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Lay Abstract 

    Cement is the binding material for concrete, which “glues” pieces of fine and coarse 

aggregate into concrete, which is the most widely used human-made material on the planet. 

Cement hydration consists of early-age and late-age chemical reactions that transforms 

unhydrated powder into the binding medium upon which concrete is based. This work is 

focused on researching structure evolution and phase transformation as well as hydration 

kinetics of early hydration reactions up to 24 h, and characterizing 3D structure and pore 

systems of mortar samples. The liquid-based reactions up to 24 h are achieved using liquid cell 

transmission electron microscopy, which provides insights into real-time structural evolution 

of main hydrated products, especially C-S-H nucleation and growth. The effects of adding 

nano-silica on early hydration reactions up to 24 h are also evaluated. Furthermore, the 

reconstruction models of pore systems show transport pathways of mortar sample.  
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Abstract 

Early-age hydration reactions contribute to early structure and strength development, which 

is closely related to transportation and concrete placing on site in real practice. The in-situ 

hydration reactions of nano Portland cement (PC) and nano PC with nano-silica up to 24 h 

were realized using liquid cell transmission electron microscopy (LC-TEM). The main 

hydrated product, calcium silicate hydrate (C-S-H) was found to shed light on a complex early 

stage process, where C-S-H develops according to both layered structure morphology and 

aggregation of building blocks. These experiments are the first application of the LC-TEM 

technique in real-time imaging reaction process of cementitious materials.  

Also, the effects of nano-silica on microstructure evolution, phase transformation and heat 

release, especially in early hydration reactions up to 24 h needs further elucidation. The results 

indicated that the addition of nano-silica provided more nucleation sites for hydrated products 

leading to more well-distributed precipitates in the reaction. It was also observed that nano-

silica had a strong tendency to attach to ettringite crystals and accelerated the conversion of 

ettringite to monosulfate.  

In mortar or concrete, the pore systems and distribution of various cementitious phases were 

characterized using plasma focused ion beam (PFIB) and X-ray micro-computed tomography 

(CT) to obtain dataset of larger length scale (100s of nm to mm). A workflow working with 

cement mortar on PFIB was established, in which a hard Si mask was applied to minimize the 

curtaining effect. The 3D reconstruction models reveal fluid transport pathways through 

connected pores and cracks. The thickness mesh of anhydrous phases shows different 

dissolution rates and preferential dissolution locations. This is the first time that PFIB has been 

used for cementitious materials and bridges a critical mesoscale length scale that dictates some 

materials properties such as strength and fluid transport properties.  
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Preface 

    In this collective work, hydration reactions including microstructure evolution, hydration 

kinetics and phase transformation in early stage, and 3D distribution of different phases, pore 

systems in late stage were examined using advanced characterization techniques. This thesis is 

written as “sandwich” thesis consisting of seven chapters. Chapter 1 briefly outlines the 

research background, hypothesis and objectives and the overall layout of the thesis. Chapter 2 

summarizes the competing theories under discussion and knowledge states with respect to C-

S-H nucleation and growth mechanisms, the effects of supplementary cementitious materials 

and characterization techniques to evaluate pore systems. Chapters 3-6 present four 

manuscripts that have been written based on the research work. Chapter 7 draws the major 

conclusions of the collective work and provide insights for future work. The appendix adds 3 

additional published works and 1 work currently under review at Journal of Building 

Engineering for which the author has been a contributor.  
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1. Introduction  

1.1 Research Background 

    Cement is the material that binds together aggregates such as sand and rocks into a structural 

composite known as concrete. Ordinary Portland cement (OPC) and concrete materials that use 

OPC as its binder are the most widely used formulations of cement in the construction industry. 

It is a multiphase mixture that constitutes several phases that react in a complex manner upon 

hydration (i.e. reaction with water) designed to give special properties, such as early strength, 

durability, controlled heat of formation and other properties. It is used to bind aggregate 

particles in a strong composite that is durable and performs well under many different operating 

conditions. These hydration reactions occur at first over the span of minutes but can continue 

within a concrete microstructure over the span of decades, in a complex evolution of chemistry 

and physical structure, including developing important internal pore structures and networks. 

Since it was introduced in 1824 [1], OPC has been playing a crucial role in the modern 

infrastructure that defines our way of life: buildings, bridges and dams, sidewalks, and more. 

However, the production of OPC requires an enormous amount of energy, and releases almost 

one ton of carbon dioxide for every ton of cement produced [2]. One way to reduce the lifetime 

carbon release is to improve concrete strength and durability by adding supplementary 

cementitious materials (SCM) to the design of cement. Recently, addition of amorphous nano-

silica particles between 1 nm to 500 nm has attracted much attention because its higher surface 

area and reactivity accelerates hydration reactions and promises to make high performance 

concrete [3]. Hydration reactions and microstructure evolution of both early and late ages are 

important in cementitious materials because the state of hydration and pore network geometry 

and chemistry contribute to the strength and durability of the composite. Thus, understanding 

reaction mechanisms, microstructure evolution and pore systems are necessary in designing 

strong and durable concrete.  
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    Many efforts have been devoted to characterizing early hydration reactions that are related 

to early strength. Some techniques including scanning electron microscopy (SEM) [4-6], 

Fourier transform infrared spectroscopy (FTIR) [7], quantitative in-situ X-ray diffraction 

(XRD) [8-11], calorimetry and thermodynamic modelling [12, 13], have been used for 

measuring such properties as heat evolution, chemical bonding and phase evolution and 

distribution at different time and length scales. These are indirect methods of analysis that infer 

the chemical and structural changes happening at the nanoscale and do not provide direct 

observation of microstructural evolution at relevant length scales. With the development of 

micro-electro-mechanical system (MEMs) technology (from the semiconductor industry), 

direct observation of liquid-phase chemical reactions at the nanoscale can now be achieved in 

a within a transmission electron microscope (TEM) with both nanometer and temporal 

resolution [14]. The liquid cell TEM (LC-TEM) is a powerful new tool to research mechanisms 

and microstructure of early hydration reactions in cementitious materials.  

    The relationship between microstructure and materials properties is critical for optimizing 

materials processing and lifetime. The microstructure of cementitious materials is 

tremendously complex due to the presence in the cement mixture of many compounds, with 

both of hydrated and anhydrous phases, amorphous and crystalline phases and pore networks 

that form between these reacting phases [15]. The porosity in mortar (defined as the mixture 

of cement and fine aggregate (from 75 μm to 4.75 mm)) and concrete (cement plus fine plus 

coarse (> 4.75 mm) aggregates) is linked to strength and durability [16]. The pore network is a 

hierarchical structure, and pores range from nanoscale to cm-scale, with mechanical behaviour 

defined by the mesoscale interplay between the pore networks, the composition of the still-

hydrated solution in the pore networks and the adjacent evolving materials phases near the pore 

network [17]. Because the pore network is so hierarchical, it is difficult to directly measure and 

analyze porosity simultaneously at many length scales. Researchers have been trying to study 
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and quantify concrete and mortar porosity and pore structures using various methods, such as 

gas absorption, mercury intrusion porosimetry (MIP), X-ray micro computed tomography (X-

CT), and focused ion beam (FIB) tomography. Recently, a new variant of focused ion beam 

(PFIB) that employs a plasma Xe+ source has been developed and promises to acquire nano to 

meso- scale and, 3-dimensional microstructural information in porous materials simultaneously 

[18]. Therefore, it is possible to measure later hydration reactions, microstructure and pore 

network by three-dimensional tomography using PFIB.  

This work is focused on employing new techniques in electron and ion microscopy that have 

been recently developed for materials science applications to measure hydration reactions in 

cements and microstructure evolution of early and late stages of cements and mortars. The 

reaction mechanisms, reaction kinetics and real-time microstructural evolution in the early 

stage are researched using advanced characterization techniques, such as liquid cell 

transmission electron microscopy (LCTEM), transmission electron microscopy (TEM), X-ray 

diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive spectroscopy 

(EDS), and isothermal calorimetry. For hydration reactions in later stages, FIB-SEM serial 

sectioning tomography and subsequent image processing are applied to distinguish the 

microstructure and pore systems of OPC mortar. Some complimentary experiments such as μ-

CT x-ray tomography are also performed to be compared with FIB tomography.  

1.2 Research Hypothesis and Objectives 

    This research is based on two kinds of cementitious materials formulations: OPC and OPC 

with nano silica additives. OPC is in most common building material cement formulation at 

present. However, despite a 200-year successful practical use, the nucleation and growth 

mechanisms of main hydrated products at the nanoscale are still unclear and some formation 

mechanisms are the object debate. Meanwhile, the addition of nano-silica in cementitious 

materials has attracted much attention while the effects of nano-silica on modifying 
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microstructure and hydration kinetics in early age up to 24 h needs further clarification. In 

mature OPC mortar, it is important to investigate pore networks and various phases within a 

representative volume. In sum, this study aims at applying advanced characterization 

techniques to research hydration reactions of both early and late stages.  

1.2.1 Hydration Mechanisms and Kinetics in Early Hydration Reactions 

    For early hydration reactions, the focus is on the nucleation and growth mechanisms and 

hydration kinetics. Basically, there are two main hypothesises for early calcium silicate hydrate 

(C-S-H), the main cement hydration product, reaction growth mechanisms, which are modeled 

as 2D layers or a colloidal aggregate. The former mechanism suggests that C-S-H develops 

through attachment of silicate tetrahedra along the margin of embryos to form a disordered 

layered structure. In contrast, the colloidal model believes that C-S-H forms by the aggregation 

of C-S-H nanoparticles, which grow to a certain size and remain stable. This study is trying to 

provide new insights into hypothesis of C-S-H growth mechanisms through direct observation 

of a dilute nano PC after hydration reaction is started.  

    The kinetics of the cement hydration reaction are also crucial in early hydration reactions. 

This is critically important to apply experimental rigour to compare nanoscale cement 

hydration kinetics to realistic OPC reaction kinetics, thus identifying the aspects of nanoscale 

cement characterization that universal and those that are unique to the geometry of the materials 

system and experimental technique. Specifically, it is necessary that the four main time periods 

in the hydration reaction, namely, i) slow reaction stage, ii) induction stage, iii) acceleration 

stage and iv) deceleration stage are clarified. Besides, real-time microstructure evolution and 

quantitative phase contents will help to understand phase transformations in early hydration 

reactions.  
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    The effects of a nano-silica addition on nucleation and growth as well as hydration kinetics 

are compared with those of nano PC formula. The phase transformation and hydration reactions 

are also evaluated qualitatively and quantitatively.  

1.2.2 Characterization of Pore Systems and Different Phases in Late Hydration 

Reactions  

    In this part, some important pore characteristics including porosity, pore size distribution, 

and connectivity of mature mortars are characterized through PFIB tomography and X-ray 

micro CT tomography. The sample preparation and instrumentation parameters are refined and 

improved in order to exploit the application and feasibility of PFIB on cementitious materials. 

Different porosity characterization techniques are to be compared. The hydrated and anhydrous 

phases are to be examined and compared as well. The complex issue of interpreting porosity 

from 3-D image stacks at all length scales is addressed using multi-detector integration and 

machine learning protocols to perform image segmentation. 

1.3 Thesis Outline 

Chapter 1: Introduction. This chapter summarizes the overall research context, research 

hypothesis and objectives and the thesis outline. 

Chapter 2: Literature review. This chapter presents state of the art and background in the 

fields of cementitious materials and advanced microscopy. Competing theories of C-S-H 

growth mechanisms such as colloidal model or layered structure model are introduced. The 

contradictory findings and effects of nano-silica on hydration reactions are also summarized. 

Various advanced characterization techniques that have been used to evaluate cementitious 

materials are presented.  

Chapter 3: Liquid cell transmission electron microscopy reveals C-S-H growth mechanism 

during Portland cement hydration. This chapter presents the in-situ results of C-S-H nucleation 
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and growth using LC-TEM and post-situ experiments. This work aims at realizing the 

application of in-situ TEM to research hydration reactions of nano PC and providing direct 

evidence of microstructure evolution. It is found that C-S-H precipitates develop through lateral 

growth with an alternating nanocrystalline and amorphous structure. Evidence also suggests 

the other C-S-H growth mode of the aggregation of particles. This work has been submitted to 

Nature Communications and is under review.  

Chapter 4: In-situ Observations of Different Cement Hydration Stages Using Liquid-cell 

Transmission Electron Microscopy. This chapter is to understand the hydration kinetics of nano 

PC and evaluate the applicability of nanoscale measurements to real-word applications. The 

different hydration stages are revealed using LC-TEM, combined with isothermal calorimetry 

and Rietveld refinement. The C-S-H precipitates nucleate on the SiN membrane, collapse 

together and grow in 3D to form a network. The real-time dissolution of needle-like ettringite 

was also captured, whose process releases sulfate to form monosulfate, leading to a retardation 

in the early acceleration stage. This work will be submitted to Materials Characterization.  

Chapter 5: The effects of nano-silica on early-age hydration reactions of nano Portland 

cement. In this chapter, the effects of nano-silica on hydration reactions of nano PC including 

microstructure evolution, phase transformation and kinetics are investigated. The results show 

that nano-silica are easily attached to the surfaces of needle-like ettringites contributing to more 

nucleation sites for C-S-H precipitates. Also, a lower content of ettringite is achieved in nano 

PC with nano-silica due to acceleration of ettringite conversion to monosulfate. These findings 

will be submitted to Nanoscale.  

Chapter 6: Advanced Characterization of 3D Structure and Porosity of Ordinary Portland 

Cement (OPC) Mortar Using Plasma Focused Ion Beam Tomography and X-ray Computed 

Tomography. This chapter presents results of 3D reconstruction models of mortar structure and 
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pore systems from nanometric to millimetric scales. A novel characterization technique, PFIB 

is used and the workflow working with cementitious materials is explored. The reconstruction 

and segmentation models employ advanced machine learning algorithms and reveal different 

hydration kinetics and fluid transport pathways. This has been submitted to Microscopy and 

Microanalysis.  

Chapter 7: This chapter concludes the important findings from each of previous chapters and 

discusses the significance of these conclusions. Finally, the future work is proposed and 

outlined.  

Appendix: This includes 3 additional publications and an additional manuscript under review 

at Journal of Building Engineering that are focused on cementitious materials and advanced 

characterization. 
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2 Literature Review 

2.1 Development of Ordinary Portland Cement (OPC) 

2.1.1 Introduction of OPC and Its Environmental Effects 

    Concrete is the most widely used construction material because it is widely available, low-

cost and easily shaped into various shapes and sizes. Concrete production scaled to about one 

ton of concrete for every living person worldwide in 2005, an amount by weight only exceeded 

by that of water [1]. OPC, the most important binding material of concrete, has played a crucial 

role in human development since it was introduced in the nineteenth century [2]. Portland 

cement (PC) was invented and patented by Joseph Aspdin through burning impure limestones 

at temperatures above 1450 ℃ [3]. The quality and quantity of OPC production was increased 

later in the 1870 – 80s due to the application of continuous shaft kilns. In the early 20th century, 

the implementation of rotary kilns, ball mills as well as gypsum contributed greatly to its 

worldwide acceptance and popularity [2, 4]. However, modern human lifestyles and 

infrastructural development require a large amount of Portland cement, whose production 

process consumes enormous amounts of energy due to synthesis at very high temperatures. It 

is reported that one ton of carbon dioxide is released to produce almost one tone of Portland 

cement, and that Portland cement industries contribute 5 to 7% of anthropogenic carbon 

dioxide emissions [3, 5, 6]. In recent years, society is increasingly much aware of the 

importance of sustainable living including reduction of energy consumption, a low carbon 

economy and application of new technologies. From a building and construction perspective, 

it is essential that new green buildings are utilized both environmentally and economically, 

with an emphasis on durability, and with a lowered energy budget for concrete production. 

This requires new insights into concrete and cement chemistry and the combined efforts of the 

research community to satisfy the demand for better concrete for construction.  
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2.1.2 Hydration Reactions of OPC 

    The manufacturing process of OPC involves the preparation of PC clinker, which is a 

sintering product of burning impure limestone, or limestone and aluminosilicate-containing 

materials at about 1450℃ [1]. Cement is then produced by grinding PC clinker to powders 

under 75 μm that is usually conducted in ball mills. During the grinding process, a few percent 

of gypsum or other calcium sulphates are added to regulate early hydration reactions [3].  

    The hydration reactions of OPC are complex because of its multi-component starting 

compositions and many phases that evolve during the hydration reactions. Table 2.1 shows 

information of chemical formula, abbreviation, morphology, and crystal structure of common 

compounds in cementitious materials and will be referenced throughout the text of this 

dissertation. The starting constituents of OPC prior to hydration are tricalcium silicate (C3S or 

alite), dicalcium silicate (C2S or belite), tricalcium aluminate (C3A or aluminate phase) and 

tetracalcium aluminoferrite (C4AF or ferrite phase) and a few other minor compounds. 

Commercial cement mixes are usually designed by varying the content  of the different phases 

and contain mainly 50% ~ 70% tricalcium silicate, 15% ~ 30% dicalcium silicate, 5% ~ 10% 

aluminate phase and 5% ~15% ferrite phase [1, 3].  
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Table 2.1 Common compounds in cementitious materials 

 Name Chemical formula abbrev

iation 

Morpholo

gy 

Common 

Crystal 

structure 

Note 

Reactants 

 

1 

 

Alite 

 

3CaO·SiO2 

 

C3S 

Hexagonal 

crystals 

Triclinic, 

monoclinic, 

trigonal 

Responsible 

for early 

strength 

 

2 

 

Belite 

 

2Ca2O·SiO2 

 

C2S 

 

Irregular 

 

Monoclinic 

Far less 

reactive than 

alite 

 

3 

 

Tricalcium 

aluminate 

 

3CaO·Al2O3 

 

C3A 

prismatic 

and 

granular  

 

Cubic, 

orthorhombic 

Reacts first 

in the 

hydration 

reaction 

4 Tetracalcium 

aluminoferrite 

 

4CaO·Al2O3·Fe2O3 

C4AF Hexagonal 

crystal 

Orthorhombic High 

reactivity 

 

5 

 

Gypsum 

 

CaSO4 ·2H2O 

 

C𝑆̅H2 

Elongated 

and 

prismatic 

 

Monoclinic 

Regulates 

setting (fluid 

to solid) 

6 Anhydrite CaSO4 C𝑆̅ cleavage 

masses 

orthorhombic Soluble form 

of gypsum 

7 Alkali OH- -- -- -- pH >7.0 

8 Limestone CaCO3 -- -- -- Source for 

OPC 

Products 

9 Ettringite 3CaO·Al2O3·3CaSO4·

32H2O 
C6A𝑆̅3
H32 

Needle Hexagonal Forms after 

mixing 

 

10 

 

Portlandite 

 

Ca(OH)2 

 

CH 

Large 

Hexagonal-

prism 

crystals 

 

Hexagonal 

By-product 

of silicate 

reactions 

 

11 

Calcium 

silicate 

hydrate 

 

3CaO·2SiO2·3H2O  

 

C-S-H 

Crystalline 

fibers or 

reticular 

network 

Amorphous 

and/or 

Nanocrystallin

e 

Main 

hydration 

products 

12 Tobermorite 5CaO·6SiO2·5H2O C-S-H Fibers and 

platelets 

Orthorhombic Mineral 

 

13 

 

Jennite 

 

9CaO·6SiO2·11H2O 

 

C-S-H 

Blade 

shaped 

crystals, 

fibrous and 

sheet form 

 

Triclinic 

 

Mineral 

 

14 

Calcium 

aluminate 

hydrate 

 

3CaO·Al2O3·6H2O  

 

C-A-H 

Compact 

facetted 

crystals 

 

Hexagonal 

Forms 

quickly 

 

15 

 

Monosulfate 

 

3CaO·(Al,Fe)2O3·CaS

O4·nH2O 

 

C4A 

𝑆̅H18 

 

Hexagonal 

plate 

Triclinic 

and/or 

rhombohedral 

 

Forms slowly 

where C stands for CaO, S stands for SiO2, A stands for Al2O3 and F stands for Fe2O3, H stands 

for H2O, and 𝑆̅  stands for SO3 
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    Various compounds in cement react with water to form different hydrated products like 

calcium silicate hydrate (C-S-H), calcium aluminate hydrates (C-A-H) as well as portlandite, 

whose hydration reaction equations are listed below [1]. It is worth mentioning that original 

cement designs used to exhibit rapid or “flash” setting (or hardening) behaviour in just a few 

minutes, because of the fast setting (solidification of the paste) of C3A in a few minutes with 

water addition, thus forming calcium aluminate hydrate (C-A-H). Another drawback of this 

reaction is that much exothermal heat is released and causes evaporation and loss of water and 

subsequently a drop in compressive strength [7]. Therefore, gypsum (CaSO4·2H2O), is 

typically added as a retarding agent is added during the cement clinker manufacturing process 

to regulate the setting due to the affinity of C3A to SO3. The reaction of calcium aluminate with 

gypsum is shown below. 

2(3CaO·SiO2) + 6H2O→3CaO·2SiO2· 3H2O + 3Ca(OH)2                                         (2.1) 

2(2CaO·SiO2) + 4H2O→3CaO·2SiO2·3H2O + Ca(OH)2                             (2.2) 

3CaO·Al2O3 + 6H2O→3CaO·Al2O3·6H2O                                       (2.3) 

3CaO·Al2O3 + 3CaSO4·2H2O + 26H2O→3CaO·Al2O3·3CaSO4·32H2O             (2.4) 

    The above reaction (4) releases less heat than reaction (3), which is less harmful to the 

microstructure from water loss and allows further, slower hydration reactions to continue. The 

product of the reaction, known as ettringite (3CaO·Al2O3·3CaSO4·32H2O), to some extent 

accelerates hardening effects leading to higher early strength [7]. So far gypsum has proven to 

be the most effective hydration regulator in cement. The reaction proceeds as follows, with a 

change in microstructural form from a powder of anhydrous cement, with a powder size 

distribution under 75 μm to a hydrated network of binding material that has a specific 

mechanical strength. The ettringite crystals are formed after mixing cement with water. The 

needle-like ettringite crystals are likely to appear first in the transition zone resulting from the 
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forming of water films around the large aggregate particles in freshly compact concrete [1]. 

The main by-products, Portlandite (Ca(OH)2) from silicate reactions and ettringite from 

aluminate reactions are embedded inside the matrix [1]. A schematic microstructure after 

hydration reactions in the presence of gypsum is shown in Figure 2.1.  

 

Figure 2.1 Schematic representation of interfacial transition zone  from an aggregate to 

bulk cement paste in concrete  from [1] 

Generally, concrete is divided into three categories based on formulation according to 

compressive strength. These are low-strength concrete (less than 20 MPa), moderate-strength 

concrete (20 to 40 MPa) and high-strength concrete (more than 40 MPa) [1]. The compressive 

strength of concrete depends on various factors including water to cement ratio, aggregate type 

and size, admixtures (minerals, water-reducing, and air-entraining admixtures, etc.), and curing 

conditions (time, temperature, and humidity conditions). It is well accepted that strength is in 

inverse relationship with porosity in solids [1]. In cement paste, the small voids within the 

matrix are detrimental to strength. As for mortar and concrete, the strength is determined by 

the matrix, matrix-aggregate transition zone and aggregate, in which water/cement ratio-
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porosity affects the porosity both of cement paste and the transition zone. This makes it very 

important to understand porosity in a volume when considering strength of cementitious 

materials.  

Reactions occur at different rates and with different reaction enthalpies. Typically, the first 

reactions, aluminate reactions occur and ettringite crystals are formed in a few minutes after 

mixing cement and water, followed by the precipitation of C-S-H from alite hydration, and 

hydration reactions of belite happen slowly and can last for years as hydration products diffuse 

through a complex pore system in the concrete. Therefore, alite hydration accounts for early 

compressive strength and belite hydration reactions increase late strength slowly. 

2.1.3 Hypothesis of Growth Mechanisms of C-S-H 

    The most significant cement hydration product is C-S-H, which provides basic structure, and 

dominates subsequent mechanical properties of both cement and concrete, such as strength and 

durability. Research on cement hydration reactions have been performed for more than a 

century. However, the early-stage growth mechanisms and microstructural evolution of C-S-H 

and whether it conforms one of two competing theories of formation: a colloidal model or 

layered model are still not fully understood. The beginning of this discussion originated at the 

12th international conference on cement conference in London in 1918, when the nature of 

cement as colloids was addressed first [8]. A colloidal model was developed by Powers and 

Brownyard in 1946, based on a joint research on mechanisms of shrinkage, different size of 

pores, and various phases and states of water [9]. They proposed that the hydrated products of 

OPC may be a colloidal gel by electron microscopic analysis [10, 11]. With the development 

of higher resolution techniques later, much information on structure was revealed on atomic 

scale. It is now well acceptable that C-S-H be explained as tobermorite mixed with jennite, 

consistent with many experimental results. In 2000, Jennings [12] proposed that C-S-H 

microstructure between 1 and 100 nm and ascribed the basic building block of these phases to 
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roughly spherical units of nearly 2 nm, which packed together to form globules. The specific 

surface area and packing factor were also calculated in the model, which promoted the 

discussion and experiments. Their later experimental results were also interpreted based on this 

modified colloidal model with 5 nm globules to explain nanoporosity associated with drying 

and heat curing (shown in Figure 2.2) [13]. The composition, mean formula and solid density 

of C-S-H were measured in gel particles [14]. Later studies provided insights into the evolution 

of tricalcium silicate after hydration using a variety of methods, including isothermal 

calorimetry and in-situ synchrotron measurements, which revealed more details of the 

hydration kinetics and crystalline nature of C-S-H gel during transformation [15]. 

 

Figure 2.2 Proposed formation of C-S-H gel by Jennings [13]. a) One relatively small 

volume fractal region, formed from contacting ~ 5 nm globules of C -S-H. b) The same 

volume fractal region (shown in white) has grown into a larger, self -similar structure 

with a reduced packing density. c) Adjacent fract al regions have grown into each other 

to form a relatively uniform structure with a range of gel pore sizes. The largest pores 

are greater than 10 nm. Upon drying these pores collapse to form a structure with a 

packing density of about 0.64.  

    An alternative hypothesis of the early stages of C-S-H formation in the form of layered 

structure model was first proposed based on X-ray diffraction evidence in 1952 [9]. Taylor 

explained the C-S-H structure as a disordered layered structure, which comprised of imperfect 

jennite (Table 2.1) and tobermorite (repeating distance of crystal structure 1.4 nm, Table 2.1). 
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The chains that construct the C-S-H structure were assumed to repeat at intervals of silicate 

tetrahedra [16, 17]. The nature and relative proportions of ions and molecules including 

calcium silicate, Ca(OH)2 and water molecules, and Al3+, Si4+, alkali cations and Ca2+ ions 

were discussed. A disordered layer structure was also proposed in Richardson and Groves’ 

Model [8, 18, 19]. Gartner [20] believed that C-S-H grows as wavy or buckled sheets. These 

sheets are formed through the attachment of silicate tetrahedra at silicate chains along the 

margin of two-dimensional sheets. The well – ordered silicate sheets from growth of small two-

dimensional C-S-H nuclei are within about 5 nm, beyond which more defects will probably be 

built in because of more defect nucleation sites inside the sheets. In the meantime, 

heterogeneous nucleation from the first C-S-H sheet at one point may produce a second sheet 

with active nucleation. In this case, several layers of sheets perpendicular to the original sheet 

may form, which appeared like imperfect tobermorite or jennite (Table 2.1) [20, 21]. 

Synchrotron-based X-ray diffraction was conducted to further reveal the feature of a 

tobermorite-based dimer with a layer thickness of 11.7 Å [22]. Zhang [23] also illustrated the 

hydration mechanisms on tricalcium silicate in a dilute slurry by characterizing hydration 

products after 1 day to 1 year and molecular dynamics. The relationship between Ca/Si ratio 

and polymerization reaction of silicate monomers and silicate chains were further clarified.  
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Figure 2.3 Adopted from Gartner [20]. Schematic of growth process with three separate 

sheets of C-S-H emanating from a common nucleation point which can be considered a 

nanocrystalline region 

    The main difference of two models is whether the microstructure evolves as growing silicate 

chains from the solution or globules of agglomerated nanoparticles with certain size.  

    The debate of C-S-H growth mechanisms has been continued for decades. Many researchers 

have been devoted time and effort to elucidate it at the nanoscale. However, direct evidence of 

microstructural evolution of C-S-H is still needed. Also, a good understanding of C-S-H growth 

mechanisms will benefit the control and modification of hydration reactions and thus facilitate 

the design of concrete with good strength and durability. 

2.1.4 Reaction Stages and Kinetics of Alite/C3S 

    The hydration reactions of alite/C3S and even OPC vary with a wide range of timescales, but 

during early hydration (24 hours), most of the dominant effects take place. Many efforts have 

been devoted to hydration reactions of alite because it accounts for 50% to 70% of cement and 

dominates the early microstructure and strength development. The hydration kinetics of alite 

is usually analyzed by considering four hydration stages, which are stage of initial reaction, 

induction stage, acceleration stage and deceleration stage, indicated by heat flow calorimetry 

as shown in Figure 2.4 [24].  

    The initial reaction stage is described as an early exothermic peak during the wetting process. 

It is known that the rates of alite dissolution decelerate quickly before the solution of dissolved 

alite reaches a saturation state [25]. Some hypothesis of decelerating dissolution rates involve 

metastable barrier hypothesis, whereby a continuous thin layer of calcium silicate hydrate 

restricts further hydration of cement particles, and a slow dissolution hypothesis, where there 

is a near-steady state balance between C3S dissolution and slow growth of C-S-H [24, 26, 27]. 

The supersaturation of the hydration water with dissolving salts is reached, and the C-S-H 

nuclei are stable in an induction period. The acceleration period involves the accelerated 
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growth of hydrated products, while decelerated rate of microstructure and strength 

development is observed in deceleration stage. Some experiments show the relationship 

between alite dissolution and growth of etch pits of alite surface, which is affected by the 

composition of liquid [26]. Also, Nicoleau et al. [27] attributed this deceleration stage to C3S 

dissolution instead of the growth of C-S-H. Gartner [28] argued that the rate of C3S hydration 

cannot not be controlled by the dissolution rate other than at extremely early ages. Bergold et 

al. [29] studied mechanically synthesized alite and found that amorphous alite speeded up the 

hydration. The etch pit opening on crystalline alite increased reactive surface and enhanced the 

hydration degree during deceleration stage.  

