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CHAPTER 1 

 

 

 

INTRODUCTION 

 

 

 

1.1. Overview 

According to the American Society of Civil Engineers, the United Statesô infrastructure is 

outdated and needs trillions of dollars in investment [1]. The National Academy of Engineering 

also recognizes restoring and improving urban infrastructure as one of the Grand Challenges for 

Engineering which are awaiting engineering solutions in the 21
st
 century [2]. An important 

aspect of improving infrastructure is improving and advancing construction materials. 

Portland cement concrete is the most used construction material for civil infrastructure in 

the world [3]. Research has led to advanced cement-based composites for civil infrastructure that 

have properties such as the ability to stay clean while removing pollutants from the air [4, 5], 

transmit light through the material [6], or sense damage [7, 8]. The use of short, randomly 

distributed, discontinuous fibers in cement-based composites has led to increases in strength, 

toughness, impact and fatigue resistance, and durability as well as a decrease in plastic shrinkage 

cracking [3, 9-11]. Additionally short, randomly distributed, discontinuous fibers have been 

shown to provide multifunctional capabilities to cement-based composites such as strain, 

temperature, and damage sensing and thermal conductivity [12-30]. 

More recently, the use of hybrid discontinuous fiber reinforcement consisting of the 

combination of multiple fiber types and/or sizes that are randomly distributed within the material 

has been found to improve the mechanical properties beyond the sum of the improvements from 

each individual fiber size/type alone [31]. However, current hybrid fiber reinforced cement-
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based composites mostly use only macroscale and microscale discontinuous fibers. Because 

cracking and flaws in cement-based composites exist from the nanoscale to the macroscale, the 

use of discontinuous fiber reinforcements implemented from the nanoscale to the macroscale 

could allow for novel, advanced cement-based composites with tailored properties and improved 

mechanical performance and durability. 

Recent advances in nanotechnology have allowed for large-scale commercial production 

and characterization capabilities of carbon nanotubes (CNTs) and carbon nanofibers (CNFs) 

[32]. CNTs/CNFs have properties such as large surface areas, high aspect ratios, good chemical 

resistance, electrical conductivity, and thermal conductivity, and extraordinary strength, which 

make them excellent candidates for nanoscale reinforcement in cement-based composites [32-

35]. However, CNTs and CNFs have a strong van der Waals self-attraction and high 

hydrophobicity, which cause the CNTs/CNFs to form bundles that create microscale 

agglomerates in the composite [35]. Most research efforts to date have been placed on dispersing 

CNTs/CNFs in cement-based composites [13-16, 26, 35-65] and the effect of CNTs/CNFs on the 

composite mechanical properties [15-19, 36, 37, 39-47, 50, 52, 55-58, 64, 66, 67]. Despite these 

efforts, the dispersion state of CNTs/CNFs in cement-based materials is still not well understood 

and remains a major and on-going challenge. Additionally, results to date on the mechanical 

properties have been mixed with some studies showing significant improvements (up to 47% 

increase for the flexural strength [57] and over 100% increase for the tensile strength [19, 29]) 

even for small addition of CNTs/CNFs such as 0.05% by weight of cement (wt%), while others 

have reported border line improvements to no improvement and in some cases deterioration of 

the composite mechanical properties [15-19, 29, 36, 37, 39-47, 50, 52, 55-58, 64, 66, 67]. 
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1.2. Objectives and Approach 

The objective of the research included in this dissertation was to investigate the inclusion 

of CNFs in cement paste for use as nanoreinforcement. In particular, this research focused on: (i) 

the dispersion and distribution of CNFs in cement pastes, (ii) the effect of CNFs on the micro- 

and macromechanical properties of the composite material, and (iii) the hybrid effect of CNFs 

and carbon microfibers (CFs) on the microstructure and multiscale mechanical properties of 

portland cement pastes. There are four specific objectives addressed in this dissertation 

including: 

1. Determining the effect of dispersion methods and CNF loading on: (i) CNF 

disaggregation and dispersion in solutions and (ii) subsequent dispersion and distribution 

in cement pastes. 

2. Investigating the micromechanical properties of hydrated cement pastes containing 

CNFs, including the effect of CNFs on the overall distribution of micromechanical 

properties at the local level and on representative major cement phases (i.e., C-S-H and 

CH) and the micromechanical response at the local level in and around CNF 

agglomerates. 

3. Determining the effect of CNFs on the macromechanical properties of cement pastes, 

including strength, modulus, and toughness in compression, splitting tension, and flexure. 

4. Evaluating the hybrid effect of CNFs and CFs on the microstructure and multiscale 

mechanical properties of cement pastes. 

An integrated multiscale experimental approach was used to better understand the 

capabilities of CNFs as nanoreinforcement. Cement-based composites were investigated using 

both traditional and state-of-the-art experimental methods for mechanical, physical, and chemical 
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characterization. Studies were conducted at both the micro- and macroscale levels to better 

understand the processing-microstructure-dispersion and dispersion-property relationships for 

these materials. State of the art experimental characterizations, including variable pressure 

scanning electron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy 

(EDS), nanoindentation, optical microscopy, and traditional mechanical testing (i.e., three-point 

bending, splitting tension, and uniaxial compression) were integrated to convey the key aspects 

of CNF addition and dispersion in cement-based composites and the effects of CNFs on the 

mechanical properties (i.e., strengths, elastic moduli, and toughness values) of the composites. 

 

1.3. Structure of the Dissertation 

 This dissertation is organized in seven chapters. Chapter 1 provides an overview of the 

dissertation, the overall and specific research objectives, and the structure of the dissertation. 

Chapter 2 contains a review of the literature pertaining to this dissertation. An overview of fiber 

reinforced cement-based composites, the use of CNTs/CNFs as nanoreinforcement in cement-

based composites, and the micromechanical properties and mineralogy/microstructure of cement-

based composites is given. Chapter 3 discusses the dispersion of CNFs. The dispersion of CNFs 

in solution and in cement-based composites is investigated including the migration of CNFs 

during cement curing. Chapter 4 discusses the micromechanical properties of cement-based 

composites containing CNFs. The overall distribution of micromechanical properties at the local 

level (i.e., cement-based composite constituents), the distribution of micromechanical properties 

of the cement hydration phases, and the micromechanical responses obtained in and around CNF 

agglomerates are determined. Chapter 5 discusses the macromechanical properties of cement-

based composites containing CNFs. The effects of the CNF dispersion method and CNF loading 
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on the macromechanical properties are determined. Also, the effect of CNFs on the 

macromechanical properties of cement-based composites with the addition of silica fume is 

examined. Chapter 6 discusses the use of CNFs with CFs as a multiscale hybridization of fiber 

reinforcement for cement-based composites. The hybrid effect of CNFs and CFs on the 

microstructure and CNF dispersion and distribution, the micromechanical properties, and the 

macromechanical properties of cement-based composites is determined. Lastly, Chapter 7 

summarizes the results of this research and includes recommendations for future work. 
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CHAPTER 2 

 

 

 

LITERATURE REVIEW 

 

 

2.1. Overview 

 This chapter provides a review of the literature. An overview of fiber reinforced cement-

based composites including their properties, multifunctional capabilities, and ability to be 

tailored to specific needs and the use of hybrid fiber reinforcement is given. Also discussed, is 

the use of CNTs/CNFs as nanoreinforcement in cement-based composites including CNT/CNF 

properties and dispersion and the mechanical properties of cement-based composites containing 

CNTs/CNFs. Lastly, the micromechanical properties of individual cement phases and unhydrated 

cement particles determined by nanoindentation and the micromechanical, mineralogical, and 

microstructural differences seen in cement-based composites with fiber reinforcement including 

nanoscale fiber reinforcement are summarized.  

 

2.2. Fiber Reinforced Cement-Based Composites 

The use of relatively short, randomly distributed, discontinuous fibers including steel, 

polymeric, carbon, and glass in cement-based composites, known as fiber reinforced concrete 

(FRC), is of high interest because of the fibersô ability to improve post cracking load bearing 

capability by controlling the growth of cracks [3]. The mechanism of the fiber reinforcement is 

to transfer stresses across flaws and cracks (Figure 2.1), which can improve the strength, 

toughness, impact resistance, fatigue strength, and durability and reduce plastic shrinkage 

cracking of cement-based composites [3, 9-11, 68].  
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Figure 2.1. Mechanisms of fiber reinforcement modified from [68]. 

 

 

In addition to mechanical and durability improvements, randomly distributed, 

discontinuous fibers can give cement-based composites multifunctional capabilities. FRC 

containing carbon fibers has been shown to have self-sensing capabilities because of a 

determinable relationship that exists with the materialôs electrical resistivity and strain known as 

piezoresistivity [12-26]. In addition to strain sensing, the piezoresistive behavior of carbon FRC 

has also been shown to be useful for damage sensing, traffic monitoring, weighing in motion, 

and corrosion monitoring of rebar [23-25, 27, 28]. Carbon FRC has also been shown to be 

effective for protection from electromagnetic radiation such as radio waves produced by cell 

phones, which is important for sensitive electronic devices [18, 19, 29]. Furthermore, steel FRC 

has been shown to be effective for melting snow on roadways because of the materialôs thermal 

conductivity [30]. 
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The characteristics of FRC including its mechanical performance, durability, or 

multifunctional capabilities can be affected by many variables including but not limited to the 

fiber type, fiber size, fiber distribution, and mix composition [9]. The many variables that 

influence the characteristics of FRC can make designing and reproducing composites 

challenging, but those same variables allow FRCs to be tailored for specific applications [9]. For 

example, steel fibers have been used in highway and airport runway overlay pavements to reduce 

the thickness of the slab and cracking [3]. In addition, FRCs have been tailored for airport 

runway pavements to be resistant to temperatures greater than 1500°C for the high temperature 

exhaust blasts [69]. 

More recently, using fibers in combination, called fiber hybridization, has become of 

interest [10, 31]. Hybrid fiber reinforcement can include multiple fiber types or multiple fiber 

sizes to improve multiple constitutive responses, control multiple size cracks, or provide multiple 

functions such as one fiber type/size for early age response and another for long-term mechanical 

properties [31]. The use of hybrid fiber reinforcement also has the potential to improve cement-

based composites more than the use of fiber reinforcement of a single type/size by ñsynergy.ò 

Synergy refers to each fiber type/size improving the composites with the combination of the fiber 

types/sizes being more beneficial than the sum of the improvements from each fiber type/size 

alone [10, 31]. The work by Yao et al. [70] shows an example of synergy as the flexural behavior 

of a cement-based composite containing carbon and steel microfibers allowed for a flexural 

strength of over 12 MPa after the initial cracking of the matrix while the strength of the 

composite with only CFs at a similar deflection was less than 2 MPa and only steel fibers was ca. 

5 MPa. 
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Several other instances of hybrid fiber reinforcement in cement-based composites have 

shown material improvements [71-77]. Cement-based composites containing three sizes of steel 

fibers from the micro- to macroscale were found to have a tensile strength of more than 20 MPa 

(typical cement-based composites have a tensile strength of ca. 7-11% of the compressive 

strength, i.e., ca. 2-4 MPa [3]) in addition to improved fatigue behavior, ductility, strain capacity, 

and durability compared to traditional FRC [78-83]. Impact resistance has also been shown to be 

improved by the use of hybrid fiber reinforcement [84]. However, one study has shown 

decreased flexural toughness with steel and glass and steel and polyester hybrid microfiber 

reinforcements, compared to steel microfibers alone in cement-based composites [85]. More 

recently, cement-based composites containing microscale polyvinyl alcohol fibers and nanoscale 

CNFs together were shown to have increased flexural strength, modulus of elasticity, and 

toughness as compared to cement-based composites with no fibers or polyvinyl alcohol fibers or 

CNFs alone [49]. 

 

2.3. CNTs/CNFs as Nanoreinforcement in Cement-Based Composites 

 

2.3.1. CNT/CNF Properties 

The unique properties of CNTs and CNFs (also known as cup-stacked CNTs) such as 

high aspect ratios, strength to density ratios, thermal and electrical conductivities, and corrosion 

resistivity allow them to be excellent candidates for nanoscale material reinforcement [33-35]. 

CNTs and CNFs are both graphitic [34] and can be produced commercially using chemical vapor 

deposition [86]. CNTs are different from CNFs in that they are smaller in size [86, 87], are 

closed at both ends, and are available in two varieties: single-walled carbon nanotubes 
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(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) [88]. The mechanical and 

electrochemical properties decrease from SWCNT to MWCNT to CNF, but the cost also 

decreases in the same order [86, 87]. SWCNTs have diameters of 0.3-2 nm and lengths of 200+ 

nm, MWCNTs have diameters of 10-50 nm and lengths of 1-50 ɛm [86], and CNFs have 

diameters of 50 to 200 nm and lengths up to a few hundred microns [87]. While SWCNTs and 

MWCNTs are closed continuous hollow tubes, CNFs are open at both ends and consist of 

multiple concentric tubes so that step-like edges exist at the termination of each tube (Figure 2.2) 

[86, 87]. The smooth graphitic structure of the CNTs does not allow for proper adhesion between 

the CNTs and the material matrix [55]. In contrast, the step-like edges of the CNFs are 

advantages for bonding with the material matrix [42]. 

 

Figure 2.2. Comparison of CNTs and CNFs. 

