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ABSTRACT 

Deformation Mechanisms of Cement-Based Materials: Atomistic 

Simulation of Screw Dislocations, Global/Local Deformations and 

Heat/Radiation-Induced Damage 

by 

Lei Tao 

Cement is the most widely used material in the world. Billions of tons of cement 

are consumed every year. Since cement manufacturing is one of the most carbon dioxide 

intensive industries, the high cement consumption becomes a serious problem. The 

demand for lower cement consumption and more reliable infrastructure requires 

development of high performance cementitious materials. With the advent of 

nanotechnology and emerging advanced computational tools, it is now possible to 

fundamentally understand and change the mechanics of cement-based materials from 

the nano scale up, providing key design guidelines for experiments.  

The main focus of this thesis is on the behavior of cement hydrate product, 

calcium silicate hydrate (C-S-H), and its hybrid derivative, Hexagonal Boron 

Nitride/C-S-H composite. C-S-H is the main source of strength and durability in all 

Portland cement concretes. Having a deeper understanding of the mechanical properties 

and deformation mechanisms of C-S-H is the basis for the development of new 

cementitious materials. Using molecular dynamics (MD) simulation, C-S-H is modeled 

by the layered tobermorite structure - a mineral analog of C-S-H.  
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First, screw dislocations are simulated to evaluate the dislocations‟ effect on the 

plastic deformation of C-S-H. The screw dislocations with different Peierls stress are 

identified, with which the plastic deformation of cement can be modulated. Next, by 

comparing various global deformations (e.g. shear, compression and tension) and a local 

deformation (e.g. nano-indentation), it is found that the global deformations lead to 

size-independent mechanical properties while the local deformation results in 

size-dependent mechanical properties at the nanometer scales. Three key mechanisms 

govern the deformation and thus mechanics of the layered C-S-H: diffusive-controlled 

deformation mechanism, displacive-controlled deformation mechanism, and local phase 

transformations with strain gradient. Together, these elaborately classified mechanisms 

provide deep fundamental understanding and new insights on the relationship between 

the macro-scale mechanical properties and underlying molecular deformations, providing 

new opportunities to control and tune the mechanics of layered crystals and other 

complex materials such as glassy C-S-H, natural composite structures, and manmade 

laminated structures.  

Finally, a hexagonal boron nitride (h-BN) reinforced cement is investigated for its 

high thermal and radiation-resistance. The rapid development of nuclear power plants 

(NPP) all over the world requires more advanced cementitious materials for radiation 

shielding and safety protection. Because of h-BN‟s exceptional hardness, high thermal 

conductivity, and high neutron absorbing efficiency, the h-BN/C-S-H composite 

possesses higher strength, thermal tolerance and radiation-resistance. The radiation 

damage of h-BN, C-S-H, and h-BN/C-S-H composite are examined through a series of 

radiation cascade simulations. By assessing their strength degradation under different 
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radiation dosages and temperatures, h-BN is found to help preserve more residual 

strength under extreme heat and radiation conditions. The proposed “thermal-radiation 

shock maps”, akin to thermal shock maps, for the first time uncovers the coupled effect 

of radiation and temperature on the strength of the structures, guiding science-based 

engineering of NPP concretes. This dissertation establishes a comprehensive 

understanding of cementitious materials at the atomic scale, providing fundamental 

understanding and guiding hypotheses for modern engineering of high performance 

cement-based materials.  
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Chapter 1 

 

 

Introduction 

1.1. Industrial Context 

High performance cementitious material is the fundamental of the sustainable 

concrete infrastructure which consumes billions of tons of cement every year. According 

to Smil in his “Making the Modern World”
1
, the cement consumption in US was about 3 

megatons in 1900, and increasing to a peak value of 128.25 megatons in 2005. From 

1980s, China and other asian countries drive the global cement consumption. In 2010, 

China and India produce 1.88 gigatons and 240 megatons of cement, respectively. It‟s 

estimated that between 1945~2010, around 60 gigatons of cement were produced 

worldwide, making about 500 gigatons of concrete. As the consumption of concrete has 

increased to a magnitude of gigatons every year, another big problem attracts people‟s 

attention: CO2 emissions related to cement industry.  Cement manufacturing releases 

CO2 when heating the calcium carbonate. Nowadays about 5% of global man-made CO2 

emissions is from cement industry, either form chemical process or fuel burning. The 
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demand of high performance and low CO2 emission requires a full understanding of 

cement paste, which is realized to have a complex structure, though.  

Currently there is no dispute in the conclusion “concrete is the single most widely 

used material in the world”. People‟s effort to dramatically improve concrete‟s properties 

has never stopped, and the composition and morphology of hydration products is realized 

to be critical. It‟s expected that the properties of concrete are fundamentally changed at 

nano scale
2
.   

1.2. Research Motivation 

Although cement is the most popular building material in the world, its 

deformation and failure mechanism at atomic scale remain unclear due to the complexity 

of the components. Experimentally, cement hydrate is found to be semi-disordered 

compounds with a variable stoichiometry represented as C-S-H (Calcium silicate hydrate) 

which is primarily responsible for the strength in cementitious materials. Understanding 

how intrinsic atomic interactions like defects, deformations, and hybrid interplay with 

other additives affect the mechanical property and safety of concrete is the goal of this 

study. Exploring the atomic behavior pattern of cement hydrate will show us the nature of 

its properties, making it possible to develop an environmental-friendly, and high 

performance concrete. The environmental-friendly goal comes from the fact that 

increasing the average strength of concrete would allow reducing the dimensions of 

structural members, leading to less usage of the material. Because the CO2 footprint of 

concrete is currently 5% of the total CO2 emissions worldwide, an effort of mitigating the 

environmental footprint of concrete is of much significance. The high performance goal, 
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on the other hand, is the key for the usage of cement under extreme conditions such as 

oil-well cementing, nuclear containment, off-shore practice, etc. where high-pressure, 

high-temperature, high-radiation, high-erosion challenge the material harshly. 

1.3. Research Objective 

To understand the behavior of cement at atomic scale, cement hydration product 

calcium silicate hydrate (C-S-H) is simulated with molecular dynamics (MD) technique. 

The major objectives of this dissertation are: 

Objective 1: Characterize screw dislocations in C-S-H so that the effect of such 

defect on the mechanical property of cement is decoded. Different dislocation line and 

slip plane are compared to find out the favorable ones. The Peierls stress is an important 

parameter to be quantified in order to assess the role of a dislocation. MD Simulation is 

able to model a stable atomic configuration of screw dislocations that can only be 

approximated by elastic theory.     

Objective 2: Understand the deformation mechanisms controlling the behavior of 

the layered C-S-H model. Global deformations (tension, compression, shear) and local 

deformations (nano-indentation) relate to distinct mechanisms. Size effect at nano scale 

for C-S-H is to be tested and verified. Modulating the mechanical property of cement at 

nano scale is only possible if its deformation mechanisms are fully understood.   

Objective 3: Understanding the radiation-resistance of a nano material reinforced 

cement composite: h-BN/C-S-H composite. Thermal-radiation shock maps are desired to 

understand the effect of radiation and temperature on the strength of the material. When 
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the strength degradation is quantified for C-S-H and h-BN/C-S-H composite, the function 

of h-BN can be revealed.   

1.4. Industrial and Scientific Benefits 

The purpose of this study is to understand the behavior of cement at atomic level 

so that the development of high performance cement can be facilitated with nano 

technology. After achieving this goal, there are many benefits appearing: 

● Understanding the deformation mechanisms is the basis for performance 

improvement of cement. A high performance, environmental-friendly 

concrete results in a more extensive application of the material and lower 

CO2 emission to the environment. Based on this study, a continuous 

development of atomic simulation for cement material is expected, which is 

an important supplement of typical theoretical and experimental studies.   

● This study is a good reference for the use of nano technology in cement 

industry. Nano technology is believed to be a game changer for traditional 

cement material. The composite of nano material with cement modulate the 

material at atomic scale. Ultra-high or multi-functional cementitious materials 

are expected for cement industry.  

● The proposed thermal-radiation shock maps for C-S-H and h-BN/C-S-H have 

practical values in nuclear industry. Strength degradation is difficult to 

evaluate for cement material, but the map of strength vs. radiation and 

temperature provides an estimation of the material‟s resistance. The 
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optimization and development of the new composite for radiation resistance 

are convenient when simulation and experiment are correlated and promoted 

together.   

1.5. Dissertation Outline 

To address the aforementioned objectives, this dissertation is planned with nine 

chapters in four parts.  

Part I is the general introduction of research motivation and objectives.  

Part II introduces the model and method related to the study.  

● Chapter 2 reviews the studies for cement, especially the cement paste at 

atomic scale. Previous experimental observations, simulation studies, and 

models of C-S-H are discussed. 

● Chapter 3 reviews the theories of screw dislocations, deformation 

mechanisms, and heat/radiation-induced damage, which are the foundation of 

this simulation study of C-S-H, h-BN, and h-BN/C-S-H composite.  

● Chapter 4 briefly presents the principles and concepts of MD simulation, with 

which the investigation of cement at atomic level is performed in this 

dissertation.  

Part III focuses on the deformation mechanisms of C-S-H.   

● Chapter 5 models screw dislocations in a tobermorite model. Different screw 
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dislocations are characterized to evaluate their effect on the plastic 

deformation of C-S-H. 

● Chapter 6 applies global deformations including tension, compression, and 

shear to the tobermorite model. Two deformation mechanisms are revealed 

based on the damage of the layer in tobermorite. 

● Chapter 7 simulates a local deformation for tobermorite via nano-indentation. 

Size effect and phase transformation are demonstrated for C-S-H at nano 

scale.  

Part IV concentrates on thermal/radiation resistance of the cement and cement 

based material. The thermal/radiation resistance is evaluated in terms of the residual 

strength of the structures. Thermal-radiation shock maps are proposed to quantify the 

strength degradation due to radiation and temperature.   

● Chapter 8 simulates the thermal/radiation performance of C-S-H. The 

strength degradation of C-S-H is controlled by the amorphization of the 

structure.   

● Chapter 9 analyzes the radiation damage and strength degradation of bulk 

h-BN alone. The strength of radiated h-BN is controlled by a vulnerable 

region induced by radiation cascade. 

● Chapter 10 investigates the hybrid h-BN/tobermorite for its thermal/radiation 

resistance. The h-BN‟s restraining radiation damage and local amorphization 

of C-S-H are revealed through simulation. Higher residue strength of the 
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composite under thermal/radiation effect is revealed.  

Part V is the summary of the dissertation.   

● Chapter 11 summarizes the findings of the study and indicates several future 

research opportunities. 
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Chapter 2 

 

 

Cement Paste 

Cement hydrate is a complex system. The simulation of cement material is limited 

to its certain compositions. Calcium silicate hydrates (C-S-H) is the subject of this study 

since it is the most important hydration production of cement. The source, structure, and 

atomic model of C-S-H at small scale are introduced in this chapter. In addition to atomic 

model, the inter-atomic interaction is necessary in simulation, too. Proper model and 

force field are fundamental to the simulation study. At nano-scale, newly developed 

cement involves adjusting the cement paste using nano-technology. Nanomaterials mixed 

cement has higher strength and performance. The development of the new cement-based 

material includes the use of hexagonal boron nitride (h-BN). This is the topic discussed in 

part IV. In this chapter, a general background of the next-generation cement is also 

presented.   
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2.1. Introduction of Cement Paste 

Cement is wildly used all over the world as the most important construction 

material. Since the development of Portland cement in the mid 19 century, the basic 

composition calcium silicate is hardly altered, although many attempts have been tried to 

make improvement. Cement hydrate product – calcium silicate hydrates (C-S-H) is found 

to be the key of the material.  

In the hydration process of Portland cement, the starting compounds are the 

composition of cement. The major ones are: tricalcium silicate (alite C3S), dicalcium 

silicate (belite C2S), tricalcium aluminate (C3A), etc. These three constitute most part of 

the Partland clinker. The calcium silicate hydrates come from the reaction of alite 

hydration and belite hydration. Because cement paste is a complex mixing with multiple 

components, the produced cement hydrate also shows a complex, multi-scale feature. At 

macro scale of above millimeters, cement hydrate performs as a homogeneous material. It 

processes bulk physical properties and structural characteristics as other continuum 

materials. Down to micro scale of micrometers, cement hydrate displays a clear 

heterogeneity (Figure 2.1). C-S-H constitutes more than 60% of all the cement hydration 

products, and the amorphous shapes of C-S-H include needles, foils, honey-comb, flakes 

and unshaped grains
3
. With further aging process, C-S-H converts to a variety of hydrated 

calcium silicates.  

The chemistry notation in C-S-H stands for: C=CaO, S=SiO2, H=H2O. The 

hyphenated expression means different combination of C, S, and H, namely a 

nonstoichiometric compound. For example, the hydration product of alite and belite is 



16 
 

C3S2H3. Although we already know that C-S-H is the main source of strength and 

durability in all Portland cement concretes, its structure at nano-scale still remains 

unresolved. Limited information is available with experimental means. The Ca/Si ratio is 

found to be around 0.6~2.3, and it is widely accepted that C-S-H has a layered structure 

similar to that of tobermorite, jennite, gyrolite, etc. They are all belonging to C-S-H 

mineral family, but their atomic structures are different. 

 

Figure 2.1 – SEM image of concrete showing the C-S-H composition4.  

2.1.1. Tobermorite 

The tobermorite is one of the crystalline minerals that are similar in composition 

to C-S-H as the binder phase of concrete and the main source of the mechanical 

properties and durability
5-6

. C-S-H‟s chemical composition and structure are intensely 

studied for many years
3, 7-14

. Pellenq etc.
11

 proposed a C-S-H molecular model based on 

information from experimental measurements. Their model is able to predict C-S-H‟s 
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essential structural features and mechanical properties consistent with experiment results. 

But the variable stoichiometry of C-S-H together with its structural disorder and 

complexity make it difficult to determine a representative model of C-S-H. High 

resolution transmission electron microscopy (TEM) observations show that C-S-H gels 

contain tobermorite-like structure
15-18

. So tobermorite is always served as a mineral 

analog to investigate C-S-H.  

 

Figure 2.2 – TEM images of C-S-H whose layered structure is similar to 

tobermorite19-20. 

 Tobermorite groups are layered structure and can be classified based on their 

different basal spacing as 9.3 Å, 11.3 Å and 14 Å which are usually referred to as 9 Å, 11 

Å and 14 Å 
21

. Figure 2.3 shows the atomic structure of 11 Å tobermorite 
22

 investigated 

in this work. The unit cell of 11 Å tobermorite (Ca12Si12O36.4H2O with Ca/Si=1.0) 

contains 72 atoms and is shown in Figure 2.3a. It has a monoclinic structure and the 

lattice parameters are: a=6.69 Å, b=7.39 Å, c=22.779 Å and γ=123.49
o
 
22

. 
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Figure 2.3 – Atomic structure of 11 Å tobermorite investigated in this work. It 

shows a clear layered structure with backbone of Silicon-Oxygen tetrahedron. 

(a) the unit cell of tobermorite. (b) xz plane of tobermorite supercell. (c) 

Silicon-Oxygen tetrahedron. (d) Tetrahedron chain along [010]. (e) 

Tetrahedron layer along z axis. 

2.1.1.1. Merlino Structure 

Merlino type tobermorite has the same silica chain structure. The interlayer space 

is occupied by water molecular and Ca cations, with basal spacing as 9 Å, 11 Å and 14 Å. 

The major difference in Merlino type tobermorite is a head to head connection of 

bridging tetrahedral, with an ionocovalent Si-O-Si bond formed to create a ring-type 

structure along the chains. Normally the bridging tetrahedra at most share an oxygen with 

the interlayer calcium ions. The new formed Si-O-Si bond changes the 2D layered 

structure with single silica chain to a 3D network with silica rings. This new double silica 

chain structure happens at Merlino tobermorite 11 Å, which also serves as the alternative 
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model of C-S-H in this work. 

2.1.1.2. Hamid Structure 

Hamid tobermorite has a interlayer distance of 11 Å. Unlike Merlino type 

tobermorite‟s double chain structure, Hamid tobermorite is made up with single silica 

chain only. However, Hamid tobermorite has variable Ca/Si from 0.68 to 0.8 to 1. The 

changing is realized by adding calcium cations in the interlayer distance. But the addition 

of one calcium should be accompanied by the removal of two protons in order to 

maintain an electrically neutral structure.  

2.1.2. C-S-H Ensemble Model 

The mineral structures mentioned above are analogous to C-S-H‟s structure to 

some extent, based on which a more realistic model for C-S-H is proposed
23

. Following a 

carefully designed procedure, an ensemble of C-S-H model is created to represent the 

amorphous C-S-H gel. Seven steps of atomistic-scale simulations are involved in the 

model creation. 1. Creating a supercell using Hamid tobermorite 11 Å, of which the 

silicate chains are infinite without any defect. 2. Removing interlayer water molecules. 3. 

Breaking the silica chain by randomly removing SiO2 groups. The Ca/Si ratio is increased 

correspondingly. 4. Adding water molecules back to the structure using a Grand 

Canonical Monte Carlo method. 5. Having water molecules react with calcium and the 

silica groups using the ReaxFF potential. 6. Identifying types of oxygen, hydrogen and 

calcium atoms for the use of the non-reactive potential, CSH-FF. 7. Annealing the 

structure by lowering the temperature from 500 to 300 K with CSH-FF potential. After 

this procedure, an ensemble of C-S-H is available for simulation study. The use of this 
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C-S-H ensemble model is of much complexity, and the great simulation workload is too 

computationally expensive. So the ensemble model is not employed in this study. 

 

Figure 2.4 – The eight stages to construct a realistic C-S-H model 23. 

2.1.3. Force-Field of C-S-H Model 

With the great development of simulation technique, several force fields are 

adopted or adjusted for the computational modeling of cementitious material. The 

accepted force fields include ClayFF, ReaxFF, CSH-FF, etc.   

2.1.3.1. ClayFF 

ClayFF
24

 is a wildly accepted force field for the simulation of hydrated crystalline 

compounds. It describes a non-bonded metal-oxygen interaction. Atoms are considered as 



21 
 

point charges having a complete translational freedom. ClayFF uses the flexible simple 

point charge (SPC) to represent water molecules. All the atom interactions are defined by 

12-6 Lennard-Jones potential and Coulomb interactions. Bond and angle are defined 

using harmonic terms for water molecules, and hydroxyls, etc. There is no other bond 

interactions defined in the force field.  

2.1.3.2. ReaxFF 

ReaxFF is a reactive force field which can be used for inorganic materials. It 

consists of several energy terms describing interatomic interactions. Among which there 

are two-body bonding energy, three-body angular energy, and four body torsion energy. 

Instead of using constant functions to define bonding interactions, ReaxFF uses 

bond-order dependent continuous functions to represent the electron density between two 

atoms. The bond-order is computed at each step so that bond forming and breaking are 

allowed in ReaxFF. Also the atomic charges are computed at each step with an 

electronegativity equalization method (EEM). These features entitle ReaxFF an ability to 

simulate chemical reactions. So it is proper to use if chemical reactions are expected in 

the simulation. The parameterization of ReaxFF for Si/Ca/O/H is available to study the 

C-S-H or other oxide. ReaxFF is much expensive computationally compared to other 

non-bonded potentials.   

2.1.3.3. CSH-FF 

CSH-FF is developed especially for hydrated calico-silicates based on ClayFF. 

The development of ClayFF is only based on the structural data. Its ability to predict 

higher order properties such as elastic constants was not satisfactory. Using DFT 
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calculations, Rouzbeh Shahsavari etc.
25

 improved ClayFF into a new set of force filed 

parameter CSH-FF. Compared to ReaxFF, The CSH-FF was fitted using both structural 

and elasticity data. It predicts well both structural data and elastic constants of C-S-H. 

In the development of C-S-H, the Mulliken scheme was used to calculate partial 

charges. The quantum-derived atomic or ionic charges were used as fitting parameters in 

force field potential determination. The potential fitting procedure indicated very 

different Coulombic energy compared to ClayFF. Since both structural data and elastic 

constants were targeted, the fitting data from DFT calculations included the cell 

parameters, the bulk and shear moduli and the entire elastic tensor of tobermorite 11 Å. 

The quality of the fitting was verified for both structural and elasticity data. The 

parameters for CSH-FF are listed in Tables 2.1 and 2.2. In this study, CSH-FF is adopted 

for C-S-H models. 

Species Charge ( ̅) 
Water hydrogen (Hw) 0.41 

Water oxygen (Ow) ‒0.82 

Oxygen (formally carrying a H atom) (Oh) ‒1.0 

Bridging oxygen (O) ‒1.14 

Silicon (Si) 1.72 

Calcium (Ca) 1.43 

Interlayer Calcium (Cw) 1.70 

Hydrogen (H) 0.29 

Table 2.1 – Partial charges for the CSH-FF force field26. 
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i j Dij(eV) Rij(Å) 
Ca O 3.77E-05 4.898 

Ca Oh 3.06E-05 6.125 

Cw O 6.33E-05 4.898 

Cw Oh 4.51E-05 4.9866 

Si O 2.43E-05 3.6716 

Si Oh 2.58E-05 3.6627 

O O 5.39E-02 3.0687 

Oh Oh 2.68E-03 3.8652 

O Oh 1.98E-03 4.0654 

Si Ow 2.30E-05 3.6298 

Ca Ow 3.80E-05 4.898 

Cw Ow 2.62E-05 5.0168 

O Ow 2.28E-04 4.7557 

Oh Ow 3.78E-02 3.2513 

Table 2.2 – Non-bonded parameters for different interaction in CSH-FF. D and 

R are empirical Lennard-Jones parameters as symbolized in original ClayFF 

model. 

2.2. Development of High Performance Cement 

Although cement is being used in huge quantities, it mechanical property and 

durability are still not meeting the increasing high demand. The pressure of CO2 

emissions also promotes the development of the next-generation cement in the industry. 

Nanotechnology is a feasible solution for high performance cementitious material. 

Significant improvement can be achieved in terms of mechanical properties, durability, 

CO2 emissions when hybrid with nanomaterials like nanoparticles, nanofibers, and 

nanofoils. Hundreds of studies and patents are available regarding the application of 

nanotechnology in cement industry, especially for Portland cement
27

.  