 

Figure 2.4 Rate of alite hydration as a function of time given by isothermal calorim etry 

measurements [24] 

    As mentioned previously, the other important category of reactions is the aluminate 

reactions, which influence reaction kinetics in early stages. Quennoz et al. [30] clarified the 

relationships between alite and C3A-gypsum hydration in a calorimetry study, in which alite 

hydration reactions are accelerated with gypsum, due to interactions of sulfate ions and 

aluminum ions. It was also concluded that an aluminate peak appeared prior to a silicate peak 
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in undersulfated systems while a silicate peak occurred prior to an aluminate peak in properly 

sulfated systems. Heat evolution curves were compared at different setting temperatures, 

showing different curve shapes above 26 ℃ due to activation energy. Mota et al. [31] studied 

the effects of alkali and sulfate on hydration kinetics of alite by adding gypsum, Na2SO4, NaOH 

and gypsum, and NaOH separately to an alite system, in which all systems exhibited clear early 

acceleration of hydration. However, the silicate reactions at later ages were inhibited, resulting 

from increasing solubility of aluminate by alkalis. Pustovgar et al. [32] researched the influence 

of aluminates on hydration kinetics of alite with the addition of NaAlO2. Their experimental 

and simulated results showed that aluminates hindered C3S dissolution by absorbing to the 

hydroxylated C3S on the surface. Bergold et al. [33] further concluded from their study that 

sulfate accelerated alite hydration, resulting from the seeding effects of fine ettringite and more 

surface for alite precipitation. However, the precipitation of monosulfate phases (Afm) instead 

of Al inhibition lead to the slowdown of alite hydration.  

2.1.5 Reaction Stages and Kinetics of OPC  

    The hydration kinetics of the OPC mixture are much more complex than those of pure alite 

and requires advanced characterization techniques. Quantitative X-ray diffraction (QXRD) on 

cement hydration has been developed by many researchers and proved to be an effective 

method [34]. While calorimetry can provide information of heat evolution, QXRD reveals the 

information of quantitative phase content. It is achieved through the Rietveld refinement, in 

which measured X-ray diffraction pattern peaks are fitted and refined using a scale factor, and 

adjusting lattice parameters and accounting for preferred orientations [35]. Rietveld analysis 

gives quantitative analysis of multiphase mixtures of detected crystalline phases normalized to 

100%. Adjustments  to the phase calculations are also employed according to a simplified 

hypothesis which assumes only alite hydrates with water in early age [34]. 
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    Many studies have been conducted to understand the hydration kinetics of OPC, combining 

various analysis techniques. Merlini and Artioli [36] studied the phase evolution during first 

hours of hydration using in-situ synchrotron experiments. It showed that ettringite precipitates 

after mixing with water and C-S-H were formed after a few hours. The phase contents of C3S, 

Ca(OH)2, ettringite and C3A were quantified as well. Hesse et al. [34] researched early 

hydration reactions by in-situ QXRD, in which amorphous C-S-H content was calculated by 

using portlandite (Ca(OH)2) as a standard, and other crystalline phases were quantified. The 

formation of ettringite and portlandite indicated the process of hydration reactions. It was also 

concluded that the formation of ettringite was closely related to the dissolution of anhydrite 

(CaSO4) and C3A. Jansen et al. [37] combined heat flow calorimetry and QXRD to analyze 

hydration kinetics and found the dissolution of anhydrite and gypsum contributed in a minor 

fashion to released heat. The research was conducted to compare the heat flow calculated from 

QXRD phase contents and measured heat flow, which exhibited a good agreement [38]. The 

conclusion was also reached that the first maximum peak in calorimetry data resulted from the 

aluminate reaction, and that the aluminate reaction, dissolution of C3A along with the formation 

of ettringite accounted for a second smaller peak, as a shoulder on the maximum silicate peak. 

Some researchers [39] incorporated Proton nuclear magnetic resonance (1H NMR) with heat 

flow and QXRD to study ion behavior during hydration reactions. It was found that the sulfate 

and aluminum adsorption affected sulfate depletion greatly. Other techniques have also been 

used in characterizing hydration reactions, such as quantitative analysis on Raman patterns 

[40], quantitative analysis from backscattered electron (BSE) and energy dispersive 

spectroscopy (EDS) [41], infrared spectroscopy (IR) and Viscat (determine water amount by 

measuring needle penetration) techniques [42].  

    Early hydration reactions of OPC are complex due to the large number of constituents and 

wide variety of hydrated products. Moreover, two kinds of reactions, namely, silicate reaction 
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and aluminate reactions interact with each other, which usually are reflected from 

measurements of phase transformations and heat changes. It is necessary that multiple 

techniques be used to analyze hydration in early age both qualitatively and quantitatively. 

2.2 Supplementary Cementitious Materials in Concrete 

2.2.1 Motivation to Add Supplementary Cementitious Materials in Cement 

    The attempt to add natural and artificial materials to produce blended cement, which shares 

comparable strength and durability to OPC, started in the late 20th century [43]. It is well known 

that the production of Portland clinker is an energy-intensive process, due to high reaction 

temperature, usually up to 1450 ℃. The addition of supplementary cementitious materials in 

blended cements with a potential lowered carbon budget, has attracted much attention, in 

response to the problem of huge energy consumption and climate change.  

    Natural Supplementary cementitious materials are abundant and are used in many countries 

around the world. A significant number of industrial by-products and waste materials are 

becoming environmental issues because of a disposal crisis. These wastes need substantial 

amount of space to dispose and does harm to soil and water resources. On the other hand, these 

industrial wastes are potential replacement materials in the cement industry, which also lead to 

less consumption of PC and reduction of environmental issues. Industrial by-products 

including fly ash, silica fume, and ground granulated blast slag, rice husk ash and palm oil fuel 

ash have been researched and used in concrete for many years[44]. Another advantage to using 

waste materials from industries is to reduce costs. They are easy to access since there are 

massive production of wastes worldwide. The consumption of electricity and coal can be 

reduced as well.  
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2.2.2 The Definition of Supplementary Cementitious Materials 

    The supplementary cementitious materials are those that exhibit hydraulic or pozzolanic 

behavior. A hydraulic property refers to the ability of a binder to set and harden when mixed 

with water, such as OPC. Blast furnace slags from the steelmaking industry, however, show 

relatively slow hydraulic behavior compared with OPC. They can be chemically activated in 

the presence of alkali-hydroxides, sulfates like gypsum, and may exhibit pozzolan behavior. 

Pozzolan materials contain siliceous materials and show cementitious properties through the 

reaction of calcium hydroxide in moisture [43]. The fundamental reaction of the pozzolan 

reaction is the recombination of silicate or aluminate material and the formation of hydrated 

products. It is described as follows [1].  

AS + CH + H        C-S-H + C-A-H                                         (2.5) 

where C stands for CaO, S stands for SiO2, A stands for Al2O3, and H stands for H2O. This 

reaction is beneficial for cement mixtures. Less heat is produced from the pozzolan reactions 

of supplementary cementitious materials compared with that of C3S cement hydration reactions 

[45]. The reduction of heat release is critical to avoid cracking caused by thermal effects when 

it comes to a massive production. 

2.2.3 Classification of Supplementary Cementitious Materials 

    Supplementary cementitious materials may be divided into two categories based on origin. 

The first group of materials are natural supplementary cementitious materials and can be used 

in their natural form, such as sedimentary rocks and diatomaceous earths (consists mainly of 

amorphous hydrated silica). The other group of materials are artificial supplementary 

cementitious materials that require further structure modification through the manufacturing or 

production process. Some industrial wastes including blast furnace slag, fly ash and silica fume 

belong to artificial supplementary cementitious materials [43].  
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    Natural supplementary cementitious materials consist of volcanic materials and sedimentary 

materials. The majority of natural pozzolan originated from volcanic rocks due to the wide 

availability in many countries. Two kinds of volcanic pozzolan materials, volcanic ashes and 

pumice exhibit high activity due to their highly glassy and porous nature. Some volcanic rocks 

after alteration by alkaline fluids show much compact and strong structure, for example zeolites 

[43].  

    Sediments that may also serve as natural pozzolan materials include both biogenic sediments 

like organism skeletons and chemical precipitates. In some cases, thermal treatments are 

needed to improve the pozzolan activity of sediments. It is shown that clay and shales exhibit 

higher activity after heating to 600 ℃ to 900 ℃. It is the amorphous or disordered 

aluminosilicate structure that contributes to the increase of pozzolanic activity of clay [1].  

    Industrial by-products and wastes are the most important sources of pozzolanic materials to 

substitute OPC. A variety of wastes are applicable to the cement industry. Some of the most 

widely used industrial wastes are discussed below.  

1) Blast furnace slags 

    Blast furnace slags from steelmaking exhibit latent hydraulic behavior, and substitute for a 

larger portion of cement than pozzolanic materials. They are obtained in the pig iron production 

process as a by-product. Blast furnace slag floats on top of molten iron and steel and contains 

silicate and aluminate. The glassy product is created through rapid quenching below 800 ℃ 

after separation instead of slow cooling, which only produces unreactive crystalline materials. 

The porous glassy structure is introduced as a supplementary cementitious material while the 

coarser crystalline part is treated as lightweight aggregate. Blast furnace slags are composed of 

30 ~ 50% CaO, 28 ~ 38% SiO2, 8 ~ 24% Al2O3, 1 ~ 18% MgO [43]. The property of latent 
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hydraulic and pozzolanic reactions makes it an applicable replacement in PC up to 40 ~ 60% 

with a comparable compressive strength [45, 46].  

2) Coal fly ash 

    Fly ash or pulverized fly ash is a product of coal combustion in modern thermal plants, and 

widely used as supplementary cementitious materials as well. They are materials recaptured 

from exhausted flue gas. The coal used contains both organic and inorganic matter. After 

passing through a high temperature zone, carbon-containing matter mostly transforms into 

volatile gases, while inorganic minerals, such as quartz and clay remain. Some minerals may 

undergo some chemical, physical and mineralogical changes and form amorphous structures. 

Like other pozzolanic materials, fly ashes share a composition of SiO2, Al2O3, Fe2O3 and CaO 

[47]. Those with low CaO content are used as supplementary cementitious materials and those 

with higher CaO content are considered to be a cement-replacement material.  

3) Silica fume 

    Silica fume, also known as microsilica is a by-product of silicon metal industry. The silicon 

dioxide vapor is produced during quartz reduction process at temperature of more than 2000 

℃. The vapor is then condensed into small, high-purity amorphous silica of 0.1 ~ 0.2 μm. The 

advantage of silica fume is consistency in composition, which shares more than 90% silica, 

and a few other minor compounds of less than 1%, separately.  

2.2.4 Filler Effects of Supplementary Cementitious Materials 

    It is crucial to understand the effects of SCMs in blended cement reactions. Many studies 

have been conducted to clarify the effects of these materials on hydration kinetics. The most 

significant effect is described as a filler effect (the hydration of the clinker component is 

accelerated due to mineral addition in cement) [48], for which even the inert materials have on 

blended systems.  



27 
 

    In general, there are two primary mechanisms leading to the filler effect. The first 

mechanism is that in the presence of SCMs the water to clinker ratio is higher at the same water 

to solid ratio, assuming the blended materials do not react, ensuring hydration reactions run to 

completion. The other mechanism proposes that due to SCMs, the increased internal surface 

area provides more nucleation sites for hydration products to precipitate [5]. 

    Recent studies reveal that the finer microstructures were achieved in blended systems than 

that of OPC systems [49, 50]. The nanoscale structure of foil-like C-S-H was also evaluated. It 

was shown that blended cement with metakaolin (anhydrous calcined form of the clay mineral) 

and limestone exhibited better mechanical properties at 7 and 28 days [51] after hydration. 

Additionally, relatively higher amounts of portlandite was observed in these blended systems 

than 100% OPC system. The degree of hydration was enhanced due to the filler effect, where 

extra space was provided for hydrates. Mounanga et al. [52] researched the effects of limestone 

filler on the setting time, mechanical properties and heat release of mortars. They found that 

the shortest setting time was accomplished with the addition of finer particles. The mechanical 

properties in blended systems were enhanced while the heat released were reduced. Oey et al. 

[53] clarified the influencing factors of blended powders and reaction rates through 

experimentation and simulation. Consistent with other studies, the research demonstrated that 

mineral powders provided additional sites for nucleation of hydration products and accelerated 

reactions. The results also revealed that increasing surface area and the capacity of the filler’s 

surface to offer favorable nucleation sites for hydrated products contributed to acceleration of 

hydration reactions. Further simulations also indicated that acceleration also related to the 

compositions of fillers and their dissociated ions to participate in exchange reactions.  

2.2.5 Applications of Supplementary Cementitious Materials in Cement 

    Supplementary cementitious materials can be added to cement to make greener concrete. It 

is reported that the addition of supplementary cementitious materials has an impact on water 
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demand, setting time, heat evolution, microstructure and properties [54]. Some applications of 

supplementary cementitious materials have been seen in ultra high-performance concrete 

(UHPC). UHPCs are composite materials with excellent static and dynamic mechanical 

properties as well as superior durability [55]. Tuan et al. [56] compared UHPC made with rice 

husk ash and silica fume, separately. The degree of hydration in later ages were increased with 

the addition of rice husk ash. However, it seemed that silica fume exhibited larger ability than 

rice husk ash to refine the pore structure, which contributed to strength increment and 

durability, and reduce the content of Ca(OH)2 that is harmful for acidic attack. Concerning the 

compressive strength of UHPC, samples with rice husk ash were higher than those with silica 

fume. It was concluded that the long-term curing effect of storing water inside porous structure 

of rice husk ash contributed to higher strength. Korpa et al. [57] examined phase development 

in normal and UHPC without aggregate using QXRD and thermogravimetry (TG) methods. 

The results showed most significant changes of phase development happened within seven 

days, after which less changes were observed in both normal and UHPC. More of the anhydrous 

phase, C3S remained in UHPC, resulting from less water for hydration. No carbonation 

(calcium-containing phases attacked by carbon dioxide to form calcium carbonate) was seen 

in UHPC sample. The role of glass powder on hydration degree and mechanical properties in 

UHPC was researched [58]. It showed that the 100% substitution of silica fume by glass 

powder gave the worst compressive strength, while the combination of silica fume and glass 

powder resulted in best compressive strength of 221 MPa. By careful examination of phase 

evolution, it was found out that the hydration was accelerated due to increasing dissolution of 

PC clinker in the presence of glass powder. However, the pozzolanic properties of glass powder 

were not as good as silica fume, which reacted with Ca(OH)2 five times more than that of glass 

powder by weight. The role of glass powder in accelerating hydration reactions was due to 

increased surface area for soluble alkali.  
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    It is promising that supplementary cementitious materials replace OPC and reduce the 

emission of carbon dioxide. But efforts are still needed to understand the role of supplementary 

cementitious materials in microstructure and properties. This is particularly important to 

compare different results because of inconsistency of compositions of materials, even with the 

same kind of supplementary cementitious materials.  

2.3 Nano-silica in Cement and Concrete  

2.3.1 Introduction of Nano-silica  

    Nanotechnology is greatly changing every aspect of our life [59]. With the advancement of 

nanoscience and nanoengineering, it is promising to improve the microstructure and properties 

of concrete in two ways. The first one is to combine nano-sized building blocks in concrete, 

including nano-admixtures and nanoparticles. The properties of concrete, like surface 

functionality, can also be improved by adsorbing customized molecules onto cement particles 

to achieve certain surface properties [60]. Recently, nanotechnology in concrete has received 

more and more attention. 

    Among various manufactured nano materials, nano-silica with sizes from 15 to 200 nm in 

the beginning to see an increasing interest in concrete. Extending from microscale silica fume, 

which has played an effective role in improving concrete properties, nano-silica is increasingly 

being researched. Various forms of nano-silica can be produced via different methods, due to 

advances in nanoparticle synthesis [61]. Nano-silica is amorphous silica with a nanoscale 

structure, thus possessing a higher purity, surface area and reactivity [62]. Compared with silica 

fume, nano-silica is believed to be very important in cement hydration because of its high 

surface-to-volume ratio. Therefore, many investigations have been conducted to clarify the 

reaction mechanisms, kinetics and the effects of nano-silica on cement microstructure and 

properties. 
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2.3.2 Strengthening Mechanisms of Nano-silica  

    Like microscale silica fume, nano-silica has a filler effect. High surface energy results in 

absorption of hydrated products onto nano-silica particles and acceleration of cement hydration 

[63]. Furthermore, the reactivity of nano-silica is significantly improved, which is easier for 

nano-silica to react in the following two possible ways [64]. 

    The first reaction type is nucleation reactions, which lead to the acceleration of hydration 

reactions. The C-S-H precipitates on the surface of pure C3S grains and within the pore 

structure, which are between cement particle, nano-silica and water. A large amount of seeds 

is spread between cement grains in the water, serving as seeds for the formation of more C-S-

H. Then the reaction not only happens on the surface of particles, but also within the pores. 

Therefore, the reactions are accelerated by the formation of a large amount of seeds for further 

nucleation of C-S-H [59]. 

Cement + H2O + nano-silica        Ca2+ + H2SiO4
2- + OH-                    (2.6) 

    Furthermore, the addition of nano-silica promotes the pozzolanic reactions, which react 

nano-silica with Ca(OH)2. The advantage of this reaction is that the amount of Ca(OH)2 is 

reduced [64]. It is good for properties, especially for resistance to acid attack, important for 

acid rain applications, or in industrial environments, because portlandite reacts easily with 

acids. The deterioration of cementitious materials caused by leaching in acid are reduced. 

Additional C-S-H results in further hydration of the microstructure and increase the strength of 

concrete as well.  

2.3.3 Research on Effects of Nano-silica in Cement 

    Currently, many studies have been conducted to analyze the effects of nano-silica on 

structure and properties. Many researchers have reported that nano-silica has a positive effect 

on concrete. The research of addition of superplasticizer (chemically synthesized polymers as 
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water-reducing admixtures) and colloidal nano-silica on the hydration of pure alite and belite 

pastes were monitored using infrared spectroscopy (IR) [65]. The results showed that colloidal 

nano-silica accelerated the hydration reactions of alite and belite pastes in the presence of 

superplasticizer. The hydrated products were composed of C-S-H. Stefanidou and Papayianni 

[66] performed the tests of adding nano-silica with and without superplasticizer. It was found 

that the addition of nano-silica increased the amount of water needed for reaction without 

superplasticizer due to the higher surface area. The compressive strength increased 20 ~ 25% 

with the addition of 0.5 wt.% to 2 wt.% nano-silica in this case. But the addition of 

superplasticizer reduced the amount of water needed and the strength increment was up to 35% 

even with 1% addition of nano-silica. The hydration kinetics and phase contents of cement 

were determined by examining mortars with same replacement ratios of nano-silica for up to 

28 days [67]. A larger amount of hydration products, especially C-S-H and C-A-H, was seen 

in mortars with higher percentages of replacement after the first day. The hydration rate and 

the quantity of hydrates increased significantly between 1 day and 7 days. It was also worth 

noting that the reactivity of nano-silica in first few hours was good because of high surface 

area. Almost 20% to 34% increase in C-S-H content were observed with 5% and 10% 

replacement of cement at 28 days. It is difficult to determine the exact amount of substitution 

of nano-silica particles that are suitable for cement and concrete, due to greatly varied 

compositions of raw materials. Many research groups are exploring their own formulas in 

specific research studies.  

    Nano-silica will see increasing applications in UHPC than traditional supplementary 

cementitious materials, due to superior effects on strength and durability. The nano-silica 

possessed better structural and properties than traditional supplementary cementitious 

materials, including quartz, and silica fume, and resulted in different microstructure and 

compressive strength with 2.5% replacement of cement [68]. Both silica fume and nano-silica 
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were responsible for acceleration of hydration reactions. Finer microstructures and an increase 

in strength increment resulted from filler effects and the pozzolanic reaction with Ca(OH)2. 

The strength of pastes with the addition of nano-silica had higher strength as well [68]. Zapata 

et al. [69] conducted research to assess the effects of micro and nano-silica in the presence of 

superplasticizer on PC mortars. The air contents in both systems were decreased because of the 

effects of these nanoparticles on improving structural compaction. However, mortar samples 

from nano-silica exhibited the highest compressive strength with the addition of 1% nano-

silica, while the highest compressive strength of micro-silica addition was obtained at 15%. 

This means that the addition of nano-silica helps to save some material while achieving the 

same strengthening effects. Yu et al. [62] further researched the effects of nano-silica on 

hydration and microstructure development of UHPC. Less binder in the unit volume can be 

used to obtain a dense and homogeneous structure in the presence of superplasticizer. They 

also concluded that an optimal amount of nano-silica can be selected to have the lowest 

porosity, since porosity decreased with increasing addition of nano-silica at first but then 

increased with continuing addition. Another study was conducted by Wu et al. [55] compared 

the effects of nano-CaCO3 and nano-silica on UHPC. Both nano materials contributed to 

decrease of flowability and increase of heat of hydration with increasing contents. The results 

showed that nano-silica led to increasing compressive strength in early age, but nano-CaCO3 

contributed to increase of strength after 7 days. A less porous and more homogenous structure 

were observed in both formulas due to the nucleation and filling effects. 

    However, some contradictory results have also been reported with the addition of nano-silica 

in cement. A study by Dolado et al. [70] on fly ash belite pastes showed that compressive 

strength declined at 28 days and 90 days with the addition of nano-silica. The trend went up 

only after 180 days. Senff et al. [71] studied the individual and combined addition of nano-

SiO2 and nano-TiO2 in PC mortars. Unexpectedly, no significant increase of compressive 
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strength was observed in proposed methods of addition. But the hydration kinetics of mortars 

were greatly different in those with and without nano addition. The compressive strength from 

Shih et al. [72] also showed a complicated trend, which increased with addition of nano-silica 

and then decreased. The highest compressive strength was achieved at 0.6% addition of nano-

silica at 56 days. Besides, the increase of compressive strength reached the largest, up to 60.6% 

compared with cement paste without the addition of nano-silica at the age of 14 days. But it 

was reduced to 43.8% at the age of 56 days. It was further clarified by nuclear magnetic 

resonance (NMR), nitrogen adsorption and mercury intrusion porosimetry (MIP) in which the 

microstructure of PC pastes with the addition of nano-silica had a denser and more stable 

framework. Berra et al.[73] also found that no significant improvement of compressive strength 

was achieved. The addition of nano-silica led to significant reduction of workability, which 

was overcome by the addition of superplasticizer. It was also believed that the addition of 

superplasticizer decreased the reactivity of nano-silica. 

    The studies show completely different results and the main reasons are still to be clarified. 

Kong et al. [74] ascribed less significant gain of compressive strength due to nano-silica 

agglomeration. The results showed that the addition of nano-silica and fumed silica refined the 

structure and pores. But the additional C-S-H that formed from agglomerates could not be 

treated as binder because the agglomerates that were formed were weak zones due to their low 

strength and elastic modulus. Further conclusions were drawn that microstructural 

improvement was a result of water absorption, filling and pozzolanic effects instead of seeding 

effects. Moreover, the large agglomerates of nano-silica absorbed less water than was predicted 

to improve the fluidity in pastes, instead of acting as fillers to release free water from voids 

[75]. The influence of primary particle size and sizes of agglomerates of amorphous nano-silica 

on UHPC were compared. The results confirmed that non-agglomerated silica particles 
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contributed to highest compressive strength at 7 days. The properties of UHPC may be 

improved through a better dispersion of silica., using, for example, commercial silica sols [76].  

    Nano-silica is a particularly new material in concrete. Increasing the surface reactivity using 

nano-silica can be promising in improving the structure and properties of cementitious 

materials. It is difficult to get a universal consistency of formula for the introduction of nano 

silica because size and composition of cementitious materials vary widely. Many contradictory 

results of strength improvement are also seen in literature reviews. This may be due to the 

agglomeration of nano-silica, which requires more research in the future.  

2.4 Liquid Cell Transmission Electron Microscopy (LC-TEM) 

2.4.1 The Development of TEM to Image Liquids 

    TEM is a powerful technique that provides structural and chemical information at the micro 

to atomic scale. A typical TEM sample has long been prepared as a stable solid-phase sample 

with a thickness of less than 100 nm, which allows electrons to transmit through the sample 

and scatter, giving important structural and chemical information. Recently, there has been an 

increasing demand to do liquid-phase analysis, which further reveals reaction mechanisms in 

nano scale, like nanoparticle nucleation and growth mechanisms. However, it is impossible for 

traditional TEM to do liquid analysis because all samples are exposed to a high vacuum 

environment, conducive to the free-space emission and transmission of electrons. [77]. 

    Generally, two techniques were developed to achieve liquid imaging inside TEM while 

maintaining the right pressures for the electron source to operate. One method is the designed 

open cell that enables a high pressure in the sample region for liquid to condense by differential 

pumping. This is also known as environmental TEM or ETEM. The liquid sample is placed 

onto a supporting sample, where the sample is in contact with a large electrode [77, 78]. It is 
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still used in modern TEM for both gas-related and liquid reactions. The drawbacks of this 

technique are the uncontrolled liquid thickness and limited maximum pressure.  

    The second technique is designed to overcome the disadvantages of uncontrolled thickness 

in the open cell, as well as providing convenience of flowing liquid and heating. The idea is to 

separate liquid from microscope vacuum using a closed cell with robust, electron-transparent 

windows, which lead to good imaging resolution [79]. With the development of fabrication and 

thin film and MEMS technology, a closed cell can be made using thin silicon or silicon nitride 

windows that are deposited onto etched silicon wafers (shown in Figure 2-5). The liquid is 

confined between such two chips that has been glued, wafer-bonded or sealed mechanically in 

the holder with an O-ring [77]. Different sizes of reaction cells can be selected with different 

chip geometries and with various heights of spacers. Liquid flow is achieved through an inside 

channel, connected with inlets and outlets on the holder, which opens possibility for changing 

reaction chemistry. Electrochemical reaction experiments are performed using special chips as 

well. The system is tested for vacuum leaks before it is inserted into the microscope. 

 

Figure 2.5 Schematic diagram of a liquid cell for transmission electron microscope 

[77]. 
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    New advancements make it possible to realize liquid reactions in TEM microscope. This 

allows more insights into the real-time transformation and reaction mechanisms in various 

fields, including electrochemistry, nanoparticle growth, liquid physics, and nano patterning 

[77, 80, 81].  

2.4.2 Electron Beam Effects 

    The electron beam interactions with liquid sample must be understood before some 

conclusions are drawn from in-situ experiments in TEM. When a high-energy electron beam 

goes through a liquid sample, it may affect liquid reactions in several ways, including heating, 

radiolysis, and an imposing an electric field.  

    Heating is an important beam effect to take into account. Grogan et al. [82] estimated the 

temperature increase based on an assumption that beam-induced heat generation dissipate away 

from irradiated region. Then the heat is a function of the density of the irradiated medium and 

the volumetric dose rate, where the increase of either parameter contributes to higher heat 

generation. But the beam heating only leads to small temperature rises, like a few degrees or 

less, because a thick (hundreds of nanometers) liquid sample possesses relatively good thermal 

conductivity. This slight temperature rise may not be enough to cause a bubble effect [82], but 

the reaction kinetics observed in a liquid cell may be altered [80]. 

    Understanding of radiolysis that involves the interactions of ionizing radiation with fluid 

medium is also necessary. Grogan et al. [82] also imaged bubble nucleation, growth and 

migration in water in the liquid cell, and quantified varying concentrations of radiolysis species 

with time and dimension using a simplified reaction-diffusion model. Different ionized species 

including hydrated electrons (eh), H3O
+, H, OH, H2 and H2O2 were considered, where gaseous 

products were probably responsible for bubble formation, while other products with high 

oxidizing and reducing properties accounted for modifying nanoscale reactions. The results 
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showed that the concentration of H2 increased with electron beam time, and beam energy. It is 

found that ionized products like hydrogen and hydrated electrons achieve an equilibrium state 

within seconds. In the meantime, the highly reactive radiolysis product like the hydrated 

electron diffused only to short distance near the irradiated region, while gaseous products like 

H2 diffused further. Schneider et al. [83] further proposed a mathematical model to compute 

the concentrations of radiolysis products as functions of electron beam irradiation parameters, 

time, space, and solution composition in typical electron microscopy. The concentrations of 

radiolysis products varied with time, where in homogeneous reactions, H2 was formed with a 

higher amount than secondary product, O2 with time in neat water. Also, the increase of dose 

rate contributed to the steady-state concentration of each type of radiolysis products. In 

heterogenous reactions where only a fraction of liquid in the cell was irradiated, gaseous 

products like H2 and O2 diffused out further from the center of the irradiated region while eh
- 

and H+ only exhibited a high concentration within the irradiated region. The concentrations of 

radiolysis products were affected by the initial pH of liquid solution, especially in acidic (pH 

< 5) and alkaline (pH > 10) solutions. The steady-state concentrations of eh
- and O2 decreased 

while H+ and H2 increased in acidic solution compared with that of pH = 7. In alkaline 

solutions, the steady state concentrations of eh
- and O2 were lower and H2 was higher. Gupta et 

al. [84] concluded that interfaces between water and surrounding surfaces led to a spatial 

variation in the energy absorbed by water near the walls. Because the walls behaved like a 

source of secondary and backscattered electrons to diffuse and deposit energy in water, the 

dose rate and local concentrations may be increased.  

    Another electron beam effect is the imposed electron field that varies in TEM and STEM 

circumstances due to different beam geometry. In a broad-beam illumination, the highest 

resolution of liquid cell imaging is achieved at the electron beam exit side of the sample. For 

STEM illumination, the highest resolution for an object within liquid sample occurs at the 
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entrance side of the sample [80]. Moreover, in a focused-beam STEM mode, positive charges 

mainly appear within the probed region, resulting in cylindrically symmetric field around the 

illuminated region, with a declining strength away from the region. However, in TEM mode, 

most positive charges accumulate in the surface region, such as the SiN membranes. The 

electric fields are much stronger near the surfaces and the edge of the beam [85]. In some cases, 

ion drift may happen if the electric field is strong enough to overcome the activation energy of 

the process. Then the nucleation and growth of nanoparticles are results of the relationship 

between self-diffusion and drift motion [86]. As a result, the variations of local compositions 

and supersaturation may happen due to the drifting cations and anions [85]. This will probably 

influence reaction chemistry and precipitation phenomenon. 