 

 

2.3.2. CNT/CNF dispersion 

CNTs and CNFs both possess a strong van der Waals self-attraction and high 

hydrophobicity that cause them to agglomerate and form bundles, hindering their dispersion [13-

19, 26, 32, 35-45, 47, 50, 53-60, 64, 66, 89-91]. A large amount of research has gone into 

dispersing CNTs and CNFs, especially in the area of polymer science [32, 90, 91]. Methods used 

to disperse CNTs/CNFs include covalent, non-covalent, and mechanical methods [90]. Covalent 

SWCNT MWCNT CNF
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methods involve using acid treatment to functionalize the surface of the CNTs/CNFs [90]. Non-

covalent methods involve using a surfactant to wrap the CNTs/CNFs [90]. Mechanical methods 

include various methods of mixing and agitation such as high shear mixing and ultrasonication 

[90]. 

Each type of method, covalent, non-covalent, and mechanical, has been used both, 

individually and in combination, to aid in the dispersion of CNTs/CNFs in cement-based 

composites. Covalent methods that have been used to aid in dispersing CNTs/CNFs include 

mainly surface treatment with nitric acid (HNO3) and/or sulfuric acid [15, 16, 36-42]. The many 

non-covalent methods that have been used to date to aid in the dispersion of CNTs/CNFs in 

cement-based composites include: cetylrimenthyl ammonium bromide [58], gum Arabic [36, 

43], lignosulfonate salt [44], modified acrylic polymer high-range water reducer (HRWR) [40], 

polyacrylic acid polymer HRWR [36, 45], polycarboxylate-based HRWR (P-HRWR) [37, 38, 

46-52], sodium deoxycholate [43], sodium dodecyl benzene sulfonate [43], sodium dodecyl 

sulfate [16], and solvents such as acetone, ethanol, and isopropanol [35, 41, 53, 54]. The most 

predominant mechanical method used is ultrasonication [13-15, 26, 35-38, 40, 41, 43, 45, 47, 50, 

54-60]. Additional methods that have been used for dispersing CNTs/CNFs in cement-based 

composites with various levels of success include direct synthesis of the nanofilaments on the 

cement particles and silica fume particles [61-63] and adding silica fume to the cement mix [42, 

50, 64]. 

A major issue with dispersing CNTs/CNFs in cement-based composites is that the 

method used to disperse the CNTs/CNFs must be compatible with the cement hydration process 

[65]. For example, lignosulfonate salts are known to slow the hydration reaction as they are often 

used as set retarding admixtures [3]. Solvents such as isopropanol and acetone also have a 
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negative effect on the cement hydration process as they are commonly used to stop the hydration 

reaction of cement for experimental purposes [92].  

Another difficulty with the dispersion of CNTs/CNFs is that quantifying the dispersion in 

a material is challenging [90]. Optical microscopy can be used to visualize CNTs/CNFs in 

materials but mostly to see agglomerates on the microscale [90]. Methods such as light 

scattering, fluorescence, small angle neutron scattering, and Raman spectroscopy can also be 

used to evaluate dispersions of CNTs/CNFs [90, 93-96] but are not appropriate for dispersions of 

CNTs/CNFs in cement-based composites. SEM, transmittance electron microscopy (TEM), and 

atomic force microscopy (AFM) are techniques that have been shown to be useful for examining 

the dispersion of CNTs/CNFs in cement-based composites, though challenges exist with each 

one of these methods such as viewing too small of a sample size or a non-representative sample 

or requiring pretreatment that affects the sample [90].  

 

2.3.3. Mechanical Properties of CNT/CNF Reinforced Cement-Based Composites 

Several authors have presented strength values of cement-based composites containing 

CNTs/CNFs [15-19, 36, 37, 39-47, 50, 52, 55-58, 64, 66, 67]. The studies vary by composite mix 

design, CNT/CNF loading rates, and dispersion method, and the results to date have been 

conflicting. CNT/CNF loadings have ranged from 0.006 wt% to 5 wt%, but most results have 

been reported on CNT/CNF loadings up to 1 wt% [15-19, 36, 37, 39-47, 50, 52, 55-58, 64, 66, 

67]. Compressive strengths have been shown to increase by up to 70% when CNTs are used in 

cement-based foam concrete [44] while decreases of 6 times lower than the control specimens 

have been seen in cement mortars containing CNTs [40]. Similarly, compressive strengths have 

been shown to increase by up to 43% when CNFs were added to concrete [17] but decrease by 
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up to 30% when CNFs were added to cement pastes [18, 19]. Flexural strengths were shown to 

increase by up to 47% when cement-based composites contained CNTs [57], but no change in 

the flexural strength [45] and a decrease in flexural strength of up to 2.5 times that of the control 

[40, 52] were also seen in different instances. No change in flexural strength was reported for 

CNFs in cement-based composites [67]. Tensile strengths for cement-based composites 

containing CNFs have ranged from no significant change to over a 100% increase in strength 

[18, 19, 41, 42, 46, 64]. 

Additional mechanical properties of cement-based composites with CNTs/CNFs have 

been reported in the literature, but are not as prevalent as the strength values. Like the strength 

values, conflicting results have been presented for the Young's modulus and compressive 

modulus of cement-based composites containing CNTs/CNFs [18, 19, 47, 50, 66]. However, 

composites with CNTs/CNFs have shown an increased failure strain and deformation ability [17-

19, 39]. CNTs have also been reported to increase the toughness of cement-based composites 

[57], and CNFs have been shown to improve the structural integrity of cement-based composites 

[41, 64]. 

 

2.4. Micromechanical Properties and Mineralogy/Microstructure of Cement-Based 

Composites 

 

Although the macroscale properties, especially macromechanical properties, of cement-

based composites are important for civil infrastructure applications, cement-based materials have 

a multiscale structure, and consideration of this structure is important for tailoring multiscale 

fiber reinforced cement-based composites. Nanoindentation paired with SEM/EDS, optical 

microscopy, or statistical methods has been used to determine the micromechanical properties of 

cement phases and unhydrated cement particles in cement-based materials (Table 2.1) [97-111]. 
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Nanoindentation has revealed that the main building block of cement-based composites, calcium-

silicate-hydrate (C-S-H), exists as a low stiffness and high stiffness form [100, 101, 103]. The 

technique has also shown the high stiffness form of C-S-H to be resultant of the presence of 

calcium hydroxide (CH), another major phase of cement-based materials, between the C-S-H 

layers [108]. 

 

 

Table 2.1. Elastic modulus and hardness of cement phases as reported in the literature from 

nanoindentation. 
 Modulus (GPa) Hardness (GPa) Reference 

Unhydrated cement particles 

 

122.2 ± 7.85 

141.1 ± 34.8 

6.67 ± 1.23 

9.12 ± 0.90 

Mondal, Shah, and Marks [104] 

Sorelli, et al. [107] 

Tricalcium silicate, 3CaO·SiO2 

(C3S) 

135 ± 7 

135 ± 7 

8.7 ± 0.5 

8.7 ± 1 

Velez, et al. [99] 

Acker [97, 98] 

Dicalcium silicate, 2CaO·SiO2 
(C2S) 

130 ± 20 

130 ± 20 

8 ± 1.0 

8 ± 2 

Velez, et al. [99] 

Acker [97, 98] 

Tricalcium aluminate, 

3CaO·Al2O3 (C3A) 

145 ± 10 

145 ± 10 

10.8 ± 0.7 

10.8 ± 1.5 

Velez, et al. [99] 

Acker [97, 98] 

Tetracalcium aluminoferrite, 

4CaO·Al2O3·Fe2O3 (C4AF) 

125 ± 25 

125 ± 25 

9.5 ± 1.4 

9.5 ± 3 

Velez, et al. [99] 

Acker [97, 98] 

Alite 125 ± 7 9.2 ± 0.5 Velez, et al. [99] 

Belite 127 ± 10 8.8 ± 1.0 Velez, et al. [99] 

Calcium hydroxide, CH 40.3 ± 4.2  

36 ± 3 

38 ± 5 

1.31 ± 0.23  

1.35 ± 0.5 

Constantinides and Ulm [103] 

Acker [97, 98] 

Constantinides and Ulm [100] 

Calcium silicate hydrate, C-S-H    

High stiffness 

 

29.1 ± 4.0  

31 ± 4 

29.4 ± 2.4 

38.0 ± 5.6 

31.4 ± 2.1 

31.0 ± 4.0 

29.8 ± 2.3 

28.5 ± 2.6 

29.1 ± 5.3 

34.2 ± 5.0 

0.83 ± 0.18  

0.9 ± 0.3 

 

1.43 ± 0.29 

1.27 ± 0.18 

 

 

 

 

1.36 ± 0.35 

Constantinides and Ulm [103] 

Acker [97, 98] 

Constantinides and Ulm [100] 

Mondal, Shah, and Marks [104] 

Zhu, et al. [105] 

Jennings, et al. [106] 

Jennings, et al. [106] 

Jennings, et al. [106] 

Jennings, et al. [106] 

Sorelli, et al. [107] 

Low stiffness 

 

18.2 ± 4.2  

20 ± 2 

21.7 ± 2.2 

22.89 ± 0.76 

23.4 ± 3.4 

18.1 ± 4.0 

17.8 ± 4.3 

18.0 ± 3.1 

18.3 ± 3.8 

19.7 ± 2.5 

0.45 ± 0.14  

0.8 ± 0.2 

 

0.93 ± 0.11 

0.73 ± 0.15 

 

 

 

 

0.55 ± 0.03 

Constantinides and Ulm [103] 

Acker [97, 98] 

Constantinides and Ulm[100] 

Mondal, Shah, and Marks [104] 

Zhu, et al. [105] 

Jennings, et al. [106] 

Jennings, et al. [106] 

Jennings, et al. [106] 

Jennings, et al. [106] 

Sorelli, et al. [107] 
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The micromechanical properties summarized in Table 2.1 were determined from many 

different cement-based composites including plain cement pastes with a water-to-cement (w/c) 

ratio of 0.5 [103] and ultra-high performance concretes with a w/c ratio below 0.2 [97]. 

Additionally, values were obtained from cement-based composites that had been heat treated 

during curing or had included alternative binders such as silica fume [106, 110]. The consistency 

in the micromechanical properties presented to date show that the values are intrinsic to the 

individual phases and, therefore, do not change from one cement-based composite to another 

[100, 106]. 

The micromechanical properties of the interfacial transition zone (ITZ) around inclusions 

including aggregates and steel microfibers have also been investigated [109-111]. Findings 

suggest that the ITZ can be tailored by changes in the w/c ratio and the addition of alternative 

binders such as silica fume [109]. In the cases where the ITZ was weaker than the bulk matrix, 

an increase in porosity was to blame [110, 111]. 

Recently, the micromechanical properties of cement-based composites containing CNTs 

have been reported [47, 66, 112-114]. An increased probability of high stiffness C-S-H at the 

expense of low stiffness C-S-H has been reported when CNTs were used as nanoreinforcement 

[47, 112, 113]. However, two separate studies have shown that changes in the micromechanical 

properties of CNT reinforced cement-based composites are dependent on the method of 

dispersion used [66, 114]. 

Besides the micromechanical properties, the mineralogy and microstructure of cement-

based composites have been shown to be affected by the presence of fibers. When macroscale 

fibers with diameters ranging from 0.1 to 1.0 mm have been used, ITZ of up to 100 µm wide 

with high porosity and large CH crystal deposits have been reported [115]. The ITZ is thought to 
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be caused by the combination of bleeding of the hydration water and wall effects, which lead to 

the presence of water-filled space at the fiber-matrix interface and the development of less 

hydration products around the fibers [115]. In contrast, in the presence of microscale fibers, the 

ITZ has been shown to be significantly reduced. Because the size of the microfibers is similar to 

that of the cement grains, the wall effect around microscale fibers is reduced allowing the 

microstructure of the ITZ to be similar to that of the bulk cement matrix [115, 116]. 

Additionally, the use of microscale metal fibers including steel, brass, and brass-coated steel 

fibers have shown to act as a preferential nucleation site for CH and C-S-H [117]. Furthermore, 

the interface between CFs and a cement-based matrix has been reported to be influenced by the 

presence of silica fume causing a change in failure mode from fiber pull-out to fiber fracture 

[118]. Smaller scale fibers, including CNTs and CNFs, have been shown to reduce the formation 

of CH and affect its crystallinity and size [37, 60], reduce the amount of tobermorite or change 

the C-S-H phase when functional groups are present [39, 40], and increase the degree of 

hydration by acting as nucleation sites [67]. Conversely, one study has indicated that CNTs had 

no chemical interaction with cement or fly ash and, therefore, no effect on the degree of 

hydration of cement/fly ash composites [56]. 

 

2.5. Conclusions 

Literature pertaining to this dissertation was reviewed, and the following conclusions 

were made: 

¶ Research to date on hybrid fiber reinforcement of cement-based composites has mostly 

included microscale and macroscale fibers. Because cement-based composites contain 
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flaws and cracks on the nanoscale, the addition of nanoscale fibers has great potential for 

further improving the properties of FRC and more research in this area is needed. 

¶ The state of dispersion of CNTs/CNFs in cement-based composites is still not well 

understood. The literature mostly considers the dispersion state of CNTs/CNFs in 

aqueous solution prior to mixing with cement, and to date the connection between the 

dispersion state in solution and in the hydrated cement-based composites has not been 

made. As the overall dispersion state affects the efficiency of the CNTs/CNFs as 

nanoreinforcement in cement-based composites, this area needs to be further investigated. 