First, nanomaterials help accelerating the hydration process of cement
28

. The 

hydrate product precipitates if hydration seeds form in the dissolution–precipitation 
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process of cement
29

. The nanomaterials‟ small sizes make them suitable as hydration 

seeds, around which C-S-H gel forms in the precipitation process. So hydration process is 

accelerated by the existence of nanomaterials
30

. Specifically, nano-SiO2 is one of these 

nanomaterials. Conventional micro-silica is replaced by nano-SiO2 more and more. More 

than one third of cement content can be reduced when nano-SiO2 is added as a concrete 

mix. On one hand, the ultra-fine nature of nano-SiO2 lowers the porosity and increases 

the mechanical property of cement hydrates. On the other hand, the reduced usage of 

cement is environmental friendly as the CO2 emission is lowered. Other nanoparticles 

used in cementitious material also include nano-aluminum, nano-clay, or nano-titania. 

High strength, corrosion resistance, thermal resistance, or crack resistance can be 

achieved by the use of nanoparticles.  

Second, nanomaterials can fill up pores in cement hydrates. Pores serve as weak 

regions controlling the performance of cementitious material. The small nanomaterials 

fill in the pores and result in a more compact system. Strength reinforcement is one 

benefit, and equally important, the durability becomes better since the dense system is 

more resistant to external environment.  

Third, nanomaterials hybrid with cement bring new composite materials. Carbon 

nanotubes and nanofibers are used to reinforce cementitious materials. The elastic 

modulus and tensile strength of carbon nanotubes are several orders of magnitude higher 

than cement hydrates. This ultra-strength enhances the mechanical property and delays 

the crack propagation of cementitious material. Also, the chemical and electronic 

properties of carbon nanotubes enable the cement to be a smart material, such as 

self-sensing
31-32

.  
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Lastly, nanofoils can also be incorporated into cement to produce new composites. 

Mohammad A. Rafiee et al. synthesized multifunctional cement composites with 

hexagonal boron nitride (h-BN) and graphite oxide (GO)
33

 (Figure 2.5). With a very low 

weight percent around 1%, the h-BN and GO increased the strength and toughness of the 

cement significantly. In Chapter 10, a simulation study of the h-BN/cement composite is 

carried out, which hasn‟t been done so far by others, despite the available experimental 

studies.  

 

Figure 2.5 – SEM image of the 1.0 wt% BN concrete composite showing the 

poll-out of BN sheet from the cement matrix33. 

2.3. Chapter Summary 

Among the multiple components of cement paste, C-S-H is the main source of 

strength in all Portland cement concretes. Tobermorite structure is a crystalline mineral 

analog of C-S-H. The layered tobermorite structure serves as the model in the simulation 

of C-S-H. The unit cell of tobermorite is a monoclinic structure and its backbone is made 

of silica chain. When describing the inter-atomic interactions for the model, CSH-FF is 

employed in the simulation since CSH-FF is specifically developed for C-S-H. CSH-FF 
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is able to predict both structural data and elastic constants of C-S-H. The use of 

tobermorite structure and CSH-FF force field allow for appropriate MD simulations of 

C-S-H. At nano scale, experimental studies have developed new cement material with 

nanomaterials including nanoparticles, nanofibers, and nanofoils. This inspires the 

simulation studies of the cement-based material for their properties. Among the newly 

developed next-generation cement, h-BN reinforced cement is the one to be simulated in 

part IV.  
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Chapter 3 

 

 

Theories of Screw Dislocations, 

Deformation Mechanism, and 

Heat/Radiation-induced Damage 

Focusing on the C-S-H model, different properties are investigated, including 

screw dislocations, deformation mechanisms, and thermal/radiation resistance of the 

material. In this chapter, general introductions are provided for these different issues. 

Theories and methods presented in this chapter are the basis of this simulation study of 

C-S-H. In part III and IV, screw dislocations, deformation mechanisms and 

thermal/radiation resistance of C-S-H will be discussed in detail one by one.  

3.1. Introduction to Dislocations 

The structure of the crystalline material contains imperfections most of the time. 

The imperfections can be classified into different types of defects, which often control a 

material‟s properties including thermal, optical, and mechanical properties. In terms of 
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mechanical properties, a super high strength is predicted for perfect materials. The actual 

strength which is much lower than the ideal strength can only be explained by the defect 

theory. The classified defects according to their dimensions include: point defect, line 

defect, interfacial defect, and volume defect
34

.      

Line defects are one-dimensional dislocations along which atoms are misaligned. 

Dislocations‟ movement during stress controls the plastic deformation of the material. 

Edge and screw dislocations are two types of dislocations identified in materials. 

Actually the combination of the two- “mixed dislocation”- occurs more common in 

materials. Figure 3.1 illustrates the atomic diagram of edge and screw dislocations. 

Figure 3.1 shows the generation of edge and screw dislocations through shearing. In edge 

dislocation, an extra half-plane of atoms is introduced if the shearing direction is 

perpendicular to the dislocation line AB (Figure 3.1b). When a force is applied along the 

Burgers vector b→from one side of the structure, the extra plane passes through the whole 

structure. The Burgers vector b→and dislocation line AB are two important definitions. 

Dislocation line restricts the location of dislocation and Burgers vector describes the 

magnitude and direction of the distortion. Burgers vector is perpendicular to the 

dislocation line in edge dislocations. While in screw dislocations, the Burgers vector is 

parallel to the dislocation line (Figure 3.1c). 
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Figure 3.1 –(a) Schematic diagram of perfect structure. (b) atomic strucure of 

edge dislocation. (c) atomic strucure of screw dislocaiton34.  

The experimental observations prove the existence of dislocations in many 

materials. The theory of dislocation is also proven correct. The direct observation and 

study of dislocations are ascribed to the development of experimental technique. 

Transmission electron microscopy (TEM) is the most important method for observing 

dislocations. A foil of materials containing dislocations is seen transparent under TEM‟s 

electron scan. But the irregularity in the atomic structure due to dislocations causes 

diffractions of TEM‟s electron beam. So the dislocations line in materials become visible 

as dark lines through TEM.  

Dislocations‟ behavior is particularly associated with the plastic deformation of 

materials. Dislocations movements and interactions take place during the material 
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deformation. When edge dislocations pass through the lattice, one portion of the material 

is shifted a distance of the Burgers vector, relative to the other portion of the material. For 

a specific shear deformation generated by a positive edge dislocation, it can also be 

generated by a negative edge dislocation moving in opposite directions. For edge 

dislocations, the shear direction is same as the dislocation movement direction
34

. Screw 

dislocations function similar to the edge dislocations, but the shear directions is 

perpendicular to the dislocation movement direction. A slip plane is identified in which 

dislocations move. The dislocation loop plane coincides with the slip plane since the 

dislocation loop may expand along the plane until barriers stop the motion. Shears 

accumulate during the expansion of a dislocation loop, causing a significant plastic 

deformation in materials.  

Dislocations are not just observed, it is also possible to control the growth or 

configuration of dislocation so that the performance of a material can be modulated. For 

example, in a study of GaN, changing flux composition is able to control the dislocation 

density and growth of GaN
35

. Increasing the Ga composition in the flux, dislocation 

density is reduced from 10
8
~10

9
 to 10

4
~10

5
 cm

-2
. In a study of brittle ceramic crystals – 

sapphire, a two-stage deformation technique plus heat-treatment can control the density 

of dislocations and introduce unidirectional dislocations in sapphire
36

.  

The study of dislocations for other material inspires us to characterize the 

dislocations in cement. In the cement clinkers like alite
37

 and belite
38

, experimental 

evidences of dislocations are available and simulation studies have been conducted by 

our group
39-41

. Dislocations are also considered to be playing an important role in the 

hydration process of cement. They are believed to act as a mechanism of crystal growth 
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during the crystallization of cement hydrates
42-43

. Furthermore, dislocations are believed 

to have effects on the dissolution process of cement
44

 and the interaction between organic 

modifiers and cement. Adding grinding modifiers is beneficial to the performance of 

cement, when they promote the mechano-chemical activation of cement by developing 

highly reactive dislocation sites
45

. Therefore, the generation and control of favorite 

dislocations would be an effective way to modulate the property of cement. Detailed 

characterization of screw dislocations in C-S-H would be presented in chapter 5.    

3.2. Introduction to Deformation Mechanisms 

In last section, basic dislocation theory has been introduced. As a preparation for 

the studies of the deformation mechanisms of C-S-H, introductions are provided here in 

terms of deformation mechanisms for different materials. It is expected that due to the 

pseudo-crystalline feature of C-S-H, its deformation mechanisms are not exactly same as 

other crystalline or amorphous materials. But the lessons learned from other materials 

could assist the investigation of C-S-H. 

3.2.1. Deformation Mechanisms of Crystalline Systems 

Dislocation-based deformation mechanisms are investigated thoroughly for many 

year
46

. Plastic deformations of crystalline materials are mostly related to dislocations. 

Dislocation density increases with plastic deformation. The sources of dislocation 

formation include surface, precipitates, homogeneous nucleation in perfect crystals, grain 

boundary and other interfaces, etc. The dislocation nucleation itself controls the 

mechanical properties of materials. Lu, N. et al.
47

 observe the dislocation nucleation and 
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demonstrate the direct relationship between the microscopic dislocation activities and 

macroscopic mechanical properties in copper. They use in situ transmission electron 

microscopy to observe the dislocation nucleation on the twin boundaries (TB) or twin 

boundary/grain boundary (GB) junctions. The transition of the two dislocation nucleation 

locations corresponds to the local stress concentrations. Under a stress, the creation and 

movement of dislocations control the behavior of the material. Not only the formation of 

dislocations is demonstrated to relate with the mechanical properties of metallic materials, 

the exhaustion of dislocation is also proven to control the mechanical hardening 

phenomena in crystals. Shan, Z. W., et al. 
48

 observe the dislocation exhaustion due to 

mechanical stress through a in situ nano-compression experiment. The measured stress 

values are correlated with discrete plastic events. They test submicrometre nickel pillar 

structures containing a high initial dislocation density. The pillar structure becomes 

dislocation free after mechanical stress is applied. Then its mechanical behavior is 

changed to display a hardening phenomenon.  

Despite direct experimental observations, simulation studies for these dislocation 

phenomena are also well performed for metals. For example, Li, Xiaoyan, et al. 
49

 

simulate the dislocation nucleation and pile-up. By MD simulation, the plenty of 

dislocation nucleation sites and the confined dislocation motion are revealed to affect the 

strength of nano-twinned metals. And the motions of partial dislocations are found 

parallel to the twin planes. 

3.2.2. Deformation Mechanisms of Amorphous Systems 

In addition to crystalline metals, the studies for metallic glasses discover more 
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deformation mechanisms for a totally different structure – amorphous system
50

. 

Compared to crystalline system, the amorphousness makes it hard to understand the 

deformation clearly. The amorphous metals manifest a higher strength sometimes and 

exhibits interesting properties like superplastic flow. These should be attributed to their 

unique amorphous structures. The difference between crystalline and amorphous leads to 

the difference of deformation mechanisms. Most significantly, the dislocations in 

crystalline structures hardly appear in amorphous metals in which localized atomic 

movement is preferred. A proposed “shear transformation zone” (STZ) 
51

 is believed 

common for all amorphous metals. Few atoms involve in STZs because of the localized 

feature. Shear bands characterized by STZ model are recognized in amorphous metals. In 

a Zr-Ti-Cu-Ni-Be metallic matrix, shear band patterns occur under loading
52

. The plastic 

strain, toughness, and impact resistance are all controlled by the formation of shear bands. 

In another study for a Vitreloy 106 system, the yield and fracture depend on the thickness 

of the sample when subjected to bending. Shear bands contributes to the dependency. It is 

found that shear band spacing scales with the thickness of the sample, so is the shear 

displacements. The shear band processes control the fracture behavior of the system
53

.   

For different materials, at different scales, different deformation mechanisms 

come into play. Other mechanisms include twining, martensitic transformation, grain 

boundary sliding, diffusion, crack-craze, etc. The dislocation theory and shear band 

theory‟s success in explaining the deformation mechanism for crystalline and amorphous 

metals inspires us to investigate the atomic behavior of C-S-H under deformation, so that 

the performance of C-S-H can be better understood. Different global deformation types 

including tension, compression and shear are investigated carefully in chapter 6.  
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3.3. Introduction to Nano-Indentation 

Experimental studies have been carried a lot for different materials using 

nano-indentation. Its ability to apply localized deformation at nano-scale makes it a very 

powerful experimental means. In chapter 7, nano-indentation is employed to apply local 

deformation to C-S-H. 

3.3.1. Nano-Indentation Technology 

Nano-indentation is a commonly used testing technique for the mechanical 

properties of materials. Hardness measuring is the main purpose of the indentation. The 

length scale of the penetration reaches nanometers in nano-indentation. Compared to the 

micro-indentation and macro-indentation whose length scales are above microns and 

millimeters, the nano-indentation is not a simple size reduction, but more importantly, is 

able to reveal the different behavior of materials at such scale. The indentation leaves an 

imprint on the surface of the material when the test is finished. In micro-indentation and 

macro-indentation, the imprint is measured directly so that contact area between the 

material and the indenter is obtained for later hardness analysis. However, in 

nano-indentation, the imprint is too small to be measured directly. An indirect but reliable 

estimation of the contact area is the key in nano-indentation. Measuring the depth the 

indenter penetrates into the specimen surface is accepted for nano-indentation. Load vs. 

depth of penetration is the output from nano-indentation. When a force is applied and 

increased, the indenter presses into the surface of the material. After reaching a desired 

maximum force or penetration depth, the load is steadily removed, leaving an imprint left 

on the surface. The loading and un-loading constitute the whole process of the 
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nano-indentation. During loading process, the material experiences a serious of changes 

form elastic contact, to plastic deformation, to yield or fracture. And all these materials‟ 

behaviors concentrate in a limited volume under the indenter. The un-loading process 

then reflects the status of the specimen by showing different un-loading curves. The 

residual imprint depth and the slope of the un-loading curve differ a lot for different 

conditions. Information even like creep, fracture toughness and phase change can be 

inferred from nano-indentation testing, making it a very useful testing technique.   

In addition to the depth of penetration, the geometry of the indenter is also 

important when measuring the properties of materials. For different indenter shapes of 

spherical, Vickers (pyramidal), and Berkovich, the similar projected area-to-depth ratio is 

designed by setting the face angle of the Vickers indenter and Berkovich indenter as 68
o
 

and 65.27
o
, respectively

54
. The sharpness of the indenter is classified based on the 

permanent deformation in the specimen. It‟s not necessary that edges in indenter equal to 

sharpness or higher order strain terms. Moreover, the real Vickers indenter and Berkovich 

indenter are designed with flat face angle (e.g. consider the tip of a Berkovitch indenter 

which is not perfectly sharp but a hemisphere type geometry with a diameter of ~30-50 

nm).  

3.3.2. Nano-Indentation Analysis 

Nano-indentation theory
54

 provided a well-established framework for the analysis 

of the data. As shown below in Figure 3.2, a typical compliance curve from 

nano-indentation experiment depicts both the elastic and plastic feature of the material. 

The general relationship of Equation 3.2 in nano-indentation theory applies to all 
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axial-symmetric indenters with smooth profile, the only difference is that the parameters 

in the following Equation 3.1 are calculated differently for different indenters
55

. For 

spherical indenter, the area A is related to the depth of the contact circle hc in Equation 

3.2.  

   
 (a)                            (b) 

Figure 3.2 – (a) Schematic of contact between a rigid indenter and a flat 
specimen. The radius of the circle of contact is a, and the total depth of 
penetration is hmax. ha is the depth of the circle of contact from the specimen 
free surface, and hc is the distance from the bottom of the contact to the 
contact circle (the contact depth). (b) Compliance curve from a 
nano-indentation experiment with maximum load Pmax and depth beneath the 
specimen free surface hmax. The depth of the contact circle hc and slope of the 
elastic unloading dP/dh allow specimen modulus and hardness to be 
calculated. hr is the depth of the residual impression, and he is the 
displacement associated with the elastic recovery during unloading 54. 
 

max1

2

PdP
M H

dh AA


   

Equation 3.1 – Indentaiton modulus and hardness. M is the indentation 

modulus. dP/dh is the slope of the elastic unloading. H is the indentation 

hardness. A is the contact area. Pmax is the maximum load. 
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22

c cA= a        a= 2Rh h 
 

Equation 3.2 – A is the contact area. a is the radius of the circle of contact. R is 

the radius of the indenter. hc is the depth of the contact circle. 

The main advantage of analyzing the nano-indentation data is the ability to yield 

the information about the elastic-plastic properties of the material. The occurrence of the 

strain gradient (or plastic deformation, or local phase transformation) contributes to the 

plastic feature of the compliance curve. In chapter 7, a size effect is reveal for C-S-H by 

nano-indentation, and local phase transformation is monitored during the plastic 

deformation.  

3.4. Introduction to the Thermal/Radiation-Resistance of 

Concrete 

Concrete has good shielding properties against radiation. It is a wildly used 

material for shield application, particularly in nuclear industry. As a renewable energy, 

nuclear power accounts for almost 12% of world‟s electricity generation, and hundreds of 

nuclear units are operating in the world
56

. Nuclear power plants (NPPs) use concrete 

containment buildings to contain the radioactive release in emergent conditions. The 

radiation resistance of concrete has been studied a lot, most experimentally
57-61

. The 

strength degradation of concrete due to radiation induced deterioration is most concerned. 

Exposed to radiation and/or high temperatures, the performance of the concrete is crucial 

to the safety of NPPs. The radiation shielding property of concrete comes from the 

different components like aggregates, cement paste, additives, etc (Figure 3.3). 
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Understand the radiation and thermal effects on cement hydrate and proposing a way to 

improve the radiation resistance of concrete are the focuses of this chapter. h-BN has 

been discussed in last chapter, in the following, the bulk tobermorite and hybrid h-BN/ 

tobermorite are investigated respectively for their radiation-induced damage mechanisms. 

 

Figure 3.3 – Multiple-scale structure contributes to the radiation shielding 

property of concrete59. 

3.4.1. Gamma and Neutron Radiation 

Among different radiations like alpha rays, beta rays, gamma rays, X-rays, and 

neutrons, alpha rays and beta rays are not vital because their penetration ability is low. 

Gamma and neutron shielding are of main concern for concrete. 

Gamma is an electromagnetic radiation whose frequencies are above 10
19

 Hz. 

Gamma ray interacts with materials in three typical ways
62

 (Figure 3.4). In photoelectric 
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effect, gamma rays‟ colliding with orbital electrons ejects the electron. In Compton 

scattering, the energy of gamma rays is much higher than the binding energy of electrons, 

so gamma rays‟ colliding with orbital electrons loses part of the gamma energy, and the 

gamma ray scatters in other directions. If the gamma ray‟s energy is further higher, it 

interacts with nuclei and produces a pair of electron and positron. This is pair production.      

 

Figure 3.4 – Three interactions between gamma ray and materials: 

photoelectric effect, Compton scattering, and pair production of gamma 

radiation62.  

Since the gamma rays from reactors have an intermediate energy level, when 

interacting with cement material, Compton ray is the primary interaction involves. And 

the ejected electrons have low energy, so the solid phases of cement paste and aggregates 

are barely affected
62

.  

Neutron radiation, however, consists of free neutrons from ionizing radiation. 

Neutron interacts with materials through two ways: inelastic scattering and elastic 

scattering (Figure 3.5). In inelastic scattering, after a fast neutron collides with a nucleus, 

they become a single compound nucleus, followed by the ejection of an intermediate 
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neuron and scattering gamma ray. In elastic scattering, after an intermediate neutron 

collides with a nucleus, they also become a single compound nucleus, followed by the 

ejection of another intermediate neuron. The total kinetic energy is preserved in the 

elastic scattering. When interacting with cement material, both inelastic and elastic 

scattering occur to dissipate energy. Radiation defects can be created by the neutron 

colliding
62

. 

  

Figure 3.5 – Two interactions between neutron and materials: inelastic 

scattering and elastic scattering62.  

3.4.2. Heat/Radiation-induced Damage of Cement Material 

Strength degradation of concrete under gamma and neutron radiation is mainly 

focused in experimental studies. The critical radiation dose that causes severe strength 

reduction is desired. It is a necessary parameter to know in the design of radiation 

shielding concrete structures. Compressive strength reduction due to neutron and gamma 

radiation is compiled by Hilsdorf et al. As the neutron radiation dose increases from 

2*10
18

 to 2*10
21

 n/cm
2
, or the gamma radiation dose increases from 2*10

10
 to 2*10

11
 rad, 

the residual compressive strength starts decreasing until only ~40% strength remains. 
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These plots indicate the threshold value of the radiation in order to causes strength 

reduction, which is of much practical value. Compared to compressive strength, the 

compiled tensile strength reduction data looks more dispersed. This is because tensile 

strength can be tested by different methods such as splitting-tension, flexural-tension, and 

direct-tension testing
59

. As the neutron radiation dose increases from 5*10
18

 to 1*10
20

 

n/cm
2
, the residual tensile strength starts decreasing until only ~20% strength remains. 

The threshold value of the neutron radiation causing reduction for tensile strength differs 

from that of compressive strength. A more significant reduction for tensile strength 

shows up than compressive strength. Similar situation happens when gamma radiation 

affects tensile strength. The threshold value of the gamma radiation causing reduction for 

tensile strength is estimated around 3 × 10
5
 Gy

63
. 

Both the gamma and neutron radiation-induced concrete deterioration is reported 

in terms of compressive strength and tensile strength. The tensile strength decreases more 

significantly than the compressive strength, a maximum ~80% decrement for tensile 

strength vs. a maximum ~60% decrement for compressive strength
60, 64

. The reason of the 

radiation-induced deterioration in concrete is complicated, including various physical and 

chemical processes: (1) the radiolytic process induces amorphization of cement 

hydrates
63, 65

; (2) the aggregates expansion together with the cement paste shrinkage 

causes cracks or spalling, which is also aggravated by the elevated temperature
59-60, 66

; (3) 

the increased alkali-silica reaction causes cracks in aggregates to deteriorate concrete
67-69

; 

(4) the thermal gradient due to the heat of radiation leads to thermal stress that damages 

concrete
59, 70

; (5) the formation of calcite crystals from radiation-induced carbonation 

decreases both the size of the pore space and the strength of the concrete
71

. These 
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physico-chemical changes in concrete during radiation not only reduce the strength of 

concrete, but also have a significant effect on the durability and creep characteristics of 

concrete
72-73

. Because of these complexities of radiation‟s effect on concrete, it is hard to 

evaluate the radiation of concrete with a unified theory. The breaking down of the 

radiation effect of concrete into sub-problems is practical at current stage, like the 

individual effect of thermal gradient, water radiolysis and evaporation, aggregates defects 

acclamation, or the volume variation, etc. Since the cement hydrates product is the main 

source of the concrete strength, in this study only one sub-problem is addressed: the 

amorphization of cement hydrates under radiation and its effect on the strength of cement 

hydrates, which will be discussed in chapter 7.  