    In summary, the electron beam interacts with a liquid sample in the forms of heating, 

irradiation of radiolysis and ion drift induced by the electric field. Therefore, local 

concentrations and reaction kinetics may be altered in liquid cell electron microscopy. This 

also requires that careful attention and suitable procedures be taken to reduce the interactions 

between the electron beam and liquid solutions. A better understanding of electron beam effects 

with liquid will help interpret results and draw suitable conclusions.  

2.4.3 Applications of LC-TEM in Different Materials Systems 

    The advent of LC-TEM to achieve liquid reactions in real time allow new insights into many 

fundamental reactions and mechanisms. It is possible to obtain both chemical and structural 

information about materials, such as crystal structure from diffraction measurements, to 

chemical bonding from coupled energy dispersive spectroscopy (EDS) detector and electron 

energy loss spectroscopy (EELS) detector, though these are often hindered because of the large 

degree of scattering through 2 nitride windows and liquid, which often bows to a larger 

scattering through-thickness due to differential vacuum conditions between the SiN chip and 

the microscope column.  
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    LC-TEM enables the examination of electrochemical processes including electrodeposition, 

interfacial electrochemical reactions in battery materials and nanoscale microstructural 

evolution of corrosion. Ross [87] realized the nucleation and growth of Cu nanoparticles on 

polycrystalline Au in the presence of complex electrolyte chemistry. The nucleation and growth 

were quantified based on diffusion models, which incorporated surface diffusion. Zhu et al. 

[88] investigated simultaneous nanocatalyst degradation and electrochemical response of Pt-

Fe nanocatalysts using liquid cell electron microscopy. The coarsening processes of 

nanocatalyst particles are not uniform in space and time scale. The particles exhibited 

significantly different behavior after being attached to electrode compared with that of isolation 

in the electrolyte. This demonstrated that in-situ characterization of nanocatalysts with 

electrochemical bias were superior to ex-situ electrochemical studies. Jiang et al. [89] presented 

an in-situ study of dynamic dissolution process of palladium nanocrystals. The results showed 

that the dissolution rate increased with a decreasing radius in nanocrystals with radius lower 

than Rcritical. For nanocrystals with radius of larger than Rcritical, the dissolution rate was a 

constant. It is also promising for a variety of electrochemical process using liquid cell 

technique.  

    The processes of nanoparticle nucleation, growth and coalescence can be resolved. Evans et 

al. [90] visualized the lead sulfide nanoparticle growth using STEM imaging using LC-TEM. 

The overall growth rate was measured by examining different frames of a continuously 

acquired movie was estimated assuming growth occurs uniformly in all surfaces. The results 

also demonstrated that the final morphology of nanostructures was controlled based on growth 

mechanisms. Canepa et al. [91] clarified the growth phenomena of monodispersed size- and 

shape-controlled Au nanocrystals in the presence of surfactant. The role of surfactant in this 

process was also influenced by the STEM, where electron-induced radiolytic species acted as 

reductant. The results showed that the particle shape strongly depends on the surfactant at a 
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low dose circumstance. An increasing surfactant concentration contributed to a suppressed 

growth rate of Au nanocrystals. It was further concluded that nanoparticles conformed with a 

reaction-limited growth mechanism at low surfactant concentration, while a diffusion-limited 

mechanism dominated at a high surfactant concentration. Noh et al. [92] observed the 

dissolution of Ag and deposition of Ag under the beam in different conditions. The dissolution 

of Ag was caused by ionization from the primary beam, while the precipitation of Ag was 

through reduction of Ag+ by radiolytic electron species in the solution. The effects of activity 

of silver in solution and beam current density on relative rates were also incorporated into a 

model to describe chemical kinetics and minimize electron beam induced damage.  

    More in-situ experiments have been realized in biological processes as well, like 

biomineralization. Nielsen et al. [93] explored the process of calcium carbonate (CaCO3) 

nucleation in a liquid reaction cell. They recorded the nucleation of both metastable and stable 

phases that possessed the common morphologies. Various pathways of CaCO3 formation were 

revealed, either through solutions directly or indirectly through transformation of amorphous 

and crystalline precursors. The results showed real-time nucleation and growth mechanisms 

previously limited by characterization techniques. Smeets et al. [94] further researched into the 

role of matrix-immobilized acidic macromolecules in biomineralization and kinetic energy 

barriers of nucleation by liquid phase electron microscopy. The results exhibited that the 

binding of calcium ions to form Ca-PSS globules is a key step in the formation of metastable 

amorphous calcium carbonate (ACC). It also demonstrated that the films in both cases 

decreased the interfacial energy that determined the free-energy barrier to nucleate. It turned 

out that ion binding contributed most to the nucleation. Kröger and Verch [95] attributed the 

differences of the biomineralization results from in-situ TEM and those in bulk solutions to the 

spatial restriction of reacting within a liquid cell. 2D Finite Elements (FE) simulations were 

performed to study the impact of confinement on steady state concentration surrounding a 
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nanoparticle in a supersaturated solution. It was believed that the concentration of available 

ions in solutions was greatly reduced with confinement lower than a critical value, which 

decreased the stability of the precipitates.  

    Besides, the liquid physics and interactions of electron beam with liquid sample are 

important topics in liquid cell electron microscopy as well, as introduced in previous section. 

These new advances in hardware makes it possible to realize fundamental research and provide 

details into reaction mechanisms and kinetics.  

2.4.4 Perspectives for Geological Materials 

    The understanding of hydration reactions is crucial for modifying reactions and designing 

reliable building materials. The research of geological and mineral materials with hydrated and 

anhydrous properties are restricted by research techniques [77]. In cement hydration reactions, 

the growth mechanisms of the most important hydrates, C-S-H have been debated for decades. 

Many researchers have devoted efforts in studying hydration reactions using various 

techniques, such as heat flow calorimetry, quantitative XRD, modelling, etc. One attempt of 

in-situ visualization technique was conducted by Katz et al. [96] using a self-designed capsule 

in SEM. The ettringite crystal evolution was resolved with time. However, the real-time 

changes of main hydrated products were not shown clearly, restricted by the resolution of SEM 

technique. The LC-TEM technique is promising in its ability to provide real-time structural 

and chemical information of hydrated products at the early stage. The research on nucleation 

and growth mechanisms of main hydrated products in cementitious materials is not only 

essential to understand hydration reactions, but also of commercial value. However, the 

application of LC-TEM on cement hydration reactions has not yet been reported. 
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2.5 Focused Ion Beam (FIB) and 3D Tomography 

2.5.1 Introduction to the FIB-SEM System 

    FIB systems have become useful tools in last 25 years, originating from developments in 

semiconductor industry for mask repair and circuit edit applications. Dual beam FIB-SEM 

systems (Figure 2-6) that contain both an ion beam column and an electron beam column enable 

a site-specific ion milling and analysis in various fields of study [97]. Different dual-beam 

platforms have been developed, in which the ion column is typically mounted at an angle of 

45° ~ 55° from vertical electron column as well as orthogonally arranged FIB-SEM systems 

[98, 99]. This allows both precise site-specific sample milling and imaging through aligning 

two beams at a coincident point, taking the advantages of high energy ions and good resolution 

of electron imaging [100]. A typical ion beam resolution of 5 nm is achieved in a liquid metal 

Ga+ FIB instrument [101]. Coupled with an energy dispersive X-ray spectroscopy (EDS) 

detector or electron backscattered diffraction (EBSD) detector, more structural information can 

be obtained.  

 

Figure 2.6 Schematic of dual-beam FIB-SEM system and geometry between columns and 

sample [102] 
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The application of FIB-SEM systems yields many advantages in localized milling and 

analysis, and site-specific TEM sample preparation. Secondary electron imaging is suitable to 

navigate to a region of interest as ion imaging may mill away the surrounding materials. Higher 

resolution imaging is possible using electron imaging, especially with different imaging 

contrast mechanisms, such as BSE electrons (sensitive to atomic number) and secondary 

electrons (sensitive to topography) [97]. Moreover, the preparation of polymer lamellae on 

glass is obtained with the advantage of a limited amount of preferential milling due to 

perpendicular relationship between ion beam and the sample [103].  

Many studies have benefited from the site-specific FIB-SEM systems. King et al. [104] 

examined the surface of AA2024 and targeted corrosion products at specific sites in FIB-SEM 

instrument coupled with EDS detector. They concluded that the predominant attack modes 

were dealloying of S-phase particles, interfacial attack and grain boundary attack after 

characterizing FIB-prepared sample in TEM. Soldati et al. [105] prepared site-specific thin 

sample of cathode/electrolyte interface of intermediate temperature solid oxide fuel cells. The 

semi-coherent interface between LSCF and CGO was observed by TEM technique in the first 

time. Vieweg et al. [106] presented a FIB method by a shadow geometry of a platinum layer 

for site-specific cross-sectioning of nanoparticles, which were anisotropic. The nanoparticles 

were observed to obtain structural and chemical information with accuracy on the nanoscale. 

The 3D failure analysis [107] and large volume 3D imaging [108] were also proved to be 

applicable using FIB-SEM systems.  

2.5.2 FIB Tomography and Instrumentation Setup 

    The FIB tomography technique has been applied in various materials systems because dual 

beams enable both etching and subsequent imaging. This process can be repeated and is called 

serial sectioning. It enables the acquisition of 3-D structural and chemical information about 
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samples. To obtain a successful 3D tomogram, careful setups of sample geometry and software 

are needed.  

    In a typical FIB-SEM instrument, the sample is mounted at the eucentric point, where the 

converging angle is usually achieved by a pretilt holder and adjusted tilting angle. In this case, 

localized sample milling are completed through ion beam sputtering of the target material while 

the sectioned planes are imaged using electron beam [109]. Then a volume of interest (VOI) is 

prepared, in which a trench in front of the VOI and trenches on both sides must be prepared, 

allowing multiple acquisitions without shadowing effects. A protective layer, either Pt or C, is 

deposited on top of VOI and helps with surface roughness and VOI protection from ion beam 

damage [98]. Moreover, markers are prepared on the top and side of VOI so that a precise 

overlay of slices during tomogram post-acquisition image processing is guaranteed. Another 

layer of deposition can also be conducted to prevent markers for further erosion and reduce 

charging effects.  

 

Figure 2.7 FIB tomography setup and serial sectioning direction using dual -beam system 

[110] 
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    After the preparation of VOI, automated 3D sectioning setup can be performed as shown in 

Figure 2.7. The process of serial sectioning can be set automatically using software, where 

suitable parameters need be determined in advance. In some cases, a sample rotation of 180 ° 

to an EBSD detector is needed [111] when conducting EBSD acquisition as well, which 

depends on equipment setup [112]. It is also noted that a minimum number of 10 slices are 

required for a sufficient reconstruction of a granular texture [109]. Furthermore, it has been 

discussed that the BSE interaction volume has a huge influence on the effective resolution of 

FIB tomography. For example, a layer of 50 nm is not successfully resolved in a 5 keV BSE 

mode, which possesses an interaction volume of 100 nm [110]. This shows that depth 

penetration and imaging conditions must be considered for a reasonable step size. During serial 

sectioning, it is also necessary to correct beam shift, sample drift and changes in focal depth, 

which can be adjusted either manually or automatically [109].  

    The obtained image series (or stacks) need further corrections and alignment. After that, 3D 

reconstruction and segmentation can be performed to extract useful qualitative and quantitative 

information related to microstructure [113]. The images may appear to have artifacts like 

curtaining effects, which requires specific image processing algorithms to do some corrections 

before reliable results are achieved.  

2.5.3 Curtaining Effect  

Dual-beam FIB-SEM systems provide capability for nano-tomography with nanometric 

resolution in mesoscale. However, one major challenge associated with ion milling or polishing 

is the so-called curtaining effect that refers to straight lines appearing on the cross section of 

the sample [98] as the result of preferential milling. If left long enough, the curtaining streaks 

actually change the milling front, with a 3-D wave-like morphology appearing on the surface. 

For serial sectioning experiments, curtaining may also give information from deeper areas of 

the sample (i.e. one is not imaging a planar milling front). Curtaining may result from 
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inhomogeneities of the material, such as internal porosity, surface roughness, or heterogeneous 

phases with different milling rates or ion channelling effects in different crystal orientations, 

as well as insufficient ion beam dose or divergent beam tail effects. [114, 115].  

One solution to this problem is the application of post-acquisition curtaining removal 

algorithms. Early frequency-based attempts include zeroing k-space pixels in discrete Fourier 

space [116], which leaves an unwanted wavy pattern and smoothing of image and may not 

remove curtains entirely. Schankula et al. [117] introduced a flexible linear optimization model 

based on calculating the continuous Fourier coefficients for correcting multi-angle curtaining 

effects in FIB tomography. This method maybe not versatile on materials with severe porosity 

due to the relatively simple assumptions of the model. Fitschen et al. [118] proposed a new 

convex variational model for removing curtaining that the corrupted 3D image was split into a 

clean image and two kinds of corruptions, including a striped part and a laminar one. Recently, 

the low-rank-based single-image decomposition model was also implemented to separate the 

original image considering the structural characteristic of stripe and the image equally [116, 

119].  

The second solution to reduce curtains is through physical methods during the experiment. 

A rocking stage [120] or a goniometer stage [114] in a FIB-SEM system provide capability of 

sample rotating and thus the alternating of ion beam angle to effectively cut across the grain of 

the sample, resulting in better image quality. Also, sample preparation is crucial to obtain 

artifact-free image for segmentation. Taillon et al. [121] established a sample preparation 

workflow for porous materials that involved encasing the sample in a vacuum infiltrator, 

degassing under vacuum followed by epoxy impregnation to stabilize the porous structure. 

Gaboreau et al. [122] demonstrate that it was efficient to use methyl-methacrylate (MMA) resin 

to preserve the texture of a compacted clay material without modifying the pore space geometry 

for FIB and TEM imaging. Subramaniam et al. [123] developed a novel single-crystal 
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sacrificial mask method and allowed a high-quality milling finish using PFIB. The masking 

layer that served as a sacrificial protection tailored the beam, launched a planar milling front 

into the sample (thus protecting the material from materials curtaining due to sample surface 

roughness) and thus reduced material preferential artifacts during high current milling [123].  

2.5.4 Segmentation 

Segmentation is the process of identifying pixels in a 2D image or voxel in a 3D dataset and 

to classify them into a series of categories known as the label field. This classification can be 

performed based on the intensity of the pixel (for example corresponding to the backscattering 

coefficient, and thus the atomic number), or a combination of values associated with the pixels 

(such as a spectral map with windows), or based on geometric measures (the edges where large 

changes in contrast are detected as a gradient of the intensity adjacent to the pixels). This 

classification is necessary to enact, so as to extract and classify objects and to obtain statistically 

relevant structural information from a digitized dataset. 

Image segmentation is a wide field of image processing, which is a subset of computer 

science and the signal processing field of electrical engineering. It is now commonly associated 

with medical imaging, but could be used for real-time video processing, geospatial information 

and many other fields. Simple image segmentation can be done by hand by a skilled operator 

who can identify features of interest. This is typically extremely time consuming, and generally 

relies on the attention span and biases of the image processor. More automated algorithms have 

been developed to aid in the segmentation of image. These include global and local 

thresholding of the images based on intensity contrast, to a more sophisticated clustering, or 

spatial-dependent methods, such as k-means clustering [124] and edge detection [125]. 

However, many of these methods suffer from intensity variance of the data, so pre-

segmentation image processing is necessary to handle lighting corrections or depth-dependent 

intensity variations, as can occur with shadowing from redeposition in 3D FIB-SEM data 
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collection. A relatively new type of adaptive algorithm was developed on the idea that the 

boundary of an object is delineated through dynamical evolution and deformation of a curve 

[126, 127]. This contour-based segmentation depends on the regularity of boundary curve and 

corresponding grayscale values, which may lead to over-segmentation.  

In recent years, the ground-breaking advancements of Convolutional Neural Networks 

(CNN) in deep learning have shown great promises in promoting image segmentation [128]. 

Machine learning typically requires a set of training data from the skilled user to identify a 

“correct” segmentation from training data, followed by testing of the dataset to ensure that the 

machine “learns” what is correct. Following an optimization of testing parameters, the machine 

has learned the correct method of segmenting the dataset, it can then be applied to a larger or 

different dataset. However, this degree of learning does inherit the biases of the training dataset.   

The architecture of the CNN-based ML segmentation methods have the popular 

computational design of the U-Net architecture consisting of an encoder and a decoder network 

that are connected by skip connections [129]. U-Net and U-Net like models [129, 130] have 

shown impressive capability of tackling complicated segmentation problems even with a small 

amount of classified training data, which is promising to perform multi-modal segmentation 

tasks on 3D FIB-SEM dataset. Design and training of U-Net architectures are beyond the scope 

of the dissertation but a thorough review of machine learning as applied to microscopy data is 

provide here in [131]. In recent years, several software companies for image processing have 

integrated CNNs into user-friendly software packages, where the scientist optimizing some 

parameters, provides training data, and the CNN performs the segmentation in a relatively user-

friendly but somewhat opaque manner.  
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2.5.5 FIB Tomography and Pore Characteristics  

    The development of FIB tomography facilitates the quantification of the microstructure and 

pore characteristics. It is crucial to characterize the pore network in different length scales, 

which are responsible for mass transport properties, including of salt-diffusion which leads to 

rebar corrosion for reinforced concrete, and mass transport of pore solution for hydration 

reactions in cement and concrete. Bera et al. [132] combined micro-computed tomography 

(CT) and focused ion beam tomography on Berea sandstone, which served as building block 

for precious hydrocarbon fuel and possessed interconnected micro-pores of 2 ~ 5 um. They 

concluded that small interconnected pores between 30 to 40 um connected with large voids 

between 100 to 250 um in the materials. Karwachi et al. [133] also characterized mesopores in 

steamed zeolites, which allowed a new quantitative insight into the characteristics of 

mesopores, such as length, width and morphology. The distribution of nanopores can also be 

obtained using FIB-SEM tomography [115, 134]. Porosity and pore characteristics were 

compared using different techniques, ranging from mercury intrusion porosimetry, micro-CT, 

FIB tomography, TEM tomography, where FIB tomography filled in the gap between micro-

CT and TEM tomography and overcomes disadvantages of porosimetry, like ink neck-effects 

(a pore connected to external phase via a smaller pore, which acts as a neck ) [109, 135, 136]. 

    The amount of information typically obtainable in a Ga+ FIB-SEM instrument is usually 

limited by ion milling rate. The advent of a new ion source of Xe+ ions in a plasma source 

configuration, allows milling at a higher current up to 2 μA, which makes it possible for large-

volume serial sectioning [137]. On the other hand, Ga+ ion source provides probe current up to 

several tens of nA, and the probe diameter increases dramatically after it reaches around 10 nA 

[98, 137].  Burnett et al. [138] concluded from comparison of serial sectioning in both Ga+ FIB 

and Xe+ FIB that it was 60 times faster and showed less artifacts on hard metals. VOI of 

hundreds of microns was achieved in less than 24h, which showed features as small as tens of 
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nanometers. Compared with Ga+ source, Xe+ source showed no trace of ion implantation. Xiao 

et al. [139] obtained higher strength of single crystalline aluminum micropillars, from Xe+ FIB 

operations instead of Ga+ FIB, which results in segregation of Ga at the grain boundaries and 

subsequent embrittlement. The advantages of emerging Plasma Xe+ FIB make it suitable for 

large volume 3D tomography of many kinds of materials.  

2.5.6 Perspectives of 3D Tomography in Characterizing Pore Systems in Cementitious 

Materials 

    It is essential to acquire three-dimensional (3D) data for a better understanding of pore 

systems, which is critical to clarify microstructure-property relationship in cementitious 

materials. The pore structure properties, such as porosity, pore size distribution, and pore 

connectivity determine storage and transport characteristics of cement paste and concrete 

[140].  Traditionally, mercury intrusion porosimetry (MIP) has been applied to analyze pore 

distribution, which is strongly affected by ink-bottle effect [109, 141]. The micro computed x-

ray tomography (CT) allows 3D structure visualization at micrometer resolution, where 

nanoscale pores cannot be visualized. 3D atom probe tomography and TEM tomography can 

also reconstruct structure with resolution less than 1nm [142]. However, many samples are 

needed since the sample for these techniques is less representative. Multiple techniques are 

needed to characterize multiple length scales of porosity because of the complexity and size 

distribution in cementitious materials.  

    Few studies on FIB tomography of cementitious materials have been reported. Holzer et al. 

[143] conducted statistical particle shape analysis of cement particles using FIB 

nanotomography (FIB-nt), which revealed structure information and particle-particle interface 

at submicrometric scale. This provided data for proposed processing method of particle size 

distribution, which were compared with that from laser granulometry [144]. Holzer et al. [145] 

also applied X-ray CT to examine 3-D shape cement particles between 20 to 60 μm and FIB-



51 
 

nt to check 3-D shape of cement particles between 0.4 to 2.0 μm. It was found out that the 

shape of cement particles in the range of 0.4 to 60 μm depended on size. However, research on 

hydrated cementitious materials, especially the interfaces between hydrated matrix and 

aggregates, and pore characteristics have not been conducted by FIB tomography. Furthermore, 

a reliable quantification of porosity of different scales and acquisition of pore networks are 

prerequisites for determining properties and designing new materials. 

Focused ion beam (FIB) is a powerful technique to conduct 3D tomography with nanometric 

resolution. The new Xe+ plasma focused ion beam (PFIB) achieves 20-50 times higher 

sputtering and milling rates in given amount of time than Ga+ source machine [138]. This 

makes it a novel tool for material removal, serial sectioning and 3D tomography. It also remains 

better resolution using higher milling current compared with Ga+ FIB resulting from much 

stable probe size. This opens a new window for large volume serial sectioning with good 

resolution [98, 140]. It is very promising in making large representative 3D structures up to 

hundreds of microns where complex microstructures and multiscale pore networks can be 

analyzed in cementitious materials.  
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Abstract  

C-S-H is the main product of the cement hydration reactions and contributes to the binding 

properties in concrete, in which ordinary Portland cement (OPC) reacts with water to form a 

solid structure. Early-stage C-S-H growth mechanisms have been debated for several decades. 

Many efforts have been devoted to the two main hypotheses whether C-S-H grows according 

to colloidal agglomeration or layered structure precipitation and growth models. We report the 

first application of in-situ liquid cell transmission electron microscopy (LC-TEM) to research 

hydration reactions of nano PC, providing nanoscale insight into early liquid-based reaction 

mechanisms. We demonstrate that the formation and growth of C-S-H precipitates starts 

through lateral growth of planar silicate sheets, but soon continues in all directions resulting in 

a 3D microstructure. Furthermore, nanocrystalline C-S-H structures with sizes between 5 nm 

to 10 nm were observed inside the amorphous or highly disordered C-S-H matrix, denoting 

that C-S-H growth is conformed with layered structure models. Crack formation and 

propagation inside C-S-H precipitates confirms the presence of increasing lattice strain due to 

growing defects that limits the growth of a fully crystalline structure by buckling and separating 

the sheets. The rolling up and crumbling of C-S-H precipitates promotes the formation of new 

embryos and later aggregation of building blocks, which is consistent with a colloidal model 

as well. The hydration reactions of nano PC in liquid cell are very similar to known reactions 

in real mortar and concrete samples in terms of microstructure and phase developments, 

lending confidence to a clearer elucidation of C-S-H formation. 

Keywords: Liquid cell transmission electron microscopy, Portland cement, Hydration, C-S-H 

growth mechanism 
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3.1. Introduction 

Cements and concretes are the most widely used construction materials on the planet. The 

chemistry and manufacturing processes have attracted much attention recently due to the 

energy intensive nature of their fabrication and the potential for addressing greenhouse gas 

emissions in the industrial materials space. Cements rely on a series of hydration reactions to 

convert cement powder into a strong hardened paste that binds structures together. 

Understanding, at the nanoscale, these hydration reaction mechanisms and the formation of its 

predominant product, calcium-silicate hydrates (C-S-H) can lead to new pathways to design of 

greener, stronger and more durable cementitious construction materials. 

Hydration reactions of OPC have been studied for several centuries since Portland cement 

was patented in Britain in 1824. Still, they are rather complex and remain a target of 

optimization for materials improvement. Their complexity arises because OPC contains four 

main constituents, namely tricalcium silicate (3CaO·SiO2, known as C3S, where C is CaO and 

S is SiO2), dicalcium silicate (2CaO·SiO2, C2S), tricalcium aluminate (3CaO·Al2O3, C3A, where 

A is Al2O3) and tetra-calcium  aluminoferrite (4CaO·Al2O3·Fe2O3, C4AF, where F is Fe2O3), a 

few percent of gypsum which acts as set regulating agent and other minor minerals [1, 2]. Post 

hydration, OPC forms hydration products like calcium silicate hydrates (C-S-H), Portlandite 

(Ca(OH)2), ettringite ((CaO)3·Al2O3·(CaSO4)3·(H2O)32), and calcium monosulfate 

((CaO)3·Al2O3·CaSO4·(H2O)12) or monocarbonates [2]. The initial hydration reactions of C3S 

to form C-S-H are particularly crucial to early microstructure and strength development [2]. C-

S-H nucleation and growth in early stages follow a known reaction pathway (C3S dissolution, 

induction, acceleration, and deceleration periods) for the first few to 24 hours [3]. It is well 

understood that C-S-H is not completely amorphous due to precipitation and densification of 

silicate ions to form short chains, resulting in a short-order arrangement of atoms [4]. However, 
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the details of the growth mechanism of C-S-H has been debated for a century without resolution. 

The first attempt to clarify formation mechanisms relied on a colloidal theory in 1918 [5].  

Many models of microstructural evolution are mainly based on two different hypotheses, 

one based on the aggregation of nano C-S-H particles or other basic building blocks together 

[3, 6, 7] and the other based on formation and growth of planar defective sheets of silicate 

layers through attachment of silicate tetrahedra from solution [3, 8]. The colloidal hypothesis 

proposed that C-S-H is comprised of colloidal particles with dimension between 1 and 100 nm 

[9-11]. The composition and mass density were calculated, which helped to figure out C-S-H 

gel microstructure in a fine size and high surface area [6].  

 By contrast, early concepts of layered structure synthesis assumed that C-S-H is similar to 

imperfect jennite and 1.4 nm tobermorite that are natural calcium silicate hydrate minerals, 

consisting of layers of Ca-O sandwiched between polymeric silicate anions. [12-14], and a 

constitutional model was also proposed, which is related to the nature and relative proportions 

of molecules and ions [13, 15, 16]. 

Further hypotheses and experimental work also tried to clarify the nanocrystalline nature of 

C-S-H [17, 18]. It has been reported that tricalcium silicate transforms during hydration into 

nanocrystalline C-S-H gel exhibiting disk-like morphology by transmission electron 

microscopy (TEM) imaging [17, 19, 20]. Both simulations [21] and ensemble measurements 

provide insights into silicate chains morphology in C-S-H gel [4, 17], and showed that the 

dominant pattern was linear silicate chain structure [22]. Locally, by combining cryo-TEM and 

small angle X-ray scattering, Krautwurst et al. [23] captured C-S-H metastable structure in 

liquid and spherical particles at nanoscale, and ascribed the formation of amorphous precursor 

to kinetic effects in early hydration.  

To capture the microstructural evolution as it happens, soft X-ray spectromicroscopy has 

also been applied to in-situ alkali-silicate reaction (ASR) gel formation [24]. Gartner et al. [25] 
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researched C-S-H growth mechanisms using soft X-ray microscopy experiments on silica 

particles in saturated Ca(OH)2 solution with NaOH and CaCl2 solution to study C-S-H growth, 

and concluded that the C-S-H dendrites were oriented about a single common axis, indicating 

the origination from a common initial nucleus. Juenger et al. [26] investigated the hydration 

reactions of C3S in a solution containing CaCl2 using soft X-ray transmission microscopy and 

found that CaCl2 accelerated hydration reactions and observed fibrillar hydration products from 

both inside and outside the C3S grain. However, the C-S-H growth mechanisms were discussed 

based on indirect evidence in model cement systems with salt addition, and the nature of 

hydrated products was not fully clarified. Still, the exact mechanisms of C-S-H formation in 

Portland cement and direct evidence in liquid reactions are yet to be revealed. 

    Over decades many researchers have attempted to clarify hydration products and reaction 

mechanisms. Thermodynamic models have been established in understanding the interactions 

between different cement compositions and structure of hydration products as well as cement 

hydration kinetics [27-29]. The application of new materials characterization techniques 

including quantitative (in-situ) X-ray powder diffraction (XRPD) [30-33], heat flow 

calorimetry [32, 34], scanning electron microscopy (SEM) [22, 35, 36] as well as other 

techniques [37-39] provide insight into these mechanisms. Despite these advancements, the 

details of nucleation and growth mechanisms with structural and chemical information in early 

hydration reactions at the nanoscale needs further elucidation. 

    Recent advances in TEM imaging of liquid-based nucleation and growth in solutions have 

found traction in such systems as lithium battery reactions and biomineralization [40-42] by 

embedding a reactive solution between a pair of closed silicon-based chips [42-44]. The 

microstructure evolution in liquid is imaged through two SiN windows, typically 20 to 100 nm 

thick and supported by Si [44]. This local environment is shielded from the vacuum of the 

electron microscope, while remaining transparent to the electron beam. LC-TEM has benefited 
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many research areas, including electrochemistry, nanoparticle growth, fluid physics, and 

biological mineralization and living cells [42, 45-50]. The authors’ previous work 

demonstrated the feasibility of LC-TEM in cement hydration reactions [51]. Even though many 

liquid phase reactions have been conducted using this technique, the application of LC-TEM 

on hydration reactions of OPC has not yet been reported.  