¶ Most research to date on the mechanical properties of cement-based composites with 

nanoreinforcement has concentrated mainly on CNTs, and the results have been mixed. 

Research on the use of CNFs is still scarce, and the effects of CNFs on the mechanical 

properties of cement-based composites are still not well understood. Additionally, little is 

known concerning the effect of the state of CNF dispersion on the composite mechanical 

properties. 

¶ Nanoindentation offers a unique opportunity to access the micromechanical signature of 

the elementary building blocks that constitute cement-based composites. While several 

studies have investigated the micromechanical properties of pure hydrated and 

unhydrated cement phases, fewer studies have been conducted to investigate the effect of 

inclusions. The addition of CNFs and any subsequent formation of microscale CNF 

agglomerates are expected to have a significant impact on the microscale properties of 

cement-based composites. Yet, the effect of CNFs and CNF microscale agglomerates on 

the micromechanical properties of cement-based composites has not been investigated.
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CHAPTER 3 

 

 

 

DISPERSION OF CNFS IN CEMENT-BASED COMPOSITES 

 

 

3.1. Overview 

 CNFs have the potential to be excellent nanoscale reinforcement of cement-based 

composites due to their excellent properties including high aspect ratios and extraordinary 

strength (i.e., aspect ratios of about 1000:1 [87] and strengths of over 2.5 GPa [119]). However, 

CNFs are hydrophobic and possess a strong van der Waals self-attraction that causes them to 

form agglomerates. The objective of this chapter is to determine the effect of dispersion methods 

and CNF loading on: (i) CNF disaggregation and dispersion in solutions and (ii) subsequent 

dispersion and distribution in cement pastes.  

The effect of dispersion methods, including covalent, non-covalent, and mechanical 

methods, and CNF loading on the CNF disaggregation and dispersion in solutions and the 

subsequent dispersion and distribution in cement pastes was determined using a multiscale 

experimental approach involving both qualitative and quantitative analysis. The dispersion of 

CNFs was examined in portland cement pastes and in two (2) types of solutions: (i)  an aqueous 

solution typically as the mix water to make cement-based composites (ñmix waterò solution) and 

(ii) a solution that simulated the pore solution found in cement-based composites during the 

hydration process (ñcement pore waterò solution).  Visual inspection was used to qualitatively 

evaluate the dispersion of the CNFs in the solutions and cement pastes on the macroscale, while 

optical microscopy was used on the microscale. In addition, SEM was used for qualitative 

evaluation on the microscale for the cement pastes. Quantitative analysis of the dispersion of 
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CNFs in the solutions and cement pastes was completed using image analysis of micrographs. In 

addition, a study to determine the effect of w/c ratio on potential CNF migration in cement pastes 

was performed. 

 

3.2. Experimental Detail 

 

3.2.1. Materials 

 Commercially available, vapor grown, Pyrograf®-III PR-19-XT-LHT CNFs (Applied 

Sciences, INC., Cedarville, OH, USA) were used for the study. As per the manufacturer, the 

CNFs ranged from 70-200 nm in diameter and 50,000 to 200,000 nm in length and had a density 

of 1.95 g/cm
3
 and a surface area of 20-30 m

2
/g. The CNFs were used ñas receivedò or after 

surface treatment with HNO3. Surface treatment with HNO3 consisted of the immersion and 

ultrasonication of the CNFs in 67-70% Trace Metal Grade HNO3 (Fisher Chemical, Waltham, 

MA, USA) using a liquid to solid ratio of 28.5 mL/g for approximately three (3) hours [42, 120]. 

The resulting suspension was repeatedly washed in Milli-Q water and filtered using a vacuum 

filtration system and GHPolypro membrane filters (Pall Corporation, Ann Arbor, Michigan, 

USA) with 0.45 µm pores until the pH of the wash water was neutral. The filtered CNFs were 

dried in an oven at 105°C for 24 hours.  

Three non-covalent dispersing agents, known to have minimal negative effects on cement 

hydration reactions [3], were evaluated: a sulfonated naphthalene condensate HRWR (N-

HRWR)ïRheobuild® 1000 (BASF, Ludwigshafen, Germany), a P-HRWRïGlenium® 7500 

(BASF, Ludwigshafen, Germany), and an air-entraining admixture (AE)ïMicroAir® (BASF, 

Ludwigshafen, Germany). HRWRs are frequently used in concrete technology to improve the 
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workability of fresh cement-based composites [3]. The N-HRWR works through electrostatic 

repulsion (i.e., providing particles with a highly negative surface charge by adsorption onto the 

particle surface so that the particles repel each other) [3]. The P-HRWR works through a dual 

mechanism: electrostatic repulsion and steric stabilization [3]. Steric stabilization is a mechanism 

in which the long molecules of the polymer wrap around the particles and inhibit them from 

approaching each other within the distance that the van der Waals forces are dominant [121]. 

Sterically stabilized dispersions are not significantly affected by the presence of electrolytes 

compared to electrostatically stabilized dispersions that are readily disrupted by electrolyte 

presence [121]. AEs are common practice in concrete technology to increase freeze-thaw and 

scaling resistances [3]. The AE used for the study is a modified resin acid compound-based 

anionic surfactant that lowers the surface tension of water allowing for easier dispersion of 

particles in aqueous solution [3]. 

The cement pastes were made with type I Portland cement (Holcim (US) Inc., Waltham, 

MA, USA). The cement composition as determined by X-ray fluorescence (XRF) performed by 

Lafarge North America Terminal Office (Nashville, TN, USA) and the Bogue equations [122] is 

given in Table 3.1. The specific surface area of the cement, determined by Lafarge using the 

Blaine air permeability test, was 423 m
2
/kg. 
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Table 3.1. Composition of the portland cement used as determined by XRF and the Bogue 

equations (Lafarge North America Terminal Office, Nashville, TN, USA). 

 

 

3.2.2. Preparation of CNF Suspensions 

 

3.2.2.1. CNF Suspensions in ñMix Waterò Solution 

A total of six (6) aqueous suspensions were prepared with 7.2 g/L of CNFs in various 

Milli -Q water-dispersing agent solutions. The dispersing agentïwater weight ratio used was 

3.6%. All  ratios for the suspensions were selected based on the mix water requirements to make 

a cement-based composite with 0.2 wt% CNFs (based on values found in the literature [35, 64, 

113]), a w/c ratio of 0.28 (based on the study included in Section 3.3.3), and 1 wt% of dispersing 

agent (based on the manufactureôs recommendations ). All suspensions were ultrasonicated in a 

bath sonicator (Aquasonic model 250D, VWR, West Chester, Pennsylvania, USA) for 30 

minutes to aid in the disaggregation of the CNFs. 

The following suspensions were prepared: (i) ñas receivedò CNFs in water [W/CNF], (ii) 

surface treated CNFs in water [W/T-CNF], (iii) ñas receivedò CNFs in waterïN-HRWR solution 

[N-HRWR/CNF], (iv) ñas receivedò CNFs in waterïAE solution [AE/CNF], (v) surface treated 

Oxide PercentMass(%)

SiO2 20.27

Al 2O3 5.03

Fe2O3 3.86

CaO 63.86

MgO 1.23

SO3 3.03

Na2O 0.111

K2O 0.471

Mn2O3 0.034

TiO2 0.289

P2O5 0.192

SrO 0.087

Mineral Percent Mass (%)

C3S 57.93

C2S 14.39

C3A 6.8

C4AF 11.75
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CNFs in waterïP-HRWR solution [P-HRWR/T-CNF], and (vi) ñas receivedò CNFs in waterïP-

HRWR solution [P-HRWR/CNF]. 

 

3.2.2.2. CNF Suspensions in ñCement Pore Waterò Solution 

A total of four (4) suspensions were prepared in ñcement pore waterò solution. The 

ñcement pore waterò solution simulated the pore water of cement paste at an age of two (2) hours 

with a composition as reported in [123]. The solution was made with Milli-Q water and 20.2 g/L 

potassium hydroxide (KOH), 1.16 g/L sodium hydroxide (NaOH), and 21.34 g/L calcium sulfate 

hemihydrate (CaSO4·½H2O), resulting in a measured pH of ~13.3 and conductivity of ~43.9 

mS/cm and a calculated ionic strength of 0.977 mol/L. The solution was stirred with a magnetic 

stirrer for 1 hour and ultrasonicated for 30 minutes in a bath sonicator (Aquasonic model 250D, 

VWR, West Chester, Pennsylvania, USA) before addition to the CNFs and dispersing agents. A 

dispersing agentïMilli -Q water weight ratio of 3.6% and 7.2 g/L of CNFs were used similar to 

the suspensions made with the ñmix waterò solution. After the ñcement pore waterò solution was 

added to the CNFs and dispersing agents, the suspensions were ultrasonicated for 30 minutes in 

the bath sonicator. 

The following suspensions were prepared: (i) ñas receivedò CNFs in ñcement pore waterò 

solution with no dispersing agent [PW/CNF], (ii) ñas receivedò CNFs in ñcement pore wateròï

N-HRWR solution [PW/N-HRWR/CNF], (iii) ñas receivedò CNFs in ñcement pore wateròïAE 

solution [PW/AE/CNF], and (iv) ñas receivedò CNFs in ñcement pore wateròïP-HRWR solution 

[PW/P-HRWR/CNF].  
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3.2.3. Preparation of CNF/Cement-Based Composites 

 

3.2.3.1. Preliminary Study for Determining W/C Ratio 

 A preliminary study was performed to determine the w/c ratio to be used for the cement 

pastes in the study of CNF dispersion to limit excessive bleeding or segregation and in turn 

potential migration of CNFs. Six (6) cement-based composites were made each with a different 

w/c ratio. The w/c ratios evaluated were 0.25, 0.28, 0.30, 0.43, and 0.50. CNFs were used at a 

loading of 0.2 wt% and were dispersed using 1 wt% of P-HRWR. The Milli-Q water, P-HRWR, 

and CNF suspensions were ultrasonicated in a bath sonicator (Aquasonic model 250D, VWR, 

West Chester, Pennsylvania, USA) for 30 minutes before mixing with the cement for 6 minutes 

using a variable-speed stand mixer (KitchenAid Artisan 5-quart, Whirlpool Corporation, Benton 

Charter Township, Michigan, USA). After mixing, the cement pastes were poured into 5.08 cm ³ 

10.16 cm (2 in. ³ 4 in.) cylindrical molds and compacted by hand. The cylinders were observed 

during the first two (2) hours of curing and then cured at room temperature in 100% relative 

humidity for seven days before comparison. The molds were removed carefully by hand to 

ensure minimal disruption of the top surface of the specimens. 

 

3.2.3.2. CNF/Cement-Based Composites 

Cement pastes were prepared using the different ñmix waterò solutions discussed in 

Section 3.2.2.1 including: PC-W/CNF made with the W/CNF suspension, PC-W/T-CNF made 

with the W/T-CNF suspension, PC-N-HRWR/CNF made with the N-HRWR/CNF suspension, 

PC-AE/CNF made with the AE/CNF suspension, PC-P-HRWR/CNF (also referred to as PC-

0.2%) made with the P-HRWR/CNF suspension, and PC-P-HRWR/T-CNF made with P-
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HRWR/T-CNF suspension. Additionally cement pastes with 0.02, 0.08, 0.5, and 1 wt% loading 

of ñas receivedò CNFs were prepared using only P-HRWR as the CNF dispersing agent (PC-

0.02%, PC-0.08%, PC-0.5%, and PC-1%). In addition, four (4) control composites containing no 

CNFs were made with the ñmix waterò solutions discussed in Section 3.2.2.1 including: PC-

W/Control made with water and no dispersing agent, PC-N-HRWR/Control made with water and 

N-HRWR, PC-AE/Control made with water and AE, and PC-P-HRWR/Control (also referred to 

as PC-0%) made with water and P-HRWR. A w/c ratio of 0.28 was used for all composites to 

limit  CNF migration in the cement pastes and prevent dispersion issues due to excessive bleeding 

or segregation. This w/c ratio was determined from the study discussed in Section 3.2.3.1 and 

Section 3.3.3. The dispersive agents were all used at 1 wt%, the same ratio as in Section 3.2.2.1, 

which was chosen based on the manufacturerôs recommendations. 

To make the composites, the water, dispersing agent, and CNFs were first ultrasonicated 

in a bath sonicator (Aquasonic model 250D, VWR, West Chester, Pennsylvania, USA) for 30 

minutes to disaggregate the CNFs. Then the water, dispersing agent, and CNF suspension were 

added to the cement and blended for 6 minutes in a variable-speed stand mixer (KitchenAid 

Artisan 5-quart, Whirlpool Corporation, Benton Charter Township, Michigan, USA). The 

cement-based composites were made into 5 cm ³ 10.16 cm (2 in.³ 4 in.) cylinders and 2.54 cm ³ 

2.54 cm ³ 68.58 cm (1 in.³ 1 in.³ 27 in.) beams for mechanical testing. The cylinders and beams 

were compacted by hand to avoid reagglomeration of the CNFs that could occur during 

vibration. Samples were cured at room temperature in 100% relative humidity for 7 and 28 days 

prior to testing.  