3.4.3. Thermal/Radiation-resistance of h-BN 

Since boron has a unique high efficiency for absorbing neutrons, the intercalation 

of h-BN sheets into C-S-H structure is expected to change the behavior of cement 

significantly. The h-BN reinforced cement material is a promising solution to address the 

heat/radiation-induced damage issue for nuclear power plants. In chapter 9, the 

thermal/radiation of h-BN is investigated first. And in chapter 10, the h-BN/C-S-H 

composite is focused especially for the purpose of improving the thermal/radiation 

performance of the cement based material.  

Hexagonal boron nitride (h-BN) has a graphene-like structure, with boron and 

nitrogen atoms forming hexagonal lattices. It is a promising material with extensive 

applications in many fields, like working as a solid lubricant
74-75

, coating for high 

temperature-resistance
76-77

, enhancing mechanical strength of composites
33, 78

, and 
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radiation shielding in extreme environment
79-81

, etc. The wild applications of h-BN are 

attributed to its remarkable properties including thermal stability, corrosion resistivity, 

exceptional hardness, and the high neutron absorption cross section of boron.  

Under gamma and neutron radiation, defects formations have been studied a lot 

for BN, either computationally
82-85

 or experimentally
86-87

. One of the very important 

properties researchers are interested in is the displacement threshold energy, Ed, which is 

the minimum kinetic energy an atom needs to displace away from its lattice site. J. 

Kotakoski et al.
82

 obtaine Ed
B
=19.36 eV and Ed

N
=23.06 eV for B and N in a monolayer 

h-BN using the density-functional theory (DFT) molecular dynamics simulations. X 

Shu-Wen et al.
83

 carry another ab initio molecular dynamics (MD) simulations and obtain 

Ed
B
=20 eV and Ed

N
=24 eV, very similar to that of J. Kotakoski et al. A Zobelli et al.

84
 , 

however, based on the density-functional tight-binding (DFTB) theory, obtain Ed
B
=15 eV 

and Ed
N
=24 eV. The discrepancy is due to the DFTB theory‟s poor description of charge 

transfer
82

. By conducting MD simulations on a h-BN monolayer with analytical 

potentials (AP), O Lehtinen et al.
85

 obtain Ed
B
=17.98 eV and Ed

N
=21.49 eV. These 

simulation studies estimate a range of 15~20 eV for Ed
B
 and 21.49~24 eV for Ed

N
, which 

are comparable with experimental measurement
86-87

. Chuanhong Jin et al.
86

 study the 

response of h-BN to electron-beam irradiation with high-resolution transmission electron 

microscopy (HRTEM) experiments. They set electron beam energy of 120 keV to 

conduct a layer-by-layer sputtering process. Since an 120 keV electron can transfer a 

maximum energy of 29.2 and 20.8 eV to the B and N nuclei
87

, it can be inferred that Ed
B 

< 29.2 eV and Ed
N 

< 20.8 eV. JC Meyer et al.
87

 operate Cs-corrected HRTEM at 80~120 

kV on h-BN layers, observing a highly selective sputtering of only one of the elements. 
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Knowing that the threshold energies for the two elements are similar, and an 80 keV 

electron can transfer a maximum energy of 18.8 and 13.4 eV to the B and N nuclei, a 

narrower range of Ed
B 

<18.8 eV can be inferred based on their study. Experimental 

discoveries provide not only reference values of Ed, but also detailed information about 

the local defects
88

 in the radiation damaged structure. Consistently, triangle-shaped 

vacancies are observed dominantly under different conditions
82, 86-87, 89-90

. But when 

higher temperatures come into play, other defect shapes like circular
89

, hexagon
89-90

, or 

parallelogram
90

 occur at 500~1200 
o
C.  

Besides the studies of the displacement threshold energy Ed, ion irradiation has 

also been studied specially, in order to characterize the defects production in h-BN under 

particle bombardment. Xenon ions are mostly used to impact the h-BN with low 

energies
91-92

 (10 eV~350 eV) or high energies
93

 (10 eV~10 keV). These simulation results 

reveal Eth of 18.3±1.1 eV or 35±2eV from the sputter yield model. Eth is the threshold 

energy where the sputtering yield becomes zero
94

. It is another important intrinsic 

property related to the radiation damage. Experimental measurement of the lowest energy 

of 40 eV
95

 is not far away from the simulation estimates, and a threshold energy between 

20eV and 40eV was considered to be credible
92

. Apart from xenon ions, O Lehtinen 

et al.
85

 simulate the response of a h-BN monolayer to other noble gas ions (He, Ne, Ar 

and Kr) based on analytical potentials. Both sputtering yields of boron/nitrogen atoms 

and the probabilities for creating different types of defects are calculated in their study. 

This is helpful in understanding the evolution of the h-BN in extreme radiation 

environments. 

Although researchers have covered issues like Ed, Eth, and defects formations of 
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h-BN under electron or particle radiation, a comprehensive understanding of radiation‟s 

effects on h-BN has not yet been completed. Chapter 9 and chapter 10 will investigate the 

bulk crystalline h-BN and h-BN/C-S-H composite respectively for their 

heat/radiation-induced damage mechanisms. And the C-S-H and h-BN/C-S-H composite 

will be compared to reveal the h-BN‟s enhancement on the thermal/radiation resistance of 

the hybrid material. 

3.5. Chapter Summary 

Screw dislocations, deformation mechanisms, and thermal/radiation resistance are 

three issues addressed by this dissertation. Regarding these issues, the theories and 

methods are introduced in this chapter as a preparation for the following investigations 

for C-S-H.  

Dislocations are line defects in crystalline materials. The plastic deformation is 

governed by dislocations‟ movement. In metals or nonmetals, dislocations are observed 

experimentally. The growth and configuration of dislocations can even be controlled to 

modulate the performance of a material. Dislocations also play an important role in 

C-S-H‟s hydration and properties. In chapter 5, screw dislocations are introduced into 

C-S-H to reveal their effect on the mechanical properties of C-S-H. 

For crystalline and amorphous materials, different deformation mechanisms 

dominate at different scales. For example, plastic deformations of crystalline materials 

are controlled by dislocation-based deformation mechanisms, while shear band controls 

the behavior of amorphous materials. For C-S-H, due to the structural complexity, its 
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deformation mechanisms are not exactly same as other crystalline and amorphous 

materials, so global deformations are simulated in chapter 6 to reveal C-S-H‟s 

deformation mechanisms at atomic level.   

Nano-indentation uses an indirect depth measuring to estimate the modulus and 

hardness of a material. The local deformation caused by nano-indentation reveals plastic 

deformation mechanisms for crystalline and amorphous. For C-S-H, plastic deformation 

with phase transformation can also be revealed by nano-indentation, which is investigated 

in chapter 7.  

Thermal/radiation resistance of concrete is desired by nuclear industry. The 

strength degradation of concrete due to heat/radiation-induced damage is the main 

concern in terms of the safety of nuclear power plants. h-BN, however, is a promising 

material in the radiation shielding applications. As h-BN reinforced cement is expected to 

provide high thermal/radiation resistance, the performance of the hybrid h-BN/C-S-H 

will be examined in chapter 10. Chapter 8 and chapter 9 will focus on C-S-H and h-BN 

alone, respectively to understand their different thermal/radiation performances. 
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Chapter 4 

 

 

Molecular Dynamics Method 

With the atomic model of C-S-H available in chapter 2, and the interested issues 

discussed in chapter 3, this chapter will briefly introduce the method used in this 

dissertation - molecular dynamics (MD) simulation. The concept and functions of MD 

are the fundamental of this study. The principal, interaction definition, algorithm, etc. are 

presented, which are realized with the program LAMMPS. The interaction definition and 

algorithm are determined with specific parameters in the program, which are all 

important in the application of the MD simulation. 

4.1.  Introduction 

Molecular dynamics (MD) simulations calculate the time dependent movement of 

an atomic system, in order to understand its properties by examining the configuration 

changes over time. The dynamic evolution of the system is determined by the trajectories 

of all atoms whose movements are determined by the specified interatomic forces. Given 
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well defined interactions at atomic level, MD predicts the properties of a system as a bulk. 

This is how MD serves as a bridge between microscopic scale and macroscopic scale. 

Based on assumptions from theory (like Newton's equations of motion for atoms), MD 

complements traditional experiment studies by providing an alternative to investigate 

phenomena that cannot be observed before. Between theory and experiment, simulations 

open a new perspective for research. MD not only provides direct estimations for 

experimental measures, but also enables us to test the validity of a theory using proper 

models.  

MD simulations were first developed in the late 1950's. Theoretical physics 

pioneered when the interactions of hard spheres was studied, followed by the study of 

liquid argon, liquid water, etc.
96-99

. Today MD has been expanded from the study of 

inorganic materials to proteins, DNA, etc. As the modern computing power keeps 

increasing, MD has become a very widely used technology in various fields.           

4.2. Atomic Interactions 

Before solving the equation of motion in MD simulations, the forces acting on 

each atom are required. Force is derived from the potential energy U which is the sum of 

all atomic interactions in the system. The common interactions include Coulomb 

interaction, Van der Waals interaction, repulsive interaction, and bonded interaction, etc.  

4.2.1. Coulomb Interaction 

Coulomb interaction is defined by Coulomb law that describes the force between 

static electrically charged particles. The functional form of the law is: 
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Equation 4.1 – Coulomb interaction 

where qi and qj are the charges of two atoms and rij is the distance between them. 

ε0 is the dielectric constant in vacuum. 

4.2.2. Van der Waals Interaction 

Van der Waals interaction is a dispersive interaction between atoms or group of 

atoms. It arises from the unbalanced distribution of electrons around the nucleus, distinct 

from either covalent bond or ionic bond. The first approximation of the interaction is: 

 

Equation 4.2 – Van der Waals interaction 

where rij is the distance between atoms, and C is an empirical parameter. 

4.2.3. Repulsive Interaction 

The short range repulsive interaction is an electrostatic repulsion between atoms 

when the occupied orbitals on the atom surfaces overlap. Over a very short range, the 

repulsive interaction goes very large with an exponential function growth. When the 

repulsive and dispersive (Van der Waals) forces are included in the same functional 
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forms, the Lennard-Jones interaction gives:  

 

Equation 4.3 – Lennard-Jones interaction  

where rij is the distance between atoms, and m is typically chosen as 12. 

4.2.4. Bonded Interaction 

Besides the above non-bonded interactions, bonded interactions like bonds and 

angles contribute also to the atomic interactions. Among different types of potentials, 

harmonic bond and harmonic angle potential are the most common ones in MD 

programs:  

 

Equation 4.4 – Harmonic bond interatcion 

 

Equation 4.5 – Harmonic angle interatcion 

where in Equation 4.4, r0 is the reference bond length, r is the distance between 

atoms, and KB is the constant for the bond potential; in Equation 4.5, θ0 is the reference 
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bond angle, θ is the angle between atoms, and KA is the constant for the angle potential. 

4.3. MD Algorithm 

The total potential of a system is a function of atomic positions with 3N 

parameters where N equals the number of atoms. The complexity of the potential 

function makes it impossible to have an analytical solution to the equation of motion, so 

numerical algorithms are needed to solve the equation. Popular algorithms in MD include 

Integration algorithms, Leap-frog algorithm, Velocity Verlet, and Beeman‟s algorithm. 

All these integration algorithms are derived in different way but with one same 

assumption of Taylor series expansion for positions r, velocities v, and accelerations a:   

r(t + δt) = r(t) + v(t)δt + 1/2 a(t)δt
2 

+ … 

v(t + δt) = v(t) + a(t)δt + 1/2 b(t)δt
2 

+ … 

a(t + δt) = a(t) + b(t)δt + … 

Equation 4.6 – Taylor series expansion 

Among different integration algorithms, the Velocity Verlet algorithm is the most 

popular one used in MD simulation. The Velocity Verlet algorithm is expressed: 

r(t +δt) = r(t) + v(t)δt + 1/2m F(t)δt
2
 

v(t + δt) = v(t) + 1/2m [ F(t) + F(t +δt) ] δt 

Equation 4.7 –Velocity Verlet algorithm 
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Force evaluation is needed per step in the algorithm, but Velocity Verlet 

algorithm permits long timesteps.  

4.4. Minimization 

Energy minimization is a necessary process in many MD simulations. Minimizing 

the energy means arranging all atoms in proper positions where the system is in 

equilibrium and the inter-atomic force on each atom is near to zero, according to the 

interactions defined in the force field. The total energy of the system is a function of all 

atoms‟ positions. Finding the energy minimum requires the derivative of the energy with 

respect to the position of the atoms. Many optimizers are available to solve this 

optimization problem. Among which conjugate gradient (CG), Newton/Raphson, BFGS 

are most used. In our simulation studies, the default CG method is good enough to 

minimize the energy of our system.  

4.5. Periodic Boundary Conditions 

In order to approximate a large system from a small unit, Periodic Boundary 

Conditions (PBCs) are usually used in MD simulations. The use of PBCs is not 

applicable if surface effects are interested. Atoms moving out of the simulation through 

one boundary move back from the boundary on the opposite side. Beyond the original 

unit structure, there are infinite numbers of images so that a large system is approximated. 

In this way, the properties obtained from the small simulation box represent the intrinsic 

properties of the bulk material.  
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4.6. Ensembles 

A system‟s one macroscopic state is associated with many possible microscopic 

states. The better way to extract a reliable property is to average the properties of all 

microscopic states of the system, instead of relying on only one specific microscopic state. 

All the possible microscopic states consist of a statistical ensemble from which 

thermodynamic quantities are extracted. Depending on the purpose of the simulation, 

different ensembles define different macroscopic constraints: (1) Microcanonical 

ensemble (NVE ensemble) fixes the total number of particles, the volume, and the total 

energy of the system. The system is simulated as an isolated system because it cannot 

exchange energy and particles with its environment. (2) Isothermal–isobaric ensemble 

(NPT ensemble) fixes the total number of particles, the pressure, and the temperature of 

the system. The constant pressure condition is commonly met in chemical reaction 

simulations. (3) Canonical ensemble (NVT ensemble) fixes the total number of particles, 

the volume, and the temperature of the system. Since it allows the temperature exchange, 

it can be used to simulate a system in contact of a heat bath. (4) Isoenthalpic–isobaric 

ensemble (NPH ensemble) fixes the total number of particles, enthalpy, and the pressure 

of the system. The volume is variable but the system does not exchange heat with its 

environment. (5) Grand canonical ensemble (µVT ensemble) allows the system to 

exchange energy and particles with a thermal and chemical reservoir. An open system is 

defined with µVT ensemble where µ stands for chemical potential.  
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4.7. Chapter Summary 

In MD simulation, atoms are assumed to move according to Newton's equations. 

The forces acting on each atom need to be defined in the problem. Such interactions 

include Coulomb interaction, Van der Waals interaction, repulsive interaction, and 

bonded interaction, etc. They can be defined alone or simultaneously for different 

purposes. Knowing the force field definition, the potential of a system is a function of the 

position of all atoms. Integration algorithms, Leap-frog algorithm, Velocity Verlet, and 

Beeman‟s algorithm are algorithms used to solve the equation. Velocity Verlet algorithm 

is the most popular algorithm in MD. When defining a system for simulation, periodic 

boundary condition is commonly used to approximate a large system. Ensembles are also 

necessary so that reliable thermodynamic quantities can be obtained from the simulation.  
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Chapter 5 

 

 

Screw Dislocations in C-S-H 

In part III, intrinsic properties of C-S-H are carefully investigated including the 

screw dislocations, global and local deformations, phase transformation, size effect, etc. 

Understanding the mechanical behavior of C-S-H itself at atomic level is the basis of 

further attempts to modulate the property of C-S-H and develop new cement-based 

material. In this chapter, screw dislocation is characterized first. The dislocation theory 

and related experimental observations in cement and other material were discussed in 

chapter 3. The emphasis of this chapter is put on the detailed structural features of screw 

dislocations in C-S-H. The orientation of screw dislocation is the core element of this 

dislocation study.   

5.1. Introduction of Screw Dislocations in C-S-H 

Despite the acknowledgements that dislocations are important to the C-S-H‟s 

hydration and properties, the characterization of the dislocations in cement hydration is 
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lack due to the structural complexity of the C-S-H. The crystalline tobermorite, however, 

make it possible for us to address the problem. On the one hand, the crystalline feature of 

tobermorite is suitable for the introduction of dislocations, on the other hand, the 

structural similarity between tobermorite and C-S-H guarantees that the obtained results 

are representative of the C-S-H to the most extent.  

Screw dislocation is introduced and analyzed in this study as it is expected that 

molecular dynamics (MD) simulation would reveal the structural feature at atomic level 

which is hard to fully understand with either experiments or continuum theories.  

Elastic theory is adopted to introduce screw dislocation into these models. 

Considering the fact that tobermorite is a monoclinic crystal, Hirth solution
100

 is 

applicable for tobermorite. The elastic solution maps a point in the original bulk structure 

to a corresponding point in the dislocated structure. This elastic displacement field is only 

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

If ux, uy, and uz are atomic displacements due to the elastic displacement field in Cartesian 

system, bz is the Burgers vector, then the Hirth solution gives: 

  

Equation 5.1 – Hirth Solution of Screw Dislocation in Monoclinic Crystals 

In order to get comprehensive knowledge of the screw dislocation in tobermorite, 

three models are created to cover six different conditions (Figure 5.1). They are cylinders 

with dislocation line at the center of the circular. The diameter is 60 Angstrom and for 
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different conditions the height equals to the Burgers vector, namely the lattice constant 

along the dislocation line. Among the three crystallographic orientations ([100], [010], 

and [001]), if the dislocation line is set along one, the plane defined by this one and either 

of the other two would be chosen as the slip plane. Figure 5.1 illustrated the six 

conditions of screw dislocation to be examined. The left column is the side view of the 

cylinder samples with screw dislocations. The length of Burgers vector can be easily 

compared by the configurations‟ out of alignment along z direction. The middle column 

is the top view of the cylinder samples with screw dislocations. The black straight line 

indicates the slip plane in each condition. The black arc starts from one side but ends at 

the other side of the slip plan, showing the spiral of the screw dislocation. The right 

column shows the extra atomic stress caused by the introduced screw dislocations. The 

introduced elastic screw dislocation is regarded as the initial approximation of the actual 

dislocation, because it is only proper for atoms away from dislocation core. The 

abnormality of atom stress when the elastic screw dislocation is applied suggested a 

correction of the displacement filed near the core. Energy minimization using molecular 

dynamics method is required then. Base on the atomic interactions, the simulation directs 

the further movement of atoms to accommodate the previous created disorder near the 

dislocation core. A new equilibrate atomic configuration will eliminate the extra stress. 
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Figure 5.1 – Six different conditions where dislocation line and slip plane are 

shown, together with the introduced atom stress distribution among the 

structure. (a) for the condition of dislocation line [001], slip plane (010). (b) 

for the condition of dislocation line [001], slip plane (100). (c) for the 

condition of dislocation line [010], slip plane (001). (d) for the condition of 

dislocation line [010], slip plane (100). (e) for the condition of dislocation line 

[100], slip plane (001). (f) for the condition of dislocation line [100], slip plane 

(010). 

5.2. Core Displacement Field 

The atoms‟ movement from the initial linear elastic theory approximation to the 

energy minimized atomic configuration represents the inconsistence of the elastic theory. 

Core displacement field (CDF) demonstrates this inconsistence clearly. It is the 

difference between the initial displacements introduced by elastic theory and the final 

displacements of MD energy minimization as a function of radius, r. Radial component 

dr and vertical component dz of the displacement field are plotted separately for oxygen, 

calcium, and silicon in Figure 5.2. Due to the axisymmetric feature of the screw 

dislocation in geometry, it is found that the direction of the slip plane brings few changes 

into the displacement field plot, so only one displacement filed plot is shown for the same 

dislocation line direction. Useful information extracted from Figure 5.2 includes: (1) For 

the conditions where the dislocation lines are along [010] and [100], dr and dz are almost 

zero. Elastic theory seems work well for most part of the model. The last four stress plots 

in Figure 5.1 pass the same information that the small inconsistence exists only at the 

very center of the dislocation core. However, for the dislocation line [001], dr and dz are 

obvious especially near the core, showing big inconsistence between elastic theory and 

MD calculation. The first two stress plots in Figure 5.1 support the conclusion since 
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significant stress occurs at the dislocation center. The Burgers vectors of dislocation line 

[010] and [100] are 7.394 and 6.595 Å, respectively, relatively small compared to that of 

dislocation line [001], 24.379 Å. If the Burgers vector value is big enough, the elastic 

theory is not applicable. But until then, the elastic theory still works well, which suggests 

that tobermorite‟s structural complexity is not a big problem to elastic theory. Why is this? 

This little adjustment of the atoms near the core may attribute to the porous nature of the 

tobermorite. The interspace in the atomic structure provides margin for atoms to fit the 

elastic theory approximation by changing only a little. (2) The patterns displayed are 

same when focusing on either of oxygen, calcium, and silicon. Silicon chain is 

accompanied by calcium to represent the behavior of the structure, although tobermorite 

is with apparent separated layers. The integrity of the layered structure ensures the 

coordinated movement of each atom types. (3) Even though the introduced elastic theory 

displaces the atoms vertically only (ux=uy=0), radial displacements dr happen after MD 

calculation as a clear indicator of the breakdown of elastic theory. It is in the same order 

of magnitude as dz for dislocation line [001]. The adjustment of atoms‟ position is spatial 

in all directions controlled only by the interaction between atoms. 
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(a) 

(b) 
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Figure 5.2 – Core displacement field for screw dislocations in tobermorite. dr 

and dz are the radial and vertical components of the displacement field, 

respectively. (a) Dislocation line along [001]. (b) Dislocation line along [010]. 

(c) Dislocation line along [100]. 

5.3. Differential Displacement Map 

Differential displacement (DD) map is another effective method to examine the 

dislocation core. In DD map, the separations of neighboring atoms along dislocation line 

are drawn by arrows whose lengths are proportional to ∆uz. The total length of arrows 

connecting into a circle is equal to the Burgers vector. After all the DD maps are obtained 

for six conditions, it is found that for same dislocation line direction, the choice of slip 

plane doesn‟t change the map because of the same reason as for CDF. Figure 5.3 plots the 

DD map for dislocation line [100], [010], and [001], respectively. The following 

discussion applies to the six conditions with different dislocation line directions. The first 

(c) 
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observation is the highly concentrated arrows around the dislocation core. The length of 

arrows away from the core decreases quickly to be negligible, while the big arrows near 

the core indicates the rough range of the core region. The second observation is the good 

axial symmetry of the arrows near the core. No clear directional core expansion appears 

like in other crystals
101

. Evaluating the core expansion from obtained DD maps is 

inaccurate, but it does show that the dislocation core is restricted within a small region. 