In this paper, we report the application of LC-TEM technique on hydration reactions of nano-

PC for the first time. To perform the reactions in microchips, nano-PC was prepared in the 

form of a sufficiently dilute cement slurry, compatible with imaging conditions. This solution 

was anticipated to be a lime saturated slurry to avoid C-S-H dissolution [3]. Hydration reactions 

were monitored up to 24 h and real-time changes of the main hydration products, ettringite and 

C-S-H were captured in early-stage liquid reactions. Complementary studies by ex-situ TEM 

(i.e. high-resolution TEM, electron diffraction) and SEM with energy dispersive spectroscopy 

(EDS) were also performed to confirm the hydration products, such as ettringite, C-S-H, 

Portlandite and monosulfate. Figure 3.1 shows a schematic of cement hydration reactions 

inside liquid cell. Our results support the hypothesis that C-S-H grows in the form of defective 

sheets of silicate layer. The nanocrystalline C-S-H precipitates exhibit a similar structure as 

poorly crystallized tobermorite. This work provides direct evidence of the formation of the 

main hydration products and new insights into the theory of C-S-H nucleation and growth 

mechanisms.  
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Figure 3.1 Schematic of liquid cell configuration within the TEM demonstrating C -S-H 

nucleation and growth on the SiN membranes during cement hydration:  stands for 

silica tetrahedra,  for CaO,  for water, the blue particles away from SiN 

membranes are dissolving cement particles.  

3.2. Methods 

3.2.1 As – received OPC 

    The OPC with a mineralogical composition given in Table 3.A1 was from commercial 

product. The average particle size of 45 μm was too large for liquid cell microchips and 

therefore further processing was needed to reduce the particle size.  

3.2.2 Ball Milling and Nano PC 

    The purpose of ball milling is to reduce particle size, which is vital to a successful 

experiment. By using larger cement particles, there is a risk of breaking the SiN membranes of 

the chips, hence breaking the vacuum in the microscope. Furthermore, thick particles are not 
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electron transparent for TEM observation. By experimenting with different types of spacers 

and chips, we found out that using a chip – containing a microwell 4x8 array (EPT 42A2-10, 

Protochips Inc., Raleigh, NC, USA) as a large chip and 150 nm spacer for the small chip (EPB-

55DF-10) was the best solution. A compromise of sufficient space in the cell and good 

resolution needs to be reached. The chips with larger spacers accommodate more reactants with 

the sacrifice of good resolution [40, 42, 52]. Therefore, more advantages are seen to use solid 

material with smaller particle size.  

    A three – stage ball milling operation was applied to reduce the particle size of OPC 

effectively. The first stage was to use relatively large corundum balls (10 mm diameter) to 

grind cement for 14 days. The subsequent grinding stage was achieved using smaller zirconia 

balls (4 mm diameter), for another 32 days. Both stages were conducted in the presence of 

anhydrous ethanol, which aimed at dispersing cement particles and minimizing friction heat. 

The particle size distribution of nano PC in terms of particle number after milling was 

conducted by Particle Size Analyzer (Horiba CAPA-700) followed by the confirmation of 

TEM imaging. After achieving a suitable particle size distribution (Figure 3.A1) at the end of 

the second milling stage, the cement-ethanol slurry was dried at 70 °C on a hot plate. In the last 

stage, the cement aggregates formed during drying were milled again with zirconia balls for up 

to 3 days. It appeared that 97.6% of PC particles were below 500 nm, 83.0% below 200 nm 

and 66.3% below 50 nm.  

3.2.3 Water/cement (w/c) Ratio 

    As mentioned, it is necessary that many strict requirements be satisfied to achieve desired 

reactions successfully in LC-TEM. It is commonly accepted that w/c ratio can be controlled at 

values as low as less than 0.20 for superplasticized cement pastes and to values as high as 0.50 

for cement slurries [53-55]. In LC-TEM, however, the electron beam must transmit through 

the sample, which forces the sample to be a highly diluted slurry rather than a paste. After a 
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few attempts, we concluded that a dilute cement suspension with w/c ratio of 15 is reasonable 

for liquid cell tests and also is enough concentrated so that partial hydration of nano PC 

saturates the solution with Ca(OH)2 to avoid C-S-H dissolution. Thus, 0.2 g nano PC was mixed 

with 3 ml deionized water in a glass vial, followed by sonication for 5 min. The mixing time 

that was the starting time of hydration reactions, was recorded. After large particles settled 

down at the bottom of the vial, a 2 μl drop was taken using micropipette and put on the window 

of the small chip.  

3.2.4 Liquid Cell Preparation and In-situ Imaging 

    Both chips were rinsed in acetone and methanol for 2 min to remove a photoresist protective 

coating. 2 μl drop of cement suspension was put on a small bottom chip (we already described 

the types of the chips above). On top, a large chip with individual microwells was used to seal 

the cell. This allowed a maximum liquid thickness of almost 250 nm. By aligning the 

microwells carefully, up to four wells were present for in-situ imaging. The liquid holder was 

checked for leaks under vacuum before it was inserted into the microscope. The real time 

imaging was performed using a Titan microscope (ThermoFisher-FEI Titan) operated at 300 

kV in TEM mode. The average screen current was 1.21 nA. Different areas of interest (AOI) 

were tracked to study microstructure evolution in a 24-hour interval. To minimize the beam 

effects on hydration reactions, the beam was not kept for more than 3 s on a specific AOI. The 

LC-TEM experiments were performed at total of 5 times with 2 failed experiments, in which 

similar results were obtained with regards to microstructure evolution and timing of the 

reaction process in all experiments. We started from chips with spacer thickness of 5 μm, 500 

nm and arrived at optimal imaging conditions with chips with spacer thickness of 150 nm, with 

which the LC-TEM experiments were repeated 3 times. Among each experimental dataset, as 

the timing and hydrated products were observed and the data within the manuscript is 

representative of these repeatable experiments. 
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3.2.5 Post-situ TEM Imaging and Diffraction Patterns  

    The liquid cell chips were taken out and totally dried at different time steps in the reaction 

process before post-situ experiment was conducted. The post-situ characterization was 

performed on the small chip using a JEOL 2010F operated at 200kV. TEM images of 

microstructures and diffraction patterns were obtained.  

3.2.6 Scanning Electron Microscopy and Energy Dispersive Spectroscopy  

    The chips were coated with 10 nm carbon and studied by scanning electron microscopy with 

energy-dispersive x-ray spectroscopy (SEM-EDS) in a JEOL 7000 microscope operated at 9 

keV. The SEM images and EDS data were acquired on key features. The results provided 

information to confirm the microstructures and chemical compositions that were observed in 

liquid cell. 

3.3. Results 

The hydration reactions started at the very first moment that nano PC comes in contact with 

water. With 150 nm spacers on small chip and 170 nm thickness of microwell in large chip, 

the thickness of the reaction cell is up to 320 nm without the bulging effect that provides enough 

room for hydrated products to develop in 3D. Needle-like ettringite crystals (shown by arrows) 

formed due to the aluminate reaction were clearly observed. Typical formation of ettringite 

crystals was captured (Figure 3.2 (a)) 1 h 47 min after mixing. More ettringite crystals with 

precipitates nucleated closed to the needles were observed in different regions at about 3 hours 

after mixing, as shown in Figure 3.2 (b) and (c). This demonstrates that ettringite crystals act 

as nucleation sites for other precipitates as well. The chemical compositions of a needle-like 

crystal and the adjoining hydration product were examined and verified to be ettringite and 

monosulfate by SEM and EDS (Figure 3.A2). 
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Figure 3.2 Needle-like ettringite crystals in liquid cell TEM (a) 1 h 47 min, (b) 2 h 29 

min and (c) 2 h 45 min (scale bars, 0.5μm)  

  The effective nucleation of C-S-H effectively starts following an induction period from the 

mixing time (t = 0). The real-time nucleation and primary growth of C-S-H precipitates at early 

and intermediate hydration stages were also captured and shown in Figure 3.3 (a) to (d). C-S-

H nucleation started with the appearance in the microwell of a few C-S-H embryos. Figure 3.3 

(b) is an enlarged image of AOI 1 in Figure 3.3 (a) showing 5 to 10 nm in size embryos. Around 

3 h 50 min from mixing time, C-S-H nucleation and growth was still observed with more C-S-

H precipitates nucleated on the SiN membrane (Figure3. 3 (c)). These precipitates were not 

observed to have drifted or agglomerated in solution and assembled colloidally. Some 

(a) 

(c) 

(b) 
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precipitates were as small as 5 nm to 10 nm, while some grew as large as 20 nm to 30 nm, as 

seen in Figure 3.3 (d). It was noticed that well-defined C-S-H precipitates nucleated mostly on 

the SiN membrane. This was because the membrane and the walls of LC chips provided more 

nucleation sites for heterogeneous nucleation of C-S-H by lowering the surface energy. The C-

S-H precipitates were also examined post situ. After opening the microchips, we were able to 

obtain some individual C-S-H precipitates at their intermediate growth stage with sizes varying 

from 20 nm to 110 nm (Figure 3.3 (e)). However, it shows a different C-S-H morphology that 

is similar to particle aggregation Also, some large C-S-H precipitates joined together to form a 

network. The C-S-H precipitates as large as 0.6 μm to 0.8 μm in their intermediate stage were 

observed in Figure 3.3 (f). It is worth mentioning that these precipitates were completely 

irregular in their microstructure. 

   

(a) (b) 

AOI 1 
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Figure 3.3 C-S-H nucleation and primary growth on the membrane of liquid cell chips 

during induction period: (a) at 3 h 09 min, some newly formed embryos in the microwell , 

(b) higher magnification of C-S-H embryos from (a) AOI 1 with sizes as small as 5 nm 

to 10 nm. (c) Continued C-S-H nucleation and growth at 3 h 48 min, and (d) some 

embryos from (c) AOI 2 were as small as 5 nm to 10 nm, while some grew quickly to 20 

nm to 30 nm, and (e) TEM image from LC chip after opening and drying, showing 

individual and joined C-S-H precipitates at their primary growth stage with completely 

disordered microstructures, (f) LC-TEM image showing early growth and coalescence of 

C-S-H disk-like precipitates with sizes of 0.6 μm to 0.8 μm in their  intermediate stage.  

Figure 3.4 (a) shows C-S-H precipitates with two different morphology after opening the 

chips. The morphology of C-S-H in the center indicated that C-S-H developed through particle 

aggregation. The C-S-H precipitates at intermediate growth stage in the boxed area of Figure 

3.4 (a) were analyzed in the HRTEM image in Figure 3.4 (b). Lattice fringes surrounded by 

amorphous matrix (marked areas) were observed. This indicates the presence of C-S-H 

nanocrystals inside the amorphous C-S-H matrix. The well-ordered structures were within the 

(c) (d) 

(e) 

AOI 2 

Individual 

precipitate 

 

Joined 
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order of 5 nm to 10 nm, beyond which disordered arrangements of atoms were built in the 

microstructure. These displacements and defects could provide more sites for heterogeneous 

nucleation. As a result, lattice strain was also built in the C-S-H precipitates. This alternation 

of nanocrystalline and amorphous regions confirmed the layered structure model. 

 

 

Figure 3.4 Ex-situ TEM imaging of C-S-H at the intermediate stage (a) Bright field (BF) 

image of C-S-H precipitate, (b) HR image of nanocrystalline and disordered C -S-H in 

boxed area of (a). The marked areas show the presence of C -S-H nanocrystals inside the 

amorphous C-S-H matrix.  

(b) 

(a) 
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    The real-time direct evidence of C-S-H growth was shown in Figure 3.5, which were 

obtained in a separate in-situ experiment with similar experimental conditions. As exhibited in 

Figure 3.5 (a), the C-S-H precipitates tended to grow with a disk-like morphology. Upon further 

growth, some C-S-H precipitates (Figure 3.5 (b) to (g)) collapsed and impinged on each other 

to form a network, in which the main activation energy was the decrease of surface energy. 

Later (4 h 46 min), however, these C-S-H sheets started cracking in both the center and the 

connection edges after coalescing together (Figure 3.5 (h)). This cracking cannot be caused by 

C-S-H dissolution due to slurry dilution. Knowing that the solubility of Ca(OH)2 in water is 

about 1.7 g/L at about 20 ˚C [28], simple stoichiometric calculations of C3S hydration in the 

prepared nano-cement slurry (0.2 g nano-cement in 3 mL water) confirms formation of an 

amount of Ca(OH)2 that is 12 times greater than the amount needed (about 0.0052 g Ca(OH)2 

for 3 mL water) for saturation of the slurry, so that partial hydration of the nano-cement 

saturates the slurry soon after mixing. This has been confirmed by measuring the pH of the 

slurry of 12.73 before putting the LC into TEM (30 min from mixing time). Crack formation 

confirms significant strain in the growing texture and indicates that structural defects exist 

inside C-S-H precipitates. These defects could be caused by the presence of impurities in 

cement [6]. We also found that the areas within the microcracks are quite empty and clear 

confirming that C-S-H formation and growth at the beginning starts in the form of 2D sheet-

like precipitates. They are very thin in the orthogonal direction to the LC membrane. The 3D 

C-S-H structures (Figure 3.A3) were also observed inside the liquid cell after opening the chips, 

which suggested the fact that 2D sheet-like precipitates grow not only laterally, but also 

gradually aggregated with precipitates from other embryos in the orthogonal direction to the 

LC membrane The formation of sheet-like precipitate structures at early age of hydration up to 

24 h were also confirmed later by SEM imaging. 
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Figure 3.5 The main growth stage of sheet-like C-S-H precipitates at different time 

intervals (a video is attached as V. 3.A1) (a) 2 h 42 min, (b) 2 h 54 min, (c) 3 h 03 min, 

(d) 3 h 09 min, (e) 3 h 14 min, (f) 3 h 29 min, (g) 4 h 08 mi n and (h) 4 h 46 min (scale 

bars, 0.5 μm)  

In this work, direct evidence shows that the growing of C-S-H precipitates happens along 

the edge and the surface of the planar sheets (Figure 3.5 (a) – (g)). The increasing lattice strain, 

therefore, limits the growth of the crystalline structure. Also, the impurities such as Na+, Mg2+ 

ions in cement may disrupt the continuous growth of crystalline region. The formation and 

propagation of microcracking in the center and edges of the well-grown or adjoined C-S-H 

precipitates is an indication of the resultant lattice strain after large C-S-H sheets coalesced as    

(a) (b) (c) 

(d) (e) (f) 

(g) 
(h) 
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seen in Figure 3.5 (h). Finally, the result is the formation of a relatively large 3D network of 

C-S-H through connection of the precipitates. Not only the morphology of aggregation of nano 

C-S-H particles or basic building blocks was observed after opening the chip, but also the C-

S-H nucleation happened non-uniformly on the internal surface of the SiN membrane and C-

S-H precipitate growth happened, which further confirmed a nuanced realization of both the 

colloidal and layered structure hypothesis. 

Figure 3.6 exhibits a typical image from a well-grown sheet-like C-S-H precipitate formed 

during in-situ experiment. The diffraction pattern taken in the marked area is presented in the 

inset. The measured values of the rings from diffraction pattern, which possess d-spacings of 

0.3190 nm, 0.2786 nm, 0.1994 nm and 0.1677 nm, are consistent with polycrystalline C-S-H. 

Generally, the observed d-spacings are very similar to those of poorly crystalline tobermorite 

and jennite [8]. These phases have a layered sheet-like morphology with layers composed of 

calcium and oxygen atoms with silica tetrahedra attached, interspersed by water and further 

calcium ions. Similar results were also obtained from synchrotron X-ray diffraction 

experiments on dry powder from cement slurry [8]. The structure of C-S-H microcrystals inside 

C-S-H precipitates was also confirmed by diffraction patterns in the inset of Figure 3.6 (b) with 

d spacing values of 0.3277 nm, 0.3197 nm, 0.2837 nm. No apparent relationship has been 

identified between matrix and microcrystals through diffraction pattern, which most likely 

resulted from special conditions inside liquid cell. Although this main phase from hydrated 

reactions was considered amorphous in many of X-ray experiments [30, 31], it is certain that 

some local short order structure was achieved. The contribution of the broad amorphous C-S-

H phase in the X-ray diffraction pattern is difficult to discern. Moreover, the presence of 

hexagonal sheet-like portlandite was also confirmed with SEM and EDS (Figure 3.A4 and 

Table 3.A2).  
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Figure 3.6 Confirmation of C-S-H formed during in-situ reactions s(a) BF image and 

SAD patterns with d-spacings of 0.3190 nm, 0.2786 nm, 0.1994 nm and 0.1677 n m, 

indicating a polycrystalline structure similar to tobermorite structure, (b) C -S-H 

microcrystal inside layered structure with d-spacings of 0.3277 nm, 0.3197 nm and 

0.2837 nm structure.  

    While the advances of liquid cell electron microscopy provide tremendous insights into PC 

hydration reactions, it is necessary to understand the limitations of this technique regarding 

electron beam effects, resolution, and reaction time and kinetics. The electron beam has an 

influence in liquid chemistry, which contributed to the excitation and ionization of liquid 

molecules, resulting in the formation of hydrated electrons, radicals, ions, H2 and O2 [46, 47, 

56]. Gas bubbles formed by water electrolysis may cause liquid movement and thickness 

changes, which limit imaging resolution of small particles by multiple scattering in liquid as 

well as two layers of SiN membranes [44]. We observed no bubble formation through 

experiments of hydration reactions of nano PC. The imaged precipitates with defined edges 

were formed on SiN membranes because heterogeneous nucleation and growth is more 

energetically favorable than homogeneous nucleation in solution. We further elucidated that 

the sheet-like C-S-H precipitates were not the effects of confined space and SiN membranes of 

liquid cell (Figure 3.A3). The planar C-S-H sheets of TEM image (Figure 3.A5) from freeze 

drying in a falcon tube clearly shows good consistency with in-situ experiments. The results 

indicate that C-S-H precipitates develop mostly in the form of planar sheets at the beginning 

of the studied time, namely 24 h. With continued growth, however, they gradually exhibit a 3D 

(a) (b) 

(d) 
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microstructure. Also, the interactions between high-energy electrons and SiN membrane, to 

some extent, contribute to the crystallinity and chemical information, which makes the 

identification of main hydrated products much difficult. Besides, the induced electric field on 

liquid specimen may also be responsible for drifting of cations and anions, resulting in the local 

composition variation and supersaturation [57]. The second limitation was an inability to 

observe the very first dissolution and hydration reactions due to time spent on sample 

preparation and vacuum checking. We deposited the sample on the chips in a static rather than 

dynamic flowing mode to prevent blockage of the internal channels of the holders with 

hydrated cement end-products. In this case, imaging dissolving nano particles at the onset of 

the reaction is difficult. Finally, the reaction kinetics might be affected by the local heating 

effects [46, 57, 58] and local composition variation [46, 47]. Furthermore, the possible 

variations in liquid thickness may affect the kinetic of hydration reactions. To avoid beam 

effects, the electron dose was strictly limited during imaging (i.e. navigating with fiducial 

marks and only opening the beam to acquire an image). The acquisition time in one AOI was 

minimized. No apparent microstructural change was observed due to beam effects after 2s ～ 

3s of beam exposure.  

3.4. Conclusions 

    We reported the first application of liquid cell electron microscopy technology in hydration 

reactions of nano PC. With the emerging advancement of in situ characterization, new insights 

into cement hydration reactions in early stages became possible. It allowed us to obtain detailed, 

real-time information of nucleation and growth of main hydration products, namely C-S-H. 

The main by-product of hydration reactions, Portlandite, was also confirmed by ex-situ 

experiment. In general, the sequence of hydration reactions of nano PC matched that of mortar 

and concrete samples of practical use. The needle-like ettringite crystals were formed in the 

reacting medium at the very early stage. It was also observed that ettringite crystals that partly 
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served as nucleation sites for hydration products remained stable in the timescale of the 

experiment and even after opening the cell and drying the chips. The findings also provided 

further direct evidence for both two competing C-S-H growth mechanism that had been debated 

for decades. The differences between two hypotheses were focused on whether C-S-H grows 

by aggregation of solid nano particles or by attachment of silicate tetrahedral from solution, as 

well as the size of precipitates. Our work suggested that development of C-S-H precipitates, 

like imperfect tobomerite, is through attachment of silicate tetrahedra from solution resulting 

in the formation of a stack of layered structure made of many C-S-H sheets with limited short 

order structure. The C-S-H embryos after nucleation evolved through linking of silicate ions to 

form growing planar silicate sheets, leading to nanocrystalline C-S-H structure of 5 nm to 10 

nm in size. Beyond that dimension, defects were built in, which contributed to disordered 

arrangements of atoms, and thus caused local stress. These internal stresses firstly limit the size 

of nanocrystals resulting in the formation of an amorphous matrix and finally they cause 

buckling and cracking, which lead to new C-S-H embryos forming and aggregating together. 

These evidences shown here is a step forward for cement hydration research. The verified 

layered structure hypothesis and aggregation of C-S-H nanoparticles for C-S-H growth 

mechanism is crucial to understand and control the hydration reactions. While our results were 

not extensive about all early hydration stages due to limitations of the liquid cell technique, 

they provide new insight into the cement hydration reaction. 
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Abstract 

    Liquid cell transmission electron microscopy (LC-TEM) has the potential to 

revolutionize the understanding of nanoscale hydration mechanisms in Portland 

cement. However, the volume of the materials under observation must be confined to 

an electron-transparent volume in order to make meaningful measurements. This 

confinement may alter the chemical kinetics because of an increase in surface reactivity 

of the species under study. To understand the applicability of nanoscale measurements 

to real-world applications, a study of these effects is necessary. In this case, the 

hydration reactions of nano Portland cement (PC) were researched using LC-TEM and 

compared to isothermal calorimetry and quantitative X-ray diffraction (QXRD). 

Consistent with the authors’ previous study, the water to cement (w/c) ratio was 

adjusted to 15 to achieve proper electron transparency. Freeze drying and QXRD 

experiments at time points of 0.5 h, 1.5 h, 3 h, 5 h, 14 h, and 24 h were chosen based 

on hydration peaks from heat flow curves and interesting phenomena from in-situ 

imaging. The hydrated samples for ex-situ experiments were obtained after freeze 

drying, which stopped the reaction at the specified time point. In terms of hydration 

kinetics, the initial period and induction period in nano PC system were 0.5 h and 0.5 

h, respectively, much shorter than that of 2 h and 1 h in a typical OPC system. The 

acceleration stage of the nano PC system contains three peaks, in which a broad silicate 

peak appears much later than the aluminate peak. During this stage, the retardation 

effects caused by hydration products were also observed. Phase transformation and 

microstructure formation are discussed and compared in different hydration stages. We 
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also reported the real-time dissolution of ettringite crystals and formation of hydration 

products inside LC-TEM.  

Keywords: cement hydration, hydration stages, Rietveld refinement, real-time 

imaging, aluminate and silicate peaks, liquid cell TEM, in situ  
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4.1. Introduction 

    Hydration reactions of PC in early stage are responsible for the development of the 

permanent microstructure and mechanical properties. Though PC was first introduced 

in 19th century [1, 2], cement hydration reactions are still not fully understood due to 

complicated compositions and interaction of simultaneous chemical reactions. The 

main constituents of PC are alite (C3S), belite (C2S), aluminate (C3A) and 

aluminoferrite (C4AF), which transform mainly to calcium silicate hydrate (C-S-H), 

portlandite, ettringite and monosulfate [2, 3]. The two most important categories of 

cement hydration reactions involve silicate and aluminate reactions [4]. Historically, 

cement hydration reactions are divided into four main time periods following mixing 

cement and water. The initial reaction period involves cement wetting and rapid 

reactions between aluminate and alite with water, followed by a slow reaction period, 

which is called induction period [5]. During the induction period, the formation rate of 

C-S-H precipitates are very low. Attribution for the induction period has been debated 

based on two theories, namely, protective phase theory and delayed nucleation and 

growth theory [6, 7]. The following acceleration period of higher rates of nucleation 

and growth, and the subsequent deceleration period are sometimes characterized as 

main hydration stages.  

    Many efforts have been devoted to studying alite hydration stages and kinetic studies 

using calorimetry methods in past years. Juilland et al. [6] studied alite hydration 

kinetics and ascribed the advent of induction period to the formation of etch pits on 

surfaces, based on geochemical mechanism. Nicoleau [8] provided a better 
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understanding of C-S-H precipitation mechanisms by comparing both calculated and 

experimental heat flow curves of alite in the presence of different  accelerators. The 

kinetic laws that related the dissolution rates of alite and the degree of the 

undersaturation in the mixture were also obtained [9, 10], and undersaturation with 

respect to C3S was observed to increase during induction period, resulting from 

precipitation of portlandite and thus the reduction of calcium and hydroxyl ions [11]. It 

was also reported that the tricalcium silicate hydration process was tracked using 

calorimetry and synchrotron X-ray diffraction [12]. However, it is rather difficult to 

research PC hydration due to aluminate phase reactions and their interactions with 

silicate phase reactions [13-15], which probably change the kinetics of hydration 

reactions. Heat flow calorimetry is a useful technique to determine different stages of 

hydration reactions, but it only provides information on kinetics with less details.  

    The X-ray powder diffraction (XRPD) technique has proven to be applicable in 

characterizing crystalline phases in cementitious materials [16, 17]. Quantitative XRD 

analysis of relative phase fractions can be achieved by employing the Rietveld 

refinement technique, in which a simulated pattern, based on presumed contents and 

certain lattice parameters of a known phase is compared with an experimental pattern 

[18]. Therefore, all crystalline phases can be evaluated with a total amount of 100%. 

Amorphous or unknown phases are determined using several approaches, including the 

internal standard method [18-20], or the scale factor method [21-23]. The contents of 

C-S-H, free and bonded water can be calculated via Portlandite content based on an 

alite hydration model since belite phase does not undergo significant hydration in the 
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early hydration stage, and all crystalline and amorphous contents are adjusted to a new 

total sum of 150 wt% [24]. Rietveld analysis is thus applicable in providing phase 

information in different hydration stages.  

    Another interest is to study the microstructural evolution of cement at different time 

scales, which has been limited by the weaknesses of various characterization techniques 

(including bulk vs. micro-nano, and the requirement of high vacuum to achieve electron 

probes at nanoscale in the case of electron microscopy). The liquid cell transmission 

electron microscopy (LC-TEM) technique allows new insights into many liquid 

reactions, including electrochemistry [25-27], fluid physics [28-30], nano patterning 

[29, 31] and even inorganic hydration reactions [32-34] in real time and with excellent 

spatial resolution. This opens the new possibility to research cement hydration 

mechanisms at the nanoscale. However, it is difficult to achieve in-situ cement 

hydration reactions because it involves reactions of both solid and liquid confined by a 

liquid reaction cell that is electron transparent. This requires the reduction of Portland 

cement particles of microscale size to nanoscale size.  

    While this experimental methodology is not exactly analogous to typical microscale 

PC, there is merit in this approach. Nanotechnology has attracted much attention in 

research and engineering communities for its capability to achieve favorable 

characteristics of materials. Nano cement with higher surface/volume ratios have been 

demonstrated to improve strength and durability even with lower cement to aggregate 

ratios as compared to traditional PC [35]. Roddy et al. [36, 37] devised a treatment for 
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oil and gas applications to mix well treatment fluids with nano-cements to manufacture 

cement utilizing nano hydraulic cement and nano clay. Bickbau [38] employed a 

mechanochemical activation of dispersed grains of Portland cement in the presence of 

polymeric modifier to produce nano cement, leading to great superiority over Portland 

cement concrete in all indicators and achieving high economic efficiency. Arulraj [39] 

researched the replacement of nano cement in Portland cement and associated strength 

and durability properties and achieved higher compressive strength and better 

permeability in concrete with nano cement replacement. It is thus critical to understand 

the size effects of the nanoscale cement to clarify the hydration mechanisms and 

kinetics for effective materials design.  

    This work is an attempt to apply nanoscale materials and characterization techniques 

to facilitate the understanding of cement hydration reactions and kinetics. The 

applications of nanomaterials potentially enhance unique physical and chemical 

properties of building materials as well. In this paper, a freeze-drying technique was 

applied to the same nano PC system as previous LC-TEM experiments. Isothermal 

calorimetry and quantitative XRD analyses were combined with LC-TEM to provide 

correlated details of phase transformation and reaction kinetics in different hydration 

stages. We further reveal that aluminate and silicate reactions were responsible for the 

peaks in calorimetry data, indicating varied kinetics in different stages. 
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4.2. Materials and Methods 

4.2.1 As – received and Nano PC 

    The chemical composition of as – received PC were provided in Table 4.A1. The 

average particle size of OPC was 45 μm measured by the Lehigh Cement Company 

(Picton plant, Ontario, Canada), which greatly exceeded the size of the liquid reaction 

cell. To reduce the particle size, a three – step ball milling operation was considered to 

make it accessible for LC-TEM. The first two steps were conducted using corundum 

balls (diameter; 10 mm, 14 days) and zirconia balls (diameter; 4 mm, 32 days), 

separately. Both two steps were in the presence of anhydrous ethanol to disperse 

particles and enhance the milling efficiency. The nano cement powder underwent a 

final ball milling stage for 3 days after being dried from cement-ethanol slurry on a hot 

plate (70 ℃). This was to crush cement lumps formed during drying. The particle size 

of nano cement (Figure 4.A1) was reduced efficiently, in which 83.0% of cement 

particles were below 200 nm and 66.3% of those were below 50 nm.  

4.2.2 Liquid Cell Assembly and In-situ Imaging 

    A special liquid cell holder (Protochips, Poseidon Select holder) containing both a 

small chip (with 150 nm spacers) and a large chip (4 by 8 microwells, no spacers) was 

applied. This allowed a sealed cell with an approximate 250 nm thickness, where liquid 

reactants were located. In this work, we considered a dilute nano cement system with 

water/cement (w/c) ratio of 15, in which liquid sample is relatively transparent for 

electron beam to go through. The 0.2 g nano cement and 3 ml deionized water were 

mixed in a glass vial, and sonicated for 5 min, after which a 2 μl-drop was taken from 
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the top of the suspension using a micropipette. The liquid cell unit was assembled 

carefully and after vacuum checking was inserted into microscope (ThermoFisher-FEI 

Titan). The beam energy was 300 keV with screen current of 1.21 nA. The 

microstructure evolution of main phases was studied through tracking different areas 

of interests (AOI). The electron beam was left on any AOI only for 2 to 3 seconds for 

the purpose of minimizing beam effects on the hydration reaction and acquiring images.  