Representative cross-sections of each composite were cut for image mapping and 

analysis using a precision saw with oil to ensure further hydration of the cement-based 
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composites did not occur due to the specimen preparation procedure. The cross-sections were 

furthermore polished to at least 35 µm particle size using silicon carbide paper in an alcohol and 

ethylene/polypropylene glycol solution. Additionally, fracture surfaces of each composite were 

dried in acetone to stop the hydration reaction at the curing ages of 7 and 28 days for SEM 

observations. Before SEM observation, the fracture surfaces were sputter-coated with gold using 

a Cressington Sputter Coater 108 (Cressington Scientific Instruments Ltd., Watford, 

Hertfordshire, England) with a deposition time of 100 seconds and mounted on an aluminum 

stub using copper tape. 

 

3.2.4. Characterization 

 

3.2.4.1. Visual Inspection 

 

CNF suspensions. Visual inspection of the CNF suspensions made with the ñmix waterò 

and ñcement pore waterò solutions was used to collect comparative data on the effectiveness of 

the dispersion methods to disaggregate and disperse CNFs in solution. The CNF suspensions 

were observed for a minimum of fifteen (15) days. 

 

CNF migration in CNF/cement-based composites. The top surfaces of the cement-based 

composites with varying w/c ratios were visually examined for the presence of excessive CNFs 

due to CNF migration during curing. In addition, the composites were compared side-by-side to 

determine any physical differences in the composites or their top surfaces. 
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3.2.4.2. Optical Microscopy  

 

CNF suspensions. Suspensions of CNFs in the ñmix waterò and ñcement pore waterò 

solutions were evaluated using an Zeiss Axiovert 200M motorized inverted microscope (Carl 

Zeiss MicroImaging, Inc., Thornwood, New York, USA) with Achroplan40x/0.60 Corr objective 

and a W-PL 10X/23 eyepiece. Drops of the suspensions were placed on a glass slide and covered 

with a cover glass for microscopic examination. Interference of moving particles due to 

Brownian motion was alleviated by allowing sufficient time for the particles to settle (i.e., 5-10 

minutes) and by recording several images of each drop taken at different locations. For each 

suspension, a minimum of fifteen (15) representative drops was examined and ten (10) 

representative micrographs were collected for each drop. Images were taken at 400X 

magnification. 

Quantitative data was obtained by analyzing the digital micrographs of the CNF 

suspensions obtained using ImageJ (National Institute of Health, Bethesda, Maryland, USA), a 

Java-based open source digital image processing software. A minimum of 150 images were 

analyzed for each CNF suspension. A similar cumulative area of the projected CNF particle 

system was used for all suspensions, resulting in an investigated total area of ca. 1.2 mm
2
 per 

suspension type. A binary image was created from each micrograph by applying a threshold to 

the image that was set manually to an appropriate limit. The threshold limit was chosen so that 

all CNFs present in the image were captured and that background pixels were not converted to 

black and therefore interfering with the analysis. After conversion to a binary image, the images 

were cropped such that all images covered the same area and the interference from the reduced 

illumination around the edge of the images was eliminated. The state of CNF dispersion in each 
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ñmix waterò solution was then evaluated by plotting the number of CNF particles per mm
2
 areal 

coverage versus the area of the projected CNF particles of each area class. The CNF suspensions 

in ñcement pore waterò solution were evaluated by plotting the cumulative area of CNF particles 

versus the maximum Feret's diameter of each CNF particle. 

 

CNF/cement-based composites. Several cross-sections from each composite were 

evaluated qualitatively for dispersion and distribution of CNF agglomerates using optical 

microscopy with 30X magnification such that a representative cross-section could be chosen for 

quantitative analysis. Image mapping of each specimenôs representative cross-section (total 

surface area of 6.45 cm
2
) consisting of 1350 images, each 27.6 × 20.6 pixels, was completed 

using the image mapping system of a New Wave UP-213 Laser Ablation System (Electro 

Scientific Industries, Inc., Portland, Oregon, USA). A combination of thresholding techniques 

and visual inspection was used to create a binary image showing only agglomerates of CNFs in 

the cement pastes. ImageJ software was used to determine the size and shape properties of the 

CNF agglomerates, and histograms were used to evaluate the dispersion quantitatively. Only 

CNF agglomerates larger than 0.007 mm
2
 in size were evaluated because of limitations in the 

analysis due to the capabilities of the optical microscope. 

 

3.2.4.3. SEM  

The microstructure and morphology of fracture surfaces of the cement-based composites 

was evaluated using a Hitachi S4200 high resolution SEM (Hitachi Ltd., Chiyoda, Tokyo, Japan) 

equipped with a cold field emission electron gun and digital imaging. An accelerating voltage of 

20 kV and a working distance of 15 mm were used.  
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3.3. Results and Discussion 

 

3.3.1. Disaggregation and Dispersion of CNFs in ñMix Waterò Solutions 

Visual inspection of the macroscale dispersion showed the CNF suspensions made with 

the ñmix waterò solutions to be uniformly dispersed when a dispersing agent was used (AE/CNF, 

N-HRWR/CNF, P-HRWR/CNF, and P-HRWR/T-CNF). When a dispersing agent was not used 

(W/CNF and W/T-CNF), the CNFs either stayed mostly at the liquid air interface or precipitated 

out of the suspension (Figure 3.1). Although the disaggregation and dispersing ability of the 

dispersing agents (AE, N-HRWR, and P-HRWR) was better than surface treatment with HNO3 

alone, the surface treatment did improve the dispersion of the CNFs compared to the W/CNF 

suspension. Surface treating the CNFs with HNO3 reduced the hydrophobicity of the CNFs 

allowing more of the CNFs to enter into the solution instead of staying at the liquid-air interface 

[124]. However, the W/T-CNF suspension showed overall a poor dispersion quality with large 

size agglomerates and poor content uniformity. While the AE/CNF, N-HRWR/CNF, P-

HRWR/CNF, and P-HRWR/T-CNF solutions showed good macroscopic dispersion, the 

dispersion quality of each solution could not be distinguished from the others from sole visual 

inspection, except for the presence of a thin film of CNF agglomerates observed at the surface of 

the N-HRWR assisted dispersion and a layer of foam with CNF agglomerates at the surface of 

the AE assisted dispersion.  
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Figure 3.1. Visual comparison of aqueous suspensions containing CNFs. From top left to 

bottom right: ñas receivedò CNFs in Milli-Q water, surface treated CNFs in water, N-

HRWR assisted dispersion of ñas receivedò CNFs, AE assisted dispersion of ñas receivedò 

CNFs, P-HRWR assisted dispersion of ñas receivedò CNFs, and P-HRWR assisted 

dispersion of surface treated CNFs.  

 

 

Differences in the CNF dispersion state when the dispersing agents were used was 

revealed from optical microscopy investigations (Figure 3.2). The largest number of CNF 

particles per mm
2
 in the smallest size area class (0-100 ɛm

2
) was seen for the P-HRWR assisted 

dispersions, indicating a greater ability of the P-HRWR dispersing agent to break up a larger 

number of bigger particles into smaller particles than N-HRWR and AE. Surface treatment with 

HNO3 further improved the CNF dispersion in the waterïP-HRWR solution as evidenced by the 

greater number of particles per mm
2
 in the smallest size area class (less than 100 ɛm

2
) compared 

to that with the ñas receivedò CNFs. The N-HRWR assisted dispersion showed the highest 

frequency of relatively large size agglomerates (>500 ɛm
2
) and the lowest number of particles 

per mm
2
 in the smallest size area class (0-100 ɛm

2
), indicating that N-HRWR was not as 

effective in the disaggregation of large agglomerates as the other dispersing agents. The AE 

assisted dispersion decreased the CNF aggregative tendency in water but not as well as the P-

W/CNF W/T-CNF N-HRWR/CNF

AE/CNF P-HRWR/CNF P-HRWR/T -CNF

20 mm

20 mm20 mm20 mm

20 mm20 mm
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HRWR assisted dispersion. For all CNF suspensions, the number of particles in the smallest size 

area class (0-100 ɛm
2
) was at least one order of magnitude greater compared to the other size 

area classes. The largest agglomerate size was seen for the AE and N-HRWR assisted 

dispersions (Ḑ25,000 ɛm
2
) and was twice as the maximum size seen for the P-HRWR assisted 

dispersions. 
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Figure 3.2. Optical micrographs (400X) and histograms of the number of CNF particles per 

mm
2
 areal coverage versus the area of the projected CNF particles of each area class 

showing the state of CNF dispersion in ñmix waterò solutions (raw data is included in 

Appendix A). From top to bottom: P-HRWR assisted dispersion of surface treated CNFs, 

P-HRWR assisted dispersion of ñas receivedò CNFs, N-HRWR assisted dispersion of ñas 

receivedò CNFs, and AE assisted dispersion of ñas receivedò CNFs.  
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3.3.2. Disaggregation and Dispersion of CNFs in ñCement Pore Waterò Solutions 

 Visual inspection showed all ñcement pore waterò CNF suspensions containing 

dispersing agents to be uniformly dispersed at the macroscale level immediately after 

ultrasonication (Figure 3.3). The ñcement pore waterò CNF suspension with no dispersing agent 

showed, however, a large layer of unwetted CNFs at the liquid-air interface. Thirty (30) minutes 

after ultrasonication, settling of the CNFs had occurred for all suspensions, independent of the 

dispersing agent used. The settling was least noticeable in the suspension that contained P-

HRWR with a large number of CNFs that were still suspended in the solution. Three (3) hours of 

resting after ultrasonication allowed the majority of the CNFs to fall out of the suspension when 

no dispersing agent, AE, or N-HRWR was used. (Note: the brown color of the solution that 

contained N-HRWR was resultant from the N-HRWR not the CNFs.) The suspension that 

contained P-HRWR still had enough CNFs suspended in the solution to make visibility of CNF 

settling difficult, but closer examination showed that the majority of the CNFs had settled out of 

the suspension. In contrast, the settling of the CNFs was not observed when the ñmix waterò 

solutions were used, even after 15 days indicating that the instability of the ñcement pore waterò 

suspensions was the result of the highly alkaline environment and increased ionic strength (pH å 

13.3 and conductivity å 44 mS/cm) of the simulated cement pore solution [121, 125]. The ions 

present in the ñcement pore waterò solution have been shown to increase the surface tension of 

aqueous solutions [126]. Therefore, it was believed that the decreased surface tension allowed by 

the AE was negated by the increases caused by the ions which negatively affected the dispersing 

ability of the AE. Additionally, the electrostatic boundary layer around the CNFs from the P-

HRWR and N-HRWR is reduced by the increased amount of electrolytes present in the solution 

allowing the CNFs to come into contact or within the distance in which the van der Waals forces 
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are dominant [121]. Thus, microscale CNF agglomerates were formed, and settling of the 

agglomerates occurred. In contrast, the steric hindrance of the P-HRWR was minimally affected 

by the increased amount of electrolytes allowing some CNFs to stay suspended. 

 

 
Figure 3.3. Visual comparison of suspensions containing CNFs in a solution made to 

simulate the pore solution of cement paste during the early hours of curing. From left to 

right: immediately after ultrasonication,  30 minutes after ultrasonication, and 3 hours after 

ultrasonication. From top to bottom: ñas receivedò CNFs with P-HRWR in ñcement pore 

waterò solution, ñas receivedò CNFs with N-HRWR in ñcement pore waterò solution, ñas 

receivedò CNFs with AE in ñcement pore waterò solution, and ñas receivedò CNFs with no 

dispersing agent in ñcement pore waterò solution. 
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 Further examination of the suspensions made with the ñcement pore waterò solution 

(PW/P-HRWR/CNF) using optical microscopy showed a decreased dispersion of the CNFs when 

compared to the ñmix waterò (P-HRWR/CNF) (Figure 3.4). CNFs were found in larger 

agglomerates in the PW/P-HRWR/CNF suspension than the P-HRWR/CNF suspension. In 

addition, overall there were less CNFs in the micrographs of the PW/P-HRWR/CNF suspension 

due to the sedimentation of the CNFs that was occurring. By plotting the cumulative area of 

CNFs as a function of the maximum Feret's diameter of each CNF particle, it can be noticed that 

a greater percentage of the area of CNFs are made up of particles with a larger diameter when the 

ñcement pore waterò solution was used than when the ñmix waterò solution was used (Figure 

3.5). 

 

 
Figure 3.4. Optical micrographs (400X) showing the dispersion of CNFs in a) aqueous 

solution (ñmix waterò, P-HRWR/CNF) and b) simulated pore solution immediately after 

ultrasonication (ñcement pore waterò, PW/P-HRWR/CNF). 

 

 

a) b)
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Figure 3.5. Cumulative area of CNFs and the maximum Feret's diameter of each CNF 

particle comparing P-HRWR/CNF (ñmix waterò) and PW/P-HRWR/CNF (ñcement pore 

waterò). 

 

 

3.3.3. CNF Migration with Bleed Water and W/C Ratio 

Cylinders with w/c ratios ranging from 0.25 to 0.50 were compared to determine the 

effect of the w/c ratio on the CNF dispersion in cement pastes (Figure 3.6). The amount of CNFs 

present at the upper surface of the specimens and the color of each cylinder clearly varied as a 

function of the w/c ratio. All cylinders with a w/c ratio greater than or equal to 0.33 had a visible 

porous layer of CNFs intermixed with cement paste at the upper surface of the specimens. The 

layer became more friable and softer to the touch as the w/c ratio increased. The porous layer 

was resultant of the CNFs migrating with the bleed water during curing. A closer look at the 

porous layer showed a high amount of CNFs intermixed with cement phases (Figure 3.7). The 

results of this study were used to determine the w/c ratio used in all subsequent studies. 
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Figure 3.6. Visual comparison of CNF migration in cement paste specimens with varying 

w/c ratios. 