The more accurate way to obtain the size of the core is to use the disregistry function 

from Peierls–Nabarro (PN) dislocation model
100, 102-103

.  

 

(a) 



67 
 

 

 

Figure 5.3 – Differential displacement map of dislocation line: (a) [100], (b) 

[010], and (c) [001]. The blue and red circles are silicon and oxygen atoms. 

(c) 

(b) 
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5.4. Disregistry Function 

PN approach estimates the core width through the disregistry function S(x). Along 

a cutting direction, half of atoms have a registry of b/2 and the other half have –b/2 due to 

the model. The transition near the core can be fitted into disregistry function S(x). After 

taking derivative of S(x), the width at half maximum refers to the dislocation core width. 

The disregistry function has a form of: 

2 (1 )
( ) arctan( )

2

b b x
S x

a






 

 

Equation 5.2 – Disregistry Function of Screw Dislocation 

where a is the planar basal distance,  is the Poisson ratio, b is the Burgers vector, 

and core width w = a /(1-). Figure 5.4 illustrates the obtained disregistry functions and 

their corresponding derivatives. The blue and red curves are for disregistry functions and 

the derivatives, respectively. The fitted core widths based on Si, Ca, and O can be 

calculated for each condition. Discrepancy for core width of same dislocation emerges if 

based on different atom types (Table 5.1). Since silicon atoms are the backbone of the 

structure, it is reasonable to use the core width determined by silicon as the nominal value. 

The core width is an important parameter in the Peierls stress calculation discussed later. 
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(a) 

(b) 

(c) 

(d) 

(e) 
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Figure 5.4 – Disregistry functions (blue curves) and their derivatives (red 

curves) for the Si, Ca, and O atoms (a) for the condition of dislocation line 

[001], slip plane (010). (b) for the condition of dislocation line [001], slip 

plane (100). (c) for the condition of dislocation line [010], slip plane (001). (d) 

for the condition of dislocation line [010], slip plane (100). (e) for the 

condition of dislocation line [100], slip plane (001). (f) for the condition of 

dislocation line [100], slip plane (010). 

Dislocation line Slip plane Si Ca O 

[001] 
(010) 3.562 3.109 1.608 
(100) 5.993 12.728 3.992 

[010] 
(001) 3.305 2.979 1.648 
(100) 7.323 10.605 5.407 

[100] 
(001) 3.275 2.447 1.393 
(010) 8.186 1.337 8.300 

 

Table 5.1 – Core widths calculated from disregistry functions based on 

different atom types (Å). 

5.5. Peierls Stress 

With all the detailed information above, dislocation mobilities become reachable. 

PN model proposes a formula for the calculation of Peierls stress: 

 

(c) 

(d) 

(e) 

(f) 
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Equation 5.3 – Peierls Stress  

where G is the shear modulus,  is the Poisson ratio, b is the Burgers vector, and 

w is the core width. The Peierls stress is an intrinsic material property related to the 

deformation mechanisms of the structure. Poisson ratio and shear modulus obtained by 

MD simulation, together with previously obtained core width, lead to the Peierls stress 

values in Table 5.2. 

 

Dislocation 
line 

Slip 
plane 

b (Å) 
G 

(GPa) 
υ 

w 
(Å) 

Peierls stress 
(GPa) 

[001] 
(010) 24.379 35.817 0.247 3.562 37.986 
(100) 24.379 31.103 0.218 5.993 16.976 

[010] 
(001) 7.394 34.026 0.242 3.305 5.413 
(100) 7.394 42.260 0.0877 7.323 0.184 

[100] 
(001) 6.595 29.312 0.334 3.275 3.886 
(010) 6.595 56.397 0.104 8.186 0.052 

Table 5.2 – Estimation of Peierls Stresses for Screw Dislocation in 

Tobermorite. 

The movement of screw dislocation is preferred in some conditions to others, 

since the ratio of the maximum Peierls stress to the minimum was 37.986/0.052=731. 

Obviously, the screw dislocations cross layers (dislocation line [001]) are most difficult 

to move. It can be imagined that how much the atomic configurations need to be 

re-coordinated when a cross-layer spiral structure is formed. Base on the results in Table 

5.2, it can be inferred that tobermorite structure would be more ductile if the last screw 
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dislocation in Table 5.2 forms more, namely the one with dislocation line along [100] and 

slip plane (010). The small Peierls stress of 0.052 GPa allows lots of deformation way 

before the ultimate strength is reached. Dynamically, the movement of dislocation 

influences the mechanical behavior of the material. Studies have been done by our group 

about this issue and screw dislocation is found to induce strengthening-toughening 

mechanisms to tobermorite.    

5.6. Chapter Summary 

In order to reveal dislocations‟ effect in C-S-H, screw dislocations are introduced 

into a tobermorite model using elastic theory. Six different screw dislocations are 

modeled with different dislocation line and slip plane. The elastic model is only proper 

away from dislocation core. Energy minimization can accommodate the disorder near the 

dislocation core. Core displacement field shows that for the dislocation line [001] whose 

Burgers vector is largest, big inconsistence occurs between elastic theory and energy 

minimized configuration. And to accommodate the inconsistence, atoms‟ positions are 

adjusted in all directions. Differential displacement map indicates the core region roughly. 

Then using the disregistry function quantifies accurate size of dislocation core, with 

which Peierls stresses are obtained. If the dislocation with smallest Peierls stress of 0.052 

GPa forms more, the tobermorite structure would be more ductile. But if the dislocation 

with largest Peierls stress of 37.986 GPa forms, it is difficult for the plastic defamation to 

happen.  

The characterization of screw dislocations in C-S-H reveals some information 

about its mechanical property. More knowledge about the deformation mechanisms is 
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also needed in order to fully understand the behavior of C-S-H, which will be discussed 

in the following chapter 6 and chapter 7, where global and local deformations are applied, 

respectively.    
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Chapter 6 

 

 

Global Deformations of C-S-H 

For crystalline and amorphous materials, different deformation mechanisms 

dominate at different scales. The deformation mechanisms for other materials were 

introduced in chapter 3. In this chapter, the global deformations including tension, 

compression, and shear are applied to tobermorite model, in order to finding the 

deformation mechanisms of C-S-H at small scale.  

Atomistic mechanisms governing the nano-fracture of C-S-H are of much 

importance and interest when investigating C-S-H. Understanding the atomic origin of 

the deformation and damage of C-S-H is a prerequisite of our attempt to improve the 

performance of cement hydrate. Using different loading simulation with MD enables a 

direct observation of the atomic behavior of C-S-H under deformations. This research 

attempt is consistent with the investigation of deformation mechanisms for other material. 

For example, dislocation theory is very successful in explaining the performance of 

metals. Similarly, whether dislocations dominate in C-S-H at a very small scale as our 
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simulation model? Or if not, what is the underlying mechanism controlling the behavior 

of C-S-H at such scale? These are the questions this study tries to answer in Chapter 6 

and chapter 7.  

6.1. Two Deformation Mechanisms for Global Deformations 

As for C-S-H‟s mechanical properties and the underlying deformation 

mechanisms, Hou et al.
104

 employ uniaxial tension testing of C-S-H with different Ca/Si 

ratios using molecular dynamics by reactive force field and investigated their dynamics 

and mechanical properties. They reveal that the stiffness of C-S-H gel is weakened due to 

the presence of water molecules and the breakage of silicate chains. Manzano,et al. 
105-106

 

calculates elastic properties of crystalline tobermorite and glassy C-S-H under shear 

using reactive force field simulations. They find that shear strain localizes at water-rich 

regions and the water controls their mechanical properties. Masoeroet al.
107-108

 explains 

the mechanical properties of C-S-H gels from nano-indentation experiments with a new 

proposed colloidal model. Their model offers a new approach to investigate the 

nano-indentation property of C-S-H gels as it simplifies the complex nanoporous 

structure of C-S-H into a system of spherical particles packed together. These works 

make significant advances on the mechanical properties and deformation mechanisms of 

C-S-H, but the deficiencies are also remarkable: (a) they study the mechanical properties 

of C-S-H under different loading geometries for uniaxial tension, shear or 

nano-indentation, and there are currently no reports on studying all deformation types in a 

systematic and consistent manner; (b) their simulation works utilized reactive force field 

instead of CSH-FF force field which is known to offer better prediction on mechanical 
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properties of C-S-H and tobermorite
25

. In order to overcome these deficiencies and 

provide a better alternative simulation strategy, this study carries out a comprehensive 

study on the mechanical properties of layered tobermorite structure with tension, 

compression and shear simulations, using a more proper CSH-FF force field to reveal its 

mechanical behaviors.  

It is found that although there is no dislocation occurring at such scale, there 

exists a dislocation-like „displacive mechanism‟ and another „diffusive mechanisms‟ that 

dominate the behavior of tobermorite on certain conditions. Displacive deformation 

mechanisms imply that atoms move collectively to the new equilibrium position, while 

diffusive deformation mechanisms indicate that atoms move chaotically to the new 

equilibrium position
46

. In the tobermorite super cell model shown in Figure 6.1a, x, y, 

and z indicate the directions of the Cartesian coordinates. Since the unit cell of 

tobermorite is monoclinic, the crystallographic orientation [010] does not coincide with 

the y axis. It‟s worth noticing that the deformation is always applied in terms of Cartesian 

coordinates. In the discussion below, the tension along x, y, and z axis are referred to as 

“x”, “y”, “z”; the compression along x, y, and z axis are referred to as “x-”, “y-”, “z-”; 

and the shear in xy, xz and yz plane are referred to as “xy”, “xz”, “yz”. 

6.2. Stress-Strain Relations of Different Deformations 

Figure 6.1a shows the tobermorite supercell highlighting the top layer. Owing to 

the characteristic that the layered stacking along z axis is the principle representative of 

the tobermorite, our focus is placed onto the behavior of the layers. Their geometric 

feature and atomistic configuration are investigated when the structure is deformed in 
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different directions.  

The simulation model 1 is constructed with unit cell into a 10×7×3 super cell for 

global deformations including tension, compression and shear. The final dimension is 

66.9 Å×51.73 Å×68.337 Å with 15120 atoms in total. The simulations are performed 

using the molecular dynamics program LAMMPS
109-110

, and CSH-FF force filed
25

, which 

is highly successful in predicting the mechanical properties of hydrated calcium-silicate 

materials
111-112

. For each global deformation type, the molecular dynamics simulation is 

carried out in the isobaric-isothermal ensemble (NPT) for 5 picoseconds at 1 K, The 

integration time step is 0.1 femtosecond. Then the resultant configuration would be 

deformed via tension, compression and shear loading. Periodic boundary conditions are 

applied along three directions. All the deformations are applied in a quasi-static manner 

where every time the configuration is deformed a strain of 0.5%, then it is relaxed in 

canonical ensemble (NVT) for 1 picosecond. This quasi-static strategy is employed as it 

eliminates the strain rate effect on the mechanical properties to the greatest extent, 

allowing us to focus on the mechanical behaviors of the system. 

 

http://en.wikipedia.org/wiki/Molecular_dynamics
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Figure 6.1 – (a) The tobermerite super cell highlighting the top 

calcium-silicate layer. (b) Stress-Strain curves for tension along x, y, and z axis, 
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which are illustrated by the red, green, and blue curves, respectively. (c) 

Stress-Strain curves for compression along x, y, and z, which are illustrated by 

the red, green, and blue curves, respectively. (d) Stress-Strain curves for shear 

in xy, xz and yz plane, which are illustrated by the red, green, and blue curves, 

respectively. The blue region is the elastic stage, while the red region is the 

plastic-damage stage. 

In the plots of the stress-strain curves in Figure 6.1, the blue region and red region 

mark the elastic stage and the plastic-damage stage of each deformation. The elastic 

modulus can be obtained from the slope of the linear portion of stress-strain curves. For 

deformation type “x”, “y”, “z”, “x-”, “y-”, “z-”, “xy”, “xz”, and “yz”, the elastic modulus 

are 99.17 GPa, 98.07 GPa, 96.18 GPa, 62.08 GPa, 47.94 GPa, 65.72 GPa, 60.17 GPa, 

67.38 GPa, 70.95 GPa, respectively. After averaging all the elastic constants from each 

simulation, Table 6.1 shows that the elastic constants calculated by molecular dynamics 

simulation agree well with the ones from first-principles calculation
19, 113

, making our 

MD simulation results reliable. 

 

 

First 

 principle 

Molecular  

dynamics 
 

First 

 principle 

Molecular  

dynamics 
 

First 

 principle 

Molecular  

dynamics 

C11 102.65  105.92  C23 18.83  56.73  C36 -3.38  -12.21  

C12 41.68  43.77  C24 0.00  9.48  C44 22.90  59.34  

C13 27.70  36.36  C25 0.00  -0.92  C45 -11.93  -1.28  

C14 0.00  25.91  C26 -4.10  -0.61  C46 0.00  -0.91  

C15 0.00  -13.78  C33 83.80  82.82  C55 23.25  67.30  

C16 1.25  -3.91  C34 0.00  19.35  C56 0.00  3.28  

C22 125.05  136.00  C35 0.00  -29.26  C66 50.20  55.65  

Table 6.1 – Comparison of elastic constants (GPa) of tobermorite (The bold 

values are for elastic modulus along 6 main directions) 

For an identical deformation type (e.g. tension), the structure would behave 
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differently along different directions, which is an indication of structural anisotropy. For 

example, considering the compression results shown in Figure 6.1c along “z-” condition, 

as the compression proceeds, the stress increases linearly in the elastic range until a strain 

of 0.07 and the stress reaches 4 GPa. After the elastic range, the stress enters into a 

plateau, displaying a good plasticity and giving a sign of drastic structural rearrangement 

for the layered configuration.  

Compared to “z-”, in the “x-” and “y-” conditions, the stress curves show a 

bi-linear character: the stress first increases linearly to a strain of 0.07 in the elastic range, 

and subsequently increase linearly with a smaller slope to enter into plastic regime slowly, 

but the stress level is smaller than that of “z-”. The difference between “x-”, “y-” and “z-” 

is because “x-” or “y-” leads to the damage of the planes, while “z-” prefers to maintain 

the integrity of each layer, exhibiting a high loading capacity and a significant 

compatibility in plastic deformations.  

Regarding tension results in Figure 6.1b, all of the stress curves increase linearly 

initially at a strain range of 0 to 0.05, and at the end of elastic stage, the maximum 

stresses are reached for “x”, “y”, “z” at 5.93 GPa, 5.20 GPa, and 4.87 GPa, respectively. 

Following a plastic plateau from a strain of 0.05 to 0.1, the stress curves for “x”, “y” 

decrease with different rates. However, stress curves for “z” turned downwards 

immediately after the ultimate value. The rapid decrease for “z” indicates the splitting of 

neighboring layers requires only a small load, due to the weak hydrogen bond 

connections between the tetrahedra in adjacent sheets and the water molecules. Hydrogen 

bond connectivity is known to be one of the key factors in cohesion between 

calcium-silicate-hydrate layers and is important for the mechanical behavior
114

.  
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The decreasing rates of stress curves for “x” and “y” are higher than “z”, since the 

damage of the planes means the breakage of tetrahedron chains. Strong Ca-O bond and 

Si-O bond contribute to the high strength of the silicate chains
113

. The silicate chains are 

aligned in the direction [010] which is closer to the “y” direction; therefore the decreasing 

rate of stress curves for “y” is smaller than that “x”.  

Considering shear results in Figure 6.1d, the stress curves can be divided into two 

sections: the first elastic regime between the strain of 0 and 0.1, and the second regime of 

plastic plateau subsequently. The stress is lower when shear is applied along “xz” and 

“yz”. These two shear deformations cause relative gliding between neighboring layers 

connected mainly by weak H-bond connections. This explains why smaller loads are 

needed compared to shearing the layers along “xy”. 

Obviously, all the stress-strain curves are good reflections of the structures‟ 

layered feature. On one hand, within one layer, strong Ca-O and Si-O bonds contribute to 

good intra-plane mechanical properties. On the other hand, weak H-bond connectivity 

between layers contributes to poor inter-plane mechanical properties. The intra- and 

inter-plane effects are interactive to influence the overall mechanical properties. When 

the H-bond is vulnerable under specific deformation like shear, the maximum stress is 

only around 3 GPa. As long as Ca-O and Si-O bonds undertake most of external 

influences like tension along the x axis, the maximum stress increases to around 6 GPa. 

From an atomistic perspective, these mechanical properties are predicted and explained 

satisfactorily, indicating that atomistic configurations are key factors in determining the 

material‟s properties. 
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The atomic configurations of the structure at strain of 0 and stain of 0.1 are 

compared below to explain the deformation mechanisms in the context of global 

deformation. After the strain reaches 0.1, the structure behaves plastically for all 

deformation types. Despite the detail of the classified displacive controlled and diffusive 

controlled deformation mechanisms, the good agreement of the calculated elastic 

constants in Table 6.1 shows the absence of size-dependent mechanical properties, since 

the ab-initio data are performed in a much smaller size (unit cell). The strain in the 

system is uniform with a large length scale of the deformation field. The small strain 

gradient in global deformation type is believed to be the reason behind the 

size-independent properties under global deformations. 

6.3. Displacive and Diffusive Mechanisms 

At atomic level, all the deformation mechanisms are classify into displacive and 

diffusive mechanisms for all the global deformation types (tension, compression, shear). 

With displacive mechanisms, atoms behave in a more collective and deterministic 

manner like the dislocation glide in crystal structures. However, in diffusive mechanisms 

the atoms behave in a more random manner
46

. These two mechanisms can be determined 

by characterizing the out-of-plane damage and in-plane damage of each layer. To 

describe the out-of-plane damage of each layer, z coordinates of silicon atoms within one 

layer are averaged first as the position of the layer, then the standard deviation of such 

coordinates is calculated to describe the integrity of the layer. The larger the standard 

deviation, the more the out-of-plane damage. In order to describe the in-plane damage of 

each layer, the distances between neighboring silicon atoms are averaged as an index to 
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describe the in-plane damage. The larger the sum of the distances, the more the in-plane 

damage. Figure 6.2a shows all the in-plane and out-of-plane damages of all the global 

deformation types, differentiating their deformation mechanisms. The abscissa of Figure 

6.2a indicates the out-of-plane damage index and the ordinate indicates the in-plane 

damage index. Figure 6.2b is a schematic diagram of the layered feature of the model 

structure.  
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Figure 6.2 – (a) Deformation Mechanism Map showing the deformation 

mechanisms corresponding to different global deformation types. The 

in-plane and out-of-plane damage indexes are calculated when the strain 

reaches 0.1. (b) Schematic diagram of layers stacking along z axis in 

tobermorite. 

The pinkish color in the left corner of Figure 6.2a gives a region with relatively 

small abscissa and ordinate value, indicating displacive-controlled deformation 

mechanism, while the purple-like color on the top right region is regarded as 

diffusive-controlled deformation mechanism. All the shear deformations (“xy”, “xz”, “yz” 

shown as triangle) belong to displacive controlled deformation while all the tension 

(shown as circles) and compression (shown as squares) deformations belong to 

diffusive-controlled deformation except “y-” which belongs to displacive-controlled 

deformation.  

6.4. Displacement Maps and Distance Maps 

 

To further clarify the above mechanisms, the change in the model‟s atomic 

configuration is presented with displacement maps. In the study of perfect crystal 

structures, displacement map is constructed to analyze potential mobility of the 

dislocations
101

. The displacement map employed here is a colored map showing the 

displacement of each atom before and after the deformation. Figure 6.3 shows the 

displacement maps for “z”, “y”, and “xy” deformation modes, respectively. According to 

Figure 6.3(II), the displacement map in the z direction shows that there is no clear 

boundary between different colors, meaning that all the atoms deform individually, which 
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give a large abscissa value to the “z” point in Figure 6.2a. On the contrary, from Figure 

6.3(IV) and Figure 6.3(VI), the almost uniform color shows that there is no diffusion in z 

direction (out of plane damage), resulting in similar small abscissa values to “y” and “xy” 

points in Figure 6.2a.  

 

Figure 6.3 – Displacement Map: (I) xy plane view of tension along z axis, (II) xz 

plane view of tension along z axis, (III) xy plane view of tension along y axis, 

(IV) xz plane view of tension along y axis, (V) xy plane view of shear in xy 

plane, (VI) xz plane view of shear in xy plane. 

Figure 6.3(V) shows a clear boundary between different colors, meaning that all 

the atoms behave collectively to deform, so the shear deformation in the xy plane can be 

treated as dispacive-controlled deformation (The “xy” point in Figure 6.2a locates in the 
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pink region with a small ordinate value). Although Figure 6.3(IV) shows a similar pattern 

as Figure 6.3(VI), its deformation mechanism is different because the “y” point in Figure 

6.2a has a larger ordinate value than “xy” point. In other words, the in-plane damage of 

deformation type “y” is more serious than that of “xy”. This more serious in-plane 

damage makes “y” belong to diffusive-controlled deformation mechanism. Indeed, it is 

easier to explain the difference between “y” and “xy” via Figure 6.4, which shows the 

distribution of distance between neighboring silicon atoms. Before deformation, the 

distance between neighboring silicon atoms is around 3.4 Å. After different deformation 

types with strain of 0.1, a second distribution peak occurs. This second peak is an 

indicative of the in-plane damage. It can be seen that the curve of “y” is more uniform, or 

its second peak is blunter than that of “xy”. For deformation type “y”, the distance 

between neighboring silicon atoms ranges from 3 to 7 Å on average. This feature also 

suggests that when the tension is along the y axis, the atoms deform individually along 

the in-plane direction. 

 

Figure 6.4 – Distribution of Distance between neighboring Silicon atoms. 
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Figure 6.5a-c are the distance map for neighboring silicon atoms in the middle 

layer, the sky blue is related to a distance of ~3.4 Å and the yellow and red are signs of 

in-plane damage. Comparison of Figure 6.5b and Figure 6.5c shows that the in-plane 

damage of “y” is more severe than that of “xy”, so for “xy”, the layer is kept almost intact 

and the deformation mechanism is displacive-controlled with atoms‟ collectively moving 

to new positions.  
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Figure 6.5 – (a) Distance map for neighbor silicon atoms at strain of 0, (b) 

Distance map for neighbor silicon atoms with tension along y axis at strain of 

0.1, (c) Distance map for neighbor silicon atoms with shear in xy plane at 

strain of 0.1. 