4.2.3 Isothermal Calorimetry and Heat Flow 

    Heat flow calorimetry was conducted using I-Cal 8000 HPC, 8-channel isothermal 

high precision calorimeter. A flow of deionized water was kept in a suction cup in the 

machine at the curing temperature of 25 ℃. The w/c ratio was kept consistent with that 

of LC-TEM experiment, in which 7.000 g nano cement was mixed with 105.000 g 

water. In this case, a high degree of precision was applied regarding the weight of the 

reactants. 

4.2.4 Lyophilization and Quantitative XRD Analysis 

    Nano cement powder was mixed with deionized water at w/c ratio of 15, the same as 

previous experiments. Six samples that arrested the hydration reaction mid-process 

were prepared and frozen according to different reaction times, namely, 30 min, 1 h 30 

min, 3 h, 5 h, 14 h and 24 h, which corresponded to significant observations both in 

LC-TEM and isothermal calorimetry experiments. The cement suspensions were then 

dried below -80 ℃ in a vacuum dryer for 3 days. 
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    The diffraction patterns of 6 freeze-dried samples were recorded by a D8 

diffractometer (Bruker). Co Kα radiation was used at a voltage of 35 kV and a current 

of 45 mA. The measurements were performed ranging from 8° to 90° with a step width 

of 0.02 and 2500 s per step. The measurement of each diffraction pattern took nearly 3 

h 30 min. The quantitative analysis of hydrated products was performed with TOPAS 

3.0 (Bruker). Rietveld refinement was applied, in which intensities from a model of 

assumed crystalline phases were fitted and compared with measured X-ray pattern 

through a least-square refinement. In this method, all parameters of crystalline phases 

including structures, space groups and peak profiles must be known, which gave dry 

phase composition normalized to 100%. However, composition of amorphous phases 

cannot be determined directly from the software due to their lack of certain structural 

information. Amorphous phase content was calculated based on Rietveld refinement 

and simplified early-age hydration reactions models [24]. Therefore, the content of 

crystalline and amorphous phases that incorporated reaction water were then 

recalculated.  

4.2.5 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

    The structural and compositional information of hydrated products were measured 

after the in-situ experiments by opening the liquid chips and examining the products 

using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). 

The post-situ liquid chips were fully dried, and carbon coated before imaging. The SEM 

and EDS were performed on a JEOL 7000F with a beam energy of 9 keV and working 
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distance of 10 mm to acquire images with minimal charging and excite all present 

elements.  

4.3. Results and Discussion 

    We observed the in-situ hydration reactions of a very dilute nano PC slurry inside a 

liquid cell. The water to cement ratio was controlled at 15 to meet the electron-

transparency requirements. The reaction took place the moment cement particles and 

water were mixed prior to loading the TEM specimen holder. Figure 4.1a shows a bright 

field (BF) image obtained at 2 h 31 min after mixing. As can be seen, C-S-H precipitates 

appear to be round in shape. The precipitates with sharp edges nucleated on the SiN 

membranes since the heterogeneous precipitation on cell membranes requires less 

surface energy [28]. Figure 4.1b was acquired at the same area with a time interval of 

8 min. Comparing the circled areas on two figures, we found that C-S-H precipitates 

collapsed and formed a network.  

  

Figure 4.1 BF images showing growth and collapse of C-S-H precipitates with 

time a) at 2 h 31 min and b) 2 h 39 min 

a) b) 
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    A serial of images from another area were also obtained. The contrast variance in 

Figure 4.2 reveals important information about mass and thickness of C-S-H 

precipitates. The circled areas in Figure 4.2a display a few individually grown C-S-H 

sheets, which were partially connected in Figure 4.2b. With cement particles being 

dissolved, more C-S-H precipitated from the solution and grew along the edges of the 

existing sheets. Compared with that in Figure 4.2a and b, C-S-H precipitates collapsed 

and grew to a network. The formerly individual C-S-H precipitates that were embedded 

in the network became darker in contrast. It indicated that C-S-H not only grew 

laterally, but also increased in thickness in a 3D fashion. This shows that the 

confinement in the liquid reaction cell did not influence C-S-H growth. A video (V. 

4.A1) aligned from 10 images in the same area was also attached.  
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Figure 4.2 Contract variance of images in the same area showing thickness change 

and 3D growth of C-S-H precipitates a) 3 h 05 min, b) 3 h 10 min and c) 3 h 23 

min 

    Hydration reactions of a dilute system with w/c of 15 were conducted. In-situ TEM 

images from the four main hydration stages are shown in Figure 4.3 (b and c are from 

the same imaging area, and a and d are from different micro-wells), in which survey 

views of SiN membrane and hydrated products were captured at a relatively low 

magnification. By careful examination, we were able to evaluate the C-S-H nucleation 

and growth process. During the induction period, it was observed that C-S-H nucleated 

and formed leading to small embryos on transparent membranes due to the low surface 

a) b) 

c) 

Liquid Liquid 

Liquid 

C-S-H precipitates C-S-H precipitates 

C-S-H precipitates 
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energy required for heterogeneous nucleation. These C-S-H embryos developed 

through precipitation of silicate tetrahedra to the particle margin from the solution, 

where more defects were built in beyond certain scale of 5 nm to 10 nm [40, 41]. This 

led to poorly nanocrystalline structure that was tobermorite-like [12, 40, 42]. Later, 

during the induction period (Figure 4.3b), more C-S-H precipitated, and some grew to 

intermediate planar sheets. Consequently, C-S-H precipitates grew larger and 

connected on the membranes in the acceleration stage (Figure 4.3c). However, more C-

S-H precipitates were seen to cover most of the membrane surface in deceleration stage 

(Figure 4.3d). Also, some cracking caused by increasing strain appeared in the sheets 

leaving some empty areas in between, which further indicated the nature of C-S-H 

sheets [5, 42].  

  

b) a) 

C-S-H precipitates 
C-S-H precipitates 

Si chip 
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Figure 4.3 C-S-H precipitates from a) acceleration period, at 2 h 10 min, b) 

acceleration period, at 3 h 30 min, c) acceleration period, at 15 h 53 min and d) 

deceleration period, at 23 h 48 min. Scale bars, 0.5 μm.  

    Post-situ TEM experiments were conducted to examine the hydrated products. The 

BF image (Figure 4.4a) presents the disorganized fibrous C-S-H structure apart from 

sheet-like C-S-H precipitates, which may be left due to very high relative humidity in 

the end of induction stage [43, 44]. The dark field (DF) image from the same area is 

shown in Figure 4.4b. As can be seen, the microstructures with bright contrast 

alternated with those with dark contrast. In DF image, the bright contrast resulted from 

the diffracted beam that underwent Bragg diffraction condition with crystalline 

structure. It revealed that the fibrous C-S-H was nanocrystalline. The selected-area 

diffraction (SAD) in Figure 4.4c further proved the nanocrystalline nature of C-S-H 

precipitates since the diffraction pattern consisted of both spot and ring patterns, which 

correspond to the lattice parameters of C-S-H.  

c) d) 

C-S-H precipitates 

C-S-H precipitates 

Crack 
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Figure 4.4 Post-situ TEM experiment on C-S-H precipitates a) BF image, b) DF 

image and c) BF image and diffraction pattern of selected area  

Aluminate-based reactions also occurred throughout different hydration stages and 

had an influence on silicate reactions. Aluminate reactions are responsible for the 

setting of cement, where sulfates play a role in regulating hydration reactions in the 

form of anhydrite. This is because C3A has close affinity to SO3 and reacts with it 

instantly, reducing a large amount of exothermic heat from the reaction between C3A 

and water [14]. In our experiments, anhydrite as a form of sulfates was identified from 

XRPD and no form of gypsum was detected. The moment water was added to the nano 

cement system, ettringite was formed. At 0.5 h, 2.3% of ettringite was detected and 

12.0% of ettringite was accumulated at 24 h in the deceleration period.  

a) b) 

Fibrous C-S-H 

structure 

Crystalline C-S-H  

c) 
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    We also report the real-time dissolution of ettringite and the formation of a more 

hydration product (probably monosulfate, in Figure 4.5). In Figure 4.5, a series of 

images (see attached video of aligned images, V. 4.A2) were taken at the same position 

were taken and aligned carefully from LC-TEM experiments. The results indicated that 

ettringite needles dissolve to form monosulfate. Moreover, it was observed that 

ettringite crystals were formed and dissolved at different time scales during in-situ 

hydration reactions (Figure 4.5b and c). On the other hand, the large precipitates around 

needlelike ettringites with unclear morphologies were most likely to be monosulfates 

(shown with arrows). It was determined that the structure grew larger in the 

consumption of dissolved sulfate ions by ettringite crystals. They were later densified 

and underwent shrinkage (Figure 4.5d), which resembled that of real practice [2]. 

Quantitative results from Rietveld refinement also showed that anhydrite and C3A 

dissolved at different times. Anhydrite as the sulfate carrier was dissolved completely 

in the very beginning of hydration reactions, while C3A dissolution almost stopped after 

initial stage. It continued to dissolve slowly after 5 h from induction period to 

deceleration stage. The behavior that C3A does not appear to dissolve with ample 

anhydrite was also observed by other researchers [23, 24, 45]. The observation of a fast 

dissolution is attributed to the very high dilution of hydration system and the slow 

removal of the sulfate due to its adsorption on C3A and C-S-H surfaces [46]. However, 

the quantification of monosulfate was not considered here because of has a composition 

near or below detection limits for QXRD and for lack of valid structure model [4]. 

Bergold et al. [46] also observed that ettringite dissolves partially to provide sulfate 
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ions to form monosulfate. It was also pointed out that the transformation from ettringite 

to monosulfate should start when excess C3A is still present [4].  

  

  

Figure 4.5 The dissolution of ettringite from the same position (a video of aligned 

images is attached V. 4.A2). a) at 1 h 59 min, b) at 2 h 08 min, c) 2 h 11 min, and 

d) at 2 h 16 min. Scale bars, 0.5 μm  

    Heat flow calorimetry was conducted at 25 ℃, in which the reaction heat was 

monitored within 24 h (Figure 4.6). As can be seen, there are three hydration peaks (A1, 

A2 and A3) in dilute nano PC system, indicated by the solid line. The heat flow curve 

of dilute OPC system used as control, shown in dashed line had a large silicate peak, 

a) b) 

c) d) 
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which was broadened by the dilution. It was observed that the dissolution (I) rate of 

cement particles was much faster in nano cement than that in OPC, indicated by the 

cumulative heat curves in Figure 4.6. Moreover, the induction period (II) of nano PC 

system was shorter than that of OPC system. This is due to the higher surface area and 

reactivity of nano PC than that of OPC with normal fineness. The acceleration stage 

(III) of nano PC appeared much earlier, 1 h after mixing, compared with 2.5 h of OPC. 

However, cement hydration of nano PC in this stage was soon retarded, which lasted 

almost 6 h. After peaking at 15 h and 7.5 h, hydration reaction of nano PC and OPC 

reached deceleration stage (IV), respectively. It is also worth noting that the heat 

produced by the very early ettringite formation was not detected by calorimeter because 

of both the very high dilution of the reacting media that significantly reduced the 

specific heat released and the increase in C3A early hydration rate due to highly 

increased fineness in nano PC. Also, the heat flow curve appears to be negative during 

the 1st hour of the hydration. This is related to the set temperature in calorimetry test, 

which will be discussed later. 
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Figure 4.6 Heat flow and cumulative curves of nano PC and OPC hydration within 

24 h under the circumstance of 25 ℃ in solid and dashed lines, respectively. Three 

peaks of nano PC heat flow curve are A1, A2 and A3. Four different hydration 

stages: Ⅰ – initial or dissolution period (red line), containing dissolution of cement 

particles, Ⅱ – induction period (green line), involving slow reaction, Ⅲ – 

acceleration stage (yellow line), and Ⅳ – deceleration stage (blue line).  

A1 A2 

Ⅱ Ⅰ Ⅲ Ⅳ 

Ⅰ Ⅱ Ⅲ Ⅳ 

A3 
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    The phase transformation of the dilute system within 24 h was clarified by X-ray 

powder diffraction (XRPD) and following Rietveld refinement. Phase composition of 

as-prepared nano PC is shown in Table 4.1. It was observed that a small amount of 

Portlandite appeared in nano PC. This is due to minor hydration reactions of nano PC 

with trace water originating from air humidity and ethanol. The Rietveld analysis leads 

to quantitative results of crystalline phases, while amorphous phases can be calculated 

by referencing Portlandite contents [24]. This is based on a simple assumption that C-

S-H is only formed from C3S hydration reactions, because C2S hydration typically starts 

after the first few days of cement hydration [24]. But free water is not considered, since 

it does not remain as part of the hydration products after the lyophilization process.   

Table 4.1 Phase composition of nano PC (values in wt %) obtained from Rietveld refinement 

of XRD data 

C3S C2S C3A C4AF Anhydrite Portlandite Calcite 

53.1 23.7 7.0 7.7 1.1 1.0 6.4 

    Figure 4.7 shows quantitative results of hydrated and anhydrous phases at different 

time intervals including 0.5 h, 1.5 h, 3 h, 5 h, 14 h, and 24 h. Hydration reactions start 

the moment that water was added to nano cement. In the first 0.5 h, the contents of 

portlandite and C-S-H increased quickly, indicating a quick dissolution and nucleation 

process of C-S-H. Then, the reaction remained at a slow rate between 0.5 to 1 h in 

induction period with almost no increase in C-S-H content. They increased very slightly 

between 1.5 h to 3 h while a relatively fast hydration happened between 3 h and 24 h. 

Regarding aluminate phase hydration, ettringite content exhibited an upward trend, and 
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the contents of anhydrite and C3A went down. The small increase in C3A content at 3 

h is due to experimental errors. Also, it is clear that anhydrite and C3A both played a 

major role in early ettringite formation.  

 

Figure 4.7 Phase contents of main anhydrous and hydrated phases of hydration 

reactions within 24 h from Rietveld refinement; a) C3S, C-S-H, and portlandite, 

b) C3A, ettringite, and anhydrite.  

    Portland cement hydration is generally characterized by four main stages, i.e. initial 

period, induction period, acceleration and deceleration stages. It was observed that the 

a) 

b) 
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dissolution and initial stage of nano PC was 0.5 h, much shorter than about 2 h of OPC. 

In the nano PC system, cement particles dissolved after contacting water in this stage, 

which was accompanied by initial reactions including nucleation of C-S-H and 

ettringite formation. The induction period lasted about 0.5 h in nano PC system, which 

was also shorter compared with 1 h in OPC system. It was observed that the content of 

portlandite went up to 3.7% after 0.5 h and reached 4.2% slowly after 3 h. In the 

meantime, ettringite accumulated to almost 5.2%, after which the first peak A1 dropped 

and the heat release rate slowed down.  

    It was reported that C3S dissolution in OPC contributed to a high concentration of 

calcium and silicate while not necessarily leading to a saturated solution [5]. In a dilute, 

pure C3S suspension, it was likely that portlandite precipitated even though an 

insufficient supersaturated hydration of C3S was achieved [11]. The induction period 

appeared after 0.5 h and lasted for 0.5 h, during which contents of portlandite, and C-

S-H remained almost constant. Similar results were also reported in studies on cement 

paste with normal fineness [4, 45]. The reason for the existence of an induction period 

is still under debate with mainly two theories. The metastable barrier hypothesis 

proposed that newly formed, metastable calcium silicate hydrate prevents underlying 

alite from further reacting with water [5, 43]. The second theory, slow dissolution step 

hypothesis implied a steady state balance between the dissolution of C3S and the slow 

growth of C-S-H, where the solution exceeding a C-S-H supersaturation led to C-S-H 

nucleation, followed by a decrease of silicate concentration in solution [5]. In our 

conditions, the dissolution rate may not be an issue because of abundant water with 
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respect to cement. The slowdown effects of alite hydration is likely from Al inhibition 

[15, 46]. The acceleration stage started around 1.5 h and soon got retarded at 2 h, which 

lasted until 8 h. This probably resulted from the formation of monosulfates, which 

covered the surface of newly formed precipitates. This process will also be discussed 

later.  

    Figure 4.6 exhibited a large broad C3S hydration peak (A3) in the acceleration stage, 

where contents of portlandite and C-S-H went up with a steady ettringite content. In 

deceleration stage, the heat release rate went down, resulting in an increased 

accumulation of large portion of portlandite (18.1%), C-S-H (49.5%) and ettringite 

(12.0%). The nucleation and growth of C-S-H resulted in a decrease in calcium and 

silicate concentration, which were necessary for further C-S-H growth. The other 

reason given for the slowdown of silicate reactions is space limitation [5]. However, 

this would not account for the slowdown for further C3S hydration in our case, because 

of high dilution.  

    As can be seen, aluminate peaks develop much earlier than silicate peaks in Figure 

4.6 compared with OPC paste. Some studies have been carried out by researchers to 

figure out the effects of sulfate content on hydration kinetics. On one hand, the 

accelerating effects of sulfate on silicate hydration is due to seeding effects of ettringite 

[11, 46]. LC-TEM results of nano cement also show that needle-like ettringites provide 

nucleation surfaces for C-S-H precipitates from the beginning. On the other hand, 

Bergold et al. [46] concluded that the precipitation of monosulfates that is not an Al-
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inhibition process has a negative effect on silicate reaction rate by reducing the C-S-

H1ro (metastable kind of C-S-H) surface area available for the precipitation of new 

precipitates. It is due to the change of surface charge from sulfate adsorption that 

changes the precipitation of C-S-H.  

    The LC-TEM work shows that the transformation of ettringite to a much more stable 

hydrated product, monosulfate, later reduces the surface area for potential precipitates, 

and thus the rate of silicate reaction. This is the reason that we observe obvious 

retardation effects of nano PC system soon after the acceleration stage starts. Quennoz 

and Scrivener [15] designed experiments to study C3A hydration behaviors in the 

presence of gypsum and alite, and observed that alite hydration is slowed and the 

aluminate peak appears ahead of the silicate peak in undersulfated systems with less 

than 5% gypsum additions in model cement. However, a silicate peak appears before 

the aluminate peak in properly sulfated systems, as gypsum contents increase [15]. This 

may explain why large broad silicate peak occurs later. Furthermore, the shape of the 

heat flow curve is different from those of cement systems with sulfate, especially in the 

beginning. This is likely affected by temperature, which seems to impact more on 

aluminate reactions than silicate reactions, and thus results in different interactions [15].  

    This work shows that LC-TEM and QXRD are powerful techniques to research 

nucleation, growth and phase transformation of cementitious materials. It is worth 

mentioning that there are a few limitations of the LC-TEM technique as well. The 

system is formed by two closed Si chips, in which liquid sample is placed so that 
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electron beam can go through to acquire images [32]. Therefore, the liquid sample has 

to be transparent, which required to be highly diluted. The dissolution process is 

difficult to track in TEM due to the time required to assemble the liquid cell holder and 

vacuum check. Then heterogeneous nucleation tends to happen on two SiN membranes 

because it lowers the activation energy for achieving critical nucleus size [47]. 

Moreover, electron beam may alter local chemistry, resulting in supersaturation, 

heating and bubble movement [28-30]. During in-situ imaging, special attention was 

paid to avoid electron beam effects using less exposure and minimizing time on a 

certain area. The detailed explanation on electron beam effects was also included in 

authors’ previous study. Regarding QXRD analysis, main hydrated and anhydrous 

phases are considered using Rietveld refinement. It is to be noted that the sudden 

increase of C3A at 3 h is probably due to the experimental error. As mentioned 

previously, quantification of monosulfate is not conducted since it has no defined 

crystal structure and low content. 

4.4. Conclusions  

    This work is to provide kinetics information on hydration reactions of nano Portland 

cement. Combining isothermal calorimetry, Rietveld analysis and LC-TEM data 

including heat curves, quantitative phase transformation results, and structure 

morphology were used to analyze hydration reactions.  

    LC-TEM is a powerful tool to observe microstructure evolution of different cement 

hydration stages. The C-S-H precipitates nucleate on the cell membrane and collapse 
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to form a network. These C-S-H precipitates grow along the margin of existing sheets, 

and then also develop in 3D that was proved from the contrast change in LC-TEM 

experiment. The needlelike ettringites contribute to the formation of precipitates on the 

surface due to the seeding effects. Some C-S-H precipitates grow to about 300 nm in 

size. Post-situ TEM experiments indicate the nanocrystalline nature of C-S-H. It also 

sees an increasing content of C-S-H, which tend to grow together and form a network 

during the acceleration stage. In deceleration stage, the SiN membrane is fully covered 

with planar C-S-H sheets with cracks inside. We also report real-time dissolution of 

needle-like ettringite crystals. 

    The prepared nano Portland cement reacts in an undersulfated way, in which large 

broad silicate peak appears later than aluminate peak. The initial reaction period 

includes the dissolution of C3S, nucleation of C-S-H and ettringite formation. The 

reaction rate of C-S-H formation slows down, and many C-S-H precipitates appear on 

SiN membrane in the end of this period. Induction period starts at around 3 h with 

further C-S-H nucleation and partial growth, and formation of ettringite. Although part 

of ettringite is dissolved releasing sulfate to form monosulfate, it has a net accumulation 

over time. The main silicate peak in heat flow curve of nano PC appeared much late 

than that of OPC, which exhibited retardation effects caused by reduction of C-S-H 

surface area by monosulfates for newly formed precipitates. 

    The present results relate phase transformation and structure development in 

different hydration stages. We hope to provide new insights on hydration kinetics, the 
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interactions of various phases in cement reactions. The methods will be applied to other 

cementitious systems including OPC with nano-silica in the future.  
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Abstract 

    The use of nano hydraulic cements along with supplementary cementitious nanomaterials to 

enhance microstructure development and properties has been of great interest for designing 

better concretes. The introduction of nanoscience and nanotechnology to the cement industry 

has a huge potential to reduce the carbon footprints of cement productions. The early-age 

hydration kinetics, microstructural evolution and corresponding phase transformations have 

long been the subjects of cement and concrete research. To this end, the hydration reactions of 

nano Portland cement (NPC) with and without NS additives were realized and tracked for the 

first time in a liquid cell transmission electron microscope (LC-TEM), coupled with isothermal 

calorimetry and quantitative X-ray diffraction (QXRD). We revealed the different hydration 

mechanisms in nano PC and OPC in the presence of nano-silica (NS). The results showed that 

NS shortened the dissolution and induction periods of the hydration reaction significantly in 

OPC systems. The fact that NS contributed less to hydration reactions in NPC systems resulted 

from the size effect that nano cement with a much higher surface area and reactivity hydrated 

much faster to a high degree by itself. The LC-TEM observations found that NS was adsorbed 

on the surfaces of needle-like ettringite crystals accelerating their conversion into monosulfate, 

and thus achieving lower contents of ettringite in NPC with NS.  

Key words: nanoscience, LC-TEM, QXRD, heat release, early-age hydration 

  



125 
 

5.1. Introduction 

    Cement hydration is a complex process because of the presence of various phases and the 

interdependence of different chemical reactions. Understanding hydration mechanisms and 

kinetics will facilitate controlling of the hydration rate and the design of desirable concretes. 

The early hydration reactions include dissolution and precipitation reactions, which are further 

divided into mainly four time periods, namely, initial period, induction period, acceleration 

period and deceleration period [1]. 

    In the first few minutes of mixing Portland Cement (PC) with water, ettringite 

(C3A⸱3C𝑆̅3⸱H32, C = CaO, A = Al2O3, 𝑆̅ = SO3, H = H2O) is precipitated from dissolved calcium 

aluminate (C3A), calcium sulfate and water [2]. Also, tricalcium silicate (C3S, S = SiO2) starts 

dissolving during the initial stage [2, 3]. The induction stage is a slow reaction period and 

various theories have been proposed for the existence of this period. One hypothesis suggests 

that a thin metastable calcium silicate layer is formed covering the surface of cement particles, 

and that the continuous layer of calcium silicate hydrate prevents the diffusion of water and 

ions to the reaction surface and thus inhibits further hydration reactions [1, 4-6]. An alternative 

hypothesis proposes that the undersaturation of solution with regard to C3S leads to slow 

dissolution and contributes to the decrease in reaction rate based on a balance between 

precipitate growth and particle dissolution [7]. Juilland et al. [8] further ascribed the slow 

dissolution process observed during the induction period to the formation of etch pits at 

dislocations of alite that dropped under a high level of undersaturation. Further evidence on 

kinetics principles between dissolution rate and undersaturation was obtained by Nicoleau et 

al [3, 9] and the increase of reactivity by etch pit opening was also discussed [10, 11]. It was 

also reported that the presence of aluminium ions inhibits alite hydration, while the addition of 

gypsum (CaSO4·2H2O) leads to the acceleration of reactions in alite and C3A-gypsum systems 

[12]. Some researchers believed that this was due to the absorption of an Al-rich layer or 
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aluminates on hydroxylated C3S by ionic interactions [13, 14]. Bergold et al. [15] pointed out 

that the precipitation of AFm (monosulfate, 3CaO·(Al,Fe)2O3·CaSO4·nH2O) phases instead of 

Al-inhibition process resulted in hindering effects on silicate reactions. Reaching a critical 

point, the rate of C-S-H formation starts to accelerate [16], which may suggest a nucleation and 

growth mechanisms [7]. The C-S-H growth mechanisms have been debated for decades, with 

two main theories of layered structure models [17-19] or colloidal models [20, 21]. Many 

efforts have been devoted to C-S-H growth mechanisms including simulation [5, 22], X-ray 

diffraction [2, 23] and electron microscopy [24-26], while it still needs further elucidation. The 

deceleration stage may result from the lack of small particles, the consumption of water and 

less space and thus a slower diffusion process [1, 27].  

The concepts of nanomaterials and nanotechnology have attracted much attention in recent 

decades [28]. It is promising to further understand the fundamentals of cement chemistry and 

clarification of microstructural changes in nanoscale and microscale by applying the tools of 

nanoscience and cutting-edge characterization techniques to cement and concrete research [29, 

30]. Some studies on nano cement [31-33] were reported with an aim to improve the 

compressive strength and durability and reduce the amount used to make concretes, but none 

was focused on microstructural evolution and hydrated products. The application of nano-silica 

(NS) with higher surface area and reactivity in concrete contributes to higher strength and 

durability [30, 34, 35]. This is mainly due to the seeding effect (nanomaterials provide large 

surface area for precipitation), pozzolanic reaction (silica-rich precursor reacts with Ca(OH)2 

to form C-S-H) and the filler effect (can fill internal porosity defects) [29, 36]. The conflicting 

effects of NS on compressive strength have also been reported because of agglomeration and 

the form of NS and difficulties in achieving an effective dispersion of nanoparticles [37, 38]. 

In order to clarify these effects, more efforts are needed to clarify the role of NS on hydration 

kinetics and hydrated products.  



127 
 

    In this paper, we make efforts to better comprehend the correlated relationship among 

hydration chemistry, kinetics and microstructural evolution of nano Portland cement (NPC) in 

early age up to 24 h using nanoscale experimental techniques. We further clarify the effects of 

NS on microstructure, heat release and contents of hydrated products in NPC system. The heat 

flow curves of NPC and OPC systems are compared, and different factors controlling hydration 

kinetics are discussed as well. Figure 5.1 shows a schematic of different hydration reaction 

processes in nano and OPC with NS. It is found that NS tends to attach to needle-like ettringite 

crystals and affects hydration mechanisms by accelerating ettringite conversion to 

monosulfate. The NPC achieves a larger hydration degree due to higher surface area and 

reactivity, in which the addition of NS plays a less crucial role. However, the incorporation of 

NS contributes more to hydration reactions in OPC resulting from seeding effect.  

 

Figure 5.1 Schematic of hydration reactions in NPC and OPC with NS 

5.2. Experimental 

    The NPC was prepared from commercial OPC with an average particle size of 45 μm. 

Commercial OPC is not suitable for LC-TEM experiments due to the limitation of liquid cell 

geometry. Two-step ball milling was performed in the presence of anhydrous ethanol to reduce 
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the particle size, while a third-step dry ball milling was conducted to reduce particle 

agglomeration. The composition of OPC and the results of Rietveld analysis of NPC were given 

in Table S1. It was achieved that cement particles with size of less than 200 nm accounted for 

83.0% in number. NS for research use was obtained from Sigma-Aldrich. The microstructure 

and morphology of NS were provided in Figure 5.A1.  

    The structural evolution of hydration products was observed in an in-situ liquid cell holder 

from Protochips Inc. In order to obtain structural information, the liquid used for transmission 

electron microscopy (TEM) experiments should be electron transparent which imposes a high 

dilution of the samples. Dilute suspensions were mixed in glass vials with the water/binder 

(w/b) ratio of 15, sonicated for 5 min and transferred onto a small chip using a micropipette. 

After assembly and vacuum checking, the liquid holder was inserted into the microscope 

(Thermofisher-FEI Titan, 300 keV). The in-situ imaging was performed over a span of 24 h 

and different areas of interests (AOIs) were tracked with time. To minimize beam effects, the 

electron beam was kept on any AOI no longer than 2-3 seconds. Scanning electron microscopy 

(SEM) in conjunction with energy dispersive spectroscopy (EDS) was performed in a JEOL 

JSM-7000F to obtain structural and elemental information of hydrated products after the in-

situ experiments. The chips were coated with a thin layer of carbon (10 nm) to reduce the 

charging. An electron beam energy of 9 keV and working distance of 10 mm were used during 

imaging. 

    The heat flow of both NPC and OPC was obtained on a I-Cal 8000 HPC, 8-channel 

isothermal high precision calorimeter. The dispersed NS was prepared by mixing 0.02 g NS 

with 20 ml water, followed by sonication for ten minutes. In the meantime, 0.01g mono (SP, 

MasterGlenium 7500, as dispersant) was mixed well with 10 ml water. Then a 2 ml sample of 

dispersed NS and 1 ml SP were taken respectively, and further mixed into a suspension. Dilute 

suspensions with the same w/b ratio of 15 were mixed in suction cups, where the weights of 
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binders and water were 7.0 g and 105.0 g, respectively. In both systems, cements were replaced 

by 1.0 wt% NS, while cements without replacements were taken as control samples. The curing 

temperature was set to 25 ℃ and the heat flow was monitored for 24 h. 