 

 

 

 
Figure 3.7. SEM images of the porous layer caused by CNF migration during curing 

showing: a) clear separation between the porous layer and cement paste and b) the high 

density of CNFs present in the porous layer. 

 

 

3.3.4. Dispersion and Distribution of CNFs in Cement-Based Composites 

The dispersion state of the CNFs in the cement-based composites was evaluated on the 

micro- and macroscale. The state of CNF dispersion was dependent upon the scale of evaluation 

and was not homogenous throughout the specimens. Independent of the dispersion method used, 

the CNFs were not uniformly distributed in the cement-based composites with both individual 

and agglomerated CNFs being present. Furthermore, the distribution of individual CNFs (also 

independent of the dispersion method used) was not uniform within the composites with the 
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presence of CNF-rich and CNF-poor regions (Figure 3.8). The large size and clumping of cement 

grains have been reported to be responsible for the non-uniform dispersion of the CNFs by 

creating zones absent of CNFs even after hydration has progressed [52]. Additionally, the 

instability of CNF suspensions reported in Section 3.3.2 in a highly alkaline environment similar 

to what would be found in cement-based composites and the CNF migration with the bleed water 

during curing as discussed in Section 3.3.3 were expected to increase the probability of 

reagglomeration of CNFs during cement mixing and curing. 

 

 
Figure 3.8. SEM images showing the varying distribution of CNFs in cement-based 

composites taken from a single, representative fracture surface using the same 

magnification (composite with 1 wt% CNFs dispersed with P-HRWR). 

 

 

The microscale CNF agglomerates were seen regardless of the initial degree of CNF 

dispersion in solution and became more prominent with increasing CNF loading (Figure 3.9 and 

Figure 3.10). (Note: CNF agglomerates less than 0.007 mm
2
 in size were not included in Figure 

3.9 and Figure 3.10 due to limitations of the micrograph analysis method.) Larger size 
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agglomerates (as much as an order of magnitude greater) than what was observed in the CNF 

suspensions were seen in all composites, indicating secondary agglomeration of formerly 

dispersed CNFs after cement mixing. For the composites prepared with the P-HRWR, N-HRWR, 

and AE assisted dispersions, more than 40% of the CNF agglomerates observed at the surface of 

the composite cross-sections had a size area greater than the maximum size observed in the ñmix 

waterò suspensions. Secondary agglomeration occurred independent of the CNF loading and 

dispersing agent used. The high pH (i.e., 13.5-13.8 [127]) and ionic strength (i.e., 0.3-0.7 mol/L 

[127]) occurring during cement mixing was thought to have caused the reagglomeration of the 

CNFs because of the instability of the electrostatic boundary layer in the presence of electrolytes 

for the P-HRWR and N-HRWR assisted dispersions [121] and the increase in the surface tension 

caused by the electrolytes [126] as was seen in the ñcement pore waterò study discussed in 

Section 3.3.2. Though electrosteric stabilized dispersions, as is found with the P-HRWR, are less 

sensitive to the presence of the electrolytes, the reagglomeration observed in the composite 

prepared with the P-HRWR assisted dispersion was believed to be the result of the complex 

interplay between electrostatic and steric effects and a potential decrease in the thickness of the 

sterically-stabilizing ñhairyò layer on exposure to the cement solution and mechanical mixing 

[128]. Consequently, the steric hindrance imposed by the P-HRWR solution on CNFs became 

practically nonexistent. Surface treatment with HNO3 did not prevent secondary agglomeration.  
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Figure 3.9. Binary images of cement-based composite cross-sections containing 0.2 wt% 

CNFs dispersed by various methods and distributions of CNF agglomerate sizes larger 

than 0.007 mm
2
 in the cross-section showing secondary agglomeration (raw data included 

in Appendix B). [From top to bottom: P-HRWR assisted dispersion of surface treated 

CNFs, P-HRWR assisted dispersion of ñas receivedò CNFs, N-HRWR assisted dispersion of 

ñas receivedò CNFs, and AE assisted dispersion of ñas receivedò CNFs]. 
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Figure 3.10. Binary images of the surface of cross-sections of CNF/cement-based 

composites prepared with the P-HRWR assisted dispersion showing CNF agglomerates of 

size area greater than 0.007 mm
2
 with a density gradient of CNF agglomerates seen for 0.2 

wt% and 0.5 wt% CNF loadings. 

 

 

Composites prepared with the AE and N-HRWR assisted dispersions exhibited a greater 

relative frequency of large size agglomerates than that prepared with the P-HRWR assisted 

dispersion, as evidenced from the distribution of maximum Feretôs diameters (Figure 3.11). For 

the composites prepared with the AE and N-HRWR assisted dispersions, as much as 79% and 

64%, respectively, of the CNF agglomerates observed at the surface of the representative 

composite cross-sections had a maximum Feretôs diameter greater than 200 ɛm versus 58% for 

the composite prepared with the P-HRWR assisted dispersion and 56% for that prepared with 

surface treated CNFs suspended in waterïP-HRWR solution. In comparison, the composites 

prepared with the W/CNF and W/T-CNF suspensions showed 62% and 76%, respectively, of the 

CNF agglomerates with a maximum Feretôs diameter greater than 200 ɛm. Surface treatment 

alone favored large scale agglomeration of the CNFs in the cement-based composite. However, 

when used in combination with the P-HRWR dispersing agent, surface treatment did not affect 

the relative frequency of large size CNF agglomerates. 
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Figure 3.11. Relative frequency histograms of maximum Feret's diameter of CNF 

agglomerates observed at the surface of the CNF/cement-based composite cross-sections 

(composites with 0.2 wt% CNF loading, raw data included in Appendix B). 

 

 

These results clearly showed that the dispersion state of the CNFs in solution is not 

indicative of the final dispersion state in the hydrated cement paste. The final state of dispersion 

of the CNFs within the cement paste was the result of a competition between: (i) the tendency of 

CNFs to migrate towards each other or existing agglomerates due to Brownian motion and van 

der Waals interactions during cement mixing, (ii) the influence of the high ionic strength of the 

cement paste medium on altering the surface properties of the CNFs, resulting in greater 

propensity for loss of individual CNFs and rebundling, and (iii) the effect of mechanical mixing, 
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further increasing the probability of CNF agglomerates or individual CNFs to come in contact 

with each other. CNF agglomerate size was a balance of agglomerate growth and destruction. 

Interestingly, the composites prepared with the P-HRWR assisted dispersion showed a 

density gradient of CNF agglomerates, with a higher density of CNF agglomerates at the top 

surface (as cured) of the specimens and a lower density at the bottom surface (Figure 3.10). 

Furthermore, smaller size CNF agglomerates were seen at the bottom than at the top surface of 

the specimens. Migration of the CNFs within the cement paste occurred with the bleed water 

during the initial stage of curing before hardening. This migration resulted additionally in a 

porous layer containing a large amount of CNF agglomerates observed at the upper surface of 

the specimens. The CNF agglomerates tended to locate themselves to minimize their surface 

tension, concentrating at the top surface of the specimens (i.e., air-liquid interface) during curing. 

The density gradient and layer of CNF agglomerates were predominant at CNF loadings less 

than or equal to 0.5 wt% but not present for a loading of 1 wt%, most likely as a result of 

changes in paste rheology resulting in a lower water movement during curing. Migration of the 

CNFs within the cement paste was not observed for the other composites, including the 

composites prepared with N-HRWR and AE assisted dispersions and that prepared with CNFs in 

water likely due to the reduced workability of the fresh pastes compared to the fresh pastes 

containing P-HRWR (Figure 3.12). In addition, it can be seen in Figure 3.12 that surface 

treatment of the CNFs with HNO3 had minimal effect on the migration of the CNFs. The 

mechanism of CNF migration in the paste was related to the cement paste rheology which was 

affected by the CNF loading and type of dispersing agent used with a lower workability observed 

for the composites prepared with 1 wt% CNF loading, N-HRWR and AE assisted dispersions, 

and that prepared with no dispersing agents, resulting in a lower water movement during curing. 
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For all cases, including that where a density gradient was observed, the distribution of the CNF 

agglomerates showed no difference at the edge of the composites compared to the center, 

indicating that edge and mold effects had no impact on the CNF agglomerate distribution. 
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Figure 3.12. Images of cement-based composites showing evidence of CNF migration only 

in the composites with P-HRWR. 
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Additional details of the structure of the microscale agglomerates and the curved 

morphology of the CNFs can be seen in Figure 3.13 from secondary SEM image of the 0.08 wt% 

CNF loading. The presence of the agglomerate in and around a void in Figure 3.13 showed that 

the edge of the agglomerate was well integrated with the cement matrix surrounding it. However, 

the microscale agglomerates were not found fully infiltrated by the cement phases. Closer 

examination showed the agglomerates consist of a loosely packed structure of a disordered 

network of entangled fibers and bundles. 

 

 
Figure 3.13. SEM images showing the disordered structure of the microscale agglomerates 

(cement-based composites prepared with the P-HRWR assisted dispersion and 0.08 wt% 

CNF loading).  
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3.4. Conclusions 

 The dispersion of CNFs was investigated including their disaggregation and dispersion in 

a ñmix waterò solution and a ñcement pore waterò solution, and their subsequent dispersion and 

distribution in cement pastes. Three (3) different dispersing agents (P-HRWR, N-HRWR, and 

AE) and surface treatment with HNO3 were investigated. The following conclusions were drawn: 

¶ In ñmix waterò solutions, the dispersive ability of the three dispersing agents was not 

distinguishable at the macroscale level, but at the microscale level the P-HRWR 

improved the disaggregation of the CNFs the most. 

¶ Surface treatment with HNO3 further improved the dispersion of the CNFs in the ñmix 

waterò solution containing P-HRWR. However, surface treatment with HNO3 alone was 

not as efficient at dispersing CNFs in ñmix waterò solutions as the dispersing agents. 

¶ In ñcement pore waterò solutions, the use of dispersing agents in combination with 

ultrasonication showed the ability to disaggregate the CNFs, but the suspension was not 

stable with sedimentation occurring even for the solution containing P-HRWR. 

¶ CNF migration with the bleed water occurred in cement pastes during the curing process 

resulting in a porous layer containing a high density of CNFs on the top-surface of the 

specimens. The porous layer was found to be dependent on the w/c ratio. 

¶ At the microscale, the dispersion of CNFs in cement pastes was not uniform with the 

presence of individual and agglomerated CNFs. In addition, the distribution of the 

individual CNFs was not uniform within the cement pastes leading to CNF-rich and 

CNF-poor regions. 

¶ Regardless of the dispersion method used, the CNFs reagglomerated during the mixing 

and/or curing process. However, cement-based composites made with P-HRWR showed 
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the fewest number of agglomerates larger than 200 µm in diameter. 

¶ The final state of dispersion of the CNFs within the cement paste was the result of a 

competition between: (i) the tendency of CNFs to migrate towards each other or existing 

agglomerates due to Brownian motion and van der Waals interactions during cement 

mixing, (ii) the influence of the high pH and ionic strength of the cement paste medium 

on altering the surface properties of the CNFs, resulting in greater propensity for loss of 

individual CNFs and rebundling, and (iii) the effect of mechanical mixing, further 

increasing the probability of CNF agglomerates or individual CNFs to come in contact 

with each other. 
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CHAPTER 4 

 

 

 

MICROMECHANICAL PROPERTIES OF CEMENT-BASED COMPOSITES WITH CNFS 

 

 

4.1. Overview 

 The potential of CNFs as cement reinforcement is indicated by their high strength and 

aspect ratio (i.e., strengths of over 2.5 GPa [119] and aspect ratios of about 1000:1 [87]). 

Because it is now widely accepted that the macromechanical properties of cement-based 

materials originate from the mechanics of the material at lower scales (i.e., micro- and 

nanoscales) [129], the effects of CNFs on the micromechanical properties of that underlying 

structure are of interest. The objective of this chapter is to investigate the micromechanical 

properties of hydrated cement pastes containing CNFs, including the effect of CNFs on the 

overall distribution of micromechanical properties at the local level and on representative major 

cement phases (i.e., C-S-H and CH) and the micromechanical response at the local level in and 

around CNF agglomerates. 

 Nanoindentation studies combined with SEM/EDS analyses of hydrated cement pastes 

with and without CNFs were performed to determine the effect of CNFs on the micromechanical 

properties, including modulus of elasticity and hardness, of representative major cement phases 

(i.e., C-S-H and CH). In addition, nanoindentation studies of the area in and around CNF 

agglomerates were performed to determine the effect of CNF agglomerates on the 

micromechanical properties of cement-based composites at the local level. 
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4.2. Experimental Detail 

 

4.2.1. Materials 

 The materials discussed in Section 3.2.1 were used in this study including ñas receivedò 

CNFs, P-HRWR (Glenium® 7500), and type I portland cement. In addition, EpoFix epoxy 

(Struers, Cleveland, Ohio, USA) was used to support the cement specimens during polishing and 

testing. 