Using similar analysis, other global deformation types are also categorized into 

either displacive- or diffusive-controlled deformation mechanisms in Figure 6.2a. The 

shear deformations “xy”, “xz”, and “yz” are dominated by displacive-controlled 

deformation mechanism; the tension deformations “x”, “y”, and “z” are dominated by 

diffusive-controlled deformation mechanism while the compression deformations fall in 

between, except “x-” and “z-” which are dominated by diffusive controlled deformation 

mechanism and “y-” by displacive-controlled deformation mechanism. Overall, the shear, 

compression, and tension deformations rank from high to low in terms of the extent to 

which the system can maintain its structural integrity.  

6.5. Chapter Summary 

For C-S-H, the tension, compression, and shear deformations can be classify into 

displacive and diffusive mechanisms at atomic level
115

. By examining the out-of-plane 
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damage and in-plane damage of each layer in tobermorite, it is determined that all the 

shear deformations (“xy”, “xz”, “yz”) belong to displacive controlled deformation; all the 

tension (“x”, “y”, “z”) and compression (“x-”, “z-”) deformations belong to 

diffusive-controlled deformation except “y-” belongs to displacive-controlled 

deformation. From the fact that the obtained elastic constants agree well with ab-initio 

data, it is concluded the mechanical properties obtained with global deformations are 

size-independent
115

. Namely no matter the size of the model, global deformations always 

result in same evaluation of mechanical properties such as elastic constants. The absence 

of strain gradient in global deformations is believed to be the reason of this 

size-independency. However, in next chapter 7, it can be seen that size effect begins to 

appear due to strain gradient when the structure is subjected to a local deformation.   
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Chapter 7 

 

 

Local Deformation of C-S-H 

After simulating global deformations for C-S-H in chapter 6, chapter 7 focuses on 

the nano-indentation to simulate the local deformation of C-S-H. Nano-indentation 

technology is a wildly used experimental means for various materials. But the detailed 

deformation mechanism of C-S-H under such local deformation needs to be explored 

carefully, because size effect is a concern as such scale. The size of indenter affects the 

response of C-S-H due to the induced strain gradient during nano-indentation. Compared 

to global deformation in chapter 5, this chapter shows a completely different behavior 

considering the size-dependent properties and local phase transformation during 

nano-indentation
115

. 

7.1. Nano-Indentation Studies of Cement 

With the well-established nano-indentation technique, cement specimens are 

tested to reveal its unique nature. High-density C-S-H and low density C-S-H are 
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distinguished clearly by comparing the obtained compliance curves (Figure 7.1). The 

cement pastes‟ macroscopic elastic modulus is predicted accurately. However, the 

experimental result is not comparable to our follow-up simulation results where 

size-effect shows clearly. For dislocation-oriented materials, the size effects especially 

under the circumstances of nano-indentation can be rationalized with the concept of 

underlying densities of statistically stored dislocations (SSD) and geometrically 

necessary dislocation (GND) contents
116-117

. Analytic model based on GND is established 

to quantify the nano-indentation size-effect
118-119

. Here focus on C-S-H，although the 

absence of dislocation in C-S-H at such scale differentiates its size-effect significantly 

from conventional situations, the strain gradient mechanism still provides an explanation 

of the size-dependent properties, which will be discussed in detail in the following. 

 

(a) 



92 
 

 

Figure 7.1 – (a) Locations of statistical indentation tests. (b) Indentation 

compliance curves for C-S-H4. 

7.2. Nano-Indentation Simulation Model and Methodology 

The simulation model 2 for nano-indentation is constructed as a 22×24×6 super 

cell with the same unit cell used for global deformation in section 5.2. The final 

dimension of model 2 is 147.25 Å×148.24 Å×147.116 Å with 228096 atoms in total. 

Figure 7.2 shows a schematic diagram of the nano-indentation model used in this study. 

The tobermorite super cell is the substrate into which an imaginary rigid indenter shown 

in blue will be imposed. 

 

(b) 
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Figure 7.2 – Nano-indentation model of tobermorite substrate and an 

imaginary indenter. 

The nano-indentation simulation is carried out in the canonical ensemble (NVT) 

at 1 K, and the integration time step is 0.5 femtosecond. The simulated system consists of 

a tobermorite super cell substrate and an imaginary sphere indenter with the radius of the 

following four values: 20, 30, 40, and 50 Å. The indentation is applied along the negative 

direction of the x, y and z axis at a constant rate of 0.1 Å/ps (10m/s), and periodic 

boundary conditions are applied along the directions perpendicular to the indent direction. 

To avoid the rigid body movement of the whole substrate, the bottom silica chain of the 

substrate is kept fixed throughout the simulation. In all these three situations, the indenter 

moves into the substrate from the surface of the structure. Since it‟s more convenient to 

carry out indentation simulation with constant rate loading, quasi-static strategy is not 

employed here, but the effect of the loading rate will be discussed later. A proper rate is 

chosen so that the strain rate is not a concern and only loading mode dominates the 

mechanical properties. 
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7.3. Size-Dependent Indentation Modulus and Hardness 

From nano-indentation simulations, the force-depth curves are directly obtained 

for analysis. Spherical indenters with four different sizes are chosen to study the 

size-dependent characteristic of this specific local deformation. When the radius of 

indenter is chosen as 20, 30, 40, and 50 Å, the corresponding maximum indentation depth 

is set to be equal to the radius of the indenter. Figure 7.3 shows the force-depth curves of 

loading and unloading from the nano-indentation simulations along three Cartesian 

directions. The indentation modulus M and hardness H are calculated via Equation 3.1
54, 

120
.  
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Figure 7.3 – (a) Force-depth curves of nano-indentation. X, Y, Z indicate the 

nano-indentation is applied along x, y, z axis, respectively. 

Interestingly, a linear pattern is found between the normalized indentation 

modulus and the radius of indenter (Figure 7.4a), i.e. the larger the radius of the indenter, 

the larger the indentation modulus. A similar linear relationship, albeit with a different 

factor, exists for the normalized hardness shown in Figure 7.4b. This size-effect can be 

explained by the concept of strain gradient. 
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Figure 7.4 – (a) Normalized indentation moduli versus indenter size. (b) 

Normalized hardness versus indenter size. The normalization factor is the 

indentation modulus or hardness of the system with the smallest indenter size. 

X, Y, Z indicate the nano-indentation is applied along x, y, z axis, respectively. 

When exploring the strain gradient origin in size-effect studies, other possible 
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reasons such as loading rate should be excluded first. The results with loading rate of 

0.04 Å/ps (4 m/s), 0.1 Å/ps (10 m/s), 0.5 Å/ps (50 m/s), and 1 Å/ps (100 m/s) for 

indentation modulus and hardness are compared in Figure 7.5a-b. The trend indicates that 

the adopted loading rate 0.1 Å/ps (10 m/s) is small enough to not affect the mechanical 

properties of the structure, which is also verified in the study of other mineral 

materials
121

.  
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Figure 7.5 – (a) Normalized indentation moduli versus loading rates. (b) 

Normalized hardness versus loading rates. The normalization factor is the 

indentation modulus or hardness of the system with the smallest indenter size. 

X, Y, Z indicate the nano-indentation is applied along x, y, z axis, respectively. 

20, 30, 40, 50 indicate the radius of the indenter. 

7.4. Local Phase Transformation under Nano-Indentation 

The indentation-induced size-effect observed in crystalline metallic materials is 

successfully explained by densities of geometrically necessary dislocation (GND) 

contents in the plastic zone underneath the indenter
117

. So it‟s natural to check what‟s 

happening in the plastic region of the model underneath the indenter. Because of the 

layered structure of tobermorite (unlike crystalline structures such as metals) and the 

small scale of our model (~10 nm), there is no dislocation observed in the system. But an 

underlying local phase transformation of the tobermorite substrate from crystalline to 

amorphous structure is monitored in the process of nano-indentation simulation. Akin to 
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perfect crystal structures where atoms are differentiated by their coordination number as a 

sign of dislocations, here SiO4 tetrahedra are differentiated as the sign of local phase 

transformation in the nano-indentation simulations of tobermorite. As discussed earlier, 

the backbone of the tobermorite is composed of SiO4 tetrahedra. A tetrahedra with n 

bridging oxygen atoms is typically referred as Q
n
, a common notation in nuclear 

magnetic resonance (NMR) field for describing local connectivity of amorphous-type 

materials
122-123

. Generally, Q
0
 to Q

4
 represents the monomer, the dimer structure, the long 

chain, the branch structure, and the network structure, respectively 
124

. In the pristine 

tobermorite crystal, Q
2
 is the only component, indicating infinite chains of SiO4. As the 

indenter enters into the tobermorite substrate, phase transformation happens at the local 

plastic region around the indenter, resulting in emergence of new Q
0
, Q

1
, Q

3
, and Q

4
. This 

phenomenon can be observed in the atomic configuration plots in Figure 7.6 in which the 

side cross-sectional view of the indented structure in the case of indentation along x axis 

is shown (40 Å radius of indenter). Analyses show that new phases extend annularly into 

the tobermorite substrate with Q
4
 being in the innermost, indicating that the most 

dramatically phase transformation happens in close proximity to the indenter. When the 

indentation is applied along y axis, the pattern of local phase transformation is similar 

with the former case. It is observed that as the indenter moves along x or y axis, the new 

phases extend along the [010] direction, i.e the direction of infinite Si tetrahedra chains 

(Figure 7.7). This extension along specific direction endows the local phase 

transformation a feature that the defects happen along a crystallographic direction. 

Inconspicuous pile-up around the indenter involves in all cases, although the pile-up is 

clearer when the indentation is along z axis. The little pile-up is believed to barely affect 
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the mechanical properties of the structure.  

 

Figure 7.6 – Phase transformation in the plastic zone during nano-indentation 

with a 40 Å radius indenter depressing along X axis. Q0, Q1, Q3, Q4 are colored 

differently. 
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Figure 7.7 –Side cross-sectional view of the indented structure with different 

indenter size depressed along each direction. 

Figure 7.7 demonstrates the phase transformation for 12 different cases (4 
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indenter radii and 3 indentation directions) in which the local transformation happens at a 

plastic zone, a region most dramatically affected by the indentation. Careful analysis of 

the plastic zone in Figure 7.6 shows that the zone is actually a volume between two 

hemispheres, one with a radius of R and one with a radius of R+L. At the inner 

hemisphere surface with area 2πR
2
, the strain ε is maximum, while beyond the outer 

hemisphere surface with area 2π(R+L)
2
, the strain ε is lowest. By investigating all 12 

local phase transformation scenarios, it is found that the strain gradient length L (along 

which the strain varies from maximum to zero) is proportional to the radius of the 

indenter R, i.e. L∝R (shown with black line in Figure 7.8). Furthermore, the 

representative length scale of the maximum strain S is proportional to the area of inner 

hemisphere surface 2πR
2
, namely S∝R

2
. So the strain gradient SG can be defined clearly 

as SG=S/L, thus leads to SG∝R
2
/R, or SG∝R. In view of the simulation results, 

Equations 7.1a, 7.1b, and the definition of strain gradient, Equations 7.1c is concluded 

which explains the linear size-effect in Figure 7.4a-b.  

L∝R                                  (a) 

S∝R
2                                                 

 (b) 

SG=S/L∝R                                (c) 

Equation 7.1 – Linear size-effect from strain gradient 

Obviously, the strain gradient interpretation is drawn from the perspective of 

geometric scale of the plastic zone. The atomistic origin behind it is also clear. Figure 7.8 

illustrates the number of Q
n
 corresponding to the 12 nano-indentation scenarios. The 

number of each transformed Q
n
 is increasing as the indenter‟s radius increases; this 
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pattern is responsible for the linear increase of the indentation modulus and hardness in 

Figure 7.4a and 7.4b. The original tetrahedron chains are mainly changed into two atomic 

clusters containing Q
1
 and Q

3
. Along the z axis, the indentation leads to more Q

1
 and Q

3
, 

suggesting a more severe local phase transformation along this direction. Compared to 

others, Q
3
 is the most sensitive local connectivity and it is believed to be the main source 

of the increased indentation modulus. This is in line with the previous experimental 

studies that indicate Q
3
 species are able to improve the interlayer stiffness of 

tobermorite
125

. 

 

Figure 7.8 –The comparison of Q0, Q1, Q3, Q4 of the indented structure with 

different indenter size depressed along each direction (colored curves 

corresponding to the left ordinate); and the linear relationship between L and 

R (black line corresponding to the right ordinate). 

Figure 7.9 demonstrates a typical time-dependent process of phase transformation 

for the indentation simulation with 40 Å as the radius of the indenter. The time regime of 
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0 to 100 ps represents loading where the indenter moves into the substrate, while 100 to 

200 ps corresponds to the unloading stage. Figure 6.18 illustrates that the number of Q
0 

and Q
1
 increases as the loading proceeds and then remains constant during unloading. A 

similar pattern exists for Q
3
 and Q

4
 except that at the beginning of the unloading stage, 

the number of Q
3
 and Q

4
 decreases slightly and then remains constant. Since Q

3
 and Q

4 

denote larger and more complex atomic cluster, it is not surprising to find that Q
3
 and Q

4 

are more sensitive to unloading. Once the indenter detaches completely form the 

substrate, the locally phase transformed structure don‟t change any more, indicating 

permanent (plastic) deformations.  

 

Figure 7.9 –Time-dependent process of the phase transformations during 

nano-indentation with a 40 Å radius indenter. 
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7.5. Local Deformation vs. Global Deformations 

In section 6.2, global deformations of C-S-H are tested and elastic constants are 

obtained in Table 6.1. From which, a calculated indentation modulus, M, can also be 

obtained with Reuss-Voigt-Hill approximation
126

 and Molinary approximation
127

 by 

Equation 7.2: 

3
4

3 4

K G
M G

K G




  

Equation 7.2 – Indentation Modulus 

where K and G are, respectively, the bulk and the shear moduli. Table 7.1 

indicates that the indentation modulus from global deformation simulations agrees well 

with that from first-principles calculations
19

.  

 
First-principles 

calculation 
Molinary 

Approximation 
Reuss-Voigt-Hill average 
of the elastic constants 

K 52.68 57.41 56.92 

G 29.81 27.73 42.02 

M 80.77 78.33 105.55 

Table 7.1 – Comparison of Indentation Modulus [GPa]. 

Constantinides et al.
128

 carried out nano-indentation on C-S-H and gave statistical 

distribution of elastic modulus for C-S-H, the obtained elastic modulus for nondegraded 

C-S-H varied from 18 to 36 GPa. Because of the defects in the material, this smaller 

elastic modulus is expected as compared to the simulation results in Table 7.1. It‟s also 

worth noticing that the imprint of nano-indentation experiment carried by 
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Constantinides et al. is several hundred nanometers. Their indentation depth varied in the 

range of 300-500 nm, while the maximum indentation depth in section 7.2 is 5 nm, two 

orders of magnitude less than the experiment. Qomi et al.
111

 calculated the C-S-H solid 

particle‟s indentation modulus M using same Equation 7.2 considering the effect of Ca/Si 

ratio. The value they obtained varies from 60 to 100 GPa, which is also in the same order 

of magnitude with Table 7.1. The calculated nano-indentation moduli mentioned above 

are actually from the elastic constants obtained from axial and shear deformation 

simulations in section 6.2. As discussed before, all these defamation types are devoid of 

strain gradients and relate size-independent mechanical properties, so it‟s not surprising 

that the derived nano-indentation moduli match well with the first principles calculations 

value and those of experimental studies. The actual indentation experiments
128

 are 

expected to obtain reliable mechanical properties such as elastic modulus and hardness, 

and there is no size-effect at such scale of 300-500 nm. However, around this simulation 

scale of 5 nm, size-dependent mechanical properties start manifesting. At micro scale, the 

behavior of materials may change on different dimensions ranging from few nanometers 

to hundreds of nanometers when different deformation mechanisms function along or in 

combination. Dislocation nucleation, dislocation motion, grain interaction, phase 

transformation, etc. are examples of the possible mechanisms responsible for size-effects 

on different length scales. There is a critical length above which size-independent 

properties can be measured and explained by classical theories. But the comprehensive 

investigation of size-effect up to the possible critical length of hundreds of nanometers is 

currently computational very expensive (if not impossible). The investigated size-effect 

here on the scale of 5 nm reveals part of the whole phenomenon.   
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7.6. Chapter Summary 

Nano-indentation uses an indirect depth measuring to estimate the modulus and 

hardness of a material. The local deformation caused by nano-indentation reveals plastic 

deformation mechanisms for other crystalline and amorphous materials. Although cement 

is also tested with nano-indentation, the size effect is not fully considered before. This 

chapter compares the behavior of C-S-H model indented by different indenters: the 

radiuses of the indenter are 20, 30, 40, and 50 Å. From the obtained force-depth curves, a 

linear pattern is found between the normalized indentation modulus/hardness and the 

radius of indenter
115

. Different from the geometrically necessary dislocation responsible 

for the size effect in crystalline materials, local phase transformation is the atomic origin 

of the size effect of C-S-H
115

. The backbone of the tobermorite - SiO4 tetrahedra are 

transformed from Q
2
 to new emerged

 
Q

0
, Q

1
, Q

3
, and Q

4
 in a plastic zone close to the 

indenter. Geometric analysis of the plastic zone displays that the discovered linear 

size-effect can be explained by strain gradient. Combining the results from chapter 6, it is 

found that global deformation and local deformation relate to size-independent and 

size-dependent mechanical properties, respectively. Whether there is strain gradient is the 

key of the difference.    
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Chapter 8 

 

 

Thermal/Radiation Performance of 

C-S-H 

Starting from this chapter, thermal/radiation performance of cement and a cement 

based material will be focused. h-BN reinforced cement composite is expected to 

demonstrate a high thermal/radiation resistance because of h-BN‟s high neutron 

absorbing efficiency. Under thermal/radiation effect, the strength degradation of C-S-H is 

the first to be studied in this chapter. Then in chapter 9, the thermal/radiation 

performance of h-BN will be revealed. With the understanding of the C-S-H and h-BN 

respectively, chapter 10 will study the thermal/radiation performance of the hybrid 

h-BN/C-S-H structure, of which the thermal/radiation resistance is found improved 

compared to pure C-S-H. The heat/radiation-induced damage mechanisms are different 

for C-S-H, h-BN, and h-BN/C-S-H composite. The amorphization of C-S-H under 

thermal/radiation effect is demonstrated in this chapter.  
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8.1. Radiation Simulation Model and Methodology 

A Merlino type tobermorite
129

 supercell is modeled for radiation simulation. Its 

double silica chain structure forms a 3D network. Heat/radiation-induced damage is 

easier to be observed in such a well-connected structure. The unit cell (Ca8Si12O35.9H2O 

with Ca/Si=6.7) contains 82 atoms. It has a monoclinic structure and the lattice 

parameters are: a=6.735 Å, b=6.176 Å, c=22.487 Å and γ=123.25
o
. The simulation model 

is constructed with unit cell into a 7×3×1 super cell. The final dimension is 47.145 

Å×18.528 Å×22.487 Å with 1512 atoms in total. CSH-FF force filed
25

 is adopted for 

tobermorite.  

The radiation simulation is realized by applying energy to atoms so that they can 

be intrigued as PKAs to cause radiation damage. The excitation of PKAs is a proper 

method to represent the radiation scenario
130-132

. PKAs’ simulations by other researchers 

for boron nitride
85

 and glassy silica
133

 demonstrated its applicability for our system. A 

sequential radiation of PKA one by one yields similar cumulative damage as that of 

simultaneous multiple PKAs’ radiation
134

. Among these two strategies, this chapter 

chooses to excite all PKAs at same time in order to be more consistent with the actual 

situation. For the complex tobermorite here or hybrid h-BN/tobermorite discussed in 

chapter 10, considerable radiation damage can only be obtained using multiple PKAs. 

The radiation simulation is followed by an immediate tensile simulation to obtain 

the tensile strength of the radiated structure. For tobermorite, silicon and calcium are 

selected as PKAs. Notice the great difference of the neutron cross section for the related 

atom types: silicon (0.171), calcium (0.43), oxygen (0.00019)
135

. So in tobermorite 
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structure, the likelihood of energy being transferred to silicon and calcium is much higher 

than to oxygen. When radiating tobermorite, 8 radiation levels are simulated by 

distributing energy to silicon and calcium atoms according to their neutron cross section. 

The PKAs excitation simulation is carried out in the microcanonical ensemble (NVE) at 

different temperatures. The simulated 8 levels of radiation energies are: 1.08, 2.16, 3.24, 

4.32, 5.40, 6.48, 7.56, and 8.64 (×10
5
) eV, with which a gradually increased 

amorphization is introduced. For convenience, these radiation energies would be referred 

to as level 1 ~ level 8 radiation. The simulated 10 temperatures are: 0, 100, 200, 300, 400, 

500, 600, 700, 800, 900 
o
C. Thus 80 scenarios (i.e. 8 x 10) are investigated in total 

covering a wild range of radiation and temperature. After 5 picoseconds (0.1 femtosecond 

integration time step) of radiation simulation, the structure is disturbed and reaches new 

equilibrium states. Then it is deformed in canonical ensemble (NVT) for 20 picoseconds. 

The tension strain rate is1×10
8
/s - a strain rate low enough for MD simulation

136
.  

8.2. Strength Degradation of Tobermorite 

The combination of 8 levels of radiation energies and 10 different temperatures 

results in 80 cases, which would help reveal the effect of radiation and temperature 

comprehensively. Because of the randomness feature of radiation cascade, a statistical 

analysis of multiple samples is carried out. For one case with a defined radiation energy 

and temperature, 30 samples are simulated where the PKAs‟ initial moving directions are 

random. The 30 samples together represent the behavior of the system under that 

condition. To have an impression of the radiation‟s disturbing effect on the structure, 

Figure 8.1 compares atomic configurations of un-radiated structure and radiated 
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structures. It is clear that as the radiation energy increases, amorphization becomes more 

and more serious. In level 0 configuration, tobermorite shows its arranged silica chain 

structure. When small degree of radiation is applied, structural disturbance occurs 

although tobermorite is still clearly layered, like level 1 ~ level 4 configurations. Keep 

increasing the radiation above level 5, layered structure is not as obvious as before. 

Amorphization happens due to radiation in tobermorite structure.    

  

Figure 8.1 – Atomic configurations of tobermorite from different cases. The 

temperatures of these cases are 100 0C. The radiation energy range from level 

1 to level 8. Level 0 indicates the pristine tobermorite structure without any 

radiation damage. The comparison of these configurations shows the 

aggravated amorphization as the radiation energy increases. 

The number of samples needed for a reliable statistic result is checked first. The 

mean strength of all samples as a function of the number of samples is plotted in Figure 



114 
 

8.2. When the number of samples is large enough, the mean value would converge to a 

stable level with small fluctuation. As shown in Figure 8.2, when the number of samples 

reaches 30, the mean of the strength and the standard deviation of the strength converge 

within a ±5% error bonds shown as dashed lines, indicating 30 samples are able to 

provide a reliable statistical result.  