    The ex-situ samples were also prepared for quantitative XRD and Rietveld analysis. Six 

reaction times were selected combining LC-TEM and calorimetry data, which included 0.5 h, 

1.5 h, 3 h, 5 h, 14 h, and 24 h. Two systems of nano cements with and without NS were mixed 

in falcon tubes at the same w/b ratio. To stop hydration reactions at the end of selected reaction 

times, the dilute suspensions were immersed in liquid nitrogen, and freeze-drying process was 

applied under the condition of below -80 ℃. Then a D8 diffractometer (Bruker) was used to 

collect the diffraction patterns of dried samples with a step width of 0.02° and 2500 s per step. 

The voltage and current were 35 kV and 45 mA, respectively. The 2θ range of diffraction 

patterns were from 8° to 70°. After phase identification, Rietveld refinement was conducted on 

TOPAS 3.0 (Bruker). It worked by refining all known parameters of crystalline phases 

including structures, space groups and peak profiles, in which crystalline phase contents 

normalized to 100% can be obtained. It is worth noting that C-S-H content cannot be 

determined directly from refinement due to lack of certain structural information. It was 

calculated based on Rietveld results and the assumption that Portlandite was merely the by-

product of C3S [2]. The contents of crystalline and amorphous phases were recalculated and 

normalized to 100%.  

5.3. Results and Discussion 

The heat flow curves of NPC and NPC with NS at 25 ℃ are shown in Figure 5.2 (a) and the 

corresponding cumulative heat curves are shown in Figure 5.2 (b). Figure 5.3 exhibits heat 

flow and cumulative heat curves of OPC and OPC with NS. The four main hydration stages of 

nano systems are to be characterized combining heat flow and cumulative heat curves in Figure 

5.2. The heat flow curve shows similar shapes in two systems that are mainly acceleration and 
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deceleration stages. It seems that the initial stage (dissolution stage) and induction periods of 

two nano systems are too short to distinguish in comparison to those of OPC systems. The 

duration of initial and induction periods of NPC with NS lasts a little bit longer than that of 

NPC system from heat flow curve and the total heat of NPC with NS within 24 h is slightly 

lower than that of NPC without NS as seen in cumulative heat curve. This is due to the size 

effect in NPC systems compared to OPC (to be discussed later) and/or probably a slight 

retardation effect caused by SP [39], which was added to disperse NS in water followed by 

ultrasonication.  

 

  

Figure 5.2 Heat flow and cumulative heat curves of nano PC and nano PC with NS 

(yellows lines indicate the end of induction period and the silicate peak of nano PC with 

NS, respectively) 

a) 

b) 

A1 
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    Also, another retardation effect in comparison to OPC that is very significant was observed 

in both systems shortly after the start of acceleration stage (about 2 h). This is attributed to 

ettringite conversion to monosulfate (peak A1), which covered C-S-H and reduced its surface 

for further formation and precipitation [12]. The acceleration stage of NPC with NS starts a 

little later, while the formation rate of hydration products in acceleration stage is higher in NPC 

with NS than that in NPC. The main C-S-H peak for the NPC with NS shows hydration 

reactions in following three aspects. First, a small shift of the main silicate peak of NPC with 

NS was observed. The system with NS attains the maximum heat evolution rate (the peak in 

the acceleration stage) almost 1 h earlier than the system without NS. Second, the heat flow 

curves show a slightly narrower peak compared to the system without NS, which is similar to 

the effect in concentrated (reducing w/c ratio) cement slurry [40]. The systems with lower w/c 

ratios result in higher concentrations of ions in the solution that may lead to earlier 

supersaturation and thus accelerated hydration reactions. It is worth noting that NS dissolves 

in water especially when the pH value rises due to the release of Ca(OH)2 [1] and dissolution 

of NS helps in increasing ion concentration in the solution [1].  
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Figure 5.3 Heat flow and cumulative heat curves of OPC and OPC with NS (blue arrow 

show aluminate peak of PC and yellow arrow show aluminate peak of PC with NS)  

    The dissolution and induction periods of OPC with or without NS (Figure 5.3) were longer, 

compared to those in nano systems. In a dilute system of OPC with NS, the main aluminate 

a) 

b) 
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peak appeared early and the formation of ettringite was less compared with that of OPC from 

heat flow curve [16]. In the case of NPC, addition of NS resulted in faster conversion of 

ettringite to monosulfate. The decrease in C3A showed that formation of ettringite was 1.99% 

after hydration for 1.5 h, and it was soon converted to monosulfate. The results of OPC with 

and without NS are consistent with those of NPC with and without NS in terms of the role of 

NS on aluminate reactions. Clearly, the role of NS on initial and induction stages of nano and 

normal systems is different. First, the initial induction stage in OPC with NS was shorter than 

that of PC without NS even in the presence of SP, which was reverse of what observed in NPC 

systems.  

    This difference may be attributed to the size effects [8, 39] comparing the two PC and NPC 

systems with NS. In OPC with NS system, the dissolution rate of cement in the initial stage is 

comparatively slower due to limited dissolving surface of much larger cement particles with 

an average size of 45 µm. In such a case, the nucleation seeding effect of NS plays a remarkable 

role in promoting the rate of cement dissolution which in turn shortens the induction period 

and result in an earlier acceleration stage, compared to a plain OPC system. In NPC systems, 

however, a relatively huge dissolving surface is at work leading to much higher rate and degree 

of dissolution and hydration in a highly dilute suspension even in the absence of NS. Therefore, 

the seeding effect of NS in highly dilute NPC systems, is insignificant, and the fast dissolving 

and hydrating nano cement particles with comparatively less reactive NS slightly postpones 

the start of acceleration stage and reduces the hydration heat slightly.  

    The phase transformation of NPC with and without NS was evaluated using Rietveld 

refinement of x-ray diffraction data, shown in Figure 5.4. In both nano systems, C-S-H and 

portlandite contents increased with time in the consumption of C3S. It was observed that C-S-

H and portlandite contents went up sharply in first 0.5 h, which indicated a high reaction rate 

in dissolution stage due to the large surface area of nano cement. The contents remained 
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relatively consistent between 0.5 h to 3 h during the induction period and subsequent early 

acceleration stage that retardation effects occurred, and they went up in acceleration and 

deceleration stages later. Figure 5.4 (e) also compares the C-S-H and ettringite contents of the 

two systems. As seen, NPC with NS shows a higher content of C-S-H and a lower content of 

ettringite, compared to plain NPC. In terms of aluminate reactions, C3A and anhydrite contents 

exhibited downward trends in both nano systems, while anhydrite went down sharply in first 

0.5 h confirming fast dissolution of anhydrite nano particles in a highly dilute cement 

suspension. The ettringite content of plain NPC system shows an upward trend (Figure 5.4 (b)), 

indicating a net accumulation in the first 24 h. On the other hand, the ettringite content in NPC 

with NS dropped from 1.5 h to 14 h and then increased at 24 h in the end. It is worth noting 

that a slight increase in C3A content at 3 h of hydration is just a measurement error and 

evidently there should be no increase in the cement phase contents during hydration.  

 

a) b) 
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Figure 5.4 Phase evolution of plain NPC (a & b), NPC with nano silica (c & d) and phase 

contents of C-S-H and ettringite in the two systems (e).  

    The hydrated products and microstructure evolution were captured in LC-TEM. Nano 

cement dissolved after mixing with water. The occurrence of needle-like ettringite crystals, a 

product of aluminate and sulfate with water was observed from the beginning of reactions in 

LC-TEM. Figure 5.5 (a) shows ettringite crystals that precipitated and provided nucleation sites 

for other hydrated products. The main hydrated product, C-S-H round precipitates was 

observed to increase in the amount (number and size) from Figure 5.5 (b) to (c), which was 

consistent with the peaks in heat flow curve at 3 h and 5 h. The C-S-H precipitates (Figure 5.5 

(d)) fully covered the liquid cell during the third peak of heat flow curve. at 15 h. C-S-H 

precipitates formed a network upon further growth (Figure 5.5 (e)). The morphology of sheet-

like C-S-H and embedded portlandite (Figure 5.A2) were further confirmed using SEM. 

    It was observed that reaction sequences of NPC with NS were similar to those of plain NPC. 

The ettringite crystals were found since early hydration reactions (Figure 5.6 (a)). Some of 

c) d) 

e) 
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them dissolved with time, releasing sulfate ions, which are shown in Figure 5.6 (b), acquired 

in the same area of interest (AOI). In terms of the morphology of C-S-H precipitates, the 

addition of NS led to more dispersed precipitates. (Figure 5.6 (c), (d) and (e)). It is worth 

mentioning that C-S-H precipitates were less likely to dissolve because the amount of Ca(OH)2 

from complete hydration of C3S in 0.2g cement is more than 10 times enough for saturation of 

3 ml water, and the pH of the suspension was confirmed to be 12.73 before the holder was 

inserted into microscope. Moreover, the ettringite crystals were observed to dissolve due to the 

presence of NS, which was consistent with quantitative XRD results. The SEM results (Figure 

5.A3) also confirmed the sheet-like morphology of C-S-H in NPC with NS. Also, needle-like 

ettringite and hexagonal portlandite crystals were covered with C-S-H precipitates. 



137 
 

  

  

 

Figure 5.5 LC-TEM images showing microstructure of different areas and time scales in 

NPC a) 1 h 35 min, b) 3 h 10 min, c) 4 h 52 min,  d) 14 h 06 min and e) 24 h 21 min  

a) b) 

d) c) 

e) 
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Figure 5.6 LC-TEM images showing microstructure at different time scale in NPC with 

NS, a) 1 h 48 min, b) 2 h 47 min (same area as first image), c) 4 h 36 min, d) 14 h 16 

min and e) 23 h 58 min 

    Figure 5.7 displays LC-TEM images showing attachment of NS and precipitates to the 

ettringite crystals. Without plasma cleaning, the surfaces of the Si3N4 inside liquid cell chips 

exhibit hydrophobic properties and the tendency of NS to attach to the membranes were 

a) 

c) d) 

b) 

e) 
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significantly reduced. It was observed that NS tended to adhere to precipitated ettringite 

crystals, as shown in Figure 5.7 (a). These NS with large surface area provided more nucleation 

sites for C-S-H precipitates. Afterwards, newly formed C-S-H grew together. This explained 

the fact that C-S-H precipitates grew along the direction of needles as seen in Figure 5.7 (b). 

In addition, LC-TEM observations clearly showed that attachment of NS to ettringite crystals 

resulted in an acceleration in ettringite conversion to monosulfate (V. 5.A1).  

 

 

Figure 5.7 a) NS attachment to needle-like ettringite crystals and b) subsequent C-S-H 

nucleation and growth inside chips without plasma cleaning in advance  

a) 

b) 
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    In concentrated OPC paste, heat flow curves are relatively sharp [7, 41, 42], while for dilute 

suspensions they are relatively broad peaks. This is due to both dilution and temperature effects 

[12]. In concentrated systems, the very high ions concentrations in the cement suspension 

results in an acceleration in C3S hydration [22]. Moreover, the relatively low ions 

concentrations in dilute suspensions reduces the rate of hydration of C3S and results in broader 

peaks [43, 44]. Also, hydration at relatively low temperatures results in broader heat peaks. 

The negative heat flow in the induction period as discussed before was caused by temperature 

setting [12]. The shoulder seen in the heat flow curve of OPC due to the final ettringite 

formation disappeared in both nano systems. The QXRD results showed that final ettringite 

formation shifted to earlier times when C-S-H main hydration reaction occurred. This means 

that final ettringite formation peak is superimposed to the main C-S-H peak due to the fineness 

effect on hydration reaction kinetics. 

    The NPC curves in this study are similar to dilute OPC systems except in the following 

aspects: A very small exothermic peak at time zero was observed, which was due to both 

fineness (causing fast reaction) and very high dilution (lowering the heat density). The starting 

time of the acceleration stage was earlier for NPC by almost one hour, resulting from high 

reaction surface provided by NPC. The plateau in the acceleration stage showed a retardation 

effect in C3S hydration as well. Then, the size of the last big peak (C-S-H and ettringite 

formation peak) resulted from both the NPC fineness and the pozzolanic reactions that finally 

overcome the retardation effect. The retardation effect at the beginning of the acceleration stage 

might be due to traces of ethanol remained in NPC. It is known that poly-alcohols and alcohol 

amines provide retarding effects at very low concentrations, but unfortunately there are few 

published results on ethanol or ethyl alcohol [39, 45]. Another probable reason is the ettringite 

formation that might inhibit C3S hydration by reducing the C-S-H precipitating surface [14]. 

This may result in a retardation effect in the acceleration stage. The phase transformation 
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indicated that C3S decreased with time in plain NPC and NPC with NS. For silicate reactions, 

fast dissolution of C3S and nucleation of C-S-H happen in the first 0.5 h. Then the reaction rate 

slowed down till 3 h, which was consistent with first peak. Further nucleation and growth of 

C-S-H around 3 h that also confirmed by LC-TEM contributed to second peak in nano systems. 

During acceleration and deceleration stages, the C-S-H contents went up due to continued 

hydration, shown by LC-TEM results. For aluminate reactions, anhydrite serves as a source of 

sulfate ions, which dissolves in the beginning of the reactions and remains in the solution to 

form ettringites with gradually dissolved C3A. The dissolution behaviors of sulfate and C3A 

were also reported by Bergold et al. [15]. In two nano systems, NS led to faster C-S-H 

nucleation process and more in phase contents, indicating its role to promote nucleation and 

growth process. In NPC with NS, ettringite contents appeared to be lower due to its accelerated 

conversion to monosulfate that further reduced the reaction surface for newly formed 

precipitates, and thus retarded the reaction [14, 15]. Compared with NPC system, more 

dissolution of ettringite were observed during LC-TEM imaging. In the experiment without 

plasma cleaning chips, we observed much more attachment of NS and precipitates to ettringite 

crystals, resulting in an acceleration in ettringite conversion to monosulfate and providing more 

nucleation sites for more C-S-H precipitation. This also explained the fact that the reaction rate 

of NPC with NS was higher than that in plain NPC during early stage of acceleration.  

    The incorporation of NS accelerates hydration kinetics in both OPC and NPC (more 

remarkably in OPC) in the following aspects. First, it provides more nucleation sites for C-S-

H to precipitate resulting in a relatively higher rate of heat evolution in the acceleration stage 

[30, 36]. In NPC, this is shown in the first and second peaks, where the one with NS is higher 

than the one without it confirming a higher hydration degree of C3A and C3S. Second, the main 

C-S-H formation peak occurs almost as earlier as one hour in the dilute systems with NS. This 

is again a consequence of nucleation seeding effect of NS. Third, comparing the amounts of 



142 
 

ettringite formed in plain NPC and NPC with NS, it seems that NS has an impact on reducing 

the amount of ettringite. As mentioned in LC-TEM observations, NS particles were adsorbed 

on ettringite crystals as soon as they were formed. This surface adsorption of NS on ettringite 

crystals seemed to accelerate the conversion of ettringite to monosulfate. 

    The formation and transformation of monosulfate were confirmed through in-situ imaging 

and SEM. However, it was not considered in QXRD due to the lack of necessary crystal 

information as well as being in a minor content [46]. Many factors can affect the shape of heat 

flow curve, such as temperature setting, particle size effect, nucleation seeding effect, 

pozzolanic reaction and dilution. Pozzolanic reaction of NS (shown in equation 1) that results 

in a lower amount of heat evolution compared to C3S hydration can also contribute in a higher 

rate of heat evolution in the acceleration stage if it is incorporated as addition [47]. In this study, 

we replaced OPC and NPC by just 1 wt.% of NS. Replacement of cement with NS accelerates 

early hydration and results in a higher rate of heat evolution during acceleration stage, but it 

reduces the total amount of heat evolution upon almost complete hydration that requires long 

time calorimetry measurements. In the present work, the study was limited to early hydration 

(24 h) of PC and NPC. The amount of replacement is also important. NS is usually incorporated 

in relatively small amounts (less than 3 wt.%) because of difficulties in controlling w/c ratio 

and achieving a uniform dispersion due to its ultrahigh surface and strong agglomeration 

tendency. In this work, replacement of OPC and NPC with 1 wt.% NS would contribute to only 

0.66% secondary C-S-H, under the assumption that NS fully reacted.  

SiO2 + Ca(OH)2 + 2H2O  =  CaH2SiO4 • 2H2O                                    (5.1) 

Equation 5.1 – Pozzolanic reaction 

    The negative parts of heat curves in the beginning is due to the set temperature in software. 

Some evidence can be found from the literature, where the usual shape of heat flow curve is 
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obtained at about 23 ℃ [16]. In this case, the original heat release is considered ‘positive’ by 

the software, while it is probably treated as negative when the controlling temperature is 25 ℃ 

in our case, meaning that the system has to input power to keep the temperature at set 

temperature. This result is also reported, in which a negative peak appeared at 26 ℃ and above 

[12]. Also, traces of residual ethanol in cement may affect the hydration kinetics, which need 

further clarification. LC-TEM has some limitations. The liquid suspension has to be highly 

dilute to provide a transparent medium so that electron beam can go through to achieve 

structural information. It is necessary that cement suspension be prepared in a very high w/c 

ratio. Furthermore, we miss the dissolution and precipitation within the first 1 h due to 

necessary preparation time.  

5.4. Conclusions  

    The nano cements along with supplementary cementitious nanomaterials can lead to 

significant improvements in strength and durability in concretes. This study on the early-age 

hydration reactions of nano PC with and without NS shows the correlated relationships among 

microstructure, heat release and phase transformation, and the role that NS plays in above 

features.  

    First, the incorporation of NS shortens the dissolution and induction periods significantly in 

OPC. The acceleration stage appears 1 h earlier and the main silicate peak shows up to 2 h 

earlier in OPC with NS compared with that of OPC. Also, the total heat after first day is more 

in OPC with NS. The initial and induction periods in both nano-systems are very short and 

difficult to distinguish. In acceleration stage, the rate of heat release of nano PC with NS is 

slightly higher compared to that in nano PC system. The total heat of NPC with NS within 24 

h is slightly lower than that of NPC without NS. This can be explained by size effect, in which 

OPC with normal fineness shares less surface area and the nucleation sites by NS contribute 

more to hydration degree. 
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    Second, a strong retardation effect was observed in NPC and NPC with NS in the beginning 

of the acceleration stage between 1.5 h and 8 h, in which hydration reactions show significantly 

lower heat rate and cumulative heat. This can be attributed to the conversion of ettringite to 

monosulfate, which covers the surface of newly formed C-S-H, preventing further 

precipitation.  

Third, the main hydrated product, C-S-H in NPC with and without NS first precipitates on the 

Si3N4 membrane surface due to lower surface energy. However, C-S-H precipitates in NPC 

with NS exhibit well-distributed microstructure compared with that in plain NPC system. This 

resulted from seeding effect of NS. More ettringite crystals are dissolved in NPC with NS 

compared to that in plain NPC system. This may suggest that NS accelerates the conversion 

from ettringite to monosulfate. Our LC-TEM results also indicate that NS tends to be adsorbed 

to needle-like ettringite leading to needle-like C-S-H precipitates. 

    This work reveals the structural evolution and hydration kinetics of NPC by applying the 

nanoscience and nanotechnology. The present results promote the understanding of the role of 

NS in nano and OPC systems. The work clarifies a critical topic in cement and concrete 

research and different hydration paths in nano PC and OPC systems with the addition of NS. 

This provides new insights for designing proper nano cements with supplementary 

cementitious nanomaterials, which will certainly achieve great economic benefits.  
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Abstract 

    The visualization and quantification of pore networks and main phases have been critical 

research topics in cementitious materials as many critical mechanical and chemical properties 

and infrastructure reliability rely on these 3-D characteristics. In this study, we realized the 

mesoscale serial sectioning and analysis up to ~80 μm by ~90 μm by ~60 μm on Portland 

cement mortar using plasma focused ion beam (PFIB) for the first time. The workflow of 

working with mortar and PFIB was established applying a prepositioned hard Silicon mask to 

reduce curtaining. Segmentation with minimal human interference was performed using a 

trained neural network, which was compared using multiple types of segmentation models. 

Combining PFIB analysis at the microscale with X-ray micro-computed tomography (micro-

CT, sample size of 10 mm by 10 mm by 2 mm) at 10 s of microns scale, the analysis of capillary 

pores and air voids ranging from hundreds of nanometers to millimeters can be conducted. The 

volume fraction of large capillary pores and air voids are 11.5% and 12.7%, respectively. 

Moreover, the skeletonization of connected capillary pores clearly shows fluid transport 

pathways, which are a key factor determining durability performance of concrete in aggressive 

environments. Another interesting aspect of the FIB tomography is the reconstruction of 

anhydrous phases and enables direct study of hydration kinetics of individual cement phases. 

This work opens the possibility of characterizing porosity in cementitious materials at all 

critical length scales. 

Keywords: PFIB, large-scale serial sectioning, 3D reconstruction, pore network, quantification 

6.1. Introduction  

    Portland cement-based concrete is the most widely used construction material worldwide. 

Its properties, like compressive strength and durability depend strongly on the internal pore 

system [1, 2]. The pore size distribution spans a wide volume range, with equivalent diameters 
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ranging from a few nanometers to hundreds of microns, among which the large capillary pores 

affect largely fluid transport properties, which influences rebar corrosion while air voids 

influence freeze-thaw properties greatly [3-5]. A traditional technique to analyze the porosity 

in cementitious materials is mercury intrusion porosimetry (MIP), which usually results in an 

overestimation of volume fraction for smaller pores due to the ‘ink-bottle’ effect [6, 7]. Also, 

it cannot provide information on pore type and interconnectivity of porosity that are necessary 

to understand fluid transport properties [8].  

    Many characterization techniques have been applied to clarify pore characteristics. The 

applications of electron microscopy methods, including scanning electron microscopy (SEM) 

[9-11] and transmission electron microscopy (TEM) [7, 12] allow 2D imaging of pores with 

nanometer scale. However, 3D parameters and pore structures are inaccessible using above 

techniques. 3D atom probe tomography and TEM tomography can reconstruct structure with 

resolution less than 1 nm [13]. Rae et al. [14] investigated the nanostructure and pore network 

of cement-based systems and obtained a well-defined pore network with diameter of 1.7-2.4 

nm by rotating the sample between –65° to +65° in TEM tomography. However, it is not 

technologically relevant to the large-scale and heterogeneous structure of cement. To obtain 

appropriate statistics, it is necessary that multiple samples with volumes of tens of mm3 be 

prepared to study macroscopic fluid transport property, for aggregate sizes of tens of mm [15]. 

Nano- and micro- computed x-ray tomography (CT) allows 3D structure visualization up to 

millimetric scale, with a maximum resolution of 50 nm for nano-CT [16], while other advanced 

synchrotron-based tools further enhance the capability of understanding cement systems with 

the ultimate resolutions of 10 nm. Therefore, various imaging methods are required to 

characterize multiple length scales of porosity because of the complexity and size distribution 

in cementitious materials. 
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Dual-beam focused ion beam (FIB) tomography enables 3D reconstruction of structure and 

pore systems filling in the gap left from other imaging methods [8, 13, 17]. The dual-beam 

system takes the advantage of materials removal capability of ion beam sputtering, and various 

contrast mechanisms of electron beam-based imaging leading to sectioning and image 

acquisition at nanometer-scale resolution [18]. Holzer et al. [19] investigated the volume 

fraction of porosity in BaTiO3 with a stack of 105 images and data volume of 6.01× 6.04 × 

1.74 μm and demonstrated the capabilities of FIB tomography to reconstruct 3D structures 

smaller than 100 nm. He et al. [20] combined FIB/SEM (500 images) with micro-CT (exposure 

time of 120 s, 1600 slices) to obtain the 3D pore distribution at multiple length scale (mm, μm 

and nm-scale) in different layers of shale rock, concluding that the connected pores are 

dominated by millimetric and micrometric pores, and fracturing shale layer provided shale gas 

migration pathways. Recently, the application of FIB-SEM on cementitious materials have 

been reported by a few researchers. Holzer et al. [21] presented the first application of cryo-

FIB-nanotomography for quantifying particle structure in dense cement suspensions by etching 

the specimen at –105 ℃ for 4 min and transferring onto the cold stage (–115 ℃), followed by 

FIB-milling and imaging processes with electron beam voltage and spot size of 3 kV and spot 

3, respectively. Brisard et al. [15] promoted the understanding of potential fluid transport and 

3D pore network and microstructure (10-20 nm voxel size) combining with small angle X-ray 

scattering and FIB/SEM experiments, in which four samples (volumes of 61-118 𝜇𝑚3) were 

required on a Ga+ FIB/SEM system. Lim et al. [22] implemented FIB tomography on cement 

pastes incorporating nano-silica and silica fume from 1000 images with dimensions of 10 × 10 

× 20 μm. By 3D modelling, it was possible to obtain direct measurements of pore structure of 

cement pastes with voxel dimensions in the range of 10 nm [22]. Song et. al [23] performed 

serial sectioning and electron imaging with voxel sizes of 5.9 × 7.5 × 10 𝑛𝑚3 (or 5.9 × 7.5 × 

20 𝑛𝑚3) on four independent samples (sample volumes of 61-118 𝜇𝑚3) of high performance 
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concrete (HPC) and predicted fluid transport properties from the acquired pore size 

distribution, which was on the same order of magnitude as experimental permeability, 

indicating that FIB/SEM had a relevant contribution to study transport properties. 

Despite the above progress of FIB-based 3D tomography on cementitious materials, working 

with Ga+ liquid metal ion sources (LMIS) to obtain relatively large number of 2D images can 

be time-consuming with a relatively small imaging volume (about 4000 𝜇𝑚3 ). The 

advancement of new ion sources enables serial sectioning at faster milling rates [18]. Compared 

with Ga+ FIB, a dual-beam system equipped with Xe+ plasma source can achieve probe currents 

higher than 2 μA with smaller spot sizes (at high current), resulting in an increase in sputtering 

and milling of 50 fold [24, 25], which significantly reduce the time for investigating the region 

of interest (ROI). Some researchers have reported the progress of Xe+ plasma FIB (PFIB) in 

machining of metal micropillars [26] and serial sectioning tomography of an organic paint 

coating [27]. However, the application of PFIB and minimization of curtaining effects at large 

scale of cementitious materials needs further exploration.  

Image processing, especially the image segmentation, is a crucial step to get interpretable 

result to characterize structures in materials. Segmentation is the assignment of pixel values in 

a digital image or voxel values in a 3-D dataset via mathematical classification technique into 

various sub-phases for further quantification. This can often be done using thresholding [28], 

edge detection [29] followed by watershed [30], and more recently, machine learning 

techniques [31]. Because of the complexity of a 3-D concrete dataset, the approach chosen here 

was using a machine learning category, namely a deep learning tool. 

The advent of PFIB enhances the capabilities of 3D tomography on cementitious materials. 

In this paper, we report the application of 3D tomography on ordinary Portland cement (OPC) 

mortar using PFIB for the first time. It is aimed at providing a standard workflow to study pore 
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structures related to transport properties. Sample preparation procedures and instrumentation 

setup are clarified. Moreover, 3D models of pore systems and anhydrous phases are 

reconstructed using a deep learning toolkit, which allows for improvements in accuracy of pore 

size identification. By combining the quantification of pore size both from nano-tomography 

and micro CT-tomography, we can measure porosity in different length scales, thus enabling a 

more holistic evaluation of materials structure.  

6.2. Materials and Methods 

6.2.1. Materials and Sample Preparation 

    Cement mortars were prepared with CSA-A3001 Type GU Portland cement, sand and 

deionized water according to ASTM C109 and ASTM C305 protocols. The water-to-cement 

ratio was 0.485 and sand-to-cement ratio was 2.75. The physical and chemical compositions 

of as-received Portland cement are shown in Table. 6.1. Mixing was carried out in a laboratory 

planetary mixer and cement mortars were formed in 5 cm cubic molds, which were covered by 

plastic bags to prevent water loss. They were demolded after 24 h and cured in almost 100% 

relative humidity at room temperature. The cured mortar specimens that cured for 6 months 

were used for experiments.  

Table 6.1 Chemical, Bogue’s potential phase compositions and physical properties of the as 

– received OPC 

Chemical composition Bogue’s potential phase compositions 

Oxide Quantity/wt.% Phase Quantity/wt.% 

SiO2 20.32 C3S 46.72 

Al2O3 5.44 C2S 24.12 

Fe2O3 2.92 C3A 9.71 

CaO 63.64 C4AF 9.04 

MgO 2.30 Physical properties 

SO3 3.56 Property Quantity 
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Na2O/K2O 0.15/1.07 Blaine fineness (m2/kg) 376 

 

    The mortar specimens were stored in the air and then dried in a furnace at 50 ℃ for 4 days. 

Rough cutting was then performed with no lubricant, which and then followed by fine cutting 

on a diamond blade in the presence of pure ethanol to eliminate damage caused by the previous 

procedure. Vacuum pressure impregnation of epoxy was applied to mortar samples to preserve 

the internal porosity, in which the impregnation process was repeated for 3 to 4 times until 

epoxy fills in plastic molds. This is to protect internal porosity during subsequent sample 

preparation processes. After demolding, grinding and polishing with isopropylene glycol were 

conducted so that the surface and adjacent cross section have a surface roughness of about 1.5 

μm. The polished surface and cross section were also coated with more than 30 nm thick 

platinum layer for mitigation of charging during electron beam imaging. 

6.2.2. Predetermination and Si Mask 

The secondary electron image of sample surface was acquired on JEOL 6610 and given in 

Figure 6.1. As observed in the image, it consisted of air voids, sand particles and matrix. Instead 

of using a large chemical deposition layer on top of a volume of VOI, a single-crystal Si mask 

method [32] for curtaining mitigation was implemented for mortar samples in FIB-SEM 

system. A hard mask blocks the view of further navigation and investigation of sample surface. 

Therefore, several potential VOIs were predetermined, considering smooth paste areas on both 

surface and the cross section. The distances between VOIs and adjacent distinguishable 

features were also recorded. The potential VOIs were then covered with cut pieces of single-

crystal Si wafer using TEM epoxy (epoxy: hardener = 10: 1). The Si wafer with a thickness of 

10 μm was aligned with the edge of sample under the optical microscope, after which they 

were heated at 50 ℃ for 3 h so that TEM epoxy was hardened and attached the mask to the top 

surface of the specimen.  
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Figure 6.1 The SE image of sample surface by JEOL 6610, and schematic of hard single -

crystal Si masks (M1, M2, M3 and M4) on top of possible VOIs, which were indicated 

in blue rectangles and their distances to selected features were measured to be  L1, L2, 

L3 and L4. Milling front and milling directions are shown by the cross and arrow on left 

side.  