 

4.2.2. Preparation of CNF/Cement-Based Composites 

 Three composites were examined, including a PC paste with no CNFs (PC), a PC paste 

with 0.5 wt% CNFs (PC-CNF), and a PC paste with 1 wt% CNFs (PC-1%). PC and PC-CNF had 

a w/c ratio of 0.315 while PC-1% had a w/c ratio of 0.28. All composites contained 1 wt% of P-

HRWR as a dispersing agent for the CNFs and were made in the same manner as in Section 

3.2.3.2 using a bath sonicator to disaggregate the CNFs in the water and P-HRWR solution and a 

stand mixer to blend the CNF suspension with the cement. 

After mixing the cement-based composites were made into 2.54 cm ³ 2.54 cm ³ 68.58 

cm (1 in. ³ 1 in. ³ 27 in.) beams, cured for 28 days in 100% humidity, and tested by standard 

macromechanical testing. After macromechanical testing, the beams were cured in a controlled 

laboratory environment at approximately 21ºC (70ºF) and 30% relative humidity for 

approximately one year before specimens, 1.27 cm ³ 1.27 cm ³ 2.54 cm (0.5 in. ³ 0.5 in. ³ 1 in.) 

in size, were cut from the beams using a precision saw with an oil lubricant so as to not cause 

further hydration of the cement. Specimens were then mounted in 3.175 cm (1.25 in.) diameter 
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disks of EpoFix epoxy such that the cement-based composites did not become impregnated with 

the epoxy.  

 Before nanoindentation, the specimens mounted in epoxy were polished in a four step 

process recommended by experts at Buehler (Lake Bluff, Illinois, USA). The polishing process 

began with a grinding step with 240 grit silicon carbide paper followed by polishing with 9 µm 

and 3 µm diamond pastes and 50 nm alumina powder suspension on specialized polishing pads. 

Specimens were ultrasonicated in a bath sonicator for 10 minutes after each polishing step to 

reduce contamination between steps, and optical microscopy was used during the polishing 

process after each step to ensure a proper polish (Figure 4.1). All polishing and cleaning between 

polishing steps was completed in an alcohol and ethylene glycol solution to prevent further 

hydration of the cement-based composite. The polishing process used was similar to that found 

in the literature for nanoindentation of cement-based composites and exceeded the lowest 

particle size used in those studies [100, 103, 108, 110, 130]. An example of an acceptable and 

unacceptable final polish can be seen in Figure 4.2.  
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Figure 4.1. Micrographs of various cement-based composites showing the different steps of 

the Buehler recommended polishing process used to prepare cement-based composite 

specimens for nanoindentation. a) Polish after 240 grit silicon carbide paper, b) polish after 

9 µm diamond paste, c) polish after 3 µm diamond paste, and d) polish after 50 nm alumina 

powder. 

 

 

 
Figure 4.2. SEM image showing areas of a cement-based composite considered to have an 

acceptable and unacceptable polish for nanoindentation. 

 

 

a) After 240 grit silicon carbide paper b) After 9 µm diamond paste

c) After 3 µm diamond paste d) After 50 nm alumina powder

50 µm 
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4.2.3. Characterization 

 

4.2.3.1. Nanoindentation 

Nanoindentation was completed at the Army Corps of Engineers Engineer Research and 

Development Center (ERDC, Vicksburg, Mississippi) using an Agilent Nanoindenter G200 

Testing System (Agilent Technologies, Santa Clara, California, USA) (Figure 4.3). The Agilent 

Nanoindenter G200 Testing System has a displacement resolution of less than 0.01 nm, up to 

1000 times magnification for viewing specimens, and an accuracy of 1 µm for indentation 

positioning. Indentation was completed with a Berkovich tip made of diamond, which was 

calibrated using a second-order area function and a fused silica sample with known mechanical 

properties. A maximum force of 2 mN was applied with a targeted strain rate of 0.050 s
-1

. The 

maximum load was selected as 2 mN because it was in between the 0.5 mN suggested by [103] 

in order to have indentation depths of less than 300 nm to capture the individual response of C-S-

H and the 4 mN suggested by [108] to have indentation depths greater than 200 nm needed 

because of the surface roughness of polished cement-based composites. The maximum load was 

held for 15 seconds before a 10 second unloading period was completed. All indentation curves 

were evaluated before further analysis (Figure 4.4). Abnormal curves were discarded because 

they represented contact issues, cracking during testing, or the response of multiple constituents 

of the composite and interfered with the calculation of the micromechanical properties [103, 

131]. Curves that were accepted after evaluation are referred to as ñvalidò curves, and curves that 

were discarded for irregularities are referred to as ñinvalidò.  

The elastic modulus (E) and hardness values (H) were calculated from the unloading 

portion of the force versus displacement (i.e., indentation depth) curve (Figure 4.4) using the 
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Oliver and Pharr method [132] in which the area of contact (AC) is estimated and the following 

relationships are used:  

 Ὁ  Equation 4.1 

where ɜ is the Poissonôs ratio of the cement-based composite (assumed to be 0.3), ɜi is the 

Poissonôs ratio of the indenter, Ei is the elastic modulus of the indenter, and Eeff is the effective 

elastic modulus defined by: 

 Ὁ
Ѝ

 Equation 4.2 

where S is the measured unloading stiffness and ɓ is a dimensionless correction factor (i.e., 1.034 

for Berkovich indenter) and 

 Ὄ  Equation 4.3 

where Pmas is the maximum indentation force (Figure 4.4a). The theory of contact mechanics 

behind nanoindentation and its validity for cement-based materials are discussed elsewhere [101, 

103, 108, 110, 130, 133-136]. 
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Figure 4.3. Agilent Nanoindenter G200 Testing System at ERDC (Vicksburg, Mississippi). 

a) Full system including protective casing and computer control and b) isolation table, 

thermal insulation, sample tray, automated stage, indenter probe, and optical microscope 

objective (interchangeable 10X or 40X). 
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Figure 4.4. Example of force versus displacement curves from nanoindentation of a 

cement-based composite. a) ñValidò curves showing Pmax, hmax, and S and the loading, hold 

period, and unloading portions of the curve and b) ñinvalidò curves showing a sudden 

stiffening or jump in displacement from damage during testing. 
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number of indents and spacing were used for PC-1%. Two (2) representative cross-sections from 

different specimens of each composite were used for PC (PC A and PC B) and PC-CNF (PC-

CNF A and PC-CNF B) with one grid on PC A and PC-CNF B and two on PC B and PC-CNF A 
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location of the nanoindentation grids were selected at random in order to reduce bias, but the 

areas used were examined before testing with SEM in order to ensure that the polishing in the 

area was acceptable for nanoindentation, that there were not abnormalities in the cement paste 

within the area, and that the area was representative of the cement-based composite. Only one (1) 

cross-section was used for PC-1%, and the two grids were located across one or more CNF 

agglomerates. Fiducial indents were placed at the beginning, middle, and end of each row of 

indents for every grid using a force of 100 mN so that the indentation grid could be located with 

the SEM and the precise location of the indents could be found for further SEM/EDS analysis. 

The modulus and hardness values obtained from nanoindentation were plotted in a 

contour plot with respect to the indent grid location. All indent locations that resulted in an 

indentation error or an ñinvalidò force versus displacement curve was plotted as having a 

modulus and hardness value of zero (0). The modulus and hardness values for the area between 

indents were then interpolated. Additionally, the modulus and hardness values were plotted as 

histograms with the bin sizes selected based on recommendations from [137]. In addition to the 

histograms, empirical distributions scaled to correspond with the histograms were used for 

visualization of the data. Because the SEM/EDS data was available for each individual indent 

(similar to [108, 131]) analysis of the data was not reliant on statistical methods to determine the 

cement phases as in [103], and the histograms were decomposed into the phases determined from 

the SEM/EDS studies.  

 

4.2.3.2. SEM/EDS 

An FEI Quanta FEG 650 SEM (FEI Company, Hillsboro, Oregon, USA) equipped with 

Schottky field emission, high vacuum, low vacuum and ESEM capabilities, digital imaging, and 
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an Oxford X-Max Silicon Drift Detector with a 20 mm
2
 active area (Oxford Instruments, 

Abingdon, Oxfordshire, England) was used to obtain secondary and backscattered electron 

images and semi-quantitative chemical data. A pressure of 130 Pa, a voltage of 15 kV, a working 

distance of 10 mm, and a spot size of 5 was used to collect all SEM images and EDS data. A 

voltage of 15 kV was used for EDS to allow for sufficient energy to meet the required K shell 

characteristic ionization energy of the typical elements found in cement-based materials (i.e., 

iron) [138], while maintaining the interaction volume of EDS (i.e., less than 2 µm [108]) similar 

to that of nanoindentation (i.e., less than 1.5 µm [108]). EDS was completed using point analysis 

at the locations of each indent with five (5) iterations and a livetime of 20 seconds. Calibrations 

were made with calcium carbonate, silicon dioxide, albite, magnesium oxide, aluminum oxide, 

gallium phosphide, iron sulphide, MAD-10 feldspar, wollastonite, manganese, and iron, and the 

XPP scheme, a Phi-Rho-Z method, was used for matrix corrections as analyzed by INCA Energy 

Software (Oxford Instruments, Abingdon, Oxfordshire, England) [139].  

The backscatter and secondary SEM images were used to classify the location of the 

indents as flaw/hydrate combination, flaw/hydrate/unhydrated cement combination, 

flaw/unhydrated cement combination, hydrate, hydrate/unhydrated cement combination, or 

unhydrated cement (Figure 4.5). Gray scale analysis was completed on the backscatter image to 

assign false color such that the unhydrated cement, hydrates, and flaws were all identified 

(Figure 4.5c). Secondary images allowed the points of the fiducial indents to be located and 

assisted in placement of markers where each indent was located (the markers are exaggerated in 

size for viewing, Figure 4.5d). When the false color and accurate indentation locations were 

combined together, the locations of the indents could be easily classified. In addition, for PC-1% 

the secondary SEM image was used to determine the location of the CNF agglomerates in 
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relationship to the indent locations (Figure 4.6). Indents were classified as being: (i) within the 

CNF agglomerate (which mostly consisted of a void with a tangled mass of CNFs and a few 

hydrates present), (ii) on the edge of the agglomerate (where many CNFs were still present but 

were mostly anchored in hydrated cement), or (iii) outside of the CNF agglomerate. 
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Figure 4.5. SEM images showing the location of a nanoindentation grid (PC-CNF A Grid 2) 

and the process to determine the constituents on which each indent is located. a) 

Backscatter SEM image, b) secondary SEM image, c) backscatter SEM image with false 

color, d) secondary SEM image with enlarged markers showing the nanoindentation and 

fiducial grid, and e) nanoindentation and fiducial grid with markers enlarged transferred 

to false color image and enlargement of part of nanoindentation grid with indents labeled. 

a) b)

c) d)

e)

10 µm

Unhydrated Cement

Hydrate

Flaw/Hydrate

Hydrate/Unhydrated Cement



60 

 

 
Figure 4.6. Backscatter SEM image of PC-1% Grid 1 with false color showing the location 

of indents with respect to constituents (flaws, hydrates, and unhydrated cement) and with 

respect to CNF agglomerates (raw images included in Appendix C).  

 

 

EDS data was used to determine the cement hydration product(s) present at indents that 

were located solely within the hydrated portion of the paste. The hydration products were 

identified as: (i) C-S-H, (ii) CH, (iii)  a combination of C-S-H and CH mostly comprised of C-S-

H, (iv) a combination of C-S-H and CH mostly comprised of CH, and (v) Al -rich phases. 

Although EDS could be used to further study the unhydrated cement particles, the number of 

indents located on unhydrated cement particles was not sufficient to further separate the data set.  

Identification of the hydrated phases was determined by comparing the Si/Ca ratios with 

the Al/Ca ratios with respect to the molecular weights (Figure 4.7). Typically, the atomic Si/Ca 

ratios obtained from EDS are plotted compared to the atomic Al/Ca ratios as in Figure 4.7a with 

the intersecting lines representing theoretical atomic ratios of calcium, aluminum, and silicon for 

C-S-H, CH, monosulfoaluminate, and ettringite [140]. The Si/Ca ratio for C-S-H is typically 
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taken as 0.5-0.667, while the Al/Ca ratio is typically taken as 0.06 [140]. Because each indent 

located on hydrated cement phases needed to be classified, ranges of Si/Ca ratios and Al/Ca 

ratios were set for each cement phase (Figure 4.7b) allowing for a variation of 0.1 in the ratio to 

account for the mixture of phases. The ranges were chosen as follows:  

¶ If the Si/Ca ratio was greater than or equal to 0.4 and the Al/Ca ratio was less than 

or equal to 0.16, then the hydrate was considered to be C-S-H. A variance of -0.1 

from the lowest Si/Ca ratio (i.e., 0.5) and +0.1 from the highest Al/Ca ratio (i.e. 

0.06) typically considered to be C-S-H was allowed for minor impurity of the C-

S-H phase. 

¶ If both the Si/Ca and Al/Ca ratios were less than or equal to 0.1, the hydrate was 

considered to be CH. Though pure CH has no Al and Si, a variance of +0.1 was 

allowed in the Si/Ca and Al/Ca ratios to account for some minor impurity of the 

CH phase. 