 

Figure 8.2 – The mean strength and standard deviation converge as the 

number of samples increases. 

Deforming the radiated samples outputs the force-displacement curves. Although 

one case involves one radiation level and temperature, its 30 samples‟ force-displacement 

curves are not exactly same due to the random radiation damage. Overlaying all the 

force-displacement curves of the 30 random samples, it is found that the strengths of the 

samples are randomly distributed. Figure 8.3-8.4 show two representative cases of 

tobermorite. The dispersion of the curves is bigger, especially in the growth section of the 

curve. This is expected because the multiple PKAs simulation strategy for tobermorite 
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causes amorphization that alters the mechanical property of the structure intensely. The 

vertex of each curve (ultimate stress) is extracted into a histogram to obtain the strength 

distribution, which is then described using normal distribution as shown with red curves 

(normal density function). Figure 8.3-8.4 show that for different conditions, the 

performance of the structure changes completely.  

  

Figure 8.3 – Force-displacement curves of 30 random samples for one case, 

when with radiation level 1 and under 900 oC. Each curve represents a 

random simulation sample. The vertex of each curve is extracted into the 

histogram to obtain the strength distribution. The red curves are normal 

density function to describe the obtained strength distribution.  

 



116 
 

 

Figure 8.4 – Force-displacement curves of 30 random samples for one case, 

when with radiation level 2 and under 800 oC. Each curve represents a 

random simulation sample. The vertex of each curve is extracted into the 

histogram to obtain the strength distribution. The red curves are normal 

density function to describe the obtained strength distribution.  

Figure 8.5 summarize the performance of the structure in all 80 conditions. Each 

sub-plot is for one condition and combines the force-displacement curves of the 30 

random radiated samples. The ultimate strengths of the 30 samples extracted from Figure 

8.5 are all described with normal distribution in Figure 8.6. The sub-plot in Figure 8.6 fits 

the normal density function using red curve, too. 
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Figure 8.5 – The force-displacement curves of 30 random samples for all cases. 

The horizontal axes of all sub-plots are the same as shown at the bottom of the 

figure: elongation from 0 to 15 angstrom. The vertical axes of all sup-plots are 

the same as shown on the right side of the figure: tensile stress from 0 to 100 

GPa. The sub-plots in the same row are for cases with same temperature 

varying from 0 to 900 oC. The sub-plots in the same column are for cases with 

same radiation energy varying from level 1 to level 8. 
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Figure 8.6 – The strength distributions of 30 random samples for all cases. The 

strengths are extracted from the force-displacement curves shown in Figure 

8.5. The horizontal axes of all sub-plots are the same as shown at the bottom of 

the figure: tensile stress from 50 to 90 GPa. The vertical axes of all sup-plots 

are the same as shown on the right side of the figure: frequency from 0 to 10. 

The red curves are normal density function for the strength distribution. The 

sub-plots in the same row are for cases with same temperature varying from 0 

to 900 oC. The sub-plots in the same column are for cases with same radiation 

energy varying from level 1 to level 8. 

Two normal distribution parameters μ and σ are calculated to characerize the 

strength of tobermorite in each case. μ - 2σ is proper to be used as a representative value 

for the strength. This value guarantees that 97.7% samples would not fracture when 

subjected to such amount of the tensile stress. If further normalize the strength by 
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dividing (μ - 2σ) to the ideal strength of the un-radiated tobermorite, a residual tensile 

strength can be derived. For example, the normalized strength of the case with radiation 

level 6 and temperature 100
o
C is 0.547, namely under such condition the strength of 

tobermorite remains only 54.7% of the original strength. Figure 8.7a-b show the 3D and 

top view of the residual tensile strength for all 80 cases. This compiled thermal-radiation 

shock map reveals the dependency of strength on radiation levels and temperatures. The 

strength reduction is caused by both temperature and radiation increment. As the 

temperature and radiation increases, strength is lost. 

From experimental observation, two forms of damage are brought in by high 

temperature in concrete: the phase transformation of cement paste and the spalling of 

concrete due to the thermal incompatibility between the aggregate and the cement paste
59

. 

The simulation of tobermorite intends to understand the behavior of cement paste only, 

leaving the spalling of concrete out of scope. The increased temperature is found to be the 

main reason of strength degradation even if there is no radiation effect
58, 137

. The one-way 

coupling effect between the temperature and radiation (the radiation-induced thermal 

effect) intensifies the phase transformation in two ways: (1) radiation-induced 

amorphization disorders the cement paste more, and (2) radiation-induced high 

temperature further reduce the energy barrier for the structure to transform into an 

amorphous structure.  

The strength in simulation deteriorates to remain only ~20% in the extreme 

condition. It is worth mentioning that making meaningful comparison between simulation 

results and experimental studies is difficult: (1) The neutron fluence in experimental 

studies may have different neutron spectrum (slow or fast neutrons)
56

. (2) There is no 
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control of the energy transfer between colliding neutron and the radiated concrete
133

. (3) 

The energy input in experiment is through neutron fluence towards a surface of the 

concrete sample, while in simulation the energy is distributed through the whole volume 

of the structure. Although it is difficult to determine a direct correspondence between 

experimental neutron fluence and the energy input in simulations, the rapid and severe 

strength reduction in simulations match well with previous experimental results
138

, 

showing that the aggravated amorphization of tobermorite is able to characterize the 

realistic radiation effect. 



121 
 

 

 Figure 8.7 – Thermal-radiation shock map of tobermorite. (a) 3D and (b) top 

view of the residual tensile strength dependent on radiation dose and 

temperature. Color bar marks the value of residual tensile strength. 
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8.3. Atomistic Origin of Strength Degradation of Tobermorite 

The amorphization comes from radiation-induced disorder in the structure. Both 

the short-range and medium-range defect orders are checked in order to understand the 

emerged amorphization. Based on the radial distribution function (RDF), the short-range 

of the Si-O backbone is carefully examined. For example, Figure 8.8 plots the Si-O RDF 

of structure at same temperature 0 
o
C but with different radiation levels. The curves 

coincide with each other, barely suggesting any changes in Si-O backbone (8 curves are 

separated vertically for better comparison). The principal peak around 1.6 Å is a 

reflection of the Si-O tetrahedra in the backbone of the structure.   

 

Figure 8.8 – Si-O radial distribution function (RDF). At 0 oC, when raditaion 

level increases from level 1 to level 8, the peak location and shape of the PDF 

in each curves are hardly changed. The 8 curves are spearated vertically for 

better comparison. 
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Another way to inspect the short-range of the backbone is to use histogram to 

directly compare the nearest Si-O bond and O-Si-O angle directly. Figure 8.9 show the 

distribution of Si-O bond and O-Si-O angle of one case with radiation level 1 and 

temperature 100 
o
C. Although dispersion exists, the Si-O bond length is mostly around 

the accurate value of 1.62 Å, and the O-Si-O angle is mostly around the accurate value of 

109.5°. Figure 8.10-8.11 list the distributions for all cases. It is notated that the 

short-range order almost remains unchanged even though the amorphization is 

aggravated much. 

 

Figure 8.9 –(a) Si-O bond distribution at 100 0 oC and radiation level 1. (b) 

O-Si-O angle distribution at 100 0 oC and radiation level 1.  
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Figure 8.10 – The Si-O bond length distribution of 30 random samples for all 

cases. The horizontal axes of all sub-plots are the same as shown at the bottom 

of the figure: Si-O bond length from 1.4 to 2 angstrom. The vertical axes of all 

sup-plots are the same as shown on the right side of the figure: frequency from 

0 to 7000. The sub-plots in the same row are for cases with same temperature 

varying from 0 to 900 oC. The sub-plots in the same column are for cases with 

same radiation energy varying from level 1 to level 8. 
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Figure 8.11 – The O-Si-O angle distribution of 30 random samples for all cases. 

The horizontal axes of all sub-plots are the same as shown at the bottom of the 

figure: O-Si-O angle from 0 to 180 degree. The vertical axes of all sup-plots are 

the same as shown on the right side of the figure: frequency from 0 to 14000. 

The sub-plots in the same row are for cases with same temperature varying 

from 0 to 900 oC. The sub-plots in the same column are for cases with same 

radiation energy varying from level 1 to level 8. 

The same position of first peak around 1.6 Å in Figure 8.8 demonstrates the little 

difference in the short-range order, however there is more information in the RDF. A 

medium-range defect order can be obtained by computing the partial structure factors 

from the RDF
23, 133

: 
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Equation 8.1 – Partial structure factor from the RDF. 

where Q is the scattering length, 0 is the average atomic density, and R is the 

maximum cutoff distance which is chosen to be 10 Å. FL is a Lortch-type window 

function used to reduce the effect of the finite cutoff of r in the integration. The 

calculated structural factor reflects the contribution of the medium-range defect order, 

from which the first sharp diffraction peak (FSDP) of the structure factor is of the utmost 

importance. The principal peak at position Qp=2/rp is associated with the 

nearest-neighbor distance rp, and the FSDP is the next peak located at lower Q < Qp
23

. Its 

position is typically around 1~2 Å in disordered materials
133

, which matches the 

calculation in Figure 8.12. This lower position is associated with the structural 

correlations between voids and atomic clusters at rFSDP > rp. The FSDP can be fitted with 

Lorentzian functions and shown with red segments in Figure 8.12. When plotting the 

rFSDP of 80 cases in the same manner as the compiled thermal-radiation shock map in 

Figure 8.13, it is discovered that the medium-range defect order index rFSDP is a good 

representative of the amorphization degree in the radiated tobermorite. 
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Figure 8.12 – Partial structure factor curves related to RDF cuves in Figure 8.8. 

At 0 oC, when raditaion level increases from level 1 to level 8, the FSDP is fitted 

with Lorentzian functions (red segements). Its location changes with radiation 

level. 
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Figure 8.13 – (a) 3D and (b) top view of the medium-range defect order index 

rFSDP changing with radiation dose and temperature. Color bar marks the value 

of rFSDP. 
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For a better comparison, the top view of thermal-radiation shock map in Figure 

8.7 and the top view of the medium-range order defect order rFSDP in Figure 8.13 are put 

together in Figure 8.14. The pattern of rFSDP is consistent with the pattern of 

thermal-radiation shock map (despite the opposite color definition in the two plots). The 

black dotted lines depict a similar color pattern, suggesting that the atomic origin of the 

strength deterioration is the medium-range defect order of the structure.     

 

Figure 8.14 – Comparision of the patterns of the thermal-radiation shock map 

and the medium-range defect order index rFSDP. 

8.4. Thermal Effect and Radiation Effect for C-S-H 

As revealed in section 8.2, there is a strong interplay between temperature and 

radiation. The radiation-induced thermal effect (the one-way coupling effect) would 

intensifies the structural phase transformation, but distinguishing between strength 

degradation caused by heat and by radiation is a challenge
58, 139

. At macroscopic level, 

volumetric heating rate is used to calculate the radiation-induced energy transfer. Then 

temperature distribution is estimated by solving a one-dimensional steady-state thermal 

conduction equation
59

. This method is established based on macroscopic phenomena, 
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which is able to fit a formula to quantify the radiation-induced thermal effect, but 

obviously, it reveals little information about the difference between thermal and radiation 

effect on the performance of the structure.  

Our MD simulations, however, provide a different perspective to check the 

one-way coupling effect. In MD simulation, the temperature of the structure (T) is related 

to the kinetic energy (KE) by boltzmann constant: T =(1/2×(3N-6) kB)
-1×KE where N is 

the number of atoms and kB is the boltzmann constant. When radiation energy is applied 

to PKAs in the form of extra kinetic energy, it is expected that the temperature will be 

increased accordingly. To check how this radiation energy vs. temperature relation 

behaves in our model, when different radiation energy is applied to the model at 0 
o
C 

ambient temperature, the resulted final temperatures are plotted as shown in Figure 8.15. 

From Figure 8.15, first, a linear pattern is demonstrated between the applied 

radiation energy and the corresponding temperature, but the slope is found less than the 

theoretical value (1/2×(3N-6) kB)
-1

. It reflects that not all the applied radiation energy is 

remained as kinetic energy; part of the radiation energy is restored in the structure as the 

increased potential energy when damage and amorphization is caused. During the change 

of the potential energy, damage process may be accompanied by healing process. This 

would be another potential way of energy conversion during radiation damage, although 

healing effect is not clearly observed here. Second, the corresponding temperature value 

seems very high. This “outputted temperature” is only a measurement of the applied extra 

radiation energy, which is not the “true temperature” that describes the thermal movement 

of atoms. The high “outputted temperature” is mainly due to the high kinetic energy of 
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PKA, but not an indicator that the average thermal movement of all atoms is intense. 

Although the “outputted temperature” in MD simulation doesn‟t have actual meaning, the 

different slopes in Figure 8.15, 9.20, and 10.10 show that the system energy condition of 

C-S-H, h-BN and h-BN/C-S-H are different under radiation. This means with applied 

radiation energy, the damage mechanisms of these three systems are not the same.    

 

Figure 8.15 – Radiation-induced temperature for C-S-H. 

From MD simulation, if comparing the strength degradation of structures 

subjected to only radiation or only high temperature, the obtained result in Figure 8.16 

provides valuable information. The red squares in the figure are for the structures being 

damaged by different radiation energies. The blue rounds are for the structure under 

different temperatures. Both the red and blue trends show that as radiation and 

temperature increases, strength degradation becomes more and more serious. However, 

their patterns are different, suggesting different damage mechanisms. The strength 

degradation due to radiation is from the amorphization and induced-defects in the 

structure. But the strength degradation due to high temperature is from the intensified 
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thermal movement of atoms which would make it easier for the structural misalignment, 

distortion, and fractures to happen. Here for C-S-H, the radiation-induced strength 

degradation is comparable to the temperature-induced strength degradation, as an 

intersection can be obtained between the red line and blue line. From Figure 9.21 and 

Figure 10.11, it is shown that when h-BN is involved, the thermal effect and radiation 

effect of the structures are different, meaning that the thermal effect and radiation effect 

are highly system-dependent. 

 

Figure 8.16 – Strength degradation of C-S-H only due to radiation and only due 

to temperature.  

8.5. Chapter Summary 

Based on the experimental study of concrete‟s radiation property, simulations are 

carried out for a tobermorite model to understand the C-S-Hs‟ 
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thermal/radiation-resistance. Simultaneous multiple PKAs are excited in 80 different 

cases. The simulated 8 levels of radiation energies are: 1.08, 2.16, 3.24, 4.32, 5.40, 6.48, 

7.56, and 8.64 (×10
5
) eV, and the simulated temperatures are: 0, 100, 200, 300, 400, 500, 

600, 700, 800, 900 
o
C. Each case consists of 30 random radiation samples in order to 

have reliable results.  

When the tobermorite is under radiation, structural amorphization becomes more 

and more serious if the radiation level is increased. The tensile strength of the radiated 

structure decreases as a function of radiation level and temperature. The obtained 

thermal-radiation shock map shows that the strength deteriorates to remain only ~20% in 

the extreme condition. This rapid and severe strength reduction in simulations matches 

well with previous experimental results. Under radiation, the short-range order of the 

structure barely changes like the RDF, Si-O bond length, and O-Si-O angle. However, the 

medium-range defect order index rFSDP has significant correlation with residual strength 

in thermal-radiation shock map.   

The one-way coupling effect analysis show that although a linear pattern is 

demonstrated between the applied radiation energy and the corresponding temperature, 

the radiation-induced thermal effect is less than the theoretical estimation defined by 

boltzmann constant. This is because part of the applied radiation energy is transferred as 

potential energy when damage and amorphization is caused. Strength degradations only 

due to radiation and only due to high temperature show different patterns, suggesting 

different damage mechanisms. Radiation causes amorphization and defects in the 

structure directly, while high temperature reduces the energy barrier to make it easier for 

the structural misalign, distorting, and fractures to happen. 
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Chapter 9 

 

 

Thermal/Radiation Performance of 

h-BN 

The thermal/radiation performance of pure C-S-H structure was successfully 

quantified and explained in last chapter. Before investigation the h-BN/C-S-H composite, 

the thermal/radiation performance of pure h-BN will be investigated in this chapter. The 

damage mechanism of h-BN is totally different from that of C-S-H.  

9.1. Methodology and Verification 

The MD simulations are conducted for the heat/radiation-induced damage of 

h-BN using a 3-body Tersoff potential
140-141

 coupled with the standard 

Ziegler-Biersack-Littmack (ZBL) potential
142

. The reliability of the coupled potentials is 

first tested and verified by calculating the elastic modulus and the displacement threshold 

energy Ed of h-BN. Then cascade simulations are carried out to reveal the 

heat/radiation-induced damage process and its effect on the mechanical strength of h-BN. 
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Tersoff potential has been used extensively on boron nitride for thermal or 

mechanical properties
141, 143-146

. But for the AA‟ stacking h-BN model (eclipsed with B 

over N) which is different from others‟ monolayer h-BN or BN nanotubes, the accuracy 

of the employed Tersoff potential is checked first. Apart from Tersoff potential, ZBL 

potential is also defined in the model to describe the short-range interactions between 

atoms, since the collision phenomena would be expected in the radiation cascade process. 

In order to have a smooth switch between the ZBL and Tersoff potentials, a Fermi-type 

function is used for the scaling transition (Figure 9.1). The simulations performed in this 

chapter also utilize the MD program LAMMPS
109-110

.   

 

Figure 9.1 – Fermi-type function defined scaling factors for the transition 

between ZBL and Tersoff potentials. AF and rC are two parameters used to 

adjust the transition curves. Through a trial-and-error process, AF = 14 to 

determine the sharpness of the transition, and rC = 0.75 to defined the cutoff 

distance for the ZBL potential. 

As a verification of the model, before the radiation cascade simulations, a 

two-layer super cell of h-BN consisting of 1936 atoms are created, where the AA‟ 

stacking is applied since it‟s been proven the most stable stacking order from the ab initio 

http://en.wikipedia.org/wiki/Molecular_dynamics
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calculation
147

. This simulation model A is a 22×22×2 super cell with the final dimension 

54.96 Å×47.60 Å×6.64 Å. Periodic boundary conditions are applied along all directions. 

The MD simulation is carried out in the isobaric-isothermal ensemble (NPT) equilibrated 

at 300 K for 3 picoseconds (0.1 fs time step). The calculated elastic constant C11=805 

GPa matches well with previously reported values of 750 GPa
148-149

, with a difference of 

only 7.3%. The created AA‟ stacking model with the coupled Tersoff/ZBL potential is 

therefore verified to be able to give a good prediction for the mechanical property.  

The model‟s ability to predict Ed is also tested. Among the 1936 atoms in the 

two-layer model, a boron atom located at the center of the upper layer is chosen as the 

primary knock-on atom (PKA), based on the fact that boron‟s neutron cross section (767) 

is much higher than that of nitrogen (1.9)
135

. In order to estimate Ed, the PKA is initiated 

using 12 energy levels, along 12 directions defined by two angles ϕ and θ (Figure 9.2). 

The PKA excitation simulation is carried out in the microcanonical ensemble (NVE) at 

300 K, with other condition unchanged. The applied initial kinetic energy of PKA would 

be transferred to the rest of the system, leading to a new equilibrium with defects 

forming.  
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Figure 9.2 – 12 directions defined by ϕ and θ for initiating the PKA in the AA’ 

stacking h-BN. 

 

 

Table 9.1 –Number of abnormal atoms (whose coordination number is not 3) 

when the PKA is initiated using 12 energy levels (5~100 eV), along the 12 

directions defined in Figure 9.2. 



138 
 

Vacancies and interstitial defects are brought in after the PKA is initiated. In the 

original h-BN structure, the coordination number of each atom is 3. By creating defects, 

the coordination number of some atoms would be abnormal (not equal to 3). Table 9.1 

lists the number of abnormal atoms to indicate the energy required to displace atoms from 

lattice sites. The shaded conditions in Table 9.1 are those not being damaged by the 

specific PKA. Direction (8)~(12) are for ϕ=90
o
, namely in-plane PKA. It‟s observed that 

when the PKA is initiated in-plane, higher energy is needed to cause defects. The red and 

green colors shown in Table 9.1 are the neighboring conditions, of which red ones relate 

to un-damaged structure, while the green ones relate to damaged structure when the PKA 

energy is increased a bit. These conditions suggest a general range of Ed. For the 

out-of-plane PKA, the calculated Ed is around 10~20 eV. For the in-plane PKA, Ed is 

around 40~70 eV. In the following radiation simulation, Ed would be a useful reference 

since the applied energy needs to be larger than the displacement threshold energy in 

order to cause radiation damage.   

Figure 9.3 compares the atomistic configurations of the neighboring conditions in 

Table 9.1 with corresponding colored labels. Although the red color conditions have no 

defects formed at the final equilibrium state, the displayed configurations are at the 

moment when the PKAs displace farthest before rebounding to original equilibrium sites. 

For the green color conditions with higher energy levels, stable defects remain mainly in 

the form of interlayer-link/vacancies. Besides defects forming, defects healing are also 

observed in the simulation. Defects healing of Stone-Wales (SW) defects in boron nitride 

monolayer have been discussed by X Shu-Wen et al.
83

 A low energy irradiation is found 

to be able to heal the SW defects. For the vacancy defects occurred here, however, a high 
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energy would prevent defects from happening given some PKA directions. For example, 

in the direction (8)-50 eV case, defects form with 4 abnormal atoms occurred, but in the 

direction (8)-60 eV case, no defects form. Checking the MD trajectory would reveal that 

the higher energy PKA would move further at the beginning, but equilibrate back to 

square one after a while. The higher energy drives the system to step across the stable 

defect states and equilibrate at an intact configuration.  
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Figure 9.3 – Configurations of cases with/without defect forming. The red 

color conditions have no defects formed at the final equilibrium state. The 

displayed configurations are at the moment when the PKAs displace farthest 

before rebounding to original equilibrium sites. The green color conditions 

have stable defects remained mainly in the form of interlayer-link/vacancies, 

when the energy is one level higher. In each subplot, the red circle indicates 

the PKA. 
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9.2. Radiation Cascade of h-BN 

With the model A being verified in the last section, we are confident to further 

investigate the radiation cascade of h-BN. In order to accommodate the possible 

large-scope of cascade damage, a larger model B of 22×22×12 super cell is creased with 

the final dimension 54.96 Å×47.60 Å×39.81 Å and a total of 11616 atoms. Two stages of 

simulations are applied to model B: (1) a boron PKA is initiated with kinetic energy Ek 

when the system is under temperature T; (2) tensile simulation along [100] is carried to 

obtain the strength of the radiation-induced damaged structure. During stage 1, the 

microcanonical ensemble (NVE) is employed and periodic boundary conditions are 

applied along all directions. Stage 1 lasts for 6 picoseconds so that the cascade could 

develop thoroughly in the structure. During stage 2, Steered Molecular Dynamics (SMD) 

is used to pull the structure along [100] until fracture happens. The atoms at the right end 

of the structure are set as SMD atoms subjected to an external force, while the atoms at 

the left end of the structure are fixed so that no rigid-body movement involved. 