6.2.3. Plasma FIB – SEM Setup and Serial Sectioning 

    A ThermoFisher Helios G4 PFIB dual-beam system was utilized to prepare a VOI for serial 

sectioning and subsequent milling. The sample was mounted on an aluminum stub with Ni 

paste and the working distance was set to about 4 mm. A VOI that was free of sand particles 

was selected under one of the Si masks using chosen features and measured distance as 

navigation tools. While the desired area was in the view, the electron and ion beams were 

brought to the coincident point. An area with a dimension of 150 μm × 100 μm was rough 

milled, after which two trenches with dimension of 200 μm × 120 μm were milled away on 

both sides (Figure 6.2 a and b) with a milling current of 2.5 μA at 30 kV. Then tungsten 

deposition (100 μm × 100 μm × 5 μm) was carried out on Si mask under 12 keV/60 nA, which 

was followed by creating a fiducial (Figure 6.2 c) for subsequent rocking milling. A rocking 

polish by rotating the stage to achieve specific sample geometry with respect to ion beam was 

performed on the VOI for 4 cycles under the beam condition of 30 keV/15 nA. Finally, the 
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sample was rotated relatively 180° with respect to 0° rotation and a fiducial was created for 

SEM alignment using 30 keV/15 nA. 

    The serial sectioning was conducted using ion bean parameters of 30 kV/15 nA, in which 

the sample was tilted 52° making it perpendicular to ion beam. The simultaneous electron 

images from concentric backscatter (CBS) detector and in-chamber electron (ICE – detects 

secondary electrons and ions) detectors were obtained. The through-the-lens detector (TLD) 

was used for backscattered electron (BSE) imaging with the electron beam condition of 2 keV/ 

3.2 nA. The Auto Brightness/Contrast algorithm and Y-drift correction were carried out on 

every image as well. The horizontal field of view was 153.6 μm and pixel size was 25 nm, 

which enabled a view of 153.6 μm × 102.4 μm. Also, the slice thickness was 100 nm and 631 

slices were obtained in total. The image stack was aligned relative to the fiducial in SEM 

images using MultiStackReg plugin of ImageJ software. The whole image stack was cropped, 

which led to a dimension of 79.8 μm by 88.3 μm, as indicated in the first slice (Figure 6.2 d). 
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Figure 6.2 Experimental setup of FIB-SEM dual-beam system. a) 52-degree secondary 

electron image showing a prepared VOI with two trenches on both sides. b) Top -view 

ion beam image after trench milling. c) Top-view ion beam image showing deposition 

layer and a fiducial on top for rocking milling as well as sectioning direction. d) 

Backscattered electron image of the first slice of serial sectioned image stack, 79.8 μm 

by 88.3 μm, pixel size = 25 nm in both x and y direction.  
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6.2.4 Segmentation and Quantification 

    Segmentation is the assignment of pixel values in a digital image or voxel values in a 3-D 

dataset via mathematical classification technique into various sub-phases for further 

quantification. This can often be done using thresholding [30], edge detection [33] followed by 

watershed, and more recently, machine learning techniques. Because of the complexity of a 3-

D concrete dataset, the approach chosen here was using a machine learning category, namely 

a deep learning tool. 

    Segmentation was conducted using the Deep Learning Tool in Dragonfly (Object research 

systems Inc., Montreal). Only 3 representative images were chosen through the whole dataset 

and were fully segmented manually by the authors for fodder as training data (Figure 6.3 a). A 

train, validation, and test masks mosaics of 128x128 square patch were randomly generated 

consisting of 20348928(≈70%), 5799936(≈20%) and 2899968(≈10%) voxels respectively 

(Figure 6.3 b). 

   

Figure 6.3 Deep learning trainset. a) The manual segmentation consisting  of 3 phases, 

namely, anhydrous phases, pores, and matrix. b) The generated train  (blue), 

validation(yellow) and test(red) masks.  

    Two segmentation models’ architecture available in Dragonfly were tested, U-Net [31] and 

Sensor3D [34] to segment the dataset. Furthermore, Dragonfly model architectures allow 

multi-input and multi-slice models, the former meaning that more than one modality can be 
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given as input, the later meaning that more than one input z slice can be given for each output 

z slice. In multi-slice models, slice count indicates the number of input slices supplied to the 

model for each output slice, while slice spacing indicates the distance, or offset, between slices. 

A slice spacing of '1' means that slices are taken sequentially, '2' means every other slice is 

taken, and so on.  

    Thirteen models were trained for 100 epochs (Patch Size 64, Batch size 32, Dice loss 

function). Table 6.2 shows accuracy and DICE score (indicator for similarity of two samples) 

for models with varying computational Architecture, Modality, Slice count and spacing (CBS: 

SEM Multi-Detector Image_CBS_1, ICE: SEM Multi-Detector Image_ICE_3). Training time 

varies from 1h26 (U-Net_BASIC_ICE) to 15h21 (Sensor3D_MS_05_01_ICE_CBS). The 

model with the best accuracy (Sensor3D_MS_05_01_ICE_CBS) was applied to the whole 

dataset for a full segmentation, where a mask excluding the large sand particle was used. 

Table 6.2 The results are given in the following table, sorted by accuracy: 

Model Name Architecture Modality Slice 

count 

Slice 

Spacing 

Accuracy DICE 

U-Net_BASIC_ICE U-Net ICE 1 NA 0.9175 0.8763 

U-Net_MS_03_01_ICE U-Net ICE 3 2 0.9232 0.8848 

U-Net_BASIC_CBS U-Net CBS 1 NA 0.9396 0.9094 

U-Net_MS_03_01_CBS U-Net CBS 3 1 0.9470 0.9206 

U-Net_MS_05_02_ICE_CBS U-Net ICE_CBS 5 2 0.9504 0.9256 

U-Net_MS_05_01_ICE_CBS U-Net ICE_CBS 5 1 0.9510 0.9265 

U-Net_BASIC_ICE_CBS U-Net ICE_CBS 1 NA 0.9523 0.9285 

U-Net_MS_03_01_ICE_CBS U-Net ICE_CBS 3 1 0.9537 0.93058 

U-Net_MS_03_02_ICE_CBS U-Net ICE_CBS 3 2 0.9544 0.9317 

U-Net_MS_05_03_ICE_CBS U-Net ICE_CBS 5 3 0.9546 0.9319 

U-Net_MS_03_03_ICE_CBS U-Net ICE_CBS 3 3 0.9550 0.9325 
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Sensor3D_MS_03_01_ICE_CBS Sensor3D ICE_CBS 3 1 0.9610 0.9415 

Sensor3D_MS_05_01_ICE_CBS Sensor3D ICE_CBS 5 1 0.9627 0.9441 

 

    Some trends can be extracted from the following results (Figure 6.4). Using both modalities 

(i.e. both detectors) increases mean accuracy by 1.17% and 3.46% over CBS and ICE alone, 

shown in Figure 6.4 a. Sensor3D architecture is slower to train but increases mean accuracy by 

1.64% over U-Net architecture (Figure 6.4 b). Multi-slice models outperform regular models 

by giving 3D context. Increasing slice counts increase performance as well. We observe a mean 

accuracy gain of 0.57% and 1.84% for a 5-slice model over 3 and 1 slice model, respectively 

(Figure 6.4 c). Furthermore, Figure 4 d shows that the impact of slice spacing is less obvious.  

   

(b) (a) 
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Figure 6.4 The accuracy of segmentation by varying (a) Modality, (b) Architecture, (c) 

Slice count and (d) spacing.  

    The 3D skeleton of connected pores was computed from separate layer of segmented results 

using the function “Get the Skeleton from ROI”. The decimated thickness mesh of anhydrous 

phases was created by To a Thickness Mesh (Normal). The quantification of pore 

characteristics was conducted through Multi-ROI Analysis in the software. The pore size was 

evaluated following the concept of Mean Feret Diameter and the size distribution was 

conducted, subsequently.  

6.2.5. Micro – CT and 3D reconstruction on pore system 

Micro – CT was able to provide 3D information on the pore system and micro cracks on a 

larger scale non – destructively. Measurements were conducted on Bruker Skyscan 1172 

model. The mortar sample with a dimension of 12 mm × 10 mm × 3 mm was used. Multiple 

images were formed from transmitted X-rays through the object, which rotated on a high – 

precision stage. The resolution of image stacks was highly dependent on the size of X – ray 

source and the magnification. A pixel size of 4.5 μm was achieved while the whole sample was 

scanned. More than 3000 images were obtained, and the porosity model was constructed in 

NRecon software. Then segmentation was based on a simple thresholding using Dragonfly 

(c) (d) 
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software. The large capillary pores, air voids and crack propagation were analyzed at a 

micrometric scale.  

6.3. Results 

6.3.1. PFIB Results  

Figure 6.5 represents a 3D mortar cube in grayscale excluding area with much shading effect, 

with an effective dimension of 79.8 μm by 88.3 μm by 63.1 μm. This was after cropping from 

the original setup that was up to 153.6 μm by 102.4 μm by 63.1 μm. A cement mortar sample 

consists of hydrated products (also known as matrix), anhydrous cement phases, pores, cracks 

and sand particles, which makes sectioning and imaging rather challenging. This is in part due 

to the variation of their hardness and thus different milling/sputtering rates [35, 36]. The most 

common image artefact is curtaining that makes following data analysis quite difficult [37]. 

The success of pore and structure characterization depends strongly on sample preparation [22, 

38]. Instead of using built-in gas deposition layers, we applied a thin Si mask that proved to be 

effective of reducing curtaining and acquiring good-quality images. 

 

Figure 6.5 3D reconstruction of 631 BSE images after cropping, with the dimension of 

79.8 μm by 88.3 μm by 63.1 μm  

79.8 μm  
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The 3D models of pores and anhydrous phases were reconstructed using the Deep Learning 

Tool in Dragonfly software. The total porosity is 11.5% and the connected porosity (defined 

as region of interest segments being connected to the borders of its volume, subvolume, or to 

the faces of a clipping plane) is 8.4% by volume. The skeleton method was applied to research 

connectivity by reducing each connected component in a region of interest to a single-voxel 

wide feature. The skeletonization model of connected pores is presented in Figure 6.6 (a). This 

clearly shows the water transport pathways inside cement mortar. The anhydrous phases [22] 

contain four main compounds and a few minor components, which appeared bright in 

grayscale. In above mature cement mortar, anhydrous phases accounts for 0.8% of total 

volume. The thickness mesh of 3D reconstruction (Figure 6.6 (b)) displays the spatial 

distribution of anhydrous cement which were left inside the mortar post hydration reactions. 

This is due to incomplete contact between water and cement particles and the hydrated layer 

that prevent complete hydration reactions of cement particles [39]. This could reveal the 

various hydration rates in different directions of anhydrous cement particle due to when 

segmented relative to other water diffusion pathways [40]. It is important to realize that the 

distribution of anhydrous cement could play a critical role in the strength and long-term 

durability of the material. 
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Figure 6.6 3D Segmentation models of cement mortar a) Skeletonization of connected 

pores, b) thickness mesh of anhydrous phases  

6.3.2 Micro-CT Analysis of Porosity 

    The presence of spherical air voids results from the entrapped and entrained air during the 

mixing process. Compared with capillary pores, air voids are usually much larger, ranging from 

50 μm to 200 μm in diameter [3]. They were both evaluated by X-ray micro-CT technique 

using a large bulk sample. One of the advantages of micro-CT is that analysis can be done 

within a scale up to tens of millimetres. But the pixel size is limited, namely, 4.21 μm in our 

case, which will allow an estimation of air voids and large capillary voids in microscale. The 

image slices from micro-CT were reconstructed in NRecon software, and the pore systems 

were then segmented in Dragonfly. As observed in Figure 6.7, air voids are spherical and non-

connected. On the other hand, capillary pores are irregular, and some are interconnected. Also, 

the closed porosity of the bulk sample is 12.7%, which does not affect the transport property, 

but strongly influence the mechanical strength.  

(b) 

 

(a) 
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Figure 6.7 X-ray micro-CT and reconstruction models of air voids and large capillary 

pores of OPC mortar in different viewing directions  

6.3.3 Pore Size Distribution  

    The diagrams of pore size distribution (Figure 6.8) were derived using 3D models from PFIB 

and micro-CT, respectively. The voxel size is 25 nm by 25 nm by 100 nm that will allow 

analysis into pores of equivalent diameter of hundreds of nanometers and up. It is observed that 

the pore size maxima determined from PFIB images can be as large as 6700 nm. It is worth 

noting that pores larger than 4200 nm computed from PFIB reconstruction account for less than 

10 in number. The voxel size of micro-CT image is 4.21 μm by 4.21 μm by 4.21 μm and the 

largest pore detected is 1000 μm. Therefore, the above techniques come to a good agreement 

and provide the capability to accurately characterize the pores from hundreds of nanometers to 

millimeters.  

(b) (a) 
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Figure 6.8 Pore size distribution of a) capillary pores from PFIB reconstruction and b) 

air voids and large capillary pores from micro-CT reconstruction  

6.4. Discussion 

The visualization and quantification depend greatly on the sample preparation. Instead of 

using deposition layer on top, we applied a new method [32] that involved a hard Si mask. The 

idea is to predetermine a few potential VOIs in advance and record the distance between VOI 

and an identical feature. Also, it is better to use separate pieces of Si wafers rather than a large 

Si mask, because this allows an observation of more identical feature and a quick navigation 

(a) 

(b) 
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to the area. Sometimes the acquisition and matching of images both from the surface and cross 

section is also very helpful. The application of sacrificial mask is believed to tailor the beam, 

minimize milling artefacts and provide protection over high-current beam from over-milling 

[32].This method allowed to achieve good image quality even in large dimension, which made 

subsequent segmentation and quantification much easier.  

Cement phases are not usually hydrated to a completion even after long times from mixing 

with water. The larger the cement particles, the higher the amount of anhydrous phases. One 

possible explanation is that the surface of the cement particles are soon covered with primary 

C-S-H reducing further contact between the anhydrous core and the water [41]. The 

reconstruction of the anhydrous phases at different time intervals provides important data 

enabling direct study of hydration kinetics of different cement phases individually. Knowing 

that alite and belite both produce similar hydration products (CSH and calcium hydroxide), 

direct study of hydration kinetics of individual cement phases has been impossible because the 

hydration products of the cement phases cannot be measured individually. The remaining 

anhydrous cement phases inside the matrix can be simply distinguished from their relative 

contrast. PFIB tomography then enables determination of representative anhydrous cement 

phase volume at different time intervals, which provides data for direct kinetics study of each 

phase individually. 

 Another interesting observation is the shape of the remaining anhydrous phases resembling 

some hollow geometry (see Figure 6.6 (b)) showing that the dissolution is not homogeneous 

and indicates preferential dissolution locations, such as etch pits [42]. The formation of etch 

pits at early hydration stages occurs under high degrees of undersaturation, which provides 

more available surface and significantly influence the dissolution rate [39, 40, 43].  
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The pore systems of cementitious materials consist of capillary pores, air voids and gel pores 

that not only affect mechanical performance but also influence durability. It is generally 

believed that large capillary pores, especially macropores (0.05 – 10 μm) drive macroscopic 

fluid transport [23]. The entrained air voids with μm to mm scale range are related to the 

resistance to freeze-thaw property [44-47]. It is crucial that PFIB and micro-CT techniques are 

combined to analyze pore system due to its wide range. These techniques add subtlety to typical 

methods, like MIP, that overestimates the small pores [2, 22, 48]. MIP only detects the size of 

pore entrance that does not exactly reflect the size and shape of a pore leading to the so-called 

ink-bottle effect [49, 50]. The difference of total porosity can be as high as 40% among cement 

paste, paste with silica fume and paste with nano-silica using MIP and FIB-SEM techniques 

[22]. The fact that MIP measures pore entry sizes and closed pores are not detected lead to an 

order of magnitude smaller than the estimation from BSE and laser scanning confocal 

microscopy (LSCM) [51]. MIP simulations were also developed to be compared with 

experimental MIP, which showed a difference of 18 nm between the simulated and 

experimental peaks due to small sample volume (61-118 μm3) and sample heterogeneity in 

FIB-SEM [23]. The advent of PFIB improves the capability to acquire large-scale serial 

sectioning in nanometric resolution and benefits simulation work. The technique also provides 

research capabilities in studying microstructural features of cement mortar including structural 

defects like cracks, inhomogeneities, and porosity in interfacial transition zone. In previous 

research, it was also necessary that several serial sectioning have to be conducted so that they 

can be representative [23, 52, 53]. This is complemented by a large-volume serial sectioning 

with the assistance of PFIB technique.  

6.5. Conclusions  

We applied PFIB and micro-CT to cement mortar achieving the multi-scale analysis of pore 

system and visualization of main structure. The application of PFIB broadens the capability for 
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potential sectioning of hundreds of nanometers and effective analyzing dimension of 79.8 μm 

by 88.3 μm by 63.1 μm for the first time. The workflow involving prepositioned hard Si masks 

on cement mortar was established and proved to be useful in reducing curtaining artifacts. The 

image stack was then segmented through Neural Network with human interference being kept 

to a minimum. The reconstruction model reveals that cement particle hydrates in different rate 

s from different directions. The large capillary pores and air voids account for 11.5% and 

12.7%, respectively. The quantification of PFIB and CT reconstruction provides insights on 

pore size distribution that covers the range from hundreds of nanometers to millimeter.  
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7. Conclusions and Outlook 

This work is focused on understanding hydration reactions in both early and late stages of 

cement systems with nano-silica. In early hydration reactions up to 24 h, it is important to 

clarify microstructural evolution, phase transformation and hydration kinetics, which 

contribute to early structure and strength development. The effects of nano-silica on cement 

hydration reactions are also clarified. For these experiments, nano PC was prepared through 

three-step ball milling process. The in-situ hydration reactions were conducted in LC-TEM and 

the real-time growth and dissolution were captured. The post-situ experiments including 

(HR)TEM, SEM and EDS, QXRD and isothermal calorimetry are performed as well, to 

understand the crystallinity, morphology and composition, and kinetics.  

Furthermore, it is also crucial to understand pore systems and the distribution of different 

phases in mature samples of late hydration stage. This is because porosity and pore 

characteristics determine the properties of cementitious materials, including compressive 

strength, fluid transport property and freeze-thaw property. The study into spatial distribution 

of different phases allows a better understanding of hydration kinetics. A novel characterization 

tool, PFIB technique was applied to obtain serial sectioning, in which the workflow and method 

of using a hard Si mask on sample surface were explored. After segmentation and quantitative 

analysis, the characteristics of pore systems, e.g., porosity, connectivity and pore size 

distribution were researched, and dissolution rates and hydration kinetics further revealed. The 

major findings are summarized as follows:  

In Chapter 3, the first application of liquid cell electron microscopy in cement hydration 

reactions was realized. This enables a real-time imaging of main hydrated products, and thus 

provides new insights into microstructure evolution. In general, the reaction sequences of nano 

PC were similar to that in practice use. The in-situ hydration reactions reveal direct evidence 
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of C-S-H growth that has been debated for decades. Combined with post-situ experiments, it 

is found that C-S-H starts according to the layered structure model. The nucleated C-S-H 

embryos evolve through attachment of silicate tetrahedra from solution along the margin of 

precipitates to form planar silicate sheets. An alternation of nanocrystalline structure of 5 nm 

to 10 nm and amorphous region is achieved. The internal stress is built in between disordered 

arrangements of atoms and nanocrystalline regions that is the cause of buckling and cracking. 

These internal stresses and rolling up of the precipitates promote new embryos to form and 

aggregate together, which also indicate the other growth mechanisms of aggregation of 

building blocks. It is also observed that needle-like ettringite crystals form in the early 

hydration reactions. The SEM results further confirm the composition of C-S-H precipitates 

and 3D microstructure indicating enough room in liquid cell for 3D microstructure 

development later. The morphology and composition of portlandite and monosulfate are also 

confirmed by SEM and EDS.  

In Chapter 4, different cement hydration stages of nano PC as well as hydration kinetics 

were studied using LC-TEM, freeze drying, QXRD and isothermal calorimetry. LC-TEM 

shows that C-S-H precipitates nucleate on the cell membrane with sharp edges and develop in 

3D. The needle-like ettringite crystals provide the seeding effects that further promote the C-

S-H precipitation on the surface. The initial reaction period consists of the dissolution of C3S, 

nucleation of C-S-H as well as ettringite formation. It is also found that the formation rate of 

C-S-H precipitates slows down during this period. The induction period involving further C-

S-H nucleation and partial growth and continuous formation of ettringite appears around 3 h. 

A net accumulation of ettringite content is seen, in spite of partial dissolution releasing sulfate 

to form monosulfate. The real-time dissolution of needle-like ettringite crystals is also reported. 

During the acceleration stage, the retardation effects occurs due to the reduction of C-S-H 

surface area by monosulfates for newly formed precipitates, leading to a much later main 
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silicate peak in heat flow curve of nano PC than that of OPC. C-S-H precipitates continue to 

develop, form a network, and fully cover the SiN membrane during acceleration and 

deceleration stages.  

Chapter 5 clarifies the effects of nano-silica on the early-age hydration reactions of nano PC, 

including microstructure, heat release and phase transformations. It is observed that nano-silica 

plays different roles in nano PC and OPC. In both nano-systems, it is very difficult to 

distinguish the initial and induction periods since they are very short. Similar to hydration 

reactions of nano PC, it also exhibits a strong retardation effect in nano PC with NS in the 

beginning of the acceleration stage between 2 h and 8 h with lower heat rate and cumulative 

heat, which due to the formation of monosulfates. Compared with nano PC system, the rate of 

heat release of nano PC with nano-silica is slightly higher, and the total heat within 24 h is 

slightly lower. However, the initial and induction periods of OPC are significantly shortened 

by incorporating nano-silica. The appearance of acceleration stage is 1 h earlier, and the main 

silicate peak 2 h earlier in OPC with NS compared with that of OPC. The total heat after the 

first day is much more in OPC with nano-silica. The reason is that OPC with normal fineness 

shares less surface area and nano-silica provides more nucleation sites and contributes to a 

greater degree of hydration.  

Chapter 5 also summarizes the effects of nano-silica on microstructure development. It is 

observed that more well-distributed microstructure forms in nano PC with NS resulting from 

seeding effects. LC-TEM results also show that nano-silica has a strong tendency to be 

absorbed to ettringite crystals. More ettringite are found to be dissolved in nano PC with nano-

silica compared to that in plan nano PC system, suggesting that the addition of nano-silica 

accelerates the conversion of ettringite to monosulfate.  
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Chapter 6 demonstrates the capability of PFIB on acquiring large-scale 3D dataset and 

reconstruction models of cementitious materials. A new method of applying a hard Si mask on 

mortar sample surface was investigated. The results show that the image quality is significantly 

improved using Si mask with curtaining effects being minimized. After alignment and cropping 

the whole dataset, the effective volume dimension is 79.8 μm by 88.3 μm by 63.1 μm. A neural 

network was trained for segmenting the dataset and quantitative analysis conducted afterwards. 

The 3D reconstruction models from PFIB dataset clearly reveal the fluid transport pathways. 

The percentages of large capillary pores and air voids are 11.5% and 12.7%, respectively. 

Combining with X-ray micro-CT technique, the pore systems ranging from hundreds of 

nanometers to millimeters can be well covered.  

In-situ imaging of C-S-H precipitate assembly with atomic resolution requires more studies. 

This can provide insights into C-S-H nucleation whether it begins from crystalline or 

amorphous embryos. The effects of dose rate on the pH value of liquid sample and formation 

rates can be monitored so that the role of electron dose is clarified and mitigated. A simulation 

can be conducted to further predict the pH value in cement slurry with various dose rates. This 

will help to better understand the beam conditions and cement hydration reactions 

quantitatively.  

Finally, the application of PFIB into cementitious materials requires more research. First, 

the PFIB acquisition of serial images needs to be improved. It runs into the problem that large 

volume of data is cut out under current conditions. This results from the fact that the SEM 

fiducial for alignment is on the image leading to shading effect later. A new method is worth 

investigating to keep more effective volume after cropping due to shading effect around SEM 

fiducial. Second, it is required that gel pores (< 10 nm) and small capillary pores (10 nm – 50 

nm) be studied since gel pores are related to shrinkage and small capillary pores need higher 

resolution leading to longer data acquisition times. Third, the pore systems and hydration 
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degree in OPC mortar with nano-silica are worth researching. It is also important to investigate 

pore characteristics, and distribution of various phases in different cements and concretes. The 

relationship between porosity and properties including compressive and transport properties 

can be established in these cementitious materials.  
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Appendix 

Note 3.A1. Chemical Compositions of Ettringite and Monosulfate  

The chemical compositions of a needle-like crystal and the adjoining hydration product were 

examined by SEM and EDS in Figure 3.A2. Both two forms of structure contain featured peaks 

of Ca, Al, S, and O. The Spectrum 2 exhibits more Al and Ca compared with Spectrum 1. The 

needle-like crystal is ettringite and the foil-like structure is likely to be monosulfates based on 

their morphology. The N and Si peaks are attributable to the background of the SiN substrates, 

and Mg peak is resulted from impurities in Portland cement. The adjoined hydration product 

(spectrum 2) comprised of mainly Ca, Al, O, and small amounts of S was likely to be calcium 

monosulfates (AFm) formed from ettringite conversion. It was reported that AFm might form 

usually after the first 24 hours from the start of hydration time and is difficult to be detected in 

some calorimetry or in-situ XRD experiments [1-3].  

Note 3.A2. Chemical Composition of Portlandite Embedded in the Matrix  

The main by – product of hydration reactions of calcium silicate phases is Ca(OH)2, which 

crystalizes to hexagonal sheet-like Portlandite crystals upon saturation of the reacting medium. 

Portlandite crystals were also observed in our experiment and confirmed by SEM and EDS. 

Figure 3.A4 shows a typical SEM image with EDS results of Portlandite in post situ 

characterization. Table 3.A1 represents the contents of elements averaged with four spectra. 

As can be seen, the observed hexagonal sheet-like crystals were composed of mainly CaO 

indicating the existence of Portlandite. The presence of a small amount of Si can be the result 

of the electron beam interaction with the SiN membrane or the existing C-S-H precipitates. 
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Figure 3.A1. Particle size distribution of nano PC after three-step ball milling 

 

(a) 
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Figure 3.A2. SEM image and EDS spectra showing ettringite (spectrum 1) and calcium 

monosulfate (spectrum 2)  

(b) 

(c) 
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Figure 3.A3 Secondary electron image of (a) C-S-H precipitates and (b) C-S-H 

precipitates and ettringite crystals inside liquid reaction cell after opening the chips, 

indicating enough room of liquid cell for 3D structure development  

(a) 

(b) 
Microwell  

 

Microwell  
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Figure 3.A4 Post-situ characterization of Portlandite (a) SEM and (b) EDS spectra from 

the positions marked in Figure 3-A3 (a) 

Table 3.A1 Chemical, Bogue’s potential phase compositions and physical properties of as – 

received OPC 

(b) 

(a) 
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Chemical composition Bogue’s potential phase compositions 

Oxide Quantity/wt.% Phase Quantity/wt.% 

SiO2 20.32 C3S 46.72 

Al2O3 5.44 C2S 24.12 

Fe2O3 2.92 C3A 9.71 

CaO 63.64 C4AF 9.04 

MgO 2.30 Physical properties  

SO3 3.56 Property Quantity 

Na2O 0.15 Blaine fineness (m2/kg) 376 

K2O 1.07 % Retained on 45 µm 

(No. 325) sieve 
97.50 

LOI 2.05 

Table 3.A2 Elemental analysis of Portlandite by EDS 

 Ca/% O/% Si/% C/% Na/% F/% 

Spectrum 1 61.4 33.0 0.9 4.6 ― ― 

Spectrum 2 58.1 35.7 0.7 5.5 ― ― 

Spectrum 3 40.1 46.0 1.3 10.2 0.9 1.5 

Spectrum 4 45.4 41.2 1.2 9.3 1.2 1.8 

Average/%  51.25 38.98 1.03 7.40 0.53 0.83 
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Table 4.A1 Chemical, Bogue’s potential phase compositions and physical properties of as – 

received OPC 

Chemical composition 

Oxide Quantity/wt.% Oxide Quantity/wt.% 

SiO2 20.32 MgO 2.30 

Al2O3 5.44 SO3 3.56 

Fe2O3 2.92 Na2O 0.15 

CaO 63.64 K2O 1.07 

Physical properties 

Property Quantity Property Quantity 

Blaine fineness 

(m2/kg) 

376 % Retained on 45 µm 

(No. 325) sieve 
97.50 

 

 

Figure 4.A1 Particle size distribution of nano OPC 
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Figure 5.A1 Microstructure and morphology of nano-silica 
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Figure 5.A2 SEM showing morphology of hydrated products in nano PC, a) sheet-like C-

S-H and b) embedded portlandite in C-S-H precipitates 
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Figure 5.A3 SEM images showing morphology of hydrated products in nano PC with 

nano-silica, a) more distributed sheet-like C-S-H and b) embedded portlandite 
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Abstract 

    This work is devoted to the investigation of the resistance of geopolymer cement (GC) 

mortar based on mixture of red clay brick waste (RCBW) and phosphorus slag (PHS) in 

exposure to HCl and H2SO4 solutions of mild concentration. For this purpose, the GC mortar 

specimens were exposed to pH=3 of each acid solution for 24 months. To prepare GC mortar, 

blend of RCBW and PHS was activated by water glass and NaOH and then hydrothermally 
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cured. For comparison purpose, reference specimens were also prepared using high alumina 

and Portland cements. The durability of mortar specimens was evaluated by measuring the 

changes in compressive strength and mass as key parameters at predetermined time intervals. 