¶ If the Si/Ca ratio was between 0.1 and 0.4 and the Al/Ca ratio was less than or 

equal to the values interpolated between those considered to be CH and C-S-H, 

then the hydrate was considered to be a mixture between C-S-H and CH. The 

range of Si/Ca ratios in this classification was further divided in half with the 

lower values of Si/Ca ratios being considered mostly CH and the higher values 

being considered mostly C-S-H. 

¶ All other hydrates were considered to be Al -rich.  
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Figure 4.7. Example of EDS results that were spatially correlated with nanoindentation 

data (PC B Grid 1) as determined by SEM to be cement hydrates (raw data included in 

Appendix C). a) Typical Al/Ca ratio versus Si/Ca ratio plot with theoretical values for C-S-

H, CH, ettringite, and monosulfoaluminate and b) Al/Ca versus Si/Ca plot showing 

classifications of the ratio ranges used to correlate with nanoindentation data.  

 

 

  

C-S-H Mostly CH

Mostly C-S-H Al RichCH

a)

b)
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4.3. Results and Discussion 

 

4.3.1. Effects of CNFs on the Distribution of Micromechanical Properties at the Local Level 

 The effects of CNFs on the micromechanical properties of cement pastes at the local level 

were investigated. The modulus and hardness of plain PC paste (PC) and PC paste with 0.5 wt% 

CNFs (PC-CNF) were compared. 

 

4.3.1.1. Indent Locations and Indentation Depths 

Indentation locations. Of the 600 indents analyzed for both PC and PC-CNF, over 35%, 

equivalent to over 200 indents, were located solely on cement hydration products as determined 

by backscatter SEM image analysis (Figure 4.8), while ca. 1-2% and ca. 7-8% of indents were 

located solely on flaws and unhydrated cement particles, respectively. The rest of the indents 

were located on combinations of multiple cement paste constituents (i.e., cement hydrates, 

unhydrated cement particles, and flaws) or were discarded due to indenter error or ñinvalidò 

force versus displacement curves. Although PC-CNF had more indent locations that were 

indentation errors or force versus displacement curves that were considered ñinvalidò compared 

to PC (i.e., ca. 28% versus ca. 14%), this was not thought to be caused by the presence of CNFs 

because one indentation grid (PC-CNF B Grid 1) was responsible for the majority (126 out of 

165) of the indentation errors/ñinvalidò curves. The polish quality of PC-CNF B Grid 1 was 

equivalent to the other specimens (see secondary SEM images, APPENDIX C), the porosity or 

presence of flaws was not out of the ordinary compared to the other specimens (see backscatter 

SEM images, APPENDIX C), and only three (3) indents were classified as indentation errors, the 

large majority (i.e., 123 indents) being ñinvalidò curves. Because no issues could be found with 
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the specimen quality or testing procedure, the large number of indents considered indentation 

errors/ñinvalidò curves was thought to be caused by an increased number of indents on multiple 

cement paste constituents, (i.e., hydrates, unhydrated cement particles, and flaws). Composites 

have been shown to have a multiphase response when the interaction volume of the indent 

includes multiple material constituents [108, 131, 133, 141]. 

 

 
Figure 4.8. Pie charts showing the percentage distribution of indents located on various 

cement paste constituents (i.e., hydrates, unhydrated cement particles, and flaws), 

combinations of cement paste constituents, and indentation errors/invalid curves as 

analyzed by nanoindentation combined with SEM (raw data included in Appendix C). a) 

PC composite and b) PC-CNF composite. 

 

 

Further treatment of the indentation data was performed to compare the results to the 

Powerôs model of hydration [142]. Indents corresponding to indentation errors/ñinvalidò curves 

were removed from the percentage distribution calculations, and indents that were located on a 

combination of multiple cement paste constituents were assumed to be composed of either 1/2 or 
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1/3 of each constituent for a combination of two or three constituents. Ca. 70%, ca.15%, and ca. 

15% of indents were thus located on hydrates, unhydrated cement particles, and flaws, 

respectively (Figure 4.9). Using the Powerôs model [142], the degree of hydration (Ŭ) was 

calculated as: 

 ‌ ρ ‎”Ͻύὧϳ ρ Equation 4.4 

where, ɔ is the volume fraction of unhydrated cement (i.e., 16.7% and 15.0% for PC and PC-

CNF respectively), ύὧϳ is the w/c ratio (i.e., 0.315), and ɟc is the specific gravity of cement, 

which was assumed to be 3.15 [108]. The theoretical degree of hydration calculated using the 

Powerôs model was 0.667 and 0.701 for PC and PC-CNF, respectively. The experimental degree 

of hydration (i.e., 0.662 and 0.685 for PC and PC-CNF, respectively) obtained from SEM 

analysis (Figure 4.9), was thus in good agreement with the Powerôs model.  

 

 
Figure 4.9. Pie charts showing the percentage distribution  of indents located on hydrates, 

unhydrated cement particles, and flaws as analyzed by nanoindentation combined with 

SEM (raw data included in Appendix C). a) PC composite and b) PC-CNF composite. 
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Indentation depths. The nanoindentation testing that was performed at a maximum load 

of 2 mN, resulted in indentation depths (i.e., contact depths measured by the nanoindenter) 

ranging from ca. 55 nm to ca. 790 nm. The indentation depths mostly satisfied the requirements 

needed of an indentation depth of at least about 200 nm in order to be acceptable because of the 

surface roughness of polished cement specimens [108] with the majority of indents with an 

indentation depth of less than 200 nm being located on unhydrated cement particles or a mixture 

between unhydrated cement and hydration products.  

 

4.3.1.2. Micromechanical Properties 

Contour plots that spatially correlate the indent locations to the modulus and hardness 

data clearly showed the highest modulus and hardness values (i.e., greater than 60 GPa and 2 

GPa, respectively) to correlate to unhydrated cement particles, as visually determined with 

backscatter SEM, while the lowest modulus and hardness values (i.e., less than 15 GPa and 0.25 

GPa, respectively) corresponded to the highly porous areas of the cement-based composites 

(Figure 4.10-4.15). These modulus and hardness values were in agreement with the values found 

in the literature (Table 2.1) [97-100, 103-107]. 

. 

 



67 

 

 
Figure 4.10. Spatial correlation of micromechanical properties of PC A Grid 1. Indents are 

located in a grid of 200 with 10 rows and 20 columns. a) Backscatter SEM image, b) 

contour plot of elastic modulus with linear interpolation between indents, c) contour plots 

of hardness with linear interpolation between indents. 

a) Backscatter SEM

b) Modulus (GPa)

c) Hardness (GPa)

20 µm
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Figure 4.11. Spatial correlation of micromechanical properties of PC B Grid 1 (raw data 

included in Appendix C). Indents are located in a grid of 200 with 10 rows and 20 columns. 

a) Backscatter SEM image, b) contour plot of elastic modulus with linear interpolation 

between indents, c) contour plots of hardness with linear interpolation between indents. 

a) Backscatter SEM

b) Modulus (GPa)

c) Hardness (GPa)

20 µm
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Figure 4.12. Spatial correlation of micromechanical properties of PC B Grid 2 (raw data 

included in Appendix C). Indents are located in a grid of 200 with 10 rows and 20 columns. 

a) Backscatter SEM image, b) contour plot of elastic modulus with linear interpolation 

between indents, c) contour plots of hardness with linear interpolation between indents. 

a) Backscatter SEM

b) Modulus (GPa)

c) Hardness (GPa)

20 µm
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Figure 4.13. Spatial correlation of micromechanical properties of PC-CNF A Grid 1 (raw 

data included in Appendix C). Indents are located in a grid of 200 with 10 rows and 20 

columns. a) Backscatter SEM image, b) contour plot of elastic modulus with linear 

interpolation between indents, c) contour plots of hardness with linear interpolation  

between indents. 

b) Modulus (GPa)

c) Hardness (GPa)

a) Backscatter SEM

20 µm
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Figure 4.14. Spatial correlation of micromechanical properties of PC-CNF A Gri d 2 (raw 

data included in Appendix C). Indents are located in a grid of 200 with 10 rows and 20 

columns. a) Backscatter SEM image, b) contour plot of elastic modulus with linear 

interpolation between indents, c) contour plots of hardness with linear interpolation  

between indents. 

a) Backscatter SEM

b) Modulus (GPa)

c) Hardness (GPa)

20 µm
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Figure 4.15. Spatial correlation of micromechanical properties of PC-CNF B Grid 1 (raw 

data included in Appendix C). Indents are located in a grid of 200 with 10 rows and 20 

columns. a) Backscatter SEM image, b) contour plot of elastic modulus with linear 

interpolation between indents, c) contour plots of hardness with linear interpolation  

between indents. 

a) Backscatter SEM

b) Modulus (GPa)

c) Hardness (GPa)

20 µm
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Nanoindentation of PC and PC-CNF resulted in elastic moduli ranging from ca.8 GPa to 

ca. 210 GPa and hardness values ranging from ca. 0.1 GPa to ca. 17 GPa. The relative frequency 

histogram of the elastic moduli for PC and PC-CNF is shown in Figure 4.16 for modulus values 

less than 160 GPa (only 3 indents resulted in an elastic modulus of over 160 GPa). The relative 

frequency histogram of the hardness values is shown in Error! Reference source not found. for 

hardness values less than 10 GPa (only 10 indents resulted in a hardness of over 10 GPa).  In 

general, the modulus and hardness histograms showed one main peak ranging from 8-40 GPa 

and 0-1.6 GPa, respectively. In addition to the main peak, an intermediate shoulder could be seen 

in the range of modulus and hardness values slightly higher than the main peak, i.e., 40-48 GPa 

and 1.6-2.0 GPa, respectively. Lastly, minor peaks were seen at modulus values beyond 80 GPa 

and hardness values beyond 4 GPa. Decomposition of the histograms showed the major cement 

constituents that were indented as determined by spatial correlation of the micromechanical 

properties and backscatter SEM image analysis. The decomposition of the histogram showed the 

majority of the main peak and intermediate shoulder to be mostly composed of cement hydrates 

and the minor peaks to mostly be composed of unhydrated cement in agreement with the 

literature [97-99, 103, 104, 107, 108] The main peak was found to correspond to the values 

typically associated with C-S-H in the literature [103, 108]. However, evidence of two distinct 

phases of C-S-H as reported in the literature (i.e., high stiffness C-S-H and low stiffness C-S-H 

[103]) could not be seen  solely from examination of Figure 4.16 and Error! Reference source 

not found..  The values within the range of the intermediate shoulder have been associated with 

CH [103]. The values corresponding to the minor peaks were found to be mostly unhydrated 

cement, which was also in agreement with the literature [97-99, 104, 107].  

.  
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Figure 4.16. Histograms of the modulus values obtained by nanoindentation with scaled 

empirical distributions decomposed into hydrates, unhydrated cement, and flaws for  

cement-based composites (raw data included in Appendix C). a) PC and b) PC-CNF. 

a)

b)

16-24 GPa

24-32 GPa
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Figure 4.17. Histograms of the hardness values obtained by nanoindentation with scaled 

empirical distributions decomposed into hydrates, unhydrated cement, and flaws for  

cement-based composites (raw data included in Appendix C). a) PC and b) PC-CNF. 

 

 

Elastic modulus. The addition of CNFs resulted in a clear shift in the main peak of the 

elastic modulus histograms from the 16-24 GPa range for PC to 24-32 GPa range for PC-CNF 

(Figure 4.16). This observed shift was almost entirely the result of the majority of the hydrates 

having a higher elastic modulus when CNFs were present in the cement paste. A similar shift has 

a)

b)

0.8-1.2 GPa

0.8-1.2 GPa
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been reported by Shah, Konsta-Gdoutous, and Metaxa [47, 112, 113, 143-145] for CNTs in 

cement pastes (i.e., shift from 15-20 GPa to 20-25 GPa). Shah et al. [112] attributed the shift in 

elastic modulus to the ability of the CNTs to create more high stiffness C-S-H.  

In addition to the shift in the main peak of the histogram of the elastic modulus, a 

reduction in the relative frequency of the modulus values less than 16 GPa, corresponding to a 

highly porous region dominated by capillary pores [103], was seen with the addition of CNFs. A 

similar reduction in the relative frequency of the modulus values less than 16 GPa has been 

reported for cement pastes with CNTs and was attributed to a decrease in the nanoporosity of the 

cement paste as a result of CNTs acting as filler [112]. 

Differences in the elastic modulus of the unhydrated cement particles were also seen 

between PC and PC-CNF with two clear peaks centered in the 88-96 GPa and 112-120 GPa 

ranges seen for PC but no clear peak observed for PC-CNF with data mostly evenly distributed 

between 80 and 144 GPa. The differences were attributed to the small data set of unhydrated 

particles indented (i.e., 51 values for PC and 40 values for PC-CNF) and the multiple phases that 

were captured in the data set (i.e., C3S, C2S, C4AF, etc.). 