96 cases are investigated in this study covering a wide range of radiation energy 

and temperature. The energy of boron PKA ranges from 50 eV to 2 keV, and the 

temperature is set from 0 K
 
to 1173 K. For an easy comparison with other radiation 

studies, the introduced PKA energy is converted to the radiation dosage with a unit of 

eV/g. The simulated PKA energies are 50, 100, 300, 500, 700, 1000, 1500, 2000 eV, 

which corresponds to the radiation doses of 2.09, 4.18, 12.54, 20.90, 29.26, 41.79, 62.69, 

83.59 *10
20

 eV/g, respectively. The simulated temperatures are 0, 150, 273, 373, 474, 573, 

673, 773, 873, 973, 1073, 1173 K, thus in total 96 scenarios (i.e. 8 x 12). In the following 
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discussion, each case would be referred to by the radiation dose with temperature 

following in parentheses. For example, case 2.09(673) denotes a structure sustaining a 

radiation dose of 2.09 *10
20

 eV/g under the temperature 673 K. Figure 9.4 shows the 

atomic configurations of representative cases at the end of stage 1, namely when the 

cascade is fully developed with damage remained in the structures. The PKA is shown 

with a red dot, and a red arrow indicates the initial direction of PKA. A PKA 

perpendicular to the h-BN layer is investigated first for all the cases. As the PKA leaves 

its position and travels to the adjacent layer, a collision happens with another atom which 

would trigger a new branch of collisions. After the chain reactions are finished, a 

collision trace appears followed by the damage. From Figure 9.4, the collision trace runs 

through 5, 11, and 8 layers, respectively. Different in-plane defects are induced due to the 

randomness of each collision. Triangle vacancies are the main types. In Figure 9.4, 

representative in-plane defects in the 5
th

, 2
ed

, and 7
th

 plane are shown, and the defected 

regions are labeled with red dotted circles. These defective layers are also the first layer 

to be fractured (initial fractured layer) when the structures are under tension in the stage 2 

(tensile simulation). The location of the initial fractured layer is also random under 

different radiation simulation cases.  
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Figure 9.4 – Atomic configurations of three representative cases at the end of 

the stage 1 radiation cascade simulation. Case 4.18(373), case 20.90(373), and 

case 20.90(473) represent structures with radiation dose of 4.18 *1020 eV/g 

under 373 K, 20.90 *1020 eV/g under 373 K, and 20.90 *1020 eV/g under 473 K, 

respectively. The location and initial direction of the PKA are shown with red 

dots and red arrows. The number of layers where collision trace remains is 

denoted with brackets. The second row shows defective layers, which are 

fractured first (initial fractured layer) during the tensile simulation. The 

vacancy defects are labeled with red dotted circles. 

Due to the randomness of the cascade damage, statistical analysis of large 

numbers of samples is necessary to obtain reliable results. Each case with specific 

radiation dose and temperature is simulated 30 times using PKAs with random initial 

moving directions. In terms of the cascade process, our statistical results revealed that 

both the time of peak defects and spike cooling time are weakly dependent on the 

radiation dose at different temperatures. Time of peak defects indicates the time that it 

takes to have maximum number of atoms with high kinetic energy (>10 eV). Spike 

cooling time indicates the first instant when there are no low kinetic energy atoms (1~10 

Case 4.18(373) Case 20.90(373) Case 20.90(473) 
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eV). Figure 9.5 and Figure 9.6 shows the detailed dependency of the time of peak defects 

and spike cooling time on the radiation dose at different temperatures. The weak energy 

dependence of both peak defects and spike cooling time underscores the chain reactions 

characteristic where the initial PKA evolves sub-cascades. Similar to the results obtained 

for graphite
150

, increasing radiation dose cannot change the cascade life time much 

(Figure 9.6). Higher radiation dose can lead to more sub-cascades whose life time, 

however, doesn‟t vary much. Also Figure 9.6 shows that the spike cooling time of h-BN 

(under different temperatures) is inconsistent with an analytic thermal spike model
151

, 

suggesting that there is no melting or thermal spike occurring.  

 

Figure 9.5 – Dependence of Tmax on the radiation dose. Tmax indicates the time 

of peak defect from curve of the number of atoms with high kinetic energy 

(>10 eV) as a function of time (right). Under same temperature, the average 

Tmax are fitted with colored lines, and the error bars show one standard 

deviation. Each average value and standard deviation is extracted from 30 

random simulations.    
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Figure 9.6 – Dependence of Tend on the radiation dose where the dotted black 

line is from thermal spike model151. Tend indicates the spike cooling time from 

curve of the number of atoms with low kinetic energy (1~10 eV) as a function 

of time (right). Under same temperature, the average Tend are fitted with 

colored lines, and the error bars show one standard deviation. Each average 

value and standard deviation is extracted from 30 random simulations.   

9.3. Strength Degradation of h-BN 

In terms of the strength degradation, the statistical results reveal that the radiation 

dose and temperature have a strong interaction, which is studied carefully here to obtain a 

“thermal-radiation shock map” for h-BN. The strength of the radiation damaged structure 

is obtained from the stage 2 tensile simulation. As an example, Figure 9.7 illustrates the 

process of the tensile fracture as a function of time for the case 20.90(473). 0 ps indicates 

the first step of the stage 2 tensile simulation and the last step of the stage 1 cascade 

simulation (when the cascade is fully developed and damage remains in the structure). 

Until 6 ps, the radiation-induced damaged structure is under stable stretch along [100] 

direction. At 7 ps, tensile fracture begins to occur at one weak layer, and then expands to 
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multiple adjacent layers.  

 

Figure 9.7 – A representative fracture process during the stage 2 tensile 

simulation of a case 20.90(473) sample, where the PKA is initiated 

perpendicular to layers with radiation dose of 20.90 *1020 eV/g under 473 K.  

The number of samples needed for reliable statistical results is also checked for 
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h-BN. Similar to the result shown in Figure 8.2, Figure 9.8 shows that 30 samples suffice 

for the mean of the strength and the standard deviation of the strength to converge. 

Dashed lines are the ±5% error bonds.  

 

Figure 9.8 – The mean strength and standard deviation converge as the 

number of samples increases. 

Overlaying all the force-displacement curves for each of the 30 random samples 

studied at specific doses and temperatures, it is found that the strengths of the samples are 

randomly distributed. This is shown in Figure 9.9-9.10 for two representative cases. The 

vertex of each curve (ultimate stress) is extracted into a histogram to obtain the strength 

distribution, which is then described using normal distribution as shown with red curves 

(normal density function). Compared to the case 20.90(673), the strength distribution of 

case 41.79(1073) has a larger dispersion, due to the higher radiation dose and 

temperature.  
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Figure 9.9 – Force-displacement curves of 30 random samples for case 

20.90(673), with radiation dose of 20.90 *1020 eV/g under 673 K. Each curve 

represents a random simulation sample. The vertex of each curve is extracted 

into the histogram to obtain the strength distribution. The red curves are 

normal density function to describe the obtained strength distribution.  

 

Case 20.90(673) 
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Figure 9.10 – Force-displacement curves of 30 random samples for case 

41.79(1073), with radiation dose of 41.79 *1020 eV/g under 1073 K. Each 

curve represents a random simulation sample. The vertex of each curve is 

extracted into the histogram to obtain the strength distribution. The red 

curves are normal density function to describe the obtained strength 

distribution.  

Figure 9.11 and Figure 9.12 generalize the aforesaid analysis for all the 

force-displacements and corresponding strength distributions for all doses and 

temperatures. The strength distributions of each are different, which can be characterized 

by two normal distribution parameters μ and σ. μ is not proper to be considered as the 

nominal tensile strength because half of the sample can‟t reach this strength (50% above). 

μ - 2σ, however, represents a tensile strength which only 2.3% sample can‟t reach (or 

97.7% above). This 97.7% nominal strength will be compared with the ideal strength. 

Then a residual tensile strength (97.7% nominal strength/ideal strength = (μ - 2σ)/ideal 

Case 20.90(1073) 
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strengh) plot can be obtained to check the effect of radiation and temperature, which 

displays clearly the strength degradation due to radiations and temperatures. For example, 

the strength of case 20.90 (673) is 61.84% of the ideal strength. The value of 0.6184 is 

therefore the index for this case in the residual strength plot.  

 

 

Figure 9.11 – The force-displacement curves associated with 30 random 

samples for each studied temperature and radiation dosage. The horizontal 

axes of all sub-plots are the same as shown at the bottom of the figure: 

elongation from 0 to 15 angstrom. The vertical axes of all sup-plots are the 

same as shown on the right side of the figure: tensile stress from 0 to 100 GPa. 

The sub-plots in the same row are for cases with same temperature varying 
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from 0 to 1173 K. The sub-plots in the same column are for cases with same 

radiation doses varying from 2.09 to 83.59 *1020 eV/g. 

 

Figure 9.12 – The strength distributions associated with 30 random samples 

for each studied temperature and radiation dosage. The strengths are 

extracted from the force-displacement curves shown in Figure 9.11. The 

horizontal axes of all sub-plots are the same as shown at the bottom of the 

figure: tensile stress from 50 to 90 GPa. The vertical axes of all sup-plots are 

the same as shown on the right side of the figure: frequency from 0 to 10. The 

red curves are normal density function for the strength distribution. The 

sub-plots in the same row are for cases with same temperature varying from 0 

to 1173 K. The sub-plots in the same column are for cases with same radiation 

does varying from 2.09 to 83.59 *1020 eV/g. 
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Figure 9.13 shows the 3D and top view of the thermal-radiation shock map where 

the mixed color index displays clearly the interplay between radiation dose and 

temperature. Generally, as the radiation dose increases, the residual tensile strength 

decreases due to the increased cascade damage. But when temperature comes into play, 

non-intuitive phenomena occur. More precisely, under some temperature, low radiation 

causes more strength degradation than high radiation. From the thermal-radiation shock 

map, the local minima indicate these unfavorable conditions where strength degradation 

is more severe. For example, the dark blue regions appear in Figure 9.13 mark some 

unexpected critical conditions among all of our 96 cases.  
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Figure 9.13 – Thermal-radiation shock map of h-BN. (a) 3D and (b) top view of 

the residual tensile strength dependent on radiation dose and temperature. 

Color bar marks the value of residual tensile strength. 
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9.4. Atomistic Origin of the Strength Degradation of h-BN 

To understand the atomistic origin behind the local minimum in thermal-radiation 

shock maps, several structural and energetic parameters are explored and it is discovered 

the temperature-radiation coupling is attributed to the “collateral atoms”, described as 

follows. During the stage 1 of the radiation cascade simulation, each atom falls into one 

of three categories based on its trajectory: colliding atoms, collateral atoms, and normal 

atoms. Colliding atoms (red) have long trajectory and are due to the high kinetic energy. 

Normal atoms (blue) have short trajectory and are due to thermal vibration only. 

Collateral atoms (green) have medium trajectory and are due to thermal vibrations but 

also are influenced by colliding atoms. By looking at the distribution of atoms‟ trajectory, 

when the trajectory increases to 20 angstrom, the number of atoms quickly decreases 

from thousands to a limited number of atoms, suggesting most atoms have a trajectory 

between 0~20 angstrom. These atoms are defined as normal atoms. When the trajectory is 

between 60~100 angstrom, only several atoms are identified, which is in consistent with 

the radiation process where very limited collisions happens. These atoms are defined as 

colliding atoms. For atoms whose trajectory is in the middle between 20~60 angstrom, 

they are different from either normal atoms or colliding atoms and therefore are defined 

as collateral atoms. For a specific case shown in Figure 9.14-9.15, the number of 

colliding atoms is very limited because the initial PKA energy is dissipated quickly with 

only several collisions. Near the trajectory of colliding atoms, there exists a region 

(collateral region) influenced by colliding atoms. Though collateral atoms are not struck 

directly, they are influenced by PKA and have relatively long trajectories. These 

collateral atoms form a vulnerable region controlling the tensile fracture of the structure. 
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The breaking of the structure does not necessarily happen at the radiation-induced defects, 

but always starts in this vulnerable region. The rest of structure consists of normal atoms 

that undergo stable thermal vibration and hardly suffer damage during tension.  

 

Figure 9.14 – A representative frequency-trajectory plot, illustrating three 

categories of atom during the stage 1 radiation cascade simulation. Colliding 

atoms (red) are with long trajectory due to the high kinetic energy. Normal 

atoms (blue) are with short trajectory due to thermal vibration only. 

Collateral atoms (green) are with medium trajectory due to thermal vibration 

but also are affected by colliding atoms.  

 

 

Case 29.26(373) 
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Figure 9.15 – Ralated to the frequency-trajectory plot Figure 9.14, the top 

figure highlights the collateral atoms and colliding atoms, and the bottom 

figure is for the plane with most collateral atoms.  

Figure 9.14 is the result when the radiation dose is 29.26 *10
20

 eV/g and the 

temperature is 373 K. Similarly, the frequency-trajectory result can be plotted for all 

other cases. Some of them are shown in Figure 9.16 for reference. 
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Case 29.26(473) Case 29.26(273) 

Case 29.26(573) Case 29.26(673) 

Case 29.26(773) Case 29.26(873) 

Case 29.26(973) Case 29.26(1073) 
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Figure 9.16 – Frequency-trajectory plots illustrating three categories of atom 

during the stage 1 radiation cascade simulation. Colliding atoms (red) are 

with long trajectory due to the high kinetic energy. Normal atoms (blue) are 

with short trajectory due to thermal vibration only. Collateral atoms (green) 

are with medium trajectory due to thermal vibration but also are affected by 

colliding atoms. When the radiaion dose is 29.26 *1020 eV/g, the cases with 

temprature 273, 473, 573, 673, 773, 873, 973, 1073, 1173 K are plotted as 

supplements to Figure 9.14. 

After counting the number of collateral atoms in each case, Figure 9.17 shows the 

strong dependency of the total collateral atoms on radiation dose and temperature. A local 

maximum in Figure 9.17 indicates a soaring of collateral atoms, which is responsible for 

the corresponding local minimum in the residual tensile strength plot.  

Case 29.26(1173) 
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Figure 9.17 – (a) 3D and (b) top view of the number of collateral atoms 

changing with radiation dose and temperature. Color bar marks the number 

of collateral atoms.  
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For a better comparison, the top view of thermal-radiation shock map in Figure 

9.13 and the top view of the number of collateral atoms in Figure 9.17 are put together in 

Figure 9.18. Despite the opposite color definition, the mixed color pattern is consistent in 

suggesting the same interplay between radiation dose and temperature. The collateral 

atoms are demonstrated to be the atomistic origin of residual tensile strength based on the 

comparison.  

 

Figure 9.18 – Comparision of the patterns of the thermal-radiation shock map 

and the number of collateral atoms. 

Besides collateral atoms, several other structural and energetic parameters are 

explored like defected atoms or high kinetic energy atoms. The common intuition is that 

defected atoms or high kinetic energy atoms must be the key for strength degradation, but 

they are proven to be less relevant compared to the role of collateral atoms. Figure 

9.19a-b shows the number of defected atoms increases with the radiation dose, but is 

affected little by the temperature. Atoms are defected by the collisions of each 

sub-cascade which is controlled by the radiation dose, so the number of defected atoms 

cannot explain the radiation and temperature‟ interaction on the residual tensile strength. 
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Same feature is observed in Figure 9.19c-d and 9.19e-f. The numbers of high kinetic 

energy atoms and medium kinetic energy atoms are also related directly to the radiation 

energy. The interaction between radiation dose and temperature is hardly reflected using 

these indexes, either. 
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Figure 9.19 – (a)-(b) 3D and top view of the number of defected atoms 

changing with radiation dose and temperature. (c)-(d) 3D and top view of the 

number of high kinetic energy atoms (kinetic energy > 10 eV) changing with 

radiation dose and temperature. (e)-(f) 3D and top view of the number of 

medium kinetic energy atoms (kinetic energy = 1~10 eV) changing with 

radiation dose and temperature. 

9.5. Thermal Effect and Radiation Effect for h-BN 

To check the one-way coupling effect between the temperature and radiation for 

h-BN, the MD outputted temperature due to applied radiation energy is plotted in Figure 

9.20. Similar to Figure 8.15, Figure 9.20 shows the “outputted temperature” due to the 

applied extra radiation energy, which is not the “true temperature” that describes the 

thermal movement of atoms. It does show that as the applied radiation energy increases, 

the total kinetic energy of the system increases linearly although some energy is used to 

increase the potential energy of the system.      
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Figure 9.20 – Radiation-induced temperature for h-BN. 

The strength degradations only due to radiation and only due to high temperature 

are plotted in Figure 9.21. The strength degradation here for h-BN shows a quite different 

pattern compared to Figure 8.16 for C-S-H. Only under radiation even at a small dose, 

strength degradation is much significant than that due to high temperature. It suggests for 

h-BN, radiation-induced damage is more critical than thermal movement of atoms in 

controlling the mechanical performance of the material. Also, the different patterns in 

Figure 9.21 suggest two damage mechanisms of the thermal effect and radiation effect, 

similar to the observation in Figure 8.16. 
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Figure 9.21 – Strength degradation of h-BN only due to radiation and only due 

to temperature. 

9.6. Thermal/Radiation Performance of Strained h-BN 

Previous sections carefully examined the thermal/radiation performance of the 

pristine h-BN. If the structure has experienced a certain degree of deformation before 

subjected to high temperature and radiation, its thermal/radiation performance would be 

affected by the pre-existed strain or stress. To check how the strained h-BN performs 

under high temperature and radiation, first a 5% or a 10% strain is applied to the previous 

h-BN model, and then the same strategy is used to obtain a new thermal-radiation shock 

map for the strained structure.   

As shown in Figure 9.22, compared to the un-strained structure, similar strength 

degradation pattern is also observed for the strained h-BN, but generally the strained 
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structure loses more strength under same temperature and radiation condition. With 

pre-applied strain, the structure is under a non-equilibrium state which is unstable, then 

the structure is more susceptible to external disturbance. The reduced residual strength 

map in Figure 9.22 reflects this aggravated damage when the structure is under such 

complex condition. 

 

 Figure 9.22 – Thermal-radiation shock maps of 5% or 10% strained and 

un-strained h-BN. The map for the un-strained h-BN is from Figure 9.13, and 

it’s plotted transparent for a better comparison. 

Looking at the top view of the thermal-radiation shock map of 5% and 10% 

strained h-BN in Figure 9.23 and Figure 9.24, interplay between radiation dose and 

temperature is also observed from the mixed color index. And the collateral atoms still 
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play a dominant role in controlling the residual tensile strength of the strained structure. 

In Figure 9.23 and Figure 9.24, despite the opposite color definition, the mixed color 

patterns in the thermal-radiation shock map and the collateral atoms map are basically 

consistent.  

 

 

Figure 9.23 – Comparision of the patterns of the thermal-radiation shock map 

and the number of collateral atoms for the 5% strained h-BN. 

 

Figure 9.24 – Comparision of the patterns of the thermal-radiation shock map 

and the number of collateral atoms for the 10% strained h-BN. 
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9.7. Chapter Summary 

This chapter focuses on bulk crystalline h-BN for its radiation-induced damage 

mechanisms. Tersoff potential coupled with the standard Ziegler-Biersack-Littmack (ZBL) 

potential is verified for h-BN simulation in terms of elastic constant and displacement 

threshold energy Ed. Based on the combined force field, the radiation cascade simulations 

are carried out for 96 cases. The simulated PKA energies are 50, 100, 300, 500, 700, 1000, 

1500, 2000 eV, and the simulated temperatures are 0, 150, 273, 373, 474, 573, 673, 773, 

873, 973, 1073, 1173 K. To consider the randomness of radiation, each case is composed 

of 30 random radiation samples. Statically analysis shows that there is no melting or 

thermal spike occurring during the radiation cascade of h-BN.  

The strength degradation of h-BN is summarized into a “thermal-radiation shock 

map” where the residual tensile strength is found to be dependent on both radiation dose 

and temperature. According to the map, non-intuitive phenomenon occurs that under 

some temperature, low radiation causes more strength degradation than high radiation. 

This phenomenon is found due to the “collateral atoms” which have medium trajectory 

during radiation cascade. Collateral atoms are undergoing thermal vibrations and also 

influenced by colliding atoms. They form a vulnerable region controlling the tensile 

fracture of the structure. The number of collateral atoms is consistent with the pattern of 

the thermal-radiation shock map, demonstrating that collateral atoms are the atomistic 

origin of residual tensile strength of h-BN with heat/radiation-induced damage.   

For the one-way coupling effect for h-BN, a linear pattern is found between the 

applied radiation energy and the corresponding temperature. Similarly, not all the applied 
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radiation energy is transferred as the final kinetic energy, part of the energy is also 

restored as the new potential energy of the distorted structure. Radiation effect and 

thermal effect on strength degradations behave differently, demonstrating two different 

damage mechanisms. Radiation-induced damage is more critical than thermal movement 

of atoms in undermining the strength of h-BN. 

When the structure is with 5% or 10% strain first and then subjected to high 

temperature and radiation, it preserves less residual strength compared to the un-strained 

structure. The pre-applied strain results in an unstable structure, plus the following 

thermal and radiation effect, more damage is induced to cause strength degradation. Same 

as un-strained structure, the atomistic origin of strained structure‟s residual tensile 

strength is the collateral atoms. The obtained number of collateral atoms matches well 

with the pattern of the residual strength map. 
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Chapter 10 

 

 

Thermal/Radiation Performance of 

Hybrid h-BN/C-S-H 

After understanding the behavior of C-S-H and h-BN alone from last two chapters, 

h-BN reinforced cement composite is simulated in this chapter for its 

thermal/radiation-resistance performance. This new cement-based material is promising 

in the application of nuclear power plants. Strength degradation of radiated h-BN/C-S-H 

composite are evaluated and compared with the results for C-S-H in chapter 8. Similar to 

the study of C-S-H and h-BN, the residual tensile strength of h-BN/C-S-H composite 

depend on both radiation dose and temperature. The amorphization of C-S-H model and 

h-BN‟s effect of restraining the heat/radiation-induced damage are discussed to explain 

the materials‟ behavior. Understanding the mechanism of the composite‟s 

thermal/radiation-resistance is the premise of its practical applications in nuclear industry. 
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10.1. Radiation Simulation Model and Methodology 

The same Merlino type tobermorite supercell together with a monolayer h-BN is 

modeled in this chapter. Similar to the previous chapters, CSH-FF force filed
25

 and 

Tersoff potential
141, 143-146

 are adopted for tobermorite and h-BN, respectively. The 

interaction between tobermorite and h-BN is defined by mixing their Lennard-Jones 

potential coefficients
152

.  