The structural and compositional changes of the reaction products were studied using 

appropriate characterization techniques. The obtained results disclosed that GC mortar 

exhibited an excellent acid resistance compared to reference mortars exhibiting significantly 

lower durability properties. The exposure to H2SO4 caused more deterioration in all specimens 

than the exposure to HCl owning to the adverse effect of gypsum formation, which results in 

the expansion and cracking of the paste matrix. 

Keywords: Geopolymer, Phosphorus slag, Acid resistance, Clay brick waste 

1. Introduction 

    Durability is one of the most critical features for the construction of concrete structures. An 

appropriate durability feature preserves the natural resources and lessens the accumulation of 

waste, thereby it helps to protect the environment. The service life of concrete structures may 

be menaced by exposure to aggressive media. One of such important threats for concrete is 

acid attack [1]. During exposure of a concrete structure to an acidic environment, calcium 

cations are leached from the calcium-containing constituents (such as calcium silicate hydrate 

and Portlandite) into the acidic environment. This leads to the deposition of calcium salts within 

the concrete matrix and increase the total porosity, resulting in a dramatic drop in the durability 

performance and mechanical strength [2]. 

    Acid attack on concrete occurs with different rate and mechanisms that depends on many 

factors, including the composition of concrete materials, temperature, pH and type of the acid 

medium, water-to-binder ratio, etc. [3, 4]. Therefore, a comprehensive study on the effect of 

acidic attack conditions on changes in the physico-mechanical properties and microstructure 

of the cementitious materials is of a crucial importance. In the past decades, due to their high 
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early mechanical strength, superior durability, and environmental friendliness, geopolymer 

cements (GCs) seriously compete with Portland cement (PC) [4]. 

    For the production of geopolymers, aluminosilicate materials (such as natural 

aluminosilicate minerals and metakaolin) are alkali-activated at ambient temperature or at 

elevated temperatures to form a semi-crystalline or amorphous structure [4]. Recently, on 

account of environmental and economic advantages, the utilization of aluminosilicate waste 

materials such as fly ash in GCs production has attracted great interest [6].  

    Kwasny et al. [7] reported that GCs prepared from lithomarge (low-grade kaolin) showed 

better durability performance in H2SO4 and HCl solution than PC. Okoye et al. [8] concluded 

that the resistance of fly ash-based GC incorporating silica fume against 2% H2SO4 solution 

was considerably higher than that of PC. Jin et al. [9] prepared metakaolin/tannery sludge-

based GCs and investigated their durability performance in various aggressive environments. 

The results showed that the GCs containing 20% tannery sludge exhibited high acid resistant 

against pH=1, 3, 5 of H2SO4 solution. Allahverdi et al. [10-13] investigated the durability 

performance of different cement binders including PC, high alumina cement, gypsum-free 

PC/slag binder, and fly ash-based GC, in exposure to different pHs of H2SO4 and HNO3 

solutions. The results disclosed that GC exhibited a better resistance against these acid 

solutions than other cement binders. 

    In the previous study, the acid resistance of GC mortar based on blend of red clay brick waste 

(RCBW) and phosphorus slag (PHS) against HCl (pH=1) and H2SO4 (pH=1) solutions was 

comprehensively studied [14]. 

    Since the prepared GC may exhibit different durability characteristics due to exposure to 

different acidic environments, acid resistance studies at moderate acidic concentration 

conditions are necessary. Acid attack on concrete structures in industrial environments happens 

mostly due to leakage and random spillage varying from a steady prolonged drip to a gradual 
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and brief dousing. Such acid attack may also occur in concrete structures subjected to moderate 

pH (3.0-5.0) ground waters [15] and acidic depositions with a low pH value [16]. The present 

study is devoted to investigating the resistance of RCBW/PHS-based GC after immersion in 

pH=3 of H2SO4 and HCl solutions. The acid resistance of the GC mortars was examined by 

investigating the changes in physico-mechanical and visual properties. Also, chemical, 

mineralogical and structural changes were studied by employing appropriate characterization 

techniques. 

2. Experimentation 

2.1. Materials 

    To prepare RCBW powder, the red clay bricks was first crushed and ground and then sieved 

to the appropriate particle size of ≤70 µm. The PHS was procured from a domestic phosphoric 

acid production plant in Tehran. High alumina cement (HAC) (Secar 80, Kerneos, France) and 

Type II Portland cement (PC) were also used to prepare the control mortar specimens. The 

physico-chemical properties of starting materials are presented in Table 1. DIN-EN 196-1 

standard sand was consumed as the fine aggregate in preparing mortar specimens. The 

chemical activator was prepared from pellet sodium hydroxide (NaOH, 98%) and water glass 

(Na2SiO3·nH2O, 8.5 wt.% Na2O, 28.5 wt.% SiO2, 63 wt.% H2O) (Merck KGaA, Darmstadt, 

Germany). To prepare the targeted acid solutions with pH value of 3±0.05, concentrated HCl 

and H2SO4 were diluted with distilled water 

Table 1. Physico-chemical properties of materials 

Chemical composition (wt.%)* 

Oxide  RCBW PHS PC HAC 

SiO2 51.10 38.42 21.90 0.40 

Al2O3 16.25 7.65 4.62 80.50 

Fe2O3 6.45 0.90 3.40 0.20 
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CaO 9.90 45.14 64.50 17.50 

MgO 5.60 2.60 1.52 0.50 

SO3 3.35 Trace 1.15 0.10 

K2O+ Na2O 5.05 0.99 0.25 0.70 

P2O5 - 1.50 - - 

Physical properties 

Specific gravity (g/cm3) 2.22 3.25 3.15 3.25 

Blaine specific surface area (m2/kg) 380 315 320 1000 

                 * Wet chemical analysis in accordance with ASTM C114-04 

2.2. Preparation of Specimens 

    The GC mortars were prepared based on the formulation which was optimized in the 

previous study [17]. The decision criteria on the optimization was the compressive strength. 

According to the optimum formulation, the GC mortar was prepared by blending RCBW (76 

wt. %) and PHS (24 wt.%) [17]. The reason for the incorporation of the PHS is that plain 

RCBW is not very reactive precursor and gives relatively low compressive strengths [18]. A 

mixture of NaOH/water glass with silica modulus adjusted at 1.5 was then used to activate the 

prepared GC mortars. The amount of alkali-activator was controlled to adjust the Na2O 

concentration of the material at 12% by mass of dry binder. To prepare fresh GC mortar, the 

dry binder was first prepared by dry mixing the standard quartz sand and RCBW/PHS mixture 

for about 4 min. Then, the prepared dry binder was mixed with the pre-prepared alkali activator 

solution under 3-min agitation condition. A constant water-to-binder value of 0.50 was 

considered for the preparation of GC fresh mortar. Molding the fresh mortar was carried out 

using 5 cm cubic steel molds. The molds were then kept in a humid chamber with RH≥95% at 

23.0±2.0 ˚C for 24 h. Thereafter, the cubic GC mortar specimens were de-molded and exposed 

to hydrothermal curing at 95 ˚C for 20 h. For comparison purpose, a series of 5 cm cubic HAC 

and PC control mortar specimens were subjected to 28-day standard water curing. To prepare 
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control mortars, water-to-binder ratios were obtained 0.550 and 0.485 for HAC and PC mortars, 

respectively based on ASTM standards C109 [19] and C1437 [20]. A sand-to-binder ratio of 

2.75 was considered for the preparation of all mortar specimens based on ASTM C109 [19]. 

2.3. Acid Resistance Tests 

    Acid resistance experiments were performed based on the instruction described in ASTM 

C267 standard [21]. The as-prepared mortar specimens were subjected to pH=3 of aqueous 

HCl and H2SO4 for exposure times of up to 24 months. The temperature of the acidic solutions 

was room temperature. The acid volume-to-surface area ratio of specimens was maintained 

close to 10 cm3/cm2. The periodical addition of concentrated acid to each batch performed to 

keep the pH level at 3 with a standard deviation of 5%. After the predesigned time frames were 

elapsed, the specimens were removed from the exposure test containers. Immediately the 

surface of the specimens was smoothed with a plastic brush and then cleaned with a dry towel. 

The acid resistance evaluation was performed by measuring pre- and post-exposure values of 

compressive strength and mass of the immersed specimens. 

2.4. Characterization and Measurement Techniques 

    The compressive strength value of the cube specimens was measured employing a 300 kN 

digital hydraulic compression testing machine with ±1% accuracy and a loading rate of 0.5 

MPa/s, based on ASTM C109 standard. Three measurements were performed for each mortar 

specimens and the average (standard deviation≤4%) of the obtained values were recorded as 

the final result. 

To study the microstructure of the pre- and post-subjected mortar samples, TESCAN VEGA 

II scanning electron microscope (Czech Republic) was employed at accelerating voltage of 30 

kV. For the purpose of microscopy investigations, a number of 24-month subjected GC mortar 

cubes were smashed into pieces. Then, suitable fractured pieces containing both intact and 

deteriorated areas were selected. Prior to imaging with microscope, extremely gold layer was 
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sputtered on the selected pieces at 70 °C for 24 h. The elemental analyses were determined 

using energy dispersive X-ray spectroscopy (EDS) using Oxford Instrument probe (England). 

The EDS results were obtained under beam energy of 12 keV. 

    The mineralogical phase changes in intact and post-exposed samples were investigated by a 

Philips (PW 1800) X-ray diffractometer at 2θ° of 5-80° (Cu Kα radiation, step size=0.02°, time 

per step= 0.5 s). The chemical bonding of the intact and post-exposed samples was determined 

by Fourier transform infrared (FTIR) spectroscopy using PerkinElmer FTIR 

spectrophotometer. The FTIR data were recorded over the wavenumber range of 400 to 4000 

cm-1 (scan resolution=4 cm-1). To prepare FTIR spectroscopy samples, the broken mortar 

pieces were first ground and then sieved to particle size less than 45 µm, and then mixed with 

pellet KBr. For 0.5 mg sample, 250 mg pellet KBr was used. 

3. Results and Discussion 

3.1. Appearance Changes 

Photographing intact and acid-exposed specimens was performed to visualize the appearance 

changes caused by acid attack. Fig. 1 depicts the photos of intact and 24-month acid-exposed 

mortar specimens of HAC, GC, and OPC. 

    As clearly seen, both HAC and PC reference mortar specimens experienced a noticeable 

apparent degradation after immersing in HCl and H2SO4. The exposure to H2SO4 solution 

resulted in the greatest damage. However, under the same conditions, the HAC mortar 

specimens experienced more remarkable appearance changes than OPC. Visual observations 

confirmed superior resistance of the GC mortar as compared to the reference ones. The HCl-

submerged GC specimens did not exhibit any apparent degradation and had a sound 

appearance; only minor damage on the edges and corners happened. However, more intense 

surface damage and deterioration occurred in the H2SO4-submerged GC specimens. Such a 
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different behavior of HCl-subjected and H2SO4-subjected specimens is attributed to the 

induction of volumetric expansions and surface spalling due to deposition of gypsum crystals.  
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Fig. 1. Appearance of different mortar cubes before and after exposure to pH=3 HCl and H2SO4 for 24 

months (Permission has been adopted for the photos of post HCl- and H2SO4-exposed specimens of 

Portland and high alumina cements from Elsevier) 

3.2. Variation of Mass 
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    Fig. 2 depicts the mass changes of mortar specimens as a function of the acid exposure time. 

The 24- month HCl exposed specimens of OPC, HAC and GC experienced a mass change of 

about 16%, 16.4% and 4.5%, respectively while the sulfuric acid-exposed specimens 

experienced a mass change of about 56.6%, 70.4% and 43.4%, respectively. As can be clearly 

seen in Fig. 2, control mortar specimens exhibited mass losses significantly higher than those 

of GC mortar. Such a dramatic difference is related to the relative stability of the GC 

aluminosilicate structure against acid environment and also to high calcium contents of OPC 

and HAC systems [22]. The hydration products formed in the cement matrix are decomposed 

due to the reaction of calcium with acidic anions, resulting in an increase in total porosity and 

an accelerated acid attack [23]. If the acidic anion is sulfate, it results in the formation gypsum 

and consequently the induction of internal disintegrating stresses and surface spalling. 

Therefore, the H2SO4-exposed mortar specimens experienced the higher rate of mass change 

in comparison with the HCl-exposed ones [24]. This indicates that besides the type of salt 

deposited during the acid attack, the type of oxide composition (Al2O3, SiO2, CaO) of the 

starting materials also influences the acid resistance of the mortar specimens. 

    

Fig. 2. Mass changes of different mortar exposed to pH=3 HCl and H2SO4 for 24 months 

0

50

100

150

200

250

300

350

0 90 180 270 360 450 540 630 720

M
as

s 
(g

)

Exposure time (day)

Brick powder+slag

Portland Cement

0

50

100

150

200

250

300

350

0 90 180 270 360 450 540 630 720

M
as

s 
(g

)

Exposure time (day)

Brick powder+slag

Portland Cement

High Alumina Cement

H2SO4 HCl 



239 
 

3.3. Compressive Strength Loss 

    Fig. 3 displays changes in compressive strength of different mortar specimens over the 24-

month acid exposure test. As seen, GC mortar exposed to pH=3 HCl showed minimal strength 

loss, whereas HAC control mortar exposed to pH=3 H2SO4 experienced maximal strength loss. 

All mortar exposed to pH=3 H2SO4 underwent comparatively much higher degrees of 

deterioration compared to those exposed to pH=3 HCl confirming the more deteriorative nature 

of pH=3 H2SO4 acid. At the end of exposure time, GC mortar with 2.6% and 83.1% strength 

losses in HCl and H2SO4, displayed the best durability performance, whereas HAC and OPC 

control mortars underwent strength losses of 20.5% and 68.2% in HCl and complete 

deteriorated after only 540 and 450 days in H2SO4, respectively. These observations for 

strength loss that are mostly in coincidence with mass change trends depicted in Fig. 2, confirm 

a comparatively excellent durability performance for GC mortar in mild concentration acid 

media. This superior durability performance in acid media for GC mortar compared to HAC 

and OPC control mortars is related to the relatively higher chemical stability of geopolymer 

aluminosilicate molecular structure compared to calcium-based hydration products of HAC 

and OPC [24]. 
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Fig. 3. Compressive strength changes of different mortars exposed to pH=3 HCl and H2SO4 for 24 months 

    The mass and compressive losses observed for HAC mortar in HCl are not in agreement 

with each other. As can be seen in Fig. 2 and Fig. 3, HAC shows a limited amount of mass loss 

at the end of the exposure time, whereas it also displays a relatively high compressive strength 

loss of about 68% at the same time. Quantitative evaluation of durability performance of 

mortars in acid media is difficult since it is based on not very accurate measurements. Mass 

loss values depends not only on the bush type (steel or plastic) used, but also greatly on the 

amount of force applied for brushing. Compressive strength measurement also is not very 

accurate since irregular shape of deteriorated mortar specimens result in significant errors. 

However, results of strength loss measurements are often regarded more reliable than results 

of mass loss measurements. The exceptionally low resistance of HAC mortar to pH=3 of both 

HCl and H2SO4 solutions is not only due to instability of its hydration products in acid media, 

but also due to the high w/c ratio applied in HAC mortar. According to EN 196-6, Secar 80 is 

produced with a relatively high Blaine specific area [25], which needs a relatively high w/c 

ratio. The higher the w/c ratio, the higher the penetrability of the mortar. 

3.4. Complementary Studies on Deteriorated Geopolymer Mortars 
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    For complementary studies on GC deterioration in acid media, samples from GC mortars 

deteriorated in pH=3 HCl and pH=3 H2SO4 were prepared and analyzed with XRD, FTIR 

spectroscopy, and SEM/EDS to investigate changes in the structure and chemical composition 

of the acid exposed samples.  

3.4.1. X-ray Diffraction 

    X-ray diffractograms of intact GC mortar (A) and GC mortars exposed to pH=3 H2SO4 (B) 

and pH=3 HCl for 24 months are displayed in Fig. 4. As seen, the diffractogram of intact GC 

mortar (A) shows quartz peaks (PDF#00-046-1045) originating from standard sand as well as 

a small broad hump between 20 to 30 degrees confirming the amorphous nature of the GC 

hydration products. The diffractogram of GC mortar exposed to H2SO4, however, confirms the 

presence of significant amount of gypsum (PDF#00-033-0311) in addition to quartz. Formation 

and deposition of gypsum crystals in the structure of the H2SO4-expsoed GC is a result of the 

reaction between calcium-containing compounds of GC and sulfate ions of acid and is also 

reported by other researchers [26-28]. The amount of gypsum formation and deposition is 

important since it can strongly affect the mechanism and the kinetics of the deterioration. Very 

limited amount of gypsum formation and deposition can result in some protective effect, 

whereas significant amount of which accelerates the deterioration rate through expansion 

cracking [29, 30]. As seen, the diffractogram of pH=3 HCl exposed GC mortar shows the 

existence of a few quantity of calcite as another crystalline compound in addition to quartz, 

confirming the amorphous nature of the degradation products of GC mortar due to pH=3 HCl 

attack. Calcite is not a direct product of HCl attack, but a secondary product due to gradual 

carbonation by atmospheric carbon dioxide. In fact, the calcium oxide as a degradation product 

of calcium-containing compounds undergoes gradual carbonation under the influence of 

dissolved atmospheric carbon dioxide. 
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Fig. 4. X-ray diffractogrms of intact geopolymer mortar (A) and geopolymer mortars after 24 months 

of exposure to pH=3 H2SO4 (B) and pH=3 HCl (C) 

3.4.2. Identification of Chemical Bonds 

    Studying the nature of chemical bonds by FTIR spectroscopy allows better realizing the 

chemical changes in the structure of the intact and acid-exposed GC mortars. The FTIR spectra 

of the intact and acid-exposed GC mortars are shown in Fig. 5. Table 2 presents the recognized 

absorption bands and their corresponding assignments. As can be seen from the spectra in Fig. 

5, the exposure to sulfuric and hydrochloric acid solutions caused the Si-O-X (X= Si or Al) 

asymmetric stretching to shift from 1028 cm-1 toward higher absorption wavenumbers of 1120 

and 1084 cm-1, respectively. This is because weaker Al-O bonds in the aluminosilicate 

framework were replaced with Si-O bonds during the acid exposure [31, 32]. This shifting was 

more noticeable for H2SO4-subjected specimens than that of HCl-exposed ones. In other words, 

H2SO4 attack resulted in more dealumination in GC mortar specimens. As can be seen in the 

FTIR spectrum of intact GC mortar (spectrum (1) in Fig. 5), the absorption band at 1422 cm-1 
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corresponds to the stretching vibration of O-C-O bond. The appearance of this band was due 

to the formation of carbonate compounds during the geopolymerization. However, this band 

disappeared in acid-exposed specimens (spectra (2) and (3) in Fig. 5), which was due to the 

dissolution of the carbonate compounds upon the course of acid attack [32]. Moreover, the shift 

of O-H stretching band from 3435 cm-1 to 3404-3546 cm-1 and also the displacement of H-O-

H band from 1652 cm-1 to 1622-1688 cm-1 were due to formation of gypsum crystals in the 

matrix of sulfuric acid-exposed mortar specimens [28]. 

 
Fig. 5. Absorption bands appeared in the FTIR spectra of the geopolymer mortars: (1) intact 

geopolymer mortar; (2) 24-month HCl (pH=3) exposed geopolymer mortar; (3) 24-month H2SO4 

(pH=3) exposed geopolymer mortar  

Table 2. Chemical bonds recognized in geopolymer mortars based on FTIR spectroscopy data (see 

Fig. 5) 

Sample No. and type a b c d 
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(2) HCl-exposed GC 

sample 

3436 1636 - 1084 

(3) H2SO4-exposed GC 

sample 

3404-

3546 

1622-1688 - 1120 

Chemical bonds 

Stretching 

vibration 

of O–H  

Bending vibration 

of H-O-H  

Stretching 

vibration of O-C-

O  

Stretching vibration 

of Si–O–X (X=Al or 

Si) 

 

Refs. [28, 33]  [28, 33]  [32]  [32, 34, 35]  

 

3.4.3. Microstructural Investigation 

    The changes in the microstructure of GC mortars exposed to acid attack were studied using 

SEM/EDS. SEM images displayed in Fig. 6 represent the general appearance of the intact GC 

mortar (image A) and those exposed to pH=3 HCl acid (image B) and pH=3 H2SO4 acid 

(images C&D). As seen in Fig. 6(a), a relatively homogeneous and dense microstructure was 

observed in the intact GC mortar matrix with no clear grain boundary. A few small microcracks 

were also detected. These microcracks could be drying shrinkage crack formed either during 

high temperature curing and/or drying SEM samples. Impact stresses applied when breaking 

mortar cubes for separating SEM samples can also result in some cracking [36]. As can be seen 

in images B and C, the relatively dense microstructure of intact GC mortar changed to a highly 

microcracked microstructure upon acid exposure confirming the breakdown of geopolymer 

network due to acid attack causing [37, 38]. Imaging GC mortar exposed to pH=3 H2SO4 at a 

relatively higher magnification enabled us to detect fine gypsum (CaSO4·H2O) crystals 

deposited inside the GC matrix (image D) confirming the same results achieved by XRD and 

FTIR spectroscopy.  
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Fig. 6. SEM images representing the general appearance of the microstructure of: (A) intact GC 

mortar, (B) pH=3 HCl exposed GC mortar, (C) pH=3 H2SO4 exposed GC, (D) gypsum crystals 

deposited in pH=3 H2SO4 exposed GC mortar 
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    The microstructure and chemical composition of the deteriorated surface layer of 24-month 

HCl (pH=3) exposed GC mortar was studied using SEM+EDS. A typical SEM image from 

polished fracture surface of this area with three EDS profiles of elemental analyses for Si, Ca, 

Al, Na, and Cl performed on deteriorated paste are displayed in Fig.7. For comparison 

purposes, the same information was obtained from intact GC mortar. Fig. 8 shows a typical 

SEM image from GC intact area with three EDS profiles of elemental analyses for Si, Ca, Al, 

Na, and Cl performed on intact hardened GC paste. The oxygen-free elemental composition 

obtained from EDS analyses on the selected deteriorated and intact areas (see Fig. 7 & Fig. 8) 

are represented in Table 3. The intact GC paste matrix exhibited a relatively dense and uniform 

microstructure with few fine microcracks due to shrinkage either during geopolymerization 

reactions or drying [39, 40] (see Fig. 8). Attack by pH=3 HCl, however, converted this 

relatively dense and uniform matrix into a highly porous and microcracked one that still 

exhibits some binding properties enabling it to retain its basic structure (see Fig. 7). A 

comparison of the oxygen-free elemental compositions of intact and deteriorated GC pastes 

(see Table 3) clearly confirms remarkable changes upon pH=3 HCl attack. 

    pH=3 HCl attack resulted in severe leaching of Ca (by about 92%), significant leaching of 

Na (by almost 62%), partial leaching of Al (by about 9%) from GC paste of the deteriorated 

surface layer compared to the intact GC paste. Knowing that leaching of these elements is due 

to the degradation of hydration products containing these elements, it can be claimed that 

almost all Ca-containing hydration products in GC paste are highly vulnerable to pH=3 HCl 

attack. The most common Ca-containing hydration products present in GCs and alkali-

activated cements are C-A-S-H and C-S-H, which are easily decomposed in acid media [41]. 

The incomplete leaching of Na from the acid exposed surface layer of GC is a sign of the 

presence of Na in the GC matrix not only in the form of charge balancing cation in geopolymer 

molecular structure, but also in a different chemically more stable form. The total Na content 
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of GC has two different main sources including alkali activator and RCBW powder. The Na in 

the alkali activator hydrates into Na(H2O)n
+ cation and makes a weak boding to tetrahedral Al 

to charge balance it in the geopolymer molecular structure, based on charge-balancing models 

given for alkali cations in geopolymer molecular structure [42]. This type of alkali detaches 

from the geopolymer molecular structure and leaches away easily even when exposed to 

hydronium ion in distilled water [42]. The leaching of this type of alkali when exposed to acid 

media is expected to be much faster compared to distilled water. 

Another Na in GC with a different type of chemical bonding originates from RCBW. The 

relatively larger RCBW particles react partially in the GC and the residue of nonreacted RCBW 

remained in the GC matrix includes some Na that is believed to strongly bound to the brick 

molecular structure through covalent bonding. This type of Na exhibits a much higher chemical 

stability in acid media and is leached away only in strong acid solutions. The partial leaching 

of Al from the GC matrix is in agreement with the partial aluminum removal from the 

geopolymer matrix confirmed in the results of FTIR spectroscopy (see Fig. 5 and Table 2). 

Therefore, almost complete leaching of Ca together with partial leaching of Na and Al from 

GC matrix during the 24-month course of pH=3 HCl attack, leaves behind a silica enriched 

matrix (see Table 3) which is highly micro-cracked due to leaching shrinkage (see Fig. 7). 
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Fig. 7. SEM images from deteriorated surface layer of 24-month HCl (pH=3) exposed GC mortar with 

the corresponding EDS elemental profiles (the acid exposed surface is on the left side) 
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Fig. 8. SEM micrographs from intact GC mortar with the corresponding EDS elemental profiles  

 

Table 3 Oxygen-free EDS elemental analysis (wt.%) of the boxes specified in SEM images displayed 

in Figs. 7 and 8 

 Si Ca Al Na Cl 

Spectrum 1 in Fig. 7 86.6 2.0 9.6 1.0 0.8 

Spectrum 2 in Fig. 7 84.1 3.1 9.5 1.7 1.6 

Spectrum 3 in Fig. 7 86.2 1.5 10.0 1.3 1.0 

Deteriorated matrix (Average) 85.6 2.2 9.7 1.3 1.1 

Spectrum 4 in Fig. 8 59.4 26.7 10.8 3.0 0.1 

Spectrum 5 in Fig. 8 58.3 27.2 10.5 3.7 0.2 

Spectrum 6 in Fig. 8 59.3 26.6 10.4 3.5 0.2 

Intact matrix (Average) 59.0 26.8 10.6 3.4 0.2 

 

    Fig. 9 represents a typical SEM image from the deteriorated surface layer of GC mortar 

exposed to pH=3 H2SO4 for 24 months and the corresponding EDS elemental profiles obtained 

from the boxes. The sulfuric acid attack changed the relatively dense and uniform 

microstructure of the GC matrix (as observed in Fig. 8) into a highly porous microstructure 

with a high number of microcracks partially filled with a precipitate that is brighter in color. 

The oxygen-free EDS compositions of the GC matrix and the precipitate inside the microcracks 

are collected in Table 4. As seen, the EDS elemental compositions obtained from the precipitate 

inside the microcracks is mainly composed of Ca and S (about 97% on oxygen-free basis) 
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confirming the formation and precipitation of gypsum inside the deteriorated GC matrix, as 

previously observed in XRD results (see Fig. 4). 

 

 
Fig. 9. SEM images from deteriorated surface layer of 24-month H2SO4 (pH=3) exposed GC mortar 

with the corresponding EDS elemental profiles  

    A comparison of the oxygen-free compositions of the matrix deteriorated in pH=3 H2SO4 

(Table 4, spectra 1 and 2) and the intact matrix (Table 3, spectra 4, 5, and 6) shows that Ca, 

Na, and Al were leached away into the acid solution by about 97%, 94%, and 77%, 

respectively. Such an extensive leaching of the main elements of the matrix accelerates the 

sulfate ions penetration into the matrix through the shrinkage pores and microcracks. Part of 
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the penetrating sulfate ions react with countercurrent diffusing Ca ions inside the microcracks 

bringing about the precipitation of gypsum crystals inside microcracks (Fig. 9, boxes and 

spectra 3 & 4) and the other part penetrate and react with Ca inside the matrix resulting in the 

precipitation of fine gypsum crystals (Fig. 9, boxes and spectra 1 & 2). It is believed that 

gypsum crystals precipitation and growth inside the matrix and the microcrack induce 

significant internal disintegrating stresses that lead to expansion, cracking and finally spalling 

of the deteriorated surface layers [43, 44]. The mechanism of deterioration of GC matrix due 

to pH=3 H2SO4 attack, therefore, starts with leaching of alkali and alkali earth metals together 

with breakdown and dealumination of geopolymer molecular structure followed by expansion 

and spalling of surface layers caused by internal stresses induced by gypsum crystals growth. 

The results of this research work confirmed that attack by H2SO4 is more aggressive than attack 

by HCl at the same pH value of 3. This can be attributed to role of gypsum resulting in 

expansion and spalling of deteriorated surface layers and in this way accelerating the total rate 

of deterioration. 

Table 4 Oxygen-free EDS elemental compositions (mass%) of the boxes shown in in SEM 

micrograph displayed in Fig. 10 

 Si Ca Al Na S 

Spectrum 1 95.7 0.4 2.4 0.1 1.3 

Spectrum 2 95.6 0.9 2.3 0.2 1.0 

Deteriorated matrix (Average) 95.7 0.7 2.4 0.2 1.2 

Spectrum 3 1.3 54.1 0.1 0.8 43.7 

Spectrum 4 3.0 53.0 0.3 0.5 43.2 

Gypsum deposit (Average) 2.2 53.6 0.2 0.7 43.5 

 

4. Conclusions 
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    This study investigated the acid resistance of red clay brick waste/phosphorus slag-blended 

geopolymer cement mortar. The acid resistance experiments were performed by immersing the 

mortar specimens in hydrochloric and sulfuric acid solutions (pH=3). The acid immersion time 

was set up to 24 months. High alumina cement (Secar 80) and type II Portland cement mortars 

were used as reference. The geopolymer mortar experienced minimal loss of physical and 

mechanical properties upon prolonged acid solutions exposure. This excellent durability 

performance of geopolymer cement was found to be due to its relatively low calcium content 

and its high acid resistant aluminosilicate structure. Based on the results, pH=3 acid attack led 

to noticeable leaching of calcium and sodium content of geopolymer cement paste into the acid 

solution confirming the weak chemical bond of calcium and sodium cation in the paste matrix. 

The minor sodium content of the material resisting acid attack and exhibiting a strong bonding 

type originates from the non-reacted brick particles existed in the matrix.  

    By comparing the degradation results of the hydrochloric and sulfuric acid attack, it was 

found that sulfuric acid causes greater and faster degradation. It was due to the deposition of 

gypsum crystals in the geopolymer matrix which induced internal disintegrating stresses and 

consequently the formation of microcracking and surface spalling. 
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