 

Hardness. Overall, similar shapes of the histograms of the total hardness were observed 

for PC and PC-CNF (Figure 4.17). The main peak in the histogram was shifted from being 

equally distributed in the 0.4-0.8 GPa and 0.8-1.2 GPa ranges to having a higher relative 

frequency in the 0.4-0.8 GPa range with the addition of CNFs. From the decomposition of the 

histogram it could be seen that the shift was due to ñvalidò curves that were located on 

flaw/hydrate combination and was therefore not considered significant because of the effect of 

the flaws on the hardness values. Additionally, the portion of the histogram representing only 
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cement hydrates was nearly identical for PC and PC-CNF except for the second peak within the 

hydrate phase, centered in the 1.6-2.0 GPa range, which was more pronounced with the addition 

of CNFs. The range of 1.6-2.0 GPa was higher than the published range for CH (i.e. 1.31 ± 0.23 

GPa). Similarly to the modulus values, differences could be seen in the portion of the histogram 

of hardness values associated with unhydrated cement particles (i.e., hardness values greater than 

4 GPa) that were also attributed to the small sample size of unhydrated particles indented and the 

multiple phases with different hardness values that were included with the unhydrated cement 

particle data. 

 

4.3.2. Effects of CNFs on the Micromechanical Properties of Individual Cement Hydrates  

The micromechanical properties of specific individual cement hydrate phases were 

extracted by coupling the nanoindentation results with phase identification results from SEM-

EDS, and only that data is included in this section. The modulus and hardness values 

corresponding to the cement hydrate phases was mostly less than 60 GPa and 4 GPa, respectively 

(only 13 modulus values were greater than 60 GPa and only 11 hardness values were greater than 

4 GPa). The cement hydrate phases considered include: (i) C-S-H, (ii) CH, (iii) a combination of 

C-S-H and CH that is mostly C-S-H, (iv) a combination of C-S-H and CH that is mostly CH, and 

(v) Al-rich phases. 

 

4.3.2.1. Indent Locations and Indentation Depths 

Indent locations. The percentages of representative major cement hydration products 

indented are summarized in Figure 4.18. For both PC and PC-CNF, over 20% of indents were 

located on Al-Rich phases while over 50% of indents were located on C-S-H and less than 3% 
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were located on CH. Compared to the typical phase distribution reported in the literature for a 

portland cement matrix (i.e., 50% C-S-H, 20-25% CH, 10-15% Al-rich phases, and additional 

minor phases [3]), PC and PC-CNF were found to have more C-S-H (i.e., ca. 11% and 2%, 

respectively) and Al-rich phases (i.e., ca. 11% and 8%, respectively)  and less CH (i.e., ca. 19% 

and 17%, respectively). PC-CNF compared to PC had 115% more CH and 14% less Al-rich 

phases. 

 

 
Figure 4.18. Pie charts showing the percentages of indents located on various cement 

hydration products including C-S-H, CH, a combination of C-S-H and CH but mostly C-S-

H, a combination of C-S-H and CH but mostly CH, and Al-rich phases as analyzed by 

nanoindentation combined with SEM/EDS on cement-based composites including PC and 

PC-CNF (raw data included in Appendix C).   

 

 

Indentation depths. The hydration products had indentation depths ranging from ca. 57 

nm to ca. 620 nm (i.e., contact depths measured by the nanoindenter), and were mostly larger 

than the 200 nm required because of the surface roughness of polished cement [108]. Many of 
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the depths for indents that were considered to be solely located on C-S-H were larger than 300 

nm, which is considered then too large to characterize C-S-H using statistical methods [103]. 

However, because EDS analysis was coupled with the nanoindentation data, the experimentally 

obtained micromechanical properties could be directly associated with the individual phases and 

no statistical treatment of the data was needed. The range of indentation depths for PC and PC-

CNF was, therefore, considered acceptable for characterization of the individual cement phases.  

 

4.3.2.2. Micromechanical Properties 

The modulus and hardness values of the cement hydrates for PC and PC-CNF are 

summarized in Figure 4.19 and Error! Reference source not found.. As discussed in Section 

4.3.1, the major peak in the histogram of the hydration products (Figure 4.16, Figure 4.17, Figure 

4.19, and Error! Reference source not found.) shifted to increased modulus values when CNFs 

were added to the cement paste. With the refined bin sizes allowed by the number of data points 

compared to the reduced range of the data, the shift occurred from the 20-25 GPa range to the 

25-30 GPa range. The decomposition of the modulus histogram into the major cement hydration 

products showed the shift to be from the response of the indents located solely on C-S-H. 
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Figure 4.19. Histograms of the modulus values of the cement hydration products with 

scaled empirical distributions decomposed into the cement hydration phases of C-S-H, CH, 

a combination of C-S-H and CH but mostly C-S-H, a combination of C-S-H and CH but 

mostly CH, and Al-rich phases for cement-based composites (raw data included in 

Appendix C). a) PC and b) PC-CNF. 

a)

b)

20-25 GPa

25-30 GPa
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Figure 4.20. Histograms of the hardness values of the cement hydration products with 

scaled empirical distributions decomposed into the cement hydration phases of C-S-H, CH, 

a combination of C-S-H and CH but mostly C-S-H, a combination of C-S-H and CH but 

mostly CH, and Al-rich phases for cement-based composites (raw data included in 

Appendix C). a) PC and b) PC-CNF. 

 

 

If Gaussian distributions are assumed, the histograms of the modulus and hardness values 

from indents located solely on C-S-H visually appeared to support the theory that there was more 

than one C-S-H phase. The mean, standard deviation, and weight of the Gaussian distributions 

a)

b)

0.8-1 GPa

0.8-1 GPa
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within the total distribution were determined using an expectation maximization algorithm [146]. 

The modulus and hardness histograms for the C-S-H phase of PC and PC-CNF were best 

matched when three (3) Gaussian distributions were assumed as opposed to two (2). The use of 

four (4) Gaussian distributions was also examined, but it was determined that there was no 

benefit to using four (4) distributions as opposed to three (3) distributions. Figure 4.21 shows the 

distributions of modulus and hardness values as estimated by: (i) the Gaussian mixture model 

(i.e., summation of the estimated Gaussian distributions, red dash-dot line) with the Gaussian 

components (blue dashed lines) determined by the expectation maximization algorithm and (ii) 

for reference, a normal kernel function [147] with a bandwidth chosen such that the shape of the 

density estimate matched the shape of the histograms from Figure 4.19 and Error! Reference 

source not found. for the C-S-H phase (black solid line). The modulus and hardness values of 

each estimated Gaussian component and its weight are summarized in Table 4.1. The modulus 

and hardness values reported in Table 4.1 corresponded well to that found in the literature (Table 

2.1). As can be seen from both the modulus and hardness values, the percentage of low stiffness 

C-S-H was decreased by 6% with the addition of CNFs compared to the control composite as 

determined by the Gaussian mixture model from the modulus values, suggesting the preferential 

formation of high stiffness C-S-H over low stiffness as reported in [47, 112, 113, 144, 145] with 

the addition of CNTs. 
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Figure 4.21. Micromechanical property distributions of the C-S-H phase in cement-based 

composites as predicted by a Gaussian mixture model and kernel density estimation and 

the Gaussian components of the Gaussian mixture model (raw data included in Appendix 

C). a) PC modulus values, b) PC hardness values, c) PC-CNF modulus values, and d) PC-

CNF hardness values. 

 

 

 

Gaussian Mixture Model Components

Predicted Distribution (Gaussian Mixture Model)

Predicted Distribution (Normal Kernel Function)

a) b)

c) d)
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Table 4.1. Summary of mean modulus and hardness values of the C-S-H phases in PC and PC-

CNF and their weights assuming three Gaussian distributions (raw data included in Appendix C). 

 
 

 

 

The modulus and hardness values were compared to both the Si/Ca and Al/Ca ratios to 

determine if the Si/Ca and Al/Ca ratios of the C-S-H had an impact on the modulus and hardness 

values, but no correlation could be determined (Figure 4.22). The packing density of the C-S-H 

phase was, therefore, thought to be responsible for the changes seen in the percentages of the low 

and high stiffness C-S-H as was suggested in [103].  

 

Modulus (GPa) Hardness (GPa)

P
C

Ultra-High Stiffness
44.4 Ñ1.7

(6.0%)

1.7Ñ0.2

(3.7%)

High Stiffness
35.0 Ñ1.8

(9.4%)

1.1 Ñ0.3

(7.6%)

Low Stiffness
22.4Ñ5.1

(84.7%)

0.9Ñ0.3

(88.7%)

P
C

-C
N

F

Ultra-High Stiffness
43.1 Ñ0.9

(5.0%)

1.7 Ñ0.1

(7.7%)

High Stiffness
33.4 Ñ4.3

(15.4%)

1.3Ñ0.1

(12.7%)

Low Stiffness
25.0Ñ4.2

(79.6%)

0.8 Ñ0.2

(79.6%)

() Indicates % weight of phase in total distribution.
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Figure 4.22. Micromechanical properties of the C-S-H phase in cement-based composites 

compared to the chemistry at the indent location (raw data included in Appendix C). a) 

Modulus values versus Si/Ca ratios, b) hardness values versus Si/Ca ratios, c) modulus 

values versus Al/Ca ratios, and d) hardness values versus Al/Ca ratios. 

 

 

The modulus values found for CH and mostly CH, ranged from 12 to 193 GPa with only 

36% of indents on CH having a modulus greater than 33 GPa, compared to 38 ± 5 GPa [100] and 

40.3 ± 4.2 GPa [103] which have been reported in the literature. Instead, the majority of values 

found in the 32-48 GPa bin of the histogram, which is typically associated with CH, were found 

to be from indents located on Al-rich phases and the multiphase C-S-H/CH combination that was 

mostly C-S-H as determined with nanoindentation coupled with SEM/EDS. C-S-H and CH have 

been reported in the literature to form nanocomposites that result in higher local mechanical 

0

50

100

150

200

0.4 0.6 0.8

M
o

d
u
lu

s
 (

G
P

a
)

Si/Ca

0

50

100

150

200

0 0.1 0.2 0.3

M
o

d
u
lu

s
 (

G
P

a
)

Al/Ca

0

5

10

15

20

25

0.4 0.6 0.8

H
a
rd

n
e
s
s
 (

G
P

a
)

Si/Ca

0

5

10

15

20

25

0 0.1 0.2 0.3
H

a
rd

n
e
s
s
 (

G
P

a
)

Al/Ca

0
20
40
60
80

100
120
140
160
180
200

0.4

M
o

d
u

lu
s
 (

G
P

a
)

Si/Ca

PC A Grid 1 PC B Grid 1 PC B Grid 2
PC-CNF A Grid 1 PC-CNF A Grid 2 PC-CNF B Grid 1
Linear (PC A Grid 1) Linear (PC B Grid 1) Linear (PC B Grid 2)
Linear (PC-CNF A Grid 1) Linear (PC-CNF A Grid 2) Linear (PC-CNF B Grid 1)

a) b)

c) d)



86 

 

properties than the individual C-S-H and CH phases [108]. The low sampling of indents on CH 

could also be responsible for the discrepancy with the published values. 

 

4.3.3. Micromechanical Properties located in and around CNF Agglomerates 

The micromechanical properties at the local level of cement-based composites in and 

around CNF agglomerates were investigated using 1 wt% CNF loading. 

 

4.3.3.1. Indent Locations 

The locations of indents from nanoindentation with respect to a CNF agglomerate were 

examined for PC-1% when the nanoindentation grid was purposefully located in the vicinity of 

one or more CNF agglomerates (Figure 4.23). Approximately 55% of the indents examined were 

outside of the CNF agglomerates entirely, while ca. 45% of the indents were located inside of the 

CNF agglomerates. Of the indents located inside of an agglomerate, ca. 60% of the indents were 

classified as a part of the inner agglomerate (i.e., mostly entangled CNFs with little to no 

hydrates present), while ca. 40% of the indents were classified as a part of the outer agglomerate 

(i.e., mostly individual CNFs embedded in the cement hydration products on the outer edge of a 

agglomerate). 
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Figure 4.23. Pie charts showing the percentages of indents located with respect to a CNF 

agglomerate (i.e., inner agglomerate, outer agglomerate, or not agglomerate) as analyzed 

by nanoindentation combined with SEM/EDS on PC-1% (raw data included in Appendix 

C).  

 

 

 

4.3.3.2. Micromechanical Properties 

Contour mapping of the modulus and hardness values compared to backscatter SEM 

images showed the CNF agglomerates to clearly be associated with the low modulus and 

hardness values, i.e., less than 15 GPa and less than 0.5 GPa, respectively (Figure 4.24 and 

Figure 4.25). While a few high modulus and hardness values were also found inside of the CNF 

agglomerates (Figure 4.25), the secondary SEM image of PC-1% Grid 2 (Appendix C) showed 

that their location did not meet the contact requirements for nanoindentation and therefore those 

high modulus and hardness values were not considered valid. 
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Figure 4.24. Spatial correlation of micromechanical properties of PC-1% Grid 1 (raw data 

included in Appendix C). Indents are located in a grid of 200 with 10 rows and 20 columns. 

a) Backscatter SEM image, b) contour plot of elastic modulus with linear interpolation 

between indents, c) contour plots of hardness with linear interpolation  between indents. 

a) Backscatter SEM

b) Modulus (GPa)

c) Hardness (GPa)

20 µm
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Figure 4.25. Spatial correlation of micromechanical properties of PC-1% Grid 2  (raw data 

included in Appendix C). Indents are located in a grid of 200 with 10 rows and 20 columns. 

a) Backscatter SEM image, b) contour plot of elastic modulus with linear interpolation 

between indents, c) contour plots of hardness with linear interpolation  between indents. 

a) Backscatter SEM

b) Modulus (GPa)

c) Hardness (GPa)

20 µm




















































































































































































































































































































































































































































































