Two stages of simulations are also carried out including radiation simulation and 

an immediate tensile simulation to obtain the tensile strength of the radiated structure. For 

the hybrid h-BN/tobermorite, boron is selected as PKA, since boron has a much larger 

neutron cross section: silicon (0.171), calcium (0.43), oxygen (0.00019), boron (767), and 

nitrogen (1.9)
135

. So in hybrid h-BN/C-S-H, the likelihood of energy being transferred to 

boron is much higher than to other atoms. Therefore, only selecting boron as PKAs is 

reasonable. When radiating hybrid h-BN/tobermorite, the same amount of energy used in 

chapter 9 for C-S-H is input to boron only. Same radiation energies and temperatures are 

used in order to better compare the performance of C-S-H and h-BN reinforced C-S-H. 

Other simulation conditions are identical to those used in chapter 8.  

10.2. Strength Degradation of h-BN/C-S-H composite 

Experimental studies show that h-BN reinforced cement composite with ≈1.0 wt% 

of h-BN fillers illustrates a significant strength improvement
33

. To check how h-BN 

reinforces C-S-H, 3 hybrid h-BN/tobermorite structures are tested, containing h-BN from 

1.17 wt% to 3.59 wt% and to 5.02 wt%. As shown in Figure 10.1, a small pack of h-BN 
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sheet is intercalated into the interlayer space. When the sheet becomes conformal with the 

tobermorite structure, the weight percent is increased to 5.02%. The h-BN sheet is 

introduced into the interlayer space of tobermorite, which is preferred because no Si-O 

bond breakage is required.  

 

Figure 10.1 – The hybrid h-BN/tobermorite models when the weight percent 

of h-BN incrases from 1.17%~5.02%. 

The tensile stress-strain curves of the 3 hybrid models are compared in Figure 

10.2. The blue curve for tobermorite structure serves as a benchmark, and the strong 

mechanical property of h-BN improves the whole performance of all the 3 hybrid 

systems. A gradual increment of the stress level is observed when the h-BN weight 

percent is increasing. Particularly, when the h-BN sheet is a same size layer with 

tobermorite at 5.02 wt%, the synergy of h-BN and tobermorite is most significant, and 
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the tensile behavior follows a completely different pattern. To monitor the whole tensile 

process, 5 snapshots of the atomic configuration at certain points are indicated in Figure 

8.18. From point (1) to point (2), uniform deformation happens for both h-BN and 

tobermorite; after point (2), tobermorite begins to damage and finally fractures at point 

(3); then the h-BN alone sustains a high load up to point (4); the system fails when the 

h-BN fractures too at point (5). The reinforcement effect from h-BN is due to its strong 

in-plane strength. The relative weak out-of-plane interaction plays little role in the [100] 

direction tension. Functionalized h-BN may have better out-of plane interplay with 

tobermorite, but this would be a different problem that needs to be studied. 

 
 

 

Figure 10.2 – Comparision of the stress-strain curves of tobermorite model 

(blue curve), 1.17 wt% h-BN model (red curve), 3.59 wt% h-BN model (green 

curve), 5.02 wt% h-BN model (purple curve). For the 5.02 wt% h-BN model, 

the atomic configurations at certain points are illusated.   
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Although the h-BN‟s reinforcement on tobermorite is verified, whether the hybrid 

h-BN/tobermorite keeps maintaining a high mechanical property with 

heat/radiation-induced damage remains unknown. To address this issue, radiation 

simulations are carried out for the hybrid system and then tensile strength are tested for 

the radiated hybrid system. As discussed before, the previous distributed radiation energy 

for C-S-H is absorbed by boron only here, noting that the likelihood of energy being 

transferred to boron is hundreds or thousands of times larger than other atoms. Figure 

10.3 illustrates the radiated atomic configurations when the radiation level is changed. 

Level 0 configuration is the un-radiated structure for reference, in which the layered 

structure of tobermorite and the h-BN sheet are well-ordered after energy minimization. 

When the boron atoms are intrigued by the radiation, the h-BN layer is disturbed and its 

neighboring tobermorite is damaged. The blue and yellow brackets in Figure 10.3 

indicate the range to which the h-BN and tobermorite are disturbed. Without the 

intercalated h-BN layer, the radiation energy causes amorphization to the whole 

tobermorite as shown in Figure 8.1. The existence of h-BN, however, restrains the 

radiation damage to a local region. As the radiation level increases, the range of the 

amorphization is increasing. In the following discussion, this controlled damage is 

demonstrated to be beneficial to the mechanical performance of the hybrid system.  
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Figure 10.3 – Localized amorphization of the hybrid h-BN/tobermorite 

strucutre. Leval 0 is the un-radiated structure for reference. The blue and 

yellow brackets indicate the range to which the amorphization is restrained. 

Before the tensile simulation of the radiated system, h-BN layer‟s mechanical 

performance is evaluated when subjected to various degrees of radiation damage. If the 

proportion of excited boron atoms is increased from 10% to 70%, the hexagonal structure 

loses its order more seriously. At same degree of damage, random atomic configurations 

exist due to the stochastic feature of the radiation. 100 random samples are simulated for 

each degree of damage, part of them are shown in Figure 10.4. 

The elastic constants of these radiated h-BN samples are averaged to represent the 
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property of h-BN at such damage degree, which decreases significantly to only 12.7% of 

the original value at the lowest point, as shown in Figure 10.5. For each point in Figure 

10.5, it is accompanied by an elastic constant distribution histogram of all the related 100 

samples. With the knowledge that h-BN loses most of its mechanical properties under 

severe radiation damage, the behavior of the radiated hybrid h-BN/tobermorite structure 

is checked in the following.   
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Figure 10.4 –Random samples of h-BN subjected to various degrees of 

radiation damage. The proportion of excited boron atoms is increased from 10% 

to 70%. 
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Figure 10.5 – Elastic constant of the radiated h-BN samples. Each point is 

accompanied by an elastic constant distribution histogram of all the related 

100 samples. 

 

Take a close look at the tensile processes of level 1 and level 8 radiated structures 

in Figure 10.6 (at 0 
o
C). The amorphous regions in both structures deform dramatically 

during tension and initiate the fracture at 5 picoseconds. Compared to level 1, the 

disturbed h-BN of level 8 causes a more serious out-of-plane detachment with the weak 

linkage from the dissociated h-BN. The highly radiation-damaged h-BN in level 8 breaks 

immediately at the complete fracture of the tobermorite. Since the h-BN in level 1 

maintains its integrity better after radiation, it sustains longer than the fracture of 

tobermorite.   
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Figure 10.6 – The representative fracture processes during the tensile 

simulations. Level 1~8 radiated samples under 0 oC are shown. 

If the tensile strength of the pure tobermorite is normalized as 1, the 

reinforcement of h-BN (Figure 10.2) increases the strength of the hybrid structure to >1. 

But when the hybrid structure is subjected to radiation, the weakened h-BN and induced 

amorphization in tobermorite result in reduction of the strength. The residual tensile 

strength of the radiated hybrid structure is affected by the two opposing mechanisms: one 

is the reinforcement due to h-BN and one is the radiation-induced local amorphization in 

tobermorite. Similar to section 8.2 and section 9.3, Figure 10.7 shows the 

thermal-radiation shock map for the hybrid h-BN/tobermorite system, after coloring the 

Level 6 

Level 7 

Level 8 
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residual strength in terms of radiation doses and temperatures. Although radiation and 

temperature cause strength reduction for the hybrid structure, the residual strength is still 

very impressive, noticing the tensile strength of pure tobermorite is normalized as 

benchmark 1. 
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Figure 10.7 – Thermal-radiation shock map of hybrid h-BN/tobomorite. (a) 3D 

and (b) 2D view of the residual tensile strength dependent on radiation dose 

and temperature. Color bar marks the value of residual tensile strength.  
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The thermal-radiation shock maps in Figure 8.6 and Figure 10.7 quantify the 

strength of radiated tobermorite and radiated hybrid h-BN/tobermorite, respectively. 

Focusing on the effect of radiation (the projection of the 3D map on the plane of “residual 

tensile strength – radiation energy”), a better radiation-resistance due to the intercalation 

of h-BN is clearly identified (Figure 10.8). After intercalating h-BN to produce a hybrid 

structure, the strength is better preserved from ~20% to ~70% in the most unfavorable 

conditions. The excellent performance of the hybrid h-BN/tobermorite provides 

promising alternatives to improve safety redundancy of NPPs.  

(a) tobermorite                    (b) hybrid h-BN/tobermorite 

 

Figure 10.8 – Comparison of the thermal-radiation shock maps of tobermorite 

and hybrid h-BN/tobermorite. (a) For the thermal-radiation shock map of 

tobermorite in Figure 8.6, show its projection on the plane of “residual tensile 

strength – radiation energy”. (b) For the thermal-radiation shock map of 

hybrid h-BN/tobermorite in Figure 10.7, show its projection on the plane of 

“residual tensile strength – radiation energy”. 

10.3. Multi-Layer h-BN Reinforced C-S-H  

When monolayer h-BN is introduced at 5.02 wt%, the thermal/radiation 

performance of the hybrid h-BN/tobermorite is demonstrated to be improved. The effect 
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of the number of h-BN layers is also examined here under one specific case: with level 5 

radiation and temperature 200 
o
C. As shown in Figure 10.9, when the same amount of 

radiation energy is applied to each hybrid structure, all the h-BN layers are disturbed 

and damage are caused to adjacent tobermorite structures. With more h-BN layers in the 

structure, fewer disturbances happen in h-BN because the same amount of radiation 

energy is averaged by more atoms. Therefore less local amorphization is induced into 

tobermorite, leading to a higher residual strength. The comparison of the residual 

strength of each structure is shown on the right side of Figure 10.9. Under same 

radiation and temperature condition, when the number of introduced h-BN layers is 

increased, more residual strength is preserved from 82.45% to 94.08%. 
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Figure 10.9 – Radiated hybrid h-BN/tobermorite structures with one layer, 

two layers or 4 layers h-BN. For radiation level 5 and temperature 200 oC, the 

obtained residual strengh of each structure is compared on the right.  

10.4. Thermal Effect and Radiation Effect for h-BN/C-S-H  

When the temperature vs. radiation energy relationship is plotted for the one-way 

coupling effect of the h-BN/C-S-H composite, the unrealistic high temperature value 

also only reflects the applied extra kinetic energy, instead of the true thermal movement 

of the system. Comparing the line in Figure 10.10, Figure 8.15 and Figure 9.20, it shows 

that the system energy condition of h-BN/C-S-H is different from C-S-H and h-BN. The 

behavior of the hybrid structure is not same as either of the components.   

   

Figure 10.10 – Radiation-induced temperature for h-BN/C-S-H composite. 

The strength degradation for h-BN/C-S-H composite is more like h-BN than 

C-S-H. For a better comparison, the results for h-BN from Figure 9.21 are also plotted in 

Figure 10.11 with faded color. As shown in Figure 10.11, when the hybrid structure is 
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subjected to radiation at a small dose, strength is lost a lot, which can not be 

accomplished by a very high temperature. Again, compared to the reduced damage 

barrier from the enhanced thermal movement of atoms, radiation-induced structural 

disorder is more effective to reduce the strength of the structure. From the results it can 

be inferred that there exist two different damage mechanisms of thermal effect and 

radiation effect. 

  

Figure 10.11 – Strength degradation of h-BN/C-S-H composite only due to 

radiation and only due to temperature. Faded data are the results for h-BN 

from Figure 9.21. 

10.5. Chapter Summary 

After intercalating a small amount of h-BN into tobermorite model, its strength is 

increased a lot due to the synergy of h-BN and tobermorite. As the h-BN weight percent 

is increasing, a gradual increment of the strength is observed.  
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For the h-BN/C-S-H composite, when under radiation, boron absorbs all the 

radiation energy because of its high neutral cross section. h-BN is intrigued to cause 

amorphization to the neighboring tobermorite, with which the radiation damage is 

restrained to a local region even though most of the mechanical properties of h-BN sheet 

is lost. Comparing the residual strength of the radiated tobermorite structure and the 

radiated hybrid h-BN/tobermorite system, it is found that h-BN sheet can help preserve 

more strength from ~20% to ~70% in the most unfavorable conditions. Compared to 

monolayer h-BN reinforced tobermorite structure, multi-layer h-BN reinforced hybrid 

structure shows a better thermal/radiation performance due to the restrained radiation 

damage in the neighboring tobermorite. 

The radiation-induced thermal effect for the h-BN/C-S-H composite also follows 

a linear pattern when checking the applied radiation energy vs. the resulted final 

temperatures. The different slopes in Figure 8.15, 9.20, and 10.9 show that the system 

energy condition of the h-BN/C-S-H composite is not same as either of the components. 

Different strength degradations due to radiation and due to high temperature indicate two 

different damage mechanisms: radiation-induced defects and high temperature reduced 

energy barrier for the structure to damage. For h-BN/C-S-H composite, radiation-induced 

damage is more effective to reduce the strength of the structure.  

 

 

 

 



188 
 

 

 

 

 

 

 

Part V 

Summary and Future Work  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



189 
 

 
 
 
 
 

 

 

 



190 
 

Chapter 11 

 

 

Conclusions 

This dissertation provides a comprehensive understanding of deformation 

mechanism of cement and hybrid cement-based materials at the atomic level. In this 

chapter, all the findings regarding different issues are summarized, including screw 

dislocation defect in C-S-H, deformation mechanisms of C-S-H, and radiation and 

temperature tolerance of hybrid h-BN/C-S-H. To further enrich the simulation study of 

this dissertation, possible research opportunities are discussed at the end. 

11.1. Summary 

In order to have a comprehensive fundamental understanding of deformation 

mechanisms in C-S-H, atomistic simulations are carried out to address screw dislocations, 

global/local deformations, and heat-/radiation-induced damage. These proposed 

mechanisms and associated properties are keys to the future development of high 

performance cementitious materials:  
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● Screw dislocations are carefully examined including their core structures, 

displacement fields, disregistry functions, and Peierls stresses. Elastic 

approximation of screw dislocations is demonstrated to be inaccurate in 

C-S-H. The abnormality of atomic stresses in dislocation core suggests that 

corrections of elastic theory is needed using MD energy minimization. Screw 

dislocations in C-S-H are preferred along specific directions. When the 

Burgers vector is along [100] crystallographic direction and slip plane is 

(010), Peierls stress is much smaller than other screw dislocations. With more 

such screw dislocations, the plastic defamation of C-S-H would happen more 

easily. The detailed characterization of screw dislocation brings new 

opportunity to modulate the mechanical performance of cement, paving the 

way to study other defects in C-S-H in the future.  

● There are three key deformation mechanisms governing the mechanics of 

layered C-S-H: Displacive mechanism, diffusive mechanism, and local phase 

transformations with strain gradient. Displacive and diffusive mechanisms are 

discovered to control the global deformations (such as tension, compression, 

and shear). Displacive deformation mechanisms imply that atoms move 

collectively to the new equilibrium positions, while diffusive deformation 

mechanisms indicate that atoms move chaotically to the new equilibrium 

positions. The atomic origin of these deformation mechanisms lies in the 

interplay between hydrogen-bond connectivity across adjacent silicate layers 

versus the strong Ca-O and Si-O iono-covalent bonds in the silicate chains. 

Global deformations lead to size-independent mechanical properties, i.e. 
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changing the size of the tested sample doesn‟t change its mechanical 

properties. The devoid of strain gradient (SG) in global deformations is the 

reason behind size-independent properties. 

● Local phase transformations with strain gradient control the local deformation 

where a clear size effect is demonstrated. The indentation modulus and 

hardness scales linearly with the radius of the indenter, i.e. the larger the 

radius of the indenter, the larger the indentation modulus/hardness. The 

plastic zone underneath the indenter has strain gradient (SG) which is 

proportional to the radius of indenter, i.e. SG∝R, explaining the linear 

size-dependent indentation modulus and hardness with respect to the radius 

of the indenter. The atomic origin of the plastic zone is the phase 

transformation of SiO4 tetrahedra Q
n
. Among the new emerged Q

0
, Q

1
, Q

3
, 

and Q
4
, Q

3
 is the most sensitive local connectivity and believed to be the 

main source of the increased indentation modulus. 

● The radiation phenomena such as radiation cascade, structural amorphization, 

and damage restraining are reveled and analyzed for h-BN, C-S-H, and 

hybrid h-BN/C-S-H structures. Strength degradation is quantified by newly 

developed “thermal-radiation shock maps” to decode the coupled effect of 

radiation and temperature on the strength of the structures. Moreover, the 

atomistic origin of the strength degradation is revealed for the first time. For 

h-BN, collateral atoms – those with thermal vibrations and influenced by 

colliding atoms – are responsible for the strength degradation of the radiated 

h-BN. The tensile fracture is initiated from the vulnerable region formed by 
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collateral atoms. For C-S-H, short-range order correlations such as RDF, Si-O 

bond length, and O-Si-O angle are barely affected by radiation. 

Medium-range defect order index rFSDP, however, has significant correlation 

with the reduced residual strength. It shows the strength degradation is 

determined by the medium-range defect order of the structure. For hybrid 

h-BN/C-S-H, local amorphization happens around the introduced h-BN layer. 

Radiation damage is restrained to a local region, which contributes to the 

higher residual strength of the hybrid h-BN/C-S-H. Compared to pure C-S-H, 

the hybrid h-BN/C-S-H shows better temperature- and radiation-resistance, 

making it a promising hybrid cementitious material in temperature and 

radiation shielding applications such as nuclear power plant.  

● One-way coupling effect for C-S-H, h-BN, and h-BN/C-S-H composite 

shows same linear pattern when the applied radiation energy vs. the resulted 

temperature is plotted. The slopes are revealed less than the theoretical value 

defined by boltzmann constant, because only part of the applied radiation 

energy is remained as kinetic energy, while some of the radiation energy is 

transferred as the increased potential energy when damage and amorphization 

is caused. The different slopes in Figure 8.15, 9.20, and 10.9 show that the 

system energy condition of C-S-H, h-BN and h-BN/C-S-H are different under 

radiation. The high “outputted temperature” is not the “true temperature” 

related to the average thermal movement of atoms, but a measurement of the 

applied extra radiation energy.  

● As radiation and temperature each increases, strength degradation happens 
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more and more serious, but the thermal effect and radiation effect show 

different patterns, suggesting different damage mechanisms. Radiation causes 

amorphization and defects to damage the structure, while high temperature 

reduces the energy barrier to make it easier for the structural misalign, 

distorting, and fractures to happen. For C-S-H, the radiation-induced strength 

degradation is comparable to the temperature-induced strength degradation. 

But for h-BN and h-BN/C-S-H, radiation-induced damage is more critical in 

undermining the strength of the structure.  

11.2. Industrial Benefits   

Dislocations are important to the C-S-H‟s hydration and properties. 

Understanding and controlling the dislocations in C-S-H have potential to improve the 

mechanical performance of cement. An efficient hydration process and enhanced strength 

is the key to an environmental-friendly and high performance concrete, which can be 

done by modulating the properties of cement at the nano scale. CO2 emission from 

cement industry is expected to be reduced if the performance of cement can be improved 

dramatically (i.e. “to do more with less”). 

Akin to crystalline metallic systems, improving mechanics of C-S-H can be 

significantly expedited by understanding its deformation mechanisms. Knowing the 

effect of basic molecular deformations on the structural integrity from this study, 

controlling the deformation mode at nano scale becomes an option to modulate the 

properties of C-S-H. Realizing that strain gradient with local deformation leads to size 

effect, a higher strength is achievable for C-S-H if strain gradient at nano scale is brought 
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in a controlled way.  

As for the application of cement in nuclear industry, this dissertation provides 

several thermal-radiation shock maps with practical values. The residual strength of the 

tested cement and hybrid h-BN/cement is clearly demonstrated using these handy maps 

under different conditions. The high thermal/radiation-resistance of h-BN/C-S-H 

composite is very promising when the evaluation of its strength with 

heat/radiation-induced damage is obtained. Although further experimental studies are 

required to complete the thermal/radiation study, the simulation results reveal the damage 

mechanism at atomic scale which is fundamental to the development of final products.   

11.3. Future Work   

More research endeavors could be done to enhance the simulation study of this 

dissertation. The following are potential areas to be enhanced: 

First, a more realistic atomic model of C-S-H is preferred. Tobermorite represents 

the C-S-H to the most extent, but it is still a simplified model. A model with variable 

stoichiometry must be used, which is highly complex. Tobermorite is a good starting 

point in this context. 

Second, CSH-FF force field is proper to simulate the mechanical performance of 

C-S-H, but the chemical process can not be simulated using CSH-FF. Reactive potentials 

such as Reax-FF is a good alternative if chemical reactions is involved in a simulation, 

but the ability of ReaxFF to predict mechanical properties is limited. Although an 

almighty force field for C-S-H is not practical, the development of a more powerful force 
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filed would definitely help to reveal complex behavior of C-S-H under extreme 

conditions. 

Third, for the simulation of defects in C-S-H, only screw dislocations are 

introduced and investigated. The effect of other defects such as impurities, grain 

boundaries, pores, etc. are also of interest. Since the mechanical properties are affected 

by these collective defects, more studies are needed in the future to address the holistic 

feature of defect.  

Fourth, the strength evaluation in radiation cascade simulation is based on tensile 

strength along one direction. Compressive or shear strength can be investigated too so 

that the thermal/radiation-resistance is fully comprehended. Also, other radiation 

phenomena like aggregates expansion, spalling, alkali-silica reaction, etc. - which are not 

covered in this study - challenge the ability of MD simulation. In the future, the complex 

radiation phenomena are expected to be simulated comprehensively.   

Fifth, the radiation simulations of C-S-H and h-BN/C-S-H can be enhanced by 

verifications via advanced experimental probes. Simplifications and assumptions make 

simulations an approximation of actual phenomena. On one hand, experiments need 

guidance from simulations; On the other hand, simulations need calibration from 

experimental study. Facilitating the development of new high performance cement 

requires integrated computations and experiments.    

Finally, the concepts, hypotheses, methods and strategies of this work provides a 

de novo platform that is amenable to study several other cement-based materials 

incorporating various 2D materials, nanoparticles, and so on. Such future studies would 
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replace and/or minimize the conventional trial and error approaches when developing 

new cement formulas, thus expediting the process of materials discovery via predictive 

design and modulation before actual experiments are performed.  
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