximately 110 kWh/tonne, and around 40% of this 

energy is consumed for clinker grinding (Jankovic et al., 2004). Knowledge of 

dislocations, which affect micro cracking and fracture, can help devise strategies to 

reduce the energy required for grinding cement clinkers. For instance, crystals with 

high Peierls stresses exhibit a brittle behavior, which is desired in fracturing and 

grinding processes.  

Considering Peierls stresses derived from the screw dislocations for alite 

phases, the grinding energy required to fracture the R phase is much smaller than 

M3- and MM- phases. Among belite polymorphs, we found the following ranking 

(from the most favored to the least favored) in grinding: β-C2S, αL-C2S, αH-C2S, γ-

C2S, and α-C2S. In view of Peierls stresses derived from edge dislocations, the 

ranking (from the most favored to the least favored) in grinding is β-C2S, αL-C2S, α-

C2S, γ-C2S, and αH-C2S.  

Therefore, combining the above two ranking sets, the best grinding efficiency 

is found for β-C2S and αL-C2S crystals. These polymorphs have medium range of 

temperature in terms of stability and formation among different belite polymorphs. 

Thus, in order to gain saving in grinding energy, cement manufacturers must start 



 166 

the grinding process at a higher temperature (the window that these polymorphs 

form) during the cooling process from 1500 °C to room temperature. Although, an 

external heat might be needed to keep the temperature of the grinding chamber at a 

certain level such that β-C2S and αL-C2S polymorphs exist, which is around 630-

680°C cement manufacturers can optimize our purposed strategy for the best 

overall savings.  

It is difficult to generate a dislocation in αH-C2S, and a high dislocoation mobility 

shows a ductile behavor. These factors, combined with the high temperature requirement 

for stablity of αH-C2S , imply a less interest for αH-C2S  in term of grinding. Moreover, 

our study indicates that β-C2S and α-C2S better proceed in hydration kinetics 

comparing to other belite clinkers as introduced in chapter 2. Overall, our results 

show that β-C2S deserves the most attention for its potential advanced performance 

in manufacturing, grinding, as well as hydration processes. Lastly, if the grinding 

process can be controlled along a certain direction in cement crystal (perhaps in the 

future), our study provides quantitative information on the preferred directions for 

fracture and grinding. 

8.3. Future Research Perspectives 

All molecular dynamic simulations carried out in this work are in 0 K. 

Although no actual dislocation movement is studied in this thesis, it is important to 

explore the influence of temperature or thermally activated processes to the 

atomistic deformation mechanisms. This is because cement linkers and cement 
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hydration products can experience various stages in the manufacturing process 

with a variety of temperature conditions, the dislocation core structures and 

properties may change accordingly.  

Since analytical solutions are not currently fully available for dislocation 

displacement fields in monoclinic and triclinic crystals, the [100] and [010] screw 

dislocations are therefore not introduced. In the future, numerical methods must be 

implemented to obtain elastic estimations for monoclinic or triclinic crystals, and 

provide holistic information about dislocation structures and core formation 

energies along different directions.  

The Peierls stress calculated in this work is based on the formula derived 

from P-N model. A further study based on “dislocation dynamic” simulation is 

needed for a more accurate value of Peierls stress, which can provide more refined 

data on grinding solutions. Dislocation dynamic will also reveal valuable 

information about basic mechanisms of the deformation processes in cement 

hydration products.  

Our study on screw and edge deformation mechanisms can be extended to 

explore several other deformation-based mechanism or “unit processes”, which are 

critical in mechanics of complex, cementitious materials. Akin to shearband in 

metallic glasses or generic dislocations in polycrystalline systems, the knowledge of 

unit processes can open up several possibilities to understand, control and design 

novel cementitious materials with unprecedented properties.
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Nowadays, the most critical issues for a sustainable development of concrete 

as the backbone material for infrastructure system are to address the CO2 footprint 

and to reduce energy consumption during cement manufacturing. One novel 

approach is based on a bottom-up approach to generate a fresh viewpoint on 

cement crystals. In addition to the investigating the dislocation on clinker phases 

and tobermorite, there are other interesting topics worth future studies such as the 

modifications to clinker formulation to accelerate or delay the dissolution reaction; 

unravel the mechanisms on how the C-S-H gel is formed using Molecular Dynamic 

and Monte Carlo simulations; Understanding the complex processes such as setting, 

creep, and shrinkage. Along with computation simulation, future works should also 

include the validity of the results and their transferability to real conditions.  
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Appendix A 

Core displacement fields (CDF) for γ-C2S, β-C2S, αL-C2S, α-C2S, M3-C3S, 

MM-C3S, and R-C3S. 

In adddition to CDF plot of αH-C2S shown in Figure 5-3, we present CDF plots 

for all the tests we have. For two more orthorhombic clinker phases αL-C2S and γ-

C2S, we present the CDF of three muturally perpendicular dislocations in Figure A1 

and A2. CDF for other monoclinic phases with dislocation line perpendicular to the 

parallelogram plane are shown in Figure A3, α-C2S and β-C2S, and Figure A4, M3-

C3S, MM-C3S and R-C3S. Pink circles represent movements of  oxygen atoms, blue 

circles are for calcium atoms, and balck circles are for silicate atoms. 

 

Figure A- 1 Core displacement field (CDF) of αL-C2S with [001], [010], and 

[001] dislocations. Pink, blue, and black circles represent movements of  

oxygen, calcium, and silicate atoms. 
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Figure A- 2 Core displacement field (CDF) of γ-C2S with [001], [010], and [001] 

dislocations. Pink, blue, and black circles represent movements of  oxygen, 

calcium, and silicate atoms. 

 

Figure A- 3 Core displacement field (CDF) of α-C2S and β-C2S with [001] 

dislocations. Pink, blue, and black circles represent movements of  oxygen, 

calcium, and silicate atoms.  
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Figure A- 4 Core displacement field (CDF) of M3-C3S, MM-C3S and R-C3S with 

[001] dislocations. Pink, blue, and black circles represent movements of  

oxygen, calcium, and silicate atoms. 

 


